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Abstract

The precise positioning applications have long been carried out using dual fre-

quency carrier phase and code observables from the Global Positioning System

(GPS). The carrier phase observables are very precise in comparison to the code

ones, the reason phase observables play an important role in precise geodetic ap-

plications. The carrier phase observables can have precision of about 3 millime-

ters. However the precision of the estimated parameter of interest, say the receiver

position, depends upon the correct resolution of integer ambiguities present in the

carrier phase observables. Significant contributions have been made in the last

couple of decades towards integer ambiguity estimation to make precise position-

ing applications possible, using GPS carrier phase and code data from geodetic

receivers.

Precise positioning applications have been successful in the past, but at the

cost of time taken to correctly resolve the integer ambiguities. This delay in

integer ambiguity estimation is caused due to the presence of various propaga-

tion and hardware related effects present in the observables of GPS or in that

case, any other Global Navigation System. The propagation errors related to

the atmosphere are significant for medium to long baseline lengths. Among the

atmospheric errors, the ionosphere is found to have profound effect on the process

of integer ambiguity estimation. With the aid of permanent reference networks,

corrections for ionosphere could be interpolated and further transferred to the

user with an aim to enhance users ambiguity resolution and fulfill the aim of an

efficient and reliable precise positioning.

With the advancement of Global Navigation Satellite Systems (GNSS) several

of the limiting factors which degrade users ambiguity resolution are seen to be

met. The relatively poor precision of the code data in comparison to the phase

data, is foreseen to improve for third GPS frequency, also called as GPS L5. Also

most of the frequencies on Galileo system would have improved code precision.The

ionosphere which has been a major blockade in fast integer ambiguity resolution,
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for long baseline lengths, would also benefit in a multi-frequency, multi-GNSS

scenario. Since a GNSS model, in which the ionosphere is considered unknown

and estimated, gains strength with addition of a frequency. The addition of L5 on

GPS and availability of up to four frequencies on Galileo system would strengthen

the GNSS model which would be beneficial when ionosphere is parameterized for

estimation. This study aims at understanding the above mentioned and other

possible benefits of the future GPS and Galileo system.

The benefits that the future GPS and Galileo can bring to precise applications

can be evaluated in terms of correct resolution of integer ambiguities present in the

carrier phase data and further by understanding the contribution of the ambiguity

resolution towards improvement of fixed-precision of the parameters of interest.

The correct resolution of ambiguities was judged by computing the probability of

correct integer bootstrap along with LAMBDA decorrelation method. The decor-

relation of the ambiguity Variance Covariance matrix resulted the probability of

Integer Bootstrap to correspond to lower bounds for the probability of Integer

Least Square. The ambiguities were considered to be successfully resolved only

after a minimum of 0.999 probability could be obtained from Integer Bootstrap.

While all the ambiguities collectively contributed to give 0.999 Ambiguity Suc-

cess Rate (ASR) it was termed as full Ambiguity Resolution (AR). In scenarios

when full AR took large number of epochs to give 0.999 ASR, only a subset of

ambiguities were fixed which met the 0.999 ASR criteria. This approach is known

as Partial AR (PAR). PAR solution was accepted only when the resolved subset

of ambiguities could contribute to give a minimum value of fixed-precision for

the parameters of interest. Since this research involves future GPS and Galileo

system, GNSS observables, real or simulated were not used. Instead simulations

were done based on model assumptions, that is the functional and the stochastic

model.

This research work focuses on understanding the benefits of multi-frequency

GPS and Galileo to its core. This was done by planning multiple scenarios of

GNSS frequencies, GNSS combinations, atmospheric considerations, latitudinal

variations and baseline orientations. With the aid of this multiple scenario sim-

ulation, an estimate for time taken for successful AR and the fixed-precision of

parameters of interest obtained after successful AR could be computed for a range

of possible situations. When a multi-GNSS scenario consisting of future GPS and

Galileo was considered, there have been challenges while a mathematical model

for multi-GNSS was being formed. The design of the multi-GNSS mathematical

model accounted for the Inter System Biases (ISB’s) which surface while different
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GNSS systems use the same reference satellite. While a rank defect between the

ISB’s and the ionosphere was detected, it was mitigated by choosing an appro-

priate S-Basis. To make the simulation software robust and realistic, accounting

for setting and rising satellites and change of reference satellite was implemented.

With the above considerations a multi-GNSS, multi-frequency simulation soft-

ware was developed in MATLAB programming language. The results have been

obtained based on assumption in the functional and stochastic models. In real

practice unmodelled errors have an impact on ASR and time to fix the integer

ambiguities to its correct solution due to multipath , insufficient knowledge of the

stochastic model, etcetera.

Presented below are some of the important findings of this study.

The Geometry Free model does not gain strength with the addition of satel-

lites. Since with addition of a satellite a receiver-satellite range is added to the

unknowns. Also for a combined GPS and Galileo system, the Geometry Free

model does not have a coupling parameter in the unknowns, say troposphere or

receiver coordinates. Hence while the mathematical model is formed, from a sin-

gle system to a combined system, the model does not gain strength. Hence a

multi-GNSS constellation would not help to reduce the time-to-fix integer ambi-

guities for a Geometry Free model.

The permanent reference networks can benefit from an integrated GPS and

Galileo system. The precision of the ionospheric estimates with a permanent

network could reach 2cm instantaneously, almost any time of the day by us-

ing quadruple frequency (L1pE1q, L5pE5aq, L2, E5b) GPS and Galileo combined

system with the aid of PAR.

While the user aims at performing relative positioning using a permanent

network, the benefits from a combined GPS and Galileo system are immense.

For a user with low-end single frequency receiver, for short baseline lengths

( 10Km), obtaining its receiver positions with 2cm precision for north- and east-

components and 6cm precision for the up-component would be possible instan-

taneously using a combined GPS and Galileo. While the user is equipped with

ionospheric corrections from the network, all the ambiguities could be resolved

in a short time with a combined GPS and Galileo quadruple frequency system

(L1pE1q, L5pE5aq, L2, E5b). The findings from this simulation study shows that,

while ionosphere corrections are given to the user, all the ambiguities could be

successfully resolved (full AR) within 20 epochs (1 second sampling) by using

quadruple frequency from an integrated GPS and Galileo system.
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1
Introduction

1.1 Background

The precise GPS applications require dual frequency GPS carrier phase and code

observations. Carrier phase observables have precision of few millimeters (mm)

which is much better than that of code observables by an order of 102 in case

of geodetic receivers. However the carrier phase observables have the unknown

integer ambiguities. Hence to exploit fully the precision of the phase observables,

ambiguities need to be resolved to their correct integer values. Once the ambigu-

ities are resolved, phase observations behave similar to very precise pseudo range

observations. The parameters of interest can then be estimated from the set of

ambiguity resolved phase and code observables.

The process of ambiguity resolution is found to be dependent on many fac-

tors such as, receiver-satellite geometry, measurement precision (of phase and

code data), number of GNSS system frequencies and their separation, number of

satellites tracked and on presence/absence of certain biases [1]. With the Next-

Generation GNSS consisting of third GPS frequency pL5q and multi-frequency

Galileo pE1, E5a, E5b and E6q we have the increased number of frequencies and

total number of satellites tracked by the receiver. Also, the precision of the code

data for third frequency pL5q in GPS is expected to be improved. With the devel-

opment of such magnitude, there is a promise which the multi-frequency, multi-

GNSS hold towards faster resolution of integer ambiguities. Table 1.1 presents

the GPS and Galileo frequencies considered for this research work.
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Frequency Wavelength

Band MHz cm

L1, E1 1575.42 19.03

L2 1227.60 24.42

L5, E5a 1176.45 25.48

E5b 1207.14 24.85

E6 1278.75 23.44

Table 1.1: Future GNSS frequencies - GPS and Galileo

1.2 Objective

The objective of this research work is to evaluate the expected per-

formance of ambiguity resolution for the Next-Generation GPS and

Galileo (either as a stand-alone system or as an integrated one) and

to understand its effect on precision of the non-ambiguity parameters

(e.g., receiver coordinates, atmospheric delays).

Ambiguity Success Rate (ASR) gives a good evaluation of a particular ambi-

guity resolution strategy [2]. In addition, the convergence time taken to achieve

a desired ASR (for example, 0.99 or 0.999 etc), is again a good measure of the

ambiguity resolution strategy adopted. The desired ASR obtained using a single

epoch of data is known as to the instantaneous ambiguity resolution. For a sce-

nario which does not give satisfactory ASR, partial ambiguity resolution (PAR)

can be used. PAR resolves only a subset of ambiguities satisfying the criteria

of ASR (for instance, minimum required ASR should be 0.999). Also GPS and

Galileo can be used together for certain scenarios which do not give satisfactory

ASR.

The aim of AR is to utilise the precision of the phase data to estimate other

parameters of interest, namely, ionosphere, troposphere, receiver coordinates and

range. While full AR or PAR is performed, the precision of the parameters of

interest after ambiguity fixing will however remain the final aim. The ASR and

precision of the parameters of interest can be simulated for the future GNSS

systems with the help of the functional and the stochastic model. This approach

is further discussed in chapter 3 and chapters following thereafter.
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1.2. Objective

The ambiguity resolution is to be evaluated for different GNSS models for

single baseline scenario. Here Geometry Free and the Geometry Fixed GNSS

models are considered before evaluating the ambiguity resolution for a Reference-

Rover model. For each of which, time taken (convergence time) to achieve a

desired ASR, will be evaluated. The three GNSS models, namely, Geometry

Free, Geometry Fixed and Reference Rover will be described in detail in the

following section.

1. Geometry Free model: In a Geometry Free model, the geometry is not

considered, i.e. the satellite and the receiver position information is not

used. Instead range between the satellite and the receiver is taken as an

unknown parameter to be estimated. The Geometry Free model is therefore

a rather weak model, although relatively simple for implementation.

2. Geometry Fixed model: The Geometry Fixed GNSS model can be consid-

ered as a special case of Geometry Based model in which the information

on the receiver satellite geometry is completely known. Hence receiver or

satellite coordinates need not be estimated anymore. A Geometry Fixed

model is resembles a permanent station network, for example the CORS

(Continuous Operating Reference Stations) networks.

3. Reference-Rover model: A Reference Rover model falls under the Geometry

Based class of GNSS models. In a Reference Rover model, the coordinates

of the rover receiver are estimated. Hence a Reference Rover model can be

considered as weaker model than Geometry Fixed one.

Saying that Geometry Free is a weaker model, the combinations of model

assumption resulting in instantaneous ASR for a Geometry Free model need not

be simulated again for Geometry Fixed model. The observation equations for a

Geometry Free and Geometry Based model will be discussed in detail in chapters

4 and 5, respectively.

While the different GNSS models are formed, there are different unknown

parameters in the observables which need to be considered for parameteriza-

tions. The parameters in the observation equations, namely the troposphere and

the ionosphere, can be assumed known (Fixed), unknown (Float) and weighted

(for ionosphere only) depending on the baseline length. While the ionosphere is

weighted and the other atmospheric unknown, the troposphere will be considered

as unknown and parameterized. The ionosphere will be weighted using a linear

3



1.2. Objective

weighting function of baseline length, the between receiver single difference iono-

sphere standard deviation considered is 0.68mm per Km, see [3], [4]. In case of

Reference-Rover model, the coordinates of the reference stations are considered

known while those of the rover is to be estimated. While a GNSS model is pa-

rameterized for various combinations of GNSS model and unknown parameters,

ASR and convergence time will be analyzed and its effect on precision of baseline

will be evaluated.

Since the research focuses on the multi-GNSS models, the evaluation of the

success of ambiguity resolution and precision of unknown parameters for this

research work is based on the simulation. Simulation will be done by consider-

ing the model assumptions, namely the design matrix of the underlying GNSS

model and the precision of the measurements which forms the stochastic model.

The simulations based on model assumptions are also referred to as “Planning

computations”; such studies have been done by [5],[6],[7],[8],[9],[10],[11],[12] etc.

With an understanding that ASR is influenced by measurement precision and

number of frequencies, these two contributing factors will be varied for each of

the GNSS models, considering the developments with respect to multi-GNSS.

The measurement precisions of the code and phase data for a user are dependent

on the type of receiver and in any receiver they further vary with the elevation

of the satellite [13]. High elevation satellites result is less noisy observables hence

the observables resulting from high elevation satellites would have better mea-

surement precision in comparison to low elevation satellites. This effect could

be incorporated by choosing a suitable elevation dependent weighting function.

Measurement precision for some of the high-end geodetic receivers is compared

by [13] and for the miniaturized L1 receivers they are used by [14]. The values

of measurement precision for Galileo can be found in [15]. In this research work,

different combination of measurement precision will be used considering the high-

end geodetic receivers to the low-end ones (e.g. u-blox) and also considering the

improved code precision for GPS L5 frequency. Furthermore, the combination

of the frequencies will be varied. For instance, in case of GPS-only models, dual

and triple frequency combinations will be used to evaluate ambiguity resolution.
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1.3 Outline of the thesis:

The research work is presented in detail in the commencing chapters. Chapter

2 presents literature study on ambiguity resolution with respect to multi-GNSS.

The results obtained from multi-GNSS in terms of AR and positioning solutions

(baseline estimations etc) are discussed.

Chapter 3 discusses the theory of integer ambiguity resolution with respect to

the methods of ambiguity resolution and influence behind the choice of ambiguity

estimator for this research work.

Chapter 4 describes the Geometry Free model approach to evaluate ambiguity

resolution based on assumptions for atmospheric (ionosphere and troposphere),

measurement precision values for different frequency combinations. PAR is per-

formed for various combinations for which desired ASR is not achieved; its effect

on non ambiguity parameters is evaluated. Also combination of both GPS and

Galileo is considered for analysis in cases where the desired ASR is not achieved.

Further the results are presented in form of graphs and tables and the behavior

of ambiguity resolution and precision of non-ambiguity parameters is discussed.

Chapter 5 considers the results of ASR from chapter 3 and further evaluates

ambiguity resolution of the Geometry Based model for different combinations

of measurement precision, frequency and atmosphere. PAR and combination of

GPS and Galileo have been considered for cases which do not produce satisfactory

ASR. The performance of different combinations in terms of ASR and effect on

precision of non ambiguity parameters is analyzed and presented in graphs and

tables.

Chapter 6 presents the results and discussions for Reference-Rover model. The

ASR, convergence time and improvement in precision of the baseline considering

an ambiguity fixed solution will be evaluated for different scenarios.

The results obtained from different GNSS models and scenarios of measure-

ment precision, atmosphere considerations, baseline lengths are summarized and

concluded in chapter 7.

While this research work was being done, it was important to discuss the tech-

nical details behind the theory used, for example LAMBDA method of ambiguity

resolution, Partial Ambiguity Resolution and satellite weighting function. An

understanding of important trends and unexpected phenomenon in the results

5
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obtained was done through analysis of specific variables, for example effect of low

elevation satellite on ASR, wobbling of the Double Difference precision curves

(for ranges). These set of work is compiled and presented in the appendices.

Appendix A discusses the widely used Kronecker product and its properties.

Appendix B presents theory and design of function and stochastic model for

Geometry Free model for simulation for ASR and fixed-precision of ranges.

Appendix C includes the discussion of the algorithm for ambiguity success

rate based on LAMBDA. Both Full AR and Partial AR (PAR) algorithms are

discussed.

Appendix D is dedicated to the discussion of unexpected phenomenon ob-

served during simulations of ASR. Wobbling of the fixed-precision curves, sudden

fall in the success rates due to incoming low elevation satellite and effect of low

elevation satellite on ASR are discussed based on results. In addition to the the

discussion of the above mentioned phenomenon, the exponential satellite eleva-

tion dependent weighting function is also discussed.

Appendix E presents all the figures by considering Geometry Free model,

chapter 5, for simulation of ASR and evaluating the benefits of AR in terms of

improvement in fixed-precision of ranges achieved.

Appendix F presents all the figures from chapter 5, Geometry Fixed model,

for simulation of ASR and fixed-precision of ionosphere / troposphere.

Appendix G includes all the figures for simulation of ASR and fixed-precision

of coordinates for Reference Rover chapter, chapter 6.
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2
Literature Review

The precise positioning applications have long been carried out using the dual

frequency GPS, carrier phase and code observables. The carrier phase observ-

ables technically can have the precision of up to a few millimeters. However the

precision of the position depends upon the accurate estimations of unknown in-

teger ambiguities present in the GPS phase observables. On successful fixing of

ambiguities, the precision of the parameters of interest can be computed. The

literature review focuses on discussion of multi-GNSS ambiguity fixing methods

and results obtained. The comparison of different methods of computing Ambi-

guity Success Rates are discussed, whenever available. Also findings related to

the improvement of precision of parameters of interest are discussed.

2.1 Unknowns in the GNSS observables

The biases/errors/unknowns present in GNSS observables are parameterized in

the GNSS models based upon the availability of a-priori information about the

biases. While speaking of one of the unknown parameters, the atmosphere, which

encompasses both the troposphere and the ionosphere can have various consider-

ations. The ionosphere can be considered unknown (float), with a-priori informa-

tion of ionosphere (weighted), or when it is insignificant, can be considered known

(fixed). While speaking of the tropospheric error, for Geometry Free model the

troposphere is lumped with the ranges. For a Geometry Based model it can either

be considered known (fixed) or unknown (float).

The relative atmospheric errors, both the troposphere and ionosphere are

significant for medium and long baselines, say ¡ 10 kilometers. In literature,

the sensitivity of relative ionosphere to baseline length is reported as 4 millime-

ters(mm) per 10 kilometers (Km)(un-differenced standard deviation at zenith)

[12]. Another literature gives a relation between un-differenced ionosphere stan-

dard deviation to the baseline length as σI pmmq � 0.68� baseline length (Km)

7



2.2. Ambiguity resolution

[2], which means 6.8 mm per 10 Km. In addition to this, unlike ionosphere,

troposphere can be significant to height variations, even for short baselines. For

troposphere float scenarios, a single value of troposphere, per receiver, for all

satellites, at zenith can be parameterized. This can be achieved with the aid

of troposphere mapping functions, which maps the slant troposphere delays to

zenith. [16] used Ifadis mapping function [17] for simulating the ASR using model

assumptions for troposphere float scenarios.

For a Geometry Free model receiver positions are not parameterized, instead

ranges are considered. One of the important parameter for GNSS community is

the position, that is the GNSS receiver coordinates. In a Geometry Fixed model,

the positions of the receiver and the satellite as considered known and hence held

fixed. Whereas for a Reference-Rover model, the coordinates for the reference re-

ceiver are known, while for the rover they are unknown, baseline components are

hence estimated for a Reference-Rover model. The other unknown parameters

in the Geometry Based class of models can be the ionosphere and the tropo-

sphere. They are parameterized based on their a-priori information as discussed

above. The detailed parameterizations of the Geometry Free, Geometry Fixed

and Reference-Rover models are discussed in the commencing chapters.

2.2 Ambiguity resolution

The ambiguities are unknown integer cycles present in the carrier phase data.

Its magnitude compared to the errors can be immensely large (for example, from

one wavelength to many). Hence its estimation is important when one deals with

precise positioning applications using carrier phase data. There has been signifi-

cant research done on ambiguity resolution in order to exploit the precise carrier

phase data efficiently. It has been understood that AR depends on receiver-

satellite geometry, measurement precision of phase and code observables, number

of GNSS system frequencies and their separation, number of satellites tracked

and on presence/absence of biases [1]. The ambiguities do not have a temporal

variation, unless there is loss of lock of the signal or due to cycle slips, the inte-

ger ambiguities are set to a new value. Hence again integer ambiguities need to

be carefully mitigated. With the current dual frequency GPS, the AR for long

baselines takes time to converge to an accurate solution.

AR resolution is important since it can significantly improve the precision of
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the non-ambiguity parameters [18]. Considering the importance of AR, chapter

3 is dedicated to AR in which the theory behind probability of AR, gain etcetera

is discussed. While speaking of AR, the process since ambiguities are parame-

terized for estimation till the time the precision of the parameters of interest is

improved through ambiguity resolution is discussed in detail in [19]. The four

step procedure until the fixed ambiguities are used to improve the precision of

the parameters of interest consist of firstly estimating the ambiguity-float solu-

tion, then further mapping the real valued ambiguity to its integer value which

is called as integer solution constitutes the second part. Further a decision has

to be made to accept the integer ambiguity solution which forms the third step.

Finally by utilizing the ambiguity fixed solution for estimating the parameters of

interest serves the goal of ambiguity resolution and also completes this four step

procedure. The integer ambiguities are validated by defining the Integer Aper-

tures (IA) which have an acceptance region and a rejection region, see [19]. There

are various methods proposed for the acceptance tests, the controlled failure of

fixed failure test [20], also ratio test, F-ratio test (F for Fisher), projector test,

difference test which fall under class of IA estimators are discussed in [21]. The

likelihood method and artificial nesting methods can be found in [22]. Acceptance

test plays an important role while one estimates integer ambiguities and uses the

solution to estimate the parameters of interest using real data. In this research

work, all evaluation of AR is based on ASR and not on acceptance tests, since

real data is not used for simulations in this study.

In this research, two approaches towards correct integer ambiguity resolution

are adopted by which fixed precision of the non-ambiguity parameters is com-

puted. Firstly, all the ambiguities are fixed to their integer values and are checked

as to whether the desired ASR (0.999 ASR) is achieved instantaneously. If not so,

the convergence time is then calculated. Secondly, only a subset of ambiguities

which converge to a predefined value of ASR (for example 0.999 ASR) are only

fixed. Moreover, the time taken for partial ambiguity fixing can be calculated

along with the precision of the other parameters corresponding to partial ambi-

guity fixed solution. The second approach of ambiguity fixing discussed above

is termed as Partial Ambiguity Resolution (PAR). Below some of the findings

related to PAR are presented.
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2.2.1 Partial Ambiguity Resolution (PAR)

Sometimes the full AR takes time to converge to a desired ASR, in such cases

PAR can be performed. In PAR only a subset of ambiguities which meets the

laid criteria (0.999 ASR) are resolved. Resolving only a subset of the ambiguities

implies that not all of the carrier phase data will exhibit the property of precise

pseudo ranges but only a subset that is resolved successfully. The improvement in

precision of parameters of interest (ranges, ionosphere, rover receiver coordinates

etcetera) as an effect of PAR will therefore always be smaller than it would have

been in case of full ambiguity resolution. In fact, the precision improvement could

even be so small, that the float solution reaches the same level of precision nearly

as fast. In that case PAR would not be effective enough. For deciding whether

PAR makes sense, an evaluation needs to be done based on the precision of the

parameters of interest obtained by partial fixing of the ambiguities [23]. The

improvement in precision of the parameters of interest, as a result of ambiguity-

float and -fixed solutions will be discussed in the commencing section.

2.3 Gain

Gain, the improvement in precision of the non-ambiguity parameters, is depen-

dent on the precision of the measurements (carrier phase and code). Gain becomes

less pronounced, the better the code precision becomes [7]. Gain of non-ambiguity

parameters increases with greater frequency separation for any GNSS. While per-

forming PAR, greater improvement in the precision of the parameters of interest

can be obtained by using lower frequencies having higher separation [7].

2.4 The promise of multi-GNSS

The GNSS in discussion for this research work are GPS and Galileo. Speaking

about the future GPS, the modernized GPS will have and additional third fre-

quency, denoted as L5, along with the current two. The precision of the code

observables on third GPS frequency is expected to have an improved precision.

This is important to note since the AR depends on the precision of the mea-

surements, the results are better with better precision values. The measurement

precision for different GNSS receivers based on the current and the future GNSS

systems can be found in [13]; [14]; [15]; [24].
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The future GNSS will have more satellites available for the user as compared

to the current GPS only. As an effect of increase in number of frequencies, there

will be significant increase in the available GNSS observables. This can be useful

for AR, since the AR is affected by frequency separation. The user can thus

benefit from selective data processing. Also with additional frequencies, the user

will have additional data from the same satellite, this means a stronger data

processing model.

The effect of multi-GNSS on AR and on gain can be analyzed by simulation

studies based on model assumptions or by simulating observables itself. Such

studies have been done by [5]; [6]; [8]; [7, 9]; [13]; [25]; [26]; [27]; [28]; [29]; [15];

[30]; [14]; [11, 12]; [31], [32],[33]. Presented below are some of the findings of the

mentioned research. The findings for each of the mentioned sub-sections below

relate directly to the ASR.

Measurement precision

Since the success of the ambiguity resolution depends on the measurement preci-

sion among various other factors, the improvement in the measurement precision

values, especially the precision of the code data will have a significant effect on

the AR process. In the future GNSS systems, the new L5 signal on GPS and the

multi-frequency Galileo are expected to have better code precision.

The measurement precision values for different GNSS receivers can be found

in literature. Un-differenced measurement precision for some of the high-end

geodetic receivers at zenith are compared by [13]. The worst values for standard

deviation of measurements for carrier phase varies from 0.3 to 3.9 millimeters

(mm) and for code they lie between 22 centimeters (cm) to 5.57 meters (m) for

different high-end GPS receivers [13]. The standard deviation of measurements

for miniaturized L1 GPS receiver as assumed by Odijk were 5 mm and 1 m for

phase and code respectively [14]. The standard deviation for different frequencies

of Galileo system were found to lie between 7 to 9 mm and 9 mm to 6 cm for

phase and code, respectively [15]. In one of the research work, Colomnia et. al

(2012), see [24], presented the measurement precision values for pseudo ranges

on E1 CBOC (Composite Binary Offset Carrier) and E5 AltBOC (Alternate

BOC) signals. The precision for Galileo under absence of any canopy and under

presence of dense canopy were found to be in the range 0.25 to 2.00 m on Galileo

E1 frequency and 0.02 to 0.08 m on Galileo E5. the pseudo range precision of
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E5 seems to be promising with the best precision estimated to be around 2cm.

The precision of code for Galileo which is understood to be improved significantly

brings with itself great deal of promise in terms of reduced time to fix for the

integer ambiguities.

Further, some of the findings for future GNSS are discussed in the commencing

section.

Simulation of ASR using GPS and Galileo

Below are presented some of the results obtained for ASR using multi-GNSS

form various literatures. Since the research work discussed below considers multi-

GNSS, simulated observables or simulations based on “Planning Computations”

have been used. The discussion of the literature is broadly divided in two parts,

firstly the results for Geometry Free model are discussed followed by discussion

of Geometry Based results.

Chen et. al. (2004), see [26], gave the simulation for ambiguity Dilution of

Precision (ADOP) based success rates and effect on relative ionosphere network

corrections for GPS and Galileo. ADOP is given by the VC matrix of the float

ambiguities as, |QpxI
|1{2n, n being the total number of ambiguities, refer [34].

The ADOP was simulated for Geometry Free model using GPS and Galileo for

different baselines, based on the relation of ionosphere standard deviation to

baseline length (10ppm). It was not clearly mentioned whether observables were

simulated, nonetheless, phrases like, ‘estimated positions were compared with truth

values’ hint on using simulated observables. It was further highlighted that, while

modeling the ionosphere over the reference network, currently there is a limit

to the baseline length. This is due to accommodation of interpolation errors

due to modeling of ionosphere. Currently dual frequency tolerates maximum

of 8 cm which comes to 88 % of NRTK interpolation errors (88 Km baseline).

By using triple frequency, 16 cm of total error corresponding to 97% of NRTK

interpolation error can be tolerated for same baseline. Hence with addition of

multi-frequency data, the density of the reference stations can be reduced to

maintain the performance of NRTK. Chen assumed measurement precision of

phase to be 0.01 cycles (say, 2 mm for 0.2m wavelength), and for code the precision

on all frequencies considered was 5cm except GPS L1 frequency. The code on

GPS L1 was assumed to have a precision of 15cm. Multipath was assumed to

have a precision of 21cm and ionosphere 10ppm (10cm per 10 km baseline). The

ADOP based instantaneous success rates were computed, for dual and triple
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frequency GPS and Galileo, same are given below, see Table 2.1 (the values are

interpreted from the figures).

GPS Galileo

Baseline length (Km) DF TF DF TF

1 0.7488 0.999992 0.71816 0.999984

5 0.0667 0.97488 0.066745 0.9683772

10 0.0022 0.84151 0.002299 0.80047

15 - 0.683772 - 0.68011

20 - 0.450459 - 0.44664

25 - 0.25010 - 0.24993

30 - 0.205671 - 0.20384

40 - 0.16823 - 0.168236

Table 2.1: ADOP based instantaneous success rates for dual (DF) and triple frequency

(TF) GPS and Galileo, based on Double-Difference Geometry Free model, as presented

by Chen et. al. (2004). Please note, in the above table the ASR presented is in

probability (range 0 and 1), it is converted from ‘nines’, since in the paper it was

presented in ‘nines’.

Feng et. al. (2005), see [35], evaluated performance of future GPS with three

frequencies, L1, L2, L5 and Galileo with four frequencies, E1, E5a, E5b, E6. Am-

biguity resolution performance was assessed using TCAR method of AR using

a Geometry Free model. The probabilty of sucess of AR was calculated based

on probability of integer rounding. With TCAR, for both GPS and Galileo,

the Extra-Wide-Lane ambiguities L2 � L5 and E5a � E5b could be resolved

instantaneously with 100% success. The other combinations of Wide-Lane am-

biguities could be resolved with 75 to 90% success rate in single epoch. The

time taken for estimation of ionosphere with desired accuracy is also analyzed.

The ionosphere uncertainty could be analyzed by forming difference of DD Extra-

Wide-Lane (EWL) and DDWide-Lane (WL) combinations for phase observables.

Further the phase smoothing was performed for the above formed measurement

to reduce their noise using the difference of DD phase observables on L1{E1
and L2{E5b for GPS/Galileo. While forming linear combinations of observables,

there is a resultant ionosphere noise factor for both GPS and Galileo in the Wide-

Lane observation equations given as 83.1 and 50.3 respectively. The estimation
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of ionosphere with a 2.1cm error could be done with triple frequency GPS and

Galileo, the results for the same are presented in Table 2.2, see below

GPS Φ1,Φ2,Φ5 Galileo Φ1,Φ5b,Φ6 GPS code Galileo code

σΦ � 5mm σΦ � 3mm σΦ � 5mm σΦ � 3mm σP � 60cm σP � 40cm

600 360 200 60 4000 1800

Table 2.2: Number of epochs taken for 100% ASR to obtain first order ionosphere

delay estimation uncertainty of 2.1cm based on the difference of DD EWL and DD WL

phase and code combinations for GPS and Galileo. The above formed difference for

the measurements are further smoothed with carrier phase smoothing using DD L1{E1

and DD L2{E5b phase data for GPS/Galileo, see Feng et. al. (2005).

Further the estimated DD EWL and DD WL ambiguities along with the

estimated DD ionospheric bias is back substituted in the DD corresponding ob-

servation equations to estimate the uncertainty in the ranges. The positioning

performance is then presented in form of the desired DD range accuracy. The

results for number of epochs taken in order to obtain a DD range precision of

2.5cm are presented Table 2.3, see below

GPS Φ1,Φ2, P1, P2 GPS Φ1,Φ2,Φ5 Galileo Φ1,Φ5b,Φ6

σP � 30cm,σΦ � 5mm σP � 20cm,σΦ � 3mm σΦ � 5mm σΦ � 3mm σΦ � 5mm σΦ � 3mm

8000 2700 750 200 300 77

Table 2.3: Number of epochs taken for 100% ASR to obtain range estimation un-

certainty of 2.5cm based on the DD WL phase and code combinations for GPS and

Galileo. The DD WL ambiguity and DD ionosphere uncertainty is back substituted in

DD WL observations to get the uncertainty in the range. After back substitution, the

DD WL observables are smoothed with carrier phase smoothing using DD L1{E1 and

DD L2{E5b phase data for GPS/Galileo, see Feng et. al. (2005).

Further the literature based on a combined Geometry Free and Geometry Based

model are presented, see below.

Sauer et. al. (2004), see [27], simulated GNSS observables for GPS and

Galileo for various baselines (45), for 1200 epochs of data and evaluated AR

based on FAMCAR (Factorized Multi-Carrier Ambiguity Resolution). FAMCAR

technique of AR uses different combination of observables (phase only, phase
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and code together) considering different GNSS models, namely, Geometry Free

and Geometry Based. By these multi-combination of observables, different error

components (position, ambiguities, ionosphere and multipath) are estimated by

applying an independent filter for each error component, for more details, see [36].

While simulating the observables, different error components like, troposphere,

ionosphere and multipath were included. The measurement precision of phase in

presence of multipath lied between 0.5 and 1mm and was 0.4mm in absence of

multipath. For code, in presence of multipath, the precision was 22 and 20 cm

for GPS and Galileo, without multipath the precision was, 7 and 5cm for GPS

and Galileo respectively. The analysis presented was mean time to fix (TTF) for

GPS (DF and TF) and Galileo (DF, TF, QF) in presence of multipath, see Table

2.4, (the values presented in the Table 2.4 are interpreted from the figures given

in [27]).

GPS Galileo

Baseline length (Km) DF TF DF TF QF

5 5 4 4 2 1

20 25 18 28 20 18

35 55 47 50 32 25

57 97 65 90 52 40

Table 2.4: FAMCAR based results for mean TTF (sec) for dual (DF) and triple fre-

quency (TF) GPS and Galileo, as a function of baseline length, in presence of multipath,

presented by Sauer et. al. (2004)

It is important to note that the values of mean TTF reduces as number of

carrier frequencies for any GNSS are increased.

Schlotzer & Martin (2005), see [29], gave the comparison between TCAR(Three

Frequency Ambiguity Resolution) and ITCAR (Integrated Three Frequency Am-

biguity Resolution) methods of AR for Galileo and future GPS. TCAR was based

on Integer Rounding whereas ITCAR was based on Integer Bootstrap method of

ambiguity fixing methods. However it was not clear from the research work, if

LAMBDA de-correlation is applied to ITCAR before Integer Bootstrapping. Fur-

ther, TCAR uses the geometry-free model whereas ITCAR uses geometry-free

model for fixing ambiguities and after AR, uses the AR solution in geometry-

based model. GNSS observables were simulated in TCAR simulator, effects of
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atmosphere and multipath were incorporated. The measurement precision of

phase for GPS carrier frequencies L1, L2, L5 was assumed to be 3, 4 and 4mm,

for Galileo carrier frequencies E1, E5a, E5b, E6, the phase precision was assumed

to be 3, 4, 4 and 4mm respectively. The value of code precision could not be

identified from the research work.

The observables were simulated for both GPS and Galileo carrier frequen-

cies, three frequencies for GPS (L1, L2, L5) and four frequencies for Galileo

(E1, E5a, E5b, E6), using TCAR simulator. Additional phase was simulated on

E5 for Galileo. The TCAR and ITCAR uses the Extra-Wide Lane (EWL) and

Wide Lane (WL) (differenced observables) for AR. The results presented in the

table below have differenced observables L5-L2 (EWL) and L5-L1 (WL) for GPS

and E5a-E6 (EWL) and E5a-L1 (WL) for Galileo, see Table 2.5.

GPS (TF) Galileo (TF)

Baseline length (Km) TCAR ITCAR TCAR ITCAR

5 1.0 1.0 1.0 1.0

10 0.78 0.999 0.91 0.999

15 0.45 0.90 0.6 0.90

20 0.17 0.82 0.29 0.82

30 0.06 0.59 0.11 0.60

40 0.03 0.44 0.05 0.47

50 0.01 0.29 0.03 0.33

Table 2.5: Instantaneous success rates for triple frequency GPS only and Galileo only,

based on TCAR and ITCAR, as presented by Schlotzer & Martin (2005)

In the following literature review, simulation based on Geometry Based model are

presented.

Zhang et al. (2003), see [25] evaluated AR success based on Cascading Integer

Resolution (CIR) scheme. However CIR was modified to use LAMBDA method

of AR, generally CIR makes use of Integer Rounding for AR, see [37]. Also in

CIR generally Geometry-Free model is used, here Geometry-Based model was

used instead. AR was calculated for GPS and Galileo triple frequency by using

the simulated observables incorporating effects of errors for the atmosphere, orbit

and multipath. The values of measurement precision considered were 0.36m for
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code on L1, 0.04m for code on L5, 0.1m for code on E1, 0.045m for code on E5a,

whereas the phase was kept at 0.003 cycles (say, 0.6 mm for 0.2m wavelength).

ASR was simulated for different baselines, each baseline had a unique upper limit

for number of epochs. For baseline lengths 1, 10, 20, 30, 40 and 50 Km the

maximum number of epochs allotted were 300, 600, 1500, 1800, 2100 and 2500

respectively. Mean TTF (Time To Fix) and instantaneous AR success rates were

evaluated, see Table 2.6 (the values presented in the table are interpreted from

the figures given in [25]). The mean TTF denotes the average time the software

needs to fix all the ambiguities correctly for the chosen mathematical model for

ambiguity resolution. It is important conclusion that the mean TTF reduces

GPS (TF) Galileo (TF) GPS (TF)+Galileo (TF)

Baseline length (Km) 1 10 20 30 40 50 1 10 20 30 40 50 1 10 20 30 40 50

Mean TTF (epochs) 1 1 3 9 19 71 1 1 2 5 25 36 1 1 1 4 5 20

Instantaneous ASR (%) 70 62 18 4 2   1 65 56 18 1 1   1 100 100 47 11 4   1

Table 2.6: Results based on CIR (modified for LAMBDA method of AR), Geometry

Based model. Presented are mean TTF (epochs, 1 epoch=1 second) and instantaneous

ASR for triple frequency (TF) GPS and Galileo, stand-alone and together, as given in

Zhang et al. (2003)

significantly for a combined GPS and Galileo system. For baselines upto 20 Km,

the mean TTF was found to be 1 epoch.

Milbert (2005), see [28], presented instantaneous ASR for GPS and Galileo

together. Single, dual and triple frequency combinations for combined GPS and

Galileo with 6 satellites from each GNSS system were considered for simula-

tion of ASR. Observation equations were parameterized for a Geometry-based

(GB) model with double-differenced (DD) ambiguities, reference coordinates held

fixed, partial derivatives of rover were estimated, ASR were computed by integer

bootstrap after decorrelating the ambiguities by LAMBDA method. It was not

mentioned specifically whether real data was used, but phrases like ‘simulated

success rates’ and ’hypothetical satellite orbits’ indicate that ASR was computed

by model assumptions, that is float Variance-Covariance (VC) matrices of the

ambiguities. Instantaneous ASR was simulated for short-baselines where atmo-

spheric errors are neglected, with ionosphere unknown, ionosphere weighted, both

ionosphere and troposphere unknown, and finally for both ionosphere and tro-

posphere weighted scenarios. For each scenario, while simulating instantaneous

ASR, the measurement precision of code was varied between 5mm and 1 meter,
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precision of phase was held fixed to 3mm. The results for all the scenarios are

presented in the Table 2.7

GNSS model assumptions Maximum σP @ 100% ASR Minimum ASR

(meters) ASR (%) σP (meters)

SF, short baseline 0.42 99.92 1

DF, short baseline 0.35 97.55 1

TF, short baseline 0.59 99.957 1

DF, ionosphere unknown, troposphere fixed 0.03 0.00 0.37

TF, ionosphere unknown, troposphere fixed 0.04 10 1

TF, ionosphere weighted, troposphere fixed 0.03 96.6 1

TF, ionosphere weighted, troposphere unknown 0.02 62 1

TF, ionosphere & troposphere (Reference receiver) weighted 0.02 87 1

TF, ionosphere & troposphere weighted 0.03 91.5 1

Table 2.7: Instantaneous ASR values based on Integer Bootstrap success rates and

LAMBDA decorrelation, for different GNSS model assumptions, as presented by Mil-

bert (2005). Measurement precision of phase was held fixed at 3mm, precision of code

was varied between 5mm and 1m. SF indicates single frequency, DF (dual frequency)

and TF (triple frequency)

ÓKeefe et al. (2006), see [30], evaluated triple frequency GPS and Galileo,

stand-alone and together, by simulating ASR using LAMBDA method for base-

line lengths of 30, 40 and 50 Kilometers for Southern Alberta, Canada. It was

not bluntly specified in the research work if Integer-Least squares (ILS) was used

to estimate integer ambiguities, but with simulated observables and LAMBDA

method, it will be assumed that ILS would have been considered. Further, the

ambiguity candidates were validated by ratio test. The code data on L1 and

E1 frequencies was not considered for simulations, rest all the observables were

simulated on GPS L1, L2, L5 and Galileo E1, E5a, E5b. The precision for the

other parameters were considered as, for Double Difference (DD) troposphere-

0.2cm/10Km, DD ionosphere-3cm/10Km, DD orbital error-0.1cm/10Km, DD

multipath-0.14cm pL5{E5a{E5bq and 0.75cm pL2q, for code data the thermal

noise was considered to be 0.05m for pL5q, 0.29m for pL2q, 0.06m for pE5a, E5bq
and for phase observables, thermal noise for all carrier frequencies was set to

0.003 cycles (0.6mm for 0.2m of carrier wavelength). Thermal noise causes error

in the measurement of range, it can be assumed to be the measurement preci-

sion. Ionosphere was also modeled temporally with random walk with variation

of 1cm2 per epoch for 50 Km baseline. The ASR results with the above setup are

given in Table 2.8, see below, (the values presented in the table are interpreted
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from the figures given in [30].

GPS (TF) Galileo (TF) GPS(TF)+Galileo(TF)

Baseline length (Km) 30 40 50 30 40 50 30 40 50

Percentage of correct fixing of Ambiguities 100 100 98 100 98 100 100 100 100

Epochs taken for correct fixing of ambiguities 540 710 900 580 600 840 10 40 100

(1 epoch = 1 second)

Estimated 3D position errors (cm) 22.4 9.5 14.3 1.1 1.1 1.1 0.8 0.8 0.9

Table 2.8: ASR and TTF for correct fixing of ambiguities for triple frequency (TF)

GPS, Galileo, stand-alone and together, for baseline lengths 30 to 50Km, as presented

by ÓKeefe et al. (2006)

Verhagen et al. (2007), see [11], simulated ASR for Geometry Based model

by computing probability of integer bootstrap after LAMBDA decorrelation. In

this study the troposphere parameters are estimated, whereas the ionosphere is

weighted (for 15 Km and 100 Km baseline). Measurement precision values for

GPS and Galileo considered, corresponded to high-end geodetic receivers. The

measurement precision for dual frequency GPS and Galileo system of L1 and L5

carriers were 20 and 10 cm for code on L1 and L5 respectively and 1.3 and 1

mm for phase on L1 and L5 respectively. Instantaneous ASR was simulated, as

a function of GNSS system, in first case only GPS, then only Galileo and then

finally with both the systems were considered. This was done for 15 and 100 Km

baseline, at 00, �300 and 700 latitude locations. Instantaneous ASR values were

simulated for the whole day and mean instantaneous ASR values were presented.

Table 2.9 presents the results for the above simulation, (the values presented in

the table are interpreted from the figures given in [11]).

GPS (DF) Galileo (DF) GPS (DF)+Galileo (DF)

Baseline length (Km) 15 100 15 100 15 100

Latitude Locations 0� 70�N 30�S 0� 70�N 30�S 0� 70�N 30�S 0� 70�N 30�S 0� 70�N 30�S 0� 70�N 30�S
Mean Instantaneous ASR (%) 100 100 100 35 40 25 100 100 100 57 60 32 100 100 100 100 100 100

GPS (TF) Galileo (TF) GPS (TF)+Galileo (TF)

Baseline length (Km) 15 100 15 100 15 100

Latitude Locations 0� 70�N 30�S 0� 70�N 30�S 0� 70�N 30�S 0� 70�N 30�S 0� 70�N 30�S 0� 70�N 30�S
Mean Instantaneous ASR (%) 100 100 100 53 56 39 100 100 100 88 88 65 100 100 100 100 100 100

Table 2.9: Mean Instantaneous ASR for dual (DF) and triple (TF) frequency GNSS -

GPS, Galileo, stand-alone and together, for 15 and 100 Km baseline, at 00, �300 and

700 latitudes, as presented by Verhagen et al. (2007)

The results were found to be better for Galileo only as compared to GPS only,
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and better for TF system than for DF system. A combined GPS and Galileo,

TF system can give instantaneous AR even for 100 Km baseline, which is very

promising.

The instantaneous ASR results for Galileo were better than for GPS, the

reason highlighted in this research work was the number of satellites in view.

The number of satellites were more for Galileo as compared to GPS system.

Further, the instantaneous ASR was analyzed for Galileo only for L1 and L5, 100

Km baseline, at 00, �300 and 700 latitude locations, as a function of number of

satellites. Refer Table 2.10.

Galileo (DF)

Latitude Locations 0� 70�N 30�S
No. of satellites 7 8 9 10 11 7 8 9 10 11 12 13 6 7 8 9 10 11

Mean Instantaneous ASR (%) 15 38 63 84 94 12 38 63 82 93 98 100 4 14 37 62 85 92

Table 2.10: Mean Instantaneous ASR for dual frequency (DF) Galileo, for 100 Km

baseline, at 00, �300 and 700 latitude, as a function of satellite number, given by

Verhagen et al. (2007)

ASR not only increases as number of satellites are increased, but also the range

of values ASR can take for any given number of satellites increases as number of

satellites are increased.

Ji et al. (2007), see [31], evaluated ASR using quadruple frequency Galileo for

a 860 m baseline using simulations based on LAMBDA and Cascading Ambiguity

Resolution (CAR) method for AR. CAR generally uses IR for ambiguity fixing,

and further success rates are based on ADOP. On the other hand LAMBDAmakes

uses of decorrelation of the ambiguities for computing the ambiguity success rates.

For LAMBDA, the ASR values were simulated using sharp lower bound for ILS,

by using probability of Integer Bootstrap. Galileo observables were simulated,

Gaussian noise was assumed for both code and carrier phase measurements. Tro-

pospheric and ionospheric delays were modeled based on Hopfield and Klobuchar

models respectively. a 24 hour observable data set was simulated with 1 epoch

interval. The observables were parameterized by Geometry-Based (GB) GNSS

model. For different measurement precision values of phase (3, 6, 12 mm) and

code (50 cm, 1 m, 1.5m, 2 m), precision ASR (0.999 ASR probability was desired)

was evaluated for single epoch and multi epoch. Results given by Ji are presented

in Table 2.11.
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2.4. The promise of multi-GNSS

Galileo only (QF)

CAR LAMBDA

Phase precision code precision (meters)

3 mm 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0

Instantaneous ASR (%) 100 100 92.9 79.9 100 100 100 100

TTF for 0.999 ASR (epochs) 1 1 2 2 1 1 1 1

Phase precision code precision (meters)

6 mm 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0

Instantaneous ASR (%) 100 100 65.42 37.6 100 100 100 99.58

TTF for 0.999 ASR (epochs) 1 1 2 3 1 1 1 2

Phase precision code precision (meters)

12 mm 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0

Instantaneous ASR (%) 0 0 0 0 0 0 0 0

TTF for 0.999 ASR (epochs) 4 4 4 4 3 3 4 4

Table 2.11: Instantaneous ASR and TTF for Galileo, quadruple frequency (QF) for

different values of measurement precision, presented by Ji et al. (2007)

It can be seen from the results that LAMBDA gives higher values of ASR

than CAR. The precision of the code seems to be quite high, 50 cms to 2 m, still

LAMBDA is able to give good instantaneous ASR values. The instantaneous

ASR for phase precision of 12mm for all the code precision values are given as 0

(zero), it is not clear as to how zero would be ASR and what could be the possible

reason for such low ASR values.

Santos et. al. (2008), see [32], in his research work described in brief the

work done by Laval University under the project Geomatics for Informed Deci-

sion (GEOIDE) network. The simulations for improvement in ambiguity resolu-

tion with a combined GPS and Galileo systems was done for Geometry Based

model with coordinates unknown and ionosphere weighted scenario. While form-

ing the model, zenith ionospheric delays were parameterized, additionally clock

and phase biases were also present indicating about the use of a un-differenced

or zero-differenced type of parameterization. The standard deviations considered

for phase and code measurements were 3mm and 30cm. With single frequency,

ionosphere known scenario, a combined GPS and Galileo system was able to give

full AR. The dual frequency combined GPS and Galileo system was redundant

enough to resolve ambiguities for an ionospheric weighted model. The triple

frequency combined GPS and Galileo system performed the best, instantaneous
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2.4. The promise of multi-GNSS

100% of ambiguities were resolved for ionospheric standard deviation of upto

0.45m. With a stand alone GPS only, Galileo only, triple frequency system, in-

stantaneous ASR of 100% was possible up to 0.18 and 0.23m ionospheric standard

deviation for GPS and Galileo respectively. However, the method for simulating

AR success rate was not mentioned and the reason to use a single value of stan-

dard deviation for the measurement for all the frequencies on GPS and Galileo

was not clear. Since the GPS L5 and future Galileo frequencies promise better

measurement precision.

ÓKeefe et. al. (2009), see [33], used the stand alone GPS and Galileo, as

well as the combined GPS and Galileo together for orbit determination of Low

Earth Orbiting (LEO) satellites. For the same single, dual and triple frequency

combinations were formed for Geometry Based model. The success of ambi-

guity resolution was evaluated using two approaches, Cascade Ambiguity Res-

olution (CAR) and LAMBDA method. Integer Bootstrap was used as a lower

bound along with LAMBDA decorrelation to compute the ASR. While the com-

bined GPS and Galileo system were used together, different reference satellite

for each system is understood to be considered. With CAR method E1{E2 am-

biguities were formed for single frequency, Wide-Lane (WL) with E1 � E2 and

E1{E2 ambiguities were formed with dual frequency, Extra-Wide-Lane (EWL)

with E5a � E5b, WL and E1{E2 were formed for triple frequency system. It

was concluded that the magnitude of the gain was less for ASR when a third

frequency was added as compared to the magnitude of gain obtained during the

transition from single frequency GNSS to dual frequency GNSS. Further it was

concluded that LAMBDA method of AR is superior in comparison with CAR.

LAMBDA performed the best for single frequency combined GPS and Galileo

system.

Feng et. al. (2009), see [38], presented an analysis for three carrier ambiguity

resolution for GPS and Galileo with TCAR and LAMBDA method of integer

ambiguity estimation. Extra-Wide-Lane, Wide-Lane combinations were formed

for both GPS and Galileo and ambiguity success rates were computed for inte-

ger rounding method with TCAR. LAMBDA method generally uses integer least

square for integer ambiguity estimation from GNSS observables, real or simu-

lated. In case GNSS observables were not involved in this research, ambiguity

success rate could be computed with integer bootstrap for LAMBDA. Instanta-

neous AR success rates were compared for TCAR and LAMBDA. The LAMBDA

method of AR was found to give better instantaneous ambiguity success rates than
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2.4. The promise of multi-GNSS

TCAR. It would have been interesting to further see the comparison of TCAR

and LAMBDA in terms of epochs taken to obtain 100% ambiguity success rate.

Analysis of literature review

Zhang et. al. [25] and Sauer et. al. [27] gave results for GPS and Galileo,

triple frequency, with respect to TTF for ambiguities. For 20 Km baseline, the

mean TTF were 3 sec (seconds) and 2 sec for GPS and Galileo as given by [25],

where as the mean TTF was found to be 18 sec and 20 sec for GPS and Galileo,

as given by [27]. It is noted that [25] used CIR for AR which he modified by

implementing LAMBDA method for AR, whereas [27] used FAMCAR. Also, [25]

considered optimistic values of measurement precisions, say 0.04m for code and

0.6mm for phase data, whereas measurement precision values from [27] were 22

and 20 cm for code for GPS and Galileo, and 7 and 5cm for phase for GPS and

Galileo respectively.

Zhang et. al. (2003) [25] and ÓKeefe et. al. (2006) [30] gave mean TTF for

triple frequency GPS and Galileo for 30, 40 and 50 Km baseline. The mean TTF

for 30, 40 and 50 Km baseline were 9, 19, 71 and 5, 25, 36 for GPS and Galileo

respectively as given by [25]. Whereas, mean TTF values as given by [30] for 30,

40 and 50 Km baseline were 540, 710, 900 and 580, 600, 840 for GPS and Galileo

respectively. For the combined system, three carrier frequencies in each GNSS,

the mean TTF for 30, 40 and 50 Km baseline were 4, 5, 20 as given by [25] and

10, 40, 100 as given by [30]. Is is noted that [25] used CIR with LAMBDA for

AR whereas [30] used integer-bootstrap based on LAMBDA decorrelation. Addi-

tionally [30] did not include code data on L1 and E1 frequencies. [25] considered

optimistic values of measurement precisions, say 0.04m for code and 0.6mm for

phase data, whereas measurement precision values from [30] were not given, in-

stead thermal noise values were presented. For code data the thermal noise was

considered to be 0.05m for pL5q, 0.29m for pL2q, 0.06m for pE5a, E5bq and for

phase observables, thermal noise for all carrier frequencies was set to 0.003 cy-

cles (0.6mm for 0.2m of carrier wavelength). ÓKeefe considered more realistic

values of measurement precision, for example code precision on L2 was 0.29m,

whereas Zhang considered 0.04m code precision on all carriers. While both the

researchers used simulated observables, LAMBDA method for ambiguity estima-

tion and geometry-based model, the possible reason for difference in TTF for the

two research works could be the measurement precision values. results presented

by ÓKeefe should be considered to be more realistic as compared to Zhang.
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2.4. The promise of multi-GNSS

Zhang et. al. [25] present instantaneous ASR for triple frequency (TF), GPS

and Galileo, stand-alone, for various baselines, here we compare the 10 and 20

Km baseline results form [25] with 15 Km baseline results of instantaneous ASR

from Verhagen et. al. (2007) [11]. The instantaneous ASR values for GPS were

given as 62% and 18% for 10 and 20 Km baseline and for Galileo they were 56%

and 18% for 10 and 20 Km baseline, as given by [25] for geometry based model,

incorporating the effects of atmosphere, orbit and multipath. Whereas, the in-

stantaneous ASR values, as given by [11], were 100% for 15 Km baseline for both

GPS and Galileo, for geometry based model by without taking into affects the

atmosphere, orbit or multipath. The measurement precision values as considered

by [25] were 0.04m for code and 0.6mm for phase data, whereas [11] considered

code precision to be 10 and 20 cms at L1 and L5 respectively and for phase, the

precision considered was 1.3mm and 1mm at L1 and L5 respectively. Also, [25]

used CIR for AR which he modified by implementing LAMBDA method for AR,

whereas [11] used sharp lower-bounds of probability of Integer Bootstrap based

on LAMBDA decorrelation. Zhang simulated the observables for computation of

ASR, whereas the ASR from Verhagen were based on model assumptions which

is one of the major differences in the approach of the two researchers.

The integer ambiguities could be resolved quicker by forming Wide-Lane com-

binations than by resolving the ambiguities independently. Such combinations

are adopted by various ambiguity resolution algorithms like CIR, CAR. With the

advance of GNSS systems, by availability of multi GNSS frequencies, in addi-

tion to Wide-Lane, Extra-Wide-Lane combinations could be formed. Multi car-

rier ambiguity resolution algorithms like TCAR make use of such combinations.

Several literatures presenting multi-frequency ambiguity resolution make use of

Wide-Lane and Extra-Wide-Lane combinations for AR, see [29], [25], [31], [33],

[35], [38]. The ambiguity resolution by forming Extra-Wide-Lane combination

is found to be quickest in comparison to Wide-Lane combination. Literatures

working with Extra-Wide-Lane combination have report instantaneous AR for

Extra-Wide-Lane ambiguities, see [35]. The ambiguity resolution method, Least

squares AMBiguity Decorrelation Adjustment (LAMBDA) is found to form the

most optimal linear combination of ambiguities while decorrelating the ambigu-

ity Variance Covariance matrix, see [33]. Further discussions on the process of

ambiguity resolution can be found in more detail in chapter 3.
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3
Theory of Ambiguity Resolution

The ambiguities are the unknown integer cycles present in the GNSS carrier phase

data. These are the initial unaccounted carrier phase cycles in the receiver and

are present as a fixed bias throughout in the carrier phase data, unless the receiver

faces a loss-of-lock or a cycle slip while logging the data. Since the magnitude

of these ambiguities can range from a few centimeters (cm) to many meters (m),

i.e. nλ, where n P t0,�1,�2,�3, � � � u is an integer, it is important to mitigate

then in-order to utilize the precise carrier phase data effectively.

The commonly used ambiguity techniques include the LAMBDA method and

the Wide-Lane / Narrow-Lane techniques. The LAMBDA method proposed by

[39] is based on the most optimal Least square estimation technique, that is

widely used today. The LAMBDA method uses the Z-transformation to de-

correlate the ambiguities, which causes reduction in size of the ambiguity search

space by preserving volume, resulting in faster and efficient AR. A detailed ex-

planation of the Z-transformation can be found in the commencing section. On

the other hand, Wide-Lane and Narrow-Lane combinations focus on forming the

linear combinations of the observables resulting in a wider net-wavelength (for

example E5a�E5b would give a net-wavelength of about 9.7684) and a narrower

net-wavelength (for example E1 � E2). Since in Wide-Lane and Narrow-Lane

approaches linear combinations of observables are formed, there is an increase in

the measurement noise which degrades the quality of the observables, see [35].

LAMBDA does not pre-decide the combinations instead the most optimal combi-

nations are chosen by the algorithm while the Variance-Covariance matrix of the

ambiguities is decorrelated. Hence the linear combinations are not formed in the

observation space, instead combinations are formed at the parameter space. This

avoids any loss of information by forming linear combination of observables as

well as any degradation of the measurement precision. Several studies have been

successfully carried using LAMBDA method for multi-frequency AR [28], [30],

[11], [31], [33]. Forming optimal combinations on the fly by LAMBDA method
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3.1. Theory of AR and improvement in precision of parameters of interest

further increases its flexibility to apply it to multi-frequency scenarios. Studies

showed that LAMBDA method was found to be an efficient method for AR as

compared to generic Wide-Lane / Narrow-Lane techniques, [40], [31], [33].

3.1 Theory of AR and improvement in precision

of parameters of interest

The mathematical expectation and dispersion for GPS observables is given as

below.

Epyq � AIxI � AIIxII (3.1)

The above is also referred to as a functional model. In equation (3.1), E is the

expectation operator, where y is the vector of GPS observables (carrier phase and

code), AI and AII are the design matrices of ambiguities (non-temporal variation)

and ionosphere, ranges (temporally varying parameters) and xI and xII are the

unknowns, namely, ambiguities (non-temporal variation) and ionosphere, ranges

(temporally varying) to be estimated. The ambiguities, xI , are integer in nature,

however they have to be estimated as integers from the existing real-value, can

be denoted as xI P Z. Where as the non-ambiguity parameters belong to a real

space, can be denoted as xII P R.

Dpyq � Qyy (3.2)

The above is also called as a stochastic model. In equation (3.2), D is the

mathematical dispersion, Qyy is the measurement precision matrix of phase and

code observables.

By using the information in the design matrices A and B and the precision

Qyy, the precision of the unknowns QpxI
can be computed. Since QpxI

partially

depends on the design matrix AII , its value will be different for Geometry Free

and Geometry Based models. Here Qpx represents the variance-covariance matrix

of the float solution with estimated unknowns pxI and pxII , it is to be noted that

here pxI represents non-integer ambiguities. The following is the expression for

the estimated unknowns and its variance-covariance matrix for the float solution.px � � pxIpxII � , Qpx � � QpxI
QpxI pxII

QpxIIpxI
QpxII

�
(3.3)
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3.1. Theory of AR and improvement in precision of parameters of interest

In the above equation we can see that the covariance exist between ambi-

guities and non-ambiguity parameters. Also there exist correlation between the

ambiguities, denoted by sub-matrix QpxI
. Here we use the LAMBDA method to

de-correlate the ambiguities. The ambiguity VC (Variance-Covariance) matrix is

de-correlated by Z-transformation by using ZT matrix defined as below.pz � ZTpxI , Qpz � ZTQpxI
Z (3.4)

After obtaining an almost de-correlated Qpz matrix, the original ambiguities

are fixed to integer values.

x̌I � Z�T ž (3.5)

where x̌I and ž corresponds to integer valued ambiguities (fixed-ambiguities).

These integer ambiguities can be used to obtain the fixed solution for non-

ambiguity parameters.

x̌II � pxII �QpxIIpxI
Q�1pxI

ppxI � x̌Iq (3.6)

The precision of the non-ambiguity parameters can be expected to improve,

applying the propagation law to the above equation, we get

Qx̌II
� QpxII

�QpxII pxI
Q�1pxI

QpxI pxII
(3.7)

The probability distribution of the fixed solution can be given as,

P px̌I � zq � »
Sz

ppxI
pyqdy

px̌II
�

z̧PZ ppxII |pxI
px|y � zqP px̌I � zq (3.8)

where Sz � ty P R|z � argminuPZ }y � u}2QpxI u, y can be said to be the original

observations (ambiguities), u corresponds to the fixed real valued solution of the

original ambiguities pyq.
Once the ambiguities are de-correlated as shown in equation (3.5), an transfor-

mation is carried and the real-valued ambiguities are mapped to the integer space.

This an be done by choosing an appropriate integer transformation method. The

Integer rounding (IR) is the simplest of all the methods. We also have Integer

Bootstrapping (IB) and Integer Least Squares (ILS). However the probabilities
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obtained using different methods may differ. The discussion for obtaining Ambi-

guity Success Rates (ASR) using each of the methods, IR, IB and ILS is presented

in the coming section.

3.2 Types of ambiguity estimation techniques

Once we transform the float ambiguities pxI to de-correlated pz by de-correlating

the QpxI
to form Qpz, we can use the de-correlated real-valued ambiguities pz and

transform them into integer values. This can be done by using IR, IB or ILS

ambiguity transformation.

1. IR: Integer Rounding is one of the simplest methods to round the ambigu-

ities, the transformation can be shown as below

žIR � prpz1s, � � � , rpzmsq (3.9)

where, r�s means rounding to the nearest integer, m indicate the number of

real ambiguities, žIR is the integer ambiguity on which m real ambiguities

are mapped.

Also we can see, that IR does not consider the correlation between the

ambiguities. If an expression for probability for IR has to be given when

ambiguities are correlated, it would correspond to a lower bound of proba-

bility. The expression for lower bound of probability of IR can be given as

below,

P px̌IIR � xIq ¥ n¹
i�1

2Φp 1

2σpxIi

q � 1 (3.10)

On the other hand, the ambiguities can be de-correlated, see LAMBDA

method of ambiguity de-correlation [39]. The probability of integer round-

ing form de-correlated ambiguities can be given in terms of an upper bound

of probability of IB [2],

P px̌IIR � xIq ¤ n¹
i�1

2Φp 1

2σpzi|I q � 1 (3.11)

where pzi|I denotes the conditional variance of the ith ambiguity, to be ex-

plained in commencing section (IB), and Φ denotes the standard normal

distribution, which can be given as
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Φpxq � x»�8 1?
2π
expp�1

2
z2qdz (3.12)

2. IB: Integer Bootstrap though uses the IR, however it takes the correlation

between the ambiguities into account. The bootstrapped estimator follows

from a sequential Least Square adjustment and it is computed as follows.

If m ambiguities are available, we start with the first ambiguity pz1, and
round its value to the nearest integer. The remaining float ambiguities are

corrected by virtue of their correlation with the first fixed ambiguity. Then

the second, but now corrected, real-valued ambiguity estimate is rounded

to its nearest integer and all remaining pm� 2q ambiguities are then again

corrected, but now by virtue of their correlation with the second ambigu-

ity. This process is continued until all ambiguities are considered. The

components of the bootstrapped estimator žIB are given as

žIB,1 � rpz1s
žIB,1 � rpz2|1s � rpz2 � σpz2pz1σpz�2

1 ppz1 � žIB,1q (3.13)

...

žIB,m � rpzm|M s � rpzm � m�1̧

i�1

σpzmpzi|Iσpz�2
i|I ppzi|I � žIB,iq

where pzi|I denotes the ith Least Square ambiguity obtained by conditional

rounding of previous I � t1, � � � , i� 1u sequentially rounded ambiguities.

The integer bootstrap probability for n ambiguities as found in [2], can be

given as

P px̌IIB � xIq � n¹
i�1

2Φp 1

2σpzi|I q � 1 (3.14)

3. ILS: The Integer Least Squares method is the most rigorous integer method,

which maps the integers from their float values by searching the optimal

integer grid points over the m-dimensional hyper-ellipsoid defined by the

variance-covariance matrix Qpzpz and a positive constant χ2 with center pz
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3.3. Partial Ambiguity Resolutionpz � pzqTQ�1pzpz pz � pzq ¤ χ2, with z P Z
m (3.15)

The integer grid point z inside hyper-ellipsoid that derives the minimum

value of function }z � pz}2Qpzpz is the optimal solution ž

The probability of Integer Least Squares for n ambiguities can be given in

terms of a lower bound of probability of IB [2],

P px̌IILS
� xIq ¥ n¹

i�1

2Φp 1

2σpzi|I q � 1 (3.16)

3.2.1 Easy bounds for ASR

Since in this research work, the focus is on simulation of ASR using model

assumptions, the evaluation of ASR can be done by bounds which are easy to com-

pute. It is well known about the relation between the probabilities of successful

AR obtained through IR, IB and ILS, which is given as P px̌IIR � xIq   P px̌IIB �
xIq   P px̌IILS

� xIq. Hence P px̌IIB � xIq can be used as an upper-bound for IR

and a lower bound probability for ILS. Since the PIB is used as a lower bound for

PILS, it is important that the simulated results replicate results as real as pos-

sible. For the same it is important that the ambiguities are de-correlated while

computing the lower bound probability by IB. The de-correlated ambiguities (of

the float-solution, VC matrix) will result in a “sharp” lower bound probability

for ILS. The ASR computed and analyzed in this research work are obtained

using probability of IB, as given in equation (3.14).

3.3 Partial Ambiguity Resolution

In cases where full AR take time to converge to a fixed solution, PAR should

be considered. However the PAR makes sense only if the fixed solution is bet-

ter than the float solution. That is the precision of non-ambiguity parameters

obtained from the float solution and fixed solution (PAR) can be compared and

then it can be decided whether it is sensible to accept the fixed solution (PAR).

The time taken for resolution of all of the ambiguities (Full AR) can be termed

as convergence time (CT). CT depends on the strength of the model, the num-

ber of unknowns subtracted from the number of observations. For any GNSS

model, satisfactory ASR using dual frequency GPS mostly takes time to con-

verge. With increasing the number of satellites by addition of Galileo system,
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3.3. Partial Ambiguity Resolution

there is a promise for the improvement of ASR. None the less, for this research

work, in cases where satisfactory ASR takes time to converge for GPS only and

Galileo only, PAR will be performed.

3.3.1 Method of implementing PAR

If PAR is desired to be performed, one first defines an minimum value of ASR

based on ones application at hand. Then PAR starts with initially choosing the

most precise, de-correlated ambiguity and ASR is computed. If the ASR is found

to be higher than the defined value (say 0.9, 0.999 etc.), then the second best

ambiguity is added to the first one and PAR is performed. LAMBDA method

performs a de-correlation on the ambiguities and further uses ILS for ambiguity

fixing, however in this research we use LAMBDA de-correlation and IB for am-

biguity fixing. Further, on adding the second ambiguity if the ASR doesn’t drop

below the cutoff, a third ambiguity is added. This is done until ASR drops below

desired cutoff, then the previous value of ASR and ambiguities corresponding

to that ASR are considered for further computations (for gain of non-ambiguity

parameters).

The Variance Covariance (VC) matrix for the float ambiguities can be math-

ematically expressed, say for n ambiguities the precision can be given by QxxI
.

While performing the LAMBDA decorrelation on the ambiguity VC matrix QxxI
,

and further fixing of the ambiguities, only a subset of ambiguities say p are fixed

which fulfill the minimum success rate criteria of 0.999. The design matrix cor-

responding to the ambiguities fixed by PAR is denoted as ZxI�x̌I
, can be used

to obtain the fixed precision of non-ambiguity parameters. The precision of the

ambiguity fixed solution based on PAR can be given as follows

QpzIloomoon
p�p

� T

ZxI�x̌Iloomoon
p�n

QxxIloomoon
n�n

ZxI�x̌Iloomoon
n�p

(3.17)

Further, the improvement in precision of the parameters of interest can be

computed from the VCmatrix of the ambiguity fixed solution from equation (3.17),

as follows

Qx̌II
� QpxII

�QpzII pzIQ�1pzI QpzI pzII
where QpzI pzII � ZT

xI�x̌I
QpxIpxII

and QpzIIpzI � QTpzIpzII .
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Since with PAR, only a subset of ambiguities are fixed, the improvement in

precision of the parameters of interest is dependent on the percentage of the

ambiguities fixed, out of the total number of ambiguities.

3.4 Model Assumptions for the ASR Computa-

tion

The computation of ASR and calculation of improving in precision of (ambiguity

fixed) non ambiguity parameters is done by simulations based on model assump-

tions. The model assumptions, namely the design matrix and the measurement

precision matrix differ for different model types, say Geometry Free model with

ionosphere known will have different model assumptions as compared to Geom-

etry Free model, ionosphere unknown. Firstly, we discuss the basic Geometry

Free model model assumption. Secondly, we discuss Geometry Free model for

different ionosphere types in dedicated sections, following here after. We start

our discussion by recalling the mathematical expectation and dispersion again.

Epyq � AIxI � AIIxII

Dpyq � Qyy

In the above equations, AI and AII are the design matrices (functional model)

and Qyy is the measurement precision matrix (stochastic model). Further we

explain in detail the formation of each of the mentioned models.

3.4.1 Functional model

The formation of design matrices for dual frequency, ionosphere fixed, Geometry

Free GNSS model is explained in detail in Appendix B. Further under each sub-

section, namely, ionosphere fixed, float and weighted, the general form of design

matrix for m satellites, j frequencies and k epochs are presented.

3.4.2 Stochastic model

The stochastic model represents the variability of all the observables, say carrier

phase and code for every GPS frequency. Also when the errors in the GNSS
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3.4. Model Assumptions for the ASR Computation

observables, like ionosphere, are significant enough and on availability of correc-

tions, can be a-priori defined in the GNSS model with its precision. The precision

of the corrections are parameterized in the stochastic model (say as in ionosphere

weighted case). Now coming back to the measurement precision, the values of

measurement precision considered here are influenced and selected for low-end

GPS receivers, high-end receivers and future L5 frequency (especially the code

precision) for GPS.

Table 3.1 shows the values chosen for phase and code (un-differenced) stan-

dard deviations (in meters) for GPS. Further measurement precision values for

Galileo are presented. In this research work, there are two cases under which the

standard deviation values of the measurements are selected. In the first case the

measurement precision values are varied and ASR and gain is computed, then in

the second case, the measurement precision is kept fixed to a value and number

of satellites or the baseline length is varied. Listed below are the numerical values

used in both the above mentioned cases.

(1) Measurement precision values for future GPS

(i) Measurement precision is varied, satellite number held fix (6 satellites).

Below are the values of measurement precision for Phase (Φ) and code

(P ).

Sr. No Low-end receivers High-end receivers

Φ1 P1 Φ1, Φ2 P1, P2 Φ5 P5

1 0.003 0.25 0.002 0.1 0.002 0.05

2 0.003 0.5 0.002 0.15 0.002 0.1

3 0.003 0.75 0.002 0.2 0.002 0.125

4 0.003 1 0.003 0.25 0.002 0.15

5 0.003 1.25 0.003 0.3 0.002 0.175

6 0.003 1.5 0.003 0.35 0.002 0.2

Table 3.1: Un-differenced standard deviation values at zenith (meters) for GPS (6

scenarios)

The following scenarios of single, dual and triple frequencies are used

for simulations.
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3.4. Model Assumptions for the ASR Computation

(a) Low-end receivers

Single frequency GPS - Measurement precision values Φ1 and P1

given in Table 3.1 are used.

(b) High-end receivers

Dual frequency - Measurement precision values Φ1, Φ2 and P1, P2

are used.

Triple frequency - Measurement precision values Φ1, Φ2, Φ5 and

P1, P2, P5 are used.

(ii) Measurement precision held fix (see table below for values)

The measurement precision value is held fixed, instead, baseline length

or number of satellites are varied.

When the baseline length is varied, the values chosen for the same are

1 to 1000 Kms (6 scenarios), see ionosphere weighted section.

In other scenario, the satellite number is varied from a minimum of 2 to

a maximum of 6 (maximum number of satellites consistently available

during the whole time period (24 hours)). Satellite number is varied in

steps of 1 (6 scenarios). the measurement precision is held fixed as given

in Table 3.2. Similar to above, three different cases of single, dual and

triple frequencies GPS are considered for simulations, see Appendix D.

Low-end receivers High-end receivers

Φ1 P1 Φ1, Φ2 P1, P2 Φ5 P5

0.003 0.5 0.003 0.25 0.002 0.15

Table 3.2: Un-differenced standard deviation values at zenith (meters) for GPS (1

scenario)

(2) Measurement precision values for Galileo

(i) Measurement precision is varied, satellite number held fix (6 satellites).

Measurement precision is varied, see Table 3.3, and satellite number is

held fixed to 6. This is done for four different cases
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3.4. Model Assumptions for the ASR Computation

Sr. No Low-end receivers High-end receivers

Φ1 P1 Φ1 P1 Φ5a,Φ5b,Φ6 P5a, P5b, P6

1 0.003 0.25 0.002 0.1 0.002 0.05

2 0.003 0.5 0.002 0.15 0.002 0.1

3 0.003 0.75 0.002 0.2 0.002 0.125

4 0.003 1 0.003 0.25 0.002 0.15

5 0.003 1.25 0.003 0.3 0.002 0.175

6 0.003 1.5 0.003 0.35 0.002 0.2

Table 3.3: Un-differenced standard deviation values at zenith (meters) for Galileo (6

scenarios)

(a) Low-end receivers

Single frequency Galileo - Measurement precision values Φ1 and P1

given in Table 3.3 are used.

(b) High-end receivers

Dual frequency - Measurement precision values Φ1, Φ5a and P1,

P5a are used.

Triple frequency - Measurement precision values Φ1, Φ5a, Φ5b and

P1, P5a, P5b are used.

Quadruple frequency - Measurement precision values Φ1, Φ5a, Φ5b,

Φ6 and P1, P5a, P5b, P6 are used.

(ii) Measurement precision held fix (see table below for values)

The measurement precision value is held fixed, instead, baseline length

or number of satellites are varied.

When the baseline length is varied, the values chosen for the same are

1 to 1000 Kms (6 scenarios), see ionosphere weighted section.

In other scenario, the satellite number is varied from a minimum of 2

to a maximum of 6 (6 scenarios), see Appendix D.

Using the above values of undifferenced measurement precision, the matrix
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3.4. Model Assumptions for the ASR Computation

Low-end receivers High-end receivers

Φ1 P1 Φ1 P1 Φ5a,Φ5b,Φ6 P5a, P5b, P6

0.003 0.5 0.003 0.25 0.002 0.15

Table 3.4: Un-differenced standard deviation values at zenith (meters) for Galileo (1

scenario)

Qyy consisting of DD values of measurement precisions, weighted for each satellite

(based on satellite elevation) is computed. The exponential elevation weighting is

applied, see Figure 3.1 The detailed description of formation of Qyy can be found

in Appendix B. The weighting function is as given as below (see also Appendix

B for detailed description of formation of Qyy using weighting function).

W � 2 � σ2
i � p diag p1� a � expp�ε{ε0qqq2

where 2 is for double differenced observations, a is an amplification angle depend-

ing on observation type and frequency, here it is kept same for all observations

and frequency to 10, ε is elevation of satellite, ε0 is a coefficient for the scale value

of the elevation error, see [41]. In this study ε0 is set to 10 degrees. See Appendix

D for detailed presentation of the weighting function. Further, σi is given as

σi � �����������
σΦ1

1

...

σΦm
j

σP 1

1

...

σPm
j

�����������
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3.4. Model Assumptions for the ASR Computation
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Figure 3.1: Undifferenced satellite elevation weighting (Exponential function)

Satellite elevation weighting over long distances

The satellite elevation is computed individually for each of the stations of the

baseline for ionosphere float (baseline considered is 1000 km) and ionosphere

weighted (for baselines from 1 Km and up to 1000 Km) scenarios. This is done

by recomputing the coordinates of the second receiver forming the baseline with

respect to the first receiver. While doing so, the second receiver is considered to

be located at he same latitude as the first receiver, only longitudinal variation is

considered for varying baseline length. For each of the receivers, GNSS satellites

overhead are simulated from the almanacs and elevation of satellites are com-

puted. The common satellites between each of the receiver are then selected and

satellite elevation weighting function is further applied. This may be computed

as follows.

W�1
el1

� σ2
i � � diag �1� a � expp�ε1,��� ,m1 {ε0q��2

W�1
el2

� σ2
i � � diag �1� a � expp�ε1,��� ,m2 {ε0q��2

W�1
el � W�1

el1
�W�1

el2

(3.18)

where W1,W2, ε1, ε2 are the weighting functions and satellite elevations for

receiver 1 and 2 respectively, the elevation for each receiver, ε1, ε2, are vectors

having elevation of 1 to m satellites, a and ε0 are the coefficients set to the values

10. The functions diag is a matlab function indicating a diagonal matrix. The

elevation weighting function can be elaborated to express the diag function as
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3.4. Model Assumptions for the ASR Computation

below. The elevation weighting function for single GPS frequency L1 for receiver

1 and satellites 1, � � � , m is given as below

W�1
el1

� �����������
pW 1

φpL1qq�1
0 0 0 0 0

0
. . . 0 0 0 0

0 0 pWm
φpL1qq�1 0 0 0

0 0 0 pW 1
P pL1qq�1

0 0

0 0 0 0
. . . 0

0 0 0 0 0 pWm
P pL1qq�1

�����������
� �����������

σ2
φpL1q � �1� aφpL1q expp� ε1

ε0
q	2 . . . 0 0 0

...
...

0
. . . 0

...
...

0 0 0 . . . σ2
P pL1q � �1� aφpL1q expp� ε1

ε0
q	2

�����������
For multi-frequency case, the measurement precision of phase and code can

be given in a vector form as σ2
1,��� ,j � �

σ2
φ1
, � � � , σ2

φj
, σ2

P1
, � � � , σ2

Pj

�T
, the satellite

elevation weighing function can now be expressed as follows

W�1
el1,j

� diagpσ2
1,��� ,jq b diagp�1� a � expp�ε1,��� ,m1 {ε0q�2q (3.19)

The detailed explanation of exponential satellite elevation weight is explained in

Appendix D.

Elevations are interpreted in skyplot figures for GPS, Galileo and both the

constellations together in the commencing section. For ionosphere weighted sce-

nario, the standard deviation of the ionosphere is computed, depending upon the

baseline length, considering that the ionosphere would vary at 6.8 mm per 10 Km

(between receiver single difference ionosphere standard deviation, σI).

Skyplots of GNSS constellations

The skyplots of GNSS constellations, namely GPS, Galileo and GPS+Galileo

together are given in Figure 3.2. The selected latitude locations are 0�, �30�
and �60� latitude and longitude is kept fixed at 115�. For all the skyplots, the

cutoff angle chosen is 10�. GPS constellation satellite are numbered 1 to 31 (31

satellites), whereas Galileo constellation satellites are given numbers 51 to 70 (30
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3.4. Model Assumptions for the ASR Computation

satellites). The orbit information for each of the GNSS systems is extracted from

YUMA almanacs for GPS [42] and Galileo [43], throughout this research work.
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Figure 3.2: Sky plot of the satellites at 0�, �30� and �60� degree latitude, 150� longi-

tude, for GPS, Galileo and both GPS+Galileo systems for 13-05-2011 from 00:00:00 to

23:59:30 hrs UTC

Stochastic model and result comparisons for different ionosphere sce-

narios

In ionosphere weighted model, only one value of phase and code precision σΦ, σP

is considered, refer Table 3.2, and σI is varied based on the baseline length. The

value of measurement precision, σΦ, σP , for ionosphere weighted scenario given

in Table 3.2. The value of σΦ, σP which is considered for ionosphere weighted

scenario also appears for ionosphere fixed and float scenarios, see Table 3.1 (high-

lighted in grey color). This overlapping measurement precision values would be

used to compare the results, ASR and gain etcetera, between these three different
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3.4. Model Assumptions for the ASR Computation

ionosphere scenarios.

The Ambiguity Success Rate(ASR) for Geometry Free model is evaluated for

only GPS system for single, dual, triple and quadruple frequency combinations.

Measurement precision for L5 is considered only while evaluating ASR for triple

frequency GPS.

The formation of the stochastic model for dual frequency, ionosphere fixed

Geometry Free GNSS model is explained in detail in Appendix B. Hence for

Geometry Free model in chapter 4, there is no further discussion regarding the

formation of Qyy. The computation of ASR and gain are discussed in Geome-

try Free model chapter 4. Further under each sub-section, namely, ionosphere

fixed, float and weighted, the general form of stochastic model for m satellites, j

frequencies and k epochs are presented.

The stochastic models for Geometry Based and Reference Rover model can

be found in individual chapters, chapter 5 and 6, respectively.
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4
Geometry Free model

The Geometry Free model, as the name suggests, does not consider the geometry

between the receiver and the satellite. Instead of using satellite and receiver

coordinate information and estimating receiver baseline / coordinates, the ranges

between receiver and satellite are estimated. The ranges include the tropospheric

delays lumped in it for a Geometry Free model.

The research presented in the current report is based on GPS (L1, L2 and

L5), Galileo (E1, E5a, E5b, E6) system data frequencies, standalone and

together for Geometry Free model. Ambiguity Success Rate (ASR), preci-

sion for the fixed (ambiguity-fixed) and float (ambiguity-float) solution are pre-

sented.

The results for ASR and precision of the ranges are computed while consid-

ering all the ambiguities present, this is also called as Full Ambiguity Resolution

(Full AR). Further, research on Partial Ambiguity Resolution (PAR) is done, re-

sults based on PAR for ASR and precision of the ranges for GPS, Galileo and

both the systems together (GPS+Galileo) are also presented.

In this research an attempt is made to understand as to how different combi-

nations of frequencies, measurement precisions, ionosphere information (known,

unknown, weighted) etcetera, affect the ASR and hence the precision of the esti-

mated non ambiguity parameters (say range for a Geometry Free model). The tro-

posphere is not parameterized separately for Geometry Free model, it is lumped

with the ranges.

This research is based on evaluating the Ambiguity Success Rates and its

effect on precision of the estimated parameters for the future GPS and Galileo

by simulation of model assumptions, since real observables for future GNSS are

unavailable. In the following section, Geometry Free model is discussed by con-

sidering the functional (design matrix) and the stochastic models (measurement

precision matrix) which are here referred to as model assumptions. Further, by
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4.1. Geometry Free model design:

considering different scenarios of the atmosphere, namely the ionosphere, the

functional and stochastic model is discussed for each of the ionosphere types,

namely, known, unknown and weighted.

4.1 Geometry Free model design:

The Geometry Free model observables for double-differenced (DD) phase and

code can be given as below.

Φ1�sp1�rq,j � ρ1�sp1�rq � µjI
1�sp1�rq � λjN

1�sp1�rq,j � ǫ1�sp1�rq,j (4.1)

where, subscripts r, j and s indicate receiver, frequency number and the satel-

lite respectively. The subscripts 1 indicate that satellite 1 is chosen as the refer-

ence satellite and same for the receiver. Φ, ρ, λ are the DD phase observations,

range (geometric range and troposphere lumped together) and wavelength re-

spectively. µ is pf1{fjq2, f1 is GPS frequency on L1 and fj is j
th GPS frequency,

ǫ is the error associated with the phase measurements.

Similarly for code, the DD observation equation can be given as

P 1�sp1�rq,j � ρ1�sp1�rq � µjI
1�sp1�rq � e1�sp1�rq,j (4.2)

where P 1�sp1�rq,j is the DD code GPS data and e1�sp1�rq,j indicates the error of the

code measurements.

4.1.1 Full ambiguity resolution

Computation of ASR and gain:

The computation of ASR and Gain is based on simulations which can be done by

having information of the GNSS model chosen and measurement precision. Based

on this information the errors in the GNSS observables are parameterized in a

design matrix (functional model) and measurement precision matrix (stochastic

model).

To begin with we recall that for the functional model the design matrix is

computed at every epoch for the temporal varying (atmosphere / ionosphere,

ranges) and the non-temporal parameters like the ambiguities (on the assumption

that there are no cycle slips or loss of lock for the ambiguities).
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4.1. Geometry Free model design:

For the stochastic model, as explained in Appendix B above, the satellite

having the maximum elevation is chosen as a reference satellite (until it sets, it

remains as a reference satellite), further considering the elevation weights for each

satellite the final measurement precision matrix Qyy is formed, see equation (B.9).

The stochastic model too is computed at every epoch based on the elevation of

the satellite etcetera.

For any GNSS model under consideration, say Geometry Free model, Iono-

sphere known scenario, the ASR is computed as explained below. The simulation

explained below runs over from first to the kth epoch.

The approach is similar to batch processing , the normal equations, denoted

as Nn, are computed for every epoch and further stacked in N . To formulate the

computation of the normal matrix, the design matrix A, and the measurement

precision matrix are used, they are given as,

A � rAI , AIIs
Nn � ATQ�1

yy A

Nk � Nk�1 �Nn

The above matrices, AI , AII , Qyy, Nn etcetera represent current epoch,

whereas, Nk represent the stacked normal equation for k epochs.

The float solution, corresponding to the estimated ambiguity in non-integer

form, has the Variance-Covariance of the non-ambiguity parameters, denoted as

Qpxpx is given as

Qpxpx � �ATQ�1
yy A

��1 � N�1
k (4.3)

Further the VC matrices for the ambiguity only, non-ambiguity only and

covariance between the ambiguity and non-ambiguity parameters, are extracted

from Qpxpx, since.
Qpxpx � � QpxI pxI

QpxI pxII

QpxII pxI
QpxII pxII

�
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4.1. Geometry Free model design:

where QpxI pxI
correspond to variance matrix of ambiguity parameters, QpxII pxII

for non-ambiguity parameters and QpxI pxII
correspond to covariance between am-

biguity and non-ambiguity parameters.

The VC matrix of ambiguities are de-correlated using the decorr.m, a Matlab

software routine developed by Peter Joosten, Delft University and further modi-

fied by Bofeng Li, GNSS Research Group, Curtin University. The de-correlation

routine returns the conditional variances of the ambiguities which are used to

compute Integer Bootstrap ambiguity success probabilities (ASR) as given in

chapter 3, equation (3.14). The detailed explanation of the computation of ASR

using the LAMBDA software routines can be found in [44] and [45], it is also

explained in Appendix C.

Further the precision the the temporal varying parameters (range) correspond-

ing to ambiguity-fixed solution needs to be computed, it is denoted as Qx̌II
.

Firstly we recall the expression for computing Qx̌II
in chapter 3, equation (3.7).

Qx̌II
� QpxII

�QpxII pxI
Q�1pxI

QpxI pxII

By substituting the corresponding terms in the above equation, QpxII
from

equation (B.11), QpxII pxI
� QpxI pxII

T , QpxI pxII
is as given in equation (B.14) and

QpxI
is as given in equation (B.10), equations given in Appendix B, Qx̌II

can be

computed.

After desired ASR is achieved, the corresponding solution for Qx̌II
can be

used to compute the gain of the other unknowns (ranges). Since the elevation

weighting of the satellites is considered for simulation, the values of variance in

the Qx̌II
for each satellite will be different. Hence the diagonal elements matrices

Qx̌II
and QpxII

are averaged over all the satellites, pm� 1q for every epoch.

Qx̌IIpiq � m�1°
s�1

Qx̌II
ps, sqpiqpm� 1q

QpxIIpiq � m�1°
s�1

QpxII
ps, sqpiqpm� 1q

4.1.2 Partial ambiguity resolution

The VC matrices used in PAR are give as below.
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4.1. Geometry Free model design:

The VC matrices, namely, QpxI
, QpxII

and QpxIpxII
are extracted from Qpxpx.

Further, after partially fixing the ambiguities using the LAMBDA software

routines (for detailed explanation, see Appendix C, we get the de-correlated Z

matrix ,which contains the information of the fixed ambiguities, for more infor-

mation on design matrix of de-correlated ambiguities, Z, refer equation (3.5)

in chapter 3.

The matrices QpzI and QpzI pzII are computed after fixing the ambiguities as

follows.

QpzI � ZT
xI�x̌I

QpxI
ZxI�x̌I

QpzI pzII � ZT
xI�x̌I

QpxI pxII

+
(4.4)

Qx̌II
� QpxII

�QpzII pzIQ�1pzI QpzI pzII
The average values for QpxII

and Qx̌II
, which correspond to the precision of

the ranges for ambiguity-float and -fixed solutions are computed. For any ith

epoch, the average precision can be computed considering only ambiguities that

are fixed, hence incase of PAR, only partial ambiguities are considered and in

case of full AR, all ambiguities are considered. If p out of the m� 1 ambiguities

are fixed, than, the average precision of the ranges can be computed as follows

Qx̌IIpiq � p°
s�1

Qx̌II
ps, sqpiq
p

QpxIIpiq � p°
s�1

QpxII
ps, sqpiq
p

Computation of gain:

The computation of gain is done using the above average values for float and fix

solution variance. The gain or the improvement in precision is given as below.

Gainpiq � QpxIIpiq
Qx̌IIpiq (4.5)
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4.1. Geometry Free model design:

4.1.3 Discussion of specific algorithms used in software

In this software while simulating the ASR and improvement in precision of the

non-ambiguity parameters for ambiguity-fixed solution, the number of satellites

are as available. The only constraint present is the cut-off angle of 10� for satellite
to be accepted for simulations. Hence there are times that a satellite rises, sets

as per the cut-off angle during the chosen day. Also there is a change in the

reference satellite. To counter these effects, changes are applied at the level of

normal equations, both at the stacked, Nk�1, and the current epoch, Nn, normal

equation.

(1) Accounting for the new risen satellite

The routine begins by identifying the rising satellite. For the same two vari-

ables are used which have information about the list of satellites (excludes

the reference satellite) for the current and the previous epoch. The variables

are satc and satn for the previous and the current epoch respectively.

(a) Identify the rising satellite

The Matlab code which reads as follows identifies the rising satellite

[newsat, IA] = setdiff(satn, satc);

where the output variables newsat has the PRN number of the satellite

and IA has the order of the rising satellite as in the list satn corresponding

to current epoch. For example

satn � ����� 4

7

8

9

����� ; satc � ��� 4

8

9

��� ; newsat � 7; IA � 2

(b) Arrange in the order of new satellite last

A variable ord is generated which as the whole list of satellites ranking

from 1 to n, n being the last satellite, then the rank of the new satellite

is set to last. In the above example, ord will correspond to [1;3;4;2],

the rank of the new satellite, 2, is pushed to last.

(c) Update the normal equation for the current epoch, Nn

Further the normal equation of the current epoch are updated as per the

new order. Firstly as per the ambiguities, the variable ord is updated as

below

46



4.1. Geometry Free model design:

ref=ord; list=[1:1:n] two variables are defined, n is the total number

of satellites (single differenced)

for i= 2:1:nf, where nf are the number of frequencies chosen for the

GNSS system

ord = [ord ; pos+list(i-1)]

end

Hence for dual frequency, with the above example the variable ord looks

like ord=[1;3;4;2;5;7;8;6].

Further ranges are added in the ord variable, considering ionosphere-fixed

for a simple case, now the variable ord looks as, ord=[1;3;4;2;5;7;8;6;9;11;12;10].

The normal matrix of the current epoch Nn is updated as below

temp=Nn(:,ord), Nn =temp(ord,:)

(d) Insert zeros in the stacked normal equations, Nk�1, for the new satellite

If earlier, the normal equation matrix with only three pair of satellites,

for dual frequency case, is updated as shown below

Nk�1 =

���������
AmbiguitiesΦ1looooooomooooooon

3�3

AmbiguitiesΦ2Φ1looooooooomooooooooon
3�3

RangesAmbiguitiesΦ1looooooooooooomooooooooooooon
3�3

AmbiguitiesΦ1Φ2looooooooomooooooooon
3�3

AmbiguitiesΦ2looooooomooooooon
3�3

RangesAmbiguitiesΦ2looooooooooooomooooooooooooon
3�3

AmbiguitiesΦ1
Rangeslooooooooooooomooooooooooooon

3�3

AmbiguitiesΦ2
Rangeslooooooooooooomooooooooooooon

3�3

Rangeslooomooon
3�3

���������

Nk�1updated =

�����������������������������

AmbiguitiesΦ1looooooomooooooon
3�3

0 AmbiguitiesΦ2Φ1looooooooomooooooooon
3�3

0 RangesAmbiguitiesΦ1looooooooooooomooooooooooooon
3�3

0

0 0 0 0 0 0

AmbiguitiesΦ1Φ2looooooooomooooooooon
3�3

0 AmbiguitiesΦ2looooooomooooooon
3�3

0 RangesAmbiguitiesΦ2looooooooooooomooooooooooooon
3�3

0

0 0 0 0 0 0

AmbiguitiesΦ1
Rangeslooooooooooooomooooooooooooon

3�3

0 AmbiguitiesΦ2
Rangeslooooooooooooomooooooooooooon

3�3

0 Rangeslooomooon
3�3

0

0 0 0 0 0 0

�����������������������������
(2) Accounting for the set satellite Changes are made to the normal equa-

tions Nk�1, that is, the stacked normal equations until the previous epoch

k � 1. The order of the set satellite is identified from the variable satc and
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4.1. Geometry Free model design:

satn, having information of the order of the satellites of the previous and the

current epoch (excluding the reference satellite), as follows.

(a) Identify the order os the set satellite and create the order in which it

appears in the normal equations as unknowns for ambiguities/ranges

etcetera

The function setdiff is used to identify the order of the set satellite, as

follows

[mssat, IA] = setdiff(satc, satn);

where variable mssat has the PRN number of the set satellite and IA

has the order of the set satellite, as it appeared in variable satc. To

give an example, for Ionosphere known, Geometry Free model with dual

frequency GPS, we have

satn � ��� 5

6

9

��� ; satc � ����� 5

6

7

9

����� ; mssat � 7; IA � 3

Further, the order in which the unknowns appear as per the set satellite

is formed as follows.

pos = IA;

if model==1

for i = 2:1:(nxa/nsn)

pos = [pos, IA+nsc*(i-1)];

end

end where nxa is total number of ambiguities and unknowns, in the

above mentioned example, nxa=9, since number of satellites in current

epoch are 3, hence with dual frequency we have 6 ambiguities and 3

ranges. Whereas in the previous epoch, the number of satellites were 4,

hence the total number of unknowns were 12. nsn is the total number of

satellites (excluding the reference satellite) in current epoch, that is 3.

As per the above example, we will have the variable pos equal to [3, 7,

11].

(b) Update the normal equations of the previous epoch Nk�1 - Gaussian

elimination
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4.1. Geometry Free model design:

N12 = Nk�1(:,pos); N22 = N12(pos,:); N12(pos,:)=[];

Nk�1(:,pos)=[]; Nk�1(pos,:)=[];

Nk�1 = Nk�1 - N12*inv(N22)*N12T ;

(c) Update variables satc and nsc, remove the entry for the set satellite.

The variable nsc has the total number of satellites in the previous epoch.

(3) Accounting for change of reference satellite In theory, for the k � 1

epoch (before the introduction of new reference satellite), the expectation

was given as, Etyu � Ax. With the introduction of a new reference satel-

lite, on the parameter side, the differencing of every parameter with respect

to satellite changes, this change can be shown in terms of a translational

matrix T . The expectation can now be given as, Etyu � pAT�1qpTxq, a
corresponding counter change is introduced on the design matrix side too,

the new design matrix is AT�1. The normal equations, denoted by N were

earlier given as,

Nk�1 � ATQ�1
yy A and ATQ�1

yy Alooomooon
Nk�1

px � ATQ�1
yy y

for the new reference satellite, the stacked normal equations can be updated

as as,

Nk�1updated � T�TATQ�1
yy AT

�1 and T�TATQ�1
yy AT

�1looooooooomooooooooon
Nk�1updated

Tpx � T�TATQ�1
yy y.

(a) A translation matrix is created, it has the indicators �1 for the new

chosen reference satellite. To give an example of the satellites in the

previous epoch and current epoch and reference satellite in previous and

current epoch, the translational matrix is formed as, see below.

all satc � ����� 1

5

6

9

����� ; axxc
� ��� a15

a16

a19

��� ; all satn � ��� 5

6

9

��� ; axxn
� � a65

a69

�
Where, axxc

are double differenced estimable parameter vector for previous

epoch, subscripts 1, 5, 6, 9 indicate satellite PRN numbers, satellite 1 is

the reference satellite. axxn
are double differenced estimable parameter
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4.2. Simulation considerations

vector for current epoch, satellite 6 is the reference satellite. Now a

transformation has to be designed, such that axxc
= axxn

, it is shown as

under��� a65

a61

a69

���looomooon
ayxn

� ��� 1 �1 0

0 �1 0

0 �1 1

���looooooomooooooon
Tt

��� a15

a16

a19

���looomooon
axxc

; that is; axxn
� Ttaxxc

While performing the above step, information for for satellite 1, in the

form a61, which was present in the last epoch is also retained. In the above

example, Tt is for pm�1q ambiguities, phase only, it can be formed for all

the phase and code observables, that is, for all the ambiguities and other

unknowns like ranges. This transformation is indicated by the symbol

T , it is split into Ta for ambiguity and Tb for non ambiguity parameters

such that T � blkdiagpTa, Tbq.
Further the stacked normal equations for k� 1 epochs, Nk�1, is operated

with T , as shown below.

Nk�1updated � T�TNk�1T
�1

(b) In second step, the parameters for the old reference satellite, in above

example it is satellite number 1, are removed from the updated Nk�1updated

normal equations by a similar procedure as explained in the above section,

“Accounting for a set satellite”.

4.2 Simulation considerations

In this research, ASR is computed for all the ambiguities (Full ambiguity resolu-

tion) and corresponding gain is evaluated. This is done first for GPS only, then

for Galileo only and finally for both GPS and Galileo. For each of the mentioned

combinations (see list below), ASR and gain will be simulated for Geometry Free

model, Geometry Based with coordinates known is referred as Geometry Fixed

model and Geometry Based with rover coordinates unknown can be referred as

Reference-Rover model. Further for each models, different atmosphere considera-

tions (Ionosphere known, Ionosphere unknown, Ionosphere weighted, Troposphere

known, Troposphere unknown, etc.) will be incorporated. The approach for sim-

ulation of ASR and gain for each of the mentioned GNSS systems is explained

below.
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4.2. Simulation considerations

(1) Full AR - GPS only, Galileo only / PAR - GPS only, Galileo only

(i) Low end receivers - Single frequency, high values of measurement pre-

cision, see Table 3.1

(ii) High end receivers - Dual frequency case, using L1 and L2 GPS fre-

quencies, measurement precision given in Table 3.1

(iii) High end, future GPS receivers - Triple frequency, uses L1, L2 and L5

GPS data frequencies, measurement precision values given in Table 3.1

For the simulations stated below, the satellite orbit information for GPS is ob-

tained from the YUMA almanac available on the following internet URL(Uniform

Resource Locator): http://www.navcen.uscg.gov/ ?pageName=gpsAlmanacs

The ASR is simulated for May 13 2011, 00:00:00 to 23:59:30 UTC (hh:mm:ss),

considering the constant maximum satellites in view available for the mentioned

period over selected locations at 0�, �30� and �60�, the longitude was held fixed

to 150� E for all the three latitude locations.

Now for all the three receiver types, for different ionosphere scenarios the

following simulations were made.

(I) Varying the measurement precision as shown in Table 3.1 ASR and gain is

simulated for k epochs, the number of satellites are as available.

(II) Varying the measurement precision, hourly instantaneous ASR is simu-

lated, number of satellites are as available.

When measurement precision is held fixed, either the number of satellites

are varied (from 2 to 6), or the baseline length is varied. The effect of

satellite variation was done inorder to underhand the effect of the same on

Geometry Free model ambiguity resolution. The results are presented and

further discussed in Appendix D.

(III) Varying the number of satellites, starting with 2 satellites which are ran-

domly selected, without considering the effect of combination of different

satellites, measurement precision was held fixed to one value as shown in

Table 3.2. The ASR and gain was simulated for k epochs. ASR was further

simulated for 3, 4, 5, and 6 satellites each for k epochs.
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4.2. Simulation considerations

(IV) Apart from the above two simulations, to consider the effect of satellite

combination, the number of satellites were held fixed to two, the first

satellite was taken as reference and the second satellite was varied (be-

tween different PRN’s available for a particular session). This was only

done for Geometry Free model, Ionosphere known scenario to understand

the effect on ASR and gain. This experiment is elaborately discussed along

with the findings, in Appendix D.

(V) For ionosphere weighted model, the baseline length is varied from 1 to 1000

Km. The measurement precision is held fixed. The effect of baseline length

on Geometry Free model ambiguity resolution is discussed in ionosphere

weighted section of this chapter.

Further, for simulating the ASR and gain by considering model assumptions

in the form of design matrix and measurement precision matrix, the DD form of

observables are considered. In this work a simple DD model consisting of a single

baseline is considered.
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4.3. Geometry Free model, Ionosphere known scenario

4.3 Geometry Free model, Ionosphere known

scenario

The atmosphere, namely the troposphere and the ionosphere contribute to the

error in the estimated positions for any GNSS system. In a Geometry Free

model, the troposphere is lumped to the ranges, whereas the ionosphere has to be

accounted and parameterized. The atmosphere, here we speak of the ionosphere,

for a DD approach is relevant for baselines long enough that can hold significant

relative ionosphere bias. This is discussed in detail in the Literature review,

chapter 2. Experience from GNSS studies is revealed in the literature, it is

understood that, generally baselines less than 10 kilometers do not hold significant

relative atmospheric bias [46], such baselines are referred to as short-baselines in

GPS terminology. The word “significant” is very application specific, different

applications aim at different values of precision. Now we discuss the functional

model when ionosphere is insignificant enough and is considered fixed.

Geometry Free model, ionosphere known scenario

Functional model Stochastic model

Non-temporal parameters Temporal parameters

AIpiq � � Λ

0

�b Im�1 AIIpiq � � ef

ef

�b Im�1 Qypiq � � QΦ

QP

�bQDDpiq
where QDDpiq � pDT

mW
�1
i Dmq

Redundancy (for GPS only, Galileo only, GPS+Galileo (common frequency L1pE1q, L5pE5aq))
Non-temporal parameters Temporal parameters Observations

Ambiguities: f � pm� 1q Ranges: k � pm� 1q 2fk � pm� 1q
Redundancy of ionosphere known scenario p2fk � f � kq � pm� 1q
For GPS/Galileo only: f � p1, � � � , jq, for GPS+Galileo: f � p1, � � � , jcq, jc is the common/overlapping frequency,

and mjc � pmGPS �mGalq
Redundancy (for GPS+Galileo (quadruple frequency L1pE1q, L5pE5aq, L2, E5b) )

Non-temporal parameters Temporal parameters Observations

Ambiguities:

2�pmjc�1q�pmGPS�1q�pmGal�1q Ranges: k � pmjc � 1q 2k � r2 � pmjc � 1q � pmGPS � 1q � pmGal � 1qs
Redundancy of quadruple frequency ionosphere known scenario p3k�2qpmjc�1q�p2k�1q�rpmGPS�1q�pmGal�1qs
f � 1, 2 for GPS+Gaileo L1pE1q, L5pE5aq, mjc are the total number of satellites for combined GPS+Galileo

system with GPS as reference satellite

Table 4.1: Double-differenced Design matrix and VC matrix for Geometry Free model,

ionosphere known scenario
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4.3. Geometry Free model, Ionosphere known scenario

In Table 4.1, subscript f indicate the total number of frequencies, f � 1, � � � , j,
DT

m is the single differenced satellite design matrix is known as the difference

operator for the satellites, Wi is the satellite elevation weight matrix for ith epoch,

see Appendix B, equation (B.5).

and Λ � diag pλ1, � � � , λjqlooooomooooon
j�j

While considering the Ionosphere known scenario, the ionosphere term being

considered as known, is not present in the design matrix in equation (B.2). Even

though the model has zero redundancy for single frequency phase and code data,

none the less ASR can be simulated for all single, dual, and triple frequency types.

The following table present the results when measurement precision is varied for

Geometry Free model, Ionosphere known scenario.

4.3.1 GPS only - full ambiguity resolution, Ionosphere

known scenario

The following table present the results when measurement precision is varied

for Geometry Free model, Ionosphere known scenario. The simulation is done

at an interval of 5 seconds (17280 epochs in 24 hours) for the selected day (13

May 2011). The table below shows the instantaneous ASR, number of epochs for

0.999 ASR and gain at 0.999 ASR for different values of measurement precisions.

Note: All the values of fixed-precision of ranges marked as 0.000 indicate the

values less than 1mm.

In the above table, Table 4.2, the highlighted values in green color will be

used for comparing the convergence of Ionosphere known scenario to Ionosphere

weighted scenario, refer Table 4.12(rows highlighted in green).

Further the Figures, 4.1, E.2 and E.3 in Appendix E give results for ASR and

precision of float and fixed ambiguity states (for all latitude locations) for SF,

DF and TF respectively. The point when 0.999 ASR is reached is marked with

red dotted line and number of epochs taken for the same are marked on x-axis,

corresponding value of fixed-precision of ranges are given on the y-axis (in red

color). For all the values of measurement precision which did not converge to

0.999 ASR, the best value of ASR reached is marked with red-dotted line, the

best value ASR obtained is given along with the number of epochs.

From Table 4.2 and Figures 4.1 to E.3 the analysis is summarized as below.
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4.3. Geometry Free model, Ionosphere known scenario

Phase Code Phase Code Instantaneous ASR Epochs for 0.999 ASR σρ̌(meters)@ 0.999 ASR

(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60�
Φ P Φ P Low-end receivers, Single Frequency

L1

0.003 0.25 - - 0.000 0.000 0.000 2581 1191 13230 0.000 0.000 0.000

0.999 0.999 0.999

0.003 0.50 - - 0.000 0.000 0.000 17230 1613 15751 0.030 0.033 0.032

0.985 0.983 0.986

0.003 0.75 - - 0.000 0.000 0.000 17230 1613 15751 0.044 0.049 0.048

0.829 0.799 0.798

0.003 1.00 - - 0.000 0.000 0.000 17230 2470 15751 0.059 0.067 0.064

0.543 0.563 0.486

0.003 1.25 - - 0.000 0.000 0.000 17230 2470 15751 0.074 0.084 0.080

0.296 0.375 0.256

0.003 1.50 - - 0.000 0.000 0.000 3564 2470 15751 0.091 0.101 0.096

0.150 0.237 0.131

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 0.436 0.838 0.498 10 4 8 0.002 0.002 0.002

0.002 0.15 - - 0.248 0.662 0.263 14 6 11 0.001 0.002 0.002

0.002 0.20 - - 0.139 0.506 0.134 19 8 15 0.001 0.001 0.001

0.003 0.25 - - 0.020 0.193 0.015 33 14 27 0.001 0.002 0.001

0.003 0.30 - - 0.009 0.127 0.006 40 17 34 0.001 0.001 0.001

0.003 0.35 - - 0.004 0.085 0.003 46 20 40 0.001 0.001 0.001

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 0.831 0.991 0.901 4 2 4 0.002 0.002 0.002

0.002 0.15 0.002 0.1 0.652 0.934 0.725 8 3 6 0.001 0.002 0.002

0.002 0.20 0.002 0.125 0.588 0.901 0.651 9 4 7 0.001 0.002 0.002

0.003 0.25 0.002 0.15 0.318 0.718 0.340 15 6 12 0.001 0.002 0.001

0.003 0.30 0.002 0.175 0.282 0.680 0.296 17 7 14 0.001 0.002 0.001

0.003 0.35 0.002 0.2 0.257 0.652 0.267 18 7 14 0.001 0.002 0.001

Table 4.2: GPS only, Full AR, Geometry Free model - Ionosphere Fix scenario,

ASR and gain values - measurement precision is varied, number of satellites are as

available. For single frequency, most of the scenarios could not give 0.999 ASR within

17280 epochs, hence maximum ASR obtained is given below the number of epochs for

each scenario for single frequency.
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4.3. Geometry Free model, Ionosphere known scenario

In our analysis firstly we will highlight the general conclusions, applicable to

all the Geometry Free model scenarios. The conclusions drawn from (1) to (4)

are general in nature.

General conclusions:

(1) The ASR for all single frequency (SF), dual frequency (SF) and triple fre-

quency (TF) is found to be directly related to the precision of the measure-

ments. Refer Figures 4.1 to E.3 for SF, DF and TF respectively. ASR is

high for better values of measurement precision and vice versa. Also for any

value of measurement precision at any given epoch pkq, ASRTF ¡ ASRDF ¡
ASRSF .

(2) The improvement in precision was highest for the first epoch (of the order 102

meters) and decreased further as the epochs increased. Refer Figures 4.1 to

E.3 for SF, DF and TF respectively. Since the error in precision propagates

by 1{k (k being the epoch number) for the computed variance matrices QpxI

and QpxII
. Hence as the number of epochs increase, the precision of float

parameters (unknowns) gets better.

(3) Analysis of the precision of non-ambiguity parameters (range) for ambiguity-

float (σpxII
) and ambiguity-fixed (σx̌II

) solutions is can be done from Figures

4.1 to E.3 (for SF, DF and TF respectively). The precision of the float solution

has a temporal variation (gets better with increasing number of epochs),

where as the fixed solution precision has no temporal variation, single valued.

the variation observed in the fixed solution in the figures is due to the fact

that the precision values are averaged for all the m � 1 satellites to obtain

a single value of precision. The precision for range, obtained from the fixed

solution is of the order 10�3 meters.

Explanation of unique behavior of parameters observed in the solu-

tion:

Wobbling of fixed and float precision curves: The wobbling of the

precision curves is found to have two causes. Firstly, the precision presented

is the average value of precision over m � 1 satellites. Secondly, as the epochs

progress, certain satellites are replaced. If a certain satellite which just comes in,

has a low elevation, there is a significant change in the measurement precision

VC matrix, Qyy due to elevation dependent weighting, see Appendix D. Hence

the wobbling is observed in the precision plots.
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4.3. Geometry Free model, Ionosphere known scenario

Latitudinal variation of success rate While we have a look at the latitude

effect on ASR, for SF (refer Figure 4.1), any significant conclusion cannot be

drawn for SF-ASR. For DF and TF (refer Figures E.2, E.3), the time taken for

successful ASR (ASR = 0.999) for all the values of code precision at 0�,�30� and�60�, refer Table 4.2 show that for DF or TF, more epochs are taken for 0.999

ASR at 0� than at �30� and �60� almost similar number of epochs are required

for 0.999 ASR, to be more precise, epoch taken for 0.999 ASR at �60� are more

than at �30�. This can be explained as follows. At the equator the number

of satellites available are more in number and every satellite is visible for larger

time period, as we go towards the poles, the situation is almost the opposite, refer

Figure D.7 in Appendix D. At the equator the low elevation satellites are at both

the ends, towards north and towards south of the equator, at �30 degrees, the

low elevation satellites are at only the north of the station, and at �60 degrees,

the low elevation satellites exist at both, north and south of the station. In this

simulation the satellite elevation weighting is incorporated resulting in a different

value of the measurement precision matrix Qyy for different latitudes, see Figure

3.1. The difference in values of ASR with respect to the latitude locations is due

to the elevation of satellites.

Below, some of the deductions are made for Geometry Free model, Ionosphere

known case for most general values of measurement precisions.

Conclusions for Geometry Free model, Ionosphere known, full

ambiguity resolution scenario

1. The best results for Geometry Free model, Ionosphere known case

for ASR were for triple frequency with σΦL1,L2,L5
=2mm, σPL1,L2

=10cm,

σPL5
=5cm. The ASR reached 0.999 in 2 epochs.

2. For single frequency GPS, with σΦL1
=3mm, σPL1

=25cm corresponding

to low-end GPS receivers, to reach 0.999 ASR, it took 2581, 1191 and

13230 epochs at 0�,�30� and �60� respectively, giving fixed-precision

of DD ranges better than 1mm (indicated by 0.000 in Table 4.2). All

the other values of measurement precision for single frequency did not

converge to give 0.999 ASR.

3. For dual frequency, with σΦL1,L2
=2mm, σPL1,L2

=20cm corresponding to

high-end GPS receivers, it took 19, 8 and 15 epochs at 0�,�30� and
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4.3. Geometry Free model, Ionosphere known scenario�60� respectively to reach 0.999 ASR.

4. For triple frequency, with σΦL1,L2,L5
=2mm, σPL1,L2

=20cm, σPL5
=12.5cm

corresponding to high-end GPS receivers, it took 9, 4 and 7 epochs at

0�,�30� and �60� respectively to reach 0.999 ASR.
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Figure 4.1: GPS only, Full AR, Single frequency, Geometry Free model, Ionosphere Fix scenario (measurement

precision is varied, number of satellites are as available)- ASR and precision of float and fixed ambiguities are

analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 0.999 ASR is reached and corresponding value of DD fixed-precision of ranges obtained (on y-axis). If 0.999 ASR is

not achieved, maximum ASR achieved is marked.
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4.3. Geometry Free model, Ionosphere known scenario

4.3.2 GPS only - partial ambiguity resolution, Ionosphere

known scenario

PAR, as discussed in chapter 2, aims at resolving a subset of ambiguities

which suffice the minimum ASR requirements of the user. Since only a subset of

ambiguities are resolved, it is important to understand as to how this can have

an effect on the precision of the fixed-solution.

In PAR, the variance of the float ambiguities is used along with the user

specified lower limit of ASR. The evaluation of the PAR for any specified value

of desired ASR is dependent on the precision of the float ambiguities, as is the

case in Full AR. The precision of the float ambiguities in-turn are influenced by,

1. Measurement precision of the phase and the code data

2. Variation in the measurement precision matrix Qy due to addition of the

weights of the low-elevation satellites (satellite elevation weighting).

After fixing of ambiguities by PAR, the computation of the precision of the

ranges is done based only on the subset of ambiguities that are fixed. If none

of the ambiguities are fixed, the precision of the fixed solution is same as the

precision of the float solution. Hence if a small subset of ambiguities are fixed, it

may happen that the precision of the fixed solution (say for ranges) is not better

enough, especially if one is looking at precise positioning applications (a general

remark).

Firstly, we analyze the ASR and gain with PAR, in terms of answering the

question if full AR was better than PAR? Of course, this question will be eval-

uated by analyzing the precision of the ambiguity-fixed solution as obtained in

full AR with PAR. Below are the results presented for number of epochs taken

and fixed-precision of the ranges, for full AR and PAR, refer Table 4.3.

Figures, 4.2, E.5 and E.6 in Appendix E give results for partial AR and

precision of float and fixed ambiguity states (for all latitude locations) for SF, DF

and TF respectively. The plot with blue line indicate percentage of ambiguities

fixed with respect to number of epochs, the percentage of ambiguities fixed are

written along the blue line plot. The point when 100% of ambiguities are fixed

with PAR is marked with red dotted line and number of epochs taken for the same

are marked on x-axis, corresponding value of fixed-precision of ranges are given

on the y-axis (in red color). For all the values of measurement precision which

did not converge to fix all the ambiguities (100%), the maximum percentage of
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4.3. Geometry Free model, Ionosphere known scenario

ambiguities fixed is marked with red-dotted line, the maximum ambiguities fixed

is given along with the number of epochs.

Full AR - minimum desired ASR = 0.999 Partial AR @ 0.999, criteria - similar or better value of fixed-precision

Phase Code Epochs taken σρ̌(meters) σρ̌(meters) Epochs taken Ambiguities fixed(%)

(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�
Φ1 P1 Low-end receivers, Single Frequency

0.003 0.25 2581 1191 13230 0.000 0.000 0.000 0.000 0.000 0.000 2582 1192 13230 100 100 100

0.999 0.999 0.999

0.003 0.50 17230 1613 15751 0.030 0.033 0.032 0.030 0.033 0.031 2606 1365 5128 56 14 57

0.985 0.983 0.986

0.003 0.75 17230 1613 15751 0.044 0.049 0.048 0.044 0.049 0.048 17230 1613 15654 0 0 0

0.829 0.799 0.798

0.003 1.00 17230 2470 15751 0.059 0.067 0.064 0.059 0.067 0.064 17230 1562 15654 0 0 0

0.543 0.563 0.486

0.003 1.25 17230 2470 15751 0.074 0.084 0.080 0.074 0.084 0.080 17230 1562 15654 0 0 0

0.296 0.375 0.256

0.003 1.50 3564 2470 15751 0.091 0.101 0.096 0.091 0.101 0.096 3564 1562 15654 0 0 0

0.150 0.237 0.131

Φ1,Φ2 P1,P2 High-end receivers, Dual Frequency

0.002 0.10 10 4 8 0.002 0.002 0.002 0.002 0.002 0.002 11 4 9 100 100 100

0.002 0.15 14 6 11 0.001 0.002 0.002 0.001 0.002 0.002 14 6 11 100 100 100

0.002 0.20 19 8 15 0.001 0.001 0.001 0.001 0.001 0.001 19 8 15 100 100 100

0.003 0.25 33 14 27 0.001 0.002 0.001 0.001 0.002 0.001 34 15 28 100 100 100

0.003 0.30 40 17 34 0.001 0.001 0.001 0.001 0.001 0.001 40 18 34 100 100 100

0.003 0.35 46 20 40 0.001 0.001 0.001 0.001 0.001 0.001 47 21 40 100 100 100

Φ5 P5 High-end receivers, Triple Frequency

0.002 0.10 4 2 4 0.002 0.002 0.002 0.002 0.002 0.002 5 2 5 100 100 100

0.002 0.15 8 3 6 0.001 0.002 0.002 0.001 0.002 0.002 9 4 6 100 100 100

0.002 0.20 9 4 7 0.001 0.002 0.002 0.001 0.002 0.001 9 4 8 100 100 100

0.003 0.25 15 6 12 0.001 0.002 0.001 0.001 0.002 0.001 15 6 13 100 100 100

0.003 0.30 17 7 14 0.001 0.002 0.001 0.001 0.001 0.001 18 8 15 100 100 100

0.003 0.35 18 7 14 0.001 0.002 0.001 0.001 0.001 0.001 19 8 15 100 100 100

Table 4.3: GPS only, PAR, Geometry Free model, Ionosphere known scenario, ASR

and fixed-precision for range values - measurement precision is varied, number of

satellites are as available. A comparison of results obtained from Full AR with the ones

obtained from PAR. For single frequency, most of the scenarios could not give 0.999

ASR within 17280 epochs, hence maximum ASR obtained is given below the number

of epochs for each scenario for single frequency.

It is important to note that PAR involves step-wise, systematic fixing of am-

biguities. After every fix, the remaining ambiguities are de-correlated and condi-

tional variance for each of the ambiguity is recomputed again. Hence thought the

similar integer-bootstrap success rate is used in full AR and PAR, it will be inter-

esting to understand how does this step-wise ambiguity fixing and de-correlation

at every step have an effect on fixed-precision of the ranges. The following is the
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4.3. Geometry Free model, Ionosphere known scenario

analysis based on the results presented in Table 4.3.

1. One of the significant conclusions while performing partial AR could be

seen for single frequency for the measurement precision of 3mm of phase

and all values of code of 0.5m and more. With full AR, 0.999 ASR could not

be obtained within the stipulated 17280 epochs, but with PAR, 56%, 14%

and 57% of ambiguities were fixed for code precision of 0.5m at 0�, �30�
and �60� to give a fixed-precision of ranges similar to full AR (around 3cm

fixed-precision). In full AR, it took 17230, 1613 and 15751 epochs to give

ASR of 0.985, 0.983 and 0.986 at 0�, �30� and �60�, with PAR, it took

2606, 1365 and 5128 epochs to give similar precision by fixing 56%, 14%

and 57% of ambiguities.

2. To obtain the same value of fixed-precision with PAR, as in full AR, could

not give exceptional results in case of ionosphere-fixed scenario. At all

times, the same number of epochs are required to obtain a fixed-precision

by PAR as in full-AR, see dual and triple frequency results in Table 4.3. The

ionosphere-fixed Geometry Free model is a stronger geometry-free model,

with only ranges being unknown. As the ambiguities are fixed, the precision

of the phase propagates directly to the precision of the estimated ranges.

For a weak geometry-free model, when ionosphere is considered unknown

(float) or even weighted, it would be interesting to evaluate PAR.

In the ionosphere-fixed case, the best value of precision for fixed solution

for ranges lied around 1 mm. Such high precision for ranges is not necessarily

required. It will be interesting to see whether for a particular lower value of

precision (other than 1mm), can be obtained quicker with PAR (with respect to

number of epochs). For example if a range precision of 2cm is desired, what is the

percentage of ambiguities required to be resolved for the same. Here, the value

2cm precision of range is discussed, since in traditional NRTK, a user can get po-

sition estimates of 2cm or better. Hence 2cm is considered as a minimum criteria

of precision of the estimated ranges / receiver coordinates etc. The following is

the analysis of PAR for obtaining a fixed-precision of ranges of 2cm.
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Figure 4.2: GPS only, Single frequency, PAR, Ionosphere known scenario, (measurement precision is varied,

number of satellites are as available)- ASR and precision of float and fixed ambiguities are analyzed at 0�,�30� and�60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for 100% of ambiguities

to be fixed in PAR and corresponding value of DD fixed-precision of ranges obtained (on y-axis).
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4.3. Geometry Free model, Ionosphere known scenario

4.3.3 GPS only - partial ambiguity resolution to obtain

fixed-precision of 2 cm, Ionosphere known scenario

In Table 4.3, while evaluation PAR for a Geometry Free model, Ionosphere

known scenario, the fixed-precision of the ranges obtained lied in the range 1mm

to 10cm. For precise positioning applications, while estimating coordinates, one

aims at an accuracy of the estimation to lie around 2cm, for the positions. Hence,

when we see the fixed-precision of ranges to lie around 1mm, a question arises to

evaluate PAR in order to obtain the fixed-precision of ranges to lie, say around

2cm with a shorter time to achieve a less ambitious value of fixed-precision. In

Table 4.4, a fixed-precision of ranges of 2cm is aimed and the corresponding

ambiguities fixed by PAR to achieve the same are presented and analyzed.

Note: In Table 4.4, some values of fixed-precision are higher than the desired

2cm, since the desired 2cm fixed-precision could not be obtained with a weak

single frequency model for certain measurement precision scenarios. For all such

scenarios the best possible value of fixed-precision obtained is presented.

The Table 4.4 with PAR, fixed-precision of 2cm for receiver-satellite ranges

could be obtained for two scenarios of single frequency and all scenarios for dual

and triple frequency GPS. For single frequency with full AR, for code precision

of 25cm, the number of epochs lied around 2582, 1192 and 13230 by fixing 100%

of ambiguities, refer Table 4.3. Now, refer Table 4.4, for the same value of mea-

surement precision, the epochs lied around 664, 836 and 4976 and ambiguities

resolved for the same were 71, 75 and 78%. Results for dual and triple frequency

did not give exceptional results with PAR s compared to full AR in terms of

number of epochs. The reason being the drastic fall of the fixed-precision could

be achieved only when 100% of ambiguities were fixed. The fixed-precision from

the order of 10�1m falls to 10�2m, that is from tens of cm to a few mm.

Below, some of the deductions are made for Geometry Free model, Ionosphere

known, PAR for most general values of measurement precisions.

Conclusions for Geometry Free model, Ionosphere known, par-

tial ambiguity resolution scenario

1. For single frequency PAR, with the measurement precision of

σΦL1
=3mm, σPL1

=0.5m, corresponding to low-end GPS receivers, the

full AR could not converge to 0.999 ASR within the stipulated 17280
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4.3. Geometry Free model, Ionosphere known scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for range

Phase Code σρ̌(meters) Epochs taken Ambiguities fixed(%)

(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60�
Φ1 P1 Low-end receivers, Single Frequency

0.003 0.25 0.018 0.020 0.020 664 836 4976 71 75 78

0.003 0.5 0.020 0.023 0.025 17199 2470 15667 63 80 43

0.003 0.75 0.044 0.049 0.048 17230 6386 15667 0 14 0

0.003 1.0 0.059 0.066 0.064 17230 1613 15667 0 0 0

0.003 1.25 0.074 0.082 0.080 17230 1613 15667 0 0 0

0.003 1.5 0.089 0.099 0.096 17230 1613 15667 0 0 0

Φ1,Φ2 P1,P2 High-end receivers, Dual Frequency

0.002 0.1 0.002 0.002 0.002 10 4 8 100 100 100

0.002 0.15 0.001 0.002 0.002 14 6 11 100 100 100

0.002 0.2 0.001 0.001 0.001 19 8 15 100 100 100

0.003 0.25 0.001 0.002 0.001 33 14 27 100 100 100

0.003 0.3 0.001 0.001 0.001 40 17 34 100 100 100

0.003 0.35 0.001 0.001 0.001 46 20 40 100 100 100

Φ5 P5 High-end receivers, Triple Frequency

0.002 0.05 0.002 0.002 0.002 4 2 4 100 100 100

0.002 0.1 0.001 0.002 0.002 8 3 6 100 100 100

0.002 0.125 0.001 0.002 0.002 9 4 7 100 100 100

0.002 0.15 0.001 0.002 0.001 15 6 12 100 100 100

0.002 0.175 0.001 0.002 0.001 17 7 14 100 100 100

0.002 0.2 0.001 0.002 0.001 18 7 14 100 100 100

Table 4.4: GPS only, PAR, Geometry Free model - Ionosphere known scenario, ASR

and number of epochs for obtaining 2cm fixed-precision of ranges - measurement

precision is varied, number of satellites are as available.
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4.3. Geometry Free model, Ionosphere known scenario

epochs for all latitude locations. PAR was able to fix 56, 14 and 57% of

ambiguities for the same value of measurement precision in 2606, 1365

and 5128 epochs at 0�, �30� and �60�.
2. While evaluating how PAR performed to give a fixed-precision of

ranges of 2cm, results for single frequency for measurement precision of

σΦL1
=3mm, σPL1

=25cm, the number of epochs lied around 2582, 1192

and 13230 by fixing 100% of ambiguities, refer Table 4.3. Now, refer

Table 4.4, for the same value of measurement precision, the epochs lied

around 664, 836 and 4976 and ambiguities resolved for the same were

71, 75 and 78% giving fixed-precision of 2cm.

3. For dual and triple frequencies (corresponding to high-end GPS re-

ceivers), partial ambiguities could not be fixed to obtain similar fixed-

precision as full AR. Also, the evaluation of PAR to give fixed-precision

of 2cm could not give any significant results for dual and triple frequen-

cies.
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4.3. Geometry Free model, Ionosphere known scenario

4.3.4 GPS only, full ambiguity resolution, hourly batches

for simulating ASR, Ionosphere known scenario

The analysis of success rate is done at the beginning of every hour throughout

the day, inorder to see the effect of satellite constellation on ambiguity resolution.

In this analysis, the ambiguity success rate is computed by accumulating the

epochs (3600 epochs, 1 epoch = 1 second) for 24 batches, starting at 00 UTC

hour to 23:59:59 UTC hour. The ambiguities and other unknowns are reinitialized

at the start of every hour. It is to be realized which hour gives the best ASR and

even worst ASR values for any hour during the day, since this would be immensely

useful for planning a GNSS campaign for a user. Following is the description of

computation of success rate for every hour (24 batches).

Simulation and analysis of ASR is done for every hour at 0�,�30� and �60�
degree latitude, for all the frequency types, single, dual and triple and all six

measurement precision scenarios, see Table 4.5. While doing so, at every hour,

all the satellites above 10 degree elevation were used for simulating ASR. The

values of measurement precision that were used to simulate the ASR for SF, DF

and TF can be found in Table 3.1. In our analysis presented in Table 4.5, for

0.999 ASR (0.999 ASR, if obtained in 3600 epochs is considered else the best

value of ASR obtained is considered), minimum epochs and maximum epochs

(among the 24 batches) are presented for each value of measurement precision.

Figure 4.3 presents the ASR, and corresponding values of double differenced fixed

and float precision (of ranges) for each of the 24 batches, along with the number

of epochs taken to converge to 0.999 / best value of ASR for the chosen value of

measurement precision.

The following is the analysis based on Table 4.5 and Figure 4.3.

(1) In Figure 4.3, for SF, it can be noted that certain time periods which give

better convergence for ASR than other hours during the day. It can hence be

suggested to the user to carry out a campaign for SF based on the results. The

best convergence for ASR can be noted, it took 3600 (00-01 hours UTC, batch

1), 2845 (10-11 hours UTC, batch 11) and 2732 (21-22 hours UTC, batch 22)

giving 0.999, 0.999 and 1.0 ASR at 0�, �30� and �60� latitudes respectively.
This is for the chosen value of measurement precision,with σΦ=3mm and

σP=50cm.

(2) It is important to note that for all SF, DF and TF, the best ASR results

67



4.3. Geometry Free model, Ionosphere known scenario

vary for different latitude locations. For DF with measurement precision of

σΦ=3mm and σP=25cm, at 0� the the fastest convergence of ASR (to 0.999)

is obtained for batch 13 (11 epochs), where as at �30� it is obtained for batch

2 (11 epochs). At �60� degree latitude, the fastest convergence of ASR (to

0.999) is obtained for batch 8 (6 epochs).

(3) For TF with measurement precision of σΦ=3mm and σP=25cm for L1, L2

and σΦ=2mm and σP=15cm for L5 the fastest convergence of ASR (to 0.999)

at 0� is seen for batch 13 (5 epochs), at �30� it takes 5 epochs (batch 2) and

at �60� it takes 3 epochs (batch 8).

(4) While analyzing the best and the worst scenarios, for single frequency since

it does not converge to 0.999 ASR most of the times, it is excluded from

this analysis. For dual frequency, only batches 1, 2 and 23 take less than 15

epochs to converge to 0.999 ASR at �30�, for worst scenarios, batches 3, 6,

12, 16, 17, 19 take more than 30 epochs. Similar analysis can be made for

other latitude locations.

(5) For triple frequency, at �30�, batches 1, 2 and 23 take less than 6 epochs to

converge to 0.999 ASR. Batches 3, 6, 12, 16, 17, 19 take more than 12 epochs.
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ASR Minimum epochs required for 0.999 ASR (or maximum ASR) Maximum epochs required for 0.999 ASR (or maximum ASR)

Phase Code Phase Code (0.999 or maximum obtained) Epochs taken σρ̌(mm) Epochs taken(corresponding hour batch) σρ̌(mm)

(meters) 00 �300 �600 00 �300 �600 00 �300 �600 00 �300 �600 00 �300 �600
Φ P Φ P Low-end receivers, Single Frequency

L1

0.003 0.25 - - 0.999 0.999 0.999 1036(12-13) 815(3-4) 752(17-18) 0.279 0.270 0.278 3250(19-20) 3380(0-1) 3460(7-8) 0.198 0.192 0.191

0.003 0.50 - - 0.999 0.999 1.000 3600(0-1) 2845(10-11) 2732(21-22) 0.144 0.150 0.143 3600(0-1) 2894(1-2) 2732(21-22) 0.144 0.143 0.143

0.003 0.75 - - 0.944 0.687 0.985 3600(0-1) 3600(0-1) 3151(21-22) 0.144 0.178 0.135 3600(0-1) 3600(0-1) 3151(21-22) 0.144 0.178 0.135

0.003 1.00 - - 0.765 0.446 0.888 3600(0-1) 3600(0-1) 3151(21-22) 0.144 0.178 0.135 3600(0-1) 3600(0-1) 3151(21-22) 0.144 0.178 0.135

0.003 1.25 - - 0.535 0.264 0.698 3600(0-1) 3600(0-1) 3151(21-22) 0.144 0.178 0.135 3600(0-1) 3600(0-1) 3151(21-22) 0.144 0.178 0.135

0.003 1.50 - - 0.339 0.146 0.491 3600(0-1) 3600(0-1) 3151(21-22) 0.144 0.178 0.135 3600(0-1) 3600(0-1) 3151(21-22) 0.144 0.178 0.135

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 0.999 0.999 1.000 3(12-13) 3(1-2) 2(7-8) 2.445 2.207 2.362 10(0-1) 10(5-6) 10(6-7) 1.595 1.773 1.755

0.002 0.15 - - 1.000 1.000 1.000 5(12-13) 5(1-2) 3(7-8) 1.894 1.710 1.929 15(7-8) 14(2-3) 14(6-7) 1.507 1.342 1.483

0.002 0.20 - - 0.999 0.999 1.000 6(12-13) 6(1-2) 4(7-8) 1.729 1.561 1.670 20(7-8) 19(2-3) 19(6-7) 1.305 1.153 1.274

0.003 0.25 - - 0.999 0.999 0.999 11(12-13) 11(1-2) 6(7-8) 1.916 1.729 2.046 36(7-8) 34(2-3) 35(6-7) 1.458 1.296 1.408

0.003 0.30 - - 0.999 0.999 1.000 14(12-13) 14(1-2) 8(7-8) 1.698 1.532 1.772 44(7-8) 42(2-3) 43(14-15) 1.319 1.167 1.252

0.003 0.35 - - 0.999 0.999 0.999 16(12-13) 16(1-2) 9(7-8) 1.588 1.433 1.670 52(7-8) 49(2-3) 50(14-15) 1.213 1.082 1.160

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 1.000 1.000 1.000 2(1-2) 2(0-1) 1(7-8) 2.391 2.323 2.726 5(7-8) 4(2-3) 5(14-15) 2.131 2.046 2.007

0.002 0.15 0.002 0.1 0.999 0.999 1.000 3(1-2) 3(0-1) 2(7-8) 1.953 1.897 1.928 8(0-1) 8(2-3) 8(6-7) 1.456 1.448 1.602

0.002 0.20 0.002 0.125 0.999 0.999 1.000 3(12-13) 3(1-2) 2(7-8) 1.997 1.802 1.929 10(7-8) 9(2-3) 9(5-6) 1.507 1.366 1.406

0.003 0.25 0.002 0.15 0.999 0.999 1.000 5(12-13) 5(1-2) 3(7-8) 1.949 1.759 1.984 16(0-1) 16(5-6) 16(6-7) 1.297 1.443 1.428

0.003 0.30 0.002 0.175 1.000 1.000 0.999 6(12-13) 6(1-2) 3(7-8) 1.779 1.606 1.984 18(7-8) 17(2-3) 18(14-15) 1.415 1.254 1.331

0.003 0.35 0.002 0.2 0.999 0.999 1.000 6(12-13) 6(1-2) 4(7-8) 1.779 1.606 1.719 19(7-8) 19(5-6) 19(6-7) 1.378 1.324 1.311

Table 4.5: GPS only, Full AR, Geometry Free model, Ionosphere known scenario, ASR and fixed-precision for range values for 24

batches of one hour (each batch of 3600 epochs, 1 second interval) - measurement precision varied, number of satellites are as

available. The rows shaded in gray represent values of measurement precision for which simulated parameters are presented graphically

in the following subsection.
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Figure 4.3: GPS only, Single, Dual and Triple Frequencies, Geometry Free model, Ionosphere known scenario, Instan-

taneous ASR analysis when (measurement precision is varied, number of satellites are as available(not held

fixed)) at 0�,�30� and �60� degree latitude
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4.4. Geometry Free model, Ionosphere unknown scenario

4.4 Geometry Free model, Ionosphere unknown

scenario

In GPS terminology, if the ionosphere is significant enough (here, in relative sense,

for a baseline) and without any knowledge of its mathematical value, it is con-

sidered as unknown. When ionosphere is termed as unknown, it is required to

be estimated along with other unknowns, such an ionosphere variable is termed

as Ionosphere unknown in an GNSS model. Again the term significant is very

application specific. When we speak of relative positioning, a general remark

made is that for baselines larger than 10 kilometers, the ionosphere is significant

for precise relative positioning applications. Under such a condition, one needs

a-priori information of the ionosphere else ionosphere needs to be estimated. For

more information regarding the relation of baseline length to the ionospheric de-

lay, refer the chapter 2, Literature review. The Table 4.6 given below gives

the closed forms of design matrices and stochastic model VC matrix for Iono-

sphere unknown scenario. Also, redundancy of Ionosphere unknown scenario is

discussed.

where

µf � ��� µp1q
...

µpjq ��� � ���� ν2
1

ν2
1

...
ν2
1

ν2j

���� (4.6)

and

where subscript f indicate the total number of frequencies, f � 1, � � � , j, ν1
is the frequency of GPS signal on L1, D

T
m is the single differenced satellite design

matrix is known as the difference operator for the satellites, Wi is the satellite

elevation weight matrix for ith epoch, see Appendix B, equation (B.5), Λ � diagpλ1, � � � , λjqlooooomooooon
j�j

.

4.4.1 GPS only - full ambiguity resolution, Ionosphere un-

known scenario

The un-differenced measurement precision at zenith can take the earlier 6

defined values, see Table 3.1. The Ionosphere unknown scenario, ASR simulation

is done at an interval of 5 seconds (17280 epochs in 24 hours). Table 4.7 presents
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4.4. Geometry Free model, Ionosphere unknown scenario

Geometry Free model, ionosphere unknown scenario

Functional model Stochastic model

Non-temporal parameters Temporal parameters

AIpiq �� �
Λ

0

�b Im�1

�
ef

ef

�bGm�1

� AIIpiq �� � �µf

µf

�b Im�1

�
ef

ef

�b Im�1

�Qypiq � � QΦ

QP

�bQDDpiq
where QDDpiq � DT

mWiDm

Redundancy (for GPS only, Galileo only, GPS+Galileo (common frequency L1pE1q, L5pE5aq))
Non-temporal parameters Temporal parameters Observations

Ambiguities: f � pm� 1q Ranges: k � pm� 1q 2fk � pm� 1q
Ionosphere: k � pm� 1q

Redundancy of Geometry Free model, ionosphere unknown scenario p2fk � f � 2kq � pm� 1q
For GPS/Galileo only: f � p1, � � � , jq, for GPS+Galileo: f � p1, � � � , jcq, jc is the
common/overlapping frequency, and mjc � pmGPS �mGalq

Redundancy (for GPS+Galileo (quadruple frequency L1pE1q, L5pE5aq, L2, E5b) )

Non-temporal parameters Temporal parameters Observations

Ambiguities: Ranges: k � pmjc � 1q 2k � r2 � pmjc� 1q� pmGPS � 1q�pmGal � 1qs
2�pmjc�1q�pmGPS�1q�pmGal�1q Ionosphere: k � pmjc � 1q
Redundancy of quadruple frequency ionosphere unknown scenario p2k � 2qpmjc � 1q � p2k �

1q ppmGPS � 1q � pmGal � 1qq
f � 1, 2 for GPS+Gaileo L1pE1q, L5pE5aq, mjc are the total number of satellites for combined

GPS+Galileo system with GPS as reference satellite

Table 4.6: Double-differenced Design matrix and VC matrix for Geometry Free model,

ionosphere unknown scenario
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the simulated results for dual and triple frequency GPS system, Geometry Free

model-Ionosphere unknown scenario for ASR and gain at three latitude locations

0�, �30� and �60�.
Phase Code Phase Code Instantaneous ASR Epochs for 0.999 ASR σρ̌(meters)@ 0.999 ASR

(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60�
Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 0.000 0.000 0.000 15568 1899 15751 0.018 0.018 0.019

0.960 0.990 0.984

0.002 0.15 - - 0.000 0.000 0.000 15568 1899 15751 0.027 0.028 0.029

0.788 0.875 0.796

0.002 0.20 - - 0.000 0.000 0.000 15568 1899 15751 0.036 0.037 0.039

0.539 0.633 0.485

0.003 0.25 - - 0.000 0.000 0.000 15568 1899 15751 0.045 0.046 0.048

0.316 0.401 0.256

0.003 0.30 - - 0.000 0.000 0.000 15568 1899 15751 0.054 0.055 0.058

0.171 0.242 0.131

0.003 0.35 - - 0.000 0.000 0.000 15568 1899 15751 0.063 0.064 0.068

0.090 0.146 0.068

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 0.000 0.000 0.000 719 1283 6957 0.001 0.000 0.000

0.002 0.15 0.002 0.1 0.000 0.000 0.000 2859 1560 13375 0.000 0.000 0.000

0.002 0.20 0.002 0.125 0.000 0.000 0.000 10756 1648 13452 0.000 0.000 0.000

0.003 0.25 0.002 0.15 0.000 0.000 0.000 10811 1899 15751 0.036 0.037 0.039

0.990 0.999 0.998

0.003 0.30 0.002 0.175 0.000 0.000 0.000 10811 1899 15751 0.043 0.044 0.046

0.984 0.998 0.996

0.003 0.35 0.002 0.2 0.000 0.000 0.000 10811 1899 15751 0.050 0.051 0.054

0.979 0.996 0.994

Table 4.7: GPS only, Full AR, Geometry Free model - Ionosphere unknown scenario,

ASR and gain values - measurement precision is varied, number of satellites are

as available. For dual frequency, most of the scenarios could not give 0.999 ASR within

17280 epochs, hence maximum ASR obtained is given below the number of epochs for

each scenario for dual frequency.

In the above table certain values of measurement precision are highlighted

in red color, the corresponding values of measurement precision in Table 4.12

in Ionosphere weighted section will indicate convergence of Ionosphere unknown

and Ionosphere weighted ASR results. Figures 4.4 and E.8 in Appendix E give

ASR, fixed and float precision of the range (in meters) for DF and TF at 0�,�30�
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and �60� degree latitude. For Figures 4.4 and E.8, the point when 0.999 ASR is

reached is marked with red dotted line and number of epochs taken for the same

are marked on x-axis, corresponding value of fixed-precision of ranges are given

on the y-axis (in red color). For all the values of measurement precision which

did not converge to 0.999 ASR, the best value of ASR reached is marked with

red-dotted line, the best value ASR obtained is given along with the number of

epochs. Analysis based on Table 4.7 and Figures 4.4, E.8 conclude the following

1. The ASR takes time to converge for I-float model as compared to I-fixed

model assumption. Since Ionosphere unknown type Geometry Free model

considers ionosphere unknown, making the GNSS model weaker. With

ionosphere to be estimated as an additional parameter, ambiguities take

comparatively longer time as compared to Ionosphere known scenario. Con-

sider TF ASR for Ionosphere known, which took a minimum of 4 epochs,

for Ionosphere unknown it takes a minimum of 719 epochs (1 epoch is 5

seconds).

2. The Ionosphere unknown scenario gives very poor results for dual frequency

GPS, for triple frequency GPS the results aren’t convincing either, PAR and

use of GPS + Galileo is very important to consider for Ionosphere unknown

type condition. It is clearly seen from Table 4.7 for dual frequency, 0.999

ASR is not achieved, the lower value of ASR achieved is given under number

of epochs taken. For dual frequency the best value of ASR obtained is

given, for code precision of 10cm, the ASR values obtained are 0.960, 0.99

and 0.984 at 0�,�30� and �60� latitude which took 15568, 1899 and 15751

epochs.

3. For triple frequency, it took a minimum of 719 epochs for code precision of

5cm for l5 at 0� latitude.

Below, some of the deductions are made for Geometry Free model, Ionosphere

unknown, full ambiguity resolution case for most general values of measurement

precisions.

Conclusions for Geometry Free, Ionosphere unknown, full ambi-

guity resolution scenario
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1. For dual frequency, with σΦL1,L2
=2mm, σPL1,L2

=20cm corresponding

to high-end GPS receivers, it took 10753, 8845 and 10017 epochs at

0�,�30� and �60� respectively to reach 0.999 ASR.

2. For triple frequency, with σΦL1,L2,L5
=2mm, σPL1,L2

=20cm, σPL5
=12.5cm

corresponding to high-end GPS receivers, it took 1472, 860 and 1020

epochs at 0�,�30� and �60� respectively to reach 0.999 ASR.
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Figure 4.4: GPS only, Full AR, Dual frequency, Geometry Free model, Ionosphere unknown scenario, (measurement

precision is varied, number of satellites are as available)- ASR and precision of float and fixed ambiguities are

analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 0.999 ASR is reached and corresponding value of DD fixed-precision of ranges obtained (on y-axis). If 0.999 ASR is

not achieved, maximum ASR achieved is marked.
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4.4. Geometry Free model, Ionosphere unknown scenario

4.4.2 GPS only, full ambiguity resolution, hourly batches

for simulating ASR, Ionosphere unknown scenario

The analysis of success rate is done at the beginning of every hour throughout

the day, inorder to see the effect of satellite constellation on ambiguity resolution.

In this analysis, the ambiguity success rate is computed by accumulating the

epochs (3600 epochs, 1 epoch = 1 second) for 24 batches, starting at 00 UTC

hour to 23:59:59 UTC hour. The ambiguities and other unknowns are reinitialized

at the start of every hour. It is to be realized which hour gives the best ASR and

even worst ASR values for any hour during the day, since this would be immensely

useful for planning a GNSS campaign for a user. Following is the description of

computation of success rate for every hour (24 batches).

During this simulation, all the satellites above 10� elevation were used for

simulating ASR, for all of the selected latitude locations, see Figure 4.5 for DF

and TF. Also to note that, for each DF and TF, different values of measurement

precision are used to simulate the ASR as given in Table 3.1. The results presented

in Table 4.8 is based on 0.999 ASR (0.999 ASR, if obtained in 3600 epochs is

considered else the best value of ASR obtained is considered), for which minimum

epochs and then maximum epochs (among the 24 batches) are presented for each

value of measurement precision. Figure 4.5 gives the ASR, and corresponding

values of double differenced fixed and float precision (of ranges) for 24 batches,

along with the number of epochs taken to converge to 0.999 / best value of ASR.

The following is the analysis based on Table 4.8 and Figure 4.5.

(1) It is important to note that for all DF and TF, the best ASR results vary for

different latitude locations. For DF with measurement precision of σΦ=3mm

and σP=25cm, at 0� the the fastest convergence of ASR (to the maximum

value possible) is obtained for batch 1 (3600 epochs, 0.474 ASR), where as

at �30� it is obtained for batch 23 (2981 epochs, 0.746 ASR). At �60� de-

gree latitude, the fastest convergence of ASR is obtained for batch 22 (3151

epochs).

(2) For TF with measurement precision of σΦ=3mm and σP=25cm for L1, L2

and σΦ=2mm and σP=15cm for L5 the fastest convergence of ASR (to 0.999)

at 0� is seen for batch 15 (2485 epochs), at �30� it takes 1121 epochs (batch

3) and at �60� it takes 2210 epochs (batch 10).

(3) While analyzing the best and the worst scenarios, for dual frequency, since
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4.4. Geometry Free model, Ionosphere unknown scenario

it does not converge to 0.999 ASR most of the times, it is excluded from this

analysis. For triple frequency, at �30�, batches 3 and 12 take less than 1200

epochs to converge to 0.999 ASR. Batches 8, 15, 16, and 21 do not converge

to 0.999 ASR.
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ASR Minimum epochs required for 0.999 ASR (or maximum ASR) Maximum epochs required for 0.999 ASR (or maximum ASR)

Phase Code Phase Code (0.999 or maximum obtained) Epochs taken σρ̌(mm) Epochs taken(corresponding hour batch) σρ̌(mm)

(meters) 00 �300 �600 00 �300 �600 00 �300 �600 00 �300 �600 00 �300 �600
Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 0.996 0.999 1.000 3600(0-1) 1766(2-3) 2280(21-22) 0.297 0.320 0.304 3600(0-1) 3269(12-13) 2280(21-22) 0.297 0.266 0.304

0.002 0.15 - - 0.906 0.990 0.987 3600(0-1) 2981(22-23) 3151(21-22) 0.299 0.267 0.266 3600(0-1) 2981(22-23) 3151(21-22) 0.299 0.267 0.266

0.002 0.20 - - 0.700 0.912 0.892 3600(0-1) 2981(22-23) 3151(21-22) 0.300 0.267 0.267 3600(0-1) 2981(22-23) 3151(21-22) 0.300 0.267 0.267

0.003 0.25 - - 0.474 0.746 0.703 3600(0-1) 2981(22-23) 3151(21-22) 0.449 0.400 0.400 3600(0-1) 2981(22-23) 3151(21-22) 0.449 0.400 0.400

0.003 0.30 - - 0.295 0.554 0.496 3600(0-1) 2981(22-23) 3151(21-22) 0.449 0.401 0.400 3600(0-1) 2981(22-23) 3151(21-22) 0.449 0.401 0.400

0.003 0.35 - - 0.176 0.391 0.329 3600(0-1) 2981(22-23) 3151(21-22) 0.450 0.401 0.401 3600(0-1) 2981(22-23) 3151(21-22) 0.450 0.401 0.401

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 0.999 0.999 0.999 571(20-21) 279(11-12) 350(7-8) 0.579 0.699 0.626 2383(9-10) 2830(18-19) 3190(5-6) 0.378 0.402 0.355

0.002 0.15 0.002 0.1 0.999 0.999 0.999 1082(20-21) 548(2-3) 783(17-18) 0.427 0.490 0.453 3519(9-10) 3483(0-1) 3415(8-9) 0.292 0.281 0.295

0.002 0.20 0.002 0.125 0.999 0.999 0.999 1283(20-21) 663(2-3) 933(17-18) 0.393 0.447 0.417 3095(17-18) 3324(6-7) 3526(20-21) 0.313 0.300 0.265

0.003 0.25 0.002 0.15 0.999 0.999 0.999 2485(14-15) 1121(2-3) 2210(9-10) 0.403 0.488 0.405 3331(0-1) 3365(4-5) 2522(18-19) 0.381 0.360 0.369

0.003 0.30 0.002 0.175 0.999 0.999 1.000 2758(14-15) 1258(2-3) 2280(21-22) 0.382 0.462 0.372 3558(3-4) 3584(4-5) 2522(18-19) 0.374 0.348 0.370

0.003 0.35 0.002 0.2 0.999 0.999 1.000 2971(14-15) 1366(2-3) 2280(21-22) 0.368 0.445 0.372 3166(23-24) 3297(10-11) 2523(18-19) 0.356 0.370 0.370

Table 4.8: GPS only, Full AR, Geometry Free model, Ionosphere unknown scenario, ASR and fixed-precision for range values for 24

batches of one hour (each batch of 3600 epochs, 1 second interval) - measurement precision varied, number of satellites are as

available. The rows shaded in gray represent values of measurement precision for which simulated parameters are presented graphically

in the following subsection.
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4.4. Geometry Free model, Ionosphere unknown scenario

4.4.3 GPS only - Partial Ambiguity Resolution (PAR),

Ionosphere unknown scenario

The results obtained from partial fixing of ambiguities for Geometry Free

model, Ionosphere unknown scenario, different values of measurement precision,

at 0� , �30� and �60� latitude locations are presented in Figures 4.6 and E.10

for dual and triple frequencies, see Appendix E. In the figures, blue line indicate

percentage of ambiguities fixed with respect to number of epochs, the percentage

of ambiguities fixed are written along the blue line plot. The point when 100%

of ambiguities are fixed with PAR is marked with red dotted line and number

of epochs taken for the same are marked on x-axis, corresponding value of fixed-

precision of ranges are given on the y-axis (in red color). For all the values of

measurement precision which did not converge to fix all the ambiguities (100%),

the maximum percentage of ambiguities fixed is marked with red-dotted line,

the maximum ambiguities fixed is given along with the number of epochs.Table

4.9 gives a comparison between Full AR and PAR by evaluating the precision

of the ranges (ambiguity-fixed). The values of fixed-precision of ranges obtained

with full AR are set as a criteria for PAR, it is to see how many ambiguities are

needed to be fixed to get a same value of fixed-precision. Refer Table 4.9 for

further discussion.

1. Results for dual frequency did not converge to give 0.999 ASR in case of

full AR. The values of fixed-precision obtained with full AR were taken as

reference values. PAR was used to achieve a smiliar fixed-precision as in

full AR. In case of full AR, for code precision of 10cm, the best values of

ASR obtained were 0.96, 0.99 and 0.984 which gave fixed-precision of 1.8,

1.8 and 1.9cm at 0�, �30� and �60�, the epochs required were 15568, 1899

and 15751. For similar latitude and code precision, PAR takes 2699, 1540

and 5132 epochs by fixing 78, 58 and 79 % of ambiguities to give a similar

fixed-precision. For all other values of measurement precision too, PAR

fixes only 50% of ambiguities, with a reduced number of epochs taken for

the same.

2. For triple frequency system, for the first three values of measurement pre-

cision, full AR converged to 0.999, for the same values of measurement

precision, PAR fixed 100% of ambiguities to get a similar value of fixed-

precision as in full AR. For the last three values of measurement precision,

which have higher values of uncertainty, full AR did not converge to 0.999
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Figure 4.5: GPS only, Full AR, Dual and Triple Frequencies, Geometry Free model, Ionosphere unknown scenario,

Instantaneous ASR and Gain analysis when (measurement precision is varied, number of satellites are as

available(not held fixed)) at 0�,�30� and �60� degree latitude
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4.4. Geometry Free model, Ionosphere unknown scenario

Full AR - minimum desired ASR = 0.999 Partial AR @ 0.999, criteria - similar or better value of fixed-precision

Phase Code Epochs taken σρ̌(meters) σρ̌(meters) Epochs taken Ambiguities fixed(%)

(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�
Φ1,Φ2 P1,P2 High-end receivers, Dual Frequency

0.002 0.10 15568 1899 15751 0.018 0.018 0.019 0.018 0.018 0.019 2699 1540 5132 78 58 79

0.960 0.990 0.984

0.002 0.15 15568 1899 15751 0.027 0.028 0.029 0.027 0.028 0.029 10623 1755 13463 50 50 50

0.788 0.875 0.796

0.002 0.20 15568 1899 15751 0.036 0.037 0.039 0.036 0.037 0.039 10623 1754 13463 50 50 50

0.539 0.633 0.485

0.003 0.25 15568 1899 15751 0.045 0.046 0.048 0.045 0.046 0.048 10623 1754 13463 50 50 50

0.316 0.401 0.256

0.003 0.30 15568 1899 15751 0.054 0.055 0.058 0.054 0.055 0.058 10623 1754 13463 50 50 50

0.171 0.242 0.131

0.003 0.35 15568 1899 15751 0.063 0.064 0.068 0.063 0.064 0.068 10558 1754 13463 50 50 50

0.090 0.146 0.068

Φ5 P5 High-end receivers, Triple Frequency

0.002 0.05 719 1283 6957 0.001 0.000 0.000 0.001 0.000 0.000 719 1283 6958 100 100 100

0.002 0.1 2859 1560 13375 0.000 0.000 0.000 0.000 0.000 0.000 2859 1561 13375 100 100 100

0.002 0.125 10756 1648 13452 0.000 0.000 0.000 0.000 0.000 0.000 10756 1648 13453 100 100 100

0.002 0.15 10811 1899 15751 0.036 0.037 0.039 0.036 0.037 0.039 454 346 472 67 67 67

0.990 0.999 0.998

0.002 0.175 10811 1899 15751 0.043 0.044 0.046 0.043 0.043 0.046 408 305 416 67 67 67

0.984 0.998 0.996

0.002 0.2 10811 1899 15751 0.050 0.051 0.054 0.050 0.051 0.054 348 273 194 67 67 67

0.979 0.996 0.994

Table 4.9: GPS only, PAR, Geometry Free model, Ionosphere unknown scenario, ASR

and fixed-precision for range values - measurement precision varied, number of

satellites are as available. A comparison of results obtained from Full AR with the ones

obtained from PAR.

within the stipulated epochs. PAR took 67% of ambiguities to get fixed to

give a similar measurement precision as in full AR. The number of epochs

were significantly reduced from over 10,000 to just between 194 to 472.

PAR definitely promises the results of similar magnitude (in terms of fixed-

precision) with less number of epochs required to do the same, as compared to

full AR. In Ionosphere unknown section, fixed-precision of ranges at 2cm is be

evaluated using PAR (as done for Ionosphere known scenario), in the commencing

section.
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Figure 4.6: GPS only, Dual frequency, PAR, Ionosphere unknown scenario, (measurement precision is varied,

number of satellites are as available)- ASR and precision of float and fixed ambiguities are analyzed at 0�,�30� and�60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for 100% of ambiguities

to be fixed in PAR and corresponding value of DD fixed-precision of ranges obtained (on y-axis).
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4.4. Geometry Free model, Ionosphere unknown scenario

4.4.4 GPS only - partial ambiguity resolution to obtain

fixed-precision of 2 cm, Ionosphere unknown sce-

nario

In Table 4.9, while evaluation PAR for a Geometry Free model, Ionosphere

unknown scenario, the fixed-precision of the ranges obtained lied in the range

1mm or less and 6.8cm. In Table 4.10, a fixed-precision of ranges of 20mm or

2cm is aimed and the corresponding ambiguities fixed by PAR to achieve the

same are presented and analyzed.

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for range

Phase Code σρ̌(meters) Epochs taken Ambiguities fixed(%)

(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60�
Φ1,Φ2 P1,P2 High-end receivers, Dual Frequency

0.002 0.1 0.020 0.020 0.020 2603 1381 5096 72 57 79

0.002 0.15 0.025 0.026 0.027 15568 1899 15751 50 50 50

0.002 0.2 0.033 0.034 0.036 15568 1899 15751 50 50 50

0.003 0.25 0.042 0.043 0.045 15568 1899 15751 50 50 50

0.003 0.3 0.050 0.052 0.054 15568 1899 15751 50 50 50

0.003 0.35 0.059 0.060 0.063 15568 1899 15751 50 50 50

Φ5 P5 High-end receivers, Triple Frequency

0.002 0.05 0.020 0.020 0.020 315 250 208 85 86 76

0.002 0.1 0.020 0.020 0.020 490 609 550 83 90 81

0.002 0.125 0.020 0.020 0.020 559 653 1482 79 90 88

0.002 0.15 0.019 0.020 0.020 892 1101 1955 76 88 88

0.002 0.175 0.018 0.020 0.020 1010 1166 5000 81 79 90

0.002 0.2 0.018 0.020 0.020 1096 1194 5043 81 79 86

Table 4.10: GPS only, PAR, Geometry Free model - Ionosphere unknown scenario,

ASR and number of epochs for obtaining 2cm fixed-precision of ranges - measurement

precision is varied, number of satellites are as available.

Note: In Table 4.4, some of the values of fixed-precision are more than the

desired 2cm, the reason being the value of 2cm is not possible with certain mea-

surement precision scenarios. For all such values the best value of fixed-precision

obtained is written.
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4.4. Geometry Free model, Ionosphere unknown scenario

The results presented in Table 4.10 are analyzed below.

1. For dual frequency, only for the first value, which is the best value of mea-

surement precision (with code precision as 10cm), fixed-precision was less

than 2cm. Hence while evaluating PAR, only first measurement precision

scenario showed improvement with respect to reduced number of epochs. It

took 2603, 1381 and 5096 epochs to give a fixed-precision of 2cm, while re-

solving full ambiguities, it gave a fixed-precision of around 1.9cm in 15568,

1899 and 15751 epochs. For all other values of measurement precision sce-

narios, fixed-precision of 2cm could not be obtained.

2. For triple frequency, the fixed-precision of 2cm was obtained in a reduced

time for all measurement precision scenarios, since it fixed only 76 to 90%

of ambiguities to do the same.

3. In all, PAR is a useful tool when one desires accuracies of an order of 2cm,

since at all times, whether in dual or in triple frequency, not even a single

time 100% of ambiguities were fixed.

Below, some of the deductions are made for Geometry Free model, Ionosphere

unknown scenario, partial ambiguity resolution case for most general values of

measurement precisions.

Conclusions for Geometry Free model, Ionosphere unknown sce-

nario, partial ambiguity resolution scenario

1. For dual frequency, with σΦL1,L2
=2mm, σPL1,L2

=20cm corresponding to

high-end GPS receivers, it took 10623, 1754 and 13463 epochs by fixing

50% of ambiguities at 0�,�30� and �60� respectively to reach 0.999

ASR for the same fixed-precision as in full AR (for full AR, it took

15568, 1899 and 15751 epochs).

2. For triple frequency, with σΦL1,L2,L5
=2mm, σPL1,L2

=20cm, σPL5
=12.5cm

the results were similar to full AR. σΦL1,L2
=2mm, σΦL5

=3mm,

σPL1,L2
=25cm and above, σPL5

=1.5cm and above, full AR did not con-

verge to 0.999 within the stipulated epochs. PAR took 67% of ambigu-

ities to get fixed to give a similar measurement precision as in full AR.

The number of epochs were significantly reduced from over 10,000 to

just between 194 to 472.
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4.4. Geometry Free model, Ionosphere unknown scenario

3. While PAR was evaluated to obtain a fixed-precision of 2cm, it per-

formed significantly well for triple frequency Ionosphere unknown sce-

nario. PAR fixed only 76 to 90% of ambiguities, with reduced number

of epochs as compared to full AR to achieve the same.
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4.5. Geometry Free model, Ionosphere weighted scenario

4.5 Geometry Free model, Ionosphere weighted

scenario

The ionosphere weighted (Ionosphere weighted), Geometry Free model is based

on the assumption that ionosphere is known a-priori with a certain precision.

The precision of the ionosphere, here we write in terms of undifferenced iono-

sphere precision at zenith denoted as, σI is converted to its DD counterpart by

multiplying it by 2. The DD ionosphere VC matrix is formed, denoted as QI ,

see Table 4.11, which is then added to the measurement precision matrix Qyy,

which is then used to estimate the other unknowns (ranges etc.). It is to be

noted that since ionosphere is not estimated, the design matrix for non-temporal

parameters, denoted as AII in Table 4.11, is similar to Ionosphere known sce-

nario. Refer Table 4.11 for closed form of the functional and stochastic models

for ionosphere weighed scenario, also the redundancy of the ionosphere weighted

model is presented in Table 4.11.

In the commencing section, simulation results for ASR and fixed-precision of

ranges is presented different baselines, ranging from 1 to 1000 Km.

4.5.1 GPS only, Full ASR analysis for selective values of

baselines for k epochs, Ionosphere weighted scenario

An analysis of ASR and fixed-precision of ranges is presented below for dif-

ferent values of baselines, see Table 4.12 and Figures 4.7 to E.13 in Appendix E.

The undifferenced precision of the ionosphere at zenith, denoted as σI is taken

to be a fixed function of baseline length, σI = 0.68 mm per Km, refer chapter 2.

Baseline length is varied from 1 to 1000 Km.

In Table 4.12 results for single, dual and triple frequency system are presented,

the measurement precision for each of the frequency combination correspond to

low-end (single frequency) high-end (dual, and triple frequencies), and hence

measurement precision values are chosen accordingly and fixed to one value, see

Table 3.2. The number of satellites are as available. Only the baseline length

is varied in order to understand the effect of ionosphere weighting on ASR and

fixed-precision. In Table 4.12, under each single, dual and triple frequency results,

green (Ionosphere known scenario, from Table 4.2) and red (Ionosphere unknown

scenario, from Table 4.7) results are presented for similar values of measurement

precision, so that one can compare how the ionosphere-fixed and -float scenarios
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4.5. Geometry Free model, Ionosphere weighted scenario

Geometry Free model, ionosphere weighted scenario

Functional model Stochastic model

Non-temporal parameters Temporal parameters

AIpiq �� �
Λ

0

�b Im�1

�
ef

ef

�bGm�1

� AIIpiq �� � �µf

µf

�b Im�1

�
ef

ef

�b Im�1

�Qypiq � � QΦ

QP

�bQDDpiq
where QDDpiq � pDT

mW
�1
i Dmq

QIpiq � CI bQDDpiq
Qy,Ipiq � Qypiq �QIpiq

Redundancy (for GPS only, Galileo only, GPS+Galileo (common frequency L1pE1q, L5pE5aq))
Non-temporal parameters Temporal parameters Observations

Ambiguities: f � pm� 1q Ranges: k � pm� 1q 2fk � pm� 1q
Ionosphere = k � pm� 1q Pseudo observations (Ionosphere)

= k � pm� 1q
Redundancy of ionosphere weighted scenario p2fk � f � kq � pm� 1q
For GPS/Galileo only: f � p1, � � � , jq, for GPS+Galileo: f � p1, � � � , jcq, jc is the common/overlapping

frequency and mjc � pmGPS �mGalq
Redundancy (for GPS+Galileo (quadruple frequency L1pE1q, L5pE5aq, L2, E5b) )

Non-temporal parameters Temporal parameters Observations

Ambiguities: Ranges: k � pmjc � 1q 2k � r2 � pmjc� 1q� pmGPS � 1q�pmGal � 1qs
2�pmjc�1q�pmGPS�1q�pmGal�1q Ionosphere=k � pmjc � 1q Pseudo observations (Ionosphere)

=k � pmjc � 1q
Redundancy of quadruple frequency ionosphere weighted scenario p3k � 2qpmjc � 1q � p2k � 1q �rpmGPS � 1q � pmGal � 1qs
f � 1, 2 for GPS+Gaileo L1pE1q, L5pE5aq, mjc are the total number of satellites for combined

GPS+Galileo system with GPS as reference satellite

Table 4.11: Double-differenced Design matrix and VC matrix for Geometry Free model,

ionosphere weighted scenario
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4.5. Geometry Free model, Ionosphere weighted scenario

converge to ionosphere weighted scenario.

Note: All the values of fixed-precision of ranges marked as 0.000 indicate the

values less than 1mm.

Based on the results from Table 4.12 and Figures 4.7 to E.13 for single, dual

and triple frequency GPS systems, following analysis is drawn

1. In Table 4.12, the ionosphere-weighted scenario with baseline length 1 Km

corresponds to Ionosphere known scenario (green rows), in terms of instan-

taneous ASR and number of epochs required to converge to 0.999 ASR. For

dual frequency the instantaneous ASR with ionosphere weighted scenario

at 0�, �30� and �60� is 0.20, 0.192 and 0.015, with Ionosphere known sce-

nario the results are 0.20, 0.193 and 0.15, hence very similar. The number

of epochs for 0.999 ASR with ionosphere weighted at 0�, �30� and �60� are
33, 14, 27, at 1 Km baseline, with Ionosphere known scenario they are 33,

14, 27 hence again very similar results. Similar observations can be made

for single and triple frequency systems.

2. For single frequency, for baselines upto 250 Km, the number of epochs taken

for 0.999 ASR increase marginally, say by less than 10 % at 0� latitude. For
dual and triple frequency systems, at 100 Km the epochs taken increase by

350 to 400%. Hence one can understand that for dual and triple frequency

systems the increase in number of epochs is more abrupt as compared to

single frequency. This is due to the imprecise code measurements on single

frequency (50cm), with further addition of low values of ionosphere weights

(of the order of 0.68 mm per Km), do not matter much( at least up to 250

Km), whereas for precise measurements (high end geodetic receivers), the

effect of ionosphere can be observed right from 10 Km.

3. For geodetic receivers, the baseline length from 10 up to 1000 Km are signif-

icant in terms of AR. For dual frequency system, 0.999 ASR was achieved

for baselines upto 250 Km, and not for 500 and 100 Km baseline. The

epochs taken for 0.999 ASR range between 15 and 1748 for 10 to 250 Km

baseline at �30� and for triple frequency they range between 6 and 801

epochs for 10 and 250 Km baseline, for 500 and 1000 Km baseline, epochs

taken were 1412 and 1829 at �30�. It will be interesting to evaluate the pre-

cise multi-frequency Galileo system for similar baselines and combination

of GNSS systems, apart from using PAR.

4. The results for Ionosphere unknown solution are based on ionosphere un-
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4.5. Geometry Free model, Ionosphere weighted scenario

Baseline length Instantaneous ASR (probability) Epochs for 0.999 ASR σρ̌ (meters) @ 0.999 ASR

(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60�
Low-end receivers, Single Frequency σΦL1

=0.003m , σPL1
=0.5m

1 0.000 0.000 0.000 17231 1613 15751 0.030 0.033 0.032

0.986 0.983 0.986

10 0.000 0.000 0.000 17232 1615 15751 0.030 0.033 0.032

0.985 0.983 0.986

100 0.000 0.000 0.000 17249 1639 15751 0.030 0.033 0.032

0.984 0.982 0.984

250 0.000 0.000 0.000 17275 1678 15751 0.030 0.034 0.033

0.973 0.971 0.970

500 0.000 0.000 0.000 13360 1748 15751 0.033 0.036 0.036

0.910 0.893 0.879

1000 0.000 0.000 0.000 10811 1899 15751 0.040 0.045 0.045

0.592 0.489 0.423

I-Fix 0.000 0.000 0.000 17230 1613 15751 0.030 0.033 0.032

0.985 0.983 0.986

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 0.020 0.192 0.015 33 14 27 0.001 0.002 0.001

10 0.011 0.124 0.008 34 15 28 0.003 0.004 0.003

100 0.000 0.000 0.000 122 146 121 0.003 0.003 0.003

250 0.000 0.000 0.000 695 843 975 0.001 0.001 0.001

500 0.000 0.000 0.000 7464 1748 15751 0.019 0.023 0.022

0.998 0.992 0.992

1000 0.000 0.000 0.000 10811 1899 15751 0.028 0.032 0.033

0.865 0.803 0.735

I-Fix 0.020 0.193 0.015 33 14 27 0.001 0.002 0.001

I-Float 0.000 0.000 0.000 15568 1899 15751 0.045 0.046 0.048

0.316 0.401 0.256

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 0.318 0.718 0.340 15 6 12 0.001 0.002 0.002

10 0.284 0.671 0.295 15 6 12 0.004 0.006 0.004

100 0.000 0.000 0.000 114 138 113 0.002 0.002 0.002

250 0.000 0.000 0.000 492 801 934 0.001 0.001 0.001

500 0.000 0.000 0.000 2721 1412 13398 0.001 0.001 0.001

1000 0.000 0.000 0.000 13506 1829 15743 0.027 0.000 0.000

0.998 0.999 0.999

I-Fix 0.318 0.718 0.340 15 6 12 0.001 0.002 0.001

I-Float 0.000 0.000 0.000 10811 1899 15751 0.036 0.037 0.039

0.990 0.999 0.998

Table 4.12: GPS only, Full AR, Geometry Free model, Ionosphere Weighted scenario,

ASR and fixed-precision of ranges(meters)are presented - measurement precision is held

fix, number of satellites are as available, baseline length varied from 1 to 1000

Km, σI = 0.68mm per km.
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4.5. Geometry Free model, Ionosphere weighted scenario

known and cannot be compared with ionosphere weighted scenario (iono-

sphere known with certain precision). But definitely, one can easily under-

stand that ionosphere weighted is better, even at 1000 Km baseline length,

as compared to ionosphere unknown scenario.

Conclusions for Geometry Free model, ionosphere weighted, full

ambiguity resolution scenario

1. For baseline lengths 1 and 10 Km, the performance is similar in terms

of ambiguity resolution, that is the number of epochs taken to resolve

ambiguities are almost similar. The values of fixed-precision are impre-

cise for 10Km as compared with 1Km, accompanied by a slight fall in

instantaneous ASR for 10 Km baseline, especially for dual and triple fre-

quencies. The added ionosphere weight is more significant in dual and

triple frequencies since precise measurements are used, as compared to

single frequency. 0�,�30� and �60� respectively.
2. For baseline lengths of 250, 500 and 1000 Km, for dual and triple

frequencies, with σΦL1,L2
=3mm, σPL1,L2

=25cm, σΦL5
=2mm, σPL5

=15cm

corresponding to high-end GPS receivers, the relative positioning results

for σI=0.68mm per Km (un-differenced, at Zenith), instantaneous ASR

of 0.999 is not achieved for any baseline length.

3. For dual frequency, it takes 843 epochs, a fixed-precision of 1mm is

obtained for 250 Km baseline at �30� latitude. For 500 and 1000 Km

baseline length 0.999 ASR is not achieved.

4. For triple frequency, it takes 801, 1412 and 1829 epochs which gives a

fixed-precision of 1mm for 250, 500 and 1000 Km at �30� latitude.
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Figure 4.7: GPS only, Full AR, Single frequency, Geometry Free model, Ionosphere Weighted scenario, (measurement

precision and satellite number is held fixed), baseline length is varied from 1 Km to 1000 Km- ASR and Gain

analysis at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 0.999 ASR is reached and corresponding value of DD fixed-precision of ranges obtained (on y-axis). If 0.999 ASR is

not achieved, maximum ASR achieved is marked.
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4.5. Geometry Free model, Ionosphere weighted scenario

4.5.2 GPS only, Partial AR analysis for selective values of

baselines for k epochs, Ionosphere weighted scenario

The Ionosphere Weighted scenario, partial ambiguity resolution based, ASR

and precision of ranges for ambiguity-fixed solution results are presented in Fig-

ures 4.8 to E.16 for single, dual and triple frequencies of GPS, see Appendix E.

The Table 4.13 shows an comparison for precision of ranges corresponding to

ambiguity-fixed solution (at 0.999 ASR), for full AR and partial AR.

The analysis of the results based on Table 4.13 and Figures 4.8 to E.16 is

presented below

Conclusions for Geometry Free model, ionosphere weighted, par-

tial ambiguity resolution scenario

1. One of the conclusions for single frequency GPS (σΦL1
=3mm,

σPL1
=50cm corresponding to low-end GPS receivers) that can be drawn

looking at partial AR is that for baseline length of 1000 Km, it does not

make sense to fix ambiguities. Since the precision obtained is a func-

tion of number of epochs only (that is, it corresponds to ambiguity-float

solution). For baseline lengths 1 to 250 Kms, the number of epochs

are drastically reduced. At 0� latitude, it took 2607 to 2705 with PAR

to give fixed-precision of around 3cm, with full it took 17231 to 17275

epochs. It is important to note that 0.999 ASR could not be achieved

for any baseline length with single frequency, full AR.

2. Instantaneous ASR of 0.999 or more could not be obtained with GPS

only, partial ambiguity resolution for single/dual or triple frequency for

any baseline length between 1 and 1000 Km.

3. For baseline length of 1000 Km, for dual and triple frequencies, with

σΦL1,L2
=3mm, σPL1,L2

=25cm, σΦL5
=2mm, σPL5

=15cm corresponding to

high-end GPS receivers, the relative positioning results for σI=0.68mm

per Km (un-differenced, at Zenith) for partial AR are convincing. For

dual frequency, for baseline lengths 1 to 250 Km, PAR performs similar

to full Ar in terms of number of epochs taken to achieve fixed-precision

as in full AR. For baseline lengths 500 and 1000 Km, 0.999 ASR is not

achieved in full AR. PAR fixes 50 to 67% of ambiguities and it takes
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4.5. Geometry Free model, Ionosphere weighted scenario

Full AR - minimum desired ASR = 0.999 Partial AR @ 0.999, criteria - similar or better value of fixed-precision

Baseline length Epochs taken σρ̌(meters) σρ̌(meters) Epochs taken Ambiguities fixed(%)

(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�
Low-end receivers, Single Frequency σΦL1

=0.003m , σPL1
=0.5m

1 17231 1613 15751 0.030 0.033 0.032 0.029 0.033 0.031 2607 1365 5128 56 14 57

0.986 0.983 0.986

10 17232 1615 15751 0.030 0.033 0.032 0.030 0.033 0.031 2608 1367 5128 56 14 57

0.985 0.983 0.986

100 17249 1639 15751 0.030 0.033 0.032 0.030 0.033 0.032 2625 1389 13259 56 14 38

0.984 0.982 0.984

250 17275 1678 15751 0.030 0.034 0.033 0.030 0.034 0.033 2715 1645 13415 44 0 14

0.973 0.971 0.970

500 13360 1748 15751 0.033 0.036 0.036 0.033 0.036 0.036 7270 1748 15751 13 0 0

0.910 0.893 0.879

1000 10811 1899 15751 0.040 0.045 0.045 0.040 0.045 0.045 10811 1899 15751 0 0 0

0.592 0.489 0.423

I-Fix 17230 1613 15751 0.030 0.033 0.032 0.030 0.033 0.031 2606 1365 5128 56 14 57

0.985 0.983 0.986

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 33 14 27 0.001 0.002 0.001 0.001 0.002 0.001 33 15 28 100 100 100

10 34 15 28 0.003 0.004 0.003 0.003 0.004 0.003 34 15 29 100 100 100

100 122 146 121 0.003 0.003 0.003 0.003 0.003 0.003 122 147 121 100 100 100

250 695 843 975 0.001 0.001 0.001 0.001 0.001 0.001 696 844 976 100 100 100

500 7464 1748 15751 0.019 0.023 0.022 0.017 0.023 0.022 2284 1249 1918 67 50 50

0.998 0.992 0.992

1000 10811 1899 15751 0.028 0.032 0.033 0.028 0.032 0.033 3624 1647 13277 50 50 50

0.865 0.803 0.735

I-Fix 33 14 27 0.001 0.002 0.001 0.001 0.002 0.001 34 15 28 100 100 100

I-Float 15568 1899 15751 0.045 0.046 0.048 0.045 0.046 0.048 10623 1754 13463 50 50 50

0.316 0.401 0.256

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 15 6 12 0.001 0.002 0.002 0.001 0.002 0.002 16 7 13 100 100 100

10 15 6 12 0.004 0.006 0.004 0.004 0.006 0.004 16 6 13 100 100 100

100 114 138 113 0.002 0.002 0.002 0.002 0.002 0.002 114 138 114 100 100 100

250 492 801 934 0.001 0.001 0.001 0.001 0.001 0.001 493 801 934 100 100 100

500 2721 1412 13398 0.001 0.001 0.001 0.001 0.001 0.001 2721 1412 13398 100 100 100

1000 13506 1829 15743 0.027 0.000 0.000 0.027 0.000 0.000 587 1829 15744 67 100 100

0.998 0.999 0.999

I-Fix 15 6 12 0.001 0.002 0.001 0.001 0.002 0.001 15 6 13 100 100 100

I-Float 10811 1899 15751 0.036 0.037 0.039 0.036 0.037 0.039 454 346 472 67 67 67

0.990 0.999 0.998

Table 4.13: GPS only, PAR, Geometry Free model, Ionosphere Weighted scenario,

ASR and fixed-precision of ranges (meters) are presented - measurement precision is

held fix, number of satellites are as available, baseline length varied from 1 to

1000 Km, σI = 0.68 mm per km.
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4.5. Geometry Free model, Ionosphere weighted scenario

1249 and 1647 for 500 and 1000 Km baseline at �30�, with full AR it

took 1748 and 1899 epochs.

4. For triple frequency, PAR performs similar to full AR in terms of number

of epochs taken for baseline length of 1 to 500 Km. For baseline length

of 1000 Km at 0� latitude, full AR did not converge to give 0.999 ASR

within the stipulated epochs. With PAR, it took 587 epochs for 1000

Km baseline at 0� latitude by fixing 67% of ambiguities, with full AR it

took 13506 epochs. For all other latitude locations at 1000 Km baseline,

PAR performed similar to full AR.
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Figure 4.8: GPS only, PAR, Single frequency, Geometry Free model, Ionosphere Weighted scenario, (measurement

precision and satellite number is held fixed), baseline length is varied from 1 Km to 1000 Km- ASR and Gain

analysis at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 100% of ambiguities to be fixed in PAR and corresponding value of DD fixed-precision of ranges obtained (on y-axis).
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4.5. Geometry Free model, Ionosphere weighted scenario

4.5.3 GPS only - partial ambiguity resolution to obtain

fixed-precision of 2 cm, Ionosphere weighted sce-

nario

In Table 4.13, while evaluation PAR for a Geometry Free model, Ionosphere

known scenario, the fixed-precision of the ranges obtained lied in the range 1mm

or less and 6.8cm. In Table 4.14, a fixed-precision of ranges of 20mm or 2cm is

aimed and the corresponding ambiguities fixed by PAR to achieve the same are

presented and analyzed.

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for range

Baseline length σρ̌(meters) Epochs taken Ambiguities fixed(%)

(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60�
Low-end receivers, Single Frequency σΦL1

=0.003m , σPL1
=0.5m

1 0.020 0.023 0.025 17200 2470 15667 63 80 43

10 0.020 0.023 0.025 17202 2470 15666 63 80 43

100 0.020 0.024 0.026 17236 2470 15659 63 80 43

250 0.021 0.025 0.031 13266 2470 15646 67 80 14

500 0.028 0.034 0.036 13276 6386 15751 33 14 0

1000 0.040 0.045 0.045 10811 6386 15751 0 0 0

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 0.001 0.002 0.001 33 14 27 100 100 100

10 0.003 0.004 0.003 34 15 28 100 100 100

100 0.020 0.008 0.020 86 136 82 50 93 50

250 0.020 0.020 0.020 438 561 476 50 50 50

500 0.017 0.020 0.020 2284 1554 2458 67 50 69

1000 0.025 0.028 0.030 13506 6386 15751 50 50 50

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 0.001 0.002 0.002 15 6 12 100 100 100

10 0.004 0.006 0.004 15 6 12 100 100 100

100 0.020 0.020 0.020 79 94 78 67 67 67

250 0.020 0.020 0.020 325 386 384 67 67 67

500 0.020 0.020 0.020 646 705 850 67 83 83

1000 0.018 0.020 0.019 829 992 1835 76 88 88

Table 4.14: GPS only, PAR, Geometry Free model - Ionosphere weighted model, ASR

and number of epochs for obtaining 2cm fixed-precision of ranges - measurement

precision is varied, number of satellites are as available.
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4.5. Geometry Free model, Ionosphere weighted scenario

The analysis for PAR to obtain a fixed-precision of 2cm, based on the values

presented in Table 4.14 is given below.

1. For single frequency, for baseline lengths 1 to 100 Km, fixed-precision of 2cm

is obtained only at 0� latitude, for all other latitude locations and baseline

lengths of 250 Km and above, fixed-precision is much higher than 2cm. For

scenarios where 2cm fixed-precision is obtained, there is fall in number of

epochs taken by a modest 30 epoch from the original 17231 to 17200 for

baseline length 1Km, 0� latitude. Reduction of number of epochs of similar

magnitude is observed for baseline lengths 10 an 100 Km, 0� latitude.

2. For dual frequency, for baseline lengths 1 to 500 Km, 2cm fixed-precision is

obtained with a fall in number of epochs taken as compared to full AR (of

course in full AR, the fixed-precision obtained was better at times). With

full AR, it took 14 to 1748 epochs at �30� latitude which gave a fixed-

precision of 1mm to 2.3cm (here ASR was less than 0.999), with PAR to

obtain 2cm fixed-precision, it took 14 to 1554 epochs by fixing between 50

and 93% of ambiguities.

3. For triple frequency, 2cm precision for DD ranges was obtained for baseline

all baseline lengths, the number of epochs reduced significantly for baseline

lengths of 100 to 1000 Km as compared to full AR (with full AR, better

precision was obtained at times, than 2cm). With full AR, it took 6 to

1829 epochs for 1 and 1000 Km baseline length at 0� latitude, with PAR to

obtain fixed-precision of 2cm, it took, 6 to 992 epochs by fixing between 67

and 88% of ambiguities.

4. It can be concluded, without any doubt that PAR performs exceptionally

well for long baselines, Geometry Free model, ionosphere weighted scenario,

especially when one aims for obtaining a modest value of fixed-precision,

say 2cm.
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4.5. Geometry Free model, Ionosphere weighted scenario

4.5.4 GPS only, full ambiguity resolution, hourly batches

for simulating ASR, Ionosphere weighted scenario

The analysis of ambiguity resolution is done at the beginning of every hour

throughout the day inorder to see the effect of satellite constellation on success

rate. The ambiguity success rate is computed by accumulating the epochs (3600

epochs, 1 epoch = 1 second) for 24 batches, starting at 00 UTC hour and ending

at 23:59:59 UTC hour. The ambiguities and other unknowns are reinitialized at

the start of every hour.

The ASR was simulated for ionosphere weighted scenario, for different values

of baseline lengths, ranging from 1 Km to 1000 Km. For doing so, all the satellites

in view were considered for simulation, the criteria for selection being that the

elevation angle of any satellite should be more than 10�. The values of measure-

ment precision considered for each single, dual and triple frequency are as given

in Table 3.2 and are also found at the header of every frequency section in Table

4.15. Also in Table 4.15, for 0.999 ASR (0.999 ASR, if obtained in 3600 epochs is

considered else the best value of ASR obtained is considered), minimum epochs

and maximum epochs (among the 24 batches) are presented for each value of

measurement precision. Figures 4.9 and 4.10 presents the ASR, and correspond-

ing values of double differenced fixed and float precision (of ranges) for each of

the 24 batches, along with the number of epochs taken to converge to 0.999 /

best value of ASR for the 250 and 1000 Kms baseline length respectively. The

chosen values of baseline are close to the current baseline distance for networks

in current and future scenarios.

The following is the analysis based on Table 4.15 and Figures 4.9 and 4.10.

(1) For single frequency, 0.999 ASR is achieved within stipulated 3600 epochs

for different batches during the day upto 250 Km baseline at �30� and �60�
latitude. The number of epochs required for 0.999 ASR for 250 Km baseline

were 3009(2-3) and 2629(22-23) at �30� and �60� latitude. for 1000 Km

baseline, maximum ASR achieved was 0.783, 0.831 and 0.8 for 0�,�30� and�60� latitude respectively.

(2) For dual frequency, 0.999 ASR could be achieved for all latitude location upto

500 Km baseline length. For 250 Km baseline it took 649(2-3), 689(4-5) and

690(2-3) epochs at 0�,�30� and �60� latitude respectively. For 1000 Km

baseline length, maximum ASR of 0.967, 0.981 and 0.974 could be achieved
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4.5. Geometry Free model, Ionosphere weighted scenario

at 0�,�30� and �60� latitude respectively.

(3) For triple frequency, 0.999 ASR could be achieved at all latitude locations for

all baseline lengths. For 250 Km baseline length, it took 474(2-3), 449(4-5)

and 438(8-9) and for 1000 Km baseline length, it took 1686(21-22), 997(3-4),

1315(18-19) epochs at 0�,�30� and �60� latitude respectively.

(4) It is important to analyze and pick the batches which took minimum number

of epochs during the day at different latitude locations. At 0�, the best batch
would be number 1 and 2, however batches 3, 11, 20, 22 can be avoided.

At �30� the best batch would be 4, batches 1, 8, 12, 13, 16, and 19 can be

avoided, and at �60� batches 2 and 22 can be picked and 3, 6, 8, 9, 11 and

23 can be avoided.
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ASR Minimum epochs required for 0.999 ASR (or maximum ASR) Maximum epochs required for 0.999 ASR (or maximum ASR)

Baseline length (0.999 or maximum obtained) Epochs taken σρ̌(mm) Epochs taken(corresponding hour batch) σρ̌(mm)

(Kilometers) 00 �300 �600 00 �300 �600 00 �300 �600 00 �300 �600 00 �300 �600
Low-end receivers, Single Frequency σΦL1

=0.003m , σPL1
=0.5m

1 0.999 0.999 1.000 3600(1-2) 2845(11-12) 2732(22-23) 0.146 0.152 0.145 3600(1-2) 2894(2-3) 2732(22-23) 0.146 0.145 0.145

10 0.999 0.999 1.000 3600(1-2) 2851(11-12) 2728(22-23) 0.270 0.297 0.298 3600(1-2) 2892(2-3) 2728(22-23) 0.270 0.292 0.298

100 0.998 0.999 1.000 3600(1-2) 2868(2-3) 2692(22-23) 2.220 2.479 2.558 3600(1-2) 2941(11-12) 2692(22-23) 2.220 2.454 2.558

250 0.997 0.999 0.999 3600(1-2) 3009(2-3) 2629(22-23) 4.992 5.392 5.755 3600(1-2) 3243(11-12) 2629(22-23) 4.992 5.249 5.755

500 0.986 0.996 0.994 3600(1-2) 3600(2-3) 3151(22-23) 7.899 7.624 8.086 3600(1-2) 3600(2-3) 3151(22-23) 7.899 7.624 8.086

1000 0.783 0.831 0.800 3600(1-2) 3600(2-3) 3151(22-23) 10.560 9.736 10.077 3600(1-2) 3600(2-3) 3151(22-23) 10.560 9.736 10.077

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 0.999 0.999 0.999 11(13-14) 11(2-3) 6(8-9) 1.991 1.811 2.172 36(8-9) 35(12-13) 35(7-8) 1.488 1.454 1.440

10 0.999 0.999 0.999 12(13-14) 12(2-3) 7(8-9) 4.505 4.294 5.343 37(8-9) 36(12-13) 36(7-8) 2.783 2.749 2.751

100 0.999 0.999 0.999 120(2-3) 120(1-2) 120(3-4) 2.338 2.253 2.396 166(1-2) 150(12-13) 123(23-24) 2.693 3.043 3.167

250 0.999 0.999 0.999 694(2-3) 689(4-5) 690(2-3) 0.991 0.864 0.978 1071(20-21) 1101(10-11) 1351(11-12) 1.247 1.152 1.309

500 0.999 0.999 0.999 2300(5-6) 2232(15-16) 2268(19-20) 0.592 0.491 0.511 3566(23-24) 3556(16-17) 3554(17-18) 0.527 0.574 0.487

1000 0.967 0.981 0.974 3600(1-2) 3600(2-3) 3151(22-23) 0.449 0.395 0.400 3600(1-2) 3600(2-3) 3151(22-23) 0.449 0.395 0.400

High-end receivers, Triple Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m, σΦL5
=0.002m , σPL5

=0.15m

1 0.999 0.999 1.000 5(13-14) 5(2-3) 3(8-9) 2.168 1.999 2.331 16(1-2) 16(6-7) 16(7-8) 1.401 1.537 1.523

10 0.999 0.999 1.000 5(13-14) 5(2-3) 3(8-9) 6.720 6.333 7.671 16(1-2) 16(6-7) 16(7-8) 3.777 3.937 3.928

100 0.999 0.999 0.999 112(2-3) 111(1-2) 111(8-9) 1.969 1.906 1.604 154(1-2) 138(12-13) 114(4-5) 2.359 2.668 2.461

250 0.999 0.999 0.999 474(2-3) 449(4-5) 438(8-9) 0.965 0.862 0.811 619(1-2) 715(1-2) 816(6-7) 1.072 1.067 1.051

500 0.999 1.000 0.999 1033(21-22) 890(3-4) 925(18-19) 0.607 0.546 0.595 2737(6-7) 3230(16-17) 3266(8-9) 0.551 0.519 0.489

1000 0.999 0.999 0.999 1686(21-22) 997(3-4) 1315(18-19) 0.486 0.517 0.500 3051(14-15) 3534(7-8) 3470(7-8) 0.425 0.396 0.356

Table 4.15: GPS only, Full AR, Geometry Free model, Ionosphere Weighted scenario, ASR and fixed-precision for range values for

24 batches of one hour (each batch of 3600 epochs, 1 second interval) - measurement precision varied, number of satellites are as

available. The rows shaded in gray represent values of measurement precision for which simulated parameters are presented graphically

in the following subsection.
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Figure 4.9: GPS only, Hourly ASR analysis, Single, Dual and Triple Frequencies, Geometry Free model, Ionosphere

Weighted scenario, (measurement precision is held fixed, number of satellites are as available), baseline length = 250

Km- ASR and fixed-precision (ranges) analysis at 0�,�30� and �60� degree latitude
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Figure 4.10: GPS only, Hourly ASR analysis, Single, Dual and Triple Frequencies, Geometry Free model, Ionosphere

Weighted scenario, (measurement precision is held fixed, number of satellites are as available), baseline length = 1000

Km- ASR and fixed-precision (ranges) analysis at 0�,�30� and �60� degree latitude
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5
Geometry Fixed model

5.1 Introduction

The Geometry Based (GB) model considers the geometry between the receiver

and the satellite by incorporating the information of the receiver and the satellite

coordinates. The GNSS observables for a geometry based model for a single epoch

can be given as below,

Φ1s
1r,j � �µjI

1s
1r � ψ1sT1r � λjN

1s
1r,j � ǫ1s1r,j (5.1)

and similarly for code, we have

P 1s
1r,j � µjI

1s
1r � ψ1sT1r � e1s1r,j (5.2)

where Φ1s
1r,j and P 1s

1r,j is the DD phase and code GPS/Galileo observables, sub-

scripts r, j and s indicate receiver, frequency number and the satellite respectively,

and the subscripts 1 indicate that satellite 1 is chosen as the reference satellite

and same applicable to the receiver. Φ, λ are the DD phase observations and

wavelength respectively, µ is pν1{νjq2, ν1 is GPS/Galileo frequency on L1 and νj

is GPS/Galileo frequency on Lj , T1r is the tropospheric delay in Zenith and ψ1s

is the tropospheric delay mapping function which maps the zenith delay to the

slant (satellite) direction using the satellite elevation angle, ǫ1s1r,j and e
1s
1r,j are the

error associated with the phase and code measurements respectively.

In this analysis, receiver is considered to be static, hence the receiver coor-

dinates do not vary with time. However, there are two scenarios considered for

receiver coordinate information, in one the receiver position is known, in other,

they are estimated. For satellite coordinates, even though the position of the

satellites change in time, their information is considered to be known (YUMA

almanacs are used for satellite orbits).
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5.1. Introduction

5.1.1 Double differenced equations for the combined GPS

and Galileo system

For a combined GPS and Galileo system, with GPS satellite as the reference,

after forming double differences, the GPS and Galileo observables can be reduced

to the form

For GPS system

Φ1G,sG
1r,j � �µjI

1G,sG
1r � ψ1G,sGT1r � λjN

1G,sG
1r,j � ǫ

1G,sG
1r,j

P
1G,sG
1r,j � µjI

1G,sG
1r � ψ1sT1r � e

1G,sG
1r,j

,///.///- (5.3)

For Galileo system

Φ1G,sE
1r,j � �µjI

1G,sE
1r � ψ1G,sET1r � λjN

1E ,sE
1r,j � ǫ

1G,sE
1r,j

P
1G,sE
1r,j � µjI

1G,sE
1r � ψ1G,sET1r � e

1G,sE
1r,j

,//////.//////- (5.4)

The notions used in the above equation ar explained earlier. Further, the

functional and stochastic models can be defined as below,

EpΦ1GqpGq = A1G
I pGqx1GI pGq � A1G

II pGqx1GII pGq
EpP 1GqpGq = A1G

II pGqx1GII pGq
EpΦ1GqpEq = A1G

I pEqx1GI pEq � A1G
II pEqx1GII pEq

EpP 1GqpEq = A1G
II pEqx1GII pEq
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E

�������������������������

Φ1G
L1pE1q � # Φ1G

L1

Φ1G
E1

Φ1G
L5pE5aq � # Φ1G

L5

Φ1G
E5a

P 1G
L1pE1q � # P 1G

L1

P 1G
E1

P 1G
L5pE5aq � # P 1G

L5

P 1G
E5a

�ÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆ
=

����������������������

A1G
IL1

0 0 0 A1G
IL1
pGq A1G

IIL1

0 A1E
IE1

0 0 A1G
IE1
pGq A1G

IIE1

0 0 A1G
IL5

0 A1G
IL5
pGq A1G

IIL5

0 0 0 A1E
IE5a

A1G
IE5a

pGq A1G
IIE5a

0 0 0 0 A1G
IL1
pGq A1G

IIL1

0 0 0 0 A1G
IE1
pGq A1G

IIE1

0 0 0 0 A1G
IL5
pGq A1G

IIL5

0 0 0 0 A1G
IE5a

pGq A1G
IIE5a

����������������������
�
�������������������������

x1GIL1

x1EIE1

x1GIL5

x1EIE5a

x1GI pGq
x1GII pGq
x1GII pEq

�������������������������
D

����������������������

Φ1G
L1

Φ1G
E1

Φ1G
L5

Φ1G
E5a

P 1G
L1

P 1G
E1

P 1G
L5

P 1G
E5a

�ÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆ
=

�������������������������

C
Φ

1G
L1

C
Φ

1G
L1,E1

0 0 0 0 0 0

C
Φ

1G
E1,L1

C
Φ

1G
E1

0 0 0 0 0 0

0 0 C
Φ

1G
L5

C
Φ

1G
L5,E5a

0 0 0 0

0 0 C
Φ

1G
E5a,L5

C
Φ

1G
E5a

0 0 0 0

0 0 0 0 C
P

1G
L1

0 0 0

0 0 0 0 0 C
P

1G
E1

0 0

0 0 0 0 0 0 C
P

1G
L5

0

0 0 0 0 0 0 0 C
P

1G
E5a

�������������������������

(5.5)

In equation (5.5), EpΦ1GqpGq and EpΦ1GqpEq correspond to the expectation of the

phase data for GPS (indicated by pGq) and Galileo (indicated by pEq) with GPS

as reference satellite indicated with superscripts pq1G , similarly expectation for

the code data is given, AI and AII are the design matrices corresponding to non-

temporal (ambiguities, receiver coordinates, troposphere, ISB’s) and temporal pa-

rameters (ionosphere), xIL1pE1q � rx1GIL1
, x1EIE1

sT � rN1G
1r,L1, N

1E
1r,E1sT , corresponding

to a combined system of GPS+Galileo for common frequency L1pE1q with GPS

satellite as reference satellite and xIL5pE5aq � rx1GIL5
, x1EIE5a

sT � prN1G
1r,L5, N

1E
1r,E5asqT

for common frequency L5pE5aq, are the double differenced ambiguity parame-

ters, the non-temporal parameters, apart from the ambiguities are formed in the

design matrix A1G
Ij
pGq, G indicates geometry parameters, namely the mapping

function for the troposphere, x1GI pGq � rT1rs are the geometry parameters, that

is the troposphere for both GPS and Galileo (with GPS as reference satellite),

x1GII � rx1GII pGq, x1GII pEqsT � rI1G,sG
1r , I

1G,sE
1r sT has the temporal varying parameter,

namely the double differenced ionosphere for both GPS and Galileo (with GPS

as reference satellite).

The above combined GPS and Galileo system is possible to be implemented

while considering common frequencies. In this research the common frequency
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5.1. Introduction

system is applicable to a combined single frequency system consisting of L1pE1q
GPS and Galileo frequency and dual frequency system of L1pE1q, L5pE5aq com-

bined GPS and Galileo system. For quadruple frequency case consisting of ad-

ditional L2, E5b frequencies of GPS and Galileo, a different parameterization is

to be considered which is applicable to a combined system of four frequencies

(since L2, E5b are considered independent two frequencies) with observables on

L2 having GPS satellite as a reference satellite and for E5b Galileo satellite would

be chosen as the reference satellite.

5.1.2 Parameterization of combined GPS and Galileo quadru-

ple frequency system

The DD observation equations for the two common frequencies, namely, L1pE1q,
L5pE5aq for a combined GPS+Galileo system are discussed in the earlier section

in equation (5.4). It should be noted that the common frequencies of Galileo

and GPS will have a GPS satellite as a reference satellite, the uncommon

GPS frequency L2 will have the same GPS satellite as reference as for common

frequency system, and the Galileo uncommon frequency E5b will have a Galileo

satellite as a reference satellite. The DD observation equations of the remaining

two uncommon frequencies for GPS (L2) and Galileo (E5b) are given below,

ΦGsG
1r,L2 � �µL2I

1G,sG
1r � ψ1G,sGT1r � λL2N

1G,sG
1r,L2 � ǫ

1G,sG
1r,L2

P
1G,sG
1r,L2 � µL2I

1G,sG
1r � ψ1sT1r � e

1G,sG
1r,L2

Φ1E ,sE
1r,E5b � �µE5bI

1E ,sE
1r � ψ1E ,sET1r � λE5bN

1E ,sE
1r,E5b � ǫ

E,sE
1r,E5b

P
1E ,sE
1r,E5b � µE5bI

1E ,sE
1r � ψ1E ,sET1r � e

1E ,sE
1r,E5b

,///////////.///////////- (5.6)

The notations used in the above equation, equation (5.6) have been already

explained earlier while describing the two common frequencies of GPS+Galileo

combined system. Here, as expressed earlier, GPS L2 frequency has a GPS

reference satellite and Galileo E5b frequency has a Galileo reference satellite.

In this section the parameterization is expressed in a basic form of the expec-

tation and dispersion, to begin with consider equation (5.5) for the combined GPS

and Galileo overlapping frequency case. To express this four frequency model,

and index for common frequency, jc will be used. The four frequencies can be
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5.1. Introduction

represented as L1pE1q, L5pE5aq, L2, E5b from now on in further notations, with

the common frequencies shown in the brackets. The expectation and dispersion

can now be given as follows.

E

��������������������������������������

Φ1G
L1pE1q � # Φ1G

L1

Φ1G
E1

Φ1G
L5pE5aq � # Φ1G

L5

Φ1G
E5a

Φ1G
L2

Φ1E
E5b

P 1G
L1pE1q � # P 1G

L1

P 1G
E1

P 1G
L5pE5aq � # P 1G

L5

P 1G
E5a

P 1G
L2

P 1E
E5b

�ÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆ
=

�������������������������������������

A1G
IL1

0 0 0 0 0 A1G
I pGq A1G

IIL1

0 A1E
IE1

0 0 0 0 A1G
I pGq A1G

IIE1

0 0 A1G
IL5

0 0 0 A1G
I pGq A1G

IIL5

0 0 0 A1E
IE5a

0 0 A1G
I pGq A1G

IIE5a

0 0 0 0 A1G
IL2

0 A1G
I pGq A1G

IIL2
0

0 0 0 0 0 A1E
IE5b

A1E
I pGq 0 A1E

IIE5b

0 0 0 0 0 0 A1G
I pGq A1G

IIL1

0 0 0 0 0 0 A1G
I pGq A1G

IIE1

0 0 0 0 0 0 A1G
I pGq A1G

IIL5

0 0 0 0 0 0 A1G
I pGq A1G

IIE5a

0 0 0 0 0 0 A1G
I pGq A1G

IIL2
0

0 0 0 0 0 0 A1E
I pGq 0 A1E

IIE5b

�������������������������������������
�
��������������������������������

x1GIL1

x1EIE1

x1GIL5

x1EIE5a

x1GIL2

x1EIE5b

xIpGq
xIIpGq
xIIpEq

��������������������������������

D

�������������������������������������

Φ1G
L1

Φ1G
E1

Φ1G
L5

Φ1G
E5a

Φ1G
L2

Φ1E
E5b

P 1G
L1

P 1G
E1

P 1G
L5

P 1G
E5a

P 1G
L2

P 1E
E5b

�ÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆ
=

�����������������������������������������

C
Φ

1G
L1

C
Φ

1G
L1,E1

0 0 0 0 0 0 0 0 0 0

C
Φ

1G
E1,L1

C
Φ

1G
E1

0 0 0 0 0 0 0 0 0 0

0 0 C
Φ

1G
L5

C
Φ

1G
L5,E5a

0 0 0 0 0 0 0 0

0 0 C
Φ

1G
E5a,L5

C
Φ

1G
E5a

0 0 0 0 0 0 0 0

0 0 0 0 C
Φ

1G
L2

0 0 0 0 0 0 0

0 0 0 0 0 CΦE
E5b

0 0 0 0 0 0

0 0 0 0 0 0 C
P

1G
L1

0 0 0 0 0

0 0 0 0 0 0 0 C
P

1G
E1

0 0 0 0

0 0 0 0 0 0 0 0 C
P

1G
L5

0 0 0

0 0 0 0 0 0 0 0 0 C
P

1G
E5a

0 0

0 0 0 0 0 0 0 0 0 0 C
P

1G
L2

0

0 0 0 0 0 0 0 0 0 0 0 CPE
E5b

�����������������������������������������

(5.7)

In the above equation, equation (5.7), the new observables introduced are

Φ1G
L2pGq,Φ1E

E5bpEq for phase and P 1G
L2 pGq, P 1E

E5bpEq for code, here, the symbol in the

bracket pEq or pGq indicate to which GNSS system the observable belongs and the

superscript pq1G or pq1E indicates to which system the chosen reference satellite

belongs, G stands for GPS and E stands for Galileo, and the subscript with

unknowns x1GIL2
, x1EIE5a

as ambiguities on L2, E5a parameterized in the functional

model within the design matrices A1G
IL2

for GPS and A1E
IE5b

for Galileo. In the above

functional and stochastic models whenever the index jc is used, it represents
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5.2. Computation of normal equation and ambiguity-float solution

frequencies L1 for GPS and E1 for Galileo, single frequency case and L1, L5

for GPS and E1, E5a for Galileo in a dual frequency case and of course in the

quadruple frequency case (which in fact has four frequency parameterization) has

the two common frequencies and additionally L2, E5b frequencies.

5.2 Computation of normal equation and ambiguity-

float solution

The simulation of ambiguity success rate and ambiguity-float and -fixed-precision

of the other unknowns (ionosphere etcetera) is done by using the functional and

the stochastic model. The functional and stochastic models are formed as ex-

plained in the above section. Further, by using the functional and stochastic

models, normal equations can be formed and the VC-matrix of the ambiguity-

float solution can be computed. The computation of the normal equations and

float VC-matrix is explained below.

5.2.1 Forming the normal equations

The computation of ASR and Gain is based on simulations which can be done by

having information of the GNSS model chosen and measurement precision. Based

on this information the errors in the GNSS observables are parameterized in a

design matrix (functional model) and measurement precision matrix (stochastic

model).

To begin with we recall that for the functional model the design matrix is

computed at every epoch for the temporal varying (ionosphere, troposphere) and

the non-temporal parameters like the ambiguities (on the assumption that there

are no cycle slips or loss of lock for the ambiguities).

For the stochastic model, as explained in Appendix B above, the satellite

having the maximum elevation is chosen as a reference satellite (until it sets, it

remains as a reference satellite), further considering the elevation weights for each

satellite the final measurement precision matrix Qyy is formed, see equation (B.9).

The stochastic model too is computed at every epoch based on the reference

satellite chosen and the elevation of all the satellites.

Further to derive an expression for computation of the float solution for ambi-

guities and troposphere (temporal) and ionosphere (non-temporal) say for atmo-
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5.2. Computation of normal equation and ambiguity-float solution

sphere float scenario, we begin the discussion by considering a simple two epoch

case. The expectation for the two epochs case can be given as,

E

�
y1

y2

� � �
AIp1q AIIp1q 0

AIp2q 0 AIIp2q � ���� xI

xIIp1q
xIIp2q ��� , D

�
y1

y2

� � � Qy1 0

0 Qy2

�
where AI and AII is the design matrix for non-temporal and temporal varying

parameters, Qy1 and Qy1 represent the stochastic model for observations y1 and

y2.

In the above equation, only two phase observations are used in the model

deliberately in order to enhance simplification and ease in understanding of the

parameterization of temporal and non temporal parameters. Further the normal

equations for the above case can be computed as below,

N � ��� AT
I p1q AT

I p2q
AT

IIp1q 0

0 AT
IIp2q ���� Q�1

y1
0

0 Q�1
y2

��
AIp1q AIIp1q 0

AIp2q 0 AIIp2q �
N � ��� AT

I p1qQ�1
y1
AIp1q � AT

I p2qQ�1
y2
AIp2q AT

I p1qQ�1
y1
AIIp1q AT

I p2qQ�1
y2
AIIp2q

AT
IIp1qQ�1

y1
AIp1q AT

IIp1qQ�1
y1
AIIp1q 0

AT
IIp2qQ�1

y2
AIp2q 0 AT

IIp2qQ�1
y2
AIIp2q ���

A general expression for the normal equations for k epochs can be given as

below,

Nk � �������� k°
i�1

AT
I Q

�1
yi
AI AT

I p1qQ�1
y1
AIIp1q � � � AT

I piqQ�1
yi
AIIpiq

AT
IIp1qQ�1

y1
AIp1q AT

IIp1qQ�1
y1
AIIp1q � � � 0

...
...

. . .
...

AT
IIpiqQ�1

yi
AIpiq 0 � � � AT

IIpiqQ�1
yi
AIIpiq

��������(5.8)
In the above normal equation Nk, k � 1, � � � , i, where k are the total number

of epochs. The above normal equation consists of four parts the temporal, non

temporal and two parts of covariances between the temporal and non-temporal

parameters. They are explicitly given below.
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NAIk
� k°

i�1

AT
I Q

�1
yi
AI � will be referred as A

NAIk
AIIk

� �
AT

I p1qQ�1
y1
AIIp1q � � � AT

I piqQ�1
yi
AIIpiq � � will be referred as B

NAIIk
� ��� AT

IIp1qQ�1
y1
AIIp1q � � � 0

...
. . .

...

0 � � � AT
IIpiqQ�1

yi
AIIpiq ��� � will be referred as D

In the above, C is not explicitly defined but it should be noted that C � BT .

In the above equation it can be seen that the temporal varying parameters cause

an increase in the dimension of the normal equations. It can be a computation

burden to accommodate all the temporal parameters, especially when large num-

ber of epochs is considered for simulation. The temporal varying parameters can

be alternatively reduced in the normal equations and the problem of increasing

normal equation can be overcome. The reduction of normal equation is explained

in the sections coming ahead.

For a GNSS model when the atmosphere is considered unknown, the strength

of the GNSS model is less as compared to atmosphere known case. With a-priori

information of the atmosphere, for example ionosphere, being available, it can

be introduced in the GNSS model as weights. This definitely makes the GNSS

model stronger and relatively better performance is expected (in terms of time

taken for correct ambiguity fixing), as compared to the atmosphere float scenario.

The weights can be introduced in the GNSS model by different approaches, two

of them are discussed in the coming section.

5.2.2 Introducing ionosphere weight in a GNSS model

The ionosphere is weighted with respect to the baseline length using the relation

that the standard deviation of the ionosphere varies as 6.8mm per 10 Km (SD

(Single Difference) standard deviation). The SD standard deviation is converted

to the un-difference counterpart by dividing it by 2, as per the law of error prop-

agation. The un-differenced standard deviation is converted to its variance nd

further operated with DD satellite-receiver elevation weight matrix, as explained

below. The elevation dependency of the satellite is accounted by generating a ele-

vation weight matrix for all the satellites considered for simulation by the relation

given below.
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W�1
el1

� �
σi � diag

�
1� a � expp�ε1,��� ,m1 {ε1,��� ,m0 q��2

W�1
el2

� �
σi � diag

�
1� a � expp�ε1,��� ,m2 {ε1,��� ,m0 q��2

W�1
el � W�1

el1
�W�1

el2

(5.9)

where W�1
1 ,W�1

2 , ε
1,��� ,m
1 , ε

1,��� ,m
2 are the weighting functions and satellite eleva-

tions for receiver 1 and 2 respectively, for satellites 1 to m. The coefficients a

and ε0 are set to 10. The detailed explanation of exponential satellite elevation

weight is explained in Appendix D.

Further, the computed weight is converted to the elevation dependent double

differenced variance matrix, QDD by the following transformation

QDD � DT � p2 �W�1
el1
q �D

where, DT is the satellite design matrix. In the above equation, DT � D form

between satellite single difference and p2 � W�1
el1
q from between receiver single

difference. While the baseline length is relatively short only elevation weight

matrix of receiver 1 can be considered. Incase of the receivers forming the baseline

are separated enough and have significantly difference elevation angles, then the

above equation can be written as below,

QDD � DT � pWel1
�1 �Wel2

�1q �D (5.10)

where Wel1
�1 and Wel2

�1 correspond to elevation weight matrices of receiver 1

and 2 respectively.

The satellite design matrix DT contains information of all the satellites in the

column which defines their relation to other satellites, that is it has m columns,

the observation for the reference satellite is exempted in DT hence it has m � 1

rows. For example for 4 satellites, with satellite 3 as reference satellite, DT will

have the form given below.

DT � ��� 1 0 �1 0

0 1 �1 0

0 0 �1 1

��� (5.11)

It should be noted that the factor DT �D corresponds to between satellite single

difference matrix. To from a DD stochastic model for the ionosphere, additionally

between receiver single difference information in from of ionosphere variance can
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5.2. Computation of normal equation and ambiguity-float solution

be used. The between receiver single difference ionosphere variance is computed

from the relation σ2
I �BL, where BL is the baseline length in kilometers. The iono-

sphere is assumed to vary as p0.00068q2 per kilometer, that is σ2
I � p0.00068q2.

Using the information ionosphere VC matrix cam be computed and further im-

plemented as shown below.

The ionosphere weighted model can be implemented in two ways, firstly elim-

inating the ionosphere a priori from observations, hence adding the ionosphere

variance, QI , to the stochastic model, Qy, see [47]. Secondly, the VC matrix for

the ionosphere can be used to compute the ionosphere weight matrix,WI � Q�1
I ,

The computed ionosphere weight matrix can be added to the ionosphere part of

the normal equations. Both the approaches are discussed in detail, see below

(1) Eliminating ionosphere using ionosphere a-priori information:

If the ionosphere is known a-priori with the information of its variance, it can

be eliminated a-priori from the GNSS model. The expectation and dispersion

for the GNSS model when ionosphere is eliminated can be given as below,

Epyi � AIIixIIiq � AIixIi

Dpyiq � Qyi �QIi

where, QIi is the ionosphere VC matrix computes as below,

QIi � σ2
I � BL
2

� pCI bQDDq (5.12)

where σ2
I is the single differenced ionosphere expressed as a function of base-

line length BL, it is divided by 2 to convert it to its un-differenced form, b
is the Kronecker product, QDD is explained in above section and CI is the

coefficient of the ionosphere given as below.

CI � � �µf

µf

� � � �µf µf

�
and µf � ��� µp1q

...

µpjq ��� � ���� ν2
1

ν2
1

...
ν2
1

ν2j

���� (5.13)

(2) Adding ionosphere weight to the normal equations:

114



5.2. Computation of normal equation and ambiguity-float solution

Here ionosphere is parameterized as unknowns in the design matrix AIIi, i

corresponds to the current epoch. The normal equations are computed for the

current epochs i for all the parameters, say, ambiguities, ionosphere etcetera.

Further, the ionosphere weight, that is WI � Q�1
I is added to the ionosphere

part of the normal equation for the current epoch, given as below, (see equa-

tion (5.8), term for the ionosphere corresponding to AT
IIpiqQ�1

yi
AIIpiq � NAIIi

refers to normal equation of the ionosphere for the current epoch)

NAIIjpIW q � NAIIi
�WIi (5.14)

where WIi is the ionosphere weight matrix given asWIi � Q�1
Ii
, QIi is the VC

matrix for ionosphere computed as below

QI � σ2
I �BL
2

�QDD

Further, the normal equations are reduced for the ionosphere for ionosphere

weighted model. The reduction of normal equations will be discussed in detail

in the coming section, below is given an general expression for reduced normal

equations for ionosphere weighted model.

NAI |AIIpIW q � NAIi
�NAIIi

AIi
� �NAIIi

�WIi

	�1 �NAIi
AIIi

(5.15)

In the above expression, equation (5.15), NAI |AIIpIW q correspond to the re-

duced normal equation for ionosphere weighted model, NAIi
correspond to

the non-temporal part of the normal equation (say ambiguities, troposphere,

coordinates, Inter System Biases etcetera) for epochs i, NAIIi
correspond to

temporal varying ionosphere for epochs i, NAIIi
AIi

are the normal equations

for temporal and non-temporal varying parameters.

Comparison of ionosphere-weighted and -float scenarios:

Since the weight added to the normal equations for the ionosphere is inversely

proportional to the standard deviation of the ionosphere (here it is assumed

to be spatially related to the baseline length with a linear relation, varying as

6.8mm per 10 Km), as the standard deviation increases, the ionosphere weight

WIi tends to zero, the normal equations then are equivalent to ionosphere float

scenario, given as below.
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5.2. Computation of normal equation and ambiguity-float solution

NAI |AII
� NAIi

�NAIIi
AIi

� �NAIIi

	�1 �NAIi
AIIi

It can be noted that, sinceWIi is positive definite,
�
NAIIi

�WIi

	�1 ¤ �NAIIi

	�1

,

that is, NAI |AIIpIW q ¥ NAI |AII
and hence QxxIxxIpIW q � �

NAI |AIIpIW q	�1

would

have better precision than QxxIxxI
(Ionosphere float scenario). This implies

that the performance of ionosphere weighted model would be better that the

performance of ionosphere float model.

Proposed ionosphere weighting scheme:

In this research the first approach for ionosphere weighting is used, while iono-

sphere is eliminated a-priori and its weight added to the VC matrix of the obser-

vations. Since in this approach the ionosphere need not be parameterized in the

GNSS model, whereas in the second approach (adding weight to normal equa-

tion), ionosphere is parameterized and further reduced. However, it should be

emphasized that both the mentioned ionosphere weighting approaches are found

to be equivalent, the reason for choosing the first approach is due to ease of

parameterization while ISB’s are estimated.

The ionosphere weight VC matrix given by equation (5.12) is applicable for

standalone GNSS system and for integrated GNSS system having overlapping

frequencies. For the integrated GNSS system having additional frequencies from

the overlapping frequencies, the ionosphere VC matrix can be derived as below.

5.2.3 Ionosphere Variance Covariance matrix for integrated

GPS and Galileo system

While a integrated GPS and Galileo system is considered with two overlapping

frequencies, L1pE1q, L5pE5aqq having GPS as the reference satellite and indepen-

dent frequencies L2 and E5b having GPS and Galileo as the reference satellite

while speaking of the ionosphere. Considering the difference of reference satellites

the stochastic model for the ionosphere needs special consideration, for ionosphere

weighted scenario. To begin with the derivation of ionosphere VC matrix, the

expectation of the DD observables for the common frequency jc for two overlap-

ping frequencies L1pE1q, L5pE5aqq and for the independent frequencies L2 and

E5b is given as below
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5.2. Computation of normal equation and ambiguity-float solution

Epyjcq � µjcI
1G,s
1r � � � �

EpyL2q � µL2I
1G,sG
1r � � � �

EpyE5bq � µE5bI
1E ,sE
1r � � � �

where, Epyjcq gives the expectation for the ionosphere for the common frequency,

EpyL2q and EpyE5bq for the independent frequencies L2 and E5b, 1G indicate GPS

satellite as a reference satellite and 1E indicate Galileo satellite as reference satel-

lite, sG indicates all the GPS satellites excluding the GPS reference satellite, sE

indicates all Galileo satellites excluding the Galileo reference satellite s indicates

GPS plus Galileo satellites excluding the GPS reference satellite.

The unknown xI for the ionosphere can be given as

xI � ��� Im�1

ImG�1

ImE�1

���
m, mG and mE indicate total number of GPS+Galileo, GPS only and Galileo

only satellites respectively. The definition of the ionosphere coefficient can be

found in equation (5.13).

The ionospheric delay which is one ionosphere per satellite, is made indepen-

dent of the frequency by using the coefficient µ can be interrelated for the inte-

grated and independent frequencies. The ionospheric delays on L2 and E5b can

be related to the ionospheric delay on overlapping frequencies L1pE1q, L5pE5aqq.
This relation can be defined with the help of a transformation matrix. To begin

with definition of the transformation matrix, initially the relation for ionosphere

on E5b with Galileo as reference satellite has to be defined with respect to GPS

as reference satellite. This can be done from the following linear property of

ionospheric delay on E5b.

I
1E ,sE
1r � I

1G,sE
1r � I

1G,1E
1r

Further the transformation matrices for L2 and E5b can be given as follows
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5.2. Computation of normal equation and ambiguity-float solution

T1loomoonrpmG�1q�pm�1qs � rImG�1 0pmG�1q�pmE qs
T2loomoonrpmE�1q�pm�1qs � DT

EloomoonrpmE�1q�mE s r0pmEq�pmG�1q ImE
s

where T1 and T2 are the transformation matrices for ionosphere on L2 and E5b

respectively. It defines their relation with the ionosphere on common frequency.

DT
E is the satellite design matrix for Galileo system, given as follows

DT
E � r�epmE�1q�1 IpmE�1qs

The column corresponding to the Galileo reference satellite have the value �1.
In general, the structure of DT

E is similar to D given in equation (5.11).

The design matrix for forming the ionosphere VC matrix can now be defined

as below

AI � ��� pµjc bDT qTpµL2 b T1D
T qTpµE5b b T2D
T qT ���

where µjc is the coefficient for ionosphere for two overlapping frequencies L1pE1q,
L5pE5aqq, for two phase and two code observables, it has dimensions of 4 � 4,

µL2 has dimensions 2� 2 for GPS frequency L2 and µE5b for GPS frequency E5b

with dimensions 2 � 2, DT is the satellite design matrix for combined GPS and

Galileo system as given earlier in equation (B.9).

Finally the VC matrix for the combined GPS and Galileo multi-frequency

(overlapping and independent frequencies) can be given as below

QI � � AIW
�1
el A

T
I �AIW

�1
el A

T
I

AIW
�1
el � AT

I AIW
�1
el A

T
I

�
(5.16)

whereW�1
el is the satellite elevation weight matrix for integrated GPS and Galileo

system given earlier in equation (5.9).

5.2.4 Reduction of normal equations

The normal equations are reduced, for ionosphere parameters (atmosphere float

scenario) since they are temporal varying (at every epoch). The reduction is
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5.2. Computation of normal equation and ambiguity-float solution

done based on the technique explained in Teunissen et.al.(2004), Appendix A,

page 313. The VC matrices can be derived using the normal equation for the

current epoch as given in equation (5.8), the derivations are presented below

Nk � �
A B

C D

�
Then the inverse of the normal equation can be given in a decomposed form,

as derived in Teunissen et.al.(2004), Appendix A, page 313, is given below,

N�1
k � � pA�BD�1Cq�1 �pA�BD�1Cq�1

BD�1�D�1CpA�BD�1Cq�1
D�1 �D�1CpA�BD�1Cq�1

BD�1

�
(5.17)

then,

NA|Dk
� A�B �D�1 �C (5.18)

The above equation, equation (5.18) represents the reduced normal equation

generated using the stacked normal equations. Further computation of the float

VC-matrices can be done based on the reduced normal equations, explained as

below.

5.2.5 Computation of float VC-matrices

The float solution, corresponding to the ambiguities denoted as Qpapa, can be ex-

tracted from the VC matrix of the non-temporal parameters (QxxIxxI
) for any epoch

k as shown below

QxxIxxI
pkq � pNA|Dk

q�1 � pA�BD�1Cq�1� "
k°

i�1

AIQ
�1
yi
AI��

AT
I p1qQ�1

y1
AIIp1q � � � AT

I piqQ�1
yi
AIIpiq � � ��� pAT

IIp1qQ�1
y1
AIIp1qq�1 � � � 0

...
. . .

...

0 � � � pAT
IIpiqQ�1

yi
AIIpiqq�1

������� AT
IIp1qQ�1

y1
AIp1q

...

AT
IIpiqQ�1

yi
AIpiq ���,/./-�1

In general, at epoch k, QxxIxxI
pkq can be obtained with the relation
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5.2. Computation of normal equation and ambiguity-float solution

QxxIxxI
pkq � � ķ

i�1

�
AT

Ii
Q�1

yi
AIi � AT

Ii
Q�1

yi
AIIipAT

IIi
Q�1

yi
AIIiq�1

AT
IIi
Q�1

yi
AIi

	��1

(5.19)

The above expression for QxxIxxI
pkq for epochs k can be generated using the

reduced normal equations for any epoch j, and then stacking the reduced normal

equations over k epochs. Further the VC matrix for ambiguities can be extracted

from QxxIxxI
pkq, see below an example of receiver coordinates fixed scenario,

QxxIxxI
pkq � �

Qpapa Qpa pT
Q pTpa Q pT pT �

where Qpapa is the float VC matrix for ambiguities and Q pT pT for troposphere.

In the above expression, the non temporal parameters are stacked under the

summation, for example, NAI
and the temporal varying parameters are as com-

puted by least squares adjustment for the current epoch (they vary with epochs,

hence the current epoch parameters are used), for example NAIIk
AIIk

QyxIIxxI
pkq � �D�1CpA�BD�1Cq�1����� pAT

IIp1qQ�1
y1
AIIp1qq�1 � � � 0

...
. . .

...

0 � � � pAT
IIpiqQ�1

yi
AIIpiqq�1

��� ���� AT
IIp1qQ�1

y1
AIp1q

...

AT
IIpiqQ�1

yi
AIpiq ��� �QxxIxxI

pkq
� ���� �

AT
IIp1qQ�1

y1
AIIp1q��1 � AT

IIp1qQ�1
y1
AIp1q �QxxIxxI

pkq
...�

AT
IIpiqQ�1

yi
AIIpiq��1 � AT

IIpiqQ�1
yi
AIpiq �QxxIxxI

pkq ���
In general, at epoch k, QyxIIxxI

pkq can be obtained with the relation

QyxIIxxI
pkq � ��AT

IIi
Q�1

yi
AIIi

��1 � AT
IIi
Q�1

yi
AIi �QxxIxxI

pkq (5.20)

QyxIIxxI
pkq � �

QpIpa
QpI pT �
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5.3. Computation of Ambiguity Success Rates (ASR)

where QpIpa is the float covariance matrix for ionosphere and ambiguities and

QpI pT is the covariance matrix for ionosphere and troposphere (receiver coordinates

are assumed fixed in above example).

QyxIIyxII
pkq � D�1 �D�1CpA�BD�1Cq�1

BD�1

D�1CpA�BD�1Cq�1
is derived in the above expression for QyxIIxxI

pkq, substituting in QyxIIyxII
pkq� D�1 ���� �

AT
IIp1qQ�1

y1
AIIp1q��1 � AT

I p1qQ�1
y1
AIIp1q �QxxIxxI

pkq
...�

AT
IIpiqQ�1

yi
AIIpiq��1 � AT

I piqQ�1
yi
AIIpiq �QxxIxxI

pkq ��� �BD�1

� D�1 ���� �
AT

IIp1qQ�1
y1
AIIp1q��1 � AT

I p1qQ�1
y1
AIIp1q �QxxIxxI

pkq
...�

AT
IIpiqQ�1

yi
AIIpiq��1 � AT

I piqQ�1
yi
AIIpiq �QxxIxxI

pkq ��� � ��� AT
I p1qQ�1

y1
AIIp1q � �AT

IIp1qQ�1
y1
AIIp1q��1

...

AT
I piqQ�1

yi
AIIpiq � �AT

IIpiqQ�1
yi
AIIpiq��1

���T

� D�1 ���� �
AT

IIp1qQ�1
y1
AIIp1q��1 � AT

I p1qQ�1
y1
AIIp1q �QxxIxxI

pkq � AT
I p1qQ�1

y1
AIIp1q � �AT

IIp1qQ�1
y1
AIIp1q��1

...�
AT

IIpiqQ�1
yi
AIIpiq��1 � AT

I piqQ�1
yi
AIIpiq �QxxIxxI

pkq � AT
I piqQ�1

yi
AIIpiq � �AT

IIpiqQ�1
yi
AIIpiq��1

���
In general, at epoch k, QyxIIyxII

pkq can be obtained with the relation

QyxIIyxII
pkq � �

AT
IIi
Q�1

yi
AIIi

��1��
AT

IIi
Q�1

yi
AIIi

��1 � AT
Ii
Q�1

yi
AIIi �QxxIxxI

pkq � AT
Ii
Q�1

yi
AIIi � �AT

IIi
Q�1

yi
AIIi

��1

(5.21)

The above expression can also be called as float VC matrix of the ionosphere,

that is QyxIIyxII
can be referred as Qpb.

5.3 Computation of Ambiguity Success Rates

(ASR)

The VC matrix of ambiguities are de-correlated using the decorr.m, a Matlab

software routine developed by Peter Joosten, Delft University and further modi-

fied by Bofeng Li, GNSS Research Group, Curtin University. The de-correlation
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5.3. Computation of Ambiguity Success Rates (ASR)

routine returns the conditional variances of the ambiguities which are used to

compute Integer Bootstrap probabilities, see chapter 3, equation (3.14). The def-

inition of the desired probability is the criteria of judging the Ambiguity Success

Rate (ASR). The criteria for accepting that the ambiguity is correctly fixed is

that it gives at least 0.999 probability. for full AR, all the ambiguities should

collectively give at least 0.999 probability of Integer Bootstrap and for Partial

AR (PAR), each ambiguity should give at least 0.999 probability. The detailed

explanation of the computation of ASR using the LAMBDA software routines

can be found in [44] and [45], it is also explained in Appendix C. While the

ambiguities are accepted to be correctly fixed, the precision of the parameters

of interest, namely the receiver-satellite ranges, ionosphere, receiver coordinates

etcetera is aimed to be improved from the fixing of ambiguities.

The precision the the temporal varying parameters (say ionosphere) corre-

sponding to ambiguity-fixed solution needs to be computed, it is denoted as Qb̌.

It can be computed by using the Qpb from equation (5.21), Qpbpa is the covariance

between the ionosphere and the ambiguities as found in equation (5.20) under

QpIpa, the expression for Qpa is derived in equation (5.19)

5.3.1 Full ambiguity resolution - computation of fixed-

precision of parameters of interest

After fixing the ambiguities using LAMBDA routine, the the de-correlated Z

matrix ,which contains the information of the fixed ambiguities, (for more infor-

mation on design matrix of de-correlated ambiguities, Z, refer equation (3.5) in

chapter 3) is used to compute the matrices QpzI and QpzI pzII as follows.

QpzI � ZT
xI�x̌I

QpaZxI�x̌I

QpzI pzII � ZT
xI�x̌I

QpbpaT ,/./- (5.22)

Qb̌ � Qpb �QpzII pzIQ�1pzI QpzI pzII
As the criteria for successful ambiguity resolution, that is 0.999 ASR is met,

the corresponding solution for Qb̌ can be used to compute the gain of the other
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5.3. Computation of Ambiguity Success Rates (ASR)

unknowns (atmospheric parameters). Since the elevation weighting of the satel-

lites is considered for simulation, the values of variance in the Qb̌ for each satellite

will be different. Hence a volume based geometric average of the VC matrices Qb̌

and Qpb is computed for every epoch by |Qpbpb|1{2n and |Qb̌b̌|1{2n for the fixed and

float case, where n is the number of non-ambiguity parameters in the VC matrix.

5.3.2 Partial ambiguity resolution - computation of fixed-

precision of parameters of interest

The VC matrices, namely, Qpa, Qpb and Qpapb are computed as explained in the above

section

Further, after partially fixing the ambiguities using the LAMBDA software

routines (for detailed explanation, see Appendix C, we get the de-correlated Z

matrix ,which contains the information of the fixed ambiguities, for more infor-

mation on design matrix of de-correlated ambiguities, Z, refer equation (3.5) in

chapter 3.

The matrices QpzI and QpzIpzII are computed after fixing the ambiguities as

follows.

QpzI � ZT
xI�x̌I

QpaZxI�x̌I

QpzI pzII � ZT
xI�x̌I

QpbpaT ,/./-
Qb̌ � Qpb �QpzII pzIQ�1pzI QpzIpzII

If p out of the m � 1 ambiguities are fixed, than, the geometric precision of

can be computed from the VC matrices Qb̌ and Qpb is computed for every epoch

by |Qpbpb|1{2n and |Qb̌b̌|1{2n for the fixed and float case, where n is the number of

non-ambiguity parameters in the VC matrix.

5.3.3 Computation of gain:

The computation of gain is done using the VC matrices for float and fixed solution.

The gain or the improvement in precision is given as below.
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5.4. Simulation considerations

Gain � |Qpbpb|1{2n|Qb̌b̌|1{2n (5.23)

5.4 Simulation considerations

The simulations will be carried out for the following scenarios

(1) Receiver coordinates consideration:

(a) Known - Permanent network station model (eg, CORS network), here

baseline is considered instead of network

(2) Atmosphere consideration

(a) Fixed (both troposphere and ionosphere are considered known), applica-

ble for short baseline lengths (in this research, baseline lengths   10 Km

are considered short baselines, the relative atmosphere can be assumed

to be insignificant)

For atmosphere known case, baseline length of 1 Kilometer is considered.

Measurement precision is varied for 6 different sets of phase and code,

see Table 3.1. Simulation is done for 3 latitude locations, 0�,�30� and�60�.
(b) Float (both troposphere and ionosphere are considered as unknown), ap-

plicable for medium and long baseline lengths (¡ 10 Km)

The baseline length of 250 Kilometers will be considered. Measurement

precision is varied for 6 different sets of phase and code, see Table 3.1.

Simulation is done for 3 latitude locations, 0�,�30� and �60�. While

the troposphere is parameterized in the design matrix, it is re-initialized

after every 2 hours in order to have scenario similar to estimating a new

tropospheric delay every 2 hours.

(c) Weighted (ionosphere will be weighted, whereas, the troposphere is con-

sidered to be unknown)

The baseline length is varied between 1 and 1000 Kilometers is consid-

ered. Measurement precision is held fixed to one value for both phase and

code, see Table 3.2. Simulation is done for 3 latitude locations, 0�,�30�
and �60�. Troposphere is re-initialized after every 2 hours.

(3) Other considerations
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5.4. Simulation considerations

(a) Latitude locations: simulations will be carried for three latitude locations

0�, �30� and �60� latitudes. Longitude remains fixed at one end (say

receiver number 1) at 115� longitude, at the other end (say for receiver

number 2), variation is done if east-west oriented baseline is chosen.

(b) Baseline orientations: Baseline length of 250 Km is considered for atmo-

sphere float scenario. Two different orientations of baseline ar considered,

namely, east-west (E-W) oriented baseline (only longitudinal orientation

is performed) and north-south (N-S) (only latitudinal variation is per-

formed) oriented baseline.

(c) Frequency combinations: For GPS only system, three frequency com-

bination, namely single (L1), dual (L1 and L2) and triple (L1, L2 and

L5) are considered. For Galileo only, four combinations, namely, sin-

gle (E1), dual (E1 and E5a), triple (E1, E5a and E5b) and quadruple

(E1, E5a, E5b and E6) are considered. For a combined GPS and Galileo

system three combination are considered, namely single (L1pE1q), dual
(L1pE1q, L5pE5aq) and quadruple (L1pE1q, L5pE5aq, L2, E5b). Triple

frequency combination is not considered on the understanding that the

high-end receivers will have options to either lock two frequencies of each

GPS and Galileo or three frequencies of each GPS and Galileo, bring-

ing to the frequency combination to a dual (two overlapping frequencies)

or a quadruple frequency combination (two overlapping and two non-

overlapping frequencies).

For the above 6 combination of scenarios, all the measurement precision val-

ues (6 different values as shown in Table 3.1) will be considered. All the satel-

lites above 10� elevation are considered for simulation. The three different re-

ceiver types, low-end single frequency, high-end dual frequency, high-end triple

frequency and high-end quadruple frequency will be considered. The definition

of the type of receiver is based on the value of measurement precision chosen (see

Tables 3.1 and 3.2). The interval between the epochs is considered to be 1 second

(sampling interval).

The estimation of the ambiguities is based on the stacking of the normal

equations among epochs. Both full AR and partial AR (PAR) are simulated for

Geometry Based model for all the above mentioned scenarios.
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5.5. Receiver coordinates known, atmosphere known scenario

5.5 Receiver coordinates known, atmosphere known

scenario

The atmosphere is considered to be insignificant for relative positioning when

short baselines (  10 Km) are considered. Such a scenario is termed as atmo-

sphere fixed while describing the parameterization of the GNSS observables. Both

ionosphere and troposphere are parameterized for a geometry based model, un-

like geometry free model, where the troposphere is lumped with the ranges. In

this scenario, the receiver coordinates are considered to be known with a high

accuracy, they are assumed to be fixed (for example, coordinates of CORS sta-

tions). In this scenario, when the receiver coordinates are known and fixed, the

GNSS model can be referred as Geometry Fixed model. The baseline length

is considered as 1 Kilometre. Satellite coordinates are assumed to be known

and are generated from YUMA almanacs. Presented below is the functional and

stochastic models, see Table 5.1. The redundancy for Geometry based model,

coordinates known, atmosphere known scenario, is presented in Table 5.1 and

Figure 5.1, see below.

Geometry Based model, coordinates known, atmosphere known scenario

Functional model Stochastic model

Non-temporal parameters Temporal parameters

AIpiq � � Λ

0

�b Im�1 - Qypiq � � QΦ

QP

�bQDDpiq
where QDDpiq � pDT

mW
�1
i Dmq

Redundancy (for GPS only, Galileo only, GPS+Galileo (common frequency L1pE1q, L5pE5aq))
Non-temporal parameters Temporal parameters Observations

Ambiguities: f � pm� 1q - k � 2f � pm� 1q
Redundancy of coordinates known, atmosphere known model p2k � 1q � fpm� 1q
For GPS/Galileo only: f � p1, � � � , jq, for GPS+Galileo: f � p1, � � � , jcq, jc is the common/overlapping frequency, and mjc � pmGPS �mGalq

Redundancy (for GPS+Galileo (quadruple frequency L1pE1q, L5pE5aq, L2, E5b) )

Non-temporal parameters Temporal parameters Observations

Ambiguities: 2 � pmjc � 1q � pmGPS � 1q � pmGal � 1q - 4 � k � pmjc � 1q � 2 � kppmGPS � 1q � pmGal � 1qq
Redundancy of coordinates known, atmosphere known, quadruple frequency model p2k � 1q p2 � pmjc � 1q � pmGPS � 1q � pmGal � 1qq
f � 1, 2 for GPS+Gaileo L1pE1q, L5pE5aq, mjc are the total number of satellites for combined GPS+Galileo

system with GPS as reference satellite

Table 5.1: Double-differenced Design matrix and VC matrix for coordinates known,

atmosphere known scenario

In Table 5.1, since there are only ambiguities as unknowns, the space under

non-ambiguity parameters is intentionally left blank. It is to be noted that, since

the simulations is done for a baseline, receiver subscript is ignored.
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5.5. Receiver coordinates known, atmosphere known scenario

In Table 5.1, subscript f indicates the total number of frequencies, f �
1, � � � , j, DT

m � r�em�1, Im�1s; is the satellite design matrix defined earlier as

DT , Wi is the satellite elevation weight matrix for ith epoch, see Appendix B,

equation (B.5), and Λ � diag pλ1, � � � , λjqlooooomooooon
j�j

The redundancy is also represented graphically, see Figure 5.1. In Figure 5.1,

redundancy for single system (see top row, say for GPS or Galileo) and combined

GPS and Galileo system (bottom row) is presented, for single, dual, triple and

quadruple frequencies, single epoch (top left) and multi epoch (top right). For

single epoch (left hand side) a minimum of 2 satellites are needed so that the

GNSS model is redundant enough. For single epoch, two system (bottom row,

right hand side), the redundancy of dual frequency is seen to be more than the

quadruple system. This is because of the fact that the combined system with

one GPS reference satellite has 2 observations more at the cost of one additional

unknown (ambiguity).
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Figure 5.1: Redundancy plot of GPS only, Galileo only (top two plots) and GPS + Galileo (bottom two plots) for single epoch (left

hand side plots) and multi-epoch (right hand side plots), Geometry based model, coordinates known, atmosphere known scenario, single,

dual, triple and quadruple frequencies
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5.5. Receiver coordinates known, atmosphere known scenario

5.5.1 GPS only - Full and Partial Ambiguity Resolution,

atmosphere known scenario

For short baseline lengths (atmosphere known scenario), the geometry fixed

model is strong enough with only ambiguities as unknowns. It is understood that

only ambiguity fixing is not in interest when all other unknowns are fixed (in

relative sense, double differenced model), since the aim of using the carrier phase

data is to utilize the precision of the phase data for estimating other unknowns.

None-the-less, for this scenario the number of epochs taken to fix the ambiguities

are analyzed in order to see if this strong model can give instantaneous ambiguity

results. Table 5.2 presents the number of epochs taken for 0.999 ASR.

In Table 5.2, for single frequency, instantaneous ambiguity resolution can

be achieved for all the three latitude locations. All the ambiguities converged

to 0.999 ASR with 1 epoch. This was possible to be achieved, since as per the

assumptions made for this Geometry Fixed model, the standard deviation of

the float solution is defined by the ratio precision of the phase observables and

the wavelength of the GPS/Galileo frequency, that is Qpxpx � Qpapa � σ2
Φ{λ2j .

With such a high float precision, all the ambiguities could

Further, for this scenario, results for GPS dual and triple frequency, Galileo

only and GPS and Galileo combined system are not presented. Since as discussed

earlier the float ambiguities are precise enough and hence instantaneous ASR

would be achieved. It should also be noted that Partial AR (PAR) will not be

evaluated for this scenario. From Table 5.2 it can be seen that for all the scenarios

of single, dual and triple frequency, instantaneous ASR of 0.999 is achieved.
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5.5. Receiver coordinates known, atmosphere known scenario

Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Epochs taken

(meters) 0� �30� �60�
Φ P Φ P Low-end receivers, Single Frequency

L1

0.003 0.25 - - 1 1 1

0.003 0.50 - - 1 1 1

0.003 0.75 - - 1 1 1

0.003 1.00 - - 1 1 1

0.003 1.25 - - 1 1 1

0.003 1.50 - - 1 1 1

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 1 1 1

0.002 0.15 - - 1 1 1

0.002 0.20 - - 1 1 1

0.003 0.25 - - 1 1 1

0.003 0.30 - - 1 1 1

0.003 0.35 - - 1 1 1

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 1 1 1

0.002 0.15 0.002 0.1 1 1 1

0.002 0.20 0.002 0.125 1 1 1

0.003 0.25 0.002 0.15 1 1 1

0.003 0.30 0.002 0.175 1 1 1

0.003 0.35 0.002 0.2 1 1 1

Table 5.2: GPS only, Geometry based model, coordinates known, atmosphere

known scenario, Full AR analysis, number of epochs taken for 0.999 ASR is presented

- measurement precision varied, number of satellites as available.
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5.6. Receiver coordinates known, atmosphere unknown scenario

5.6 Receiver coordinates known, atmosphere un-

known scenario

For baseline when the atmosphere is said to be significant for relative position-

ing applications, it is no longer termed as a short baseline. Generally, baseline

lengths of longer than 10 kilometres are said to hold significant relative atmo-

sphere bias, however it should be noted that the term significant is application

specific. For a Geometry Fixed model, both ionosphere and troposphere being

unknowns are parameterized in the design matrix for estimation. As per the

current assumption, the coordinates are considered to be known with a high ac-

curacy, they are assumed to be fixed. The baseline length considered here is 250

Kilometres. Satellite coordinates are assumed to be known and are generated

from YUMA almanacs. Presented below is the functional and stochastic models,

see Table 5.3. The redundancy for Geometry based model, coordinates known,

atmosphere unknown, is presented in Table 5.3 and Figure 5.2, see below.

Geometry based model, coordinates known, atmosphere unknown scenario

Functional model Stochastic model

Non-temporal parameters Temporal parameters

AIpiq �� �
Λ

0

�b Im�1

�
ef

ef

�bGm�1

� AIIpiq � � �µf

µf

�bIm�1 Qypiq � � QΦ

QP

�bQDDpiq
where QDDpiq � DT

mWiDm

Redundancy (for GPS only, Galileo only, GPS+Galileo (common frequency L1pE1q, L5pE5aq))
Non-temporal parameters Temporal parameters Observations

Ambiguities: f � pm� 1q Ionosphere: k � pm� 1q k � 2f � pm� 1q
Troposphere: � 1

Redundancy of Geometry based model, coordinates known, atmosphere unknown scenario tp2kf � f � 1q � pm� 1qu � 1

For GPS/Galileo only: f � p1, � � � , jq, for GPS+Galileo: f � p1, � � � , jcq, jc is the common/overlapping frequency, and mjc � pmGPS �mGalq
Redundancy (for GPS+Galileo (quadruple frequency L1pE1q, L5pE5aq, L2, E5b) )

Non-temporal parameters Temporal parameters Observations

Ambiguities: Ionosphere: k � pmjc � 1q 2k � p2 � pmjc� 1q� pmGPS � 1q�pmGal � 1q
2�pmjc�1q�pmGPS�1q�pmGal�1q
Troposphere: � 1

Redundancy of quadruple frequency, coordinates known, atmosphere unknown scenario p4k � 3qpmjc � 1q � p2k �
1qrpmGPS � 1q � pmGal � 1qs � 1

f � 1, 2 for GPS+Gaileo L1pE1q, L5pE5aq, mjc are the total number of satellites for combined GPS+Galileo

system with GPS as reference satellite

Table 5.3: Double-differenced Design matrix and VC matrix for Geometry Based model,

coordinates known, atmosphere unknown scenario
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5.6. Receiver coordinates known, atmosphere unknown scenario

where Gm�1 has the tropospheric mapping function, it is given as below,

Gm�1 � ��� ψ1�2

...

ψ1�m

���
In Table 5.3, ψ is the DD tropospheric mapping function. In this study a

cosine mapping function is used defined as, ψ � 1{ cospzq, where z is the zenith

angle of the satellite. DT
m is the single differenced satellite design matrix is known

as the difference operator for the satellites, Wi is the satellite elevation weight

matrix and Λ � diag pλ1, � � � , λjqlooooomooooon
j�j

.
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Figure 5.2: Redundancy plot of GPS only, Galileo only (top two plots) and GPS + Galileo (bottom two plots) for single epoch (left

hand side plots) and multi-epoch (right hand side plots), Geometry Based model, coordinates known, atmosphere unknown, single, dual,

triple and quadruple frequencies
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5.6. Receiver coordinates known, atmosphere unknown scenario

5.6.1 Hourly batches, Full Ambiguity Resolution, atmo-

sphere unknown scenario

Initially, ASR is simulated for hourly batches, throughout the day 24 hourly

batches are formed starting from 00 UTC and ending at 2359 UTC. The interval

between the epochs is taken as 1 second, making the total number of epochs to

be 3600 in each batch. It is to see the average behaviour for achieving 0.999

ASR during different times of the day. The results for single, dual, triple and

quadruple (Galileo only) frequency, GPS, Galileo and with both systems together

is presented in the Figures F.1 to F.3 in Appendix F. The results for average

number of epochs taken for each of the GNSS system are also presented in Table

5.4, see below.

Analysis of the averaged 24 hourly batches from Table 5.4 and Figures F.1 to

F.3 is presented below.

GPS only

Dual frequency:

1. With GPS only, the average number of epochs (for 0.999 ASR) lie

between 11 and 62 with dual frequency for different measurement

precision scenarios for E-W baseline and for N-S baseline the average

number of epochs lie between 10 and 58. It can be noted that with E-W

baseline (250 Km baseline), the worst performance is for 0� latitude

and same is the case for N-S baseline.

Triple frequency:

2. For triple frequency, the average number of epochs lie between 6 and

15 for E-W baseline and 5 to 14 epochs for the N-S baseline.

East-West and North-South oriented baseline comparison:

3. GPS only takes relatively less number of epochs at 0� latitude and more

epochs at �60� latitude for both E-W and N-S baseline.
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5.6. Receiver coordinates known, atmosphere unknown scenario

Hourly, Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Avg. no. of

Epochs taken

Avg. no. of

satellites

Avg no. of Low-

elevation Sat.¥
10�,¤ 30� Avg. no. of

Epochs taken

Average no. of

satellites

Avg. no. of

Low-elevation

Sat.¥ 10�,¤ 30�
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km North-South Baseline - 250Km

GPS only

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 11 11 12 10 8 9 5 3 5 10 11 12 9 8 9 5 3 4

0.002 0.15 - - 15 16 18 10 8 9 5 3 5 15 16 17 9 8 9 5 3 4

0.002 0.20 - - 20 21 24 10 8 9 5 3 5 20 21 22 9 8 9 5 3 4

0.003 0.25 - - 36 38 43 10 8 9 5 3 5 35 40 41 9 8 9 5 3 4

0.003 0.30 - - 43 45 54 10 8 9 5 3 5 41 47 51 9 8 9 5 3 4

0.003 0.35 - - 50 52 62 10 8 9 5 3 5 47 55 58 9 8 9 5 3 4

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 6 6 6 10 8 9 5 3 5 5 6 6 9 8 9 5 3 4

0.002 0.15 0.002 0.1 6 7 7 10 8 9 5 3 5 6 7 7 9 8 9 5 3 4

0.002 0.20 0.002 0.125 7 7 7 10 8 9 5 3 5 6 7 7 9 8 9 5 3 4

0.003 0.25 0.002 0.15 12 14 14 10 8 9 5 3 5 12 14 14 9 8 9 5 3 4

0.003 0.30 0.002 0.175 12 14 14 10 8 9 5 3 5 12 14 14 9 8 9 5 3 4

0.003 0.35 0.002 0.2 13 14 15 10 8 9 5 3 5 12 14 14 9 8 9 5 3 4

Galileo only

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.002 0.10 0.002 0.05 6 6 6 10 8 10 5 3 4 6 7 7 10 9 9 5 3 4

0.002 0.15 0.002 0.1 14 13 16 10 8 10 5 3 4 14 14 16 10 9 9 5 3 4

0.002 0.20 0.002 0.125 21 19 25 10 8 10 5 3 4 22 21 25 10 9 9 5 3 4

0.003 0.25 0.002 0.15 31 28 35 10 8 10 5 3 4 31 30 36 10 9 9 5 3 4

0.003 0.30 0.002 0.175 45 38 48 10 8 10 5 3 4 44 41 49 10 9 9 5 3 4

0.003 0.35 0.002 0.2 61 49 66 10 8 10 5 3 4 57 53 67 10 9 9 5 3 4

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.002 0.10 0.002 0.05 5 6 6 10 8 10 5 3 4 6 6 6 10 9 9 5 3 4

0.002 0.15 0.002 0.1 6 6 7 10 8 10 5 3 4 6 7 7 10 9 9 5 3 4

0.002 0.20 0.002 0.125 6 7 7 10 8 10 5 3 4 6 7 7 10 9 9 5 3 4

0.003 0.25 0.002 0.15 10 11 12 10 8 10 5 3 4 10 12 12 10 9 9 5 3 4

0.003 0.30 0.002 0.175 10 11 12 10 8 10 5 3 4 11 12 12 10 9 9 5 3 4

0.003 0.35 0.002 0.2 10 11 12 10 8 10 5 3 4 11 12 12 10 9 9 5 3 4

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.002 0.10 0.002 0.05 5 5 5 10 8 10 5 3 4 5 6 6 10 9 9 5 3 4

0.002 0.15 0.002 0.1 5 6 6 10 8 10 5 3 4 6 6 6 10 9 9 5 3 4

0.002 0.20 0.002 0.125 6 6 6 10 8 10 5 3 4 6 7 6 10 9 9 5 3 4

0.003 0.25 0.002 0.15 10 11 11 10 8 10 5 3 4 10 12 11 10 9 9 5 3 4

0.003 0.30 0.002 0.175 10 11 11 10 8 10 5 3 4 10 12 12 10 9 9 5 3 4

0.003 0.35 0.002 0.2 10 11 11 10 8 10 5 3 4 10 12 12 10 9 9 5 3 4

GPS + Galileo

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.002 0.10 0.002 0.05 6 6 7 19 17 19 10 6 9 6 6 7 19 17 18 10 7 8

0.002 0.15 0.002 0.1 17 16 20 19 17 19 10 6 9 16 18 19 19 17 18 10 7 8

0.002 0.20 0.002 0.125 26 25 32 19 17 19 10 6 9 26 27 29 19 17 18 10 7 8

0.003 0.25 0.002 0.15 37 36 45 19 17 19 10 6 9 37 39 44 19 17 18 10 7 8

0.003 0.30 0.002 0.175 54 49 64 19 17 19 10 6 9 52 53 62 19 17 18 10 7 8

0.003 0.35 0.002 0.2 73 65 81 19 17 19 10 6 9 67 68 83 19 17 19 10 7 8

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.002 0.10 0.002 0.05 4 4 5 19 17 19 10 6 9 4 5 5 19 17 18 10 7 8

0.002 0.15 0.002 0.1 5 5 6 19 17 19 10 6 9 5 5 6 19 17 18 10 7 8

0.002 0.20 0.002 0.125 6 6 6 19 17 19 10 6 9 5 6 6 19 17 18 10 7 8

0.003 0.25 0.002 0.15 9 9 10 19 17 19 10 6 9 9 9 10 19 17 18 10 7 8

0.003 0.30 0.002 0.175 9 9 10 19 17 19 10 6 9 9 9 10 19 17 18 10 7 8

0.003 0.35 0.002 0.2 9 9 10 19 17 19 10 6 9 9 9 10 19 17 18 10 7 8

Table 5.4: GPS only, Galileo only, GPS + Galileo GNSS systems, Geometry

Based model, coordinates known, atmosphere unknown scenario, Full AR, Average

number of epochs, average number of satellites and average number of low elevation

satellites over 24 batches (1 batch = 1 hour, 3600 epochs, 1 second interval) are pre-

sented - measurement precision varied, number of satellites as available.
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5.6. Receiver coordinates known, atmosphere unknown scenario

Galileo only

Dual frequency:

4. For dual frequency Galileo, the average number of epochs taken lie

between 6 and 66 for E-W baseline and 6 and 67 for N-S baseline.

Galileo only outperforms GPS only with dual frequency for the first

two (better) values of measurement precision, see Table 5.4. For the

further four scenarios of relatively poor measurement precision, the

performance is similar of poorer than GPS, for similar scenarios. The

better performance of Galileo is credited to its improved measurement

precision in comparison to GPS.

Triple frequency:

5. With triple frequency Galileo, the average number of epochs over 24

batches to obtain 0.999 ASR lied between 5 and 12 for E-W baseline

and 6 to 12 for N-S baseline. The performance is better in comparison

to GPS only which is an effect of better measurement precision for

Galileo system in comparison to GPS system.

Quadruple frequency:

6. The quadruple frequency Galileo marginally performs better than

the triple frequency Galileo, say for some scenarios, the quadruple

system takes an epochs less than the triple frequency system. The

improvement in performance is due to the addition of a frequency.

East-West and North-South oriented baseline comparison:

7. Galileo only takes relatively less number of epochs at 0� and �30�
(prominent in case of dual frequency) latitude and more epochs at�60� latitude for E-W baseline in comparison to N-S baseline.

GPS + Galileo
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5.6. Receiver coordinates known, atmosphere unknown scenario

Dual frequency:

8. For a combined GPS and Galileo system, it takes an average number

of epochs between 6 and 81 for E-W baseline and 6 to 83 for N-S

baseline for different scenarios of measurement precision and latitude

location. Also it can be noted that, for a scenario when the GPS only

and Galileo only models are redundant enough, the combined GPS

and Galileo dual frequency system performs similar to standalone GPS

or Galileo. This is due to the fact that for ionosphere float model,

the GNSS model does not gain strength as number of satellites are

increased. Since there is no information added to the model related to

ionosphere, see [48].

Quadruple frequency:

9. It takes and average number of epochs between 4 and 10 for E-W

baseline and N-S baseline, both. The quadruple GPS+Galileo system

outperforms the quadruple Galileo only system. This is expected when

ionosphere float model is under consideration, the strength of the

GNSS ionosphere float model increases as number of frequencies are

increased, see [48]. Since one ionosphere parameter is estimated for all

the frequencies, ionosphere information is added to the model when

additional frequency is added. The GPS+Galileo model on the other

hand has more number of satellites as compared to Galileo only, it has

hence an edge over Galileo only.

East-West and North-South oriented baseline comparison:

10. The combined GPS and Galileo system takes relatively less number of

epochs at 0� and �30� latitude and more epochs at �60� latitude for

E-W baseline in comparison to N-S baseline.
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5.6. Receiver coordinates known, atmosphere unknown scenario

5.6.2 GPS only - Full and Partial Ambiguity Resolution,

atmosphere unknown scenario

The results for GPS system, ionosphere float Geometry based model, coor-

dinates known, atmosphere unknown scenario are presented below. Figures F.5

and F.6 give full ambiguity resolution results and Figures F.7 and F.8 present

the partial ambiguity results for dual and triple frequency GPS respectively, see

Appendix F. Figure 6.10 presents the number of satellites for E-W oriented base-

line (250 Km) and N-S baseline (250 Km). Table 5.5 presents the full ambiguity

resolution results in terms of number of epochs taken for 0.999 ASR and corre-

sponding ionosphere precision (for ambiguity-fixed and -float solution) along with

the gain obtained for the ionosphere for ambiguity-fixed solution is presented.

The following is the analysis based on Table 5.5 and Figures 6.10 to 5.5.

General remarks:

(1) It can be noted that for atmosphere unknown scenario (when ionosphere

and troposphere both parameterized for estimation), instantaneous ASR

(Full AR) of 0.999 is not achieved for Geometry fixed model.

(2) There is a significant difference in number of epochs taken for 0.999 ASR

for E-W and N-S oriented baseline for dual frequency system. The triple

frequency system having a better measurement precision than dual fre-

quency system takes nearly same number of epochs for E-W and N-S

oriented baseline. For just a few scenarios the N-S baseline takes an

epoch more than the E-W baseline.

(3) The change in the number of epochs taken for E-W and N-S baselines is

due to the number of common satellites seen at two baselines, see Figure

6.10. Further more, it can be noted that the number of epochs taken for

0.999 full AR are less for a certain latitude location, as discussed in the

earlier section. For both E-W and N-S baseline the number of epochs

taken for 0.999 full AR are less at 0� latitude and more at �60� latitude

locations.

Time to regain 0.999 ASR:
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5.6. Receiver coordinates known, atmosphere unknown scenario

Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Epochs taken σǏ(meters) σpI(meters) Gain=σpI{σǏ
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 9 10 17 0.003 0.003 0.004 0.064 0.059 0.057 19.03 17.84 13.73

0.002 0.15 - - 12 15 25 0.003 0.003 0.004 0.083 0.072 0.070 24.99 22.12 17.06

0.002 0.20 - - 16 19 34 0.003 0.003 0.004 0.096 0.085 0.080 29.14 26.32 19.47

0.003 0.25 - - 29 36 63 0.005 0.005 0.006 0.089 0.077 0.073 18.35 16.12 11.90

0.003 0.30 - - 35 43 75 0.005 0.005 0.006 0.097 0.084 0.079 20.06 17.60 12.90

0.003 0.35 - - 40 51 88 0.005 0.005 0.006 0.105 0.089 0.083 21.83 18.68 13.65

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 6 5 9 0.003 0.002 0.003 0.039 0.041 0.038 15.41 16.42 12.37

0.002 0.15 0.002 0.1 6 6 10 0.003 0.002 0.003 0.070 0.068 0.066 27.75 27.30 21.30

0.002 0.20 0.002 0.125 6 6 10 0.003 0.002 0.003 0.090 0.087 0.084 35.53 34.94 27.24

0.003 0.25 0.002 0.15 11 11 19 0.003 0.003 0.004 0.081 0.078 0.075 27.28 26.76 20.40

0.003 0.30 0.002 0.175 11 12 20 0.003 0.003 0.004 0.095 0.088 0.085 32.13 30.26 23.41

0.003 0.35 0.002 0.2 11 12 20 0.003 0.003 0.004 0.109 0.101 0.098 36.97 34.80 26.90

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 9 8 15 0.003 0.003 0.003 0.064 0.065 0.052 19.03 19.76 15.04

0.002 0.15 - - 12 12 22 0.003 0.003 0.003 0.084 0.080 0.064 24.99 24.55 18.73

0.002 0.20 - - 16 16 29 0.003 0.003 0.003 0.096 0.092 0.074 29.14 28.56 21.63

0.003 0.25 - - 30 30 84 0.005 0.005 0.006 0.088 0.084 0.059 18.06 17.64 10.49

0.003 0.30 - - 35 36 95 0.005 0.005 0.006 0.097 0.091 0.064 20.06 19.28 11.51

0.003 0.35 - - 41 42 106 0.005 0.005 0.006 0.104 0.098 0.069 21.57 20.71 12.42

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 5 5 9 0.003 0.002 0.003 0.043 0.041 0.033 16.71 16.42 12.84

0.002 0.15 0.002 0.1 6 5 9 0.003 0.002 0.003 0.070 0.074 0.060 27.75 29.65 23.10

0.002 0.20 0.002 0.125 6 5 10 0.003 0.002 0.003 0.090 0.094 0.073 35.53 37.95 28.17

0.003 0.25 0.002 0.15 11 9 19 0.003 0.003 0.003 0.081 0.086 0.064 27.28 29.33 21.12

0.003 0.30 0.002 0.175 11 10 19 0.003 0.003 0.003 0.096 0.096 0.076 32.13 32.91 24.82

0.003 0.35 0.002 0.2 11 10 19 0.003 0.003 0.003 0.110 0.110 0.087 36.97 37.85 28.47

Table 5.5: GPS only, Geometry Based model, coordinates known, atmosphere

unknown scenario, Full AR analysis, ASR and ambiguity-fixed and -float precision for

ionosphere are presented - measurement precision varied, number of satellites as

available.
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5.6. Receiver coordinates known, atmosphere unknown scenario

(4) It can be seen at certain times after initial 0.999 ASR is achieved, the

gained criteria is lost which is due to an incoming low elevation satellite.

The time taken to regain the criteria of 0.999 ASR is the lowest for

better measurement precision. For example see Figure 5.4, the first

row represents three values of measurement precision for 0� latitude.

The width of the spike in the green curve (fixed-precision of ionosphere

curve) is the least for better measurement precision (first/third row, first

column plot) and the width is larger for the worst measurement precision

(first/third row, last column plot).

(5) The same phenomenon can be seen in partial ambiguity resolution figure,

see Figure 5.5. The incoming new satellite does not qualify for 0.999 ASR

criteria; hence there is a drop in % of ambiguities fixed, from 100% to 89%.

For East-West baseline:

(6) For dual frequency, at �30� latitude with the measurement precision

of σΦ=3mm on L1, L2 and 2mm on L5 and σP=25cm on L1, L2 and

15cm on L5, it took 36 epochs for dual frequency GPS whereas for triple

frequency 11 epochs were needed for 0.999 ASR (Full AR).

For North-South baseline:

(7) For dual frequency, at �30� latitude with the measurement precision

of σΦ=3mm on L1, L2 and 2mm on L5 and σP=25cm on L1, L2 and

15cm on L5, it took 30 epochs for dual frequency GPS whereas for triple

frequency 9 epochs were needed for 0.999 ASR (Full AR).

Considering the fixed-precision of ionosphere to lie around 3mm in most of the

cases when all the ambiguities were fixed, PAR will be evaluated for obtaining a

fixed-precision of 2cm for troposphere in the coming section.
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Figure 5.3: Number of satellites for GPS only, 250 Km East-West and North-South baseline at 0�,�30� and�60� degree latitude.
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Figure 5.4: GPS only, Dual frequency, Full AR, Geometry Based model, coordinates known, atmosphere unknown scenario, 250 Km

East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30� and�60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full

AR.
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Figure 5.5: GPS only, Dual frequency, Partial AR, Geometry Based model, coordinates known, atmosphere unknown scenario, 250

Km East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30�

and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed-precision and

for fixing 100% of ambiguities by PAR, along with the fixed-precision obtained. These values are marked as 1 and 2 (on both x- and y-axis)

and the corresponding number inside the figure presents its statistics.
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5.6. Receiver coordinates known, atmosphere unknown scenario

5.6.3 GPS only, Partial Ambiguity Resolution to obtain

fixed-precision of 2 cm, atmosphere unknown sce-

nario

In this section, it is to be analyzed if by partially fixing the ambiguities,

does the solution converge faster to a modestly chosen fixed-precision of 2cm for

ionosphere. Table 5.6 presents the results in terms of fixed-precision to be equal

to or better than 2cm and corresponding epochs taken and ambiguities fixed are

noted.

Referring Table 5.6, for all the scenarios of measurement precision (out of

18 scenarios for each dual and triple frequency) less than 100% of ambiguities

were fixed to give a fixed-precision of 4mm to 2cm.

General remarks::

(1) A fixed-precision of 2cm for ionosphere could not be achieved instanta-

neously with GPS dual or triple frequency system, for E-W and for N-S

baseline both.

(2) For dual frequency system, the E-W baseline took less number of epochs

to give a fixed-precision of 2cm as compared to N-S baseline, except for�30� latitude. At �30� latitude the N-S baseline took relatively less

number of epochs by partially fixing relatively less ambiguities. It can

be noted that at �30� latitude, both E-W and N-S baseline had similar

number of common satellites for the time period under consideration.

(3) For triple frequency GPS, the N-S baseline outperformed the E-W

baseline at �60� latitude for a few scenarios of measurement precision.

It should be noted that for all those scenarios, for the E-W baseline

relatively lower percentage of ambiguities were fixed (78, 67 and 67%)

than for N-S baseline (76, 76, 71%), see Table 5.6. Also it can be seen

from Figure 6.10 that for the selected time period, the N-S baseline had

less number of satellites (9) than the E-W baseline (10). Hence with

higher elevation resulting in relatively stronger stochastic model for N-S

baseline, the results proved to be better than E-W baseline. For all the

144



5.6. Receiver coordinates known, atmosphere unknown scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for ionosphere

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σǏ(meters) σpI(meters) Gain=σpI{σǏ
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 4 4 5 57 56 67 0.014 0.017 0.012 0.096 0.093 0.105 6.88 5.51 8.59

0.002 0.15 - - 5 6 6 57 56 67 0.016 0.017 0.013 0.128 0.114 0.144 8.23 6.62 10.67

0.002 0.20 - - 7 10 9 57 81 67 0.016 0.007 0.014 0.145 0.118 0.156 8.97 16.27 11.46

0.003 0.25 - - 12 17 16 57 75 67 0.019 0.010 0.017 0.138 0.113 0.146 7.10 10.92 8.53

0.003 0.30 - - 15 21 19 57 63 67 0.020 0.019 0.018 0.148 0.121 0.161 7.45 6.26 9.12

0.003 0.35 - - 18 26 24 57 75 67 0.020 0.011 0.018 0.158 0.127 0.166 7.76 12.04 9.36

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 2 2 3 86 71 81 0.006 0.014 0.007 0.067 0.065 0.066 11.05 4.53 9.17

0.002 0.15 0.002 0.1 3 2 3 81 67 78 0.007 0.019 0.009 0.099 0.117 0.120 14.68 6.26 13.11

0.002 0.20 0.002 0.125 3 2 3 81 67 67 0.007 0.019 0.019 0.127 0.150 0.154 18.54 7.71 8.12

0.003 0.25 0.002 0.15 6 4 6 81 67 78 0.007 0.019 0.010 0.109 0.129 0.133 15.03 6.65 13.21

0.003 0.30 0.002 0.175 6 4 6 81 67 67 0.007 0.020 0.020 0.129 0.152 0.156 17.57 7.67 7.96

0.003 0.35 0.002 0.2 6 4 6 76 67 67 0.013 0.020 0.020 0.148 0.175 0.180 11.39 8.70 9.04

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 4 4 4 64 63 64 0.011 0.013 0.015 0.096 0.092 0.101 8.75 6.88 6.91

0.002 0.15 - - 5 5 6 57 56 64 0.016 0.018 0.016 0.129 0.124 0.124 8.23 6.97 7.71

0.002 0.20 - - 7 7 8 57 56 64 0.016 0.018 0.017 0.146 0.139 0.143 8.97 7.64 8.47

0.003 0.25 - - 12 14 16 57 63 71 0.020 0.020 0.018 0.139 0.123 0.126 7.10 6.08 6.82

0.003 0.30 - - 15 18 21 57 63 79 0.020 0.020 0.013 0.149 0.130 0.131 7.45 6.45 10.33

0.003 0.35 - - 19 21 24 57 63 79 0.020 0.020 0.013 0.154 0.140 0.142 7.65 6.88 11.01

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 2 2 2 86 75 67 0.006 0.011 0.020 0.067 0.064 0.071 11.04 5.80 3.60

0.002 0.15 0.002 0.1 3 2 3 81 71 81 0.007 0.014 0.009 0.100 0.116 0.104 14.67 8.18 11.82

0.002 0.20 0.002 0.125 3 2 3 71 71 81 0.012 0.015 0.009 0.128 0.149 0.134 10.84 10.16 14.77

0.003 0.25 0.002 0.15 6 4 5 81 71 76 0.007 0.015 0.013 0.110 0.128 0.126 15.02 8.52 9.76

0.003 0.30 0.002 0.175 6 4 5 76 71 76 0.009 0.015 0.013 0.130 0.151 0.149 14.43 9.86 11.32

0.003 0.35 0.002 0.2 6 4 5 71 67 71 0.016 0.018 0.017 0.149 0.174 0.171 9.56 9.50 10.16

Table 5.6: GPS only, PAR, Geometry Based model, coordinates known, atmo-

sphere unknown scenario. Presented is the evaluation of ASR and number of epochs

for obtaining 2cm fixed-precision of ionosphere - measurement precision is varied,

number of satellites are as available.
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5.6. Receiver coordinates known, atmosphere unknown scenario

remaining scenarios of 0� and �30� it performed similar to E-W baseline

in terms of number of epochs taken for obtaining a fixed-precision of 2cm

for ionosphere.

For East-West baseline:

(4) For dual frequency, at �30� latitude with the measurement precision of

σΦ=3mm on L1, L2 and 2mm on L5 and σP=25cm on L1, L2 and 15cm

on L5, it took 17 epochs by fixing 75% of ambiguities by PAR and for

triple frequency, it took 4 epochs by fixing 67% of ambiguities.

For North-South baseline:

(5) For dual frequency, at �30� latitude with the measurement precision of

σΦ=3mm on L1, L2 and 2mm on L5 and σP=25cm on L1, L2 and 15cm on

L5, it took 14 epochs by fixing 63% of ambiguities and for triple frequency,

it took 4 epochs by fixing 71% of ambiguities.
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5.6. Receiver coordinates known, atmosphere unknown scenario

5.6.4 Galileo only - Full and Partial Ambiguity Resolu-

tion, atmosphere unknown scenario

Galileo system with four frequencies, namely E1, E5a, E5b and E6 is evalu-

ated for atmosphere unknown scenario with coordinates considered to be fixed.

Galileo system which promises an improved precision of code for E5a, E5b, E6

will be tested in terms of its performance to give better or even instantaneous am-

biguity resolution as compared to GPS for Geometry Fixed, atmosphere unknown

scenario. The results for ionosphere float Geometry Fixed model for Galileo sys-

tem of dual, triple and quadruple frequency combinations are presented below.

Figures F.10 to F.12 give full ambiguity resolution results and Figures F.13 to

F.15 present the partial ambiguity results, see Appendix F. Figure 6.13 presents

the number of satellites for E-W oriented baseline (250 Km) and N-S baseline

(250 Km) for Galileo system. Table 5.7 presents the full ambiguity resolution

results in terms of number of epochs taken for 0.999 ASR and corresponding

ionosphere precision (for ambiguity fixed solution and float solution) along with

the gain achieved for the fixed solution.

The following is the analysis based on Table 5.7 and Figures 6.13 to 5.8.

General remarks:

(1) It can be noted that with Galileo system, Geometry Fixed model, atmo-

sphere unknown scenario, instantaneous ASR (Full AR) of 0.999 is not

achieved.

(2) Galileo only performed better at �60� latitude, excluding the last

scenario of measurement precision. At �60� latitude, there was a rising

satellite at epoch 25 which caused a perturbation in the stochastic model

as seen in Figure 5.7 (see last row). As the measurement precision worsen

the time to fix again all the ambiguities is increased, as discussed earlier.

The worst measurement precision is hence affected by this perturbation,

which causes it eventually to take more than 100 epochs to successfully

fix all the ambiguities.

Comparison with GPS only:

147



5.6. Receiver coordinates known, atmosphere unknown scenario

Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Epochs taken σǏ(meters) σpI(meters) Gain=σpI{σǏ
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.002 0.10 0.002 0.05 7 9 4 0.004 0.003 0.003 0.044 0.036 0.047 11.91 10.46 15.23

0.002 0.15 0.002 0.1 19 22 9 0.004 0.003 0.003 0.050 0.044 0.060 14.14 12.98 19.87

0.002 0.20 0.002 0.125 30 35 14 0.004 0.003 0.003 0.051 0.044 0.061 14.33 13.00 20.36

0.003 0.25 0.002 0.15 43 50 21 0.004 0.004 0.003 0.051 0.044 0.060 13.47 12.19 18.72

0.003 0.30 0.002 0.175 59 68 28 0.004 0.004 0.003 0.051 0.044 0.061 13.49 12.08 19.07

0.003 0.35 0.002 0.2 77 88 122 0.004 0.004 0.003 0.051 0.043 0.035 13.49 11.94 10.16

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.002 0.10 0.002 0.05 7 9 3 0.003 0.003 0.003 0.035 0.029 0.043 11.61 10.19 16.87

0.002 0.15 0.002 0.1 7 9 4 0.003 0.003 0.003 0.067 0.055 0.072 22.26 19.58 28.47

0.002 0.20 0.002 0.125 7 10 4 0.003 0.003 0.003 0.084 0.066 0.091 28.05 23.46 35.86

0.003 0.25 0.002 0.15 13 17 6 0.003 0.003 0.003 0.075 0.061 0.090 23.92 20.80 33.72

0.003 0.30 0.002 0.175 13 17 6 0.003 0.003 0.003 0.087 0.072 0.105 27.99 24.32 39.46

0.003 0.35 0.002 0.2 13 17 6 0.003 0.003 0.003 0.100 0.082 0.120 32.06 27.82 45.19

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.002 0.10 0.002 0.05 6 8 3 0.003 0.002 0.002 0.031 0.025 0.036 12.34 10.66 16.68

0.002 0.15 0.002 0.1 7 9 3 0.003 0.002 0.002 0.056 0.046 0.069 22.12 19.44 32.19

0.002 0.20 0.002 0.125 7 9 4 0.003 0.002 0.002 0.070 0.058 0.076 27.84 24.45 35.52

0.003 0.25 0.002 0.15 12 16 6 0.003 0.002 0.002 0.065 0.052 0.074 24.89 21.47 33.74

0.003 0.30 0.002 0.175 12 16 6 0.003 0.002 0.002 0.076 0.061 0.087 29.11 25.09 39.47

0.003 0.35 0.002 0.2 13 16 6 0.003 0.002 0.002 0.083 0.070 0.100 32.13 28.70 45.18

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.002 0.10 0.002 0.05 5 12 4 0.003 0.003 0.003 0.049 0.029 0.048 14.11 9.28 15.24

0.002 0.15 0.002 0.1 12 21 10 0.003 0.003 0.003 0.060 0.042 0.057 17.84 13.46 18.91

0.002 0.20 0.002 0.125 19 29 16 0.003 0.003 0.003 0.061 0.045 0.057 18.16 14.48 19.10

0.003 0.25 0.002 0.15 28 42 23 0.004 0.003 0.003 0.060 0.045 0.058 16.85 13.50 17.92

0.003 0.30 0.002 0.175 37 55 31 0.004 0.003 0.003 0.061 0.045 0.058 17.26 13.68 18.15

0.003 0.35 0.002 0.2 49 71 112 0.004 0.003 0.003 0.061 0.045 0.037 17.21 13.57 10.69

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.002 0.10 0.002 0.05 5 8 4 0.003 0.003 0.003 0.039 0.029 0.038 13.74 10.92 14.79

0.002 0.15 0.002 0.1 5 10 4 0.003 0.003 0.003 0.075 0.049 0.073 26.30 18.89 28.47

0.002 0.20 0.002 0.125 5 11 4 0.003 0.003 0.003 0.095 0.059 0.092 33.16 22.75 35.86

0.003 0.25 0.002 0.15 9 16 7 0.003 0.003 0.003 0.085 0.059 0.084 28.73 21.70 31.42

0.003 0.30 0.002 0.175 9 17 7 0.003 0.003 0.003 0.100 0.067 0.098 33.63 24.66 36.77

0.003 0.35 0.002 0.2 9 17 7 0.003 0.003 0.003 0.115 0.076 0.112 38.53 28.22 42.11

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.002 0.10 0.002 0.05 4 7 3 0.002 0.002 0.002 0.036 0.025 0.036 15.05 11.51 16.68

0.002 0.15 0.002 0.1 5 9 4 0.002 0.002 0.002 0.063 0.043 0.061 26.13 19.71 28.23

0.002 0.20 0.002 0.125 5 10 4 0.002 0.002 0.002 0.079 0.052 0.076 32.91 23.62 35.52

0.003 0.25 0.002 0.15 8 16 6 0.002 0.002 0.002 0.076 0.049 0.075 30.37 21.79 33.75

0.003 0.30 0.002 0.175 8 16 6 0.002 0.002 0.002 0.088 0.057 0.088 35.53 25.46 39.47

0.003 0.35 0.002 0.2 8 16 6 0.002 0.002 0.002 0.101 0.066 0.101 40.69 29.12 45.19

Table 5.7: Galileo only, Geometry Based model, coordinates known, atmosphere

unknown scenario, Full AR analysis, ASR and ambiguity-fixed and -float precision for

ionosphere are presented - measurement precision varied, number of satellites as

available.
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5.6. Receiver coordinates known, atmosphere unknown scenario

(3) Galileo only out performed GPS only for dual and triple frequency. For

dual frequency GPS took between 9 to 88 and 9 to 106 epochs for E-W

and N-S baselines, whereas Galileo only took between 4 to 122 and 4 to

112 epochs (the last scenario of measurement precision is a special case

as discussed earlier). Triple frequency GPS took between 5 to 20 and 5

to 19 for E-W and N-S oriented baselines whereas Galileo only took 3 to

17 and 4 to 17 epochs for similar scenario.

(4) While GPS only gave the best results at 0� and �30� latitude, this is ba-
sically due to availability of large number of high elevation satellites and

longer satellite tracks, on the other hand, Galileo only gave better results

at �60� latitude (excluding the worst value of measurement precision,

that is the last scenario of measurement precision). While worst perfor-

mance is evaluated, GPS only performed poor at �60� latitude whereas

Galileo only performed poor at �30� latitude, for the time period under

which simulation was performed.

(5) In general the quadruple Galileo outperformed triple frequency Galileo

for some scenarios, hence the quadruple frequency Galileo outperforms

GPS too. The reason for better performance of a GNSS system as

the number of frequencies are increased is related to an increase in the

ionosphere information resulting in strengthening of GNSS model, as

discussed earlier.

For East-West baseline:

(6) For dual frequency with E1, E5a frequencies, triple with E1, E5a, E5b

and quadruple with E1, E5a, E5b, E6 frequencies, having the un-

differenced measurement precision of σΦ=3mm on E1 and 2mm on

E5a, E5b, E6 and σP=25cm on E1 and 15cm on E5a, E5b, E6. It

took minimum of 50 epochs for dual frequency, whereas for triple and

quadruple frequency, a minimum of 17 and 16 epochs were needed for

0.999 ASR (Full AR).

For North-South baseline:
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5.6. Receiver coordinates known, atmosphere unknown scenario

(7) For dual, triple and quadruple frequency, at �30� latitude, a minimum of

42, 16 and 16 epochs were needed for 0.999 ASR (Full AR).

Considering the fixed-precision of ionosphere to lie around 3mm in most of

the cases when all the ambiguities are fixed, PAR will be evaluated for obtaining

a fixed-precision of 2cm for ionosphere in the coming section.
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Figure 5.6: Number of satellites for Galileo only, 250 Km East-West and North-South baseline at 0�,�30� and�60� degree latitude.
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Figure 5.7: Galileo only, Dual frequency, Full AR, Geometry Based model, coordinates known, atmosphere unknown scenario, 250

Km East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30�

and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by

full AR.
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Figure 5.8: Galileo only, Dual frequency, Partial AR, Geometry Based model, coordinates known, atmosphere unknown scenario, 250

Km East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30�

and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed-precision and

for fixing 100% of ambiguities by PAR, along with the fixed-precision obtained. These values are marked as 1 and 2 (on both x- and y-axis)

and the corresponding number inside the figure presents its statistics.
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5.6. Receiver coordinates known, atmosphere unknown scenario

5.6.5 Galileo only, Partial Ambiguity Resolution to ob-

tain fixed-precision of 2 cm, atmosphere unknown

scenario

In this section, it is to be analyzed if partially fixing the ambiguities help to

converge to a solution faster when a modest fixed-precision of 2cm for ionosphere

is aimed for. Table 5.8 presents the results in terms of fixed-precision to be equal

to or better than 2cm and corresponding epochs taken and ambiguities fixed are

noted.

The following is the analysis based on Table 5.8.

General remarks:

(1) Results with Galileo only to obtain a fixed-precision of 2cm for ionosphere

proved to be promising as compared to GPS only. fixed-precision of 2cm

could be achieved instantaneously for 1 scenarios of triple, and 3 scenarios

of quadruple frequency for East-West baseline with Galileo system. For

North-South baseline, similar results were obtained.

(2) The partial ambiguities of less than 100% were fixed for all the scenarios

of dual, triple quadruple frequencies each to obtain a fixed-precision of

2cm for ionosphere.

Comparison with GPS only:

(3) While with GPS, instantaneous fixed-precision of 2cm could not be

achieved, with Galileo similar instantaneous fixed-precision of 2cm could

be achieved for 1 and 3 scenarios of triple and quadruple frequency. For

N-S baseline too Galileo outperformed GPS.

For East-West baseline:

(4) At �30� latitude with the measurement precision of σΦ=3mm on E1 and

2mm on E5a, E5b, E6 and σP=25cm on E1 and 15cm on E5a, E5b, E6,

with dual, triple and quadruple frequencies PAR fixed 65, 70 and 80%

of ambiguities by taking 9, 3 and 2 epochs respectively to reach a
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5.6. Receiver coordinates known, atmosphere unknown scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for ionosphere

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σǏ(meters) σpI(meters) Gain=σpI{σǏ
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.002 0.10 0.002 0.05 3 2 2 72 60 60 0.008 0.014 0.013 0.067 0.077 0.067 7.94 5.34 5.12

0.002 0.15 0.002 0.1 5 5 4 67 70 65 0.015 0.012 0.020 0.098 0.093 0.090 6.59 7.54 4.45

0.002 0.20 0.002 0.125 8 6 6 78 65 85 0.014 0.018 0.008 0.098 0.107 0.093 6.79 6.01 11.52

0.003 0.25 0.002 0.15 11 9 9 72 65 80 0.015 0.018 0.012 0.101 0.105 0.092 6.59 5.77 7.90

0.003 0.30 0.002 0.175 15 10 11 72 65 80 0.015 0.019 0.012 0.102 0.117 0.097 6.65 6.10 8.22

0.003 0.35 0.002 0.2 19 12 13 78 65 75 0.015 0.020 0.017 0.103 0.123 0.102 6.78 6.26 6.13

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.002 0.10 0.002 0.05 2 1 2 74 73 87 0.014 0.014 0.006 0.065 0.086 0.053 4.52 6.07 9.45

0.002 0.15 0.002 0.1 3 2 2 89 73 83 0.006 0.012 0.007 0.102 0.118 0.102 18.25 9.52 13.67

0.002 0.20 0.002 0.125 3 2 2 89 70 83 0.006 0.014 0.008 0.129 0.148 0.129 22.96 10.76 17.14

0.003 0.25 0.002 0.15 4 3 3 74 70 80 0.014 0.014 0.010 0.134 0.146 0.127 9.41 10.37 13.09

0.003 0.30 0.002 0.175 4 3 3 70 67 80 0.018 0.016 0.010 0.157 0.171 0.148 8.94 10.51 15.28

0.003 0.35 0.002 0.2 4 3 3 70 67 80 0.018 0.017 0.010 0.180 0.196 0.170 10.09 11.71 17.47

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.002 0.10 0.002 0.05 2 1 1 86 80 80 0.008 0.013 0.015 0.054 0.071 0.062 6.71 5.70 4.08

0.002 0.15 0.002 0.1 2 1 2 78 78 88 0.016 0.018 0.007 0.104 0.138 0.085 6.63 7.87 12.83

0.002 0.20 0.002 0.125 2 2 2 78 80 88 0.016 0.011 0.007 0.131 0.123 0.107 8.24 10.92 16.05

0.003 0.25 0.002 0.15 4 2 2 83 80 78 0.011 0.013 0.020 0.112 0.149 0.129 10.44 11.52 6.59

0.003 0.30 0.002 0.175 4 2 2 83 80 78 0.011 0.013 0.020 0.131 0.174 0.151 12.18 13.39 7.67

0.003 0.35 0.002 0.2 4 2 2 83 80 78 0.011 0.013 0.020 0.150 0.199 0.173 13.91 15.27 8.75

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.002 0.10 0.002 0.05 3 2 2 63 67 60 0.013 0.011 0.013 0.063 0.072 0.067 4.95 6.27 5.15

0.002 0.15 0.002 0.1 6 3 4 81 56 75 0.011 0.020 0.011 0.085 0.111 0.091 8.02 5.51 7.99

0.002 0.20 0.002 0.125 7 5 6 75 67 85 0.017 0.019 0.008 0.100 0.109 0.094 6.01 5.70 11.51

0.003 0.25 0.002 0.15 12 7 9 75 67 80 0.016 0.020 0.012 0.092 0.111 0.092 5.59 5.51 7.90

0.003 0.30 0.002 0.175 13 10 11 75 67 80 0.017 0.020 0.012 0.104 0.109 0.098 5.95 5.55 8.22

0.003 0.35 0.002 0.2 16 12 13 75 67 75 0.018 0.020 0.017 0.107 0.114 0.103 6.08 5.74 6.13

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.002 0.10 0.002 0.05 2 1 2 71 78 87 0.017 0.011 0.006 0.062 0.080 0.053 3.59 7.06 9.46

0.002 0.15 0.002 0.1 2 2 2 71 78 83 0.018 0.010 0.007 0.119 0.110 0.103 6.52 10.99 13.74

0.002 0.20 0.002 0.125 2 2 2 71 74 83 0.018 0.011 0.008 0.150 0.138 0.130 8.15 12.33 17.23

0.003 0.25 0.002 0.15 3 2 3 71 74 80 0.019 0.013 0.010 0.148 0.167 0.128 7.65 12.82 13.28

0.003 0.30 0.002 0.175 3 2 3 71 74 77 0.019 0.013 0.012 0.173 0.195 0.150 8.92 14.71 12.79

0.003 0.35 0.002 0.2 4 2 3 71 74 77 0.017 0.014 0.012 0.172 0.224 0.171 9.98 16.57 14.62

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.002 0.10 0.002 0.05 2 1 1 84 83 78 0.009 0.010 0.019 0.051 0.067 0.062 5.92 6.66 3.24

0.002 0.15 0.002 0.1 2 1 2 78 83 88 0.017 0.011 0.007 0.099 0.129 0.086 5.86 11.96 12.90

0.002 0.20 0.002 0.125 2 2 2 78 86 88 0.017 0.007 0.007 0.125 0.115 0.108 7.30 15.96 16.13

0.003 0.25 0.002 0.15 3 2 2 78 83 78 0.018 0.010 0.020 0.123 0.139 0.130 6.76 13.42 6.59

0.003 0.30 0.002 0.175 3 2 2 78 83 78 0.018 0.010 0.020 0.144 0.163 0.152 7.87 15.62 7.67

0.003 0.35 0.002 0.2 3 2 2 78 83 78 0.018 0.010 0.020 0.165 0.186 0.174 8.98 17.82 8.75

Table 5.8: Galileo only, PAR analysis, Geometry Basedmodel, coordinates known,

atmosphere unknown scenario. Evaluation of ASR and number of epochs for obtaining

2cm fixed-precision of ionosphere - measurement precision is varied, number of

satellites are as available.
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5.6. Receiver coordinates known, atmosphere unknown scenario

fixed-precision of 2m or better for the ionosphere.

For North-South baseline:

(5) At �30� latitude with the measurement precision of σΦ=3mm on E1 and

2mm on E5a, E5b, E6 and σP=25cm on E1 and 15cm on E5a, E5b, E6,

for dual frequency, it took 7 epochs by fixing 67% of ambiguities. For

triple and quadruple frequencies, PAR fixed only 74% and 83% of the

ambiguities by taking 2 epoch for each triple and quadruple frequency

Galileo.
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5.6. Receiver coordinates known, atmosphere unknown scenario

5.6.6 GPS + Galileo - Full and Partial Ambiguity Reso-

lution, atmosphere unknown scenario

The ASR for the combined GPS and Galileo system are simulated for Ge-

ometry Based model, coordinates known, atmosphere unknown scenario, with

coordinates assumed to be known, hence fixed is simulated along with the fixed-

precision of the ionosphere and other unknowns. The atmosphere, both iono-

sphere and troposphere are assumed to be unknown and are parameterized in the

design matrix of the functional model. Table 5.9 and Figures F.17 to F.20 in Ap-

pendix F present the results full and partial AR for dual and quadruple frequency,

for combined GPS and Galileo for 250 Km baseline in East-West direction and

Figures F.21 and F.24 present results for dual and quadruple frequency system

for the North-South baseline, see Appendix F. Figure 6.16 presents the number

of satellites for E-W oriented baseline (250 Km) and N-S baseline (250 Km) for

the combined GPS+Galileo system.

Analysis based on Figures 6.16 and Table 5.9 is given below.

General remarks:

(1) Instantaneous ambiguity resolution could not be achieved for any scenario

of measurement precision for a combined GPS and Galileo system, using

dual and quadruple frequency both.

Comparison with GPS only and Galileo only systems:

(2) Instantaneous ASR of 0.999 could not be achieved with both GPS and

Galileo standalone systems for any scenario of measurement precision.

Nonetheless it could be noted that Galileo only outperforms GPS only

for number of epochs taken for 0.999 ASR.

(3) While dual frequency systems are compared, namely, GPS only, Galileo

only and GPS with Galileo together, the combined GPS and Galileo sys-

tem does not perform extraordinarily, in fact it performs just as GPS only

or Galileo only. For example, with dual frequency systems, GPS only at�30� latitude took 3,3,4,5,9,10 epochs for 6 scenarios of measurement

precision, Galileo only took 2,4,6,9,12,16 epochs and a combined GPS
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5.6. Receiver coordinates known, atmosphere unknown scenario

Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Epochs taken σǏ(meters) σpI(meters) Gain=σpI{σǏ
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.002 0.10 0.002 0.05 7 8 8 0.003 0.003 0.003 0.035 0.032 0.033 11.21 10.44 10.41

0.002 0.15 0.002 0.1 19 22 25 0.003 0.003 0.003 0.041 0.037 0.036 13.26 12.25 11.46

0.002 0.20 0.002 0.125 30 35 67 0.003 0.003 0.003 0.041 0.037 0.029 13.37 12.25 8.92

0.003 0.25 0.002 0.15 43 50 84 0.003 0.003 0.003 0.041 0.037 0.031 12.55 11.50 8.90

0.003 0.30 0.002 0.175 58 68 102 0.003 0.003 0.003 0.041 0.037 0.033 12.64 11.47 9.35

0.003 0.35 0.002 0.2 76 88 125 0.003 0.003 0.003 0.041 0.037 0.033 12.61 11.44 9.55

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.002 0.10 0.002 0.05 5 5 7 0.002 0.002 0.002 0.026 0.025 0.022 12.36 12.30 10.47

0.002 0.15 0.002 0.1 5 6 8 0.002 0.002 0.002 0.050 0.045 0.041 24.20 22.05 19.19

0.002 0.20 0.002 0.125 6 7 9 0.002 0.002 0.002 0.058 0.052 0.048 27.82 25.68 22.75

0.003 0.25 0.002 0.15 9 10 14 0.002 0.002 0.002 0.057 0.052 0.047 26.47 25.01 21.24

0.003 0.30 0.002 0.175 9 10 14 0.002 0.002 0.002 0.066 0.061 0.054 30.93 29.22 24.82

0.003 0.35 0.002 0.2 9 11 14 0.002 0.002 0.002 0.076 0.067 0.062 35.39 31.91 28.39

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.002 0.10 0.002 0.05 5 6 7 0.003 0.003 0.003 0.040 0.035 0.032 13.21 12.02 11.17

0.002 0.15 0.002 0.1 13 18 18 0.003 0.003 0.003 0.047 0.039 0.039 16.01 13.56 13.55

0.002 0.20 0.002 0.125 20 28 29 0.003 0.003 0.003 0.048 0.039 0.038 16.37 13.74 13.49

0.003 0.25 0.002 0.15 29 40 85 0.003 0.003 0.003 0.048 0.039 0.030 15.29 12.91 8.96

0.003 0.30 0.002 0.175 39 54 103 0.003 0.003 0.003 0.049 0.039 0.031 15.46 12.96 9.38

0.003 0.35 0.002 0.2 51 70 123 0.003 0.003 0.003 0.049 0.039 0.032 15.48 12.94 9.69

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.002 0.10 0.002 0.05 3 5 5 0.002 0.002 0.002 0.032 0.024 0.024 15.86 12.35 12.32

0.002 0.15 0.002 0.1 4 5 6 0.002 0.002 0.002 0.055 0.047 0.042 27.05 24.17 22.09

0.002 0.20 0.002 0.125 4 5 6 0.002 0.002 0.002 0.069 0.059 0.053 33.98 30.35 27.73

0.003 0.25 0.002 0.15 7 8 10 0.002 0.002 0.002 0.063 0.056 0.049 30.00 27.97 25.08

0.003 0.30 0.002 0.175 7 9 11 0.002 0.002 0.002 0.074 0.062 0.055 35.06 30.87 27.97

0.003 0.35 0.002 0.2 7 9 11 0.002 0.002 0.002 0.084 0.071 0.063 40.12 35.32 32.00

Table 5.9: GPS + Galileo, Geometry Basedmodel, coordinates known, atmosphere

unknown scenario, Full AR analysis, ASR and ambiguity-fixed and -float precision for

ionosphere are presented - measurement precision varied, number of satellites as

available.
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5.6. Receiver coordinates known, atmosphere unknown scenario

and Galileo system took 2,4,6,9,12,16 epochs. The explanation for such

a behaviour is related to the unknowns in the model, especially the iono-

sphere. The GNSS ionosphere float model, with respect to ionosphere is

not affected by increasing the number of satellites, since an equal number

of ambiguities, ionosphere etcetera is added to the model, keeping the

overall strength unchanged.

(4) A comparison for quadruple frequency between Galileo only and GPS,

Galileo combined system shows that the combined system outperforms

Galileo only for the N-S baseline length. At 0� and �60� latitude for N-S
baseline, Galileo only takes 2,2,2,4,4,4 epochs for 6 scenarios for each

latitude, whereas the combined GPS, Galileo system takes 2,2,2,3,3,3

epochs only for each latitude location.

For East-West baseline:

(5) At �30� latitude, it took 9 epochs for dual frequency measurement

precision of 3mm on phase and 25cm on code on L1pE1q and 2mm

and 15cm on phase and code on L5pE5aq. For quadruple frequency

(L1pE1q, L2, E5b and L5pE5aq), at �30� latitude it took 3 epochs.

For North-South baseline:

(6) At �30� latitude, it took 9 epochs for dual frequency measurement

precision of 3mm on phase and 25cm on code on L1pE1q and 2mm

and 15cm on phase and code on L5pE5aq. For quadruple frequency

(L1pE1q, L2, E5b and L5pE5aq), at �30� latitude it took 3 epochs.
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Figure 5.9: Number of satellites for GPS + Galileo, 250 Km East-West and North-South baseline at 0�,�30�

and �60� degree latitude.
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5.6. Receiver coordinates known, atmosphere unknown scenario

5.6.7 GPS + Galileo, Partial Ambiguity Resolution to ob-

tain fixed-precision of 2 cm, atmosphere unknown

scenario

While resolving all the ambiguities, a fixed-precision of 2mm and better was

obtained. In this analysis it is to examine if a fixed-precision of 2cm is obtained

in reduced number of epochs and by partial fixing of ambiguities. The results are

presented in Table 5.10, see below.

Analysis based on Table 5.8 is given below.

General remarks:

(1) For all the scenarios of measurement precision, less than 100% of ambigu-

ities were fixed in order to obtain a fixed-precision of 2cm for ionosphere.

(2) The fixed-precision of 2cm for ionosphere could be achieved instanta-

neously for 9 scenarios of measurement precision for quadruple frequency

for the E-W and N-S baseline both.

Comparison with GPS only and Galileo only:

(3) GPS only was not able to give instantaneous fixed-precision of 2cm any

scenario of measurement precision with dual and triple frequency, Galileo

only gave instantaneous fixed-precision of 2cm for 1 and 4 scenarios of

measurement precision of triple and quadruple frequency respectively.

With GPS and Galileo together, instantaneous 2cm fixed-precision could

be achieved for 9 scenarios of measurement precision with quadruple

frequency for E-W baseline and N-S baseline both.

For East-West baseline:

(4) At �30� latitude, for dual frequency (measurement precision of 3mm

on phase and 25cm on code on L1, E1 and 2mm and 15cm on phase

and code on L5, E5a) and quadruple frequency (similar measurement

precision), it took 6 and 2 epochs by fixing 66 and 77% of ambiguities,

for dual an quadruple respectively, in order to give a fixed-precision of

2cm or better.
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5.6. Receiver coordinates known, atmosphere unknown scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for ionosphere

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σǏ(meters) σpI(meters) Gain=σpI{σǏ
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.002 0.10 0.002 0.05 2 2 2 62 79 75 0.011 0.006 0.007 0.065 0.063 0.065 6.18 10.83 9.62

0.002 0.15 0.002 0.1 3 3 4 65 68 75 0.019 0.015 0.010 0.102 0.099 0.089 5.43 6.47 8.93

0.002 0.20 0.002 0.125 4 5 5 65 68 68 0.020 0.015 0.017 0.112 0.097 0.101 5.69 6.44 5.86

0.003 0.25 0.002 0.15 6 6 8 65 66 70 0.020 0.020 0.015 0.110 0.107 0.096 5.47 5.46 6.50

0.003 0.30 0.002 0.175 8 8 10 68 66 68 0.020 0.020 0.018 0.112 0.108 0.101 5.53 5.51 5.67

0.003 0.35 0.002 0.2 11 11 14 71 68 73 0.020 0.019 0.015 0.109 0.106 0.097 5.49 5.48 6.61

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.002 0.10 0.002 0.05 1 1 1 78 79 83 0.007 0.006 0.006 0.057 0.056 0.059 8.13 9.90 10.43

0.002 0.15 0.002 0.1 1 1 1 68 73 73 0.011 0.008 0.009 0.113 0.110 0.115 9.89 13.24 12.71

0.002 0.20 0.002 0.125 1 1 1 64 68 66 0.014 0.013 0.012 0.141 0.138 0.145 10.40 10.35 11.82

0.003 0.25 0.002 0.15 2 2 2 72 77 80 0.009 0.007 0.007 0.120 0.117 0.123 12.90 17.50 17.70

0.003 0.30 0.002 0.175 2 2 2 70 77 78 0.010 0.007 0.007 0.141 0.137 0.144 14.23 20.01 19.24

0.003 0.35 0.002 0.2 2 2 2 70 75 73 0.010 0.008 0.009 0.161 0.156 0.165 15.94 19.85 19.37

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.002 0.10 0.002 0.05 2 2 2 63 83 83 0.010 0.005 0.005 0.063 0.060 0.060 6.38 12.37 12.37

0.002 0.15 0.002 0.1 3 3 3 69 72 67 0.016 0.013 0.019 0.098 0.094 0.095 6.05 7.19 4.89

0.002 0.20 0.002 0.125 4 4 5 69 67 72 0.017 0.020 0.016 0.108 0.103 0.093 6.35 5.16 5.91

0.003 0.25 0.002 0.15 7 7 7 69 72 69 0.017 0.014 0.016 0.098 0.094 0.094 5.86 6.95 5.74

0.003 0.30 0.002 0.175 8 8 10 69 69 75 0.018 0.017 0.013 0.108 0.103 0.093 6.15 6.06 6.88

0.003 0.35 0.002 0.2 11 11 12 75 72 69 0.017 0.017 0.020 0.105 0.101 0.097 6.11 6.02 4.87

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.002 0.10 0.002 0.05 1 1 1 83 83 89 0.006 0.005 0.004 0.056 0.054 0.053 9.31 11.27 13.27

0.002 0.15 0.002 0.1 1 1 1 70 77 77 0.010 0.007 0.007 0.110 0.105 0.104 10.75 15.32 14.79

0.002 0.20 0.002 0.125 1 1 1 68 74 72 0.011 0.009 0.010 0.138 0.132 0.130 12.08 14.40 13.44

0.003 0.25 0.002 0.15 2 2 2 77 79 85 0.008 0.006 0.005 0.118 0.113 0.111 15.20 18.03 22.62

0.003 0.30 0.002 0.175 2 2 2 74 79 83 0.008 0.006 0.005 0.138 0.132 0.129 16.88 20.77 24.50

0.003 0.35 0.002 0.2 2 2 2 72 77 81 0.010 0.007 0.006 0.157 0.151 0.148 16.48 21.89 26.74

Table 5.10: GPS + Galileo, PAR analysis, Geometry Based model, coordinates

known, atmosphere unknown scenario. Evaluation of ASR and number of epochs for

obtaining 2cm fixed-precision of ionosphere - measurement precision is varied,

number of satellites are as available.
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5.6. Receiver coordinates known, atmosphere unknown scenario

For North-South baseline:

(5) At �30� latitude, for dual frequency (measurement precision of 3mm

on phase and 25cm on code on L1, E1 and 2mm and 15cm on phase

and code on L5, E5a) and quadruple frequency, it took 7 and 2 epochs

by PAR and 72 and 79% of ambiguities were fixed in order to give a

fixed-precision of 2cm or better.
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5.7. Receiver coordinates known, ionosphere weighted scenario

5.7 Receiver coordinates known, ionosphere weighted

scenario

When the atmosphere is significant, there are additional unknowns in the model,

namely the ionosphere and the troposphere which make the GNSS model weak.

This results the process of ambiguity resolution to take longer convergence times

which can make precise near-real time applications impossible. Among the at-

mosphere, the ionosphere is the dominant error source, with a-prior information

of the ionosphere becoming available through ionosphere observations, the time

to correctly fix the integer ambiguities can be reduced significantly. Ionosphere

can be eliminated from the GNSS observables only if it is known with a good

accuracy, otherwise imprecise ionosphere observations can affect the precision of

the other unknowns. A better approach would consist of estimating the iono-

sphere, as well as using its a-priori information and using additional ionosphere

observations, in this case, ionosphere weight is introduced in the stochastic model

(as a function of baseline length), which provides additional constraint, hence a

stronger model. The troposphere can still be considered unknown. As per the

current assumption, the coordinates are considered to be known with high accu-

racy, they are assumed to be fixed. The baseline length is varied between 1 and

1000 Kilometres. Satellite coordinates are assumed to be known and are gen-

erated from YUMA almanacs. Presented below is the functional and stochastic

models, see Table 5.11. The redundancy for Geometry Fixed, atmosphere known

scenario is presented in Table 5.11 and Figure 5.10, see below.

where CI is given by equation (5.13), all the variables presented in Table 5.11

have been explained in the previous section.
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Geometry based model, coordinates known, ionosphere weighted scenario

Functional model Stochastic model

Non-temporal parameters Temporal parameters

AIpiq �� �
Λ

0

�b Im�1

�
ef

ef

�bGm�1

� AIIpiq � � �µf

µf

�bIm�1 Qypiq � � QΦ

QP

�bQDDpiq
where QDDpiq � pDT

mW
�1
i Dmq

QIpiq � CI bQDDpiq
Qy,Ipiq � Qypiq �QIpiq

Redundancy (for GPS only, Galileo only, GPS+Galileo (common frequency L1pE1q, L5pE5aq))
Non-temporal parameters Temporal parameters Observations

Ambiguities: f � pm� 1q Ionosphere: k � pm� 1q k � 2f � pm� 1q
Troposphere: � 1 Pseudo observations (Ionosphere)

= k � pm� 1q
Redundancy of coordinates known, ionosphere weighted scenario rp2k � 1q � f � pm� 1qs � 1

For GPS/Galileo only: f � p1, � � � , jq, for GPS+Galileo: f � p1, � � � , jcq, jc is the common/overlapping frequency

and mjc � pmGPS �mGalq
Redundancy (for GPS+Galileo (quadruple frequency L1pE1q, L5pE5aq, L2, E5b) )

Non-temporal parameters Temporal parameters Observations

Ambiguities: Ionosphere=k � pmjc � 1q k �2�p2�pmjc�1q�pmGPS�1q�pmGal � 1qq
2�pmjc�1q�pmGPS�1q�pmGal�1q Pseudo observations (Ionosphere)

=k � pmjc � 1q
Troposphere: � 1

Redundancy of coordinates known, ionosphere weighted scenario p2k � 1qr2 � pmjc � 1q � pmGPS �
1q � pmGal � 1qs � 1

f � 1, 2 for GPS+Gaileo L1pE1q, L5pE5aq, mjc are the total number of satellites for combined GPS+Galileo

system with GPS as reference satellite

Table 5.11: Double-differenced Design matrix and VC matrix for Geometry based

model, coordinates known, ionosphere weighted, troposphere float scenario
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Figure 5.10: Redundancy plot of GPS only, Galileo only (top two plots) and GPS + Galileo (bottom two plots) for single epoch (left

hand side plots) and multi-epoch (right hand side plots), Geometry based model, coordinates known, ionosphere weighted, troposphere

float scenario single, dual, triple and quadruple frequencies
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5.7. Receiver coordinates known, ionosphere weighted scenario

5.7.1 Hourly batches, Full Ambiguity Resolution, iono-

sphere weighted scenario

Initially, ASR is simulated for hourly batches, in all 24 batches throughout the

day are considered for simulation. The interval between the epochs is taken as 1

second. It is to see the average behaviour for achieving 0.999 ASR during different

times of the day. The results for single, dual, triple and quadruple (Galileo only

and GPS+Galileo) frequency, for GPS only, Galileo only and with both systems

together is presented in the Figures F.26 to F.34, see Appendix F. The results for

average number of epochs taken for each of the GNSS system are also presented

in Table 5.12, see below.

The analysis based on Figures F.26 to F.31 and Table 5.12 is presented below.

General remarks

1. The number of epochs taken for 0.999 ASR increase as baseline length

is increased. However, it should be noted that, for baseline lengths

larger than 250 Km, the ionosphere weighted model is weak enough

and is as good as ionosphere float model. The baseline length for which

ionosphere weighted scenario becomes equivalent to ionosphere float sce-

nario highly depends upon the strength of a GNSS model. The strength

increases with increase in number of frequencies and also with improve-

ment in measurement precision.

2. For larger baseline lengths, it can be seen that the number of epochs

taken for 0.999 ASR decrease as the baseline length increases. For

example, for Galileo system, triple and quadruple frequency case the

number of epochs reduce for 0.999 ASR by one or more as baseline

length increases. This is only due to the satellite geometry affecting the

stochastic model. The stochastic model is influenced by the elevation

dependent weighting function, which is used throughout this research.

It can be seen that for 1000 Km baseline length, the total number of

common satellites and the low elevation satellites reduce by one.

3. It can be noted that single frequency GNSS systems could not give 0.999

ASR for 1000 Km baseline length within the stipulated 3600 epochs.

Henceforth for single frequency, 1000 Km baseline length will be ex-

cluded from further discussions in this section.
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5.7. Receiver coordinates known, ionosphere weighted scenario

Hourly, Full AR - minimum desired ASR = 0.999

Baseline length Average number of Epochs over 24 hourly batches

(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�
Single Fre-

quency

Dual Frequency Triple Frequency Quadruple Fre-

quency

Average no. of

satellites

Average no. of

Low-elevation

Sat.¥ 10�,¤ 30�
East-West Baseline

GPS only

L1 L1, L2 L1, L2, L5

1 1 1 1 1 1 1 1 1 1 - - - 10 9 9 5 3 5

10 3 4 3 3 3 3 3 3 3 - - - 10 9 9 5 3 5

100 170 184 195 16 20 20 11 13 12 - - - 10 9 9 5 3 5

250 959 874 1113 24 27 30 11 13 13 - - - 9 8 9 5 3 5

500 2364 2182 2514 29 32 38 11 13 14 - - - 9 8 9 5 3 5

1000 ¡ 3600 ¡ 3600 ¡ 3600 31 33 40 11 13 14 - - - 9 8 9 4 3 5

Galileo only

E1 E1, E5 E1, E5a, E5b E1, E5a, E5b, E6

1 1 1 1 1 1 1 1 1 1 1 1 1 10 9 10 5 4 5

10 3 4 3 3 3 3 2 3 3 2 3 3 10 9 10 5 4 5

100 162 172 188 12 12 13 10 11 11 10 10 11 10 9 10 5 3 5

250 798 865 1017 22 20 25 10 11 12 10 10 11 10 8 10 5 3 5

500 2126 2045 2501 29 25 31 10 11 12 9 10 11 10 8 10 5 3 4

1000 ¡ 3600 ¡ 3600 ¡ 3600 25 26 33 9 11 11 9 10 11 9 8 10 4 3 4

GPS + Galileo

L1pE1q L1pE1q, L5pE5q L1pE1q, L5pE5q, L2, E5b
1 1 1 1 1 1 1 - - - 1 1 1 20 17 19 10 7 9

10 3 3 3 3 3 3 - - - 3 2 3 20 17 19 10 7 9

100 169 170 188 13 13 14 - - - 9 9 10 20 17 19 10 6 9

250 937 978 1536 26 26 33 - - - 9 9 10 19 17 19 10 6 9

500 2311 2560 2731 33 31 40 - - - 9 9 10 19 17 19 10 6 9

1000 ¡ 3600 ¡ 3600 ¡ 3600 31 31 42 - - - 8 8 10 18 16 19 9 6 9

North-South Baseline

GPS only

L1 L1, L2 L1, L2, L5

1 1 1 1 1 1 1 1 1 1 - - - 10 9 9 5 3 5

10 3 3 3 3 3 3 3 3 3 - - - 10 9 9 5 3 5

100 166 186 191 16 19 19 10 12 12 - - - 9 9 9 5 3 4

250 894 922 1093 24 28 29 11 13 13 - - - 9 8 9 5 3 4

500 2305 2262 2354 28 30 31 11 12 12 - - - 9 8 9 5 3 4

1000 ¡ 3600 ¡ 3600 ¡ 3600 31 30 30 11 11 12 - - - 9 8 8 4 3 3

Galileo only

E1 E1, E5 E1, E5a, E5b E1, E5a, E5b, E6

1 1 1 1 1 1 1 1 1 1 1 1 1 10 9 10 5 4 5

10 3 3 3 3 3 3 2 3 3 2 3 3 10 9 10 5 4 5

100 151 167 194 12 12 13 10 11 12 10 11 11 10 9 10 5 3 4

250 828 838 1034 22 22 25 10 12 12 10 11 11 10 9 9 5 3 4

500 2371 1964 2142 27 27 30 10 11 12 10 11 11 10 9 9 5 3 4

1000 ¡ 3600 ¡ 3600 ¡ 3600 27 24 27 10 11 11 9 10 11 9 8 8 4 3 3

GPS + Galileo

L1pE1q L1pE1q, L5pE5q L1pE1q, L5pE5q, L2, E5b
1 1 1 1 1 1 1 - - - 1 1 1 20 17 19 10 7 9

10 3 3 3 3 3 3 - - - 2 2 3 20 17 19 10 7 9

100 157 172 193 12 13 14 - - - 9 9 10 19 17 19 10 7 9

250 1028 936 1424 27 27 30 - - - 9 9 10 19 17 18 10 7 8

500 2523 2501 2319 32 34 35 - - - 8 9 9 19 17 18 9 6 7

1000 ¡ 3600 ¡ 3600 ¡ 3600 32 30 31 - - - 8 7 7 18 16 16 8 6 6

Table 5.12: GPS only, Galileo only, GPS + Galileo, Geometry based model,

coordinates known, ionosphere weighted, troposphere float scenario Full AR, Averaged

number of epochs over 24 batches are presented - measurement precision is held fix,

number of satellites are as available, baseline length varied from 1 to 1000 Km,

SD precision σI = 0.68 mm per km.
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5.7. Receiver coordinates known, ionosphere weighted scenario

4. It an also be noticed that there is a significant improvement in the

number of epochs taken for 0.999 ASR as frequencies for any GNSS

system are increased. The change is most significant when one compares

single and dual frequency results and least significant on comparison

with triple and quadruple frequency GNSS system results.

5. Instantaneous ASR could be achieved for all frequency combinations

for all the GNSS systems for 1 Km baseline length. It has already

been expressed earlier that with ionosphere fixed scenario, for CORS

baseline, instantaneous ASR can be achieved. Hence forth 1 Km

baseline results will not be discussed in this section.

GPS only

Single frequency:

6. For single frequency GPS, it took a minimum of 3 and a maximum of

2364 epochs on an average for baseline lengths lying between 10 and

500 Km for different scenarios of measurement precision and latitude

location for E-W baseline. For N-S oriented baseline, it took an average

number of epochs between 3 and 2354. Single frequency GPS performed

better at �30� latitude for E-W baseline and at 0� for N-S baseline.

Dual frequency:

7. The average number of epochs taken to obtain 0.999 ASR for baseline

length between 10 and 1000 Km lied between 3 and 40 for dual

frequency GPS for E-W baseline. For N-S baseline, it took an aver-

age number of epochs between 3 and 31 for similar scenario. Dual

frequency GPS performed best at 0� latitude for E-W baseline and at�30� latitude for N-S baseline.

Triple frequency:

8. For triple frequency, the average number of epochs lie between 3 and 14

for E-W baseline and 3 to 12 epochs for the N-S baseline for baseline

lengths between 10 to 1000 Kms. Triple frequency performed better at

0� latitude for both E-W and N-S oriented baselines.
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Galileo only

Single frequency:

9. With Galileo only, single frequency, for baseline lengths between 10 and

500 Km, it took on an average number of epochs between 3 and 2501

for E-W baseline and between 3 and 2371 for N-S oriented baseline.

The best result was found to be for �30� latitude for both E-W and

N-S oriented baselines.

Dual frequency:

10. For dual frequency Galileo, for baseline lengths between 10 and 1000

Kms, the average number of epochs taken for 0.999 ASR lie between

3 and 33 for E-W baseline and 3 and 31 for N-S baseline. The best

result was found to be for �30� latitude for both E-W and N-S oriented

baselines.

Triple frequency:

11. With triple frequency Galileo, for baseline lengths between 10 and 1000

Kms, the average number of epochs over 24 batches to obtain 0.999

ASR lied between 2 and 12 for E-W baseline and N-S baseline both.

The best result was found to be for 0� latitude for both E-W and N-S

oriented baselines.

Quadruple frequency:

12. The quadruple frequency Galileo marginally performs better than

the triple frequency Galileo, say for some scenarios, the quadruple

system takes an epochs less than the triple frequency system. The

improvement in performance is due to the addition of a frequency.

Comparison with GPS only:

13. The performance is better in comparison to GPS only, for dual and

triple frequencies. This is credited to the fact that Galileo has better
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measurement precision in comparison to GPS system.

GPS + Galileo

Single frequency:

14. For a combined GPS and Galileo systems, single frequency, having

almost double the number of satellites for a standalone single frequency

system, however does not perform exceptionally as compared to

standalone GPS or Galileo systems. This is due to the fact that there is

no additional information added to the unknowns present in the GNSS

model by addition of the satellites. Hence in spite of the fact that a

combined GPS and Galileo model with single reference satellite is more

redundant, the results in terms of epochs taken for correct fixing of

ambiguities are not affected significantly. For baseline lengths between

10 and 500 Kms it takes between 3 to 2095 epochs for E-W baseline

and 3 to 2113 epochs for N-S baseline length.

Dual frequency:

15. For a combined GPS and Galileo system, for baseline lengths between

10 and 1000 Kms, it takes an average number of epochs between 3 and

41 for E-W baseline and 3 to 35 for N-S baseline for different scenarios

of latitude location. Also it can be noted that, for a scenario when the

GPS only and Galileo only models are redundant enough, the combined

GPS and Galileo dual frequency system performs similar to standalone

GPS or Galileo. This is due to the fact that for ionosphere weighted

model, the GNSS model does not gain strength as number of satellites

are increased. Since there is no information added to the model related

to ionosphere, see [48].

Quadruple frequency:

16. It takes and average number of epochs between 2 and 10 for E-W

baseline and N-S baseline, both. The quadruple frequency system

performs much better than the dual frequency GPS+Galileo system as
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an effect of additional frequencies.

Comparison with GPS only and Galileo only

17. The dual frequency combined GPS and Galileo system does not perform

better than the standalone GPS only or Galileo only. This is due to the

fact that in a combined dual frequency system, the increase in number

of satellites do not add any information to the model, and hence do not

reduce the time taken for 0.999 ASR.

18. The quadruple frequency GPS and Galileo performs better than the

quadruple frequency Galileo only. In general the quadruple frequency

GPS+Galileo system performs the best of all the combinations consid-

ered.
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Figure 5.11: Galileo only, Ionosphere Weighted, Geometry Fixed model, dual frequency, Number of epochs taken for 0.999 ASR

for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are presented along with ASR obtained, float

and fixed-precision of ionosphere.
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5.7. Receiver coordinates known, ionosphere weighted scenario

5.7.2 GPS only - Full and Partial Ambiguity Resolution,

ionosphere weighted scenario

The results for ionosphere weighted, Geometry Fixed model considering GPS

system frequencies are presented below. Figures F.36 to F.38 in Appendix F give

full ambiguity resolution results and Figures F.39 to F.41, Appendix F present the

partial ambiguity results for GPS single, dual and triple frequency respectively.

Table 5.13 presents the full ambiguity resolution results in terms of number of

epochs taken for 0.999 ASR and corresponding DD troposphere precision (for

ambiguity fixed solution) is presented. The results for PAR are presented on the

right hand side. PAR is evaluated based on the criteria to obtain the same value

of fixed-precision of troposphere as in full AR. That is for same value of fixed-

precision as in full AR it is to evaluate whether PAR is able to give similar results

by fixing only a partial subset of the ambiguities with less number of epochs.

In this section, the simulations are done for E-W baseline for all the frequency

combinations (single, dual and triple). For evaluating the ambiguity success rates

for N-S baseline, simulations were not carried for single frequency considering its

weak performance during E-W baseline.

The following is the analysis based on Table 5.13 and Figures 6.21 to 5.13.

General conclusions:

(1) Instantaneous ASR of 0.999 is achieved for baseline length of 1 Km for

dual and triple frequency combinations and all the latitude locations. For

single frequency GPS, instantaneous ASR of 0.999 was achieved at �30�
latitude only for two other latitude locations it took 2 epochs for 0.999

ASR.

(2) For ionosphere weighted model, as the baseline length increases, the

number of epochs taken for 0.999 ASR increases, since σI is increasing

with baseline length which adds up to the stochastic model. Further

when the baseline is large enough so that the ionosphere weighted model

is equivalent to ionosphere float model (say for baseline lengths above

250 Km), then the full AR is influenced by number of common satellites

available and number of low elevation satellites. This behaviour is

addressed in earlier section (averaged number of epochs over 24 batches
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5.7. Receiver coordinates known, ionosphere weighted scenario

Full AR - minimum desired ASR = 0.999

Epochs taken σŤ (meters) σ pT (meters) Gain=σ pT {σŤ
0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦL1
=0.003m , σPL1

=0.5m

1 2 1 2 0.002 0.004 0.002 0.399 0.662 0.355 164.53 164.57 164.44

10 4 3 4 0.003 0.004 0.003 0.282 0.382 0.251 88.21 88.19 88.14

100 161 166 299 0.005 0.005 0.003 0.055 0.050 0.024 10.48 10.32 9.54

250 2026 644 1771 0.003 0.007 0.003 0.009 0.024 0.008 3.17 3.40 2.55

500 ¡ 3600 1482 2830 - 0.008 0.005 - 0.020 0.008 - 2.65 1.80

1000 ¡ 3600 ¡ 3600 ¡ 3600 - - - - - - - - -

I-Fix(1Km) 1 1 1 - - - - - - - - -

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 1 1 1 0.002 0.003 0.002 0.200 0.234 0.178 79.84 79.84 79.84

10 4 2 4 0.003 0.005 0.003 0.100 0.166 0.089 31.91 31.91 31.90

100 16 16 28 0.003 0.003 0.002 0.066 0.062 0.036 21.29 21.28 21.23

500 24 33 55 0.003 0.002 0.001 0.100 0.075 0.045 38.19 37.80 36.83

1000 24 40 59 0.003 0.002 0.001 0.154 0.098 0.063 56.82 54.82 52.24

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 29 36 63 0.005 0.005 0.006 0.089 0.077 0.073 18.35 16.12 11.90

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 1 1 1 0.002 0.002 0.002 0.129 0.151 0.115 69.84 69.84 69.84

10 4 2 4 0.003 0.005 0.003 0.065 0.107 0.058 21.43 21.43 21.43

100 11 10 18 0.003 0.003 0.002 0.058 0.057 0.033 19.21 19.21 19.20

250 11 11 19 0.003 0.003 0.002 0.092 0.085 0.050 29.99 29.98 29.91

500 10 12 19 0.003 0.003 0.002 0.156 0.126 0.079 47.42 47.33 47.11

1000 10 13 19 0.003 0.003 0.002 0.226 0.167 0.113 66.61 66.30 65.81

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 11 11 19 0.003 0.003 0.004 0.081 0.078 0.075 27.28 26.76 20.40

North-South Baseline

Low-end receivers, Single Frequency σΦL1
=0.003m , σPL1

=0.5m

1 2 1 2 0.002 0.004 0.002 0.399 0.662 0.355 164.53 164.57 164.44

10 4 3 4 0.003 0.004 0.003 0.282 0.382 0.251 88.21 88.19 88.14

100 162 151 291 0.005 0.005 0.003 0.054 0.053 0.029 10.48 10.38 8.90

250 1163 696 933 0.004 0.007 0.005 0.016 0.024 0.018 4.12 3.46 3.58

500 2353 1734 3021 0.005 0.007 0.005 0.011 0.019 0.009 2.44 2.65 1.88

1000 ¡ 3600 ¡ 3600 ¡ 3600 - - - - - - - - -

I-Fix(1Km) 1 1 1 - - - - - - - - -

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 1 1 1 0.002 0.003 0.002 0.200 0.234 0.178 79.84 79.84 79.84

10 4 2 4 0.003 0.005 0.003 0.100 0.166 0.089 31.91 31.91 31.90

100 16 15 24 0.003 0.003 0.003 0.066 0.064 0.055 21.29 21.29 21.19

250 20 20 68 0.003 0.003 0.001 0.075 0.070 0.035 26.47 26.45 25.08

500 25 23 13 0.003 0.002 0.005 0.099 0.095 0.194 38.19 38.12 38.20

1000 35 24 17 0.002 0.002 0.005 0.132 0.141 0.265 56.36 56.66 56.63

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 30 30 84 0.005 0.005 0.006 0.088 0.084 0.059 18.06 17.64 10.49

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 1 1 1 0.002 0.002 0.002 0.129 0.151 0.115 69.84 69.84 69.84

10 4 2 4 0.003 0.005 0.003 0.065 0.107 0.058 21.43 21.43 21.43

100 11 10 16 0.003 0.003 0.003 0.058 0.058 0.049 19.21 19.21 19.18

250 11 9 18 0.003 0.003 0.002 0.092 0.096 0.072 29.99 29.99 29.83

500 10 8 6 0.003 0.003 0.006 0.157 0.162 0.287 47.42 47.42 47.41

1000 12 8 7 0.003 0.003 0.006 0.215 0.232 0.393 66.56 66.63 66.56

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 11 9 19 0.003 0.003 0.003 0.081 0.086 0.064 27.28 29.33 21.12

Table 5.13: GPS only, Geometry based model, coordinates known, ionosphere

weighted, troposphere float scenario, Full AR, ASR and DD fixed-precision of tropo-

sphere (meters) are presented - measurement precision is held fix, number of satellites

are as available, baseline length varied from 1 to 1000 Km, SD precision σI =

0.68 mm per km
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simulation). For longer baselines, it is generally observed that the

number of epochs taken for 0.999 ASR reduce. Same can be observed in

GPS only simulation for a few scenarios, see Table 5.13.

Fall in Partial AR:

(3) It can be seen in the partial AR plots, incase of new incoming reference

satellite when a perturbation is caused in the stochastic model, the

percentage of ambiguities fixed by PAR drops. See Figure 5.14. Same

can be observed in case of full AR from Figure 5.13.

Single frequency:

(4) It took between 1 and 2830 epochs for single frequency for baseline lengths

of 1 to 500 Kms (all latitude location scenarios) for E-W baseline and

between 1 to 3021 epochs for N-S baseline for a similar scenario. The

best results were seen to be for �30� latitude for both E-W and N-S

baseline.

(5) For 250 Km baseline length, it took 2026, 644 and 1771 epochs at 0�,�30� and �60� for 0.999 ASR with ionosphere weighted model, E-W

baseline. For N-S baseline, it took 1163, 696 and 933 epochs for a similar

scenario.

Dual frequency:

(6) Number of epochs for 0.999 ASR for baseline length of 10 to 1000 Km lied

between 2 and 59 for E-W baseline and between 2 and 68 for N-S baseline.

The best consistent results were seen to be at 0� for E-W baseline and at�30� for N-S baseline.

(7) The number of epochs taken at 250 Km baseline length for 0.999 ASR

were 21, 24, 43 for 0�, �30� and �60� latitude for E-W baseline. AS

compared to ionosphere float, 250 Km baseline length when it took

20, 20 and 68 epochs, the performance of ionosphere weighted is much

better, as expected. Similar results can be observed for N-S baseline.
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Triple frequency:

(8) For obtaining an ASR of 0.999, it took 2 to 19 epochs for 10 to 1000 Km

baseline lengths, considering all the latitude locations for E-W baseline.

For N-S baseline, it took between 2 to 18 epochs for a similar scenario.

The best results could be seen at 0� for E-W baseline and at �30� for

N-S baseline.

(9) The comparison of ionosphere weighted and float model showed that

ionosphere weighted model was almost equivalent float counterpart. The

weighted model took 11, 11, 19 epochs for 250 Km baseline at 0�, �30�
and �60� latitude for E-W baseline, which is similar to the float model

performance. For N-S baseline, for 250 Km baseline, it took 11, 9, 18

epochs which again is almost similar to ionosphere float model (11, 9, 19

epochs).

Considering the fixed-precision of troposphere to lie around 3mm in most of

the cases when 100% ambiguities are fixed, PAR will be evaluated for obtaining

a fixed-precision of 2cm for troposphere in the coming section.
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Figure 5.12: GPS only, total number of common satellites (left side) and low elevation satellites

(between 10� and 30� elevation) among the common satellites (right side), for different baseline lengths,

at 0�,�30� and �60� degree latitude, East-West oriented baseline.
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Figure 5.13: GPS only, Dual frequency, Full AR, Geometry based model, coordinates known, ionosphere weighted, troposphere float

scenario, (measurement precision is varied, number of satellites are as available), baseline length varied from 1 to 1000

Km in East-West direction, SD precision σI = 0.68 mm per km - ASR and DD fixed-precision of troposphere (meters) are presented for

0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities to be

fixed by full AR.

179



5.7.
R
eceiver

co
ord

in
ates

k
n
ow

n
,
ion

osp
h
ere

w
eigh

ted
scen

ario

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

DF, 00 , 10 Km, (σP1,2=0.25m, σΦ1,2=3mm)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

69

94
100

1

1

(1) σ
ρ
=1.9cm 69%PAR in 1 epo

2

2

(2) σ
ρ
=0.31cm 100%PAR in 4 epo

ASR DD Float σ
ρ
 (m) DD Fixed σ

ρ
 (m) % of Ambiguities Fixed

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
DF, 00 , 250 Km, (σP1,2=0.25m, σΦ1,2=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

7

36
57

64717986
93100

1

1

(1) σ
ρ
=1.8cm 57%PAR in 6 epo

2

2

(2) σ
ρ
=0.28cm 100%PAR in 21 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
DF, 00 , 1000 Km, (σP1,2=0.25m, σΦ1,2=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

7

29

50
57 64

798693100

DD
 P

re
cis

io
n 

of
 tr

op
os

ph
er

e 
(m

et
er

s)

1

1

(1) σ
ρ
=1.2cm 57%PAR in 11 epo

2

2

(2) σ
ρ
=0.27cm 100%PAR in 24 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

DF, −300 , 10 Km, (σP1,2=0.25m, σΦ1,2=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

94

100

1

1

(1) σ
ρ
=0.9cm 94%PAR in 1 epo

2

2

(2) σ
ρ
=0.52cm 100%PAR in 2 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
DF, −300 , 250 Km, (σP1,2=0.25m, σΦ1,2=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

6

19
31

3844
758188 94100

1

1

(1) σ
ρ
=0.61cm 75%PAR in 9 epo

2

2

(2) σ
ρ
=0.24cm 100%PAR in 24 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
DF, −300 , 1000 Km, (σP1,2=0.25m, σΦ1,2=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

13

31
38
44
6975818894100

DD
 P

re
cis

io
n 

of
 tr

op
os

ph
er

e 
(m

et
er

s)

1

1

(1) σ
ρ
=2cm 38%PAR in 10 epo

2

2

(2) σ
ρ
=0.18cm 100%PAR in 40 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

Epochs, 1 epo= 1 sec

DF, −600 , 10 Km, (σP1,2=0.25m, σΦ1,2=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

72
83

89

100

1

1

(1) σ
ρ
=1cm 72%PAR in 1 epo

2

2

(2) σ
ρ
=0.28cm 100%PAR in 4 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

DF, −600 , 250 Km, (σP1,2=0.25m, σΦ1,2=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

6

22
28

50
67 72788389

94
100

1

1

(1) σ
ρ
=0.58cm 67%PAR in 9 epo

2

2

(2) σ
ρ
=0.14cm 100%PAR in 43 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

DF, −600 , 1000 Km, (σP1,2=0.25m, σΦ1,2=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

6

11
17
22
33
44505667 7278838994100

DD
 P

re
cis

io
n 

of
 tr

op
os

ph
er

e 
(m

et
er

s)

1

1

(1) σ
ρ
=0.45cm 67%PAR in 16 epo

2

2

(2) σ
ρ
=0.12cm 100%PAR in 59 epo

Figure 5.14: GPS only, Dual frequency, Partial AR, Geometry based model, coordinates known, ionosphere weighted,

troposphere float scenario, (measurement precision is varied, number of satellites are as available), baseline length

varied from 1 to 1000 Km in East-West direction, SD precision σI = 0.68 mm per km - ASR and DD fixed-precision of

troposphere (meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of

epochs (on x-axis) taken for obtaining 2cm fixed-precision under (1), and for fixing 100% of ambiguities by PAR under (2), along

with the fixed-precision obtained.
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5.7. Receiver coordinates known, ionosphere weighted scenario

5.7.3 GPS only, Partial Ambiguity Resolution to obtain

fixed-precision of 2 cm, ionosphere weighted sce-

nario

In this section, it is to be analyzed whether the partially ambiguity fixing

help in converging the solution faster to a modest fixed-precision of 2cm for

troposphere. Table 5.14 presents the results in terms of fixed-precision to be

equal to or better than 2cm and corresponding epochs taken and ambiguities

fixed are noted.

The following is the analysis based on Table 5.14.

General conclusion:

(1) An instantaneous fixed-precision of 2cm could be obtained for 1 and 10

Km baseline length for all the scenarios of dual and triple frequencies at

all latitude locations. With single frequency GPS, instantaneous fixed-

precision of 2cm could only be obtained for 1 Km baseline length, for all

scenarios of latitude locations.

(2) For all the remaining scenarios of baseline lengths above 10 Km, less

than 100% of ambiguities were fixed to obtain a fixed-precision of 2cm for

troposphere.

(3) For 1000 Km baseline length too, fixed-precision of 2cm could be achieved

well within stipulated 3600 epochs.

(4) Ionosphere weighted scenario performs better than ionosphere float

scenario for all the different cases considered in Table 5.14.

Single frequency:

(5) For single frequency, it took a minimum of 2 and a maximum of 1673

epochs for baseline lengths between 10 and 1000 Kms, E-W baseline. For

N-S baseline, it took between 2 and 1381 epochs for a similar scenario.

The best performance could be seen at �60� latitude for both E-W and

N-S baseline.

Dual frequency:
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5.7. Receiver coordinates known, ionosphere weighted scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for troposphere

Baseline length Epochs taken Ambiguities fixed(%) σŤ (meters) σ pT (meters) Gain=σ pT {σŤ
(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦL1
=0.003m , σPL1

=0.5m

1 1 1 1 88 100 78 0.004 0.004 0.004 0.565 0.662 0.502 132.61 164.57 115.44

10 2 3 2 62 100 67 0.020 0.004 0.008 0.399 0.382 0.355 20.40 88.19 45.39

100 113 52 52 71 62 56 0.020 0.017 0.015 0.066 0.091 0.070 3.23 5.29 4.57

250 402 251 184 57 62 40 0.020 0.017 0.020 0.035 0.042 0.037 1.72 2.44 1.84

500 705 654 501 57 57 25 0.020 0.019 0.020 0.029 0.028 0.025 1.40 1.46 1.23

1000 1239 1673 1196 38 57 12 0.019 0.017 0.018 0.026 0.025 0.021 1.34 1.46 1.14

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 1 1 1 100 100 100 0.002 0.003 0.002 0.200 0.234 0.178 79.84 79.84 79.84

10 1 1 1 69 94 72 0.019 0.009 0.010 0.200 0.234 0.178 10.50 25.93 17.07

100 5 6 6 71 81 67 0.018 0.007 0.007 0.118 0.101 0.077 6.51 13.62 10.98

250 6 9 9 57 75 67 0.018 0.006 0.006 0.137 0.102 0.079 7.79 16.76 13.64

500 9 13 12 57 75 67 0.014 0.005 0.005 0.164 0.122 0.100 11.58 24.00 19.69

1000 11 10 16 57 38 67 0.012 0.020 0.004 0.229 0.203 0.132 18.78 10.31 29.50

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 12 17 16 57 75 67 0.019 0.010 0.017 0.138 0.113 0.146 7.10 10.92 8.53

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 1 1 1 100 100 100 0.002 0.002 0.002 0.129 0.151 0.115 69.84 69.84 69.84

10 1 1 1 79 96 81 0.016 0.009 0.010 0.129 0.152 0.115 7.87 17.62 11.70

100 3 4 4 81 88 78 0.019 0.007 0.007 0.112 0.090 0.069 5.80 12.28 9.94

250 4 5 5 81 88 78 0.017 0.007 0.006 0.153 0.126 0.098 8.85 18.99 15.44

500 6 6 6 86 83 78 0.014 0.017 0.006 0.201 0.179 0.142 14.40 10.57 24.41

1000 7 6 8 90 83 78 0.012 0.020 0.005 0.270 0.247 0.177 22.92 12.39 34.53

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 6 4 6 81 67 78 0.007 0.019 0.010 0.109 0.129 0.133 15.03 6.65 13.21

North-South Baseline

Low-end receivers, Single Frequency σΦL1
=0.003m , σPL1

=0.5m

1 1 1 1 88 100 78 0.004 0.004 0.004 0.565 0.662 0.502 132.61 164.57 115.43

10 2 2 2 62 88 67 0.020 0.007 0.008 0.399 0.468 0.355 20.40 69.83 45.30

100 112 49 56 71 62 62 0.020 0.018 0.015 0.066 0.095 0.087 3.24 5.26 5.82

250 407 229 198 50 62 57 0.020 0.018 0.020 0.034 0.045 0.044 1.69 2.43 2.18

500 674 631 599 50 50 43 0.020 0.020 0.020 0.027 0.029 0.033 1.33 1.41 1.60

1000 1381 1212 1294 38 57 29 0.020 0.020 0.020 0.023 0.028 0.027 1.11 1.37 1.31

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 1 1 1 100 100 100 0.002 0.003 0.002 0.200 0.234 0.178 79.84 79.84 79.84

10 1 1 1 69 94 72 0.019 0.009 0.010 0.200 0.234 0.178 10.49 25.94 17.04

100 5 5 6 71 75 86 0.018 0.010 0.007 0.118 0.111 0.110 6.47 10.69 15.47

250 7 9 10 57 69 86 0.017 0.007 0.006 0.127 0.104 0.107 7.64 15.87 18.94

500 9 10 13 57 62 100 0.015 0.008 0.005 0.165 0.145 0.194 11.20 19.29 38.20

1000 30 19 17 86 75 100 0.003 0.004 0.005 0.143 0.159 0.265 45.88 39.86 56.63

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 12 14 16 57 63 71 0.020 0.020 0.018 0.139 0.123 0.126 7.10 6.08 6.82

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 1 1 1 100 100 100 0.002 0.002 0.002 0.129 0.151 0.115 69.84 69.84 69.84

10 1 1 1 79 96 81 0.016 0.009 0.010 0.129 0.152 0.115 7.87 17.63 11.68

100 3 4 4 81 88 90 0.019 0.007 0.007 0.112 0.091 0.098 5.76 12.42 13.97

250 4 6 5 76 92 90 0.018 0.005 0.006 0.153 0.117 0.138 8.66 24.35 21.46

500 5 6 6 76 92 100 0.016 0.005 0.006 0.222 0.187 0.287 13.87 39.59 47.41

1000 10 7 7 90 92 100 0.007 0.005 0.006 0.236 0.248 0.393 35.83 46.73 66.56

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 6 4 5 81 71 76 0.007 0.015 0.013 0.110 0.128 0.126 15.02 8.52 9.76

Table 5.14: GPS only, PAR, Geometry based model, coordinates known, iono-

sphere weighted, troposphere float scenario, Partial ambiguities fixed (percentage) and

number of epochs for obtaining 2cm fixed-precision of troposphere are presented, mea-

surement precision is held fixed, baseline length varied from 1 to 1000 Km, SD

precision σI = 0.68 mm per km, number of satellites are as available.

182



5.7. Receiver coordinates known, ionosphere weighted scenario

(6) For baseline lengths between 100 and 1000 Km, it took between 5 and 16

epochs considering all latitude locations for E-W oriented baseline. For

N-S baseline, it took between 5 and 30 epochs. The best performance

could be seen at 0� latitude for both E-W and N-S baseline for majority

of baseline lengths (except 1000 Km baseline).

Triple frequency:

(7) For triple frequency, it took a minimum of 3 and a maximum of 8 epochs

for baseline lengths between 10 and 1000 Km considering different latitude

locations for E-W baseline. For N-S baseline, it took between 3 and 10

epochs for a similar scenario. A good performance could be seen at �30�
and �60� latitude for both E-W and N-S baseline.
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5.7. Receiver coordinates known, ionosphere weighted scenario

5.7.4 Galileo only - Full and Partial Ambiguity Resolu-

tion, ionosphere weighted scenario

The Galileo system with four frequencies E1, E5a, E5b and E6 were used in

combination to form single, dual, triple and quadruple system in order to simulate

ambiguity success rates and fixed-precision of the troposphere. Ionosphere was

considered a-priori known and hence weighted, the SD precision of ionosphere

considered is σI = 0.68 mm per km. The results for Geometry fixed ionosphere

weighted scenario are presented in Figures F.43 to F.46 for full ambiguity resolu-

tion and in Figures F.47 to F.50 for partial ambiguity resolution, see Appendix

F. Table 5.15 gives a results for epochs taken in order to obtain 0.999 ASR for

different scenarios of baseline length, frequency combination and latitude location

along with the ambiguity-float and -fixed-precision of the troposphere.

The following is the analysis based on Table 5.15, see below.

General Conclusion:

(1) Instantaneous ASR of 0.999 could be achieved for baseline length of 1 Km

for all the scenarios of latitude locations for dual, triple and quadruple

frequency combinations. With single frequency, instantaneous ASR could

not be achieved at �30� latitude location only.

(2) It can be noted that the number of epochs required to obtain 0.999 ASR

increases as baseline length increases. However, it is again stressed that,

for long baseline when ionosphere weighted scenario is equivalent to iono-

sphere float case (say for baseline length of 500 and 1000 Kms), 0.999 ASR

could be achieved quicker depending on the number of common satellites

and number of low elevation satellites available. As an effect it could be

noticed that for 1000 Km baseline the number of epochs taken for 0.999

Full ASR ar less than that for 500 Km baseline.

(3) At �60� latitude, the results with Galileo are exceptional as compared

to other latitude locations. see Table 5.15, dual, triple and quadruple

frequency results. This is due to the fact that for the selected time

period 0000 to 0100 UTC, Galileo performs exceptionally well for longer

baselines, see Figure 5.11 (batch 1 corresponds to 0000 to 0100 UTC.
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5.7. Receiver coordinates known, ionosphere weighted scenario

Full AR - minimum desired ASR = 0.999

Epochs taken σŤ (meters) σ pT (meters) Gain=σ pT {σŤ
0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦE1
=0.003m , σPE1

=0.5m

1 1 2 1 0.003 0.002 0.004 0.563 0.408 0.605 164.57 164.42 164.57

10 4 4 2 0.003 0.003 0.005 0.282 0.288 0.428 88.23 88.13 88.23

100 214 262 242 0.004 0.003 0.003 0.038 0.033 0.032 10.52 9.84 10.05

250 1079 948 1629 0.004 0.005 0.003 0.017 0.018 0.009 4.53 3.75 3.46

500 3151 1977 2807 0.003 0.005 0.003 0.008 0.013 0.008 2.61 2.45 2.31

1000 ¡ 3600 ¡ 3600 ¡ 3600 - - - - - - - - -

I-Fix(1Km) 1 1 1 - - - - - - - - -

High-end receivers, Dual Frequency σΦE1
=0.003m , σPE1

=0.25m , σΦE5a
=0.002m , σPE5a

=0.15m

1 1 1 1 0.002 0.002 0.002 0.145 0.148 0.156 70.62 70.62 70.62

10 4 4 2 0.003 0.003 0.005 0.073 0.074 0.110 24.02 24.02 24.02

100 16 19 7 0.002 0.002 0.003 0.042 0.040 0.068 20.82 20.79 20.82

250 30 35 15 0.001 0.001 0.002 0.046 0.043 0.069 30.84 30.49 30.85

500 36 45 19 0.001 0.001 0.002 0.066 0.057 0.095 47.53 45.47 47.56

1000 33 54 22 0.002 0.001 0.002 0.115 0.070 0.122 65.95 59.25 65.91

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 43 50 21 0.004 0.004 0.003 0.051 0.044 0.060 13.47 12.19 18.72

High-end receivers, Triple Frequency σΦE1
=0.003m , σPE1

=0.25m , σΦE5a,E5b
=0.002m , σPE5a,E5b

=0.15m

1 1 1 1 0.002 0.002 0.002 0.110 0.113 0.118 66.21 66.21 66.21

10 3 4 2 0.003 0.003 0.004 0.064 0.057 0.084 18.83 18.83 18.83

100 14 17 6 0.002 0.002 0.003 0.037 0.034 0.061 17.55 17.53 17.55

250 13 17 6 0.002 0.002 0.003 0.064 0.057 0.100 28.90 28.83 28.90

500 12 16 6 0.002 0.002 0.003 0.109 0.095 0.161 46.61 46.35 46.62

1000 10 20 7 0.003 0.002 0.003 0.204 0.125 0.211 65.85 64.97 65.84

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 13 17 6 0.003 0.003 0.003 0.075 0.061 0.090 23.92 20.80 33.72

High-end receivers, Quadruple Frequency σΦE1
=0.003m , σPE1

=0.25m , σΦE5a,E5b,E6
=0.002m , σPE5a,E5b,E6

=0.15m

1 1 1 1 0.001 0.002 0.002 0.092 0.094 0.099 62.14 62.14 62.14

10 3 4 2 0.003 0.003 0.004 0.053 0.047 0.070 15.91 15.91 15.91

100 13 16 5 0.002 0.002 0.004 0.035 0.032 0.060 16.41 16.40 16.41

250 12 16 6 0.002 0.002 0.003 0.066 0.058 0.098 29.16 29.10 29.16

500 11 16 6 0.002 0.002 0.003 0.114 0.095 0.161 47.82 47.53 47.82

1000 10 19 6 0.003 0.002 0.003 0.202 0.128 0.226 67.10 66.27 67.11

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 12 16 6 0.003 0.002 0.002 0.065 0.052 0.074 24.89 21.47 33.74

North-South Baseline

Low-end receivers, Single Frequency σΦE1
=0.003m , σPE1

=0.5m

1 1 2 1 0.003 0.002 0.004 0.563 0.408 0.605 164.57 164.42 164.57

10 4 4 2 0.003 0.003 0.005 0.281 0.288 0.427 88.23 88.13 88.23

100 241 233 231 0.003 0.004 0.003 0.035 0.037 0.033 10.50 8.46 10.12

250 728 848 1489 0.005 0.005 0.003 0.024 0.022 0.010 4.63 4.14 3.65

500 ¡ 3600 1742 2581 - 0.006 0.003 - 0.017 0.008 - 2.65 2.38

1000 ¡ 3600 ¡ 3600 ¡ 3600 - - - - - - - - -

I-Fix(1Km) 1 1 1 - - - - - - - - -

High-end receivers, Dual Frequency σΦE1
=0.003m , σPE1

=0.25m , σΦE5a
=0.002m , σPE5a

=0.15m

1 1 1 1 0.002 0.002 0.002 0.145 0.148 0.156 70.62 70.62 70.62

10 4 4 2 0.003 0.003 0.005 0.072 0.074 0.110 24.02 24.02 24.02

100 18 19 7 0.002 0.002 0.003 0.039 0.040 0.068 20.82 20.79 20.82

250 19 29 16 0.002 0.002 0.002 0.066 0.059 0.066 30.86 30.60 30.85

500 30 33 24 0.002 0.002 0.002 0.079 0.089 0.082 47.59 46.56 47.45

1000 28 31 23 0.002 0.002 0.002 0.132 0.140 0.133 66.16 64.34 66.00

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 28 42 23 0.004 0.003 0.003 0.060 0.045 0.058 16.85 13.50 17.92

High-end receivers, Triple Frequency σΦE1
=0.003m , σPE1

=0.25m , σΦE5a,E5b
=0.002m , σPE5a,E5b

=0.15m

1 1 1 1 0.002 0.002 0.002 0.110 0.113 0.118 66.21 66.21 66.21

10 3 4 2 0.003 0.003 0.004 0.064 0.057 0.084 18.83 18.83 18.83

100 15 17 6 0.002 0.002 0.003 0.035 0.035 0.060 17.55 17.53 17.55

250 9 16 7 0.003 0.003 0.003 0.088 0.073 0.091 28.90 28.83 28.90

500 10 13 8 0.003 0.003 0.003 0.131 0.138 0.136 46.62 46.46 46.61

1000 9 10 7 0.003 0.004 0.004 0.227 0.245 0.236 65.87 65.67 65.86

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 9 16 7 0.003 0.003 0.003 0.085 0.059 0.084 28.73 21.70 31.42

High-end receivers, Quadruple Frequency σΦE1
=0.003m , σPE1

=0.25m , σΦE5a,E5b,E6
=0.002m , σPE5a,E5b,E6

=0.15m

1 1 1 1 0.001 0.002 0.002 0.092 0.094 0.099 62.14 62.14 62.14

10 3 4 2 0.003 0.003 0.004 0.053 0.047 0.070 15.91 15.91 15.91

100 15 17 6 0.002 0.002 0.003 0.032 0.031 0.055 16.41 16.40 16.41

250 8 15 6 0.003 0.003 0.003 0.092 0.074 0.097 29.16 29.10 29.16

500 10 13 7 0.003 0.003 0.003 0.131 0.138 0.145 47.82 47.65 47.81

1000 9 10 7 0.003 0.004 0.003 0.225 0.243 0.234 67.11 66.90 67.10

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 8 16 6 0.002 0.002 0.002 0.076 0.049 0.075 30.37 21.79 33.75

Table 5.15: Galileo only, Geometry based model, coordinates known, ionosphere

weighted, troposphere float scenario, Full AR analysis, ASR and fixed-precision of

troposphere (meters) are presented - measurement precision is held fix, number of

satellites are as available, baseline length varied from 1 to 1000 Km, σI = 0.68

mm per km.
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5.7. Receiver coordinates known, ionosphere weighted scenario

Single frequency:

(4) For baseline lengths between 1 to 500 Km, it took between 1 to 3151

epochs (GPS only took 1 to ¡3600 epochs) to obtain 0.999 full AR

for E-W baseline length. For N-S baseline length, it took between 2 to¡3600 (GPS only took 1 to 3021 epochs) epochs for similar scenarios.

The performance for both E-W and N-S baseline was better at �30�
latitude location.

(5) At 250 Km baseline length, it took 1079, 948 and 1629 epochs (GPS

only took 2026, 644 and 1771 epochs) for E-W baseline and 728, 848

and 1489 epochs for N-S baseline (GPS only took 1163, 696 and 933

epochs) at 0�,�30� and �60� degree latitude respectively.

Dual frequency:

(6) With dual frequency, it took a minimum of 2 and a maximum of 54

epochs (GPS only took 2 to 59 epochs) for baseline lengths between 10

and 1000 Km for E-W baseline. For N-S baseline, it took between 2 to 33

epochs (GPS only took 2 to 68 epochs) for similar scenario. The dual

frequency system seemed to favour �60� latitude for both the E-W and

N-S baseline.

(7) For 250 Km baseline length, it took 30, 35 and 15 epochs (GPS only

took 21, 24 and 43 epochs) at 0�,�30� and �60� degree latitude and for

N-S baseline it took 19, 29 and 16 epochs (GPS only took 20, 20 and

68 epochs) for similar latitude locations.

Triple frequency:

(8) Triple frequency Galileo took between 2 and 20 epochs (GPS only took

2 to 19 epochs) for all latitude locations for baseline length of 10 to 1000

Kms for E-W baseline. For N-S baseline, it took between 2 and 17 epochs

(GPS only took 2 to 18 epochs) for a similar scenario. Undoubtedly

Galileo only favours �60� latitude for the selected time period.

(9) For 250 Km baseline length, it took 13, 17 and 6 epochs (GPS only

took 11, 11 and 19 epochs) at 0�,�30� and �60� degree latitude for E-W
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5.7. Receiver coordinates known, ionosphere weighted scenario

baseline. For N-S baseline, it took 9, 16 and 7 epochs (GPS only took

11, 9 and 18 epochs) for a similar scenario.

Quadruple frequency:

(10) In general quadruple frequency performed marginally better for some

scenarios of baseline lengths by taking one epoch less for 0.999 ASR. For

all other scenarios the performance of quadruple frequency is similar to

triple frequency Galileo.

Comparison with GPS only:

(11) Comparison with GPS only shows that Galileo performs better, see above

dual and triple frequency comparisons. The improved measurement pre-

cision of Galileo system plays an important part in the reduced time to

achieve 0.999 ASR as compared to GPS only.

(12) Quadruple frequency Galileo out performs triple frequency Galileo, hence

it can also be said to perform better that GPS system.
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Figure 5.15: Galileo only, total number of common satellites (left side) and low elevation satellites

(between 10� and 30� elevation) among the common satellites (right side), for different baseline lengths,

at 0�,�30� and �60� degree latitude, East-West oriented baseline.
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Figure 5.16: Galileo only, Dual frequency, Full AR, Geometry based model, coordinates known, ionosphere weighted, troposphere

float scenario, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30� and �60�

degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure 5.17: Galileo only, Dual frequency, Partial AR, Geometry based model, coordinates known, ionosphere weighted, troposphere

float scenario, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30� and �60�

degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed-precision under(1), and

for fixing 100% of ambiguities by PAR under (2), along with the fixed-precision obtained.
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5.7. Receiver coordinates known, ionosphere weighted scenario

5.7.5 Galileo only, Partial Ambiguity Resolution to ob-

tain fixed-precision of 2 cm, ionosphere weighted

scenario

The evaluation of PAR with Galileo system is done in order to obtain 2cm

fixed-precision of troposphere. The evaluation is based on number of epochs

taken to fulfil the criteria laid. Table 5.16 presents the results of the simulation

for single, dual, triple and quadruple Galileo system frequency combinations.

The analysis from the results presented in Table 5.16 is given below.

General remarks:

(1) Instantaneous fixed-precision of 2cm could be achieved for baseline lengths

of 1 and 10 Km for all the scenarios of latitude locations for dual, triple

and quadruple frequency Galileo. For single frequency Galileo, instanta-

neous fixed-precision of 2cm could be obtained only for 1 Km baseline

length. A similar result was obtained with GPS only too.

(2) For all other scenarios of baseline lengths of 100 to 1000 Kms, for all

frequency combinations, PAR fixed only a partial subset of ambiguities

(less than 100%) to obtain a fixed-precision of 2cm.

(3) The results for ionosphere weighted scenarios in order to obtain a

fixed-precision of 2cm for the troposphere were much better than for

ionosphere float scenario. See Table 5.16, 250 Km baseline length.

Single frequency:

(4) For single frequency, it took a minimum of 2 and a maximum of 1321

epochs (GPS only took between 2 and 1673 epochs) for baseline lengths

between 10 and 1000 Kms, E-W baseline. For N-S baseline, it took

between 2 and 1486 epochs (GPS only took between 2 and 1381 epochs)

for a similar scenario. The best performance could be seen at �30�
latitude for both E-W and N-S baseline.

Dual frequency:
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5.7. Receiver coordinates known, ionosphere weighted scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for troposphere

Baseline length Epochs taken Ambiguities fixed(%) σŤ (meters) σ pT (meters) Gain=σ pT {σŤ
(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦE1
=0.003m , σPE1

=0.5m

1 1 1 1 100 80 100 0.003 0.006 0.004 0.563 0.577 0.605 164.57 99.40 164.57

10 2 2 2 89 80 100 0.005 0.008 0.005 0.398 0.408 0.428 73.46 53.32 88.23

100 88 74 72 78 80 82 0.008 0.010 0.008 0.060 0.067 0.064 7.45 6.47 8.44

250 408 306 231 67 60 64 0.019 0.016 0.013 0.029 0.033 0.035 1.47 2.04 2.77

500 668 611 539 33 56 27 0.020 0.020 0.019 0.024 0.027 0.024 1.20 1.30 1.29

1000 1321 1148 976 22 44 18 0.020 0.020 0.020 0.022 0.024 0.022 1.08 1.17 1.06

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

High-end receivers, Dual Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a
=0.002m , σPE5a

=0.15m

1 1 1 1 100 100 100 0.002 0.002 0.002 0.145 0.148 0.156 70.62 70.62 70.62

10 1 1 1 83 80 95 0.008 0.010 0.007 0.145 0.149 0.156 17.23 14.54 21.53

100 5 6 5 67 80 85 0.016 0.006 0.018 0.075 0.070 0.081 4.84 12.67 4.37

250 6 8 7 50 70 80 0.013 0.005 0.004 0.103 0.091 0.101 7.95 18.69 26.82

500 7 8 7 56 65 65 0.005 0.005 0.004 0.150 0.142 0.157 33.10 29.17 41.05

1000 9 7 9 62 55 85 0.004 0.006 0.003 0.223 0.240 0.192 55.23 37.42 65.62

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 11 9 9 72 65 80 0.015 0.018 0.012 0.101 0.105 0.092 6.59 5.77 7.90

High-end receivers, Triple Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a,E5b
=0.002m , σPE5a,E5b

=0.15m

1 1 1 1 100 100 100 0.002 0.002 0.002 0.110 0.113 0.118 66.21 66.21 66.21

10 1 1 1 93 93 97 0.008 0.009 0.007 0.110 0.113 0.118 13.98 12.57 16.86

100 3 4 4 78 87 90 0.020 0.010 0.006 0.080 0.071 0.074 4.03 7.18 11.49

250 4 6 5 81 93 97 0.018 0.005 0.004 0.116 0.096 0.109 6.40 17.76 25.36

500 5 6 5 93 93 97 0.005 0.005 0.004 0.170 0.156 0.177 33.01 29.08 40.79

1000 5 4 4 92 89 90 0.006 0.011 0.007 0.288 0.339 0.279 46.64 30.17 39.98

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 4 3 3 74 70 80 0.014 0.014 0.010 0.134 0.146 0.127 9.41 10.37 13.09

High-end receivers, Quadruple Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a,E5b,E6
=0.002m , σPE5a,E5b,E6

=0.15m

1 1 1 1 100 100 100 0.001 0.002 0.002 0.092 0.094 0.099 62.14 62.14 62.14

10 1 1 1 94 95 98 0.008 0.009 0.007 0.093 0.095 0.099 11.84 10.66 14.25

100 3 4 4 83 92 95 0.019 0.008 0.005 0.073 0.065 0.068 3.75 8.47 12.74

250 4 6 5 86 95 98 0.018 0.005 0.004 0.114 0.095 0.108 6.45 17.92 25.59

500 4 5 5 86 92 98 0.017 0.007 0.004 0.190 0.171 0.177 11.45 24.25 41.84

1000 5 4 4 97 92 92 0.005 0.011 0.007 0.286 0.337 0.277 56.78 30.74 40.74

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 4 2 2 83 80 78 0.011 0.013 0.020 0.112 0.149 0.129 10.44 11.52 6.59

North-South Baseline

Low-end receivers, Single Frequency σΦE1
=0.003m , σPE1

=0.5m

1 1 1 1 100 80 100 0.003 0.006 0.004 0.563 0.577 0.605 164.57 99.39 164.57

10 2 2 2 89 80 100 0.005 0.008 0.005 0.398 0.408 0.427 73.44 53.27 88.23

100 91 74 62 78 80 64 0.008 0.010 0.011 0.058 0.067 0.070 7.44 6.43 6.41

250 455 420 238 62 89 64 0.020 0.010 0.012 0.031 0.035 0.034 1.50 3.54 2.84

500 814 877 557 38 56 27 0.020 0.020 0.019 0.024 0.027 0.024 1.17 1.31 1.30

1000 1373 1486 1063 38 56 17 0.020 0.020 0.020 0.024 0.026 0.021 1.18 1.28 1.05

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

High-end receivers, Dual Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a
=0.002m , σPE5a

=0.15m

1 1 1 1 100 100 100 0.002 0.002 0.002 0.145 0.148 0.156 70.62 70.62 70.62

10 1 1 1 83 80 95 0.008 0.010 0.007 0.145 0.149 0.156 17.23 14.53 21.53

100 5 6 5 61 80 85 0.017 0.006 0.018 0.074 0.071 0.080 4.36 12.57 4.36

250 8 21 6 69 94 60 0.004 0.002 0.019 0.102 0.070 0.108 25.45 30.46 5.80

500 11 12 7 69 83 65 0.003 0.004 0.004 0.131 0.150 0.153 39.31 36.01 40.83

1000 16 7 13 86 44 94 0.003 0.008 0.003 0.176 0.304 0.179 65.67 40.41 66.12

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 12 7 9 75 67 80 0.016 0.020 0.012 0.092 0.111 0.092 5.59 5.51 7.90

High-end receivers, Triple Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a,E5b
=0.002m , σPE5a,E5b

=0.15m

1 1 1 1 100 100 100 0.002 0.002 0.002 0.110 0.113 0.118 66.21 66.21 66.21

10 1 1 1 93 93 97 0.008 0.009 0.007 0.110 0.113 0.118 13.98 12.56 16.86

100 3 4 4 78 87 90 0.020 0.014 0.006 0.079 0.071 0.074 3.89 4.93 11.56

250 4 9 5 79 96 97 0.019 0.005 0.004 0.132 0.098 0.108 6.78 21.43 25.25

500 5 7 5 83 96 97 0.016 0.005 0.004 0.185 0.188 0.172 11.81 35.54 40.57

1000 6 4 5 86 85 96 0.010 0.020 0.005 0.278 0.388 0.279 28.65 19.72 57.07

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 3 2 3 71 74 80 0.019 0.013 0.010 0.148 0.167 0.128 7.65 12.82 13.28

High-end receivers, Quadruple Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a,E5b,E6
=0.002m , σPE5a,E5b,E6

=0.15m

1 1 1 1 100 100 100 0.001 0.002 0.002 0.092 0.094 0.099 62.14 62.14 62.14

10 1 1 1 94 95 98 0.008 0.009 0.007 0.092 0.095 0.099 11.84 10.66 14.25

100 3 4 4 83 92 95 0.020 0.014 0.005 0.072 0.065 0.067 3.62 4.73 12.77

250 4 9 5 84 97 98 0.019 0.004 0.004 0.130 0.096 0.106 6.84 21.63 25.48

500 5 7 4 88 97 92 0.015 0.005 0.020 0.185 0.188 0.192 12.11 36.45 9.57

1000 6 4 5 89 92 97 0.009 0.013 0.005 0.276 0.386 0.277 29.19 29.37 58.14

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 3 2 2 78 83 78 0.018 0.010 0.020 0.123 0.139 0.130 6.76 13.42 6.59

Table 5.16: Galileo only, PAR, Geometry based model, coordinates known, iono-

sphere weighted, troposphere float scenario, Partial ambiguities fixed (percentage) and

number of epochs for obtaining 2cm fixed-precision of troposphere are presented, mea-

surement precision is held fix, number of satellites are as available, baseline length

varied from 1 to 1000 Km in East-West direction, σI = 0.68 mm per km.
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5.7. Receiver coordinates known, ionosphere weighted scenario

(5) For baseline lengths between 100 and 1000 Km, it took between 5 and

9 epochs (GPS only took between 5 and 16 epochs) considering all

latitude locations for E-W oriented baseline. For N-S baseline, it took

between 5 and 21 epochs (GPS only took between 5 and 30 epochs).

Galileo only dual frequency performed well for �30� and �60� latitude.
Triple frequency:

(6) For triple frequency, it took a minimum of 3 and a maximum of 6

epochs (GPS only took between 3 and 8 epochs) for baseline lengths

between 100 and 1000 Km considering different latitude locations for

E-W baseline. For N-S baseline, it took between 3 and 9 epochs (GPS

only took between 3 and 10 epochs) for a similar scenario. Galileo only

triple frequency performed well for �30� and �60� latitude.
Quadruple frequency:

(7) The quadruple frequency Galileo system performed better than the triple

frequency Galileo system. For some of the scenarios it took one epoch

less to obtain a fixed-precision of 2cm as compared to triple frequency

Galileo. For all other scenarios, the results for triple and quadruple

frequency Galileo were exactly the same, see Table 5.16.

Comparison with GPS only:

(8) Galileo system performs better than GPS only for obtaining a fixed-

precision of 2cm for troposphere, see above comparisons for dual and

triple frequency Galileo and GPS.

(9) Quadruple frequency Galileo system performs better than triple frequency

Galileo and GPS both.
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5.7. Receiver coordinates known, ionosphere weighted scenario

5.7.6 GPS + Galileo - Full and Partial Ambiguity Reso-

lution, ionosphere weighted scenario

A combined GPS and Galileo system is considered for simulation of ASR and

fixed-precision of the troposphere. The frequency combinations of single L1pE1q,
dual L1pE1q, L5pE5aq and quadruple L1pE1q, L5pE5aq, L2, E5b frequency are

considered for simulation with geometry fixed, ionosphere weighted model. Iono-

sphere is weighted as a function of baseline length with DD standard deviation

corresponding to σI = 0.68 mm per km. The results for the simulation are

presented in Table 5.17 and Figures 6.27 to 5.21 for full and partial ambiguity

resolution.

The analysis from Table 5.17 and Figures 6.27 to 5.21 is presented below.

General remarks:

(1) Instantaneous 0.999 ASR could be achieved for 1 Km baseline lengths for

all scenarios of latitude and frequency combinations. With GPS only and

Galileo only, instantaneous ASR of 0.999 could not be achieved for single

frequency at �30� latitude location.

(2) It can be noted that the number of epochs required to obtain 0.999 ASR

increases as baseline length increases. However, it is again stressed that,

for long baseline when ionosphere weighted is equivalent to ionosphere

float case, 0.999 ASR could be achieved quicker depending on the number

of common satellites and number of low elevation satellites available.

The number of low elevation satellites fall resulting in achieving a quicker

0.999 ASR for some scenarios of long baseline lengths (500 and/or 1000

Km).

Single frequency:

(3) For baseline lengths between 10 to 500 Km, it took between 3 to ¡3600
epochs (GPS only took 3 to ¡3600 epochs and Galileo only took 3 to

3151 epochs) to obtain 0.999 full AR for E-W baseline length. For N-S

baseline length, it took between 3 to ¡3600 (GPS only took 3 to 3021

epochs and Galileo only took 3 to ¡3600 epochs) epochs for similar

scenarios.
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5.7. Receiver coordinates known, ionosphere weighted scenario

Full AR - minimum desired ASR = 0.999

Epochs taken σŤ (meters) σ pT (meters) Gain=σ pT {σŤ
0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.5m

1 1 1 1 0.002 0.003 0.002 0.396 0.429 0.385 164.57 164.57 164.57

10 4 3 4 0.002 0.003 0.002 0.198 0.248 0.192 88.22 88.19 88.16

100 184 202 265 0.003 0.003 0.002 0.032 0.029 0.020 10.51 10.17 9.84

250 1969 824 1738 0.002 0.004 0.002 0.007 0.015 0.006 3.62 3.72 2.99

500 ¡ 3600 1819 2842 - 0.004 0.003 - 0.011 0.006 - 2.56 2.08

1000 ¡ 3600 ¡ 3600 ¡ 3600 - - - - - - - - -

I-Fix(1Km) 1 1 1 - - - - - - - - -

High-end receivers, Dual Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.25m, σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 0.001 0.002 0.001 0.102 0.110 0.099 70.62 70.62 70.62

10 4 3 3 0.002 0.003 0.002 0.051 0.064 0.057 24.02 24.02 24.02

100 15 16 18 0.002 0.002 0.001 0.033 0.032 0.027 20.82 20.80 20.80

250 30 35 68 0.001 0.001 0.001 0.035 0.032 0.019 30.82 30.54 29.85

500 36 45 77 0.001 0.001 0.001 0.051 0.042 0.026 47.40 45.74 43.33

1000 33 54 78 0.001 0.001 0.001 0.083 0.050 0.034 65.68 59.87 56.06

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 43 50 84 0.003 0.003 0.003 0.041 0.037 0.031 12.55 11.50 8.90

High-end receivers, Quadruple Frequency σΦL1pE1q,L2,E5b
=0.003m , σPL1pE1q,L2,E5b

=0.25m,

σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 0.001 0.001 0.001 0.078 0.084 0.075 67.54 66.16 65.97

10 3 3 3 0.001 0.002 0.002 0.045 0.049 0.044 37.15 20.30 19.64

100 9 12 14 0.001 0.002 0.001 0.034 0.031 0.025 45.85 20.28 19.29

250 9 13 15 0.001 0.001 0.001 0.045 0.048 0.040 60.73 33.34 31.81

500 8 12 14 0.001 0.001 0.001 0.057 0.076 0.066 70.75 52.17 50.26

1000 7 9 14 0.001 0.002 0.001 0.083 0.026 0.088 74.65 15.99 68.03

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 9 10 14 0.002 0.002 0.002 0.057 0.052 0.047 26.47 25.01 21.24

North-South Baseline

Low-end receivers, Single Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.5m

1 1 1 1 0.002 0.003 0.002 0.396 0.429 0.385 164.57 164.57 164.57

10 4 3 4 0.002 0.003 0.002 0.198 0.248 0.192 88.22 88.19 88.16

100 208 198 234 0.003 0.003 0.002 0.029 0.030 0.024 10.48 9.20 9.79

250 2308 725 1818 0.002 0.004 0.002 0.006 0.017 0.006 3.42 3.92 3.07

500 ¡ 3600 1569 2898 - 0.005 0.003 - 0.013 0.006 - 2.73 2.16

1000 ¡ 3600 3622 ¡ 3600 - 0.005 - - 0.010 - - 2.07 -

I-Fix(1Km) 1 1 1 - - - - - - - - -

High-end receivers, Dual Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.25m, σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 0.001 0.002 0.001 0.102 0.110 0.099 70.62 70.62 70.62

10 4 3 4 0.002 0.003 0.002 0.051 0.064 0.050 24.02 24.02 24.02

100 17 16 12 0.001 0.002 0.002 0.031 0.032 0.040 20.82 20.80 20.81

250 20 28 29 0.002 0.001 0.001 0.047 0.040 0.037 30.85 30.67 30.61

500 30 32 24 0.001 0.001 0.001 0.059 0.059 0.071 47.50 46.86 47.32

1000 32 30 23 0.001 0.001 0.002 0.089 0.089 0.113 65.76 64.97 65.67

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 29 40 85 0.003 0.003 0.003 0.048 0.039 0.030 15.29 12.91 8.96

High-end receivers, Quadruple Frequency σΦL1pE1q,L2,E5b
=0.003m , σPL1pE1q,L2,E5b

=0.25m,

σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 0.001 0.001 0.001 0.078 0.084 0.075 67.54 66.16 65.97

10 3 3 3 0.001 0.002 0.002 0.045 0.049 0.044 37.16 20.29 19.63

100 10 12 10 0.001 0.002 0.002 0.032 0.031 0.036 46.03 20.14 19.90

250 6 10 11 0.001 0.002 0.002 0.063 0.062 0.055 56.57 33.73 32.46

500 7 9 7 0.001 0.002 0.002 0.070 0.102 0.119 69.08 52.30 51.47

1000 8 8 6 0.001 0.002 0.003 0.082 0.148 0.187 74.60 69.22 68.96

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 7 8 10 0.002 0.002 0.002 0.063 0.056 0.049 30.00 27.97 25.08

Table 5.17: GPS + Galileo, Geometry based model, coordinates known, iono-

sphere weighted, troposphere float scenario, Full AR analysis, ASR and fixed-precision

of troposphere (meters) are presented - measurement precision is held fix, number of

satellites are as available, baseline length varied from 1 to 1000 Km, σI = 0.68

mm per km.
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5.7. Receiver coordinates known, ionosphere weighted scenario

(4) At 250 Km baseline length, it took 1969, 824 and 1738 epochs (GPS

only took 2026, 644 and 1771 epochs and Galileo only took 1079, 948

and 1629 epochs) for E-W baseline and 2308, 725 and 1818 epochs (GPS

only took 1163, 696 and 933 epochs and Galileo only took 728, 848

and 1489 epochs) for N-S baseline length at 0�,�30� and �60� degree

latitude respectively.

Dual frequency:

(5) With dual frequency, it took between 3 and 78 epochs (GPS only took 2

to 59 epochs and Galileo only took 2 to 54 epochs) for baseline lengths

between 10 and 1000 Km for E-W baseline. For N-S baseline, it took

between 3 to 32 epochs (GPS only took 2 to 68 epochs and Galileo

only took 2 to 33 epochs) for similar scenario.

(6) For 250 Km baseline length, it took 30, 35 and 68 epochs (GPS only

took 21, 24 and 43 epochs and Galileo only took 30, 35 and 15 epochs)

at 0�,�30� and �60� degree latitude and for N-S baseline it took 20, 28

and 29 epochs (GPS only took 20, 20 and 68 epochs and Galileo only

took 19, 29 and 16 epochs) for similar latitude locations.

Quadruple frequency:

(7) Quadruple frequency combined GPS and Galileo took between 3 and 15

epochs (Galileo only took 2 to 19 epochs) for all latitude locations for

baseline length of 10 to 1000 Kms for E-W baseline. For N-S baseline, it

took between 3 and 11 epochs (Galileo only took 2 to 17 epochs) for a

similar scenario.

(8) For 250 Km baseline length, it took 9, 13 and 15 epochs (Galileo only

took 12, 16 and 6 epochs) 0�,�30� and �60� degree latitude for E-W

baseline. For N-S baseline, it took 6, 10 and 11 epochs (Galileo only

took 8, 15 and 6 epochs) for a similar scenario.

Comparison with GPS only and Galileo only:
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5.7. Receiver coordinates known, ionosphere weighted scenario

(9) Comparison with GPS only and Galileo only for a single or dual frequency

system does not promise exceptional outcomes, as seen from the above

results. Since with the increase in the number of satellites only does not

change the strength of the ionosphere weighted model.

(10) Comparison for quadruple frequency GPS+Galileo system with Galileo

only is promising. The results for the combined system are better than

the standalone Galileo only.
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Figure 5.18: GPS + Galileo, total number of common satellites (left side) and low elevation satellites

(between 10� and 30� elevation) among the common satellites (right side), for different baseline lengths,

at 0�,�30� and �60� degree latitude, East-West oriented baseline
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Figure 5.19: GPS + Galileo, total number of common satellites (left side) and low elevation satellites

(between 10� and 30� elevation) among the common satellites (right side), for different baseline lengths,

at 0�,�30� and �60� degree latitude, North-South oriented baseline
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Figure 5.20: GPS+Galileo, Dual frequency, Full AR, Geometry based model, coordinates known, ionosphere weighted, troposphere

float scenario, (measurement precision is varied, number of satellites are as available), baseline length varied from 1 to

1000 Km in East-West direction, SD precision σI = 0.68 mm per km - ASR and DD fixed-precision of troposphere (meters) are presented

for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities

to be fixed by full AR.
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Figure 5.21: GPS+Galileo, Dual frequency, Partial AR, Geometry based model, coordinates known, ionosphere weighted, tropo-

sphere float scenario, (measurement precision is varied, number of satellites are as available), baseline length varied from

1 to 1000 Km in East-West direction, SD precision σI = 0.68 mm per km - ASR and DD fixed-precision of troposphere (meters) are

presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining

2cm fixed-precision and for fixing 100% of ambiguities by PAR, along with the fixed-precision obtained. These values are marked as 1 and

2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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5.7. Receiver coordinates known, ionosphere weighted scenario

5.7.7 GPS + Galileo , Partial Ambiguity Resolution to

obtain fixed-precision of 2 cm, ionosphere weighted

scenario

The combined GPS and Galileo system frequencies are used for simulation of

PAR, in order to evaluate PAR in terms of number of epochs taken for obtaining

a fixed-precision of troposphere of 2cm while considering a ionosphere weighted

scenario. The results for the fixed-precision of the troposphere, number of epochs

taken and percentage of ambiguities fixed is presented in Table 5.18.

General remarks:

(1) Instantaneous fixed-precision of 2cm could be achieved for baseline lengths

of 1 and 10 Km for all the scenarios of frequency combinations and latitude

locations. A similar result was obtained with GPS only too. Addition-

ally for a combined GPS and Galileo system instantaneous fixed-precision

of 2cm could be achieved with quadruple frequency for 100 Km baseline

length.

(2) For all other scenarios of baseline lengths of 100 to 1000 Kms, for all

frequency combinations, PAR fixed only a partial subset of ambiguities

(less than 100%) to obtain a fixed-precision of 2cm.

(3) The results for ionosphere weighted scenarios in order to obtain a

fixed-precision of 2cm for the troposphere are better than for ionosphere

float scenario for dual frequency. With quadruple frequency the results

for ionosphere float and weight scenarios are the same for 250 Km

baseline length. See Table 5.16, comparison of 250 Km baseline length of

ionosphere weighted with ionosphere float (shaded in pink colour).

Single frequency:

(4) For single frequency, it took a minimum of 31 and a maximum of 820

epochs (GPS only took between 33 and 1673 epochs and Galileo only

took between 31 and 1321 epochs) for baseline lengths between 100 and

1000 Kms, E-W baseline. For N-S baseline, it took between 31 and 924

epochs (GPS only took between 33 and 1381 epochs and Galileo only
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5.7. Receiver coordinates known, ionosphere weighted scenario

took between 31 and 1486 epochs) for a similar scenario.

Dual frequency:

(5) For baseline lengths between 100 and 1000 Km, it took between 2 and

4 epochs (GPS only took between 5 and 16 epochs and Galileo only

took between 5 and 9 epochs) considering all latitude locations for E-W

oriented baseline. For N-S baseline, it took between 2 and 4 epochs

(GPS only took between 5 and 30 epochs and Galileo only took

between 5 and 21 epochs).

Quadruple frequency:

(6) For quadruple frequency, it took a maximum of 2 epochs (Galileo only

took between 2 and 4 epochs) for baseline lengths between 100 and 1000

Km considering different latitude locations for E-W baseline. For N-S

baseline, it took 2 epochs only for all scenarios similar to E-W baseline

(Galileo only took between 2 to 3 epochs).

Comparison with GPS only and Galileo only:

(7) A combined system of GPS and Galileo performed well when a fixed-

precision of 2cm was aimed for. Since while aiming for fixed-precision of

2cm, PAR was used. A combined GPS and Galileo system having a large

dimension for the ambiguities (almost twice in number as compared to

standalone GNSS systems) brings with itself an opportunity of a more

gradual PAR, than a sudden fix of a huge subset, hence intermediate

fixed-precision levels could be obtained.

203



5.7. Receiver coordinates known, ionosphere weighted scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for troposphere

Baseline length Epochs taken Ambiguities fixed(%) σŤ (meters) σ pT (meters) Gain=σ pT {σŤ
(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.5m

1 1 1 1 100 100 100 0.002 0.003 0.002 0.396 0.429 0.385 164.57 164.57 164.57

10 1 1 1 72 84 80 0.007 0.007 0.006 0.396 0.429 0.385 53.97 61.33 60.41

100 61 31 31 59 58 35 0.012 0.018 0.020 0.056 0.077 0.069 4.72 4.21 3.54

250 210 153 139 47 53 29 0.020 0.019 0.020 0.031 0.035 0.032 1.51 1.86 1.55

500 394 381 334 41 37 18 0.020 0.020 0.019 0.025 0.024 0.021 1.20 1.19 1.11

1000 820 817 645 24 29 10 0.020 0.020 0.020 0.022 0.022 0.020 1.09 1.06 1.00

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

High-end receivers, Dual Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.25m, σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 100 100 100 0.001 0.002 0.001 0.102 0.110 0.099 70.62 70.62 70.62

10 1 1 1 83 89 85 0.006 0.006 0.006 0.102 0.111 0.099 16.61 17.45 16.98

100 2 3 3 47 63 65 0.018 0.008 0.006 0.092 0.074 0.066 5.00 9.55 11.03

250 3 3 4 26 29 48 0.015 0.009 0.005 0.112 0.110 0.086 7.44 11.98 17.42

500 3 3 4 24 29 42 0.015 0.009 0.005 0.177 0.169 0.133 12.15 18.95 26.60

1000 3 3 4 25 28 40 0.013 0.010 0.005 0.279 0.262 0.189 21.12 26.49 36.61

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 6 6 8 65 66 70 0.020 0.020 0.015 0.110 0.107 0.096 5.47 5.46 6.50

High-end receivers, Quadruple Frequency σΦL1pE1q,L2,E5b
=0.003m , σPL1pE1q,L2,E5b

=0.25m,

σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 100 100 100 0.001 0.001 0.001 0.078 0.084 0.075 67.54 66.16 65.97

10 1 1 1 92 95 92 0.002 0.005 0.005 0.078 0.085 0.076 35.84 15.91 14.90

100 1 1 1 48 55 61 0.012 0.010 0.011 0.102 0.106 0.095 8.24 10.57 8.55

250 2 2 2 74 75 81 0.002 0.006 0.006 0.097 0.122 0.111 53.38 20.80 19.87

500 2 2 2 70 75 81 0.003 0.005 0.005 0.114 0.186 0.175 34.03 33.90 31.85

1000 2 2 2 79 77 80 0.002 0.005 0.005 0.155 0.254 0.235 70.69 50.20 44.41

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 2 2 2 72 77 80 0.009 0.007 0.007 0.120 0.117 0.123 12.90 17.50 17.70

North-South Baseline

Low-end receivers, Single Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.5m

1 1 1 1 100 100 100 0.002 0.003 0.002 0.396 0.429 0.385 164.57 164.57 164.57

10 1 1 1 72 84 80 0.007 0.007 0.006 0.395 0.429 0.384 53.95 61.33 60.36

100 59 31 33 53 58 37 0.015 0.019 0.019 0.056 0.078 0.080 3.75 4.17 4.14

250 236 151 149 50 56 30 0.020 0.020 0.020 0.032 0.040 0.033 1.54 1.98 1.63

500 433 419 363 47 44 26 0.019 0.020 0.020 0.025 0.027 0.025 1.26 1.34 1.21

1000 924 918 805 35 29 20 0.020 0.020 0.019 0.022 0.023 0.022 1.07 1.14 1.12

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

High-end receivers, Dual Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.25m, σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 100 100 100 0.001 0.002 0.001 0.102 0.110 0.099 70.62 70.62 70.62

10 1 1 1 83 89 85 0.006 0.006 0.006 0.102 0.111 0.099 16.61 17.45 16.96

100 2 3 3 47 61 72 0.019 0.009 0.006 0.091 0.074 0.079 4.86 8.08 13.24

250 3 4 4 25 53 56 0.016 0.005 0.004 0.122 0.107 0.102 7.71 19.54 22.69

500 3 3 4 25 31 53 0.016 0.010 0.005 0.188 0.197 0.175 11.86 20.50 38.55

1000 4 3 4 33 28 47 0.008 0.011 0.005 0.257 0.289 0.275 31.57 25.22 59.01

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 7 7 7 69 72 69 0.017 0.014 0.016 0.098 0.094 0.094 5.86 6.95 5.74

High-end receivers, Quadruple Frequency σΦL1pE1q,L2,E5b
=0.003m , σPL1pE1q,L2,E5b

=0.25m,

σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 100 100 100 0.001 0.001 0.001 0.078 0.084 0.075 67.54 66.16 65.97

10 1 1 1 91 95 92 0.002 0.005 0.005 0.078 0.085 0.075 35.83 15.90 14.88

100 1 1 1 46 55 64 0.015 0.010 0.011 0.101 0.106 0.113 6.77 10.29 9.95

250 2 2 2 77 79 87 0.003 0.006 0.006 0.109 0.138 0.130 32.64 21.98 23.09

500 2 2 2 77 79 86 0.003 0.006 0.006 0.131 0.217 0.223 41.06 34.70 38.26

1000 2 2 2 73 77 87 0.005 0.006 0.006 0.165 0.297 0.324 31.18 47.58 53.93

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 2 2 2 77 79 85 0.008 0.006 0.005 0.118 0.113 0.111 15.20 18.03 22.62

Table 5.18: GPS+Galileo, PAR, Geometry Based model, coordinates known,

ionosphere weighted, troposphere float scenario, Partial ambiguities fixed (percentage)

and number of epochs for obtaining 2cm fixed-precision of troposphere are presented,

measurement precision is held fix, number of satellites are as available, baseline length

varied from 1 to 1000 Km, σI = 0.68 mm per km.
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6
Reference Rover model

6.1 Introduction

For a Geometry Based model, when the coordinates of one or more receivers or

one or more satellites is unknown then it can be called as a Geometry Float

model. In the current scenario, the coordinates of one of the receivers forming

the baseline are unknown. This corresponds to a Reference-Rover model. In the

previous chapter, when the coordinates of both the receivers forming the baseline

were known, it corresponded to a CORS scenario or permanent reference station

scenario. This chapter is an extension of the predecessor Geometry Fixed model.

The DD observation equations of the Reference Rover (RR) model for GPS and

Galileo systems can be given as below.

Φ1s
1r,j � �u1sr T

∆r1r � µjI
1s
1r � ψ1sT1r � λjN

1s
1r,j � ǫ1s1r,j (6.1)

and similarly for code, we have

P 1s
1r,j � �u1sr T

∆r1r � µjI
1s
1r � ψ1sT1r � e1s1r,j (6.2)

where Φ1s
1r,j and P

1s
1r,j are the linearised DD phase and code GPS/Galileo observ-

ables (observed minus computed values), subscripts r, j and s indicate receiver,

frequency number and the satellite respectively, and the subscripts 1 indicate that

satellite 1 is chosen as the reference satellite and same applicable to the receiver.

Φ, λ are the DD phase observations and wavelength respectively, u1sr
T � usr

T�u1rT
= rs�rr}rsr} � r1�rr}r1r} is the DD unit vector between the receiver and the satellite, ∆rr is

the increment in the receiver positions with time, µ is pν1{νjq2, ν1 is GPS/Galileo

frequency on L1 and νj is GPS/Galileo frequency on Lj , T1r is the tropospheric

delay in Zenith and ψ1s is the tropospheric delay mapping function which maps

the zenith delay to the slant (satellite) direction using the satellite elevation an-

gle, ǫ1s1r,j and e
1s
1r,j are the error associated with the phase and code measurements

respectively.
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The above equations are applicable to GPS and Galileo standalone systems.

However, when both the GNSS systems are considered together. For the overlap-

ping two frequencies say L1 and E1 of GPS and Galileo respectively, will have a

common reference satellite (in this case GPS satellite is the reference satellite).

In such a case one needs to account for the Inter-system Biases (ISB’s) [49]. The

ISB’s are explained in detail in the commencing section.

6.1.1 Inter System Biases in case of a combined GPS and

Galileo system

GPS and Galileo satellites transmit at the individual time scales which are not

synchronized. This leads to GPS Galileo Time offset or GGTO which needs to be

accounted for when one considers a combined GPS and Galileo system [50], [51].

The un-differenced GPS and Galileo observables with respect to each systems

reference times can be given as,

For GPS system

Φs
r,j � �usrT∆rr � usr∆r

s � cpdtGr � δGr,jq � µjI
s
r � ψs

rTr � λjN
s
r,j � ǫsr,j

P s
r,j � �usrT∆rr � usr∆r

s � cpdtGr � dGr,jq � µjI
s
r � ψs

rTr � esr,j

For Galileo system

Φs
r,j � �usrT∆rr � usr∆r

s � cpdtEr � δEr,j �GGTOq � µjI
s
r � ψs

rTr � λjN
s
r,j � ǫsr,j

P s
r,j � �usrT∆rr � usr∆r

s � cpdtEr � dEr,j �GGTOq � µjI
s
r � ψs

rTr � esr,j

,////////////////.////////////////-
(6.3)

In the above equations, dtGr and dtEr are clock errors for GPS and Galileo respec-

tively, subscripts G and E are for GPS and Galileo respectively, δGr,j and δ
E
r,j are

the hardware delays for GPS and Galileo on phase data and dGr,j and d
E
r,j are for

code data, GGTO is the time difference between two systems. Since we consider

GPS as reference, GGTO is applied to Galileo system.

When the GPS and Galileo observables are parameterized in an differenced

format, say double differences (DD), GGTO which is associated with the clock

delay terms disappears and the biases in the receiver hardware delays for the

carrier phase and the code measurements can be seen. These biases are termed as

Inter System Bias (ISB). Since GPS satellite is chosen as the reference satellite for

a combined GPS and Galileo system, hence the ISB term appears at the Galileo
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DD observable. This difference between the delay in the receiver that GPS and

Galileo experiences or the ISB can be given in DD form as, pδEr,j � δE1,jq � pδGr,j �
δG1,jq � δE1r,j�δG1r,j � δGE

1r,j for phase and pdEr,j�dE1,jq�pdGr,j�dG1,jq � dE1r,j�dG1r,j � dGE
1r,j

for code data, see [49], where G and E are the GPS and Galileo satellites (as in

the superscript), 1 is the reference station (as in the subscript). The magnitude

of these biases were found to be 0.4mm and 14cm for phase and code respectively

on same receivers and 3.9cm and 1.65m for phase and code on different receivers

(Trimble-Septentrio receivers), see [52].

6.1.2 Double differenced equations for the combined GPS

and Galileo system

For a combined GPS and Galileo system, with GPS satellite as the reference,

after forming double differences, the GPS and Galileo observables can be reduced

to the form

For GPS system

Φ1G,sG
1r,j � �u1G,sG

r

T
∆r1r � µjI

1G,sG
1r � ψ1G,sGT1r � λjN

1G,sG
1r,j � ǫ

1G,sG
1r,j

P
1G,sG
1r,j � �u1G,sG

r
T
∆r1r � µjI

1G,sG
1r � ψ1G,sGT1r � e

1G,sG
1r,j

,///.///-(6.4)

For Galileo system

Φ1G,sE
1r,j � �u1G,sE

r

T
∆r1r � �cδGE

1r,j � λjN
1G,1E
1r,j

�loooooooooomoooooooooon
cδ

GE

1r,j

�µjI
1G,sE
1r � ψ1G,sET1r��λjN1E ,sE

1r,j � ǫ
1G,sE
1r,j

P
1G,sE
1r,j � �u1G,sE

r
T
∆r1r � cdGE

1r,j � µjI
1G,sE
1r � ψ1G,sET1r � e

1G,sE
1r,j

,////////////.////////////-(6.5)
In the above equations, δGE

1r,j and dGE
1r,j are the ISB terms for phase and code

data on Galileo, the ISB on phase data can be seen to have been lumped with

fraction of ambiguities for GPS and Galileo resulting in a new ISB on phase

denoted as δ
GE

1r,j , as a result of lumping of one of the ambiguities on ISB, the

remaining ambiguities to be estimated are given by N1G,sE
1r,j �N1G,1E

1r,j � N
1E ,sE
1r,j , in

the superscripts p.q1G,sE , the term 1G indicates the reference satellite to be GPS

and sE indicate the satellites for Galileo system, similarly sG indicates satellites

for GPS system (minus the GPS reference satellite). In the above equation, it can
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be noted that the satellite coordinates are not parameterized, whereas the receiver

coordinates are. The satellite coordinates are assumed to be known whereas the

receiver coordinates are estimated for the rover incase of Reference-Rover model,

for CORS scenario (Geometry Fixed model) they are assumed to be known.

It should be noted that the common frequencies of Galileo and GPS will have a

GPS satellite as a reference satellite, the uncommon GPS frequency L2 will

have the same GPS satellite as reference as for common frequency system, and

the Galileo uncommon frequency E5b will have a Galileo satellite as a reference

satellite.

Earlier, the rank deficiency between the ISB’s and the ambiguities were men-

tioned, as found by [48]. [48] gave the rank deficiency while working on ionosphere

weighted scenario. For GPS+Galileo combined system, in case of ionosphere float

scenario, there exist an additional rank deficiency of rank one between the ISB’s

and ionospheric delays for the overlapping frequencies. The mitigation of the

rank defect is explained below

6.1.3 Mitigation of rank defect between ISB and the iono-

sphere

For the common, dual and quadruple frequency GPS+Galileo system, there exist

a rank deficiency between the ionosphere and the ISB for overlapping frequencies

for the DD model in discussion. This is an additional rank deficiency, apart from

the rank deficiency between the ambiguity and the ISB, which is mitigated as

shown in equation (6.5), based on [52]. The mitigation of the rank deficiency can

be done based on theory of S-Transformation as given by [53], [54].

Consider the unknowns, namely ISB’s and ionosphere, from equation (6.5) on

phase and code of Galileo observables as given below

EpΦ1G,sE
1r,j q � �µjI

1G,sE
1r � cδ

GE

1r,j � � � �
EpP 1G,sE

1r,j q � µjI
1G,sE
1r � cdGE

1r,j � � � �
with the functional model and the unknowns for a two common frequency GPS+Galileo
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system are given below

� ����� �µ1 1 0 0 0�µ2 0 1 0 0

µ1 0 0 1 0

µ2 0 0 0 1

�����looooooooooooomooooooooooooon
A

�
������������������
I
1G,sE
1r

cδ
GE

1r,1

cδ
GE

1r,2

cdGE
1r,1

cdGE
1r,2

������������������looooomooooon
β

In the above equation, subscripts 1 and 2 represent the common frequencies

L1pE1q and L5pE5aq respectively.
Further the null-space V can be defined such thatApβ�Vαq � Aβ, A�Vα � 0,

given as below

V � �������� 1

µ1

µ2�µ1�µ2

�������� � α , if α � �1{µ1, then, V � �������� �1{µ1�1�µ2{µ1

1

µ2{µ1

��������
where α is the arbitrary chosen scalar, here it defines the frequency on which the

ISB would be eliminated, for first common frequency, α � �1{µ1. Further the

minimum constraint γ can be defined by identifying the parameter to be fixed

among unknowns β, in this case the code ISB on second common frequency is

fixed. Hence the S-basis pSKqT can be given aspSKqT � β � γ�
0 0 0 0 1

� ��������� I
1G,sE
1r

cδ
GE

1r,1

cδ
GE

1r,2

cdGE
1r,1

cdGE
1r,2

�������� � cdGE
1r,2

Further, S can be defined such that the properties pSKqT �S � 0 and rS � Vs�1
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is square and invertible, hold true.

S � �������� 1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

0 0 0 0

��������
Then A �S gives the new full rank design matrix A1 with the unknowns given by

β̃, where β̃ can be found by the relation, β̃ � �
I � V � pSK � Vq�1 � SK� β, where

I is an identity matrix of size n � n, if β is a vector of size n � 1. The full rank

design matrix A1 and the new vector of unknowns β̃ are given below

Epy1q � ����� �µ1 1 0 0�µ2 0 1 0

µ1 0 0 1

µ2 0 0 0

�����loooooooooomoooooooooon
A1 �

��������������
I
1G,sE
1r

cδ
GE

1r,1

cδ
GE

1r,2

cd
GE

1r,2

��������������looooomooooon
β̃

where, I
1G,sE
1r � I

1G,sE
1r � 1

µ1

�pcdGE
1r,2q, cδGE

1r,1 � cδ
GE

1r,1�cdGE
1r,2, cδ

GE

1r,2 � cδ
GE

1r,2�µ2

µ1

�pcdGE
1r,2q

and cd
GE

1r,1 � cdGE
1r,1 � µ2

µ1

� pcdGE
1r,2q

The updated DD observation equations for Galileo the combined GPS and

Galileo system now read as,

Φ1G,sE
1r,E1 � �u1G,sE

r
T
∆r1r � cδ

GE

1r,E1 � µjI
1G,sE
1r � ψ1G,sET1r � λE1N

1E ,sE
1r,E1 � ǫ

1G,sE
1r,E1

Φ1G,sE
1r,E5a � �u1G,sE

r
T
∆r1r � cδ

GE

1r,E5a � µjI
1G,sE
1r � ψ1G,sET1r � λE5aN

1E ,sE
1r,E5a � ǫ

1G,sE
1r,E5a

P
1G,sE
1r,E1 � �u1G,sE

r
T
∆r1r � cd

GE

1r,E1 � µjI
1G,sE
1r � ψ1G,sET1r � e

1G,sE
1r,E1

P
1G,sE
1r,E5a � �u1G,sE

r
T
∆r1r � µjI

1G,sE
1r � ψ1G,sET1r � e

1G,sE
1r,E5a

,////////////.////////////-(6.6)

The above formed S-basis is applicable for two common GPS, Galileo frequen-

cies namely L1pE1q, L5pE5aq for both dual and quadruple frequency combination

while simulations are carried for the combined GPS and Galileo system with ISB’s

as unknowns.
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6.1.4 Mitigation of Inter System Biases

In this research work, there are two main scenarios under which parameteriza-

tions of ISB’s can be realized. firstly, when CORS scenario is considered, CORS

permanent stations are assumed to have same type of receivers; hence the DD

ISB’s would be insignificant, see [52]. Hence in this scenario the ISB’s are not es-

timated as unknowns. Secondly when Reference-Rover model is considered, it is

understood that both the reference and rover would not have same receiver types.

Hence the ISB’s are understood to be different for different receivers which would

make the DD ISB’s to be non-zero. The DD ISB’s will hence be parameterized for

estimation (only for Galileo observables which have overlapping frequencies with

GPS). The functional and stochastic models for GPS and Galileo dual frequency

(two overlapping frequencies, L1pE1q, L5pE5aq can be given as below.

EpΦ1GqpGq = A1G
I pGqx1GI pGq � A1G

II pGqx1GII pGq
EpP 1GqpGq = A1G

II pGqx1GII pGq
EpΦ1GqpEq = A1G

I pEqx1GI pEq � A1G
II pEqx1GII pEq

EpP 1GqpEq = A1G
II pEqx1GII pEq

E

�������������������������

Φ1G
L1pE1q � # Φ1G

L1

Φ1G
E1

Φ1G
L5pE5aq � # Φ1G

L5

Φ1G
E5a

P 1G
L1pE1q � # P 1G

L1

P 1G
E1

P 1G
L5pE5aq � # P 1G

L5

P 1G
E5a

�ÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆ
=

����������������������

A1G
IL1

0 0 0 A1G
IL1
pGq 0 0 0 A1G

IIL1

0 A1E
IE1

0 0 A1G
IE1
pGq AGE

IE1
pΦISBq 0 0 A1G

IIE1

0 0 A1G
IL5

0 A1G
IL5
pGq 0 0 0 A1G

IIL5

0 0 0 A1E
IE5a

A1G
IE5a

pGq 0 AGE
IE5a

pΦISBq 0 A1G
IIE5a

0 0 0 0 A1G
IL1
pGq 0 0 0 A1G

IIL1

0 0 0 0 A1G
IE1
pGq 0 0 0 A1G

IIE1

0 0 0 0 A1G
IL5
pGq 0 0 AGE

IE1
pPISBq A1G

IIL5

0 0 0 0 A1G
IE5a

pGq 0 0 0 A1G
IIE5a

����������������������
�
����������������������������������

x1GIL1

x1EIE1

x1GIL5

x1EIE5a

x1GI pGq
xIE1

pΦISBq
xIE5a

pΦISBq
xIE5a

pPISBq
x1GII pGq
x1GII pEq

����������������������������������

(6.7)

D

����������������������

Φ1G
L1

Φ1G
E1

Φ1G
L5

Φ1G
E5a

P 1G
L1

P 1G
E1

P 1G
L5

P 1G
E5a

�ÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆ
=

�������������������������

C
Φ

1G
L1

C
Φ

1G
L1,E1

0 0 0 0 0 0

C
Φ

1G
E1,L1

C
Φ

1G
E1

0 0 0 0 0 0

0 0 C
Φ

1G
L5

C
Φ

1G
L5,E5a

0 0 0 0

0 0 C
Φ

1G
E5a,L5

C
Φ

1G
E5a

0 0 0 0

0 0 0 0 C
P

1G
L1

0 0 0

0 0 0 0 0 C
P

1G
E1

0 0

0 0 0 0 0 0 C
P

1G
L5

0

0 0 0 0 0 0 0 C
P

1G
E5a

�������������������������
In equation (6.7), EpΦ1GqpGq and EpΦ1GqpEq correspond to the expectation of

the phase data for GPS (indicated by pGq) and Galileo (indicated by pEq) with
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GPS as reference satellite indicated with superscripts pq1G , similarly expecta-

tion for the code data is given, AI and AII are the design matrices correspond-

ing to non-temporal (ambiguities, receiver coordinates, troposphere, ISB’s) and

temporal parameters (ionosphere), xIL1pE1q � rx1GIL1
, x1EIE1

sT � rN1G
1r,L1, N

1E
1r,E1sT ,

corresponding to a combined system of GPS+Galileo for common frequency

L1pE1q with GPS satellite as reference satellite and xIL5pE5aq � rx1GIL5
, x1EIE5a

sT �prN1G
1r,L5, N

1E
1r,E5asqT for common frequency L5pE5aq, are the double differenced

ambiguity parameters, the non-temporal parameters, apart from the ambiguities

are formed in the design matrix A1G
Ij
pGq, G indicates geometry parameters, namely

the unit vector and mapping function for the troposphere, x1GI pGq � r∆r1r, T1rs
are the geometry parameters, that is, between-receiver single differenced re-

ceiver coordinate increments and troposphere for both GPS and Galileo (with

GPS as reference satellite) and xI,j pΦISBq � δ
GE

1r,j and xI,j pPISBq � d
GE

1r,j are

the Inter System Biases for phase data and for code data (for Galileo system,

with GPS as reference satellite) partitioned in non-temporal design matrix AI ,

x1GII � rx1GII pGq, x1GII pEqsT � rI1G,sG
1r , I

1G,sE
1r sT has the temporal varying parameter,

namely the double differenced ionosphere for both GPS and Galileo (with GPS

as reference satellite).

The above combined GPS and Galileo system is possible to be implemented

while considering common frequencies. In this research the common frequency

system is applicable to a combined single frequency system consisting of L1pE1q
GPS and Galileo frequency and dual frequency system of L1pE1q, L5pE5aq com-

bined GPS and Galileo system. For quadruple frequency case consisting of ad-

ditional L2, E5b frequencies of GPS and Galileo, a different parameterization is

to be considered which is applicable to a combined system of four frequencies

(since L2, E5b are considered independent two frequencies) with observables on

L2 having GPS satellite as a reference satellite and for E5b Galileo satellite would

be chosen as the reference satellite. It is also important to note that since E5b

frequency correspond to an independent Galileo system, the ISB’s would not be

parameterized for estimation with E5b observables.

6.1.5 Parameterization of combined GPS and Galileo quadru-

ple frequency system

The DD observation equations for the two common frequencies, namely, L1pE1q,
L5pE5aq for a combined GPS+Galileo system are discussed in the earlier section
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in equation (6.5). Further, before the expectation and dispersion of GPS+Galileo

quadruple frequency are discussed, the DD observation equations of the remaining

two uncommon frequencies are given below,

ΦGsG
1r,L2 � �u1G,sG

r
T
∆r1r � µL2I

1G,sG
1r � ψ1G,sGT1r � λL2N

1G,sG
1r,L2 � ǫ

1G,sG
1r,L2

P
1G,sG
1r,L2 � �u1G,sG

r
T
∆r1r � µL2I

1G,sG
1r � ψ1G,sGT1r � e

1G,sG
1r,L2

Φ1E ,sE
1r,E5b � �u1E ,sE

r
T
∆r1r � µE5bI

1E ,sE
1r � ψ1E ,sET1r � λE5bN

1E ,sE
1r,E5b � ǫ

E,sE
1r,E5b

P
1E ,sE
1r,E5b � �u1E ,sE

r
T
∆r1r � µE5bI

1E ,sE
1r � ψ1E ,sET1r � e

1E ,sE
1r,E5b

,///////////.///////////-(6.8)
The notations used in the above equation, equation (6.8) have been already

explained earlier while describing the two common frequencies of GPS+Galileo

combined system. Here, as expressed earlier, GPS L2 frequency has a GPS

reference satellite and Galileo E5b frequency has a Galileo reference satellite.

In this section the parameterization is expressed in a basic form of the expec-

tation and dispersion, to begin with consider equation (6.7) for the combined GPS

and Galileo overlapping frequency case. To express this four frequency model,

and index for common frequency, jc will be used. The four frequencies can be

represented as L1pE1q, L5pE5aq, L2, E5b from now on in further notations, with

the common frequencies shown in the brackets. The expectation and dispersion

can now be given as follows.
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E

��������������������������������������

Φ1G
L1pE1q � # Φ1G

L1

Φ1G
E1

Φ1G
L5pE5aq � # Φ1G

L5

Φ1G
E5a

Φ1G
L2

Φ1E
E5b

P 1G
L1pE1q � # P 1G

L1

P 1G
E1

P 1G
L5pE5aq � # P 1G

L5

P 1G
E5a

P 1G
L2

P 1E
E5b

�ÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆ
=

�������������������������������������

A1G
IL1

0 0 0 0 0 A1G
I pGq 0 0 0 A1G

IIL1

0 A1E
IE1

0 0 0 0 A1G
I pGq AGE

IE1
pΦISBq 0 0 A1G

IIE1

0 0 A1G
IL5

0 0 0 A1G
I pGq 0 0 0 A1G

IIL5

0 0 0 A1E
IE5a

0 0 A1G
I pGq 0 AGE

IE5a
pΦISBq 0 A1G

IIE5a

0 0 0 0 A1G
IL2

0 A1G
I pGq 0 0 0 A1G

IIL2
0

0 0 0 0 0 A1E
IE5b

A1E
I pGq 0 0 0 0 A1E

IIE5b

0 0 0 0 0 0 A1G
I pGq 0 0 0 A1G

IIL1

0 0 0 0 0 0 A1G
I pGq 0 0 0 A1G

IIE1

0 0 0 0 0 0 A1G
I pGq 0 0 AGE

IE1
pPISBq A1G

IIL5

0 0 0 0 0 0 A1G
I pGq 0 0 0 A1G

IIE5a

0 0 0 0 0 0 A1G
I pGq 0 0 0 A1G

IIL2
0

0 0 0 0 0 0 A1E
I pGq 0 0 0 0 A1E

IIE5b

�������������������������������������
�

������������������������������������������

x1GIL1

x1EIE1

x1GIL5

x1EIE5a

x1GIL2

x1EIE5b

xIpGq
xIE1

pΦISBq
xIE5a

pΦISBq
xIE5a

pPISBq
xIIpGq
xIIpEq

������������������������������������������

D

�������������������������������������

Φ1G
L1

Φ1G
E1

Φ1G
L5

Φ1G
E5a

Φ1G
L2

Φ1E
E5b

P 1G
L1

P 1G
E1

P 1G
L5

P 1G
E5a

P 1G
L2

P 1E
E5b

�ÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆÆ
=

�����������������������������������������

C
Φ

1G
L1

C
Φ

1G
L1,E1

0 0 0 0 0 0 0 0 0 0

C
Φ

1G
E1,L1

C
Φ

1G
E1

0 0 0 0 0 0 0 0 0 0

0 0 C
Φ

1G
L5

C
Φ

1G
L5,E5a

0 0 0 0 0 0 0 0

0 0 C
Φ

1G
E5a,L5

C
Φ

1G
E5a

0 0 0 0 0 0 0 0

0 0 0 0 C
Φ

1G
L2

0 0 0 0 0 0 0

0 0 0 0 0 CΦE
E5b

0 0 0 0 0 0

0 0 0 0 0 0 C
P

1G
L1

0 0 0 0 0

0 0 0 0 0 0 0 C
P

1G
E1

0 0 0 0

0 0 0 0 0 0 0 0 C
P

1G
L5

0 0 0

0 0 0 0 0 0 0 0 0 C
P

1G
E5a

0 0

0 0 0 0 0 0 0 0 0 0 C
P

1G
L2

0

0 0 0 0 0 0 0 0 0 0 0 CPE
E5b

�����������������������������������������

(6.9)

In the above equation, equation (6.9), the new observables introduced are

Φ1G
L2pGq,Φ1E

E5bpEq for phase and P 1G
L2 pGq, P 1E

E5bpEq for code, here, the symbol in the

bracket pEq or pGq indicate to which GNSS system the observable belongs and the

superscript pq1G or pq1E indicates to which system the chosen reference satellite

belongs, G stands for GPS and E stands for Galileo, and the subscript with

unknowns x1GIL2
, x1EIE5a

as ambiguities on L2, E5a parameterized in the functional

model within the design matrices A1G
IL2

for GPS and A1E
IE5b

for Galileo. In the above

functional and stochastic models whenever the index jc is used, it represents

frequencies L1 for GPS and E1 for Galileo, single frequency case and L1, L5

for GPS and E1, E5a for Galileo in a dual frequency case and of course in the

quadruple frequency case (which in fact has four frequency parameterization) has

the two common frequencies and additionally L2, E5b frequencies.
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6.2. Computation of normal equation and ambiguity-float solution

6.2 Computation of normal equation and ambiguity-

float solution

The computation of the ambiguity success rate and ambiguity float solution are

explained in detail in chapter 5. The precision of the coordinates corresponding

to ambiguity float solution and ambiguity-fixed solution (after successful fixing

of ambiguities, criteria 0.999 Ambiguity Success Rate) can be used to compute

the gain. The computation of gain is done by using the following expression.

6.2.1 Computation of gain:

The computation of gain is done for the the coordinate components using the

ambiguity-float and -fixed-precision obtained from least square solution. The

Earth Centered Earth Fixed (ECEF) coordinate components x, y and z are con-

verted to the north, east and up, n, e and u components by using a rotation

matrix as given in [55, p. 137]. The expression for the same is given below.

R � ��� � sin θ cos φ � sin θ sinφ cos θ� sinφ cos φ 0

cos θ cosφ cos θ cos φ sin θ

���
where, φ and θ are the longitude and latitude of the GNSS rover station forming

the baseline. Further, the VC matrix of the x, y, z components is transformed to

VC matrix of the n, e, u components using the following transformation.

Qyneu � R �Qyxyz �RT

Q}neu � R �Q}xyz �RT

where Qyneu and Q}neu correspond to the ambiguity float and fixed solution. The

n, e and u components are use to evaluate PAR based on a predefined fixed-

precision which is explained in detail in the following section.

The computation of gain is done using the VC matrices of the coordinates for

the ambiguity-float and -fixed solution. The gain or the improvement in precision

is given as below

Gainpiq � |Qyxyz|1{2m|Q}xyz|1{2m � |Qyneu|1{2m|Q}neu|1{2m since |R| � |RT | � 1

where m is 3, corresponding to x, y and z components of the coordinates, | � |
denotes the determinant.
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6.2.2 Criteria for evaluating PAR:

The ambiguities fixed by PAR are the ones which comply to give an ASR of 0.999.

However after each epoch, fixed-precision of the north, east and up components

is monitored till a standard deviation of 2cm for north and east -components (σn

and σe) and 6 cm for the up-component (σu) is achieved. The partial subset of

ambiguities responsible for the ambiguity-fixed standard deviation are noted and

the percentage of ambiguities fixed is computed and presented in the analysis.

6.3 Simulation considerations

The simulations will be carried out for the following scenarios

(1) Receiver coordinates consideration:

(a) Coordinates for the rover receiver are unknown - Reference-Rover model

(2) Atmosphere consideration

(a) Fixed (both troposphere and ionosphere are considered known), applica-

ble for short baseline lengths (in this research, baseline lengths   10 Km

are considered short baselines, the relative atmosphere can be assumed

to be insignificant)

For atmosphere known case, baseline length of 1 Kilometer is considered.

Measurement precision is varied for 6 different sets of phase and code,

see Table 3.1. Simulation is done for 3 latitude locations, 0�,�30� and�60�.
(b) Float (both troposphere and ionosphere are considered as unknown), ap-

plicable for medium and long baseline lengths (¡ 10 Km)

The baseline length of 250 Kilometers will be considered. Measurement

precision is varied for 6 different sets of phase and code, see Table 3.1.

Simulation is done for 3 latitude locations, 0�,�30� and �60�. While

the troposphere is parameterized in the design matrix, it is re-initialized

after every 2 hours in order to have scenario similar to estimating a new

tropospheric delay every 2 hours.

(c) Weighted (ionosphere will be weighted, whereas, the troposphere is con-

sidered to be unknown)

The baseline length is varied between 1 and 1000 Kilometers is consid-

ered. Measurement precision is held fixed to one value for both phase and
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code, see Table 3.2. Simulation is done for 3 latitude locations, 0�,�30�
and �60�. Troposphere is re-initialized after every 2 hours.

(3) Other considerations

(a) Latitude locations: simulations will be carried for three latitude locations

0�, �30� and �60� latitudes. Longitude remains fixed at one end (say

receiver number 1) at 115� longitude, at the other end (say for receiver

number 2), variation is done if east-west oriented baseline is chosen.

(b) Baseline orientations: Baseline length of 250 Km is considered for at-

mosphere unknown scenario. Two different orientations of baseline ar

considered, namely, east-west (E-W) oriented baseline (only longitudinal

orientation is performed) and north-south (N-S) (only latitudinal varia-

tion is performed) oriented baseline.

(c) Frequency combinations: For GPS only system, three frequency com-

bination, namely single (L1), dual (L1 and L2) and triple (L1, L2 and

L5) are considered. For Galileo only, four combinations, namely, sin-

gle (E1), dual (E1 and E5a), triple (E1, E5a and E5b) and quadruple

(E1, E5a, E5b and E6) are considered. For a combined GPS and Galileo

system three combination are considered, namely single (L1pE1q), dual
(L1pE1q, L5pE5aq) and quadruple (L1pE1q, L5pE5aq, L2, E5b). Triple

frequency combination is not considered on the understanding that the

high-end receivers will have options to either lock two frequencies of each

GPS and Galileo or three frequencies of each GPS and Galileo, bring-

ing to the frequency combination to a dual (two overlapping frequencies)

or a quadruple frequency combination (two overlapping and two non-

overlapping frequencies).

For the above 6 combination of scenarios, all the measurement precision val-

ues (6 different values as shown in Table 3.1) will be considered. All the satel-

lites above 10� elevation are considered for simulation. The three different re-

ceiver types, low-end single frequency, high-end dual frequency, high-end triple

frequency and high-end quadruple frequency will be considered. The definition

of the type of receiver is based on the value of measurement precision chosen (see

Tables 3.1 and 3.2). The interval between the epochs is considered to be 1 second

(sampling interval).

The estimation of the ambiguities is based on the stacking of the normal

equations among epochs. Both full AR and PAR are simulated for Geometry
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Based model for all the above mentioned scenarios.
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6.4. Reference-Rover model, atmosphere known scenario

6.4 Reference-Rover model, atmosphere known

scenario

The atmosphere is considered to be insignificant for relative positioning when

short baselines are considered. Such a scenario is termed as atmosphere fixed

(known) while parameterization of the GNSS observables. For a Geometry Based

model, both ionosphere and troposphere are parameterized for a geometry based

model, unlike geometry free model, where the troposphere is lumped with the

ranges. In this scenario, the receiver coordinates are considered to be unknown

and are parameterized, satellite coordinates are assumed to be known and are

generated from YUMA almanacs. The baseline length is considered as 1 Kilo-

metre. All the different types of frequency combinations, namely single, dual,

triple and quadruple will be considered. Presented below is the functional and

stochastic models, see Table 6.1.

Reference-Rover model, atmosphere known scenario

Functional model Stochastic model

Non-temporal parameters Temporal parameters

AIpiq �� �
Λ

0

�b Im�1

�
ef

ef

�bGm�1

� Qypiq � � QΦ

QP

�bQDDpiq
where QDDpiq � DT

mWiDm

Redundancy (for GPS only, Galileo only, GPS+Galileo (common frequency L1pE1q, L5pE5aq))
Non-temporal parameters Temporal parameters Observations

Ambiguities: f � pm� 1q k � 2f � pm� 1q
Coordinates: 3pn� 1q � 3

Redundancy of Reference-Rover - atmosphere known scenario tp2k � 1q � fpm� 1qu � 3

For GPS/Galileo only: f � p1, � � � , jq, for GPS+Galileo: f � p1, � � � , jcq, jc is the common/overlapping frequency, and mjc � pmGPS �mGalq
Redundancy (for GPS+Galileo (quadruple frequency L1pE1q, L5pE5aq, L2, E5b) )

Non-temporal parameters Temporal parameters Observations

Ambiguities:

2�pmjc�1q�pmGPS�1q�pmGal�1q 4 � k � pmjc � 1q � 2 � kppmGPS � 1q � pmGal � 1qq
Coordinates: 3pn� 1q � 3

Redundancy of Reference-Rover, atmosphere known scenario tp2k � 1q r2 � pmjc � 1q � pmGPS � 1q � pmGal � 1qsu�
3

f � 2 for GPS+Gaileo L1pE1q, L5pE5aq for atmosphere known model

mjc are the total number of satellites for combined GPS+Galileo system with GPS as reference satellite

Table 6.1: Double-differenced Design matrix and VC matrix for Reference-Rover model,

Atmosphere known scenario
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6.4. Reference-Rover model, atmosphere known scenario

In Table 6.1, Gm�1 has the Line of Sight (LOS) vectors, given as,

Gm�1 � ��� �u1�2

...�u1�m

���
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Figure 6.1: Redundancy plot of GPS only, Galileo only (top two plots) and GPS + Galileo (bottom two plots) for single epoch (left

hand side plots) and multi-epoch (right hand side plots), atmosphere known scenario, Geometry based model, Receiver coordinates

for the rover are unknown, single, dual, triple and quadruple frequencies
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6.4. Reference-Rover model, atmosphere known scenario

6.4.1 Hourly batches, Full Ambiguity Resolution, atmo-

sphere known scenario

Initially, ASR is simulated for hourly batches, throughout the day 24 hourly

batches are formed starting from 0000 UTC and ending at 2359 UTC. The inter-

val between the epochs is taken as 1 second, making the total number of epochs to

be 3600 in each batch. The number of epochs taken in order to achieve 0.999 ASR

during different times of the day are simulated and their average behaviour is com-

puted. The results for single, dual, triple (only for GPS and Galileo standalone

systems) and quadruple (only for Galileo and GPS+Galileo system) frequency

for GPS only, Galileo only and with both systems GPS and Galileo together are

presented in the Figures G.1 to G.3, see Appendix G. The results for average

number of epochs taken for each of the GNSS system are also presented in Table

6.2, see below.

Analysis of the averaged 24 hourly batches from Table 6.2 and Figures G.1 to

G.3 (in Appendix G is presented below.

General conclusions:

1. It can be noted from Table 6.2 that for all the GNSS systems and their

combinations considered, for frequency combinations higher than single,

that is dual, tripe and quadruple, instantaneously the criteria to obtain

0.999 ASR is met. Hence for dual and higher frequency combinations,

results for the worst measurement precision are only presented. Further

in this section results of single frequency only will be discussed.

2. It can be noted that for both E-W and N-S baseline, the epochs taken

for 0.999 ASR and number of common and low-elevation satellites

remain same. The reason being, for atmosphere known scenario,

baseline length of 1 Km is considered which leaves the above mentioned

parameters with no variation what so ever for E-W and N-S baseline.

Hence forth in this section only results for E-W baseline will be

discussed.

GPS only
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6.4. Reference-Rover model, atmosphere known scenario

Hourly, Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Average no. of

Epochs taken

Average no. of

satellites

Average no. of

Low-elevation

Sat.¥ 10�,¤ 30� Average no. of

Epochs taken

Average no. of

satellites

Average no. of

Low-elevation

Sat.¡ 10�, 30�
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 1Km North-South Baseline - 1Km

GPS only

Φ P Φ P High-end receivers, Single Frequency

L1

0.003 0.25 - - 5 6 6 10 9 10 5 3 5 5 6 6 10 9 10 5 3 5

0.003 0.50 - - 9 11 10 10 9 10 5 3 5 9 11 10 10 9 10 5 3 5

0.003 0.75 - - 11 15 13 10 9 10 5 3 5 11 15 13 10 9 10 5 3 5

0.003 1.00 - - 13 19 15 10 9 10 5 3 5 13 19 15 10 9 10 5 3 5

0.003 1.25 - - 15 21 17 10 9 10 5 3 5 15 21 17 10 9 10 5 3 5

0.003 1.50 - - 16 23 19 10 9 10 5 3 5 16 23 19 10 9 10 5 3 5

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.003 0.35 - - 1 1 1 10 9 10 5 3 5 1 1 1 10 9 10 5 3 5

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.003 0.35 0.002 0.2 1 1 1 10 9 10 5 3 5 1 1 1 10 9 10 5 3 5

Galileo only

Φ P Φ P High-end receivers, Single Frequency

E1

0.003 0.25 - - 5 10 6 10 9 10 5 4 5 5 10 6 10 9 10 5 4 5

0.003 0.50 - - 7 17 10 10 9 10 5 4 5 7 17 10 10 9 10 5 4 5

0.003 0.75 - - 9 21 13 10 9 10 5 4 5 9 21 13 10 9 10 5 4 5

0.003 1.00 - - 11 24 15 10 9 10 5 4 5 11 24 15 10 9 10 5 4 5

0.003 1.25 - - 12 26 17 10 9 10 5 4 5 12 26 17 10 9 10 5 4 5

0.003 1.50 - - 13 27 18 10 9 10 5 4 5 13 27 18 10 9 10 5 4 5

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.003 0.35 0.002 0.2 1 1 1 10 9 10 5 4 5 1 1 1 10 9 10 5 4 5

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.003 0.35 0.002 0.2 1 1 1 10 9 10 5 4 5 1 1 1 10 9 10 5 4 5

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.003 0.35 0.002 0.2 1 1 1 10 9 10 5 4 5 1 1 1 10 9 10 5 4 5

GPS + Galileo

Φ P Φ P High-end receivers, Single Frequency

L1(E1)

0.003 0.25 - - 1 1 2 20 17 19 10 7 9 1 1 2 20 17 19 10 7 9

0.003 0.50 - - 2 2 2 20 17 19 10 7 9 2 2 2 20 17 19 10 7 9

0.003 0.75 - - 2 2 2 20 17 19 10 7 9 2 2 2 20 17 19 10 7 9

0.003 1.00 - - 2 2 2 20 17 19 10 7 9 2 2 2 20 17 19 10 7 9

0.003 1.25 - - 2 2 2 20 17 19 10 7 9 2 2 2 20 17 19 10 7 9

0.003 1.50 - - 2 3 3 20 17 19 10 7 9 2 3 3 20 17 19 10 7 9

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.003 0.35 0.002 0.2 1 1 1 20 17 19 10 7 9 1 1 1 20 17 19 10 7 9

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.003 0.35 0.002 0.2 1 1 1 20 17 19 10 7 9 1 1 1 20 17 19 10 7 9

Table 6.2: GPS only, Galileo only, GPS + Galileo GNSS systems, Geometry

based model, Receiver coordinates for the rover are unknown, atmosphere

known scenario Full AR, Average number of epochs, average number of satellites and

average number of low elevation satellites over 24 batches (1 batch = 1 hour, 3600

epochs, 1 second interval) are presented - measurement precision varied, number

of satellites as available.
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6.4. Reference-Rover model, atmosphere known scenario

3. With single frequency GPS, the average number of epochs (for 0.999

ASR) lie between 5 and 23 for different measurement precision scenarios

for E-W baseline. It can be noted that with E-W baseline (1 Km

baseline length), the worst performance is for �30� latitude.

Galileo only

4. For single frequency Galileo, the average number of epochs taken

lie between 5 and 27 for E-W baseline. Galileo only outperforms

GPS only at 0� latitude for baseline lengths of 10 Km and above,

see Table 6.2. Also it can be noted that at �30� latitude, Galileo

performs worst than GPS only. It can be noted that at �30� Galileo

has on an average 4 low elevation satellites, whereas GPS had 3. The

average number of common satellites remains same for both the systems.

GPS + Galileo

5. For a combined GPS and Galileo system, it takes an average number

of epochs between 1 (instantaneous, on two occasions) and 3 for E-W

baseline for different scenarios of measurement precision and latitude

location. In comparison to GPS only and Galileo only, the combined

GPS and Galileo systems performs much better. It wont be a surprise if

with PAR, instantaneous results could be obtained for single frequency

GNSS systems for RR model, atmosphere known scenario when a

fixed-precision of 2cm is aimed for.

Since for atmosphere known scenario, reference-rover model, only the single

frequency simulations could not give instantaneous ASR of 0.999, for further

analysis only single frequency results will be evaluated.
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6.4.2 GPS only - Full and Partial Ambiguity Resolution,

atmosphere known scenario

The results for GPS system, Geometry based model, coordinates of the rover

being unknown, atmosphere (both ionosphere and troposphere) known scenario

are presented below. Figure G.4 give full ambiguity resolution results and Figure

G.7 present the partial ambiguity results for single frequency GPS, see Appendix

G. Table 6.3 presents the full ambiguity resolution results in terms of number of

epochs taken for 0.999 ASR and corresponding rover-receiver coordinate precision

(for ambiguity-fixed and -float solution) along with the gain obtained for the

rover-receiver coordinate for ambiguity-fixed solution is presented.

Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Epochs taken σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 1Km

Φ P Φ P High-end receivers, Single Frequency

L1

0.003 0.25 - - 6 4 5 0.003 0.003 0.003 0.245 0.283 0.264 83.28 83.32 83.30

0.003 0.50 - - 10 7 9 0.002 0.003 0.002 0.377 0.426 0.391 165.44 166.12 165.74

0.003 0.75 - - 15 9 11 0.002 0.002 0.002 0.449 0.559 0.524 241.18 246.97 245.44

0.003 1.00 - - 19 12 12 0.002 0.002 0.002 0.503 0.630 0.657 303.79 321.26 321.07

0.003 1.25 - - 22 13 13 0.002 0.002 0.002 0.541 0.736 0.767 351.56 390.76 390.46

0.003 1.50 - - 24 16 14 0.001 0.002 0.002 0.572 0.749 0.856 388.54 441.35 452.08

North-South Baseline - 1Km

Φ P Φ P High-end receivers, Single Frequency

L1

0.003 0.25 - - 6 4 5 0.003 0.003 0.003 0.245 0.283 0.264 83.28 83.32 83.30

0.003 0.50 - - 10 7 9 0.002 0.003 0.002 0.377 0.426 0.391 165.44 166.12 165.74

0.003 0.75 - - 15 9 11 0.002 0.002 0.002 0.449 0.559 0.524 241.18 246.97 245.44

0.003 1.00 - - 19 12 12 0.002 0.002 0.002 0.503 0.630 0.657 303.79 321.26 321.07

0.003 1.25 - - 22 13 13 0.002 0.002 0.002 0.541 0.736 0.767 351.56 390.76 390.46

0.003 1.50 - - 24 16 14 0.001 0.002 0.002 0.572 0.749 0.856 388.54 441.35 452.08

Table 6.3: GPS only, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere known scenario, Full AR analysis, ASR and

ambiguity-fixed and -float precision for rover-receiver coordinate are presented - mea-

surement precision varied, number of satellites as available.

The following is the analysis based on Table 6.3 and Figures 6.2 to 6.3.
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6.4. Reference-Rover model, atmosphere known scenario

General remarks:

(1) It can be noted that for Reference-Rover model, atmosphere known sce-

nario (when ionosphere and troposphere are known), instantaneous ASR

(Full AR) of 0.999 is not achieved.

(2) There is no difference in number of epochs taken for 0.999 ASR for

E-W and N-S oriented baseline, since the baseline length considered for

atmosphere known scenario is 1 Km. The number of common satellites

and the elevation of satellites do not change significantly for 1 Km

baseline for the time period considered (0000 to 0010 UTC) causing the

results to be similar. Hence forth only E-W oriented baseline results will

be discussed for atmosphere known scenario.

For East-West baseline:

(3) For single frequency GPS, it took between 4 and 24 epochs to obtain

0.999 ASR (Full AR) for different scenarios of measurement precision and

baseline length. With measurement precision of measurement precision

of 3mm on phase and 50cm on code on L1, it took 10, 7 and 9 epochs at

0�, �30� and �60� latitude locations.

Considering the fixed-precision of rover-receiver coordinate to lie around 3mm

to 1.3cm when all the ambiguities were fixed, PAR will be evaluated for obtaining

a fixed-precision of σx, σy =2cm and σz=6cm for rover coordinates in the coming

section.
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Figure 6.2: GPS only, Single frequency, Full AR, Geometry based model, Receiver coordinates for the rover are unknown,

atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied, number of satellites are as available)-

ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for all

the ambiguities to be fixed by full AR.

227



6.4.
R
eferen

ce-R
over

m
o
d
el,

atm
osp

h
ere

k
n
ow

n
scen

ario

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

SF, 00 (σP1
=0.25m, , σΦ1

=0.003m)

 

 

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

13
5075100

2.9 mm

6 epochs (100%)

ASR DD Float σ
I
 (m) DD Fixed σ

I
 (m) % Amb. Fixed

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, 00 (σP1

=0.5m, , σΦ1
=0.003m)

10
−10

10
−5

10
0

10
5

10
10

1325386375100 2.3 mm

10 epochs (100%) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, 00 (σP1

=1m, , σΦ1
=0.003m)

10
−10

10
−5

10
0

10
5

10
10

13253850637588100 1.7 mm

19 epochs (100%)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

SF, −30◦ (σP1
=0.25m, , σΦ1

=0.003m)

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

25
100

3.4 mm

4 epochs (100%)
10

0
10

1
10

2
10

3
0.99

0.995

0.999

1
SF, −30◦ (σP1

=0.5m, , σΦ1
=0.003m)

10
−10

10
−5

10
0

10
5

10
10

3888100 2.6 mm

7 epochs (100%) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, −30◦ (σP1

=1m, , σΦ1
=0.003m)

10
−10

10
−5

10
0

10
5

10
10

25385088100 2 mm

12 epochs (100%)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

Epochs, 1 epo= 1 sec

SF, −60◦ (σP1 =0.25m, , σΦ1 =0.003m)

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

22
44
100

3.2 mm

5 epochs (100%)
10

0
10

1
10

2
10

3
0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

SF, −60◦ (σP1 =0.5m, , σΦ1 =0.003m)

10
−10

10
−5

10
0

10
5

10
10

11226789100 2.4 mm

9 epochs (100%) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

SF, −60◦ (σP1 =1m, , σΦ1 =0.003m)

10
−10

10
−5

10
0

10
5

10
10

11225667100 2 mm

12 epochs (100%)

Figure 6.3: GPS only, Single frequency, PAR, Geometry based model, Receiver coordinates for the rover are

unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied, number of

satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates

the number of epochs (on x-axis) taken for obtaining 2cm fixed-precision and for fixing 100% of ambiguities by PAR, along

with the fixed-precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding

number inside the figure presents its statistics.
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6.4. Reference-Rover model, atmosphere known scenario

6.4.3 GPS only, Partial Ambiguity Resolution to obtain

fixed-precision of 2 cm, atmosphere known scenario

In this section, it is to be analyzed if by partially fixing the ambiguities, does

the solution converge faster to a modestly chosen fixed-precision of σn, σe =2cm

and σu=6cm for rover-receiver coordinate. Table 6.4 presents the results in terms

of number of epochs taken for the criteria laid for fixed-precision along with the

percentage of partial ambiguities fixed.

Partial AR @ 0.999 ASR

criteria - σn, σe =2cm and σu=6cm fixed-precision for rover-receiver coordinate

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 1Km

Φ P Φ P High-end receivers, Single Frequency

L1

0.003 0.25 - - 6 4 5 100 100 100 0.003 0.003 0.003 0.245 0.283 0.264 83.28 83.32 83.30

0.003 0.50 - - 10 6 7 100 88 89 0.002 0.013 0.012 0.377 0.461 0.445 165.44 36.81 38.39

0.003 0.75 - - 13 9 10 88 100 89 0.012 0.002 0.010 0.487 0.559 0.552 41.45 246.97 55.63

0.003 1.00 - - 15 11 12 88 88 100 0.012 0.012 0.002 0.584 0.661 0.657 50.54 53.63 321.07

0.003 1.25 - - 17 13 13 88 100 100 0.011 0.002 0.002 0.652 0.736 0.767 58.14 390.76 390.46

0.003 1.50 - - 18 15 14 88 88 100 0.011 0.011 0.002 0.721 0.784 0.856 64.87 70.40 452.08

Table 6.4: GPS only, PAR, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere known scenario. Presented is the evaluation of

ASR and number of epochs for obtaining σn, σe =2cm and σu=6cm fixed-precision of

rover-receiver coordinate - measurement precision is varied, number of satellites

are as available.

Referring Table 6.4, for all the scenarios of measurement precision (out of

18 scenarios for each dual and triple frequency) less than 100% of ambiguities

were fixed to give a fixed-precision of 4mm to 2cm.

General remarks::

(1) A fixed-precision of σn, σe =2cm and σu=6cm for rover-receiver coordi-

nates could not be achieved instantaneously with single frequency GPS

system.

For East-West baseline:
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6.4. Reference-Rover model, atmosphere known scenario

(2) For 9 out of 18 scenarios less than 100 % of ambiguities were fixed to

obtain a fixed-precision of σn, σe =2cm and σu=6cm for rover-receiver

coordinates.

(3) For single frequency with measurement precision of 3mm on phase

and 50cm on code on L1, it took 10, 6 and 7 epochs epochs by fix-

ing 100, 88 and 89% of ambiguities by PAR at 0�, �30� and �60� latitude.
In the above analysis, a fixed-precision for the rover coordinate components

with a predefined precision of σn, σe =2cm and σu=6cm was aimed with an aim

to understand how would PAR facilitate high precision users. Further another

analysis for PAR while a fixed-precision of 20 cm for σn, σe is presented below in

order to understand as to how would PAR benefit users aiming at 20cm precision.
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6.4. Reference-Rover model, atmosphere known scenario

6.4.4 GPS only, Partial Ambiguity Resolution to obtain

fixed-precision of 20 cm, atmosphere known scenario

The promise of PAR is yet again evaluated while a fixed-precision of σn, σe

=20cm is aimed for rover-receiver coordinate. It can be noted that in this analysis

only horizontal fixed-precision is analyzed, this is because of the fact that the up-

component, σu, of the coordinates does not converge to a fixed-precision of such

an order for majority of the cases until all the ambiguities are successfully fixed.

Table 6.5 presents the results in terms of number of epochs taken for the criteria

laid for fixed-precision along with the percentage of partial ambiguities fixed.

Partial AR @ 0.999 ASR

criteria - σn, σe =20cm fixed-precision for rover-receiver coordinate

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 1Km

Φ P Φ P High-end receivers, Single Frequency

L1

0.003 0.25 - - 5 4 4 75 100 44 0.050 0.003 0.227 0.269 0.283 0.295 5.42 83.32 1.30

0.003 0.50 - - 10 6 7 100 88 89 0.002 0.013 0.012 0.377 0.461 0.445 165.44 36.81 38.39

0.003 0.75 - - 13 9 10 88 100 89 0.012 0.002 0.010 0.487 0.559 0.552 41.45 246.97 55.63

0.003 1.00 - - 15 11 12 88 88 100 0.012 0.012 0.002 0.584 0.661 0.657 50.54 53.63 321.07

0.003 1.25 - - 17 13 13 88 100 100 0.011 0.002 0.002 0.652 0.736 0.767 58.14 390.76 390.46

0.003 1.50 - - 18 15 14 88 88 100 0.011 0.011 0.002 0.721 0.784 0.856 64.87 70.40 452.08

Table 6.5: GPS only, PAR, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere known scenario. Presented is the evaluation of

ASR and number of epochs taken for obtaining σn, σe =20cm fixed-precision of rover-

receiver coordinate - measurement precision is varied, number of satellites are as

available.

Referring Table 6.5, for all the scenarios of measurement precision (out of

18 scenarios for each dual and triple frequency) less than 100% of ambiguities

were fixed to give a fixed-precision of 4mm to 2cm.

General remarks::

(1) A fixed-precision of σn, σe =20cm for horizontal components of the

rover-receiver coordinates could not be achieved instantaneously with

single frequency GPS system.
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6.4. Reference-Rover model, atmosphere known scenario

For East-West baseline:

(2) The results for 20cm fixed-precision for the horizontal coordinate com-

ponents are compared to the 2cm fixed-precision results.

(3) For only 2 scenarios, the number of epochs taken for 20cm fixed-precision

were less by one than 2cm fixed-precision criteria.
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6.4. Reference-Rover model, atmosphere known scenario

6.4.5 Galileo only - Full and Partial Ambiguity Resolu-

tion, atmosphere known scenario

Single frequency Galileo system with is evaluated for atmosphere known sce-

nario, Reference-Rover model (coordinates of the rover are considered to be un-

known). The results for atmosphere (both ionosphere and troposphere) known,

Reference-Rover model for Galileo system, single frequency are presented below.

Figure G.10 gives full ambiguity resolution results and Figure G.14 present the

partial ambiguity results, see Appendix G. Table 6.6 presents the full ambiguity

resolution results in terms of number of epochs taken for 0.999 ASR and cor-

responding rover-receiver coordinate precision (for ambiguity-fixed solution and

-float solution) along with the gain achieved for the fixed solution.

Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Epochs taken σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 1Km

Φ P Φ P High-end receivers, Single Frequency

E1

0.003 0.25 - - 4 3 3 0.004 0.585 0.531 0.300 0.585 0.531 83.32 1.00 1.00

0.003 0.50 - - 6 4 4 0.003 1.170 1.061 0.489 1.170 1.061 166.28 1.00 1.00

0.003 0.75 - - 9 6 4 0.002 1.755 1.592 0.593 1.755 1.592 247.06 1.00 1.00

0.003 1.00 - - 10 6 5 0.002 2.340 2.123 0.740 2.340 2.123 325.02 1.00 1.00

0.003 1.25 - - 11 7 5 0.002 2.925 2.653 0.865 2.925 2.653 398.09 1.00 1.00

0.003 1.50 - - 12 8 6 0.002 3.509 3.184 0.966 3.509 3.184 464.67 1.00 1.00

Table 6.6: Galileo only, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere known scenario, Full AR analysis, ASR and

ambiguity-fixed and -float precision for rover-receiver coordinate are presented - mea-

surement precision varied, number of satellites as available.

The following is the analysis based on Table 6.6 and Figures 6.13 to 6.5.

General remarks:

(1) It can be noted that with Galileo system, Reference-Rover model, at-

mosphere known scenario, instantaneous ASR (Full AR) of 0.999 is not

achieved.

For East-West baseline:
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6.4. Reference-Rover model, atmosphere known scenario

(2) With single frequency Galileo, it took between 3 and 12 epochs

(GPS only took between 4 and 24 epochs) for different scenarios

of measurement precision and latitude location. For single frequency

(measurement precision of 3mm on phase and 50cm on code on E1), it

took minimum of 6, 4 and 4 epochs (GPS only took 10, 7 and 9 epochs)

at 0�, �30� and �60� latitude for dual frequency for 0.999 ASR (Full AR).

Comparison with GPS only:

(3) It can be seen from the above presented comparison that Galileo

performed better than GPS system.

Considering the fixed-precision of rover-receiver coordinates to lie around 3mm

in most of the cases when all the ambiguities are fixed, PAR will be evaluated

for obtaining a fixed-precision of 2cm for rover-receiver coordinates in the coming

section.
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Figure 6.4: Galileo only, Single frequency, Full AR, Geometry based model, Receiver coordinates for the rover are unknown,

atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied, number of satellites are as available)-

ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for all

the ambiguities to be fixed by full AR.
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Figure 6.5: Galileo only, Single frequency, PAR, Geometry based model, Receiver coordinates for the rover

are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied, number

of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates

the number of epochs (on x-axis) taken for obtaining 2cm fixed-precision and for fixing 100% of ambiguities by PAR, along

with the fixed-precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding

number inside the figure presents its statistics.
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6.4. Reference-Rover model, atmosphere known scenario

Partial AR @ 0.999 ASR

criteria - σn, σe =2cm and σu=6cm fixed-precision for rover-receiver coordinates

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 1Km

Φ P Φ P High-end receivers, Single Frequency

E1 E5a

0.003 0.25 - - 4 3 2 100 100 90 0.004 0.004 0.017 0.300 0.338 0.375 83.32 83.33 21.83

0.003 0.50 - - 6 4 3 100 100 90 0.003 0.004 0.015 0.489 0.585 0.613 166.28 166.57 40.85

0.003 0.75 - - 8 5 4 100 100 100 0.003 0.003 0.003 0.631 0.783 0.795 247.67 249.47 249.61

0.003 1.00 - - 10 6 5 100 100 100 0.002 0.003 0.003 0.740 0.950 0.945 325.02 331.50 331.87

0.003 1.25 - - 11 7 5 100 100 100 0.002 0.003 0.003 0.865 1.093 1.179 398.09 411.83 413.83

0.003 1.50 - - 12 8 6 100 100 100 0.002 0.002 0.003 0.966 1.214 1.282 464.67 489.28 492.96

Table 6.7: Galileo only, PAR analysis, Geometry based model, Receiver co-

ordinates for the rover are unknown, atmosphere known scenario. Evaluation of

ASR and number of epochs for obtaining σn, σe =2cm and σu=6cm fixed-precision of

rover-receiver coordinates - measurement precision is varied, number of satellites

are as available.

6.4.6 Galileo only, Partial Ambiguity Resolution to obtain

fixed-precision of 2 cm, atmosphere known scenario

In this section, it is to be analyzed if partially fixing the ambiguities help to

converge to a solution faster when a modest fixed-precision of σn, σe =2cm and

σu=6cm for rover-receiver coordinates is aimed for. Table 6.7 presents the results

in terms of fixed-precision to be equal to or better than σn, σe =2cm and σu=6cm,

corresponding epochs taken and ambiguities fixed are noted.

The following is the analysis based on Table 6.7 and Figure 6.5.

For East-West baseline:

(1) For 1 scenario out of the total 18 scenarios of measurement precision and

latitude location less than 100% of ambiguities were fixed. Since it takes

a maximum of 12 epochs for full AR, the fixed-precision as per the criteria

laid could not be achieved. A sharp fall in fixed-precision can be seen in

Figure 6.5 for partial ambiguity resolution.

(2) With single frequency Galileo, measurement precision of 3mm on

phase and 50cm on code on E1, it took 6, 4 and 3 epochs to give a

fixed-precision as per the criteria laid by partially fixing 100, 100 and
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6.4. Reference-Rover model, atmosphere known scenario

90% of ambiguities (GPS only took 10, 6 and 7 epochs epochs by fixing

100, 88 and 89% of ambiguities ).

Comparison with GPS only:

(3) The performance for Galileo is better than GPS, even though partial

ambiguity fixing was possible for 1 scenario of Galileo as compared to 9

scenarios of GPS.

In the above analysis, the partial ambiguities fixed and number of epochs

taken to obtain a fixed-precision of 2cm was presented. The criteria set for the

coordinate components of 2cm appeals more for precise positioning requirements.

Hence further a fixed-precision of 20cm for the horizontal coordinate components

is aimed for and corresponding ambiguities fixed and epochs taken are presented.

The analysis for number of epochs required to obtain a fixe precision of 20cm for

the horizontal coordinate components is presented below.
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6.4. Reference-Rover model, atmosphere known scenario

Partial AR @ 0.999 ASR

criteria - σn, σe =20cm fixed-precision for rover-receiver coordinates

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 1Km

Φ P Φ P High-end receivers, Single Frequency

E1 E5a

0.003 0.25 - - 4 3 2 100 100 90 0.004 0.004 0.017 0.300 0.338 0.375 83.32 83.33 21.83

0.003 0.50 - - 6 4 3 100 100 90 0.003 0.004 0.015 0.489 0.585 0.613 166.28 166.57 40.85

0.003 0.75 - - 8 5 4 100 100 100 0.003 0.003 0.003 0.631 0.783 0.795 247.67 249.47 249.61

0.003 1.00 - - 10 6 5 100 100 100 0.002 0.003 0.003 0.740 0.950 0.945 325.02 331.50 331.87

0.003 1.25 - - 11 7 5 100 100 100 0.002 0.003 0.003 0.865 1.093 1.179 398.09 411.83 413.83

0.003 1.50 - - 12 8 6 100 100 100 0.002 0.002 0.003 0.966 1.214 1.282 464.67 489.28 492.96

Table 6.8: Galileo only, PAR analysis, Geometry based model, Receiver co-

ordinates for the rover are unknown, atmosphere known scenario. Evaluation of

ASR and number of epochs for obtaining σn, σe =20cm fixed-precision of rover-receiver

coordinates - measurement precision is varied, number of satellites are as available.

6.4.7 Galileo only, Partial Ambiguity Resolution to obtain

fixed-precision of 20 cm, atmosphere known scenario

The results and the discussions to obtain a fixed-precision of 20cm for the

horizontal coordinate components σn, σe is presented below, see Table 6.8. Table

6.8 presents the results in terms of fixed-precision to be equal to or better than

σn, σe =20cm corresponding epochs taken and ambiguities fixed are presented for

discussion.

The analysis for obtaining fixed-precision of 20 cm is based on comparison

with the criteria of obtaining fixed-precision of 2cm. The results obtained, see

Table 6.8 are similar to the results obtained for obtaining a fixed-precision of 2cm.

That is the intermediate levels of fixed-precision of 20cm up to 2cm could not be

reached for Galileo only Reference Rover model, atmosphere fixed scenario.
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6.4. Reference-Rover model, atmosphere known scenario

6.4.8 GPS + Galileo - Full and Partial Ambiguity Reso-

lution, atmosphere known scenario

The ASR for the combined GPS and Galileo system are simulated for Ge-

ometry Based model, coordinates of the rover are unknown, atmosphere known

scenario, fixed-precision of the rover-receiver coordinates and other unknowns are

simulated along with ASR. Table 6.9 and Figure G.18 and G.19 (see Appendix

G) present the results of full and PAR for single frequency combined GPS and

Galileo system for 1 Km baseline in E-W direction.

Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Epochs taken σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 1Km

Φ P Φ P High-end receivers, Single Frequency

L1(E1)

0.003 0.25 - - 1 1 1 0.005 0.005 0.005 0.412 0.394 0.388 83.34 83.34 83.34

0.003 0.50 - - 2 2 1 0.003 0.003 0.005 0.583 0.556 0.776 166.64 166.65 166.67

0.003 0.75 - - 2 2 2 0.003 0.003 0.003 0.874 0.835 0.823 249.91 249.92 249.91

0.003 1.00 - - 2 2 2 0.003 0.003 0.003 1.165 1.112 1.096 333.11 333.14 333.11

0.003 1.25 - - 2 2 2 0.003 0.003 0.003 1.456 1.390 1.370 416.24 416.30 416.24

0.003 1.50 - - 2 2 2 0.003 0.003 0.003 1.747 1.668 1.643 499.25 499.36 499.25

Table 6.9: GPS + Galileo, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere known scenario, Full AR analysis, ASR and

ambiguity-fixed and -float precision for rover-receiver coordinates are presented - mea-

surement precision varied, number of satellites as available.

Analysis based on Figures 6.16 and Table 6.9 is given below.

General remarks:

(1) Instantaneous ambiguity resolution could be achieved for 4 scenarios of

measurement precision for single frequency, combined GPS and Galileo

system.

For East-West baseline:

(2) At �30� latitude with measurement precision of 3mm on phase and

50cm on code on L1pE1q, it took 2, 2 and 1 epochs (GPS only took 10,
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6.4. Reference-Rover model, atmosphere known scenario

7 and 9 epochs, Galileo only took 6,4 and 4 epochs) at 0�, �30� and�60� latitude .

Comparison with GPS only and Galileo only systems:

(3) The combined GPS and Galileo systems performs very well than the in-

dividual systems with instantaneous AR (0.999 ASR) for 4 scenarios and

further took 2 epochs to achieve 0.999 ASR for the remaining 12 scenarios.
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Figure 6.6: GPS + Galileo, Single frequency, Full AR, Geometry based model, Receiver coordinates for the rover are

unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied, number of satellites are as

available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis)

taken for all the ambiguities to be fixed by full AR.
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Figure 6.7: GPS + Galileo, Single frequency, PAR, Geometry based model, Receiver coordinates for the rover

are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied, number

of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates

the number of epochs (on x-axis) taken for obtaining 2cm fixed-precision and for fixing 100% of ambiguities by PAR, along

with the fixed-precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding

number inside the figure presents its statistics.
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6.4. Reference-Rover model, atmosphere known scenario

Partial AR @ 0.999 ASR

criteria - σn, σe =2cm and σu=6cm fixed-precision for rover-receiver coordinates

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 1Km

Φ P Φ P High-end receivers, Single Frequency

L1(E1)

0.003 0.25 - - 1 1 1 100 100 100 0.005 0.005 0.005 0.412 0.394 0.388 83.34 83.34 83.34

0.003 0.50 - - 2 1 1 100 100 100 0.003 0.005 0.005 0.583 0.787 0.776 166.64 166.67 166.67

0.003 0.75 - - 2 2 2 100 100 100 0.003 0.003 0.003 0.874 0.835 0.823 249.91 249.92 249.91

0.003 1.00 - - 2 2 2 100 100 100 0.003 0.003 0.003 1.165 1.112 1.096 333.11 333.15 333.11

0.003 1.25 - - 2 2 2 100 100 100 0.003 0.003 0.003 1.456 1.390 1.370 416.24 416.30 416.24

0.003 1.50 - - 2 2 2 100 100 100 0.003 0.003 0.003 1.747 1.668 1.643 499.26 499.36 499.26

Table 6.10: GPS + Galileo, PAR analysis, Geometry based model, Receiver

coordinates for the rover are unknown, atmosphere known scenario. Evaluation

of ASR and number of epochs for obtaining σn, σe =2cm and σu=6cm fixed-precision of

rover-receiver coordinates - measurement precision is varied, number of satellites

are as available.

6.4.9 GPS + Galileo, Partial Ambiguity Resolution to ob-

tain fixed-precision of 2 cm, atmosphere known sce-

nario

While resolving all the ambiguities, a fixed-precision of 5mm and better was

obtained. In this analysis it is to examine if a fixed-precision of σn, σe =2cm

and σu=6cm for the rover coordinate x, y and z component could be obtained in

reduced number of epochs and by partial fixing of ambiguities. The results are

presented in Table 6.10, see below.

Analysis based on Table 6.7 is given below.

General remarks:

(1) For all the scenarios of measurement precision, 100% of ambiguities were

fixed in order to obtain a fixed-precision of 2cm for rover-receiver coordi-

nates.

Comparison with GPS only and Galileo only:

(2) The number of epochs taken for full AR (100% of ambiguities fixed in

PAR) lie between 1 and 2. This performance of a combined GPS+Galileo

system is much better than standalone GPS and Galileo systems.
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6.4. Reference-Rover model, atmosphere known scenario

Partial AR @ 0.999 ASR

criteria - σn, σe =20cm fixed-precision for rover-receiver coordinates

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 1Km

Φ P Φ P High-end receivers, Single Frequency

L1(E1)

0.003 0.25 - - 1 1 1 100 100 100 0.005 0.005 0.005 0.412 0.394 0.388 83.34 83.34 83.34

0.003 0.50 - - 2 1 1 100 100 100 0.003 0.005 0.005 0.583 0.787 0.776 166.64 166.67 166.67

0.003 0.75 - - 2 2 2 100 100 100 0.003 0.003 0.003 0.874 0.835 0.823 249.91 249.92 249.91

0.003 1.00 - - 2 2 2 100 100 100 0.003 0.003 0.003 1.165 1.112 1.096 333.11 333.15 333.11

0.003 1.25 - - 2 2 2 100 100 100 0.003 0.003 0.003 1.456 1.390 1.370 416.24 416.30 416.24

0.003 1.50 - - 2 2 2 100 100 100 0.003 0.003 0.003 1.747 1.668 1.643 499.26 499.36 499.26

Table 6.11: GPS + Galileo, PAR analysis, Geometry based model, Receiver

coordinates for the rover are unknown, atmosphere known scenario. Evaluation of

ASR and number of epochs for obtaining σn, σe =20cm fixed-precision of rover-receiver

coordinates - measurement precision is varied, number of satellites are as available.

Further the results for combined GPS and Galileo system in order to give a

fixed-precision of 20cm for the horizontal components are presented. PAR is used

and the number of epochs taken to fulfil the criteria are presented along with the

percentage of ambiguities fixed.

6.4.10 GPS + Galileo, Partial Ambiguity Resolution to

obtain fixed-precision of 20 cm, atmosphere known

scenario

In this analysis it is to examine if a fixed-precision of σn, σe =20cm for the

horizontal rover coordinate component could be obtained in reduced number of

epochs and by partial fixing of ambiguities. The results are presented in Table

6.11, see below.

The results obtained from the criteria of20cm fixed-precision for the horizon-

tal coordinate components for the rover receiver are compared with the earlier

2cm fixed-precision criteria. The statistics based on Table 6.8 in terms of partial

ambiguities fixed and number of epochs taken are exactly similar to the number

of epochs taken to obtain a fixed-precision of 2cm. It is concluded that the inter-

mediate levels of fixed-precision could not be reached for GPS+Galileo combined

system, Reference rover model, ionosphere fixed scenario.
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6.5. Reference-Rover model, atmosphere unknown scenario

6.5 Reference-Rover model, atmosphere unknown

scenario

For baseline lengths which hold significant atmospheric bias for relative position-

ing applications are no longer termed as short baselines. In fact they are referred

as medium (up to 250Km) and long (above 250Km) baselines. For a Geometry

Based model, both ionosphere and troposphere are parameterized, unlike geom-

etry free model where troposphere is lumped with the satellite-receiver ranges.

When the atmosphere, namely, the ionosphere and troposphere are parameter-

ized for estimation, such a scenario is termed as atmosphere float (unknown) in

GNSS terms. In the current assumption, the receiver coordinates for the rover

are considered to be unknown and are parameterized, satellite coordinates are

assumed to be known and are computed using YUMA almanacs. The baseline

length is considered as 250 Kilometres. All the different types of frequency combi-

nations, namely single, dual, triple (for only GPS and Galileo standalone systems)

and quadruple (only for Galileo and GPS+Galileo systems) will be considered.

Presented below is the functional and stochastic models, see Table 6.12.

In Table 6.12, Gm�1 has the Line of Sight (LOS) vectors and the tropospheric

mapping function, it is given as below,

Gm�1 � ��� �u1�2 ψ1�2

...
...�u1�m ψ1�m

���
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6.5. Reference-Rover model, atmosphere unknown scenario

Reference-Rover model, atmosphere unknown scenario

Functional model Stochastic model

Non-temporal parameters Temporal parameters

AIpiq �� �
Λ

0

�b Im�1

�
ef

ef

�bGm�1

� AIIpiq � � �µf

µf

�bIm�1 Qypiq � � QΦ

QP

�bQDDpiq
where QDDpiq � DT

mWiDm

Redundancy (for GPS only, Galileo only, GPS+Galileo (common frequency L1pE1q, L5pE5aq))
Non-temporal parameters Temporal parameters Observations

Ambiguities: f � pm� 1q Ionosphere: k � pm� 1q k � 2f � pm� 1q
Troposphere: � 1

Coordinates: 3pn� 1q � 3

Redundancy of Reference-Rover - atmosphere unknown scenario tp2kf � f � 1q � pm� 1qu � 4

For GPS/Galileo only: f � p1, � � � , jq, for GPS+Galileo: f � p1, � � � , jcq, jc is the common/overlapping frequency,

and mjc � pmGPS �mGalq
Redundancy (for GPS+Galileo (quadruple frequency L1pE1q, L5pE5aq, L2, E5b) )

Non-temporal parameters Temporal parameters Observations

Ambiguities: Ionosphere: k � pmjc � 1q 2k � p2 � pmjc� 1q � pmGPS � 1q � pmGal � 1q
2�pmjc�1q�pmGPS�1q�pmGal�1q
Troposphere: � 1

Coordinates: 3pn� 1q � 3

Redundancy of quadruple frequency scenario p4k � 3qpmjc � 1q � p2k � 1qrpmGPS � 1q �pmGal � 1qs � 4

f � 2 for GPS+Gaileo L1pE1q, L5pE5aq mjc are the total number of satellites for combined GPS+Galileo

system with GPS as reference satellite

Table 6.12: Double-differenced Design matrix and VC matrix for Geometry based

model, Receiver coordinates for the rover are unknown, Atmosphere unknown scenario
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Figure 6.8: Redundancy plot of GPS only, Galileo only (top two plots) and GPS + Galileo (bottom two plots) for single epoch (left

hand side plots) and multi-epoch (right hand side plots), atmosphere unknown scenario, Geometry based model, Receiver coordinates

for the rover are unknown, single, dual, triple and quadruple frequencies
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6.5. Reference-Rover model, atmosphere unknown scenario

6.5.1 Hourly batches, Full Ambiguity Resolution, atmo-

sphere unknown scenario

Initially, ASR is simulated for hourly batches, throughout the day 24 hourly

batches are formed starting from 00 UTC and ending at 2359 UTC. The interval

between the epochs is taken as 1 second, making the total number of epochs to

be 3600 in each batch. The number of epochs taken in order to achieve 0.999

ASR during different times of the day are simulated and their average behaviour

is computed. The results for single, dual, triple and quadruple (for Galileo and

GPS+Galileo system) frequency for GPS only, Galileo only and with both systems

GPS and Galileo together are presented in the Figures G.20 to G.22, see Appendix

G. The results for average number of epochs taken for each of the GNSS system

are also presented in Table 6.13, see below.

Analysis of the averaged 24 hourly batches from Table 6.13 and Figures G.20

to G.22 is presented below.

GPS only

Dual frequency:

1. With GPS only, the average number of epochs (for 0.999 ASR) lie

between 92 and 280 with dual frequency for different measurement

precision scenarios for E-W baseline and for N-S baseline the average

number of epochs lie between 90 and 269. It can be noted that for both

E-W and N-S baseline (250 Km baseline), the worst performance is for�30� latitude.
Triple frequency:

2. For triple frequency, the average number of epochs lie between 35 and

145 for E-W baseline and 37 to 125 epochs for the N-S baseline. For

triple frequency, the worst performance for both E-W and N-S baseline

is at �30� latitude.
East-West and North-South oriented baseline comparison:
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6.5. Reference-Rover model, atmosphere unknown scenario

Hourly, Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Average no. of

Epochs taken

Average no. of

satellites

Average no. of

Low-elevation

Sat.¥ 10�,¤ 30� Average no. of

Epochs taken

Average no. of

satellites

Average no. of

Low-elevation

Sat.¡ 10�, 30�
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km North-South Baseline - 250Km

GPS only

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 93 129 92 10 9 10 5 3 5 90 124 112 9 8 9 5 3 4

0.002 0.15 - - 117 152 113 10 9 10 5 3 5 113 148 135 9 8 9 5 3 4

0.002 0.20 - - 131 165 129 10 9 10 5 3 5 127 161 148 9 8 9 5 3 4

0.003 0.25 - - 205 260 209 10 9 10 5 3 5 210 249 232 9 8 9 5 3 4

0.003 0.30 - - 216 271 219 10 9 10 5 3 5 219 260 242 9 8 9 5 3 4

0.003 0.35 - - 227 280 229 10 9 10 5 3 5 228 269 249 9 8 9 5 3 4

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 35 60 39 10 9 10 5 3 5 37 59 50 9 8 9 5 3 4

0.002 0.15 0.002 0.1 51 81 54 10 9 10 5 3 5 50 79 67 9 8 9 5 3 4

0.002 0.20 0.002 0.125 56 87 58 10 9 10 5 3 5 54 84 72 9 8 9 5 3 4

0.003 0.25 0.002 0.15 97 137 98 10 9 10 5 3 5 96 131 118 9 8 9 5 3 4

0.003 0.30 0.002 0.175 101 141 102 10 9 10 5 3 5 100 135 122 9 8 9 5 3 4

0.003 0.35 0.002 0.2 104 145 104 10 9 10 5 3 5 103 137 125 9 8 9 5 3 4

Galileo only

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.002 0.10 0.002 0.05 42 72 60 10 9 10 5 3 5 39 65 83 10 9 9 5 3 4

0.002 0.15 0.002 0.1 73 116 96 10 9 10 5 3 5 68 108 120 10 9 9 5 3 4

0.002 0.20 0.002 0.125 87 130 111 10 9 10 5 3 5 80 123 134 10 9 9 5 3 4

0.003 0.25 0.002 0.15 140 190 169 10 9 10 5 3 5 126 182 205 10 9 9 5 3 4

0.003 0.30 0.002 0.175 152 200 182 10 9 10 5 3 5 137 193 217 10 9 9 5 3 4

0.003 0.35 0.002 0.2 163 212 193 10 9 10 5 3 5 146 202 228 10 9 9 5 3 4

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.002 0.10 0.002 0.05 28 48 42 10 9 10 5 3 5 27 43 53 10 9 9 5 3 4

0.002 0.15 0.002 0.1 36 62 53 10 9 10 5 3 5 34 56 67 10 9 9 5 3 4

0.002 0.20 0.002 0.125 38 66 55 10 9 10 5 3 5 36 59 80 10 9 9 5 3 4

0.003 0.25 0.002 0.15 56 93 82 10 9 10 5 3 5 54 81 118 10 9 9 5 3 4

0.003 0.30 0.002 0.175 57 95 83 10 9 10 5 3 5 55 83 120 10 9 9 5 3 4

0.003 0.35 0.002 0.2 58 96 84 10 9 10 5 3 5 56 84 121 10 9 9 5 3 4

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.002 0.10 0.002 0.05 24 41 37 10 9 10 5 3 5 23 38 45 10 9 9 5 3 4

0.002 0.15 0.002 0.1 33 57 48 10 9 10 5 3 5 31 52 62 10 9 9 5 3 4

0.002 0.20 0.002 0.125 35 61 51 10 9 10 5 3 5 33 55 65 10 9 9 5 3 4

0.003 0.25 0.002 0.15 53 89 78 10 9 10 5 3 5 52 78 113 10 9 9 5 3 4

0.003 0.30 0.002 0.175 55 91 79 10 9 10 5 3 5 53 80 115 10 9 9 5 3 4

0.003 0.35 0.002 0.2 55 92 81 10 9 10 5 3 5 54 81 116 10 9 9 5 3 4

GPS + Galileo

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.002 0.10 0.002 0.05 9 11 10 19 17 19 10 6 9 9 11 10 19 17 18 10 7 8

0.002 0.15 0.002 0.1 18 18 21 19 17 19 10 6 9 17 19 20 19 17 18 10 7 8

0.002 0.20 0.002 0.125 26 26 33 19 17 19 10 6 9 27 28 30 19 17 18 10 7 8

0.003 0.25 0.002 0.15 39 39 46 19 17 19 10 6 9 39 41 45 19 17 18 10 7 8

0.003 0.30 0.002 0.175 56 50 65 19 17 19 10 6 9 53 54 63 19 17 18 10 7 8

0.003 0.35 0.002 0.2 74 67 83 19 17 19 10 6 9 68 70 84 19 17 19 10 7 8

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.002 0.10 0.002 0.05 5 6 6 19 17 19 10 6 9 5 6 5 19 17 18 10 7 8

0.002 0.15 0.002 0.1 7 7 7 19 17 19 10 6 9 7 7 7 19 17 18 10 7 8

0.002 0.20 0.002 0.125 9 9 9 19 17 19 10 6 9 9 9 9 19 17 18 10 7 8

0.003 0.25 0.002 0.15 14 14 13 19 17 19 10 6 9 14 15 13 19 17 18 10 7 8

0.003 0.30 0.002 0.175 18 17 17 19 17 19 10 6 9 18 18 17 19 17 18 10 7 8

0.003 0.35 0.002 0.2 23 22 21 19 17 19 10 6 9 23 22 21 19 17 18 10 7 8

Table 6.13: GPS only, Galileo only, GPS + Galileo GNSS systems, Geometry

based model, Receiver coordinates for the rover are unknown, Atmosphere

unknown scenario Full AR, Average number of epochs, average number of satellites

and average number of low elevation satellites over 24 batches (1 batch = 1 hour, 3600

epochs, 1 second interval) are presented - measurement precision varied, number

of satellites are as available.
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6.5. Reference-Rover model, atmosphere unknown scenario

3. GPS only takes relatively less number of epochs at 0� latitude and

more epochs at �60� latitude for both E-W and N-S baseline.

Galileo only

Dual frequency:

4. For dual frequency Galileo, the average number of epochs taken

lie between 42 and 212 for E-W baseline and 39 and 228 for N-S

baseline. Galileo only outperforms GPS only with dual frequency

for all the scenarios of measurement precision, see Table 6.13. The

better performance of Galileo is credited to its improved measurement

precision in comparison to GPS. Galileo only performs the best at 0�
latitude for both E-W and N-S baseline.

Triple frequency:

5. With triple frequency Galileo, the average number of epochs over 24

batches to obtain 0.999 ASR lie between 28 and 96 for E-W baseline

and 27 to 121 for N-S baseline. The performance is better in comparison

to GPS only which is an effect of better measurement precision for

Galileo system in comparison to GPS system. For both E-W and N-S

baseline, Galileo only performs best at 0� latitude.
Quadruple frequency:

6. The quadruple frequency Galileo takes between 24 and 92 for the

E-W baseline and between 23 and 116 epoch for the N-S baseline.

In comparison to Galileo only dual and triple frequency system,

Galileo only quadruple frequency performs better for all the scenarios

of measurement precision and latitude location. The improvement

in performance is due to the addition of a frequency. Galileo only

performs best at 0� latitude for both E-W and N-S baseline.

East-West and North-South oriented baseline comparison:
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6.5. Reference-Rover model, atmosphere unknown scenario

7. Galileo looks to be symmetric at the equator, since it almost takes

equal number of epochs on an average for 0.999 ASR for both E-W and

N-S baseline (250 Km baseline length). Galileo only takes relatively

less number of epochs at 0� and �30� (prominent in case of dual

frequency) latitude and more epochs at �60� latitude for E-W baseline

in comparison to N-S baseline.

GPS + Galileo

Dual frequency:

8. For a combined GPS and Galileo system, it takes an average number of

epochs between 9 and 83 for E-W baseline and 9 to 84 for N-S baseline

for different scenarios of measurement precision and latitude location.

The combined system performs much better than the standalone

systems, unlike the case for CORS scenario when the combined system

performed almost similar to standalone system models. Here due

to presence of additional unknowns, that is the receiver coordinates,

the standalone systems are not strong enough. For ionosphere float

scenario, the receiver coordinates and troposphere, which the coupling

parameters for both GNSS systems. With twice the number of satellites

for a combined system as compared to standalone system, tremendous

strength is gained for the coupling parameters making the combined

GPS+Galileo model much stronger than the standalone GNSS system

models.

Quadruple frequency:

9. It takes and average number of epochs between 5 and 23 for E-W

baseline and N-S baseline, both. The quadruple GPS+Galileo system

outperforms the dual GPS+Galileo and quadruple Galileo only system.

East-West and North-South oriented baseline comparison:

10. The combined GPS and Galileo dual frequency system takes relatively

less number of epochs at �30� latitude for E-W baseline and at 0� for

N-S baseline. For quadruple frequency system, the difference cannot be
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6.5. Reference-Rover model, atmosphere unknown scenario

clearly observed, since it seems to perform almost similar at all latitude

locations.
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Figure 6.9: Galileo only, atmosphere unknown scenario, Geometry based model, Receiver coordinates for the rover are un-

known, dual, triple and quadruple frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and 3600

epochs, 1 epoch = 1 second) during the day are presented along with ASR and, float and fixed-precision of ionosphere.
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6.5. Reference-Rover model, atmosphere unknown scenario

6.5.2 GPS only - Full and Partial Ambiguity Resolution,

atmosphere unknown scenario

The results for GPS system, ionosphere float Geometry based model, co-

ordinates known, atmosphere unknown scenario are presented below. Figures

G.23 and G.24 give full ambiguity resolution results and Figures G.25 and G.26

present the partial ambiguity results for dual and triple frequency GPS respec-

tively, see Appendix G. Figure 6.10 presents the number of satellites for E-W

oriented baseline (250 Km) and N-S baseline (250 Km). Table 6.14 presents the

full ambiguity resolution results in terms of number of epochs taken for 0.999

ASR and corresponding rover-receiver coordinate precision (for ambiguity-fixed

and -float solution) along with the gain obtained for the rover-receiver coordinate

for ambiguity-fixed solution is presented.

The following is the analysis based on Table 6.14 and Figures 6.10 to 6.12.

General remarks:

(1) It can be noted that for atmosphere unknown scenario (when ionosphere

and troposphere both parameterized for estimation), instantaneous ASR

(Full AR) of 0.999 is not achieved for Geometry based model when receiver

coordinates for the rover are unknown.

(2) There is a significant difference in number of epochs taken for 0.999 ASR

for E-W and N-S oriented baseline for dual frequency system. This is

due to the fact that for a 250 Km E-W and N-S oriented baseline, see

Figure 6.10, the number of common satellites, low elevation satellites and

in general the elevation of each of the satellite is different causing the

results of epochs taken for 0.999 ASR to be different.

(3) Further more, it can be noted that the number of epochs taken for 0.999

full AR are less for a certain latitude location, as discussed in the earlier

section. For both E-W and N-S baseline the number of epochs taken

for 0.999 full AR are less at �30� latitude than at other latitude locations.

Time to regain 0.999 ASR:
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6.5. Reference-Rover model, atmosphere unknown scenario

Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Epochs taken σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 189 71 90 0.002 0.002 0.002 0.057 0.099 0.086 36.35 45.53 45.56

0.002 0.15 - - 208 93 110 0.001 0.002 0.002 0.065 0.113 0.103 43.38 58.87 60.00

0.002 0.20 - - 215 110 121 0.001 0.002 0.002 0.071 0.120 0.117 48.44 68.06 71.07

0.003 0.25 - - 334 197 203 0.002 0.002 0.002 0.061 0.095 0.098 34.44 48.29 52.80

0.003 0.30 - - 336 215 214 0.002 0.002 0.002 0.064 0.095 0.102 36.41 50.55 56.43

0.003 0.35 - - 338 227 228 0.002 0.002 0.002 0.067 0.096 0.102 37.90 52.19 58.11

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 75 26 34 0.002 0.003 0.003 0.091 0.142 0.121 43.87 46.69 46.64

0.002 0.15 0.002 0.1 107 38 50 0.002 0.003 0.002 0.099 0.171 0.145 55.72 66.91 66.65

0.002 0.20 0.002 0.125 115 41 55 0.002 0.002 0.002 0.111 0.208 0.174 64.53 83.97 83.28

0.003 0.25 0.002 0.15 223 76 94 0.002 0.003 0.002 0.077 0.171 0.152 43.72 66.56 67.07

0.003 0.30 0.002 0.175 229 80 98 0.002 0.003 0.002 0.080 0.188 0.167 46.42 74.73 75.45

0.003 0.35 0.002 0.2 233 82 100 0.002 0.002 0.002 0.084 0.205 0.183 48.64 82.35 83.11

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 122 70 124 0.002 0.002 0.002 0.082 0.102 0.069 42.01 45.81 42.64

0.002 0.15 - - 160 92 148 0.002 0.002 0.001 0.085 0.116 0.082 49.23 59.31 55.02

0.002 0.20 - - 178 106 156 0.002 0.002 0.001 0.088 0.126 0.094 53.93 69.21 64.53

0.003 0.25 - - 266 173 249 0.002 0.002 0.002 0.080 0.109 0.083 39.67 51.28 44.25

0.003 0.30 - - 275 182 258 0.002 0.002 0.002 0.082 0.115 0.086 41.63 55.26 46.79

0.003 0.35 - - 282 190 266 0.002 0.002 0.002 0.084 0.118 0.088 43.11 58.11 48.35

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 43 26 48 0.003 0.003 0.002 0.128 0.144 0.102 46.15 46.74 45.35

0.002 0.15 0.002 0.1 63 36 67 0.002 0.003 0.002 0.149 0.180 0.121 63.87 67.51 63.28

0.002 0.20 0.002 0.125 70 40 75 0.002 0.003 0.002 0.172 0.215 0.141 77.00 84.68 77.73

0.003 0.25 0.002 0.15 124 71 119 0.002 0.003 0.002 0.138 0.184 0.127 57.99 68.00 62.83

0.003 0.30 0.002 0.175 129 75 125 0.002 0.003 0.002 0.147 0.201 0.138 63.03 76.46 69.80

0.003 0.35 0.002 0.2 132 77 129 0.002 0.003 0.002 0.156 0.220 0.147 67.39 84.37 75.72

Table 6.14: GPS only, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere unknown scenario, Full AR analysis, ASR and

ambiguity-fixed and -float precision for rover-receiver coordinate are presented - mea-

surement precision varied, number of satellites as available.
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6.5. Reference-Rover model, atmosphere unknown scenario

(4) It can be seen at certain times after initial 0.999 ASR is achieved,

the gained criteria is lost which is due to an incoming low elevation

satellite. The time taken to regain the criteria of 0.999 ASR is the

lowest for better measurement precision. For example see Figure 6.11,

the first row represents three values of measurement precision for 0�
latitude. The width of the spike in the green curve (fixed-precision

of rover-receiver coordinate curve) is the least for better measurement

precision (first/third row, first column plot) and the width is larger for

the worst measurement precision (first/third row, last column plot).

Dual Frequency:

(5) The number of epochs taken for 0.999 ASR for all scenarios of measure-

ment precision and baseline length lied between 71 and 338 for E-W

oriented baseline and between 70 and 282 for N-S oriented baseline.

(6) For dual frequency with the measurement precision of σΦ=3mm and

σP=25cm on L1, L2 , it took 334, 197 and 203 epochs at 0�, �30�
and �60� latitude E-W oriented baseline and 266, 173 and 249 for N-S

oriented baseline.

Triple Frequency:

(7) The number of epochs taken to obtain 0.999 ASR lied between 26 and

233 for E-W oriented baseline and between 26 and 132 for N-S oriented

baseline.

(8) The epochs taken for 0.999 ASR for the measurement precision of

σΦ=3mm on L1, L2 and 2mm on L5 and σP=25cm on L1, L2 and 15cm

on L5 were 233, 76 and 94 for E-W oriented baseline and 124, 71 and 119

for N-S oriented baseline at 0�, �30� and �60� latitudes respectively.
Considering the fixed-precision of rover-receiver coordinate to lie around 3mm

in most of the cases when all the ambiguities were fixed, PAR will be evaluated

for obtaining a fixed-precision of 2cm for troposphere in the coming section.
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Figure 6.10: Number of satellites for GPS only, 250 Km East-West and North-South baseline at 0�,�30� and �60� degree latitude.
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Figure 6.11: GPS only, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the rover are unknown,

250 Km East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30�

and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by

full AR.
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Figure 6.12: GPS only, Dual frequency, PAR, Geometry based model, Receiver coordinates for the rover are

unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied, number

of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates

the number of epochs (on x-axis) taken for obtaining 2cm fixed-precision and for fixing 100% of ambiguities by PAR, along

with the fixed-precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding

number inside the figure presents its statistics.
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6.5. Reference-Rover model, atmosphere unknown scenario

6.5.3 GPS only, Partial Ambiguity Resolution to obtain

fixed-precision of 2 cm, atmosphere unknown sce-

nario

In this section, it is to be analyzed if by partially fixing the ambiguities, does

the solution converge faster to a modestly chosen fixed-precision of σn, σe =2cm

and σu=6cm for rover-receiver coordinate components x, y and z. Table 6.15

presents the results in terms of fixed-precision to be equal to or better than the

set values and corresponding epochs taken and ambiguities fixed are noted.

Referring Table 6.15, for all the scenarios of measurement precision

(out of 18 scenarios for each dual and triple frequency) less than 100% of

ambiguities were fixed to give a fixed-precision of coordinate components,

desired to be equal or better than σn, σe =2cm and σu=6cm for the x, y and

z component of the rover receiver coordinates.

General remarks::

(1) A fixed-precision of 2cm for rover-receiver coordinate could not be

achieved instantaneously with GPS dual or triple frequency system, for

E-W and for N-S baseline both.

(2) Partial ambiguity fixed a subset of ambiguities at most of the times

(72 out of 70 occasions) to give a fixed-precision of coordinates as desired.

Dual Frequency:

(3) The number of epochs taken for 0.999 ASR for all scenarios of measure-

ment precision and baseline length lied between 70 and 241 for E-W

oriented baseline and between 69 and 273 for N-S oriented baseline.

(4) For dual frequency with the measurement precision of σΦ=3mm and

σP=25cm on L1, L2 , it took 224, 164 and 190 epochs by fixing 86, 94

and 80% of ambiguities by PAR at 0�, �30� and �60� latitude E-W

oriented baseline and 258, 171 and 233 epochs by fixing 86, 94 and 86 %

of ambiguities for N-S oriented baseline.
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6.5. Reference-Rover model, atmosphere unknown scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for rover-receiver coordinate

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 112 70 74 86 94 89 0.010 0.007 0.019 0.087 0.100 0.098 8.95 13.78 5.07

0.002 0.15 - - 138 89 100 86 94 89 0.012 0.007 0.017 0.096 0.117 0.111 8.20 16.71 6.44

0.002 0.20 - - 154 102 116 86 88 89 0.012 0.020 0.016 0.101 0.128 0.121 8.77 6.43 7.58

0.003 0.25 - - 226 164 190 86 94 80 0.013 0.008 0.019 0.094 0.113 0.105 7.28 14.36 5.61

0.003 0.30 - - 234 172 201 86 94 80 0.012 0.008 0.016 0.098 0.120 0.109 8.25 15.25 6.87

0.003 0.35 - - 241 180 218 86 94 80 0.012 0.008 0.015 0.100 0.123 0.107 8.53 15.86 7.03

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 35 24 32 90 88 93 0.011 0.020 0.019 0.142 0.148 0.125 12.92 7.47 6.55

0.002 0.15 0.002 0.1 54 37 40 90 92 93 0.011 0.017 0.020 0.164 0.174 0.166 15.03 10.41 8.18

0.002 0.20 0.002 0.125 60 41 43 90 100 93 0.011 0.002 0.020 0.191 0.208 0.204 17.93 83.97 10.03

0.003 0.25 0.002 0.15 98 74 81 90 92 93 0.012 0.018 0.020 0.167 0.175 0.169 14.29 9.91 8.57

0.003 0.30 0.002 0.175 103 78 83 90 92 93 0.012 0.018 0.020 0.179 0.192 0.191 15.48 10.94 9.58

0.003 0.35 0.002 0.2 108 81 85 90 96 93 0.011 0.008 0.020 0.187 0.207 0.209 16.41 26.66 10.50

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 108 69 97 86 88 88 0.017 0.009 0.018 0.090 0.103 0.082 5.34 12.09 4.54

0.002 0.15 - - 145 91 115 86 88 88 0.016 0.015 0.018 0.093 0.117 0.100 5.77 7.66 5.54

0.002 0.20 - - 166 106 127 86 100 88 0.015 0.002 0.018 0.095 0.126 0.113 6.13 69.21 6.40

0.003 0.25 - - 258 171 233 86 94 86 0.020 0.005 0.017 0.082 0.111 0.088 4.03 21.19 5.25

0.003 0.30 - - 267 181 243 93 94 86 0.007 0.005 0.017 0.085 0.116 0.092 12.50 22.75 5.51

0.003 0.35 - - 273 189 253 93 94 86 0.007 0.005 0.016 0.087 0.119 0.093 12.91 23.93 5.68

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 38 24 39 95 92 83 0.007 0.011 0.018 0.137 0.150 0.116 19.78 14.14 6.35

0.002 0.15 0.002 0.1 58 34 55 90 92 88 0.020 0.017 0.018 0.158 0.187 0.139 7.84 10.75 7.92

0.002 0.20 0.002 0.125 63 38 64 90 92 92 0.020 0.017 0.018 0.186 0.223 0.158 9.25 13.28 8.95

0.003 0.25 0.002 0.15 115 67 103 90 92 92 0.018 0.010 0.009 0.147 0.192 0.142 8.28 19.28 16.10

0.003 0.30 0.002 0.175 120 70 108 90 92 92 0.018 0.010 0.009 0.158 0.213 0.156 8.89 21.60 17.86

0.003 0.35 0.002 0.2 123 72 112 90 92 92 0.018 0.010 0.009 0.167 0.232 0.167 9.42 23.73 19.37

Table 6.15: GPS only, PAR, Geometry based model, Receiver coordinates

for the rover are unknown, atmosphere unknown scenario. Presented is the evalu-

ation of ASR and number of epochs for obtaining 2cm fixed-precision of rover-receiver

coordinate - measurement precision is varied, number of satellites are as available.
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6.5. Reference-Rover model, atmosphere unknown scenario

Triple Frequency:

(5) The number of epochs taken to obtain 0.999 ASR lied between 24 and

108 for E-W oriented baseline and between 24 and 123 for N-S oriented

baseline.

(6) The epochs taken for 0.999 ASR (measurement precision of σΦ=3mm on

L1, L2 and 2mm on L5 and σP=25cm on L1, L2 and 15cm on L5) were

98, 74 and 81 by fixing partially 90, 92 and 93 % of ambiguities for E-W

oriented baseline and 115, 67 and 103 epochs by fixing 90, 92 and 92 %

of ambiguities by PAR for N-S oriented baseline at 0�, �30� and �60�
latitudes respectively.

Further the results and discussion for PAR inorder to obtain a fixed preciison

of 20cm for the horizontal coordinate components is presented.

263



6.5. Reference-Rover model, atmosphere unknown scenario

6.5.4 GPS only, Partial Ambiguity Resolution to obtain

fixed-precision of 20 cm, atmosphere unknown sce-

nario

In this section, it is to be analyzed if by partially fixing the ambiguities, does

the solution converge faster to a modestly chosen fixed-precision of σn, σe =20cm

for the horizontal rover-receiver coordinate components. Table 6.16 presents the

results in terms of fixed-precision to be equal to or better than the set values and

corresponding epochs taken and ambiguities fixed are noted.

Referring Table 6.16, for all the scenarios of measurement precision

(out of 18 scenarios for each dual and triple frequency) less than 100% of

ambiguities were fixed to give a fixed-precision of coordinate components,

desired to be equal or better than σn, σe =20cm for the horizontal component

of the rover receiver coordinates.

General remarks::

(1) A fixed-precision of 20cm for the horizontal rover-receiver coordinate

could not be achieved instantaneously with GPS dual or triple frequency

system, for E-W and for N-S baseline both.

(2) Less than 100% of the ambiguities were fixed at all times to give a

fixed-precision of coordinates as predefined.

Dual Frequency:

(3) The number of epochs taken for 0.999 ASR for all scenarios of measure-

ment precision and baseline length lied between 7 and 99 (for σn, σe =2cm

it took between 70 and 241 epochs) for E-W oriented baseline and be-

tween 8 and 113 (for σn, σe =2cm it took between 69 and 273 epochs) for

N-S oriented baseline.

(4) For dual frequency with the measurement precision of σΦ=3mm and

σP=25cm on L1, L2 , it took 51, 40 and 66 epochs (for σn, σe =2cm it

took 224, 164 and 190 epochs) by fixing 50, 44 and 33% of ambiguities

by PAR at 0�, �30� and �60� latitude E-W oriented baseline and 47,
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6.5. Reference-Rover model, atmosphere unknown scenario

Partial AR @ 0.999 ASR

criteria - 20 cm fixed-precision for horizontal rover-receiver coordinate components

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 9 7 14 50 44 39 0.339 0.333 0.228 0.362 0.353 0.243 1.07 1.06 1.06

0.002 0.15 - - 20 16 30 50 44 39 0.336 0.326 0.227 0.359 0.345 0.241 1.07 1.06 1.06

0.002 0.20 - - 34 27 45 50 44 39 0.327 0.318 0.232 0.347 0.335 0.245 1.06 1.06 1.06

0.003 0.25 - - 51 40 66 50 44 33 0.323 0.318 0.232 0.342 0.335 0.244 1.06 1.05 1.05

0.003 0.30 - - 68 52 83 43 44 33 0.304 0.309 0.228 0.319 0.325 0.238 1.05 1.05 1.05

0.003 0.35 - - 86 68 99 43 44 33 0.278 0.284 0.222 0.289 0.298 0.230 1.04 1.05 1.04

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 2 2 3 57 63 56 0.325 0.272 0.217 0.605 0.520 0.414 1.86 1.91 1.90

0.002 0.15 0.002 0.1 4 3 5 57 58 56 0.333 0.333 0.244 0.660 0.655 0.495 1.98 1.97 2.02

0.002 0.20 0.002 0.125 5 4 6 57 58 56 0.334 0.326 0.253 0.781 0.750 0.597 2.33 2.30 2.36

0.003 0.25 0.002 0.15 8 6 11 52 58 56 0.353 0.344 0.241 0.767 0.761 0.547 2.17 2.21 2.27

0.003 0.30 0.002 0.175 9 8 12 52 58 56 0.359 0.319 0.248 0.863 0.786 0.624 2.40 2.46 2.51

0.003 0.35 0.002 0.2 11 9 13 52 58 56 0.344 0.317 0.252 0.904 0.858 0.694 2.62 2.71 2.75

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1,L2

0.002 0.10 - - 8 8 14 43 44 43 0.365 0.316 0.246 0.388 0.335 0.260 1.06 1.06 1.06

0.002 0.15 - - 18 16 31 50 44 43 0.359 0.330 0.234 0.383 0.350 0.247 1.07 1.06 1.06

0.002 0.20 - - 31 27 49 43 44 38 0.350 0.323 0.223 0.371 0.341 0.235 1.06 1.06 1.05

0.003 0.25 - - 47 40 73 43 44 38 0.346 0.323 0.218 0.365 0.341 0.229 1.05 1.05 1.05

0.003 0.30 - - 65 52 95 43 44 38 0.319 0.315 0.206 0.334 0.331 0.216 1.05 1.05 1.05

0.003 0.35 - - 83 66 113 43 44 38 0.290 0.297 0.199 0.302 0.311 0.207 1.04 1.05 1.04

Φ P Φ P High-end receivers, Triple Frequency

L1,L2 L5

0.002 0.10 0.002 0.05 2 2 3 57 63 62 0.329 0.273 0.240 0.611 0.527 0.445 1.86 1.93 1.85

0.002 0.15 0.002 0.1 4 3 5 57 58 62 0.337 0.334 0.270 0.666 0.665 0.531 1.98 1.99 1.97

0.002 0.20 0.002 0.125 5 4 7 57 58 62 0.339 0.325 0.257 0.788 0.761 0.591 2.32 2.34 2.30

0.003 0.25 0.002 0.15 7 7 11 52 58 62 0.381 0.318 0.265 0.828 0.714 0.584 2.17 2.25 2.21

0.003 0.30 0.002 0.175 9 8 12 52 58 62 0.362 0.318 0.271 0.871 0.797 0.663 2.41 2.50 2.45

0.003 0.35 0.002 0.2 11 9 13 52 54 62 0.347 0.353 0.274 0.912 0.871 0.734 2.63 2.47 2.68

Table 6.16: GPS only, PAR, Geometry based model, Receiver coordinates

for the rover are unknown, atmosphere unknown scenario. Presented is the evalua-

tion of ASR and number of epochs for obtaining 20cm fixed-precision of rover-receiver

coordinate - measurement precision is varied, number of satellites are as available.

265



6.5. Reference-Rover model, atmosphere unknown scenario

40 and 73 epochs (for σn, σe =2cm it took 258, 171 and 233 epochs) by

fixing 43, 44 and 38% of ambiguities for N-S oriented baseline.

Triple Frequency:

(5) The number of epochs taken to obtain 0.999 ASR lied between 2 and 13

(for σn, σe =2cm it took between 24 and 108 epochs) for E-W oriented

baseline and between 2 and 13 (for σn, σe =2cm it took between 24 and

123 epochs) for N-S oriented baseline.

(6) The epochs taken for 0.999 ASR (measurement precision of σΦ=3mm on

L1, L2 and 2mm on L5 and σP=25cm on L1, L2 and 15cm on L5) were 8,

6 and 11 epochs (for σn, σe =2cm it took 98, 74 and 81 epochs) by fixing

partially 52, 58 and 56% of ambiguities for E-W oriented baseline and

7, 7 and 11 epochs (for σn, σe =2cm it took 115, 67 and 103 epochs) by

fixing 52, 58 and 62 % of ambiguities by PAR for N-S oriented baseline

at 0�, �30� and �60� latitudes respectively.
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6.5. Reference-Rover model, atmosphere unknown scenario

6.5.5 Galileo only - Full and Partial Ambiguity Resolu-

tion, atmosphere unknown scenario

Galileo system with four frequencies, namely E1, E5a, E5b and E6 is eval-

uated for atmosphere unknown model with coordinates considered to be fixed.

Galileo system which promises an improved precision of code for E5a, E5b, E6

will be tested in terms of its performance to give better or even instantaneous

ambiguity resolution as compared to GPS for Geometry based model, atmosphere

unknown scenario when the coordinates of the rover receiver are estimated. The

results for for Galileo system of dual, triple and quadruple frequency combina-

tions are presented below. Figures G.27 to G.29 give full ambiguity resolution

results and Figures G.30 to G.32 present the partial ambiguity results, see Ap-

pendix G. Figure 6.13 presents the number of satellites for E-W oriented baseline

(250 Km) and N-S baseline (250 Km) for Galileo system. Table 6.17 presents

the full ambiguity resolution results in terms of number of epochs taken for 0.999

ASR and corresponding rover-receiver coordinate precision (for ambiguity fixed

solution and float solution) along with the gain achieved for the fixed solution.

The following is the analysis based on Table 6.17 and Figures 6.13 to 6.15.

General remarks:

(1) It can be noted that with Galileo system, geometry based model, atmo-

sphere and coordinates of the rover being unknown, instantaneous ASR

(Full AR) of 0.999 is not achieved.

(2) Galileo only performed better at �60� latitude with triple and quadruple

frequency system. This is due to the fact that for the chosen simulation

time period, 0000 to 0010 hours UTC, the performance of Galileo system

at �60� latitude is the best, see Figure 6.9.

Dual Frequency:

(3) The number of epochs taken for 0.999 ASR for all scenarios of measure-

ment precision and baseline length lied between 18 and 158 (GPS only

took 71 and 338) for E-W oriented baseline and between 19 and 166 (GPS

only took 70 and 282) for N-S oriented baseline.
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6.5. Reference-Rover model, atmosphere unknown scenario

Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Epochs taken σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.002 0.10 0.002 0.05 33 27 18 0.003 0.003 0.004 0.137 0.136 0.173 46.34 46.04 46.38

0.002 0.15 0.002 0.1 60 41 55 0.002 0.002 0.002 0.151 0.163 0.132 67.28 66.61 65.95

0.002 0.20 0.002 0.125 75 49 68 0.002 0.002 0.002 0.168 0.188 0.143 83.35 83.49 80.53

0.003 0.25 0.002 0.15 126 79 85 0.002 0.002 0.002 0.147 0.174 0.154 67.70 70.28 69.70

0.003 0.30 0.002 0.175 143 88 103 0.002 0.002 0.002 0.150 0.187 0.151 73.25 79.36 75.53

0.003 0.35 0.002 0.2 158 99 124 0.002 0.002 0.002 0.150 0.192 0.142 76.97 86.48 78.49

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.002 0.10 0.002 0.05 24 25 13 0.003 0.003 0.004 0.151 0.133 0.191 44.30 43.99 44.32

0.002 0.15 0.002 0.1 31 28 16 0.003 0.003 0.004 0.213 0.199 0.276 68.51 67.42 68.72

0.002 0.20 0.002 0.125 31 28 17 0.003 0.003 0.004 0.277 0.257 0.349 88.75 86.63 89.02

0.003 0.25 0.002 0.15 49 50 26 0.003 0.003 0.004 0.267 0.227 0.344 78.71 74.74 79.39

0.003 0.30 0.002 0.175 49 50 26 0.003 0.003 0.004 0.314 0.264 0.405 92.11 86.74 93.21

0.003 0.35 0.002 0.2 50 50 27 0.003 0.003 0.004 0.353 0.299 0.453 104.65 98.23 106.19

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.002 0.10 0.002 0.05 21 22 12 0.003 0.003 0.004 0.159 0.139 0.195 45.86 45.58 45.86

0.002 0.15 0.002 0.1 28 25 15 0.003 0.003 0.004 0.220 0.207 0.279 69.88 68.94 70.01

0.002 0.20 0.002 0.125 29 26 16 0.003 0.003 0.004 0.281 0.262 0.353 90.53 88.55 90.76

0.003 0.25 0.002 0.15 46 47 25 0.003 0.003 0.004 0.272 0.231 0.345 79.52 75.71 80.02

0.003 0.30 0.002 0.175 47 48 25 0.003 0.003 0.004 0.315 0.266 0.406 92.95 87.67 93.97

0.003 0.35 0.002 0.2 48 48 26 0.003 0.003 0.004 0.356 0.302 0.455 105.69 99.32 107.10

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.002 0.10 0.002 0.05 42 35 19 0.003 0.003 0.004 0.137 0.127 0.169 46.00 45.50 46.36

0.002 0.15 0.002 0.1 76 49 52 0.002 0.002 0.002 0.145 0.156 0.139 64.31 64.71 66.35

0.002 0.20 0.002 0.125 91 57 64 0.002 0.002 0.002 0.160 0.180 0.152 76.98 80.23 81.67

0.003 0.25 0.002 0.15 144 93 79 0.002 0.002 0.002 0.141 0.164 0.165 61.21 66.53 71.09

0.003 0.30 0.002 0.175 155 102 95 0.002 0.002 0.002 0.147 0.176 0.164 66.01 74.55 77.67

0.003 0.35 0.002 0.2 166 109 114 0.002 0.002 0.002 0.149 0.186 0.156 69.27 81.52 81.33

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.002 0.10 0.002 0.05 31 32 15 0.003 0.003 0.004 0.150 0.125 0.179 44.13 43.59 44.29

0.002 0.15 0.002 0.1 38 35 17 0.003 0.003 0.004 0.215 0.187 0.269 67.69 66.04 68.65

0.002 0.20 0.002 0.125 39 36 17 0.003 0.003 0.004 0.274 0.236 0.351 86.85 83.84 89.05

0.003 0.25 0.002 0.15 63 62 29 0.003 0.003 0.004 0.256 0.209 0.325 75.35 71.31 78.87

0.003 0.30 0.002 0.175 64 63 29 0.003 0.003 0.004 0.293 0.239 0.382 86.74 81.97 92.42

0.003 0.35 0.002 0.2 64 63 29 0.003 0.003 0.004 0.330 0.270 0.437 97.43 92.27 105.48

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.002 0.10 0.002 0.05 27 29 13 0.003 0.003 0.004 0.158 0.129 0.189 45.72 45.19 45.85

0.002 0.15 0.002 0.1 35 33 16 0.003 0.003 0.004 0.220 0.190 0.272 69.11 67.44 69.94

0.002 0.20 0.002 0.125 37 33 16 0.003 0.003 0.004 0.276 0.243 0.355 88.66 86.01 90.79

0.003 0.25 0.002 0.15 59 59 27 0.003 0.003 0.004 0.261 0.212 0.332 76.45 72.25 79.69

0.003 0.30 0.002 0.175 61 60 28 0.003 0.003 0.004 0.297 0.243 0.383 87.92 83.09 93.18

0.003 0.35 0.002 0.2 61 60 28 0.003 0.003 0.004 0.334 0.274 0.438 98.90 93.58 106.39

Table 6.17: Galileo only, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere unknown scenario, Full AR analysis, ASR

and ambiguity-fixed and -float precision for rover-receiver coordinate are presented -

measurement precision varied, number of satellites as available.
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6.5. Reference-Rover model, atmosphere unknown scenario

(4) For dual frequency with the measurement precision of σΦ=3mm on E1

and 2mm on E5a and σP=25cm on E1 and 15cm on E5a, it took 126,

79 and 85 epochs (GPS only took 334, 197 and 203 epochs) at 0�, �30�
and �60� latitude E-W oriented baseline and 144, 93 and 85 (GPS only

took 266, 173 and 249) for N-S oriented baseline.

Triple Frequency:

(5) The number of epochs taken to obtain 0.999 ASR lied between 13 and 50

(GPS only took 26 and 233) for E-W oriented baseline and between 15

and 64 (GPS only took 26 and 132) for N-S oriented baseline.

(6) The epochs taken for 0.999 ASR for the measurement precision of

σΦ=3mm on E1 and 2mm on E5a, E5b and σP=25cm on E1 and 15cm

on E5a, E5b were 49, 50 and 26 (GPS only took 233, 76 and 94) for

E-W oriented baseline and 63, 62 and 29 (GPS only took 124, 71 and

119) for N-S oriented baseline at 0�, �30� and �60� latitudes respectively.
Quadruple Frequency:

(7) The number of epochs taken to obtain 0.999 ASR lied between 12 and

48 for E-W oriented baseline and between 13 and 61 for N-S oriented

baseline.

(8) The epochs taken for 0.999 ASR for the measurement precision of

σΦ=3mm on E1 and 2mm on E5a, E5b, E6 and σP=25cm on E1 and

15cm on E5a, E5b, E6 were 46, 47 and 25 for E-W oriented baseline and

59, 59 and 27 for N-S oriented baseline at 0�, �30� and �60� latitudes

respectively.

Comparison with GPS only:

(9) Galileo only out performed GPS only for dual and triple frequency. The

better performance of Galileo system is as a result of its improved mea-

surement precision as compared to GPS system.

(10) In general the quadruple Galileo outperformed triple frequency Galileo,

hence the quadruple frequency Galileo outperforms GPS too. The reason

269



6.5. Reference-Rover model, atmosphere unknown scenario

for better performance of a GNSS system as the number of frequencies

are increased is related to an increase in the ionosphere information

resulting in strengthening of GNSS model, as discussed earlier.

Considering the fixed-precision of rover-receiver coordinates to lie around 3mm

in most of the cases when all the ambiguities are fixed, PAR will be evaluated

for obtaining a fixed-precision of σn, σe =2cm and σu=6cm for rover-receiver

coordinate components (x, y and z) in the coming section.
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Figure 6.13: Number of satellites for Galileo only, 250 Km East-West and North-South baseline at 0�,�30� and �60� degree latitude.
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Figure 6.14: Galileo only, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the rover are unknown,

atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied, number of satellites are as avail-

able)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for all the ambiguities to be fixed by full AR.

272



6.5.
R
eferen

ce-R
over

m
o
d
el,

atm
osp

h
ere

u
n
k
n
ow

n
scen

ario

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

DF, 00 (σP1,2
=0.15m, , σΦ1,2

=0.002m)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

17
22
28
39 44 5056616772

78
83
89
94

100

1

1(1) σ
I
=1.9cm 83%PAR in 55 epo

2

2
(2) σ

I
=0.22cm 100%PAR in 60 epo

ASR DD Float σ
I
 (m) DD Fixed σ

I
 (m) % Amb. Fixed

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
DF, 00 (σP1,2

=0.25m, , σΦ1,2
=0.003m)

10
−4

10
−3

10
−2

10
−1

10
0

6

11
17

22
283339 44 505661

67
72
788389
94100

1

1(1) σ
I
=0.77cm 94%PAR in 120 epo

2

2
(2) σ

I
=0.22cm 100%PAR in 126 epo 10

0
10

1
10

2
10

3
0.99

0.995

0.999

1
DF, 00 (σP1,2

=0.35m, , σΦ1,2
=0.003m)

10
−4

10
−3

10
−2

10
−1

10
0

6

11
17

22
283339 44505661

67
72
788389
94100

DD
 P

re
cis

io
n 

of
 c

oo
rd

in
at

es
 (m

et
er

s)

1

1(1) σ
I
=0.75cm 94%PAR in 141 epo

2

2
(2) σ

I
=0.2cm 100%PAR in 158 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

DF, −30◦ (σP1,2 =0.15m, , σΦ1,2 =0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

5

25
30
3540 4550556570

80
85
90
95100

1

1(1) σ
I
=0.82cm 95%PAR in 38 epo

2

2
(2) σ

I
=0.25cm 100%PAR in 41 epo 10

0
10

1
10

2
10

3
0.99

0.995

0.999

1
DF, −30◦ (σP1,2 =0.25m, , σΦ1,2 =0.003m)

10
−4

10
−3

10
−2

10
−1

10
0

5

10

25
303540 4550556065

75
80
85
90
95100

1

1(1) σ
I
=0.79cm 95%PAR in 77 epo

2

2
(2) σ

I
=0.25cm 100%PAR in 79 epo 10

0
10

1
10

2
10

3
0.99

0.995

0.999

1
DF, −30◦ (σP1,2 =0.35m, , σΦ1,2 =0.003m)

10
−4

10
−3

10
−2

10
−1

10
0

5

10
15
25

303540 4550556065
70
75
8085
9095100

DD
 P

re
cis

io
n 

of
 c

oo
rd

in
at

es
 (m

et
er

s)

1

1(1) σ
I
=0.75cm 90%PAR in 92 epo

2

2
(2) σ

I
=0.22cm 100%PAR in 99 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

Epochs, 1 epo= 1 sec

DF, −60◦ (σP1,2 =0.15m, , σΦ1,2 =0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

5

10
15

35
404550 5560

85

95
100

1

1(1) σ
I
=0.79cm 95%PAR in 28 epo

2

2
(2) σ

I
=0.29cm 100%PAR in 31 epo 10

0
10

1
10

2
10

3
0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

DF, −60◦ (σP1,2 =0.25m, , σΦ1,2 =0.003m)

10
−4

10
−3

10
−2

10
−1

10
0

5

10
15
20
25
35404550 55

64
73
8691
95100

1

1(1) σ
I
=0.81cm 86%PAR in 53 epo

2

2
(2) σ

I
=0.22cm 100%PAR in 85 epo 10

0
10

1
10

2
10

3
0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

DF, −60◦ (σP1,2 =0.35m, , σΦ1,2 =0.003m)

10
−4

10
−3

10
−2

10
−1

10
0

5

10
15
20
25
353641455055

59
64
68
82869195100

DD
 P

re
cis

io
n 

of
 c

oo
rd

in
at

es
 (m

et
er

s)

1

1(1) σ
I
=0.76cm 86%PAR in 64 epo

2

2
(2) σ

I
=0.18cm 100%PAR in 124 epo

Figure 6.15: Galileo only, Dual frequency, PAR, Geometry based model, Receiver coordinates for the rover are

unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied, number

of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates

the number of epochs (on x-axis) taken for obtaining 2cm fixed-precision and for fixing 100% of ambiguities by PAR, along

with the fixed-precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding

number inside the figure presents its statistics.
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6.5. Reference-Rover model, atmosphere unknown scenario

6.5.6 Galileo only, Partial Ambiguity Resolution to ob-

tain fixed-precision of 2 cm, atmosphere unknown

scenario

In this section, it is to be analyzed if partially fixing the ambiguities help

to converge to a solution faster when a modest fixed-precision of σn, σe =2cm

and σu=6cm is aimed for rover-receiver coordinate components x, y and z. Table

6.18 presents the results in terms of fixed-precision to be equal to or better than

the predefined values and corresponding epochs taken and ambiguities fixed are

noted.

The following is the analysis based on Table 6.18.

General remarks:

(1) Instantaneous predefined fixed-precision of the rover coordinate compo-

nents could not be achieved with Galileo system, ionosphere float scenario.

(2) The partial ambiguities of less than 100% were fixed for almost all the

scenarios of dual, triple and quadruple frequencies to obtain a predefined

fixed-precision for rover-receiver coordinates.

Dual Frequency:

(3) The number of epochs taken for 0.999 ASR for all scenarios of measure-

ment precision and baseline length lied between 17 and 141 (GPS only

took 70 and 241) for E-W oriented baseline and between 16 and 165 (GPS

only took 69 and 273) for N-S oriented baseline.

(4) For dual frequency with the measurement precision of σΦ=3mm on E1

and 2mm on E5a and σP=25cm on E1 and 15cm on E5a, it took 120,

77 and 53 epochs (GPS only took 224, 164 and 190 epochs) by fixing

96, 87 and 93% of ambiguities by PAR at 0�, �30� and �60� latitude

E-W oriented baseline and 143, 90 and 54 epochs (GPS only took 258,

171 and 233 epochs) by fixing 94, 94 and 86 % of ambiguities for N-S

oriented baseline.
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6.5. Reference-Rover model, atmosphere unknown scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for rover-receiver coordinates

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.002 0.10 0.002 0.05 32 21 17 89 85 95 0.013 0.019 0.009 0.140 0.155 0.178 10.53 8.25 19.93

0.002 0.15 0.002 0.1 55 38 28 83 95 95 0.019 0.008 0.008 0.159 0.171 0.209 8.40 20.79 26.57

0.002 0.20 0.002 0.125 68 46 32 89 95 86 0.016 0.008 0.008 0.179 0.196 0.250 11.10 25.57 33.01

0.003 0.25 0.002 0.15 120 77 53 94 95 86 0.008 0.008 0.008 0.153 0.177 0.219 19.93 22.47 26.98

0.003 0.30 0.002 0.175 131 86 59 94 95 86 0.008 0.008 0.008 0.162 0.190 0.235 21.29 24.88 30.15

0.003 0.35 0.002 0.2 141 92 64 94 90 86 0.008 0.008 0.008 0.167 0.203 0.250 22.25 27.04 32.93

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.002 0.10 0.002 0.05 22 15 13 93 90 100 0.017 0.008 0.004 0.158 0.172 0.191 9.47 21.33 44.32

0.002 0.15 0.002 0.1 29 20 15 96 93 90 0.007 0.007 0.017 0.220 0.238 0.286 31.72 34.02 16.39

0.002 0.20 0.002 0.125 30 20 16 96 90 97 0.007 0.019 0.009 0.282 0.310 0.360 40.99 16.61 39.68

0.003 0.25 0.002 0.15 45 29 25 96 87 93 0.008 0.017 0.012 0.281 0.314 0.351 37.14 18.81 29.12

0.003 0.30 0.002 0.175 46 30 25 96 90 90 0.008 0.008 0.018 0.326 0.362 0.414 43.42 44.26 22.49

0.003 0.35 0.002 0.2 46 30 26 89 87 97 0.018 0.017 0.007 0.372 0.414 0.464 21.25 24.99 70.20

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.002 0.10 0.002 0.05 18 13 11 92 92 100 0.018 0.008 0.004 0.172 0.182 0.204 9.54 22.23 45.88

0.002 0.15 0.002 0.1 27 18 14 97 95 95 0.007 0.007 0.012 0.224 0.246 0.289 32.35 34.75 24.59

0.002 0.20 0.002 0.125 28 19 15 97 95 98 0.007 0.007 0.009 0.287 0.312 0.365 41.80 44.72 40.44

0.003 0.25 0.002 0.15 43 28 24 97 92 95 0.008 0.008 0.012 0.282 0.314 0.352 37.45 38.22 29.35

0.003 0.30 0.002 0.175 44 29 24 97 92 92 0.007 0.008 0.018 0.328 0.362 0.416 43.79 44.59 22.65

0.003 0.35 0.002 0.2 45 29 23 97 90 90 0.007 0.016 0.019 0.370 0.414 0.489 49.82 25.15 25.30

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.002 0.10 0.002 0.05 38 25 16 88 83 90 0.016 0.014 0.014 0.144 0.152 0.185 9.17 10.55 13.47

0.002 0.15 0.002 0.1 75 46 27 88 89 95 0.016 0.010 0.008 0.147 0.162 0.215 9.25 16.05 25.83

0.002 0.20 0.002 0.125 90 54 33 94 94 86 0.008 0.008 0.008 0.161 0.187 0.246 21.28 23.80 31.71

0.003 0.25 0.002 0.15 143 90 54 94 94 86 0.007 0.008 0.008 0.142 0.168 0.218 19.77 20.43 26.26

0.003 0.30 0.002 0.175 154 95 60 94 94 86 0.007 0.008 0.008 0.148 0.185 0.235 21.07 22.56 29.31

0.003 0.35 0.002 0.2 165 101 66 94 94 86 0.007 0.008 0.008 0.150 0.198 0.247 21.97 24.37 31.87

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.002 0.10 0.002 0.05 23 15 12 92 85 93 0.018 0.019 0.013 0.174 0.185 0.200 9.54 9.90 15.12

0.002 0.15 0.002 0.1 32 20 14 96 85 93 0.007 0.017 0.014 0.236 0.256 0.298 32.71 14.84 21.06

0.002 0.20 0.002 0.125 34 21 15 96 85 93 0.007 0.017 0.014 0.296 0.323 0.375 41.97 19.03 27.05

0.003 0.25 0.002 0.15 46 30 24 92 85 93 0.018 0.019 0.013 0.310 0.329 0.362 16.91 17.51 27.22

0.003 0.30 0.002 0.175 47 30 24 92 85 93 0.018 0.019 0.013 0.358 0.385 0.427 19.64 20.44 31.98

0.003 0.35 0.002 0.2 47 31 24 92 85 93 0.018 0.019 0.013 0.408 0.431 0.490 22.26 23.18 36.60

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.002 0.10 0.002 0.05 20 13 10 94 92 95 0.018 0.017 0.014 0.184 0.196 0.215 9.99 11.40 15.73

0.002 0.15 0.002 0.1 29 18 13 97 89 95 0.007 0.017 0.014 0.243 0.264 0.303 33.41 15.16 21.51

0.002 0.20 0.002 0.125 31 20 14 94 92 95 0.016 0.015 0.014 0.305 0.325 0.381 18.72 21.01 27.54

0.003 0.25 0.002 0.15 44 28 23 94 89 95 0.018 0.019 0.013 0.312 0.335 0.363 17.06 17.70 27.43

0.003 0.30 0.002 0.175 45 29 23 94 89 95 0.018 0.019 0.013 0.361 0.386 0.429 19.81 20.59 32.22

0.003 0.35 0.002 0.2 45 30 23 94 89 95 0.018 0.018 0.013 0.411 0.432 0.492 22.46 23.35 36.88

Table 6.18: Galileo only, PAR analysis, Geometry based model, Receiver co-

ordinates for the rover are unknown, atmosphere unknown scenario. Evaluation

of ASR and number of epochs for obtaining 2cm fixed-precision of rover-receiver coor-

dinates - measurement precision is varied, number of satellites are as available.
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6.5. Reference-Rover model, atmosphere unknown scenario

Triple Frequency:

(5) The number of epochs taken to obtain 0.999 ASR lied between 13 and 46

(GPS only took 24 and 108) for E-W oriented baseline and between 12

and 47 (GPS only took 24 and 123) for N-S oriented baseline.

(6) The epochs taken for 0.999 ASR (measurement precision of σΦ=3mm on

E1 and 2mm on E5a, E5b and σP=25cm on E1 and 15cm on E5a, E5b)

were 45, 29 and 25 (GPS only took 98, 74 and 81 epochs) by fixing

partially 96, 87 and 93 % of ambiguities for E-W oriented baseline and

46, 30 and 24 (GPS only took 115, 67 and 103) epochs by fixing 92, 85

and 93 % of ambiguities by PAR for N-S oriented baseline at 0�, �30�
and �60� latitudes respectively.
Quadruple Frequency:

(7) The number of epochs taken to obtain 0.999 ASR lied between 11 and

45 for E-W oriented baseline and between 10 and 45 for N-S oriented

baseline.

(8) The epochs taken for 0.999 ASR (measurement precision of σΦ=3mm

on E1 and 2mm on E5a, E5b, E6 and σP=25cm on E1 and 15cm on

E5a, E5b, E6) were 45, 29 and 25 by fixing partially 96, 87 and 93 % of

ambiguities for E-W oriented baseline and 46, 30 and 24 epochs by fixing

92, 85 and 93 % of ambiguities by PAR for N-S oriented baseline at 0�,�30� and �60� latitudes respectively.
Comparison with GPS only:

(9) Galileo system out performed GPS only by taking less number of epochs

to achieve similar predefined criteria of fixed-precision of rover receiver

coordinate components.

(10) The quadruple frequency Galileo performed better than the triple fre-

quency Galileo and hence triple frequency GPS too.

Further results and discussion is done for number of epochs taken and am-
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6.5. Reference-Rover model, atmosphere unknown scenario

biguities fixed in order to obtain a fixed-precision of 20cm for the horizontal

coordinate components.

6.5.7 Galileo only, Partial Ambiguity Resolution to ob-

tain fixed-precision of 20 cm, atmosphere unknown

scenario

In this section, it is to be analyzed if partially fixing the ambiguities help to

converge to a solution faster when a modest fixed-precision of σn, σe =20cm is

aimed for horizontal rover-receiver coordinate components. Table 6.22 presents

the results in terms of fixed-precision to be equal to or better than the predefined

values and corresponding epochs taken and ambiguities fixed are noted.

The following is the analysis based on Table 6.22.

General remarks:

(1) Instantaneous predefined fixed-precision of 20cm for the horizontal coor-

dinate components for rover receiver could be achieved for 2 scenarios of

triple and quadruple frequency Galileo system, ionosphere float scenario.

(2) The partial ambiguities of less than 100% were fixed for all the scenarios

of dual, triple and quadruple frequencies to obtain a predefined fixed-

precision for rover-receiver coordinates.

Dual Frequency:

(3) The number of epochs taken for 0.999 ASR for all scenarios of measure-

ment precision and baseline length lied between 3 and 46 (GPS only

took 7 and 99) for E-W oriented baseline and between 3 and 47 (GPS

only took 8 and 113) for N-S oriented baseline.

(4) For dual frequency with the measurement precision of σΦ=3mm on E1

and 2mm on E5a and σP=25cm on E1 and 15cm on E5a, it took 17,

18 and 27 epochs (GPS only took 51, 40 and 66 epochs) by fixing 28,

40 and 45% of ambiguities by PAR at 0�, �30� and �60� latitude E-W

oriented baseline and 18, 16 and 28 epochs (GPS only took 47, 40 and

73 epochs) by fixing 31, 39 and 45% of ambiguities for N-S oriented
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6.5. Reference-Rover model, atmosphere unknown scenario

Partial AR @ 0.999 ASR

criteria - 20 cm fixed-precision for horizontal rover-receiver coordinate components

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.002 0.10 0.002 0.05 3 3 4 39 40 50 0.302 0.270 0.222 0.458 0.414 0.369 1.52 1.53 1.66

0.002 0.15 0.002 0.1 8 8 12 39 40 45 0.335 0.299 0.247 0.432 0.390 0.327 1.29 1.30 1.32

0.002 0.20 0.002 0.125 12 12 19 33 40 45 0.350 0.309 0.246 0.466 0.418 0.338 1.33 1.35 1.37

0.003 0.25 0.002 0.15 17 18 27 28 40 45 0.363 0.305 0.248 0.487 0.421 0.348 1.34 1.38 1.40

0.003 0.30 0.002 0.175 23 25 36 28 40 41 0.365 0.297 0.242 0.496 0.417 0.338 1.36 1.40 1.40

0.003 0.35 0.002 0.2 30 32 46 28 40 41 0.365 0.292 0.232 0.498 0.414 0.323 1.36 1.42 1.39

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.002 0.10 0.002 0.05 1 1 2 59 60 67 0.371 0.329 0.210 0.741 0.669 0.488 2.00 2.04 2.32

0.002 0.15 0.002 0.1 2 2 3 59 60 67 0.341 0.302 0.214 0.848 0.765 0.644 2.48 2.54 3.00

0.002 0.20 0.002 0.125 2 2 3 56 53 67 0.369 0.326 0.224 1.113 1.004 0.845 3.02 3.08 3.78

0.003 0.25 0.002 0.15 3 3 4 56 57 67 0.333 0.293 0.211 1.125 1.015 0.905 3.38 3.46 4.29

0.003 0.30 0.002 0.175 4 3 4 56 53 67 0.297 0.303 0.214 1.160 1.209 1.078 3.91 3.99 5.04

0.003 0.35 0.002 0.2 5 3 4 56 53 63 0.271 0.309 0.276 1.204 1.402 1.250 4.44 4.54 4.53

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.002 0.10 0.002 0.05 1 1 2 69 70 75 0.340 0.301 0.189 0.729 0.658 0.480 2.15 2.19 2.53

0.002 0.15 0.002 0.1 2 2 3 69 70 75 0.326 0.288 0.204 0.830 0.749 0.630 2.54 2.60 3.09

0.002 0.20 0.002 0.125 2 2 3 69 70 75 0.355 0.313 0.216 1.091 0.984 0.828 3.07 3.14 3.83

0.003 0.25 0.002 0.15 3 2 3 69 70 70 0.323 0.349 0.322 1.103 1.219 1.025 3.42 3.49 3.18

0.003 0.30 0.002 0.175 3 3 4 69 70 75 0.334 0.295 0.210 1.315 1.186 1.058 3.93 4.02 5.04

0.003 0.35 0.002 0.2 4 3 4 69 70 75 0.296 0.302 0.213 1.321 1.376 1.227 4.46 4.56 5.77

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

E1 E5a

0.002 0.10 0.002 0.05 3 3 4 44 44 45 0.337 0.290 0.234 0.519 0.445 0.371 1.54 1.53 1.59

0.002 0.15 0.002 0.1 8 7 13 38 39 45 0.379 0.351 0.239 0.489 0.448 0.316 1.29 1.27 1.32

0.002 0.20 0.002 0.125 13 11 20 38 39 45 0.377 0.355 0.242 0.506 0.469 0.330 1.34 1.32 1.37

0.003 0.25 0.002 0.15 18 16 28 31 39 45 0.393 0.356 0.246 0.534 0.481 0.343 1.36 1.35 1.40

0.003 0.30 0.002 0.175 25 22 37 31 39 41 0.389 0.350 0.240 0.535 0.479 0.335 1.38 1.37 1.39

0.003 0.35 0.002 0.2 32 29 47 31 39 41 0.390 0.339 0.231 0.537 0.468 0.321 1.38 1.38 1.39

Φ P Φ P High-end receivers, Triple Frequency

E1 E5a,E5b

0.002 0.10 0.002 0.05 2 1 2 63 63 67 0.286 0.353 0.211 0.593 0.719 0.490 2.07 2.04 2.32

0.002 0.15 0.002 0.1 2 2 3 63 63 67 0.365 0.322 0.215 0.959 0.822 0.647 2.63 2.55 3.00

0.002 0.20 0.002 0.125 3 3 3 63 63 67 0.316 0.282 0.225 1.028 0.881 0.850 3.25 3.13 3.78

0.003 0.25 0.002 0.15 3 3 4 63 63 67 0.346 0.310 0.212 1.273 1.090 0.910 3.68 3.52 4.29

0.003 0.30 0.002 0.175 4 4 4 63 63 67 0.306 0.276 0.215 1.313 1.124 1.084 4.29 4.08 5.04

0.003 0.35 0.002 0.2 5 4 4 63 59 63 0.278 0.281 0.313 1.362 1.304 1.258 4.90 4.64 4.02

Φ P Φ P High-end receivers, Quadruple Frequency

E1 E5a,E5b,E6

0.002 0.10 0.002 0.05 1 1 2 72 72 75 0.368 0.322 0.191 0.825 0.707 0.482 2.24 2.19 2.53

0.002 0.15 0.002 0.1 2 2 3 72 72 75 0.348 0.308 0.205 0.939 0.805 0.633 2.69 2.62 3.09

0.002 0.20 0.002 0.125 2 3 3 72 72 75 0.374 0.272 0.217 1.234 0.863 0.833 3.30 3.18 3.83

0.003 0.25 0.002 0.15 3 3 4 72 72 75 0.337 0.302 0.207 1.248 1.069 0.893 3.70 3.54 4.31

0.003 0.30 0.002 0.175 4 3 4 72 72 75 0.300 0.311 0.211 1.288 1.274 1.064 4.30 4.10 5.04

0.003 0.35 0.002 0.2 5 4 4 72 72 75 0.273 0.275 0.214 1.337 1.280 1.235 4.90 4.65 5.77

Table 6.19: Galileo only, PAR analysis, Geometry based model, Receiver co-

ordinates for the rover are unknown, atmosphere unknown scenario. Evaluation

of ASR and number of epochs for obtaining 20cm fixed-precision for the horizontal

rover-receiver coordinate components - measurement precision is varied, number

of satellites are as available.
278



6.5. Reference-Rover model, atmosphere unknown scenario

baseline.

Triple Frequency:

(5) The number of epochs taken to obtain 0.999 ASR lied between 1 and 5

(GPS only took 2 and 13) for E-W oriented baseline and between 1 and

5 (GPS only took 2 and 13) for N-S oriented baseline.

(6) The epochs taken for 0.999 ASR (measurement precision of σΦ=3mm on

E1 and 2mm on E5a, E5b and σP=25cm on E1 and 15cm on E5a, E5b)

were 3, 3 and 4 (GPS only took 8, 6 and 11 epochs) by fixing partially

56, 57 and 67% of ambiguities for E-W oriented baseline and 3, 3 and 4

(GPS only took 7, 7 and 11 epochs) epochs by fixing 63, 63 and 67%

of ambiguities by PAR for N-S oriented baseline at 0�, �30� and �60�
latitudes respectively.

Quadruple Frequency:

(7) The number of epochs taken to obtain 0.999 ASR lied between 1 and 4

for both E-W and N-S oriented baseline.

(8) The epochs taken for 0.999 ASR (measurement precision of σΦ=3mm

on E1 and 2mm on E5a, E5b, E6 and σP=25cm on E1 and 15cm on

E5a, E5b, E6) were 3, 2 and 3 by fixing partially 69, 70 and 70% of

ambiguities for E-W oriented baseline and 3, 3 and 4 epochs by fixing

72, 72 and 75% of ambiguities by PAR for N-S oriented baseline at 0�,�30� and �60� latitudes respectively.

Comparison with GPS only:

(9) Galileo system out performed GPS only by taking less number of epochs

to achieve similar predefined criteria of fixed-precision of rover receiver

coordinate components.

(10) The quadruple frequency Galileo performed better than the triple fre-

quency Galileo and hence triple frequency GPS too.
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6.5. Reference-Rover model, atmosphere unknown scenario

6.5.8 GPS + Galileo - Full and Partial Ambiguity Reso-

lution, atmosphere unknown scenario

The ASR for the combined GPS and Galileo system are simulated for Ge-

ometry Based model, coordinates known, atmosphere unknown scenario, with

coordinates assumed to be known, hence fixed is simulated along with the fixed-

precision of the rover-receiver coordinates and other unknowns. The atmosphere,

both ionosphere and troposphere are assumed to be unknown and are parameter-

ized in the design matrix of the functional model. Table 6.20 and Figures G.33

to G.36 in Appendix G present the results full and PAR for dual and quadru-

ple frequency, for combined GPS and Galileo for 250 Km baseline in East-West

direction, see Appendix G. Figure 6.16 presents the number of satellites for E-

W oriented baseline (250 Km) and N-S baseline (250 Km) for the combined

GPS+Galileo system.

Analysis based on Figures 6.16 to 6.18 and Table 6.20 is given below.

General remarks:

(1) Instantaneous ambiguity resolution could not be achieved for any scenario

of measurement precision for a combined GPS and Galileo system, using

dual and quadruple frequency both.

Dual Frequency:

(2) The number of epochs taken for 0.999 ASR for all scenarios of measure-

ment precision and baseline length lied between 9 and 126 (GPS only

took 7 and 123 andGalileo only took 18 and 158) for E-W oriented base-

line and between 9 and 124 (GPS only took 70 and 282 and Galileo

only took 19 and 166) for N-S oriented baseline.

(3) For dual frequency with the measurement precision of σΦ=3mm on

E1 and 2mm on E5a and σP=25cm on E1 and 15cm on E5a, it took

44, 51 and 84 epochs (GPS only took 334, 197 and 203 epochs and

Galileo only took 126, 79 and 85) at 0�, �30� and �60� latitude

E-W oriented baseline and 32, 41 and 85 (GPS only took 266, 173

and 249 and Galileo only took 144, 93 and 85) for N-S oriented baseline.
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Full AR - minimum desired ASR = 0.999

Phase Code Phase Code Epochs taken σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.002 0.10 0.002 0.05 9 10 10 0.004 0.003 0.003 0.186 0.151 0.150 46.61 46.56 46.59

0.002 0.15 0.002 0.1 19 22 25 0.003 0.002 0.002 0.196 0.155 0.143 69.97 69.16 69.25

0.002 0.20 0.002 0.125 30 35 68 0.002 0.002 0.001 0.202 0.155 0.100 90.34 86.98 81.49

0.003 0.25 0.002 0.15 44 51 84 0.003 0.002 0.002 0.204 0.155 0.110 79.05 75.15 71.20

0.003 0.30 0.002 0.175 59 69 103 0.002 0.002 0.001 0.198 0.147 0.108 88.85 82.74 77.52

0.003 0.35 0.002 0.2 77 89 126 0.002 0.002 0.001 0.183 0.136 0.101 93.57 87.28 80.21

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.002 0.10 0.002 0.05 5 6 8 0.004 0.003 0.003 0.138 0.103 0.102 35.48 34.50 38.98

0.002 0.15 0.002 0.1 7 7 9 0.003 0.003 0.003 0.201 0.166 0.162 59.76 58.71 64.45

0.002 0.20 0.002 0.125 9 9 10 0.003 0.003 0.002 0.230 0.189 0.199 77.21 75.59 83.44

0.003 0.25 0.002 0.15 13 13 17 0.003 0.003 0.002 0.234 0.192 0.187 71.14 69.72 76.78

0.003 0.30 0.002 0.175 18 16 18 0.003 0.002 0.002 0.235 0.203 0.214 83.74 81.75 90.37

0.003 0.35 0.002 0.2 23 21 21 0.002 0.002 0.002 0.238 0.201 0.226 95.83 92.70 103.02

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.002 0.10 0.002 0.05 9 9 10 0.004 0.004 0.003 0.199 0.169 0.161 46.60 46.57 46.53

0.002 0.15 0.002 0.1 15 18 19 0.003 0.003 0.003 0.237 0.182 0.177 70.06 69.40 69.07

0.002 0.20 0.002 0.125 21 28 30 0.003 0.002 0.002 0.261 0.185 0.177 91.26 88.07 86.68

0.003 0.25 0.002 0.15 32 41 85 0.003 0.002 0.002 0.260 0.185 0.109 80.17 76.35 68.65

0.003 0.30 0.002 0.175 41 55 103 0.003 0.002 0.001 0.264 0.178 0.108 92.15 84.85 74.84

0.003 0.35 0.002 0.2 52 71 124 0.003 0.002 0.001 0.256 0.168 0.102 100.44 90.46 78.00

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.002 0.10 0.002 0.05 4 5 7 0.005 0.003 0.003 0.172 0.121 0.115 35.71 34.58 38.69

0.002 0.15 0.002 0.1 6 6 7 0.004 0.003 0.003 0.240 0.191 0.194 59.84 58.76 64.39

0.002 0.20 0.002 0.125 9 9 9 0.003 0.003 0.003 0.254 0.201 0.222 77.31 75.59 83.17

0.003 0.25 0.002 0.15 13 12 14 0.004 0.003 0.003 0.259 0.213 0.218 70.96 69.72 76.85

0.003 0.30 0.002 0.175 18 16 16 0.003 0.003 0.003 0.259 0.216 0.239 83.38 81.52 90.15

0.003 0.35 0.002 0.2 23 21 20 0.003 0.002 0.002 0.262 0.213 0.242 95.11 92.14 102.03

Table 6.20: GPS + Galileo, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere unknown scenario, Full AR analysis, ASR

and ambiguity-fixed and -float precision for rover-receiver coordinates are presented -

measurement precision varied, number of satellites as available.
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6.5. Reference-Rover model, atmosphere unknown scenario

Quadruple Frequency:

(4) The number of epochs taken to obtain 0.999 ASR lied between 5 and 23

(Galileo only took 12 and 48) for E-W oriented baseline and between 4

and 23 (Galileo only took 13 and 61) for N-S oriented baseline.

(5) The epochs taken for 0.999 ASR for the measurement precision of

σΦ=3mm on E1 and 2mm on E5a, E5b, E6 and σP=25cm on E1 and

15cm on E5a, E5b, E6 were 13, 13 and 17 (Galileo only took 46, 47

and 25) for E-W oriented baseline and 13, 12 and 14 (Galileo only took

59, 59 and 27) for N-S oriented baseline at 0�, �30� and �60� latitudes

respectively.

Comparison with GPS only and Galileo only systems:

(6) While dual frequency systems are compared, namely, GPS only, Galileo

only and GPS+Galileo combined, the combined GPS and Galileo system

performed much better than the individual GPS and Galileo systems.

The comparisons are presented in the above analysis.

(7) A comparison for quadruple frequency between Galileo only and GPS,

Galileo combined system shows that the combined system outperforms

the standalone Galileo system. In general the quadruple frequency

GPS+Galileo almost takes half the number of epochs or even less than

that as compared to standalone Galileo. For a Reference-rover scenario

when the coordinates of rover receiver are estimated the standalone

system proves to be much weaker than the combined GPS+Galileo

system.
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Figure 6.16: Number of satellites for GPS + Galileo, 250 Km East-West and North-South baseline at 0�,�30� and �60� degree latitude.
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Figure 6.17: GPS + Galileo, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the rover are

unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied, number of satellites are

as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis)

taken for all the ambiguities to be fixed by full AR.
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Figure 6.18: GPS + Galileo, Dual frequency, PAR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair

indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed-precision and for fixing 100% of ambiguities

by PAR, along with the fixed-precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the

corresponding number inside the figure presents its statistics.
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6.5. Reference-Rover model, atmosphere unknown scenario

6.5.9 GPS + Galileo, Partial Ambiguity Resolution to ob-

tain fixed-precision of 2 cm, atmosphere unknown

scenario

While resolving all the ambiguities, a fixed-precision of 5mm and better was

obtained. In this analysis it is to examine if a fixed-precision of σn, σe =2cm

and σu=6cm for the x, y and z components of rover-receiver coordinates could be

obtained in reduced number of epochs and by partial fixing of ambiguities. The

results are presented in Table 6.21, see below.

Analysis based on Table 6.21 is given below.

General remarks:

(1) For all the scenarios of measurement precision, less than 100% of am-

biguities were fixed in order to obtain a predefined fixed-precision for

rover-receiver coordinates.

(2) The predefined fixed-precision for rover-receiver coordinates could not be

achieved instantaneously for any of the scenarios.

Dual Frequency:

(3) The number of epochs taken for 0.999 ASR for all scenarios of measure-

ment precision and baseline length lied between 6 and 33 (GPS only

took 70 and 241 and Galileo only took 17 and 141) for E-W oriented

baseline and between 7 and 35 (GPS only took 69 and 273 and Galileo

only took 16 and 165) for N-S oriented baseline.

(4) For dual frequency with the measurement precision of σΦ=3mm on E1

and 2mm on E5a and σP=25cm on E1 and 15cm on E5a, it took 26, 22

and 19 epochs (GPS only took 224, 164 and 190 epochs and Galileo

only took 120, 77 and 53 epochs) by fixing 91, 86 and 79% of ambiguities

by PAR at 0�, �30� and �60� latitude E-W oriented baseline and 28, 22

and 19 epochs (GPS only took 258, 171 and 233 epochs and Galileo

only took 143, 90 and 54 epochs) by fixing 93, 91 and 88% of ambiguities

for N-S oriented baseline.

Quadruple Frequency:
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6.5. Reference-Rover model, atmosphere unknown scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for rover-receiver coordinates

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.002 0.10 0.002 0.05 8 7 6 94 92 71 0.009 0.005 0.016 0.197 0.181 0.193 22.75 37.88 11.83

0.002 0.15 0.002 0.1 13 10 9 94 83 82 0.003 0.004 0.004 0.237 0.233 0.243 70.00 56.99 59.66

0.002 0.20 0.002 0.125 15 13 11 91 92 79 0.003 0.003 0.003 0.291 0.268 0.290 91.89 91.57 84.49

0.003 0.25 0.002 0.15 26 22 19 91 86 79 0.003 0.004 0.004 0.273 0.253 0.272 81.13 71.94 69.25

0.003 0.30 0.002 0.175 30 25 21 91 86 76 0.003 0.003 0.004 0.299 0.279 0.307 95.49 90.55 81.84

0.003 0.35 0.002 0.2 33 26 24 81 78 76 0.003 0.003 0.003 0.326 0.314 0.329 108.73 96.48 101.18

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.002 0.10 0.002 0.05 2 2 2 92 91 89 0.007 0.005 0.006 0.219 0.179 0.204 33.10 32.97 34.78

0.002 0.15 0.002 0.1 3 3 2 88 87 81 0.006 0.005 0.006 0.307 0.254 0.344 55.26 53.93 54.32

0.002 0.20 0.002 0.125 4 3 3 92 83 88 0.005 0.005 0.005 0.345 0.328 0.366 72.37 60.28 76.00

0.003 0.25 0.002 0.15 5 5 4 79 85 86 0.007 0.005 0.005 0.379 0.312 0.390 56.99 60.19 70.96

0.003 0.30 0.002 0.175 6 5 4 90 83 68 0.005 0.006 0.020 0.409 0.369 0.462 77.92 65.57 23.53

0.003 0.35 0.002 0.2 7 6 5 92 85 88 0.005 0.005 0.005 0.438 0.388 0.478 89.63 75.53 97.23

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.002 0.10 0.002 0.05 9 7 7 100 97 97 0.004 0.004 0.005 0.199 0.192 0.193 46.60 43.27 42.71

0.002 0.15 0.002 0.1 14 11 9 97 94 88 0.004 0.003 0.004 0.245 0.234 0.261 69.97 69.82 64.01

0.002 0.20 0.002 0.125 16 13 11 93 94 85 0.003 0.003 0.004 0.302 0.283 0.311 91.61 91.41 83.68

0.003 0.25 0.002 0.15 28 22 19 93 91 88 0.003 0.004 0.004 0.280 0.267 0.290 80.49 74.62 73.66

0.003 0.30 0.002 0.175 32 24 21 93 88 82 0.003 0.003 0.012 0.307 0.300 0.324 94.22 87.59 26.73

0.003 0.35 0.002 0.2 35 27 24 87 88 85 0.003 0.003 0.004 0.333 0.322 0.344 106.79 106.76 97.87

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.002 0.10 0.002 0.05 2 2 2 93 94 94 0.007 0.006 0.006 0.243 0.191 0.215 33.87 33.37 36.47

0.002 0.15 0.002 0.1 4 3 2 98 90 80 0.005 0.005 0.007 0.294 0.270 0.365 59.85 54.32 51.00

0.002 0.20 0.002 0.125 4 3 3 93 88 92 0.005 0.005 0.005 0.381 0.350 0.387 73.74 64.03 78.93

0.003 0.25 0.002 0.15 6 5 4 93 90 92 0.006 0.006 0.006 0.382 0.332 0.412 69.21 58.90 74.75

0.003 0.30 0.002 0.175 7 5 5 96 88 94 0.005 0.006 0.005 0.419 0.393 0.436 82.09 69.56 88.61

0.003 0.35 0.002 0.2 7 6 5 93 90 94 0.005 0.005 0.005 0.484 0.413 0.504 94.42 80.11 102.30

Table 6.21: GPS + Galileo, PAR analysis, Geometry based model, Receiver

coordinates for the rover are unknown, atmosphere unknown scenario. Evalua-

tion of ASR and number of epochs for obtaining 2cm fixed-precision of rover-receiver

coordinates - measurement precision is varied, number of satellites are as available.
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6.5. Reference-Rover model, atmosphere unknown scenario

(5) The number of epochs taken to obtain 0.999 ASR lied between 2 and 7

(Galileo only took 11 and 45) for E-W oriented baseline and between 2

and 7 (Galileo only took 10 and 45) too for N-S oriented baseline.

(6) The epochs taken for 0.999 ASR (measurement precision of σΦ=3mm

on E1 and 2mm on E5a, E5b, E6 and σP=25cm on E1 and 15cm

on E5a, E5b, E6) were 5, 5 and 4 epochs (Galileo only took 45,

29 and 25 epochs) by fixing partially 79, 85 and 86% of ambiguities

for E-W oriented baseline and 6, 5 and 4 epochs (Galileo only

took 46, 30 and 24 epochs) by fixing 93, 90 and 92 % of ambiguities by

PAR for N-S oriented baseline at 0�, �30� and �60� latitudes respectively.
Comparison with GPS only and Galileo only:

(7) The combined GPS and Galileo, dual frequency performed way better

than the individual GPS only and Galileo only systems. Same is reflected

in the comparisons presented above.

(8) The quadruple frequency system performed much better in itself by taking

just 2 to 7 epochs for the predefined fixed-precision. While the quadruple

frequency combined systems is compared to quadruple frequency Galileo

only, again it can be noticed that the quadruple frequency system per-

forms way better than the standalone system.

Further results and discussions for number of epochs taken and ambiguities

fixed are presented in order to obtain a fixed-precision of 20cm for the horizontal

coordinate components.
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6.5. Reference-Rover model, atmosphere unknown scenario

6.5.10 GPS + Galileo, Partial Ambiguity Resolution to

obtain fixed-precision of 20 cm, atmosphere un-

known scenario

While resolving all the ambiguities, a fixed-precision of 5mm and better was

obtained. In this analysis it is to examine if a fixed-precision of σn, σe =20cm

for the horizontal components of rover-receiver coordinates could be obtained in

reduced number of epochs and by partial fixing of ambiguities. The results are

presented in Table 6.22, see below.

Analysis based on Table 6.22 is given below.

General remarks:

(1) For all the scenarios of measurement precision, less than 100% of am-

biguities were fixed in order to obtain a predefined fixed-precision for

rover-receiver coordinates.

(2) The predefined fixed-precision for rover-receiver coordinates could be

achieved instantaneously for 3 scenarios of quadruple frequency.

Dual Frequency:

(3) The number of epochs taken for 0.999 ASR for all scenarios of measure-

ment precision and baseline length lied between 2 and 22 (GPS only

took 7 and 99 and Galileo only took 3 and 46) for E-W oriented base-

line and between 2 and 23 (GPS only took 8 and 113 and Galileo only

took 3 and 47) for N-S oriented baseline.

(4) For dual frequency with the measurement precision of σΦ=3mm on E1

and 2mm on E5a and σP=25cm on E1 and 15cm on E5a, it took 10, 9

and 15 epochs (GPS only took 51, 40 and 66 epochs and Galileo only

took 17, 18 and 27 epochs) by fixing 22, 22 and 37% of ambiguities by

PAR at 0�, �30� and �60� latitude E-W oriented baseline and 9, 9 and

15 epochs (GPS only took 47, 40 and 73 epochs and Galileo only took

18, 16 and 28 epochs) by fixing 23, 26 and 41% of ambiguities for N-S

oriented baseline.

Quadruple Frequency:

289



6.5. Reference-Rover model, atmosphere unknown scenario

Partial AR @ 0.999 ASR

criteria - 20 cm fixed-precision for rover-receiver coordinates

Phase Code Phase Code Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(meters) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.002 0.10 0.002 0.05 2 2 2 31 39 34 0.266 0.221 0.225 0.394 0.339 0.335 1.48 1.53 1.49

0.002 0.15 0.002 0.1 4 4 6 22 25 34 0.352 0.303 0.234 0.429 0.369 0.298 1.22 1.22 1.27

0.002 0.20 0.002 0.125 7 6 9 22 22 37 0.341 0.324 0.230 0.429 0.399 0.321 1.26 1.23 1.40

0.003 0.25 0.002 0.15 10 9 15 22 22 37 0.348 0.323 0.221 0.446 0.404 0.308 1.28 1.25 1.40

0.003 0.30 0.002 0.175 14 12 18 22 22 37 0.346 0.328 0.229 0.449 0.416 0.333 1.30 1.27 1.45

0.003 0.35 0.002 0.2 18 15 22 22 22 39 0.349 0.335 0.227 0.457 0.429 0.345 1.31 1.28 1.52

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.002 0.10 0.002 0.05 1 1 1 42 52 51 0.151 0.113 0.111 0.310 0.253 0.288 2.05 2.25 2.60

0.002 0.15 0.002 0.1 2 2 2 35 50 81 0.226 0.124 0.006 0.376 0.311 0.344 1.67 2.51 54.32

0.002 0.20 0.002 0.125 2 2 3 29 43 88 0.334 0.163 0.005 0.488 0.402 0.366 1.46 2.46 76.00

0.003 0.25 0.002 0.15 3 3 3 31 46 47 0.315 0.155 0.222 0.489 0.403 0.450 1.55 2.59 2.03

0.003 0.30 0.002 0.175 3 3 4 29 39 68 0.348 0.255 0.020 0.579 0.476 0.462 1.66 1.87 23.53

0.003 0.35 0.002 0.2 4 4 4 31 46 47 0.325 0.161 0.228 0.579 0.476 0.535 1.79 2.96 2.35

North-South Baseline - 250Km

Φ P Φ P High-end receivers, Dual Frequency

L1(E1) L5(E5a)

0.002 0.10 0.002 0.05 2 2 2 30 38 38 0.285 0.234 0.246 0.423 0.359 0.361 1.48 1.53 1.47

0.002 0.15 0.002 0.1 4 4 6 23 26 38 0.373 0.317 0.254 0.460 0.391 0.321 1.23 1.23 1.26

0.002 0.20 0.002 0.125 6 6 10 23 24 44 0.389 0.340 0.215 0.497 0.421 0.326 1.28 1.24 1.51

0.003 0.25 0.002 0.15 9 9 15 23 26 41 0.387 0.329 0.235 0.505 0.427 0.329 1.30 1.30 1.40

0.003 0.30 0.002 0.175 12 12 19 23 24 41 0.394 0.344 0.231 0.521 0.439 0.343 1.32 1.28 1.49

0.003 0.35 0.002 0.2 16 16 23 23 24 50 0.390 0.339 0.157 0.520 0.436 0.353 1.33 1.29 2.26

Φ P Φ P High-end receivers, Quadruple Frequency

L1(E1),L2,E5b L5(E5a)

0.002 0.10 0.002 0.05 1 1 1 44 51 53 0.172 0.119 0.092 0.343 0.270 0.304 2.00 2.27 3.31

0.002 0.15 0.002 0.1 2 2 2 38 51 80 0.239 0.145 0.007 0.416 0.331 0.365 1.74 2.29 51.00

0.002 0.20 0.002 0.125 2 2 3 31 43 92 0.358 0.178 0.005 0.540 0.429 0.387 1.51 2.41 78.93

0.003 0.25 0.002 0.15 3 3 3 33 47 47 0.338 0.167 0.237 0.541 0.429 0.476 1.60 2.57 2.00

0.003 0.30 0.002 0.175 3 3 4 31 39 71 0.372 0.278 0.034 0.641 0.508 0.488 1.72 1.83 14.55

0.003 0.35 0.002 0.2 4 4 4 33 47 47 0.346 0.172 0.268 0.641 0.507 0.564 1.85 2.95 2.10

Table 6.22: GPS + Galileo, PAR analysis, Geometry based model, Receiver

coordinates for the rover are unknown, atmosphere unknown scenario. Evalua-

tion of ASR and number of epochs for obtaining 20cm fixed-precision of rover-receiver

coordinates - measurement precision is varied, number of satellites are as available.
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6.5. Reference-Rover model, atmosphere unknown scenario

(5) The number of epochs taken to obtain 0.999 ASR lied between 1 and 4

(Galileo only took 1 and 4) for both E-W oriented and N-S oriented

baseline.

(6) The epochs taken for 0.999 ASR (measurement precision of σΦ=3mm

on E1 and 2mm on E5a, E5b, E6 and σP=25cm on E1 and 15cm on

E5a, E5b, E6) were 3, 3 and 3 epochs (Galileo only took 3, 2 and

3 epochs) by fixing partially 31, 46 and 47% of ambiguities for E-W

oriented baseline and 3, 3 and 3 epochs (Galileo only took 3, 3 and 4

epochs) by fixing 33, 47 and 47% of ambiguities by PAR for N-S oriented

baseline at 0�, �30� and �60� latitudes respectively.

Comparison with GPS only and Galileo only:

(7) The combined GPS and Galileo, dual frequency performed way better

than the individual GPS only and Galileo only systems.
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6.6. Reference-Rover model, ionosphere weighted scenario

6.6 Reference-Rover model, ionosphere weighted

scenario

In this scenario, the receiver coordinates are considered to be unknown and are

parameterized, satellite coordinates are assumed to be known and are generated

from YUMA almanacs. When the atmosphere is unknown, both the troposphere

and the ionosphere, it can take larger time for the ambiguities to converge to

their correct integer solution. However, if the ionosphere is known a-priori and

weighted, it can result in faster ambiguity resolution. Such an ionosphere weight-

ing is used in this section. The baseline length which is directly related to the

uncertainty in the ionosphere will be varied between 1 and 1000 Kilometers to

vary the ionosphere weight. All the different types of frequency combinations,

namely single, dual, triple and quadruple will be considered. Presented below is

the functional and stochastic models, see Table 6.23.

In Table 6.23, Gm�1 has the Line of Sight (LOS) vectors and the tropospheric

mapping function, it is given as below,

Gm�1 � ��� �u1�2 ψ1�2

...
...�u1�m ψ1�m

���
where, �us is the DD (double-differenced) unit vector between the receiver and

the satellite, since the receiver coordinates are to be estimated, the information for

forming the unit vectors comes from the a-priori values of the receiver coordinates.

ψ is the DD tropospheric mapping function. In this study a cosine mapping

function is used defined as, ψ � 1{ cospzq, where z is the zenith angle of the

satellite. DT
m is the single differenced satellite design matrix is known as the

difference operator for the satellites, Wi is the satellite elevation weight matrix

for ith epoch, see Appendix B, equation (B.5), CI is given by equation (5.13) in

chapter 5.

and Λ � diag pλ1, � � � , λjqlooooomooooon
j�j
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6.6. Reference-Rover model, ionosphere weighted scenario

Reference-Rover model, ionosphere weighted scenario

Functional model Stochastic model

Non-temporal parameters Temporal parameters

AIpiq �� �
Λ

0

�b Im�1

�
ef

ef

�bGm�1

� AIIpiq � � �µf

µf

�bIm�1 Qypiq � � QΦ

QP

�bQDDpiq
where QDDpiq � pDT

mW
�1
i Dmq

QIpiq � CI bQDDpiq
Qy,Ipiq � Qypiq �QIpiq

Redundancy (for GPS only, Galileo only, GPS+Galileo (common frequency L1pE1q, L5pE5aq))
Non-temporal parameters Temporal parameters Observations

Ambiguities: f � pm� 1q Ionosphere: k � pm� 1q k � 2f � pm� 1q
Troposphere: � 1 Pseudo observations (Ionosphere) =

k � pm� 1q
Coordinates: 3pn� 1q � 3

Redundancy of Reference-Rover - ionosphere weighted model rp2k � 1q � f � pm� 1qs � 4

For GPS/Galileo only: f � p1, � � � , jq, for GPS+Galileo: f � p1, � � � , jcq, jc is the common/overlapping frequency

and mjc � pmGPS �mGalq
Redundancy (for GPS+Galileo (quadruple frequency L1pE1q, L5pE5aq, L2, E5b) )

Non-temporal parameters Temporal parameters Observations

Ambiguities: Ionosphere=k � pmjc � 1q k � 2 � p2 � pmjc � 1q � pmGPS � 1q �pmGal � 1qq
2�pmjc�1q�pmGPS�1q�pmGal�1q Pseudo observations (Ionosphere)

=k � pmjc � 1q
Troposphere: � 1

Coordinates: 3pn� 1q � 3

Redundancy of Reference-Rover - ionosphere weighted model p2k�1qr2 � pmjc�1q�pmGPS�1q�pmGal � 1qs � 4

f � 1, 2 for GPS+Gaileo L1pE1q, L5pE5aq mjc are the total number of satellites for combined GPS+Galileo

system with GPS as reference satellite

Table 6.23: Double-differenced Design matrix and VC matrix for Geometry based

model, Receiver coordinates for the rover are unknown, ionosphere weighted scenario
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Figure 6.19: Redundancy plot of GPS only, Galileo only (top two plots) and GPS + Galileo (bottom two plots) for single epoch (left

hand side plots) and multi-epoch (right hand side plots), Ionosphere Weighted, Geometry based model, Receiver coordinates for

the rover are unknown, single, dual, triple and quadruple frequencies
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6.6. Reference-Rover model, ionosphere weighted scenario

6.6.1 Hourly batches, Full Ambiguity Resolution, iono-

sphere Weighted scenario

The ASR is simulated for hourly batches, in all 24 batches throughout the

day are considered for simulation. The interval between the epochs is taken as 1

second, hence for each batch there are a maximum of 3600 epochs available. It

is to understand the average behaviour for achieving 0.999 ASR during different

times of the day. The results for single, dual, triple and quadruple (for Galileo

and GPS+Galileo system) frequency for GPS only, Galileo only and with both

systems GPS and Galileo together are presented in the Figures G.37 to G.46,

see Appendix G. The results for average number of epochs taken for each of the

GNSS system are also presented in Table 6.24, see below.

The analysis based on Figures G.37 to G.46 and Table 6.24 is presented below.

General remarks

1. The number of epochs taken for 0.999 ASR increase as baseline length

is increased.

2. It can be noted that single frequency GNSS systems could not give 0.999

ASR for 1000 Km baseline length within the stipulated 3600 epochs.

Henceforth for single frequency, 1000 Km baseline length will be ex-

cluded from further discussions in this section.

3. It an also be noticed that there is a significant improvement in the

number of epochs taken for 0.999 ASR as frequencies for any GNSS

system are increased. The strength increases with increase in num-

ber of frequencies and also with improvement in measurement precision.

GPS only

Single frequency:

4. For single frequency GPS, it took a minimum of 27 and a maximum

of 2863 epochs on an average for baseline lengths lying between 1 and

500 Km for different scenarios of measurement precision and latitude
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6.6. Reference-Rover model, ionosphere weighted scenario

Hourly, Full AR - minimum desired ASR = 0.999

Baseline length Average number of Epochs over 24 hourly batches

(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�
Single Fre-

quency

Dual Frequency Triple Frequency Quadruple Fre-

quency

Average no. of

satellites

Average no. of

Low-elevation

Sat.¥ 10�,¤ 30�
East-West Baseline

GPS only

L1 L1, L2 L1, L2, L5

1 27 37 29 2 3 2 1 1 1 - - - 10 9 9 5 3 5

10 49 67 51 4 6 5 4 5 5 - - - 10 9 9 5 3 5

100 492 571 521 41 76 56 31 58 43 - - - 10 9 10 5 3 5

250 1463 1469 1837 90 136 99 62 97 67 - - - 10 8 10 5 3 5

500 2863 2568 2748 142 201 150 83 130 91 - - - 9 8 9 5 3 4

1000 ¡ 3600 ¡ 3600 ¡ 3600 207 275 192 115 163 104 - - - 9 8 9 4 3 4

Galileo only

E1 E1, E5 E1, E5a, E5b E1, E5a, E5b, E6

1 21 38 29 1 2 1 1 1 1 1 1 1 10 9 10 5 4 5

10 41 69 58 4 5 5 4 5 4 4 5 4 10 9 10 5 4 5

100 465 625 628 32 49 49 29 43 43 28 42 42 10 9 10 5 3 5

250 1701 1573 1932 66 108 93 45 72 68 43 69 65 10 9 10 5 3 5

500 2653 2643 3315 113 159 133 59 82 77 56 78 74 10 8 10 5 3 4

1000 ¡ 3600 ¡ 3600 ¡ 3600 140 199 153 66 91 71 63 86 68 9 8 10 4 3 4

GPS + Galileo

L1pE1q L1pE1q, L5pE5q L1pE1q, L5pE5q, L2, E5b
1 3 3 3 1 1 1 - - - 1 1 1 20 17 19 10 7 9

10 7 7 7 3 4 3 - - - 3 3 3 20 17 19 10 7 9

100 233 272 265 16 19 18 - - - 11 13 12 20 17 19 10 6 9

250 1247 1305 1586 27 27 33 - - - 11 13 12 19 17 19 10 6 9

500 2323 2728 3050 34 34 41 - - - 11 14 12 19 17 19 10 6 9

1000 ¡ 3600 ¡ 3600 ¡ 3600 33 35 42 - - - 11 12 12 18 16 19 9 6 9

North-South Baseline

GPS only

L1 L1, L2 L1, L2, L5

1 27 37 29 2 3 2 1 1 1 - - - 10 9 9 5 3 5

10 48 68 52 4 7 5 4 5 4 - - - 10 9 9 5 3 4

100 498 553 514 43 76 57 32 58 42 - - - 10 9 9 5 3 4

250 1504 1438 1966 93 134 113 63 94 82 - - - 9 8 9 4 3 4

500 2961 2700 2823 144 196 181 84 123 113 - - - 9 8 9 5 3 4

1000 ¡ 3600 ¡ 3600 ¡ 3600 217 292 291 112 166 168 - - - 9 8 8 4 3 3

Galileo only

E1 E1, E5 E1, E5a, E5b E1, E5a, E5b, E6

1 21 38 29 1 2 1 1 1 1 1 1 1 10 9 10 5 4 5

10 41 69 58 4 6 5 4 5 4 4 5 4 10 9 10 5 4 5

100 471 625 666 30 45 52 27 40 47 26 39 45 10 9 10 5 3 4

250 1731 1517 2084 63 95 131 44 64 100 42 61 96 10 9 9 5 3 4

500 2752 2582 2829 105 146 166 59 77 98 56 74 94 10 9 9 5 3 4

1000 ¡ 3600 ¡ 3600 ¡ 3600 149 184 217 70 88 118 67 84 113 9 8 8 4 3 3

GPS + Galileo

L1pE1q L1pE1q, L5pE5q L1pE1q, L5pE5q, L2, E5b
1 3 3 3 1 1 1 - - - 1 1 1 20 17 19 10 7 9

10 7 7 7 3 4 3 - - - 3 3 3 20 17 19 10 7 9

100 225 312 269 16 19 17 - - - 11 12 12 19 17 19 10 7 9

250 1343 1411 1650 28 29 31 - - - 11 13 12 19 17 18 10 7 8

500 2931 2744 2692 33 35 36 - - - 11 13 12 19 17 18 9 6 7

1000 ¡ 3600 ¡ 3600 ¡ 3600 34 36 37 - - - 11 13 14 18 16 16 8 6 6

Table 6.24: GPS only, Galileo only, GPS + Galileo, Geometry based model,

Receiver coordinates for the rover are unknown, Ionosphere Weighted, Tro-

posphere float scenario Full AR, Averaged number of epochs over 24 batches are

presented - measurement precision is held fix, number of satellites are as available,

baseline length varied from 1 to 1000 Km, SD precision σI = 0.68 mm per km.
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6.6. Reference-Rover model, ionosphere weighted scenario

location for E-W baseline. For N-S oriented baseline, it took an average

number of epochs between 27 and 2961.

Dual frequency:

5. The average number of epochs taken to obtain 0.999 ASR for baseline

length between 1 and 1000 Km lied between 2 and 275 for dual

frequency GPS for E-W baseline. For N-S baseline, it took an average

number of epochs between 2 and 292 for similar scenario.

Triple frequency:

6. Triple frequency GPS gave instantaneous ASR of 0.999 for 1 Km base-

line at all latitude locations for Reference-rover scenario.

7. For triple frequency, the average number of epochs lie between 4 and

163 for E-W baseline and 4 to 168 epochs for the N-S baseline for

baseline lengths between 10 to 1000 Kms.

Galileo only

Single frequency:

8. With Galileo only, single frequency, for baseline lengths between 1 and

500 Km, it took on an average number of epochs between 21 and 3315

(GPS only took between 27 and 2863 epochs) for E-W baseline and

between 21 and 2829 (GPS only took between 27 and 2961 epochs)

for N-S oriented baseline.

Dual frequency:

9. Dual frequency Galileo was able to give instantaneous ASR of 0.999 for

baseline length of 1 Km at 0� and �60� latitude. It can be noted that

dual frequency GPS could not give instantaneous ASR for any scenario.

The better performance of Galileo system is credited to the relatively

better measurement precision of Galileo system as compared to GPS

system.
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6.6. Reference-Rover model, ionosphere weighted scenario

10. For dual frequency Galileo, for baseline lengths between 1 and 1000

Kms, the average number of epochs taken for 0.999 ASR lie between 1

and 199 (GPS only took between 2 and 275 epochs) for E-W baseline

and 1 and 217 (GPS only took between 2 and 292 epochs) for N-S

baseline.

Triple frequency:

11. Triple frequency Galileo was able to give instantaneous ASR of 0.999

for 1 Km baseline at all latitude locations for Reference-rover scenario.

12. With triple frequency Galileo, for baseline lengths between 10 and

1000 Kms, the average number of epochs over 24 batches to obtain

0.999 ASR lied between 4 and 97 (GPS only took between 4 and 163

epochs) for E-W baseline between 4 and 118 (GPS only took between

4 and 168 epochs) for N-S baseline both.

Quadruple frequency:

13. Quadruple frequency Galileo took an average number of epochs between

4 and 86 for E-W baseline for baseline length between 10 and 1000

Km. For N-S baseline it took between 4 and 113 epochs for a similar

scenario. The quadruple frequency system performed better than the

triple frequency Galileo system as an effect of the strength gained due

to increase in frequency.

Comparison with GPS only:

14. The performance is better in comparison to GPS only, for dual and

triple frequencies. This is credited to the fact that Galileo has better

measurement precision in comparison to GPS system.

GPS + Galileo

Single frequency:
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6.6. Reference-Rover model, ionosphere weighted scenario

15. For a combined GPS and Galileo system, for baseline lengths between

1 and 500 Kms it took between 3 to 3050 epochs (GPS only took

between 27 and 2863 epochs and Galileo only took between 21 and

3315 epochs) for E-W baseline and 3 to 2931 epochs (GPS only took

between 27 and 2961 epochs and Galileo only took between 21 and

2829 epochs) for N-S baseline length.

Dual frequency:

16. With dual frequency GPS and Galileo combined system, instantaneous

ASR of 0.999 was achieved for baseline length of 1 Km at 0� and �60�
latitude.

17. For a combined GPS and Galileo system, for baseline lengths between

1 and 1000 Kms, it takes an average number of epochs between 1 and

42 (GPS only took between 2 and 275 epochs and Galileo only took

between 1 and 199 epochs) for E-W baseline and 1 to 37 (GPS only

took between 2 and 292 epochs and Galileo only took between 1 and

217 epochs) for N-S baseline for different scenarios of latitude location.

Quadruple frequency:

18. Instantaneous ASR of 0.999 was achieved for baseline length of 1 Km for

all the three latitude locations for both E-W and N-S oriented baselines.

19. It takes and average number of epochs between 3 and 14 epochs

(Galileo only took between 4 and 86, and 4 and 113 epochs for E-W

and N-S baseline respectively) for E-W baseline and N-S baseline, both.

Comparison with GPS only and Galileo only

20. The dual frequency combined GPS and Galileo system does not perform

better than the standalone GPS only or Galileo only. This is due to the

fact that in a combined dual frequency system, the increase in number

of satellites do not add any information to the model, and hence do not

reduce the time taken for 0.999 ASR.
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6.6. Reference-Rover model, ionosphere weighted scenario

21. The quadruple frequency GPS+Galileo performs better than the

quadruple frequency Galileo only and triple frequency GPS only

etcetera.
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Figure 6.20: Galileo only, Ionosphere Weighted, Geometry based model, Receiver coordinates for the rover are unknown, dual

frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the

day are presented along with ASR obtained, float and fixed-precision of ionosphere.
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6.6. Reference-Rover model, ionosphere weighted scenario

6.6.2 GPS only - Full and Partial Ambiguity Resolution,

ionosphere Weighted scenario

The results for ionosphere weighted, Geometry Fixed model considering GPS

system frequencies are presented below. Figures G.47 to G.49 in Appendix G

give full ambiguity resolution results and Figures G.50 to G.52, Appendix G

present the partial ambiguity results for GPS single, dual and triple frequency

respectively. Table 6.25 presents the full ambiguity resolution results in terms

of number of epochs taken for 0.999 ASR and corresponding DD rover-receiver

coordinates precision (for ambiguity fixed solution) is presented. The results

for PAR are presented on the right hand side. PAR is evaluated based on the

criteria to obtain the same value of fixed-precision of rover-receiver coordinates as

in full AR. That is for same value of fixed-precision as in full AR it is to evaluate

whether PAR is able to give similar results by fixing only a partial subset of the

ambiguities with less number of epochs.

In this section, the simulations are done for E-W baseline for all the frequency

combinations possible with GPS (single, dual and triple).

The following is the analysis based on Table 6.25 and Figures 6.21 to 6.22.

General conclusions:

(1) Instantaneous ASR of 0.999 is achieved for baseline length of 1 Km for

triple frequency GPS only, at all the latitude locations.

(2) For ionosphere weighted model, as the baseline length increases, the

number of epochs taken for 0.999 ASR increases, since σI is increasing

with baseline length which adds up to the stochastic model. Further

when the baseline is large enough so that the ionosphere weighted model

is equivalent to ionosphere float model (say for baseline lengths above

250 Km), then the full AR is influenced by number of common satellites

available and number of low elevation satellites. This behaviour is

addressed in earlier section (averaged number of epochs over 24 batches

simulation). For longer baselines, it is generally observed that the

number of epochs taken for 0.999 ASR reduce. Same can be observed in

GPS only simulation for a few scenarios, see Table 6.25.
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6.6. Reference-Rover model, ionosphere weighted scenario

Full AR - minimum desired ASR = 0.999

Epochs taken σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦL1
=0.003m , σPL1

=0.5m

1 28 21 23 0.002 0.002 0.002 0.280 0.308 0.294 150.88 148.92 151.42

10 52 39 44 0.003 0.003 0.003 0.205 0.226 0.210 80.95 79.90 81.41

100 719 542 606 0.006 0.006 0.006 0.050 0.054 0.052 8.68 8.76 8.87

250 2272 749 1968 0.007 0.014 0.008 0.026 0.053 0.028 3.49 3.79 3.55

500 ¡ 3600 2387 3103 - 0.012 0.010 - 0.032 0.026 - 2.59 2.45

1000 ¡ 3600 ¡ 3600 ¡ 3600 - - - - - - - - -

I-Fix(1Km) 10 7 9 0.002 0.003 0.002 0.377 0.426 0.391 165.44 166.12 165.74

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 2 2 2 0.005 0.005 0.005 0.404 0.391 0.383 79.84 79.83 79.83

10 7 5 6 0.007 0.008 0.007 0.216 0.247 0.221 31.90 31.90 31.90

100 52 39 65 0.004 0.004 0.003 0.094 0.093 0.070 21.12 21.14 21.00

250 204 65 88 0.002 0.003 0.003 0.051 0.088 0.074 22.67 25.68 25.57

500 165 113 135 0.003 0.003 0.002 0.080 0.087 0.079 31.47 33.33 33.89

1000 213 163 171 0.002 0.002 0.002 0.084 0.091 0.092 37.10 40.76 44.29

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 334 197 203 0.002 0.002 0.002 0.061 0.095 0.098 34.44 48.29 52.80

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 1 1 1 0.005 0.005 0.005 0.369 0.358 0.351 69.84 69.84 69.84

10 7 4 5 0.007 0.008 0.007 0.140 0.179 0.157 21.43 21.43 21.43

100 47 26 45 0.004 0.004 0.003 0.073 0.084 0.062 19.11 19.16 19.11

250 140 43 58 0.002 0.003 0.003 0.060 0.101 0.085 27.02 29.46 29.38

500 94 67 75 0.003 0.003 0.003 0.115 0.120 0.112 42.23 43.38 44.26

1000 106 74 84 0.003 0.003 0.002 0.137 0.151 0.141 52.96 56.29 58.75

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 223 76 94 0.002 0.003 0.002 0.077 0.171 0.152 43.72 66.56 67.07

North-South Baseline

Low-end receivers, Single Frequency σΦL1
=0.003m , σPL1

=0.5m

1 28 22 23 0.002 0.002 0.002 0.280 0.299 0.294 150.88 147.88 151.42

10 52 38 42 0.003 0.003 0.003 0.205 0.230 0.216 80.95 80.21 82.02

100 752 442 598 0.006 0.007 0.006 0.048 0.063 0.055 8.42 9.14 8.52

250 1347 779 2091 0.010 0.014 0.008 0.039 0.052 0.028 3.87 3.84 3.60

500 ¡ 3600 2544 3317 - 0.012 0.010 - 0.030 0.025 - 2.54 2.44

1000 ¡ 3600 ¡ 3600 ¡ 3600 - - - - - - - - -

I-Fix(1Km) 10 7 9 0.002 0.003 0.002 0.377 0.426 0.391 165.44 166.12 165.74

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 2 2 2 0.005 0.005 0.005 0.404 0.391 0.383 79.84 79.83 79.83

10 7 5 6 0.007 0.008 0.007 0.216 0.247 0.221 31.90 31.90 31.90

100 47 34 93 0.005 0.005 0.003 0.099 0.101 0.058 21.15 21.18 20.60

250 108 66 135 0.003 0.003 0.002 0.079 0.089 0.057 25.12 25.70 24.29

500 194 110 175 0.002 0.003 0.002 0.072 0.093 0.072 30.15 33.84 31.72

1000 232 153 226 0.002 0.002 0.002 0.081 0.103 0.079 36.67 43.03 38.85

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 266 173 249 0.002 0.002 0.002 0.080 0.109 0.083 39.67 51.28 44.25

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 1 1 1 0.005 0.005 0.005 0.369 0.358 0.351 69.84 69.84 69.84

10 7 4 5 0.007 0.008 0.007 0.140 0.179 0.157 21.43 21.43 21.43

100 41 24 64 0.004 0.005 0.003 0.078 0.088 0.053 19.13 19.17 18.95

250 73 45 89 0.003 0.003 0.002 0.090 0.100 0.067 29.04 29.44 28.39

500 119 65 117 0.002 0.003 0.002 0.099 0.126 0.092 40.33 43.93 41.23

1000 119 71 150 0.002 0.003 0.002 0.129 0.166 0.101 52.21 58.57 49.89

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 124 71 119 0.002 0.003 0.002 0.138 0.184 0.127 57.99 68.00 62.83

Table 6.25: GPS only, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, Full AR, ASR

and DD fixed-precision of rover-receiver coordinates (meters) are presented - measure-

ment precision is held fix, number of satellites are as available, baseline length varied
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6.6. Reference-Rover model, ionosphere weighted scenario

Fall in Partial AR:

(3) It can be seen in the PAR plots, incase of new incoming reference satellite

when a perturbation is caused in the stochastic model, the percentage of

ambiguities fixed by PAR drops. See Figure 6.23. Same can be observed

in case of full AR from Figure 6.22.

Single frequency:

(4) To achieve 0.999 ASR, it took between 21 and ¡3600 epochs for single

frequency for baseline lengths of 1 to 500 Kms (all latitude location sce-

narios) for E-W baseline and between 22 to ¡3600 epochs for N-S baseline

for a similar scenario.

(5) For 250 Km baseline length, it took 2272, 749 and 1968 epochs at 0�, �30�
and �60� for 0.999 ASR with ionosphere weighted model, E-W baseline.

For N-S baseline, it took 1347, 779 and 2091 epochs for a similar scenario.

Dual frequency:

(6) Number of epochs for 0.999 ASR for baseline length of 1 to 1000 Km

lied between 2 and 213 for E-W baseline and between 2 and 232 for N-S

baseline.

(7) The number of epochs taken at 250 Km baseline length for 0.999 ASR

were 204, 65 and 88 for 0�, �30� and �60� latitude for E-W baseline.

AS compared to ionosphere float, 250 Km baseline length when it took

29, 36 and 63 epochs, the performance of ionosphere weighted is much

better, as expected. For N-S baseline, it took 108, 66 and 135 epochs for

a similar scenario.

Triple frequency:

(8) Instantaneous ASR of 0.999 could be achieved for baseline length of 1 Km

for all latitude locations with triple frequency GPS.

(9) For obtaining an ASR of 0.999, it took between 4 to 106 epochs for 10 to

1000 Km baseline lengths, considering all the latitude locations for E-W
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6.6. Reference-Rover model, ionosphere weighted scenario

baseline. For N-S baseline, it took between 4 to 150 epochs for a similar

scenario. The best results could be seen at 0� for E-W baseline and at�30� for N-S baseline.

(10) At 0�, �30� and �60� latitude for E-W oriented 250 Km baseline, it took

140, 43 and 58 epochs respectively, and for 250 Km N-S oriented baseline,

it took 73, 45 and 89 epochs for a similar scenario.

Considering the fixed-precision of rover-receiver coordinates to lie around 3mm

in most of the cases when 100% ambiguities are fixed, PAR will be evaluated

for obtaining a fixed-precision of 2cm for x and y components and 6cm for z

component for rover-receiver coordinates in the coming section.
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Figure 6.21: GPS only, total number of common satellites (left side) and low elevation satellites (between 10� and 30� elevation) among

the common satellites (right side), for different baseline lengths, at 0�,�30� and �60� degree latitude, East-West oriented baseline.
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Figure 6.22: GPS only, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the rover

are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of

satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision σI

= 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and�60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities

to be fixed by full AR.
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Figure 6.23: GPS only, Dual frequency, PAR, Geometry based model, Receiver coordinates for the rover are

unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of satellites

are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision σI = 0.68 mm

per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and �60� degree

latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed-precision and

for fixing 100% of ambiguities by PAR, along with the fixed-precision obtained. These values are marked as 1 and 2 (on

both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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6.6. Reference-Rover model, ionosphere weighted scenario

6.6.3 GPS only, Partial Ambiguity Resolution to obtain

fixed-precision of 2 cm, ionosphere Weighted sce-

nario

In this section, it is to be analyzed whether the partially ambiguity fixing help

in converging the solution faster to a modest DD fixed-precision of 2cm for σn, σe

and 6cm for σu for rover-receiver coordinates. Table 6.26 presents the results

in terms of fixed-precision to be equal to or better than the laid criteria and

corresponding epochs taken and ambiguities fixed are noted.

The following is the analysis based on Table 6.26.

General conclusion:

(1) An instantaneous fixed-precision as per the laid criteria (σn, σe =2 cm

σu=6cm) could be obtained for 1 Km baseline length for triple frequency

GPS only at all latitude locations. Triple frequency GPS was able to

give instantaneous ASR of 0.999 for 1 Km baseline length, as presented

in earlier section.

(2) For all the remaining scenarios of baseline lengths above 1 Km, less than

100% of ambiguities were fixed to obtain a fixed-precision as per the laid

criteria (σn, σe =2 cm σu=6cm) for rover-receiver coordinates.

(3) For 1000 Km baseline length, fixed-precision (σn, σe =2 cm σu=6cm) could

be achieved only at �30� latitude within stipulated 3600 epochs.

(4) Ionosphere weighted scenario performs better than ionosphere float

scenario for all the different cases considered in Table 6.26.

Single frequency:

(5) For single frequency, it took a minimum of 21 and a maximum of ¡3660
epochs for baseline lengths between 1 and 1000 Kms, for both E-W and

N-S baseline. The best performance could be seen at �30� latitude for

both E-W and N-S baseline.

Dual frequency:
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6.6. Reference-Rover model, ionosphere weighted scenario

Partial AR @ 0.999 ASR

criteria - σn, σe =2 cm σu=6cm, for fixed-precision of rover-receiver coordinates

Baseline length Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦL1
=0.003m , σPL1

=0.5m

1 28 21 23 100 100 100 0.002 0.002 0.002 0.280 0.308 0.294 150.88 148.92 151.42

10 51 39 43 88 100 80 0.009 0.003 0.009 0.208 0.226 0.214 23.96 79.90 24.48

100 475 300 366 67 75 50 0.011 0.019 0.017 0.071 0.082 0.070 6.45 4.34 4.08

250 1058 671 912 33 71 63 0.020 0.018 0.020 0.047 0.056 0.047 2.31 3.16 2.38

500 1828 1391 1801 33 71 50 0.020 0.019 0.018 0.037 0.045 0.035 1.81 2.33 1.99

1000 3660 2858 3660 13 57 29 0.027 0.020 0.023 0.031 0.036 0.029 1.12 1.82 1.26

I-Fix(1Km) 10 6 7 100 88 89 0.002 0.013 0.012 0.377 0.461 0.445 165.44 36.81 38.39

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 2 2 2 100 100 100 0.005 0.005 0.005 0.404 0.391 0.383 79.84 79.83 79.83

10 3 2 3 94 94 83 0.011 0.014 0.012 0.330 0.391 0.313 28.96 28.15 27.07

100 25 21 28 79 75 72 0.020 0.020 0.016 0.136 0.128 0.108 6.70 6.40 6.59

250 73 57 74 86 75 83 0.013 0.017 0.016 0.098 0.095 0.081 7.65 5.46 4.97

500 155 100 118 79 88 89 0.018 0.012 0.019 0.084 0.095 0.086 4.57 8.03 4.45

1000 209 159 166 86 88 89 0.016 0.019 0.017 0.085 0.092 0.094 5.51 4.80 5.58

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 226 164 190 86 94 80 0.013 0.008 0.019 0.094 0.113 0.105 7.28 14.36 5.61

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 1 1 1 100 100 100 0.005 0.005 0.005 0.369 0.358 0.351 69.84 69.84 69.84

10 2 2 2 92 96 89 0.014 0.013 0.013 0.262 0.253 0.249 18.73 19.14 18.76

100 20 17 22 86 83 81 0.020 0.020 0.017 0.112 0.104 0.090 5.50 5.19 5.43

250 53 38 48 90 83 89 0.012 0.018 0.017 0.106 0.108 0.094 8.56 6.07 5.46

500 85 54 66 90 92 93 0.011 0.013 0.020 0.123 0.137 0.121 11.16 10.64 5.98

1000 99 70 78 90 92 93 0.015 0.018 0.019 0.145 0.157 0.148 9.97 8.77 7.83

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 98 74 81 90 92 93 0.012 0.018 0.020 0.167 0.175 0.169 14.29 9.91 8.57

North-South Baseline

Low-end receivers, Single Frequency σΦL1
=0.003m , σPL1

=0.5m

1 28 21 23 100 100 100 0.002 0.002 0.002 0.280 0.308 0.294 150.88 148.93 151.42

10 51 38 42 88 100 90 0.005 0.003 0.009 0.208 0.230 0.216 46.16 80.21 23.97

100 481 315 395 75 75 71 0.011 0.018 0.017 0.071 0.080 0.071 6.43 4.36 4.21

250 1010 669 938 38 63 71 0.020 0.017 0.020 0.049 0.056 0.049 2.39 3.23 2.49

500 1811 1396 1826 38 71 50 0.020 0.019 0.018 0.038 0.045 0.037 1.86 2.42 2.02

1000 3660 3060 3660 13 83 43 0.028 0.016 0.024 0.031 0.034 0.031 1.11 2.19 1.30

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 2 2 2 100 100 100 0.005 0.005 0.005 0.404 0.391 0.383 79.84 79.83 79.83

10 3 2 3 94 94 83 0.011 0.014 0.012 0.330 0.391 0.313 28.96 28.17 27.07

100 26 22 33 79 75 79 0.020 0.020 0.017 0.134 0.126 0.108 6.70 6.29 6.43

250 81 58 82 79 88 69 0.015 0.011 0.019 0.093 0.096 0.077 6.25 8.44 4.09

500 155 99 155 86 88 79 0.018 0.011 0.018 0.086 0.099 0.078 4.76 8.92 4.47

1000 220 147 215 86 94 79 0.013 0.008 0.018 0.085 0.106 0.083 6.77 13.29 4.56

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 258 171 233 86 94 86 0.020 0.005 0.017 0.082 0.111 0.088 4.03 21.19 5.25

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 1 1 1 100 100 100 0.005 0.005 0.005 0.369 0.358 0.351 69.84 69.84 69.84

10 2 2 2 92 96 89 0.014 0.013 0.013 0.262 0.254 0.248 18.73 19.15 18.76

100 20 18 25 86 88 86 0.020 0.015 0.017 0.112 0.102 0.091 5.51 7.00 5.32

250 58 39 56 86 92 88 0.015 0.011 0.019 0.102 0.108 0.088 6.90 9.42 4.59

500 81 53 87 90 92 86 0.020 0.012 0.019 0.129 0.143 0.115 6.33 11.82 5.90

1000 103 69 102 90 92 86 0.016 0.017 0.020 0.145 0.169 0.139 8.82 9.79 6.80

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 115 67 103 90 92 92 0.018 0.010 0.009 0.147 0.192 0.142 8.28 19.28 16.10

Table 6.26: GPS only, PAR, Geometry based model, Receiver coordinates for

the rover are unknown, ionosphere weighted, troposphere float scenario, Partial am-

biguities fixed (percentage) and number of epochs for obtaining 2cm fixed-precision of

rover-receiver coordinates are presented, measurement precision is held fixed, baseline

length varied from 1 to 1000 Km, SD precision σI = 0.68 mm per km, number of

satellites are as available.
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6.6. Reference-Rover model, ionosphere weighted scenario

(6) For baseline lengths between 1 and 1000 Km, it took between 2 and 209

epochs considering all latitude locations for E-W oriented baseline. For

N-S baseline, it took between 2 and 220 epochs for a similar scenario.

Triple frequency:

(7) For triple frequency, it took between 2 and 99 epochs for baseline lengths

between 10 and 1000 Km considering different latitude locations for E-W

baseline. For N-S baseline, it took between 2 and 103 epochs for a similar

scenario. The best performance could be seen at �30� latitude for both

E-W and N-S baseline.

The results and discussion for number of epochs taken and ambiguities fixed

by PAR in order to obtain a fixed-precision of 20cm for the horizontal coordinate

components in presented below.

6.6.4 GPS only, Partial Ambiguity Resolution to obtain

fixed-precision of 20 cm, ionosphere Weighted sce-

nario

In this section, it is to be analyzed whether the partially ambiguity fixing

help in converging the solution faster to DD fixed-precision of 20cm for σn, σe

for the horizontal rover-receiver coordinate components. Table 6.27 presents the

results in terms of fixed-precision to be equal to or better than the laid criteria

and corresponding epochs taken and ambiguities fixed are noted.

The following is the analysis based on Table 6.27.

General conclusion:

(1) An instantaneous fixed-precision as per the laid criteria (σn, σe =20cm)

could be obtained for 1 and 10 Km baseline length for triple frequency

GPS only at all latitude locations. Triple frequency GPS was able to

give instantaneous ASR of 0.999, Full AR, for 1 Km baseline length, as

presented in earlier section.
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6.6. Reference-Rover model, ionosphere weighted scenario

Partial AR @ 0.999 ASR

criteria - σn, σe =20 cm, for fixed-precision of rover-receiver coordinates

Baseline length Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦL1
=0.003m , σPL1

=0.5m

1 21 19 20 13 13 56 0.324 0.304 0.110 0.334 0.329 0.321 1.03 1.08 2.92

10 22 22 31 0 0 33 0.338 0.320 0.198 0.338 0.320 0.262 1.00 1.00 1.32

100 27 23 47 0 0 0 0.352 0.327 0.224 0.352 0.327 0.224 1.00 1.00 1.00

250 31 24 48 0 0 0 0.337 0.329 0.227 0.337 0.329 0.227 1.00 1.00 1.00

500 41 28 54 0 0 0 0.318 0.331 0.231 0.318 0.331 0.231 1.00 1.00 1.00

1000 84 46 79 0 0 0 0.282 0.329 0.239 0.282 0.329 0.239 1.00 1.00 1.00

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 2 1 2 100 38 100 0.005 0.317 0.005 0.404 0.553 0.383 79.84 1.74 79.83

10 2 2 3 44 94 83 0.076 0.014 0.012 0.404 0.391 0.313 5.33 28.15 27.07

100 4 4 6 7 13 17 0.294 0.214 0.208 0.342 0.294 0.235 1.16 1.37 1.13

250 7 5 9 7 0 6 0.312 0.330 0.221 0.325 0.330 0.240 1.04 1.00 1.08

500 11 9 16 29 19 28 0.325 0.329 0.223 0.377 0.358 0.260 1.16 1.09 1.17

1000 36 21 34 43 38 33 0.281 0.324 0.240 0.307 0.352 0.262 1.09 1.08 1.09

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 1 1 1 100 100 100 0.005 0.005 0.005 0.369 0.358 0.351 69.84 69.84 69.84

10 1 1 1 58 83 56 0.046 0.024 0.086 0.370 0.358 0.352 8.03 14.81 4.09

100 2 1 2 52 33 44 0.180 0.329 0.178 0.354 0.430 0.298 1.97 1.31 1.67

250 3 3 4 52 54 56 0.304 0.269 0.212 0.454 0.390 0.329 1.49 1.45 1.55

500 6 5 7 57 58 56 0.310 0.292 0.233 0.511 0.481 0.394 1.65 1.65 1.69

1000 10 6 9 67 58 56 0.257 0.326 0.247 0.563 0.629 0.488 2.19 1.93 1.98

North-South Baseline

Low-end receivers, Single Frequency σΦL1
=0.003m , σPL1

=0.5m

1 21 19 20 13 13 44 0.324 0.303 0.160 0.334 0.329 0.321 1.03 1.09 2.00

10 22 22 30 0 0 33 0.338 0.320 0.201 0.338 0.320 0.267 1.00 1.00 1.33

100 26 23 45 0 0 0 0.360 0.329 0.239 0.360 0.329 0.239 1.00 1.00 1.00

250 27 25 46 0 0 0 0.365 0.327 0.241 0.365 0.327 0.241 1.00 1.00 1.00

500 31 30 61 0 0 0 0.371 0.328 0.249 0.371 0.328 0.249 1.00 1.00 1.00

1000 48 53 91 0 0 0 0.377 0.317 0.255 0.377 0.317 0.255 1.00 1.00 1.00

High-end receivers, Dual Frequency σΦL1,L2
=0.003m , σPL1,L2

=0.25m

1 2 1 2 100 38 100 0.005 0.317 0.005 0.404 0.553 0.383 79.84 1.74 79.83

10 2 2 3 44 94 83 0.076 0.014 0.012 0.404 0.391 0.313 5.34 28.17 27.07

100 4 4 6 7 6 14 0.295 0.260 0.241 0.343 0.296 0.254 1.17 1.14 1.06

250 6 6 9 7 6 14 0.339 0.287 0.219 0.354 0.306 0.258 1.04 1.06 1.18

500 10 10 17 21 19 42 0.364 0.319 0.304 0.401 0.349 0.357 1.10 1.09 1.17

1000 22 24 41 36 31 43 0.373 0.317 0.278 0.404 0.341 0.301 1.08 1.08 1.08

High-end receivers, Triple Frequency σΦL5
=0.002m , σPL5

=0.15m

1 1 1 1 100 100 100 0.005 0.005 0.005 0.369 0.358 0.351 69.84 69.84 69.84

10 1 1 1 58 83 56 0.046 0.024 0.086 0.370 0.359 0.351 8.04 14.84 4.09

100 2 1 2 52 33 48 0.181 0.331 0.196 0.355 0.433 0.323 1.97 1.31 1.65

250 3 3 4 52 54 62 0.307 0.271 0.233 0.458 0.396 0.354 1.49 1.46 1.52

500 5 4 8 57 54 67 0.344 0.350 0.290 0.567 0.552 0.525 1.65 1.58 1.81

1000 7 7 10 57 54 67 0.352 0.324 0.314 0.680 0.603 0.684 1.93 1.86 2.18

Table 6.27: GPS only, PAR, Geometry based model, Receiver coordinates

for the rover are unknown, ionosphere weighted, troposphere float scenario, Partial

ambiguities fixed (percentage) and number of epochs for obtaining 20cm fixed-precision

for the horizontal rover-receiver coordinates are presented, measurement precision is

held fixed, baseline length varied from 1 to 1000 Km, SD precision σI = 0.68

mm per km, number of satellites are as available.
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6.6. Reference-Rover model, ionosphere weighted scenario

(2) Dual frequency GPS was able to give instantaneous fixed-precision of

20cm at �30� latitude by partial fixing less than 100% of ambiguities.

(3) For all the remaining scenarios of baseline lengths above 1 Km, less than

100% of ambiguities were fixed to obtain a fixed-precision as per the laid

criteria (σn, σe =2 cm σu=6cm) for rover-receiver coordinates.

(4) With dual frequency for baseline length 10 Km and above, ambiguity

fixing was not needed to obtain a fixed-precision of 20cm for the

horizontal coordinate components.

Single frequency:

(5) For single frequency, it took between 21 and 79 epochs for baseline

lengths between 1 and 1000 Kms, for both E-W and between 29 and 91

epochs for N-S baseline.

Dual frequency:

(6) For baseline lengths between 1 and 1000 Km, it took between 1 and 36

epochs considering all latitude locations for E-W oriented baseline. For

N-S baseline, it took between 1 and 41 epochs for a similar scenario.

Triple frequency:

(7) For triple frequency, it took between 1 and 10 epochs for baseline lengths

between 100 and 1000 Km considering different latitude locations for both

E-W baseline and N-S baseline.
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6.6. Reference-Rover model, ionosphere weighted scenario

6.6.5 Galileo only - Full and Partial Ambiguity Resolu-

tion, ionosphere Weighted scenario

The Galileo system with four frequencies E1, E5a, E5b and E6 were used in

combination to form single, dual, triple and quadruple system in order to simu-

late ambiguity success rates and fixed-precision of the rover-receiver coordinates.

Ionosphere was considered a-priori known and hence weighted, the un-differenced

precision of ionosphere considered is σI = 0.68 mm per km. The results for Ge-

ometry fixed ionosphere weighted scenario are presented in Figures G.53 to G.56

for full ambiguity resolution and in Figures G.57 to G.60 for partial ambiguity

resolution, see Appendix G. Table 6.28 gives a results for epochs taken in order

to obtain 0.999 ASR for different scenarios of baseline length, frequency combi-

nation and latitude location along with the ambiguity-float and -fixed-precision

of the rover coordinates.

The following is the analysis based on Table 6.28 and 6.29, see below.

General Conclusion:

(1) Instantaneous ASR of 0.999 could be achieved for baseline length of 1 Km

for dual, triple and quadruple frequency Galileo for all the scenarios of

latitude locations.

(2) It can be noted that the number of epochs required to obtain 0.999 ASR

increases as baseline length increases. However, it is again stressed that,

for long baseline when ionosphere weighted is equivalent to ionosphere

float case, 0.999 ASR could be achieved quicker depending on the number

of common satellites and number of low elevation satellites available. The

number of low elevation satellites fall (especially for 500 Km baseline)

causing to achieve quicker 0.999 ASR as compared to 1000 Km baseline

length.

(3) At �60� latitude, the results with Galileo are exceptional as compared

to other latitude locations. see Table 6.28, dual, triple and quadruple

frequency results. This is due to the fact that for the selected time

period 0000 to 0100 UTC, Galileo performs exceptionally well for longer

baselines, see Figure 6.20 (batch 1 corresponds to 0000 to 0100 UTC.
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6.6. Reference-Rover model, ionosphere weighted scenario

Full AR - minimum desired ASR = 0.999

Epochs taken σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦE1
=0.003m , σPE1

=0.5m

1 21 11 9 0.002 0.003 0.003 0.356 0.448 0.520 159.37 160.63 161.73

10 38 24 18 0.003 0.004 0.004 0.265 0.301 0.367 85.59 85.45 86.49

100 495 573 429 0.007 0.007 0.006 0.072 0.057 0.060 9.84 8.72 9.35

250 2040 1270 1708 0.008 0.010 0.007 0.031 0.041 0.028 3.64 3.95 3.75

500 3467 2299 2946 0.010 0.012 0.010 0.024 0.033 0.024 2.31 2.62 2.44

1000 ¡ 3600 ¡ 3600 ¡ 3600 - - - - - - - - -

I-Fix(1Km) 6 4 4 0.003 1.170 1.061 0.489 1.170 1.061 166.28 1.00 1.00

High-end receivers, Dual Frequency σΦE1
=0.003m , σPE1

=0.25m , σΦE5a
=0.002m , σPE5a

=0.15m

1 1 1 1 0.006 0.006 0.006 0.433 0.391 0.409 70.62 70.62 70.62

10 6 6 2 0.007 0.007 0.012 0.177 0.160 0.289 24.02 24.02 24.02

100 32 56 19 0.004 0.003 0.005 0.089 0.060 0.108 20.80 20.60 20.80

250 57 54 30 0.003 0.003 0.004 0.099 0.090 0.127 30.62 30.22 30.68

500 85 61 78 0.003 0.003 0.002 0.122 0.128 0.103 45.83 45.05 44.64

1000 124 80 79 0.002 0.003 0.002 0.132 0.147 0.137 58.25 58.37 59.54

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 126 79 85 0.002 0.002 0.002 0.147 0.174 0.154 67.70 70.28 69.70

High-end receivers, Triple Frequency σΦE1
=0.003m , σPE1

=0.25m , σΦE5a,E5b
=0.002m , σPE5a,E5b

=0.15m

1 1 1 1 0.005 0.004 0.005 0.328 0.297 0.310 66.21 66.21 66.21

10 6 6 2 0.007 0.006 0.012 0.134 0.122 0.220 18.83 18.83 18.83

100 29 51 17 0.004 0.003 0.005 0.077 0.052 0.094 17.54 17.43 17.54

250 38 49 23 0.004 0.003 0.005 0.111 0.087 0.133 28.81 28.44 28.80

500 50 39 25 0.003 0.003 0.004 0.155 0.157 0.202 45.97 45.41 46.16

1000 57 39 27 0.003 0.004 0.004 0.214 0.222 0.269 63.49 63.08 64.51

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 49 50 26 0.003 0.003 0.004 0.267 0.227 0.344 78.71 74.74 79.39

High-end receivers, Quadruple Frequency σΦE1
=0.003m , σPE1

=0.25m , σΦE5a,E5b,E6
=0.002m , σPE5a,E5b,E6

=0.15m

1 1 1 1 0.004 0.004 0.004 0.275 0.249 0.260 62.14 62.14 62.14

10 6 6 2 0.007 0.006 0.012 0.113 0.102 0.185 15.91 15.90 15.91

100 28 49 16 0.004 0.003 0.005 0.071 0.048 0.088 16.40 16.32 16.40

250 37 46 22 0.004 0.003 0.005 0.111 0.089 0.133 29.07 28.74 29.07

500 48 37 24 0.003 0.003 0.004 0.159 0.161 0.206 47.18 46.64 47.37

1000 56 37 25 0.003 0.004 0.004 0.215 0.227 0.278 64.67 64.45 65.87

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 46 47 25 0.003 0.003 0.004 0.272 0.231 0.345 79.52 75.71 80.02

Table 6.28: Galileo only, Geometry based model, Receiver coordinates for

the rover are unknown, ionosphere weighted, troposphere float scenario, Full AR

analysis, ASR and fixed-precision of rover-receiver coordinates (meters) are presented

- measurement precision is held fix, number of satellites are as available, baseline

length varied from 1 to 1000 Km, σI = 0.68 mm per km.
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6.6. Reference-Rover model, ionosphere weighted scenario

Full AR - minimum desired ASR = 0.999

Epochs taken σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

North-South Baseline

Low-end receivers, Single Frequency σΦE1
=0.003m , σPE1

=0.5m

1 21 11 9 0.002 0.003 0.003 0.356 0.448 0.520 159.37 160.63 161.73

10 39 24 18 0.003 0.004 0.004 0.261 0.301 0.367 85.47 85.46 86.49

100 563 559 410 0.007 0.007 0.007 0.066 0.059 0.062 9.65 8.86 9.43

250 2440 1202 1607 0.008 0.011 0.008 0.026 0.044 0.030 3.29 4.00 3.82

500 ¡ 3600 2009 2778 - 0.014 0.010 - 0.038 0.025 - 2.64 2.46

1000 ¡ 3600 ¡ 3600 ¡ 3600 - - - - - - - - -

I-Fix(1Km) 6 4 4 0.003 1.170 1.061 0.489 1.170 1.061 166.28 1.00 1.00

High-end receivers, Dual Frequency σΦE1
=0.003m , σPE1

=0.25m , σΦE5a
=0.002m , σPE5a

=0.15m

1 1 1 1 0.006 0.006 0.006 0.433 0.391 0.409 70.62 70.62 70.62

10 6 6 2 0.007 0.007 0.012 0.177 0.160 0.289 24.02 24.02 24.02

100 37 64 19 0.004 0.003 0.005 0.082 0.056 0.108 20.79 20.55 20.80

250 70 67 31 0.003 0.003 0.004 0.100 0.086 0.125 30.36 29.74 30.67

500 104 71 69 0.003 0.003 0.003 0.119 0.128 0.115 44.35 43.83 45.35

1000 213 79 71 0.002 0.003 0.003 0.091 0.170 0.167 43.00 56.33 60.75

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 144 93 79 0.002 0.002 0.002 0.141 0.164 0.165 61.21 66.53 71.09

High-end receivers, Triple Frequency σΦE1
=0.003m , σPE1

=0.25m , σΦE5a,E5b
=0.002m , σPE5a,E5b

=0.15m

1 1 1 1 0.005 0.004 0.005 0.328 0.297 0.310 66.21 66.21 66.21

10 6 6 2 0.007 0.006 0.012 0.134 0.122 0.220 18.83 18.83 18.83

100 34 59 17 0.004 0.003 0.005 0.071 0.048 0.094 17.53 17.40 17.54

250 52 61 26 0.004 0.003 0.004 0.107 0.083 0.125 28.67 28.09 28.78

500 58 48 44 0.004 0.003 0.003 0.160 0.154 0.145 45.54 44.60 45.63

1000 87 40 30 0.003 0.004 0.005 0.187 0.256 0.289 58.04 61.84 64.17

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 63 62 29 0.003 0.003 0.004 0.256 0.209 0.325 75.35 71.31 78.87

High-end receivers, Quadruple Frequency σΦE1
=0.003m , σPE1

=0.25m , σΦE5a,E5b,E6
=0.002m , σPE5a,E5b,E6

=0.15m

1 1 1 1 0.004 0.004 0.004 0.275 0.249 0.260 62.14 62.14 62.14

10 6 6 2 0.007 0.006 0.012 0.113 0.102 0.185 15.91 15.90 15.91

100 33 56 17 0.004 0.003 0.005 0.065 0.045 0.086 16.40 16.30 16.40

250 49 58 25 0.004 0.003 0.004 0.108 0.084 0.126 28.95 28.40 29.05

500 56 46 30 0.003 0.003 0.004 0.162 0.158 0.186 46.73 45.81 47.14

1000 83 38 29 0.003 0.004 0.004 0.191 0.261 0.292 59.49 63.22 65.43

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 59 59 27 0.003 0.003 0.004 0.261 0.212 0.332 76.45 72.25 79.69

Table 6.29: continued from Table 6.28 ... Galileo only, Geometry based model,

Receiver coordinates for the rover are unknown, ionosphere weighted, tropo-

sphere float scenario, Full AR analysis
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6.6. Reference-Rover model, ionosphere weighted scenario

Single frequency:

(4) For baseline lengths between 1 to 500 Km, it took between 9 to 3467

epochs (GPS only took 21 and ¡3600 epochs) to obtain 0.999 full AR for

E-W baseline length. For N-S baseline length, it took between 9 to ¡3600
epochs (GPS only took 22 and ¡3600 epochs) for similar scenarios.

(5) At 250 Km baseline length, it took 2040, 1270 and 1708 epochs (GPS

only took 2272, 749 and 1968 epochs) for E-W baseline and 2440, 1202

and 1607 epochs for N-S baseline (GPS only took 1347, 779 and 2091

epochs) at 0�,�30� and �60� degree latitude respectively.

Dual frequency:

(6) With dual frequency, it took a minimum of 2 and a maximum of 124

epochs (GPS only took 5 to 213 epochs) for baseline lengths between 10

and 1000 Km for E-W baseline. For N-S baseline, it took between 2 to

213 epochs (GPS only took 5 to 232 epochs) for similar scenario. The

dual frequency system seemed to favour �60� latitude for both the E-W

and N-S baseline.

(7) For 250 Km baseline length, it took 57, 54 and 30 epochs (GPS only

took 29, 36 and 63 epochs) at 0�,�30� and �60� degree latitude and for

N-S baseline it took 70, 67 and 31 epochs (GPS only took 108, 66 and

135 epochs) for similar latitude locations.

Triple frequency:

(8) Triple frequency Galileo took between 2 and 57 epochs (GPS only took

4 to 106 epochs) for all latitude locations for baseline length of 10 to 1000

Kms for E-W baseline. For N-S baseline, it took between 2 and 87 epochs

(GPS only took 4 to 150 epochs) for a similar scenario. Undoubtedly

Galileo only favours �60� latitude for the selected time period.

(9) For 250 Km baseline length, it took 38, 49 and 23 epochs (GPS only

took 140, 43 and 58 epochs) at 0�,�30� and �60� latitude for E-W

baseline. For N-S baseline, it took 52, 61 and 26 epochs (GPS only
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6.6. Reference-Rover model, ionosphere weighted scenario

took 73, 45 and 89 epochs) for a similar scenario.

Quadruple frequency:

(10) In general quadruple frequency performed marginally better for some sce-

narios of baseline lengths by taking one to two epoch less for 0.999 ASR.

For all other scenarios the performance of quadruple frequency is similar

to triple frequency Galileo.

(11) with quadruple frequency Galileo, it took between 2 and 56 epochs afor

E-W oriented baseline and between 2 and 83 epochs for N-S oriented

baseline.

(12) At 250 Km baseline length, it took 37, 46 and 22 epochs at 0�,�30� and�60� latitude for E-W oriented baseline and 49, 58 and 25 epochs for

N-S oriented baseline for similar latitude locations.

Comparison with GPS only:

(13) Comparison with GPS only shows that Galileo performs better, see above

dual and triple frequency comparisons. The improved measurement pre-

cision of Galileo system plays an important part in the reduced time to

achieve 0.999 ASR as compared to GPS only.

(14) Quadruple frequency Galileo out performs triple frequency Galileo, hence

it can also be said to perform better that GPS system.
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Figure 6.24: Galileo only, total number of common satellites (left side) and low elevation satellites (between 10� and 30� elevation) among

the common satellites (right side), for different baseline lengths, at 0�,�30� and �60� degree latitude, East-West oriented baseline.
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Figure 6.25: Galileo only, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the rover are unknown,

ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of satellites are as available)- ASR

is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the

ambiguities to be fixed by full AR.
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Figure 6.26: Galileo only, Dual frequency, PAR, Geometry based model, Receiver coordinates for the rover are

unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of satellites

are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number

of epochs (on x-axis) taken for obtaining 2cm fixed-precision and for fixing 100% of ambiguities by PAR, along with the

fixed-precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number

inside the figure presents its statistics.
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6.6. Reference-Rover model, ionosphere weighted scenario

6.6.6 Galileo only, Partial Ambiguity Resolution to ob-

tain fixed-precision of 2 cm, ionosphere Weighted

scenario

The evaluation of PAR with Galileo system is done in order to obtain fixed-

precision of σn, σe =2cm and σu=6cm for the rover-receiver coordinates. The

evaluation is based on number of epochs taken to fulfil the criteria laid. Table

6.30 presents the results of the simulation for single, dual, triple and quadruple

Galileo system frequency combinations.

The analysis from the results presented in Table 6.30 is given below.

General remarks:

(1) Instantaneous fixed-precision of σn, σe =2cm and σu=6cm could be

achieved for baseline lengths of 1 Km for dual, triple and quadruple fre-

quency Galileo, for all the scenarios of latitude locations. With GPS

only instantaneous fixed-precision for the laid criteria was obtained for

triple frequency only.

(2) For all other scenarios of baseline lengths of 10 to 1000 Kms, for all

frequency combinations, PAR fixed only a partial subset of ambiguities

(less than 100%) to obtain a fixed-precision as specified (σn, σe =2cm and

σu=6cm).

(3) The results for ionosphere weighted scenarios in order to obtain a fixed-

precision of σn, σe =2cm and σu=6cm for the rover-receiver coordinates

were much better than for ionosphere float scenario. See Table 6.30, 250

Km baseline length.

Single frequency:

(4) For single frequency, it took a minimum of 8 and a maximum of ¡3600
epochs (GPS only took between 21 and ¡3600 epochs) for baseline

lengths between 1 and 1000 Kms for both E-W and N-S oriented baseline

(GPS only took between 21 and ¡3600 epochs). The best performance

could be seen at �60� latitude for both E-W and N-S baseline.
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6.6. Reference-Rover model, ionosphere weighted scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for rover-receiver coordinates

Baseline length Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦE1
=0.003m , σPE1

=0.5m

1 20 11 8 89 100 90 0.010 0.003 0.014 0.365 0.448 0.554 35.94 160.63 38.42

10 36 22 17 89 80 90 0.012 0.017 0.012 0.273 0.316 0.378 22.49 18.98 32.68

100 353 252 249 67 70 82 0.020 0.017 0.012 0.088 0.093 0.084 4.29 5.43 6.90

250 916 734 731 78 89 73 0.016 0.015 0.015 0.056 0.057 0.050 3.41 3.74 3.25

500 2035 1533 1444 60 56 58 0.019 0.018 0.017 0.038 0.042 0.037 2.04 2.31 2.22

1000 3660 3476 3044 22 50 36 0.022 0.016 0.020 0.030 0.033 0.030 1.33 1.99 1.48

I-Fix(1Km) 6 4 3 100 100 90 0.003 0.004 0.015 0.489 0.585 0.613 166.28 166.57 40.85

High-end receivers, Dual Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a
=0.002m , σPE5a

=0.15m

1 1 1 1 100 100 100 0.006 0.006 0.006 0.433 0.391 0.409 70.62 70.62 70.62

10 2 2 2 89 90 100 0.015 0.014 0.012 0.306 0.277 0.289 19.91 20.44 24.02

100 20 18 16 72 70 85 0.015 0.020 0.015 0.112 0.107 0.118 7.58 5.23 7.82

250 54 39 28 78 75 85 0.019 0.015 0.017 0.102 0.107 0.131 5.41 7.13 7.51

500 80 56 40 89 85 86 0.013 0.011 0.009 0.126 0.134 0.158 9.70 12.34 18.13

1000 115 78 47 89 95 82 0.014 0.008 0.020 0.139 0.149 0.195 10.08 19.41 9.87

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 120 77 53 94 95 86 0.008 0.008 0.008 0.153 0.177 0.219 19.93 22.47 26.98

High-end receivers, Triple Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a,E5b
=0.002m , σPE5a,E5b

=0.15m

1 1 1 1 100 100 100 0.005 0.004 0.005 0.328 0.297 0.310 66.21 66.21 66.21

10 2 2 2 93 93 100 0.015 0.013 0.012 0.233 0.211 0.220 15.54 15.96 18.83

100 16 14 14 89 93 90 0.013 0.007 0.015 0.103 0.100 0.104 7.83 13.33 6.69

250 31 22 20 89 87 90 0.011 0.018 0.014 0.123 0.132 0.142 11.44 7.36 9.97

500 38 27 23 93 87 90 0.010 0.017 0.013 0.179 0.191 0.211 18.43 11.23 15.98

1000 52 34 25 89 90 87 0.015 0.015 0.019 0.227 0.240 0.280 14.86 16.33 14.75

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 45 29 25 96 87 93 0.008 0.017 0.012 0.281 0.314 0.351 37.14 18.81 29.12

High-end receivers, Quadruple Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a,E5b,E6
=0.002m , σPE5a,E5b,E6

=0.15m

1 1 1 1 100 100 100 0.004 0.004 0.004 0.275 0.249 0.260 62.14 62.14 62.14

10 2 2 2 94 95 100 0.015 0.013 0.012 0.195 0.177 0.185 13.18 13.53 15.91

100 16 14 13 92 95 93 0.013 0.007 0.016 0.094 0.091 0.098 7.29 12.45 6.22

250 29 21 19 89 90 93 0.020 0.018 0.014 0.125 0.132 0.144 6.13 7.41 10.05

500 36 26 22 94 90 93 0.010 0.017 0.013 0.184 0.194 0.216 18.90 11.50 16.39

1000 49 32 24 92 93 90 0.015 0.015 0.019 0.235 0.247 0.284 15.20 16.68 15.04

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 43 28 24 97 92 95 0.008 0.008 0.012 0.282 0.314 0.352 37.45 38.22 29.35

Table 6.30: Galileo only, PAR, Geometry based model, Receiver coordinates

for the rover are unknown, ionosphere weighted, troposphere float scenario, Partial

ambiguities fixed (percentage) and number of epochs for obtaining 2cm fixed-precision

of rover-receiver coordinates are presented, measurement precision is held fix, number of

satellites are as available, baseline length varied from 1 to 1000 Km in East-West

direction, σI = 0.68 mm per km.

323



6.6. Reference-Rover model, ionosphere weighted scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for rover-receiver coordinates

Baseline length Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

North-South Baseline

Low-end receivers, Single Frequency σΦE1
=0.003m , σPE1

=0.5m

1 20 11 8 89 100 90 0.009 0.003 0.014 0.365 0.448 0.554 38.67 160.63 38.41

10 36 22 17 89 80 90 0.012 0.017 0.012 0.273 0.316 0.378 22.50 19.00 32.62

100 355 253 252 67 67 82 0.020 0.019 0.012 0.087 0.094 0.084 4.26 4.84 6.92

250 1034 766 744 70 89 67 0.016 0.015 0.015 0.056 0.058 0.050 3.42 3.76 3.22

500 2215 1533 1538 40 56 58 0.020 0.019 0.017 0.037 0.045 0.036 1.80 2.34 2.17

1000 3660 3477 2866 29 50 36 0.023 0.019 0.020 0.033 0.035 0.032 1.40 1.80 1.60

I-Fix(1Km) 6 4 3 100 100 90 0.003 0.004 0.015 0.489 0.585 0.613 166.28 166.57 40.85

High-end receivers, Dual Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a
=0.002m , σPE5a

=0.15m

1 1 1 1 100 100 100 0.006 0.006 0.006 0.433 0.391 0.409 70.62 70.62 70.62

10 2 2 2 89 90 100 0.015 0.014 0.012 0.306 0.277 0.289 19.91 20.44 24.02

100 21 19 15 78 70 85 0.012 0.020 0.016 0.109 0.105 0.122 8.81 5.13 7.69

250 54 42 27 88 78 90 0.018 0.020 0.013 0.115 0.111 0.135 6.50 5.47 10.40

500 102 64 41 88 83 82 0.015 0.019 0.014 0.121 0.136 0.159 7.82 7.06 11.54

1000 198 79 63 86 100 90 0.018 0.003 0.007 0.098 0.170 0.182 5.49 56.33 24.22

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 143 90 54 94 94 86 0.007 0.008 0.008 0.142 0.168 0.218 19.77 20.43 26.26

High-end receivers, Triple Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a,E5b
=0.002m , σPE5a,E5b

=0.15m

1 1 1 1 100 100 100 0.005 0.004 0.005 0.328 0.297 0.310 66.21 66.21 66.21

10 2 2 2 93 93 100 0.015 0.013 0.012 0.233 0.211 0.220 15.54 15.96 18.83

100 17 14 14 89 93 90 0.013 0.008 0.016 0.100 0.100 0.104 7.83 13.24 6.59

250 34 24 20 92 89 93 0.020 0.018 0.014 0.133 0.135 0.143 6.65 7.57 10.12

500 46 29 22 96 85 93 0.008 0.020 0.014 0.181 0.203 0.219 22.92 9.95 15.88

1000 72 35 26 95 89 89 0.009 0.018 0.015 0.213 0.277 0.313 22.96 15.28 21.20

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 46 30 24 92 85 93 0.018 0.019 0.013 0.310 0.329 0.362 16.91 17.51 27.22

High-end receivers, Quadruple Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a,E5b,E6
=0.002m , σPE5a,E5b,E6

=0.15m

1 1 1 1 100 100 100 0.004 0.004 0.004 0.275 0.249 0.260 62.14 62.14 62.14

10 2 2 2 94 95 100 0.015 0.013 0.012 0.195 0.177 0.185 13.17 13.53 15.91

100 16 14 13 92 95 93 0.013 0.007 0.016 0.094 0.091 0.098 7.28 12.37 6.12

250 33 23 19 94 92 95 0.020 0.018 0.014 0.133 0.136 0.144 6.69 7.61 10.20

500 43 28 21 94 89 95 0.018 0.020 0.014 0.187 0.207 0.224 10.65 10.19 16.29

1000 69 34 25 96 92 92 0.009 0.018 0.015 0.217 0.279 0.317 23.46 15.57 21.61

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 44 28 23 94 89 95 0.018 0.019 0.013 0.312 0.335 0.363 17.06 17.70 27.43

Table 6.31: continued from Table 6.30... Galileo only, PAR, Geometry based

model, Receiver coordinates for the rover are unknown, ionosphere weighted,

troposphere float scenario
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6.6. Reference-Rover model, ionosphere weighted scenario

Dual frequency:

(5) For baseline lengths between 10 and 1000 Km, it took between 2 and

115 epochs (GPS only took between 2 and 209 epochs) considering all

latitude locations for E-W oriented baseline. For N-S baseline, it took

between 2 and 198 epochs (GPS only took between 2 and 220 epochs).

Galileo only dual frequency performed well for �30� and �60� latitude.
Triple frequency:

(6) For triple frequency, it took a minimum of 2 and a maximum of 52

epochs (GPS only took between 2 and 99 epochs) for baseline lengths

between 10 and 1000 Km considering different latitude locations for E-W

baseline. For N-S baseline, it took between 2 and 72 epochs (GPS only

took between 2 and 103 epochs) for a similar scenario. Galileo only triple

frequency performed well for �60� latitude.
Quadruple frequency:

(7) The quadruple frequency Galileo system performed better than the triple

frequency Galileo system. for some of the scenario the number of epochs

taken to obtain a fixed-precision of σn, σe =2cm and σu=6cm were better

by 1 to 3 epochs as compared to triple frequency. For all other scenarios,

the results for triple and quadruple were exactly the same, see Table 6.30.

(8) With quadruple frequency Galileo, it took between 2 and 49 epochs for

E-W oriented baseline and between 2 and 69 epochs for N-S oriented

baseline.

Comparison with GPS only:

(9) Galileo system performs better than GPS only for obtaining a fixed-

precision of σn, σe =2cm and σu=6cm for rover-receiver coordinates, see

above comparisons for dual and triple frequency Galileo and GPS.

(10) Quadruple frequency Galileo system performs better than triple frequency

Galileo and GPS both.
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6.6. Reference-Rover model, ionosphere weighted scenario

The results and discussion for number of epochs taken and ambiguities fixed

by PAR in order to obtain a fixed-precision of 20cm for the horizontal coordinate

components in presented below.

6.6.7 Galileo only, Partial Ambiguity Resolution to ob-

tain fixed-precision of 20 cm, ionosphere Weighted

scenario

The evaluation of PAR with Galileo system is done in order to obtain fixed-

precision of σn, σe =20cm for the rover-receiver coordinates. The evaluation is

based on number of epochs taken to fulfil the criteria laid. Table 6.30 presents

the results of the simulation for single, dual, triple and quadruple Galileo system

frequency combinations.

The analysis from the results presented in Table 6.32 is given below.

General remarks:

(1) Instantaneous fixed-precision of σn, σe =20cm could be achieved for base-

line lengths of 1 Km for dual, triple and quadruple frequency Galileo, for

all the scenarios of latitude locations. 100% of ambiguities were fixed for

1Km baseline, dual, triple and quadruple frequency which indicated full

AR instantaneously. With GPS only instantaneous fixed-precision for

the laid criteria was obtained for triple frequency only.

(2) Instantaneous fixed-precision of 20cm for horizontal coordinate compo-

nents could be achieved for 10 and 100 Km baseline length with triple

and quadruple frequency Galileo. In this case less than 100% of ambigu-

ities were fixed.

(3) For all other scenarios of baseline lengths, for all frequency combinations,

PAR fixed only a partial subset of ambiguities (less than 100%) to obtain

a fixed-precision as specified (σn, σe =20cm).

Single frequency:

(4) For single frequency, it took between 8 and 71 epochs (GPS only took

between 21 and 79 epochs) for baseline lengths between 1 and 1000
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6.6. Reference-Rover model, ionosphere weighted scenario

Partial AR @ 0.999 ASR

criteria - 20 cm fixed-precision for rover-receiver coordinates

Baseline length Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦE1
=0.003m , σPE1

=0.5m

1 15 11 8 44 100 90 0.284 0.003 0.014 0.427 0.448 0.554 1.51 160.63 38.42

10 21 19 16 11 30 70 0.341 0.286 0.090 0.364 0.342 0.391 1.07 1.20 4.36

100 23 24 39 0 0 0 0.353 0.312 0.241 0.353 0.312 0.241 1.00 1.00 1.00

250 24 25 40 0 0 0 0.355 0.314 0.243 0.355 0.314 0.243 1.00 1.00 1.00

500 31 29 46 0 0 0 0.339 0.316 0.239 0.339 0.316 0.239 1.00 1.00 1.00

1000 71 44 70 0 0 0 0.294 0.327 0.236 0.294 0.327 0.236 1.00 1.00 1.00

High-end receivers, Dual Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a
=0.002m , σPE5a

=0.15m

1 1 1 1 100 100 100 0.006 0.006 0.006 0.433 0.391 0.409 70.62 70.62 70.62

10 2 2 1 89 90 35 0.015 0.014 0.109 0.306 0.277 0.409 19.91 20.44 3.75

100 2 3 4 0 5 20 0.355 0.252 0.186 0.355 0.262 0.236 1.00 1.04 1.27

250 5 5 8 0 5 30 0.336 0.299 0.192 0.336 0.303 0.247 1.00 1.01 1.29

500 9 9 14 17 25 35 0.335 0.289 0.230 0.389 0.351 0.286 1.16 1.21 1.24

1000 22 13 23 44 30 40 0.286 0.325 0.234 0.381 0.421 0.304 1.33 1.29 1.30

High-end receivers, Triple Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a,E5b
=0.002m , σPE5a,E5b

=0.15m

1 1 1 1 100 100 100 0.005 0.004 0.005 0.328 0.297 0.310 66.21 66.21 66.21

10 1 1 1 70 77 90 0.035 0.025 0.023 0.329 0.298 0.311 9.34 12.10 13.80

100 1 1 1 52 53 60 0.231 0.204 0.206 0.413 0.373 0.388 1.79 1.83 1.88

250 2 2 2 56 53 67 0.279 0.249 0.231 0.485 0.438 0.451 1.74 1.75 1.95

500 2 2 3 56 53 67 0.352 0.313 0.224 0.786 0.710 0.589 2.24 2.27 2.64

1000 4 3 4 63 63 67 0.278 0.291 0.203 0.866 0.930 0.713 3.11 3.19 3.52

High-end receivers, Quadruple Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a,E5b,E6
=0.002m , σPE5a,E5b,E6

=0.15m

1 1 1 1 100 100 100 0.004 0.004 0.004 0.275 0.249 0.260 62.14 62.14 62.14

10 1 1 1 78 83 93 0.035 0.024 0.022 0.276 0.250 0.261 7.98 10.29 11.73

100 1 1 1 67 68 70 0.219 0.195 0.205 0.377 0.341 0.354 1.72 1.75 1.73

250 2 2 2 69 70 75 0.273 0.243 0.228 0.477 0.430 0.443 1.75 1.77 1.94

500 2 2 3 69 70 75 0.344 0.306 0.219 0.786 0.710 0.589 2.29 2.32 2.69

1000 4 3 4 72 72 75 0.272 0.284 0.198 0.860 0.923 0.708 3.17 3.25 3.58

Table 6.32: Galileo only, PAR, Geometry based model, Receiver coordinates

for the rover are unknown, ionosphere weighted, troposphere float scenario, Partial

ambiguities fixed (percentage) and number of epochs for obtaining 20cm fixed-precision

of rover-receiver coordinates are presented, measurement precision is held fix, number of

satellites are as available, baseline length varied from 1 to 1000 Km in East-West

direction, σI = 0.68 mm per km.
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Partial AR @ 0.999 ASR

criteria - 20 cm fixed-precision for rover-receiver coordinates

Baseline length Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

North-South Baseline

Low-end receivers, Single Frequency σΦE1
=0.003m , σPE1

=0.5m

1 15 11 8 44 100 90 0.281 0.003 0.014 0.427 0.448 0.554 1.52 160.63 38.41

10 22 19 15 0 40 50 0.355 0.265 0.226 0.355 0.342 0.404 1.00 1.29 1.79

100 23 23 39 0 0 0 0.352 0.320 0.242 0.352 0.320 0.242 1.00 1.00 1.00

250 27 23 42 0 0 0 0.379 0.352 0.238 0.379 0.352 0.238 1.00 1.00 1.00

500 34 24 50 0 0 0 0.362 0.386 0.233 0.362 0.386 0.233 1.00 1.00 1.00

1000 61 57 93 0 0 0 0.380 0.342 0.230 0.380 0.342 0.230 1.00 1.00 1.00

High-end receivers, Dual Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a
=0.002m , σPE5a

=0.15m

1 1 1 1 100 100 100 0.006 0.006 0.006 0.433 0.391 0.409 70.62 70.62 70.62

10 2 2 1 89 90 35 0.015 0.014 0.109 0.306 0.277 0.409 19.91 20.44 3.75

100 3 2 4 0 5 20 0.289 0.310 0.186 0.289 0.322 0.236 1.00 1.04 1.27

250 6 5 8 13 6 30 0.304 0.322 0.195 0.347 0.326 0.248 1.14 1.01 1.27

500 10 8 15 19 17 35 0.344 0.374 0.227 0.412 0.413 0.279 1.20 1.10 1.23

1000 16 17 27 29 39 44 0.386 0.325 0.241 0.509 0.427 0.318 1.32 1.31 1.32

High-end receivers, Triple Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a,E5b
=0.002m , σPE5a,E5b

=0.15m

1 1 1 1 100 100 100 0.005 0.004 0.005 0.328 0.297 0.310 66.21 66.21 66.21

10 1 1 1 70 77 90 0.035 0.025 0.023 0.329 0.298 0.311 9.34 12.10 13.79

100 1 1 1 52 53 57 0.230 0.205 0.212 0.411 0.375 0.389 1.79 1.83 1.84

250 2 2 2 63 59 63 0.307 0.268 0.245 0.549 0.470 0.453 1.79 1.75 1.85

500 2 3 3 58 63 63 0.374 0.281 0.244 0.878 0.642 0.597 2.35 2.29 2.45

1000 4 5 5 62 63 67 0.322 0.247 0.206 0.986 0.768 0.727 3.06 3.10 3.52

High-end receivers, Quadruple Frequency σΦE1
=0.003m , σPE1

=0.25m

σΦE5a,E5b,E6
=0.002m , σPE5a,E5b,E6

=0.15m

1 1 1 1 100 100 100 0.004 0.004 0.004 0.275 0.249 0.260 62.14 62.14 62.14

10 1 1 1 78 83 93 0.035 0.024 0.022 0.276 0.250 0.261 7.98 10.29 11.72

100 1 1 1 67 68 70 0.219 0.194 0.206 0.375 0.342 0.355 1.72 1.76 1.72

250 2 2 2 72 72 73 0.303 0.262 0.242 0.540 0.463 0.446 1.78 1.77 1.85

500 2 3 3 72 72 73 0.366 0.275 0.239 0.878 0.642 0.597 2.40 2.34 2.50

1000 4 4 5 75 72 75 0.273 0.270 0.202 0.979 0.853 0.722 3.58 3.16 3.58

Table 6.33: continued from Table 6.30... Galileo only, PAR, Geometry based

model, Receiver coordinates for the rover are unknown, ionosphere weighted,

troposphere float scenario
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6.6. Reference-Rover model, ionosphere weighted scenario

Kms for E-W oriented baseline and between 8 and 93 epochs (GPS

only took between 29 and 91 epochs) for N-S oriented baseline. The

best performance could be seen at �60� latitude for both E-W and N-S

baseline.

Dual frequency:

(5) For baseline lengths between 10 and 1000 Km, it took between 1 and

23 epochs (GPS only took between 2 and 36 epochs) considering all

latitude locations for E-W oriented baseline. For N-S baseline, it took

between 1 and 27 epochs (GPS only took between 2 and 41 epochs).

Galileo only dual frequency performed well for �30� and �60� latitude.
Triple frequency:

(6) For triple frequency, it took between 2 and 4 epochs (GPS only took

between 3 and 10 epochs) for baseline lengths between 250 and 1000

Km considering different latitude locations for E-W baseline. For N-S

baseline, it took between 2 and 5 epochs (GPS only took between 3 and

10 epochs) for a similar scenario. Galileo only triple frequency performed

well for �60� latitude.

Quadruple frequency:

(7) The quadruple frequency Galileo system performed similar to the triple

frequency Galileo taking same number of epochs to meet the predefined

criteria.

Comparison with GPS only:

(8) Galileo system performs better than GPS only for obtaining a fixed-

precision of σn, σe =20cm for rover-receiver horizontal coordinate com-

ponents, see above comparisons for dual and triple frequency Galileo and

GPS.
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6.6. Reference-Rover model, ionosphere weighted scenario

6.6.8 GPS + Galileo - Full and Partial Ambiguity Reso-

lution, ionosphere Weighted scenario

A combined GPS and Galileo system is considered for simulation of ASR and

fixed-precision of the rover-receiver coordinates. The frequency combinations of

single L1pE1q, dual L1pE1q, L5pE5aq and quadruple L1pE1q, L5pE5aq, L2, E5b
frequency are considered for simulation using a geometry based model, coordi-

nates of rover-receiver being unknown, ionosphere weighted scenario. Ionosphere

is weighted as a function of baseline length with SD standard deviation corre-

sponding to σI = 0.68mm per km. The results for the simulation are presented

in Table 6.34 and Figures 6.27 and 6.28 given below, and Figures G.61 to G.66

in Appendix G for full and partial ambiguity resolution.

The analysis from Table 6.34 and Figures 6.27 to 6.30 is presented below.

General remarks:

(1) Instantaneous 0.999 ASR could be achieved for 1 Km baseline lengths for

dual and quadruple frequency GPS+Galileo, at all latitude locations.

(2) It can be noted that for long baseline when ionosphere weighted is

equivalent to ionosphere float case, 0.999 ASR could be achieved quicker

depending on the number of common satellites and number of low

elevation satellites available. The number of low elevation satellites fall

resulting in achieving a quicker 0.999 ASR as compared to ionosphere

weighted scenario (250 Km baseline and less).

Single frequency:

(3) For baseline lengths between 1 to 500 Km, it took between 2 to ¡3600
epochs (GPS only took 21 and ¡3600 epochs and Galileo only took 9

to 3467 epochs) to obtain 0.999 ASR, full AR for E-W baseline length.

For N-S baseline length, it took between 2 to ¡3600 (GPS only took 21

and ¡3600 epochs and Galileo only took 9 and ¡3600 epochs) epochs

for similar scenarios.

(4) At 250 Km baseline length, it took 2047, 1086 and 1794 epochs (GPS

only took 2272, 749 and 1968 epochs and Galileo only took 2040, 1270
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Full AR - minimum desired ASR = 0.999

Epochs taken σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.5m

1 3 2 2 0.004 0.004 0.004 0.650 0.718 0.713 164.45 164.46 164.49

10 7 6 5 0.005 0.005 0.005 0.425 0.414 0.451 88.13 88.05 88.14

100 267 295 327 0.007 0.006 0.005 0.071 0.056 0.050 10.30 9.99 9.96

250 2047 1086 1794 0.006 0.007 0.005 0.020 0.030 0.020 3.62 4.04 3.68

500 ¡ 3600 2039 2921 - 0.009 0.007 - 0.024 0.018 - 2.68 2.47

1000 ¡ 3600 ¡ 3600 ¡ 3600 - - - - - - - - -

I-Fix(1Km) 1 1 1 - - - - - - - - -

High-end receivers, Dual Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.25m, σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 0.004 0.004 0.004 0.290 0.261 0.260 70.62 70.62 70.62

10 5 4 4 0.005 0.005 0.005 0.130 0.131 0.130 24.02 24.02 24.02

100 19 20 21 0.004 0.003 0.003 0.081 0.068 0.066 20.81 20.80 20.80

250 31 36 68 0.003 0.002 0.002 0.094 0.075 0.052 30.78 30.59 30.23

500 36 46 77 0.003 0.002 0.002 0.135 0.101 0.073 47.25 46.10 45.12

1000 34 55 78 0.003 0.002 0.002 0.205 0.126 0.098 65.14 61.42 60.69

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 44 51 84 0.003 0.002 0.002 0.204 0.155 0.110 79.05 75.15 71.20

High-end receivers, Quadruple Frequency σΦL1pE1q,L2,E5b
=0.003m , σPL1pE1q,L2,E5b

=0.25m,

σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 0.003 0.003 0.003 0.220 0.198 0.197 66.73 66.35 66.67

10 3 4 4 0.005 0.005 0.004 0.127 0.100 0.099 27.04 21.82 23.40

100 9 18 18 0.003 0.003 0.002 0.094 0.059 0.057 29.83 21.40 23.13

250 9 18 19 0.003 0.003 0.002 0.139 0.093 0.087 43.71 33.87 35.76

500 9 18 19 0.003 0.003 0.002 0.193 0.141 0.127 59.78 50.73 52.17

1000 8 12 18 0.004 0.004 0.002 0.267 0.058 0.169 71.16 16.52 67.75

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 13 13 17 0.003 0.003 0.002 0.234 0.192 0.187 71.14 69.72 76.78

North-South Baseline

Low-end receivers, Single Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.5m

1 3 2 2 0.004 0.004 0.004 0.650 0.718 0.713 164.45 164.46 164.49

10 7 6 5 0.005 0.005 0.005 0.425 0.414 0.451 88.13 88.05 88.14

100 315 258 330 0.006 0.006 0.005 0.065 0.061 0.051 10.19 9.74 9.40

250 2397 963 1864 0.005 0.008 0.005 0.018 0.033 0.020 3.40 4.14 3.69

500 ¡ 3600 1776 2973 - 0.010 0.007 - 0.027 0.018 - 2.76 2.47

1000 ¡ 3600 ¡ 3600 ¡ 3600 - - - - - - - - -

I-Fix(1Km) 1 1 1 - - - - - - - - -

High-end receivers, Dual Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.25m, σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 0.004 0.004 0.004 0.290 0.261 0.260 70.62 70.62 70.62

10 5 4 4 0.005 0.005 0.005 0.130 0.131 0.130 24.02 24.02 24.02

100 22 21 18 0.004 0.003 0.004 0.075 0.066 0.077 20.81 20.80 20.79

250 21 29 30 0.004 0.003 0.003 0.123 0.088 0.087 30.82 30.65 30.58

500 31 33 25 0.003 0.003 0.003 0.156 0.129 0.161 47.30 46.77 47.27

1000 35 31 24 0.003 0.003 0.004 0.214 0.193 0.249 64.98 64.78 65.34

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 32 41 85 0.003 0.002 0.002 0.260 0.185 0.109 80.17 76.35 68.65

High-end receivers, Quadruple Frequency σΦL1pE1q,L2,E5b
=0.003m , σPL1pE1q,L2,E5b

=0.25m,

σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 0.003 0.003 0.003 0.220 0.198 0.197 66.73 66.35 66.67

10 3 4 4 0.005 0.005 0.004 0.127 0.100 0.099 27.05 21.82 23.40

100 10 18 15 0.003 0.003 0.003 0.089 0.059 0.068 29.74 21.37 23.06

250 8 16 17 0.004 0.003 0.003 0.163 0.105 0.099 42.40 33.73 35.56

500 9 14 11 0.004 0.003 0.004 0.215 0.174 0.192 58.17 50.67 52.09

1000 10 11 12 0.005 0.004 0.004 0.322 0.278 0.264 68.60 67.48 67.71

I-Fix(1Km) 1 1 1 - - - - - - - - -

I-Float(250Km) 13 12 14 0.004 0.003 0.003 0.259 0.213 0.218 70.96 69.72 76.85

Table 6.34: GPS + Galileo, Geometry based model, Receiver coordinates for

the rover are unknown, ionosphere weighted, troposphere float scenario, Full AR

analysis, ASR and fixed-precision of rover-receiver coordinates (meters) are presented

- measurement precision is held fix, number of satellites are as available, baseline

length varied from 1 to 1000 Km, σI = 0.68 mm per km.
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and 1708 epochs) for E-W baseline and 2397, 963 and 1864 epochs (GPS

only took 1347, 779 and 2091 epochs and Galileo only took 2440, 1202

and 1607 epochs) for N-S baseline length at 0�,�30� and �60� degree

latitude respectively.

Dual frequency:

(5) With dual frequency, it took between 4 and 78 epochs (GPS only took

2 to 213 epochs and Galileo only took 2 to 124 epochs) for baseline

lengths between 10 and 1000 Km for E-W baseline. For N-S baseline,

it took between 4 to 35 epochs (GPS only took 4 to 232 epochs and

Galileo only took 2 to 213 epochs) for similar scenario.

(6) For 250 Km baseline length, it took 31, 36 and 68 epochs (GPS only

took 29, 36 and 63 epochs and Galileo only took 57, 54 and 30 epochs)

at 0�,�30� and �60� degree latitude and for N-S baseline it took 21, 29

and 30 epochs (GPS only took 108, 66 and 135 epochs and Galileo

only took 70, 67 and 31 epochs) for similar latitude locations.

Quadruple frequency:

(7) Quadruple frequency combined GPS and Galileo took between 3 and 19

epochs (Galileo only took 2 to 56 epochs) for all latitude locations for

baseline length of 10 to 1000 Kms for E-W baseline. For N-S baseline, it

took between 3 and 17 epochs (Galileo only took 2 to 83 epochs) for a

similar scenario.

(8) For 250 Km baseline length, it took 9, 18 and 19 epochs (Galileo only

took 37, 46 and 22 epochs) 0�,�30� and �60� degree latitude for E-W

baseline. For N-S baseline, it took 8, 16 and 17 epochs (Galileo only

took 49, 58 and 25 epochs) for a similar scenario.

Comparison with GPS only and Galileo only:

(9) A combined system performs much better than the individual systems

(GPS only and Galileo only) for all scenarios of frequency combinations,

baseline lengths and latitude locations.
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6.6.9 GPS + Galileo , Partial Ambiguity Resolution to

obtain fixed-precision of 2 cm, ionosphere Weighted

scenario

The combined GPS and Galileo system frequencies are used for simulation of

PAR, in order to evaluate PAR in terms of number of epochs taken for obtaining a

fixed-precision of rover-receiver coordinates of 2cm while considering a ionosphere

weighted scenario. The results for the fixed-precision of the rover-receiver coor-

dinates, number of epochs taken and percentage of ambiguities fixed is presented

in Table 6.35.

General remarks:

(1) Instantaneous fixed-precision of 2cm could be achieved for baseline lengths

of 1 and 10 Km for dual and quadruple frequency for all latitude locations.

(2) For almost all the scenarios of baseline lengths and frequency combina-

tions, PAR fixed only a partial subset of ambiguities (less than 100%)

to obtain a fixed-precision of 2cm (except one scenario of quadruple fre-

quency, 1000 Km N-S baseline).

(3) The results for ionosphere weighted scenarios in order to obtain a

fixed-precision of 2cm for the rover-receiver coordinates were much better

than for ionosphere float scenario. See Table 6.30, comparison of 250 Km

baseline length of ionosphere weighted with ionosphere float (shaded in

pink colour).

Single frequency:

(4) For single frequency, it took a minimum of 2 and a maximum of ¡3600
epochs (GPS only took between 21 and ¡3600 epochs and Galileo

only took 8 to ¡3600 epochs) for baseline lengths between 1 and 1000

Kms for both E-W and N-S oriented baseline took between 2 and ¡3600
(GPS only took between 21 and ¡3600 epochs and Galileo only took

epochs). The best performance could be seen at �60� latitude for both

E-W and N-S baseline.
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Figure 6.27: GPS + Galileo, total number of common satellites (left side) and low elevation satellites (between 10� and 30� elevation)

among the common satellites (right side), for different baseline lengths, at 0�,�30� and �60� degree latitude, East-West oriented baseline.
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Figure 6.28: GPS + Galileo, total number of common satellites (left side) and low elevation satellites (between 10� and 30� elevation)

among the common satellites (right side), for different baseline lengths, at 0�,�30� and �60� degree latitude, North-South oriented

baseline
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Figure 6.29: GPS+Galileo, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number

of satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision

σI = 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and�60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities

to be fixed by full AR.

336



6.6.
R
eferen

ce-R
over

m
o
d
el,

ion
osp

h
ere

w
eigh

ted
scen

ario

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

DF, 00 , 10 Km(σPL1,E1 =0.25m, σΦL1,E1 =3mm
σPL5,E5a

=0.15m, σΦL5,E5a
=2mm)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

83
94

97
100

1

1

(1) σ
ρ
=0.5cm 83%PAR in 1 epo

2

2

(2) σ
ρ
=0.35cm 100%PAR in 4 epo

ASR DD Float σ
ρ
 (m) DD Fixed σ

ρ
 (m) % of Ambiguities Fixed

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

DF, 00 , 250 Km(σPL1,E1 =0.25m, σΦL1,E1 =3mm
σPL5,E5a

=0.15m, σΦL5,E5a
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

15

26
47

6265717476828588919497100

1

1

(1) σ
ρ
=1.9cm 62%PAR in 5 epo

2

2

(2) σ
ρ
=0.33cm 100%PAR in 30 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

DF, 00 , 1000 Km(σPL1,E1 =0.25m, σΦL1,E1 =3mm
σPL5,E5a

=0.15m, σΦL5,E5a
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

3

25
31

53
66727578818488919497100

DD
 P

re
cis

io
n 

of
 ra

ng
es

 (m
et

er
s)

1

1

(1) σ
ρ
=1.7cm 72%PAR in 7 epo

2

2

(2) σ
ρ
=0.32cm 100%PAR in 33 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

DF, −300 , 10 Km(σPL1,E1
=0.25m, σΦL1,E1

=3mm
σPL5,E5a

=0.15m, σΦL5,E5a
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

89

95
100

1

1

(1) σ
ρ
=0.42cm 89%PAR in 1 epo

2

2

(2) σ
ρ
=0.32cm 100%PAR in 3 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

DF, −300 , 250 Km(σPL1,E1
=0.25m, σΦL1,E1

=3mm
σPL5,E5a

=0.15m, σΦL5,E5a
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

11

29

55
6871767982848789929597100

1

1

(1) σ
ρ
=1.6cm 68%PAR in 5 epo

2

2

(2) σ
ρ
=0.32cm 100%PAR in 35 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

DF, −300 , 1000 Km(σPL1,E1
=0.25m, σΦL1,E1

=3mm
σPL5,E5a

=0.15m, σΦL5,E5a
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

3

28
39

5361666874767982848789929597100

DD
 P

re
cis

io
n 

of
 ra

ng
es

 (m
et

er
s)

1

1

(1) σ
ρ
=1.9cm 66%PAR in 7 epo

2

2

(2) σ
ρ
=0.33cm 100%PAR in 42 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

Epochs, 1 epo= 1 sec

DF, −600 , 10 Km(σPL1,E1
=0.25m, σΦL1,E1

=3mm
σPL5,E5a

=0.15m, σΦL5,E5a
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

85
95

100

1

1

(1) σ
ρ
=0.46cm 85%PAR in 1 epo

2

2

(2) σ
ρ
=0.34cm 100%PAR in 3 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

DF, −600 , 250 Km(σPL1,E1
=0.25m, σΦL1,E1

=3mm
σPL5,E5a

=0.15m, σΦL5,E5a
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

5

23

48
60
7075788083858890

93
95 95

98100

1

1

(1) σ
ρ
=1.2cm 70%PAR in 6 epo

2

2

(2) σ
ρ
=0.35cm 100%PAR in 56 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

DF, −600 , 1000 Km(σPL1,E1
=0.25m, σΦL1,E1

=3mm
σPL5,E5a

=0.15m, σΦL5,E5a
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

3

5

13

40
48556373757880838588909395 9598100

DD
 P

re
cis

io
n 

of
 ra

ng
es

 (m
et

er
s)

1

1

(1) σ
ρ
=1.2cm 73%PAR in 8 epo

2

2

(2) σ
ρ
=0.35cm 100%PAR in 76 epo

Figure 6.30: GPS+Galileo, Dual frequency, PAR, Geometry based model, Receiver coordinates for the rover

are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of

satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD (Single

Difference) precision σI = 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are

presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis)

taken for obtaining 2cm fixed-precision and for fixing 100% of ambiguities by PAR, along with the fixed-precision obtained.

These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its

statistics.
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6.6. Reference-Rover model, ionosphere weighted scenario

Dual frequency:

(5) For baseline lengths between 10 and 1000 Km, it took between 4 and

78 epochs (GPS only took between 5 and 209 epochs and Galileo

only took 2 and 115 epochs) considering all latitude locations for E-W

oriented baseline. For N-S baseline, it took between 4 and 35 epochs

(GPS only took between 5 and 220 epochs and Galileo only took 2 to

198 epochs). Galileo only dual frequency performed well for �30� and�60� latitude.
Quadruple frequency:

(6) With quadruple frequency Galileo, it took between 4 and 19 epochs

(Galileo only took 2 to 49 epochs) for E-W oriented baseline and

between 3 and 18 epochs (Galileo only took 2 to 69 epochs) for N-S

oriented baseline.

Comparison with GPS only and Galileo only:

(7) A combined system of GPS and Galileo outperformed standalone GPS

and Galileo, in both dual and quadruple frequency combinations when a

predefined fixed-precision was aimed for.

The results and discussion for number of epochs taken and ambiguities fixed

by PAR in order to obtain a fixed-precision of 20cm for the horizontal coordinate

components in presented below.
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6.6. Reference-Rover model, ionosphere weighted scenario

Partial AR @ 0.999 ASR

criteria - 2 cm fixed-precision for rover-receiver coordinates

Baseline length Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.5m

1 3 2 2 100 100 100 0.004 0.004 0.004 0.650 0.718 0.713 164.45 164.46 164.49

10 7 5 5 100 89 100 0.005 0.006 0.005 0.425 0.454 0.451 88.13 78.09 88.14

100 147 96 94 81 61 57 0.011 0.017 0.016 0.097 0.104 0.100 8.66 6.22 6.20

250 501 328 354 63 44 57 0.015 0.019 0.016 0.054 0.057 0.051 3.56 3.03 3.20

500 1070 815 1027 35 44 53 0.020 0.019 0.017 0.039 0.040 0.033 1.89 2.05 1.87

1000 2114 1961 1995 29 38 22 0.019 0.020 0.019 0.029 0.031 0.028 1.51 1.52 1.46

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

High-end receivers, Dual Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.25m, σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 100 100 100 0.004 0.004 0.004 0.290 0.261 0.260 70.62 70.62 70.62

10 1 1 1 76 83 76 0.016 0.014 0.015 0.290 0.262 0.260 18.20 19.36 16.91

100 8 7 7 72 83 74 0.017 0.007 0.008 0.125 0.115 0.114 7.31 16.84 13.67

250 15 11 11 84 78 68 0.009 0.005 0.007 0.136 0.137 0.135 15.13 25.04 20.13

500 21 16 15 91 81 76 0.004 0.005 0.004 0.178 0.176 0.179 47.42 39.01 40.64

1000 25 19 17 97 78 76 0.004 0.004 0.004 0.242 0.231 0.235 65.74 55.61 57.33

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 26 22 19 91 86 79 0.003 0.004 0.004 0.273 0.253 0.272 81.13 71.94 69.25

High-end receivers, Quadruple Frequency σΦL1pE1q,L2,E5b
=0.003m , σPL1pE1q,L2,E5b

=0.25m,

σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 100 100 100 0.003 0.003 0.003 0.220 0.198 0.197 66.73 66.35 66.67

10 1 1 1 90 93 86 0.008 0.011 0.011 0.221 0.199 0.198 26.48 18.41 17.42

100 5 4 5 96 81 82 0.004 0.017 0.008 0.126 0.124 0.109 29.32 7.34 13.53

250 7 7 7 98 94 86 0.004 0.006 0.006 0.158 0.150 0.143 43.49 27.21 23.19

500 8 8 8 98 94 86 0.003 0.005 0.006 0.204 0.213 0.196 59.47 41.25 33.93

1000 8 5 8 100 93 86 0.004 0.007 0.006 0.267 0.099 0.256 71.16 14.98 44.60

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 5 5 4 79 85 86 0.007 0.005 0.005 0.379 0.312 0.390 56.99 60.19 70.96

North-South Baseline

Low-end receivers, Single Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.5m

1 3 2 2 100 100 100 0.004 0.004 0.004 0.650 0.718 0.713 164.45 164.46 164.49

10 7 5 5 100 89 100 0.005 0.006 0.005 0.425 0.454 0.451 88.13 78.05 88.14

100 148 98 96 81 72 63 0.011 0.015 0.016 0.097 0.103 0.103 8.59 6.93 6.26

250 497 338 368 56 53 67 0.016 0.019 0.017 0.056 0.059 0.054 3.48 3.20 3.17

500 1033 870 979 35 44 42 0.020 0.020 0.019 0.041 0.040 0.036 2.00 2.06 1.92

1000 2168 2105 2185 33 44 33 0.020 0.016 0.019 0.033 0.031 0.028 1.66 1.93 1.52

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

High-end receivers, Dual Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.25m, σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 100 100 100 0.004 0.004 0.004 0.290 0.261 0.260 70.62 70.62 70.62

10 1 1 1 76 83 76 0.016 0.014 0.015 0.290 0.262 0.260 18.19 19.36 16.89

100 8 7 7 69 83 79 0.018 0.007 0.010 0.125 0.115 0.123 6.80 16.87 12.90

250 16 12 12 90 85 85 0.009 0.005 0.005 0.141 0.138 0.139 16.10 26.57 26.08

500 24 17 15 93 88 84 0.004 0.004 0.012 0.178 0.183 0.209 47.34 44.39 17.73

1000 31 20 20 93 91 97 0.004 0.004 0.004 0.228 0.244 0.275 65.22 65.70 65.52

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 28 22 19 93 91 88 0.003 0.004 0.004 0.280 0.267 0.290 80.49 74.62 73.66

High-end receivers, Quadruple Frequency σΦL1pE1q,L2,E5b
=0.003m , σPL1pE1q,L2,E5b

=0.25m,

σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 100 100 100 0.003 0.003 0.003 0.220 0.198 0.197 66.73 66.35 66.67

10 1 1 1 90 93 86 0.008 0.011 0.011 0.221 0.199 0.198 26.49 18.41 17.41

100 5 4 5 94 81 88 0.004 0.017 0.008 0.126 0.124 0.118 29.14 7.39 14.33

250 7 7 6 98 96 82 0.004 0.006 0.019 0.174 0.159 0.167 40.87 28.61 8.68

500 8 8 7 98 96 85 0.004 0.005 0.019 0.228 0.230 0.242 56.23 44.18 12.96

1000 10 9 8 100 98 91 0.005 0.005 0.018 0.322 0.308 0.324 68.60 64.11 17.96

I-Fix(1Km) 1 1 1 - - - - - - - - - - - -

I-Float(250Km) 6 5 4 93 90 92 0.006 0.006 0.006 0.382 0.332 0.412 69.21 58.90 74.75

Table 6.35: GPS+Galileo, PAR, Geometry Fixed, Geometry based model, Re-

ceiver coordinates for the rover are unknown, ionosphere weighted, troposphere

float scenario, Partial ambiguities fixed (percentage) and number of epochs for ob-

taining 2cm fixed-precision of rover-receiver coordinates are presented, measurement

precision is held fix, number of satellites are as available, baseline length varied

from 1 to 1000 Km, σI = 0.68 mm per km.339



6.6. Reference-Rover model, ionosphere weighted scenario

6.6.10 GPS + Galileo , Partial Ambiguity Resolution to

obtain fixed-precision of 20 cm, ionosphere Weighted

scenario

The combined GPS and Galileo system frequencies are used for simulation

of PAR, in order to evaluate PAR in terms of number of epochs taken for ob-

taining a fixed-precision of rover-receiver coordinates of 20cm while considering

a ionosphere weighted scenario. The results for the fixed-precision of the rover-

receiver coordinates, number of epochs taken and percentage of ambiguities fixed

is presented in Table 6.36.

General remarks:

(1) Instantaneous fixed-precision of 20cm could be achieved for baseline

lengths of 1 Km by fixing 100% of ambiguities for dual and quadruple

frequency for all latitude locations.

(2) Instantaneous fixed-precision was also achieved for baseline length of 10

Km for dual fervency and 10 and 100 Km for quadruple frequency by

fixing less than 100% of ambiguities.

(3) For all the remaining scenarios of baseline lengths and frequency combi-

nations, PAR fixed only a partial subset of ambiguities (less than 100%)

to obtain a fixed-precision of 20cm.

Single frequency:

(4) For single frequency, it took between 2 and 42 epochs (GPS only took

between 21 and 79 epochs and Galileo only took 8 to 71 epochs) for

baseline lengths between 1 and 1000 Kms for both E-W and N-S oriented

baseline took between 2 and ¡3600 (GPS only took between 29 and

91 epochs and Galileo only took between 8 and 93 epochs). The best

performance could be seen at �60� latitude for both E-W and N-S

baseline.

Dual frequency:
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6.6. Reference-Rover model, ionosphere weighted scenario

(5) For baseline lengths between 10 and 1000 Km, it took between 1 and 12

epochs (GPS only took between 2 and 36 epochs and Galileo only

took 1 and 23 epochs) considering all latitude locations for E-W oriented

baseline. For N-S baseline, it took between 1 and 12 epochs (GPS only

took between 2 and 41 epochs and Galileo only took 1 to 27 epochs).

Galileo only dual frequency performed well for �30� and �60� latitude.
Quadruple frequency:

(6) With quadruple frequency Galileo for baseline length between 250 and

1000Km, it took between 1 and 3 epochs (Galileo only took 2 to 4

epochs) for E-W oriented baseline and between 1 and 3 epochs (Galileo

only took 2 to 5 epochs) for N-S oriented baseline.

Comparison with GPS only and Galileo only:

(7) A combined system of GPS and Galileo outperformed standalone GPS

and Galileo, in both dual and quadruple frequency combinations when a

predefined fixed-precision was aimed for.
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Partial AR @ 0.999 ASR

criteria - 20 cm fixed-precision for rover-receiver coordinates

Baseline length Epochs taken Ambiguities fixed(%) σ}neu(meters) σyneu(meters) Gain=σyneu{σ}neu
(Km) 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60� 0� �30� �60�

East-West Baseline

Low-end receivers, Single Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.5m

1 3 2 2 100 100 100 0.004 0.004 0.004 0.650 0.718 0.713 164.45 164.46 164.49

10 7 5 5 100 89 100 0.005 0.006 0.005 0.425 0.454 0.451 88.13 78.09 88.14

100 12 10 19 0 0 0 0.343 0.323 0.232 0.343 0.323 0.232 1.00 1.00 1.00

250 13 10 20 0 0 0 0.339 0.332 0.232 0.339 0.332 0.232 1.00 1.00 1.00

500 17 12 23 0 0 0 0.321 0.330 0.234 0.321 0.330 0.234 1.00 1.00 1.00

1000 42 19 34 0 0 0 0.273 0.337 0.240 0.273 0.337 0.240 1.00 1.00 1.00

High-end receivers, Dual Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.25m, σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 100 100 100 0.004 0.004 0.004 0.290 0.261 0.260 70.62 70.62 70.62

10 1 1 1 76 83 76 0.016 0.014 0.015 0.290 0.262 0.260 18.20 19.36 16.91

100 2 1 2 3 0 5 0.239 0.304 0.189 0.250 0.304 0.213 1.04 1.00 1.12

250 3 2 4 0 0 5 0.304 0.321 0.215 0.304 0.321 0.224 1.00 1.00 1.04

500 6 5 8 9 6 18 0.307 0.299 0.211 0.334 0.316 0.245 1.09 1.06 1.16

1000 12 8 11 30 19 32 0.273 0.306 0.228 0.353 0.364 0.293 1.29 1.19 1.29

High-end receivers, Quadruple Frequency σΦL1pE1q,L2,E5b
=0.003m , σPL1pE1q,L2,E5b

=0.25m,

σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 100 100 100 0.003 0.003 0.003 0.220 0.198 0.197 66.73 66.35 66.67

10 1 1 1 90 93 86 0.008 0.011 0.011 0.221 0.199 0.198 26.48 18.41 17.42

100 1 1 1 40 50 51 0.172 0.141 0.137 0.282 0.248 0.244 1.64 1.76 1.78

250 2 1 2 42 44 61 0.201 0.270 0.157 0.295 0.397 0.268 1.47 1.47 1.70

500 2 2 2 42 56 60 0.245 0.216 0.196 0.409 0.426 0.392 1.67 1.97 2.01

1000 3 2 3 49 53 61 0.215 0.270 0.167 0.436 0.612 0.419 2.03 2.27 2.51

North-South Baseline

Low-end receivers, Single Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.5m

1 3 2 2 100 100 100 0.004 0.004 0.004 0.650 0.718 0.713 164.45 164.46 164.49

10 7 5 5 100 89 100 0.005 0.006 0.005 0.425 0.454 0.451 88.13 78.05 88.14

100 12 10 19 0 0 0 0.342 0.324 0.252 0.342 0.324 0.252 1.00 1.00 1.00

250 12 11 20 0 0 0 0.378 0.335 0.250 0.378 0.335 0.250 1.00 1.00 1.00

500 14 13 24 0 0 0 0.379 0.340 0.268 0.379 0.340 0.268 1.00 1.00 1.00

1000 23 22 40 0 0 0 0.391 0.341 0.270 0.391 0.341 0.270 1.00 1.00 1.00

High-end receivers, Dual Frequency σΦL1pE1q=0.003m , σPL1pE1q=0.25m, σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 100 100 100 0.004 0.004 0.004 0.290 0.261 0.260 70.62 70.62 70.62

10 1 1 1 76 83 76 0.016 0.014 0.015 0.290 0.262 0.260 18.19 19.36 16.89

100 1 1 2 0 0 6 0.352 0.304 0.204 0.352 0.304 0.231 1.00 1.00 1.13

250 3 2 4 0 0 6 0.326 0.339 0.232 0.326 0.339 0.242 1.00 1.00 1.04

500 6 5 8 10 6 22 0.327 0.320 0.246 0.358 0.339 0.287 1.10 1.06 1.17

1000 8 8 12 21 18 40 0.376 0.326 0.281 0.458 0.390 0.358 1.22 1.20 1.28

High-end receivers, Quadruple Frequency σΦL1pE1q,L2,E5b
=0.003m , σPL1pE1q,L2,E5b

=0.25m,

σΦL5pE5aq=0.002m , σPL5pE5aq=0.15m

1 1 1 1 100 100 100 0.003 0.003 0.003 0.220 0.198 0.197 66.73 66.35 66.67

10 1 1 1 90 93 86 0.008 0.011 0.011 0.221 0.199 0.198 26.49 18.41 17.41

100 1 1 1 40 50 53 0.172 0.142 0.148 0.281 0.249 0.264 1.64 1.76 1.78

250 2 1 2 44 47 63 0.220 0.283 0.171 0.326 0.420 0.289 1.48 1.48 1.69

500 2 2 2 44 57 60 0.268 0.231 0.236 0.456 0.461 0.452 1.70 2.00 1.92

1000 2 2 3 43 55 64 0.331 0.258 0.216 0.723 0.655 0.531 2.18 2.54 2.46

Table 6.36: GPS+Galileo, PAR, Geometry Fixed, Geometry based model, Re-

ceiver coordinates for the rover are unknown, ionosphere weighted, troposphere

float scenario, Partial ambiguities fixed (percentage) and number of epochs for ob-

taining 20cm fixed-precision of rover-receiver coordinates are presented, measurement

precision is held fix, number of satellites are as available, baseline length varied

from 1 to 1000 Km, σI = 0.68 mm per km.
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7
Conclusions

With the availability of multi-frequency, multi-GNSS data in the near future from

modernized Global Positioning System (GPS), Galileo system, and other global

navigation systems, an efficient and quicker solution towards positioning or other

applications is highly expected. The positioning solution or any parameter of

interest to be estimated from GNSS can be evaluated in terms of its precision

obtained. While precise GNSS applications are considered, the use of the precise

carrier phase data is important. The precision of the carrier phase data could be

achieved only after correctly fixing the integer ambiguities present in the phase

data. The evaluation of the benefits of future GPS and Galileo are based on

two main evaluation criteria, firstly the evaluation of correctly fixing the integer

ambiguity and secondly evaluation of the precision of the parameters of interest

with the aid of Ambiguity Resolution (AR). The correct fixing of ambiguities is

given by Ambiguity Success Rate (ASR) which is based on the probability of

Integer Bootstrap (IB) method along with LAMBDA decorrelation of the am-

biguity Variance-Covariance (VC) matrix. The probability of Integer Bootstrap

(IB) equipped with LAMBDA decorrelation corresponds to a sharp lower bound

of probability of Integer Least Squares. The minimum criteria laid for correct

resolution of ambiguities is to obtain 0.999 probability from IB (corresponding to

99.9%). While all the ambiguities together contributed to give 0.999 ASR, it was

termed as full AR. In certain cases while it took time to achieve full AR, a sub-

set of ambiguities could be fixed which satisfied the criteria of 0.999 ASR and is

termed as Partial AR (PAR). The success of PAR was judged while the subset of

ambiguities fixed by PAR contributed to achieve an predefined fixed precision of

parameters of interest (for example, up to 2cm standard deviation for ionosphere).

This research work is based on simulations using model assumptions.

The objective of this research work is to evaluate the expected per-

formance of ambiguity resolution for the Next-Generation Global Nav-

igation Satellite Systems (GNSS), namely the modernized GPS and
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Galileo (either as a stand-alone system or as an integrated one) and to

understand its effect on precision of the parameters of interest (e.g.,

receiver coordinates or ionosphere).

In this research, simulations were done for current and modernized GPS and

the Galileo system, in both the standalone mode and the integrated one. For each

system various frequency combinations, single, dual, triple and quadruple, were

considered for simulations. It should be noted that with GPS single (L1), dual

(L1, L2) and triple (L1, L2, L5) frequency combinations could be formed. Galileo

had additional quadruple (E1, E5a, E5b, E6) frequency combination. With com-

bined GPS and Galileo system, single L1pE1q, dual L1pE1q, L5pE5aq and quadru-

ple L1pE1q, L5pE5aq, L2, E5b frequency combinations could be formed. The

quadruple frequency combination had two overlapping L1pE1q, L5pE5aq and two

independent L2, E5b frequencies. The design matrix for the overlapping frequen-

cies formed considered a common GPS reference satellite and for the individual

frequencies had a reference satellite from their individual systems. Some of the

important deductions obtained based on this multi-frequency future GPS and

Galileo simulation study are presented as follows.

The simulations were carried out for three major GNSS models, the Geometry

Free, Geometry Fixed and Reference Rover model. The discussion of the results

for Geometry Free model is as follows

7.1 Results and Discussions

7.1.1 Geometry Free model

The summary for the simulation of full and partial Ambiguity Success Rates

and precision of the parameters of interest resulting from fixing of ambiguities is

presented in Table 7.1.

In Table 7.1, the results are representative of a certain time period, that is

0000 to 2359 UTC and not the averaged values. This representation is to help the

reader to compare full AR and PAR results. The averaged results for Geometry

Based model with rover coordinates unknown can be found in Tables 4.5, 4.8 and

4.15.

It should be noted that for Geometry Free model, the troposphere could not

344



Conclusions 7.1. Results and Discussions

Full AR - minimum desired ASR = 0.999 Partial AR @ 0.999, criteria - 2cm fixed-precision

Phase Code Phase Code Epochs taken σρ̌(meters) Epochs taken Ambiguities fixed(%)

Φ P Φ P

L1/L2 L5

Ionosphere known scenario (1 Km baseline)

SF 0.003 0.50 - - ¡17280 - 2470 80

DF 0.003 0.25 - - 14 0.002 14 100

TF 0.003 0.25 0.002 0.15 6 0.002 6 100

Ionosphere unknown scenario (250 Km baseline)

DF 0.003 0.25 - - ¡43200 - 1899 50

TF 0.003 0.25 0.002 0.15 18996 0.037 1899 50

Ionosphere weighted scenario (250 Km baseline)

SF 0.003 0.50 - - ¡17280 - 2470 80

DF 0.003 0.25 - - 8431 0.001 561 50

TF 0.003 0.25 0.002 0.15 8011 0.001 386 67

SF=Single Frequency, DF=Dual Frequency, TF=Triple Frequency

Table 7.1: Summary of Full AR and PAR for GPS only, Geometry Free model, single,

dual and triple frequency for different ionosphere considerations. Simulations were done

for the time period 0000 to 2359 UTC at three latitude locations 0�, �30� and �60�.
Above results are for �30� latitude and 115� longitude.

be parameterized as a separate parameter, instead they were lumped with the

ranges. Presented below are the important conclusions for Geometry Free model.

1. The Geometry Free model does not gain strength with the addition of satel-

lites, using GPS and Galileo in combination is not seen to improve the time

taken for correctly resolving ambiguities.

2. It can further be noted that for standalone GPS or Galileo systems, the Ge-

ometry Free model being a weaker model as compared to Geometry Based

model, takes immensely large number of epochs for medium to long base-

lines.

3. For the combined GPS and Galileo system, the Geometry Free model does

not gain strength as compared to the stand alone systems, unlike Geome-

try Based models. This is due to the fact that the Geometry Based models

have troposphere as the coupling parameter between the two GNSS systems,

since it remains constant for 2 hours. Also when the receiver coordinates

are estimated, the coordinates add up to another set of coupling parame-

ters. On the other hand, Geometry Free model does not have any coupling

parameters. The ambiguity resolution or positioning solution is not seen to

improve from standalone GPS to standalone Galileo, and same is the case
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when combined GPS and Galileo are used. Hence for Geometry Free model

results obtained for standalone GPS system are only discussed.

Further, the findings from the simulation for Geometry Fixed model are discussed.

7.1.2 Geometry Fixed model

The summary of the results for Geometry Fixed model are presented in Table

7.2.

Phase Code Phase Code GPS Galileo GPS+Galileo GPS Galileo GPS+Galileo

Φ P Φ P Epochs σǏ(meters) Epochs σǏ(meters) Epochs σǏ(meters) Epochs A.F.(%) Epochs A.F.(%) Epochs A.F.(%)

L1/L2/E1 L5/E5a/E5b

Atmosphere unknown scenario (250 Km baseline)

Full AR - minimum desired ASR = 0.999 Partial AR @ 0.999, criteria - 2cm fixed-precision for ionosphere

DF 0.003 0.25 - - 36 0.005 50 0.004 50 0.003 17 75 9 65 6 66

TF 0.003 0.25 0.002 0.15 11 0.003 17 0.003 - - 14 63 3 70 - -

QF 0.003 0.25 0.002 0.15 - - 16 0.002 10 0.002 - - 2 80 2 77

Ionosphere weighted scenario (250 Km baseline)

Full AR - minimum desired ASR = 0.999 Partial AR @ 0.999, criteria - 2cm fixed-precision for troposphere

SF 0.003 0.25 - - 644 0.007 948 0.005 824 0.004 251 62 306 60 153 53

DF 0.003 0.25 0.002 0.15 24 0.002 35 0.001 35 0.001 9 75 8 70 3 29

TF 0.003 0.25 0.002 0.15 11 0.003 17 0.002 - - 5 88 6 93 - -

QF 0.003 0.25 0.002 0.15 - - 16 0.002 13 0.001 - - 6 95 2 75

SF=Single Frequency, DF=Dual Frequency, TF=Triple Frequency, QF=Quadruple Frequency, A.F.=Ambiguities Fixed

Table 7.2: Summary of Full AR and PAR for Geometry Fixed model, single, dual, triple

and quadruple frequency combinations for GPS only, Galileo only, and GPS+Galileo

system combinations, for atmosphere unknown (both troposphere and ionosphere) and

ionosphere weighted (troposphere unknown) considerations. Simulations were done for

the time period 0000 to 0100 UTC at three latitude locations 0�, �30� and �60�. Above
results are for �30� latitude and 115� longitude.

In Table 7.2, the results are representative of a certain time period, that is

0000 to 0100 UTC and not the averaged values. This representation is to help the

reader to compare full AR and PAR results. The averaged results for Geometry

Based model with rover coordinates unknown can be found in Tables 5.4 and

5.12.

While the atmosphere is unknown, the ionosphere is parameterized in the

design matrix and its VC matrix for the ambiguity-float and -fixed case is com-

puted. Hence the evaluation is based on fixed-precision of ionosphere while PAR is

used. Whereas for ionosphere weighted scenario, the ionosphere is assumed to be

known and a scenario while ionosphere could be eliminated from the observables

is considered. Hence the ionosphere is not parameterized for ionosphere weighted

346



Conclusions 7.1. Results and Discussions

model. While evaluating PAR to obtain a fixed precision of 2cm, fixed-precision

of troposphere is presented.

Simulations for Geometry Fixed model (Geometry Based model, receiver po-

sition known), which resembles a permanent reference network were done for all

three types of GNSS considered for this research work, namely, GPS standalone,

Galileo standalone and GPS and Galileo integrated system. The Geometry Fixed

model is also referred to as Continuously Operating Reference Stations (CORS)

scenario. The results from Geometry Fixed model are presented below.

1. With atmosphere float scenario is considered, the results with a combined

GPS and Galileo system are promising. The results presented in Table 7.2

for ambiguity-fixed-precision of ionosphere of 2cm with Partial Ambigu-

ity Resolution (PAR) are discussed. While with standalone GPS only and

Galileo only, when fixed-precision of 2cm for ionosphere is aimed, it takes

relatively longer time in comparison to an integrated GPS and Galileo sys-

tem. Considering the combined GPS and Galileo, the quadruple frequency

system is able to give a 2cm ambiguity-fixed-precision of ionosphere instan-

taneously for most of scenarios of varying measurement precision. For the

remaining scenarios of varying measurement precision it just takes 2 epochs

to achieve 2cm fixed-precision for ionosphere. This is applicable to both

E-W and N-S oriented baselines (250 Km baseline length).

2. In case ionosphere weighted scenario, the quadruple frequency combined

GPS and Galileo system (L1pE1q, L5pE5aq, L2, E5b) is able to give a 2cm

fixed-precision of troposphere up to 1000 Km baseline length in just 2

epochs.

3. The results presented in Table 7.2 for ionosphere unknown scenario do not

show improvement for a integrated GPS and Galileo system for dual fre-

quency case. While the number of frequencies remain the same, the un-

known ionosphere does not gain strength just by the addition of satellites.

Also to note that the common parameter while one goes from single GNSS

system to an integrated GNSS system is troposphere. The common pa-

rameters form a coupling between the systems, and it can be said that for

CORS scenario there is a weak coupling while one considers and integrated

GNSS system.

The simulation study shows that with an integrated GPS and Galileo system

CORS network would benefit. Since corrections for ionosphere could be generated
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almost instantaneously with a precision of 2cm using quadruple frequency GPS

and Galileo combined system.

Further simulations for Reference Rover GNSS model (Geometry Based model,

rover receiver’s position are unknown) are discussed as follows.

7.1.3 Reference Rover model

The summary of the results for Reference Rover model are presented in Table

7.3.

Full AR - minimum desired ASR = 0.999 Partial AR @ 0.999, criteria - 2cm fixed-precision

Phase Code Phase Code GPS Galileo GPS+Galileo GPS Galileo GPS+Galileo

Φ P Φ P Epochs σ}xyz(meters) Epochs σ}xyz(meters) Epochs σ}xyz(meters) Epochs A.F.(%) Epochs A.F.(%) Epochs A.F.(%)

L1/L2/E1 L5/E5a/E5b

Atmosphere known scenario (1 Km baseline)

SF 0.003 0.50 - - 7 0.003 4 1.170 2 0.003 6 88 4 100 1 100

Atmosphere unknown scenario (250 Km baseline)

DF 0.003 0.25 - - 197 0.002 79 0.002 51 0.002 164 94 77 95 22 86

TF 0.003 0.25 0.002 0.15 76 0.003 50 0.003 - - 74 92 29 87 - -

QF 0.003 0.25 0.002 0.15 - - 47 0.003 13 0.003 - - 28 92 5 85

Ionosphere weighted scenario (250 Km baseline)

SF 0.003 0.25 - - 749 0.014 1270 0.010 1086 0.007 671 71 734 89 328 44

DF 0.003 0.25 0.002 0.15 65 0.003 54 0.003 36 0.002 57 75 39 75 11 78

TF 0.003 0.25 0.002 0.15 43 0.003 49 0.003 - - 38 83 22 87 - -

QF 0.003 0.25 0.002 0.15 - - 46 0.003 18 0.003 - - 21 90 7 94

SF=Single Frequency, DF=Dual Frequency, TF=Triple Frequency, QF=Quadruple Frequency, A.F.=Ambiguities Fixed

Table 7.3: Summary of Full AR and PAR for Geometry Based model, rover receiver

coordinates unknown, single, dual, triple and quadruple frequency combinations for

GPS only, Galileo only, and GPS+Galileo system combinations, for atmosphere known

and unknown (both troposphere and ionosphere) and ionosphere weighted (troposphere

unknown) considerations. Simulations were done for the time period 0000 to 0100 UTC

at three latitude locations 0�, �30� and �60�. Above results are for �30� latitude and

115� longitude.

In Table 7.3, the results are representative of a certain time period, that is

0000 to 0100 UTC and not the averaged values. This representation is to help the

reader to compare full AR and PAR results. The averaged results for Geometry

Based model with rover coordinates unknown can be found in Tables 6.2, 6.13

and 6.24.

Some of the findings for Reference Rover model are presented as follows.

(1) For short baselines, when the Double Difference (DD) atmosphere is insignif-

icant for the rover with respect to a reference receiver, the standalone single
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frequency GPS and Galileo systems take relatively long time to obtain 0.999

ASR (full AR) in comparison to an integrated GPS Galileo system, see Ta-

ble 7.3 atmosphere known, single frequency results. GPS only takes 5 to 24

epochs for varying values of measurement precision, see Table 6.3 in chapter

6, Galileo only takes between 3 to 12 epochs, see Table 6.6 in chapter 6.

The integrated GPS and Galileo system gives instantaneous 0.999 ASR for

full AR for some scenarios of varying values of measurement precision. For

the remaining values of measurement precision the integrated system takes

only 2 epochs (2 seconds), see Table 7.3 atmosphere known, single frequency

results.

(2) Simulations have been done for Reference-Rover model, with ionosphere and

troposphere both as unknowns for 250 Km baseline length using quadruple

frequency GPS and Galileo combined system. The coordinates of the rover

receiver could be obtained in just 2 to 7 epochs (2 to 7 seconds), see Table 6.21

in chapter 6, for varying measurement precision values to meet a predefined

criteria for fixed-precision (σn, σe =2cm and σu=6cm) with the aid of Partial

Ambiguity Resolution (PAR).

(3) When ionosphere is weighted, the full AR for the rover is possible to be

achieved within the range 3 to 19 epochs (3 to 19 seconds), see Table 6.34 in

chapter 6, for baseline lengths of 10 to 1000 Kms with quadruple frequency

GPS+Galileo system.

(4) For ionosphere weighted scenario, when a predefined fixed-precision for the co-

ordinates (σn, σe =2cm and σu=6cm) is aimed, it just takes between 1 and 10

epochs (1 to 10 seconds) with a quadruple frequency combined GPS+Galileo

system with the aid of PAR.

(5) With a combined GPS and Galileo quadruple frequency system, PAR is able

to give a fixed-precision of 20cm for the horizontal coordinate components in

just 1 to 3 epochs for baseline length of 1 to 1000 Km for ionosphere weighted

scenario, see Table 6.36 in chapter 6. For atmosphere float scenario, it just

takes between 1 to 4 epochs to obtain a fixed-precision of 20cm for 250 Km

baseline length for various scenarios of measurement precision with PAR using

quadruple frequency GPS+Galileo system, see Table 6.21 in chapter 6.

(6) Also it can be noted that for the integrated GPS and Galileo system, the

performance of the integrated system is better that the individual GNSS
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systems in terms of number of epochs taken for full AR. As discussed earlier

about the coupling, for Reference Rover model, there exist a strong coupling

for the integrated system with common parameters being troposphere and

coordinates. Reference Rover model is seen to benefit significantly with the

integrated GNSS systems.

The above are some of the important findings based on this research work. The

results found for the integrated GPS and Galileo system further motivates towards

understanding the usefulness that the Next Generation GNSS systems, GPS,

Galileo along with the Russian GLObal Navigation Satellite System (GLONASS),

the Chinese Compass would bring to the user community. With the availability

of regional navigation and augmentation systems like United States of Amer-

ica’s Wide Area Augmentation System (WAAS), European Union’s European

Geostationary Navigation Overlay Service (EGNOS), Japan’s MTSAT Satellite

Augmentation System (MSAS) and Quasi Zenith Satellite System (QZSS), Chi-

nese BeiDou and India’s Indian Region Navigation Satellite System (IRNSS) and

GPS Aided Geo Augmented Navigation (GAGAN), the benefits will only get

richer. To reap the richness of Next Generation GNSS, research towards develop-

ment of mathematical theory and computational algorithms which make possible

to accommodate multi-GNSS data in an efficient manner has to be realised.

7.2 Scope of future developments

The evaluation of the benefits Next-Generation GNSS holds was evaluated in

this research by integrating GPS and Galileo. The dual frequency integrated

GPS and Galileo had the overlapping frequencies L1pE1q and L5pE5aq with a

common GPS reference satellite which performed exceptionally well for Reference

Rover scenario in comparison to the stand alone GPS or Galileo. With the B2 of

Compass overlapping with the E5b of Galileo, it would be interesting to evaluate

the performance in terms of the time taken to achieve a predefined ambiguity-

fixed precision of rover receiver coordinates.

For Galileo system the frequencies considered were E1, E5a, E5b and E6.

Simulations can be done further by incorporating E5 frequency of Galileo to the

above mentioned frequencies. Since the GNSS model gains strength by addition

of frequencies while ionosphere is estimated, its effect on time taken to obtain

a desired ambiguity-fixed precision ionosphere can be evaluated for Galileo only

scenario.
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In this research, simulation were done for a single baseline. For Geometry

Fixed model which corresponds to CORS scenario, simulations can be done by

extending the number of stations which would correspond to regional CORS

network.

In this study, simulations were done while considering three latitude locations,

0�, �30� and �60� latitude and 115� longitude with baseline length of up to 1000

Km. By selecting further distributed locations for Australia, similar simulation

studies can be done.
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A
Kronecker product

The Kronecker product for matrices A and B of size 3 x 3 can be given as ,�
A bB

� � ��� A11 A12 A13

A21 A22 A23

A31 A32 A33

���b��� B11 B12 B13

B21 B22 B23

B31 B32 B33

���
Where AbB an be further elaborated as,�������������
A11 �B11 A11 �B12 A11 � B13 . . . A13 �B11 A13 �B12 A13 �B13

A11 �B21 A11 �B22 A11 � B23 . . . A13 �B21 A13 �B22 A13 �B23

A11 �B31 A11 �B32 A11 � B33 . . . A13 �B31 A13 �B32 A13 �B33

...
...

...
...

...
...

...

A31 �B11 A31 �B12 A31 � B13 . . . A33 �B11 A33 �B12 A33 �B13

A31 �B21 A31 �B22 A31 � B23 . . . A33 �B21 A33 �B22 A33 �B23

A31 �B31 A31 �B32 A431 �B33 . . . A33 �B31 A33 �B32 A33 �B33

������������� (A.1)

The following are the properties of Kronecker product for two matrices A (m

x n) and B (p x q) [56]. pA� Cq bB � AbB � C bB (A.2)

Ab pB b Cq � pAbBq b C (A.3)pAbBq pC bDq � pACq b pBDq (A.4)pA bBq� � A� bB� (A.5)|AbB| � p|A|qmp|B|qn (A.6)
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pAbBq�1 � A�1 bB�1 (A.7)

In the last two equations A and B are square m x m and n x n matrices

respectively.
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B
Geometry Free GNSS model

derivations

B.1 Dual Frequency, functional and stochastic

models

The design matrix for a dual frequency (DF), ionosphere known (Fixed), DD GPS

observables can be given as below (ignoring the subscripts r, j and s, instead we

use k for kth epoch, p1q for 1st frequency and m for number of satellites).

Functional model:

The functional model for Geometry Free, DF, ionosphere known GPS observables

(carrier phase and code) can be given as below. The model below represents

the single difference model (with respect to the receiver), since here baseline is

considered, subscript to indicate single difference with respect to the receiver is

deliberately avoided to make things look simpler.����� Φp1q
Φp2q
Pp1q
Pp2q

�����loooomoooon
Epyq � ����� λp1q 0 1

0 λp2q 1

0 0 1

0 0 1

�����loooooooooomoooooooooonrAI ,AII s .

��� Np1q
Np2q
ρ

���loooomoooonrxI ;xIIs (B.1)

The first term on the right hand side are the design matrices rAI , AIIs both
lumped together.

Further for m satellites over head we can write the above design matrix as
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B.1. Dual Frequency, functional and stochastic models���������������������������

Φ1p1q
...

Φm�1p1q
Φ1p2q
...

Φm�1p2q
P 1p1q
...

Pm�1p1q
P 1p2q
...

Pm�1p2q

���������������������������
� ��������

�
λp1q 0

0 λp2q �b Im�1 e2 b Im�1�
0 0

0 0

�b Im�1 e2 b Im�1

�������� .
�������������������

Np1q1
...

Np1qm�1

Np2q1
...

Np2qm�1

ρ1

...

ρm�1

������������������� (B.2)

Where, Im�1 indicate an identity matrix of sizes pm � 1q, enp, enc both are

column matrices of each element equal to 1, length depends on np and nc, i.e,

number of phase and code observables respectively. the symbol b indicate the

Kronecker’s product (Kron) (for more information on Kronecker’s product see

Appendix A).

Further for k epochs, we define an identity matrix, Ik and a column matrix ek

and Kron it with different elements (ambiguity, ranges) of above design matrix

as shown below.
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B.1. Dual Frequency, functional and stochastic models��������������������������������������

Φ1p1q1
...

Φm�1p1q1
...

Φm�1p1qk
Φ1p2q1
...

Φm�1p2q1
...

Φm�1p2qk
P 1p1q
...

Pm�1p1q
P 1p2q
...

Pm�1p2q

��������������������������������������
� �������� ek b� λp1q 0

0 λp2q �b Im�1 Ik b pe2 b Im�1q
ek b�� 0 0

0 0

�b Im�1

�
Ik b pe2 b Im�1q

�������� .

����������������������������������������

N1p1q1
...

Nm�1p1q1
...

Nm�1p1qk
N1p2q1
...

Nm�1p2q1
...

Nm�1p2qk
ρ11
...

ρm�1
1

...

ρ1k
...

ρm�1
k

����������������������������������������
(B.3)

The ambiguities do not vary with epochs unless there is a cycle slip or loss of

lock due to some reason, whereas the ionosphere has temporal variability. This is

the reason an identity matrix is used for ionosphere since it has to be estimated

for every epoch and column matrix for ambiguities since it does not vary with

every epoch.

Stochastic model:

For DF, ionosphere fixed case, the stochastic model can be explained as below.

We first define a column matrix of standard deviation of phase and code used.

σy � ����� σφp1q
σφp2q
σP p1q
σP p2q

����� (B.4)

Now for all the satellites pm � 1q we weigh each of the phase and code with

respect to the elevation as given in Visual manual [16]. For phase, we can weigh
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B.1. Dual Frequency, functional and stochastic models

the standard deviations as given below.

W�1 � �����������
pW 1

φp1qq�1
0 0 0 0 0

0
. . . 0 0 0 0

0 0 pWm
φp1qq�1 0 0 0

0 0 0 pW 1
φp2qq�1

0 0

0 0 0 0
. . . 0

0 0 0 0 0 pWm
φp2qq�1

�����������
� ����������

�
σφp1qp1� aφp1qexpp� ε1

ε0
qq	2 . . . 0 0 0

...
...

0
. . . 0

...
...

0 0 0 . . .
�
σφp2qp1� aφp2qexpp� εm

ε0
qq�2

����������
(B.5)

where, W�1
φpjq is the elevation compensated variance of φ at frequency j, aφpjq

is amplification angle dependent on observation type (φ or P ) and frequency pjq
and is set to 10 for all observable types, εm is the elevation of the satellite m (in

degrees), ε0 is the is the scale value of the elevation error and is set to 10 degrees.

Further the weight matrix W for phase can be given as belowpW 1,..,m

φp1q q�1 � diagppW 1
φp1qq�1

, � � � , pWm
φp1qq�1qpW 1,..,m

φp2q q�1 � diagppW 1
φp2qq�1

, � � � , pWm
φp2qq�1q + (B.6)

Similarly the weight matrix for code can be derived as shown belowpW 1,..,m

P p1q q�1 � diagppW 1
P p1qq�1

, � � � , pWm
P p1qq�1qpW 1,..,m

P p2q q�1 � diagppW 1
P p2qq�1

, � � � , pWm
P p2qq�1q + (B.7)

We further write the single difference design matrix, D, for satellites, for the

same the satellite having the maximum elevation angle is chosen as reference

satellite. The design matrix D has the dimensions as m � pm � 1q. For m � 4,

taking satellite 3 as reference satellite, the design matrix DT would look as below.

DT � ��� 1 0 �1 0

0 1 �1 0

0 0 �1 1

��� (B.8)
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B.2. Geometry Free model, variances for float and fixed solutions

Finally, we write the variance matrix for dual frequency observables as below

Qyy � 2

������ DT � pW 1,..,m

φp1q q�1 �D 0 0 0

0 DT � pW 1,..,m

φp2q q�1 �D 0 0

0 0 DT � pW 1,..,m

P p1q q�1 �D 0

0 0 0 DT � pW 1,..,m

P p2q q�1 �D
������(B.9)

Considering 4 satellites, and dual frequency (one code and one phase observ-

able), the above matrix Qyy will have the dimensions of 6�6 or jpm�1q�jpm�1q.
In the above matrix, DT �D gives the between satellite single difference. The el-

evation weight matrix given in the above equation pW 1,..,m

φp1q q�1
is for one receiver,

incase the baseline length is relatively short, for example 1Km baseline length

for atmosphere fixed scenario. In such a case the elevation weight matrix is un-

differenced hence it is multiplied by factor 2 in order to change it to its single

difference form. While the receivers are sufficiently separated, then the elevation

weight matrix is considered for each receiver. The above expression for any GNSS

observables would then be given as DT � rpW 1,..,m
1 q�1�pW 1,..,m

2 q�1s �D. The weight

matrixes correspond to receiver 1 and 2 indicated by W1 and W2, together they

form between receiver single difference weight matrices.

B.2 Geometry Free model, variances for float

and fixed solutions

We have defined AI , by reducing the normal equations. For the same a square

and full-rank matrix is used which can eliminate the temporal parameters pxII ,
refer [57]

AI � PK
AII
AI

where,

PK
AII

� I � AIIpAT
IIQ

�1
yy AIIq�1

AT
IIQ

�1
yy

The system of reduced normal equations read as,�
A

T

I Q
�1
yy AI 0

AT
IIQ

�1
yy AI AT

IIQ
�1
yy AII

�� pxIpxII � � � A
T

I Q
�1
yy y

AT
IIQ

�1
yy y

�
Further QpxI

can be given as,
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B.2. Geometry Free model, variances for float and fixed solutions

QpxI
� �AT

I Q
�1
yy AI

	�1 � � ķ

i�1

AT
I piqQ�1

yy piqPK
AII

piqAIpiq��1

(B.10)

Further QpxII
is derived from pxII ,pxII � �

AT
IIQ

�1
yy AII

��1
AT

IIQ
�1
yy py � AIpxIq� �

AT
IIQ

�1
yy AII

��1
AT

IIQ
�1
yy

�
I � AI

�
A

T

I Q
�1
yy AI

	�1

A
T

I Q
�1
yy



y� "�

AT
IIQ

�1
yy AII

��1
AT

IIQ
�1
yy � �AT

IIQ
�1
yy AII

��1
AT

IIQ
�1
yy AI

�
A

T

I Q
�1
yy AI

	�1

A
T

I Q
�1
yy

*
y� $'''&'''%�AT

IIQ
�1
yy AII

��1 � �AT
IIQ

�1
yy AII

��1
AI

�
A

T

I Q
�1
yy AI

	�1loooooooomoooooooon
QpxI A

T

I Q
�1
yy

,///.///-AT
IIQ

�1
yy y� !�

AT
IIQ

�1
yy AII

��1 � �AT
IIQ

�1
yy AII

��1
�
AIQpxI

A
T

I

	
Q�1

yy

)
AT

IIQ
�1
yy y

QpxII
� �

AT
IIQ

�1
yy AII

��1 � (B.11)� �
AT

IIQ
�1
yy AII

��1
AT

IIQ
�1
yy

�
AIQpxI

AT
I

�
Q�1

yy AII

�
AT

IIQ
�1
yy AII

��1

Computation of QpxIpxII

It has been discussed that QpxI pxII
can be derived from pxI and pxII . pxI and pxII can

be given as, pxI � �AT

I Q
�1
yy AI

	�1

A
T

I Q
�1
yylooooooooooooomooooooooooooon

ApxI y (B.12)
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B.2. Geometry Free model, variances for float and fixed solutions

pxII � �
AT

IIQ
�1
yy AII

��1
AT

IIQ
�1
yy

�
I � AI

�
A

T

I Q
�1
yy AI

	�1

A
T

I Q
�1
yy


loooooooooooooooooooooooooooooooooooomoooooooooooooooooooooooooooooooooooon
ApxII y� !�

AT
IIQ

�1
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��1
AT

IIQ
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IIQ

�1
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��1
AT

IIQ
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A

T
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	�1

A
T

I Q
�1
yy

*
y (B.13)

and

QpxIpxII
� ApxI

QyyA
TpxII

QpxIpxII
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yy AI
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IIQ
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(B.14)
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B.2. Geometry Free model, variances for float and fixed solutions

Further, Qx̌II
can be derived as below. To begin with, we use the following

mathematical formulation for Qx̌II

Qx̌II
� QpxII

�QpxII pxI
Q�1pxI

QpxI pxII

Substituting the corresponding terms for QpxII
, QpxII pxI

� QpxI pxII

T , and QpxI
,

Qx̌II
� �

AT
IIQ

�1
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��1 � �AT
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�
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C
Ambiguity Success Rates based

on LAMBDA

The simulations of ASR (Ambiguity Success Rate) are based on the LAMBDA

method incorporating sequential conditional least squares estimation and de-

correlation of the ambiguities and further computing the probability of Integer

Bootstrap. LAMBDA stands for (Least-squares AMBiguity Decorrelation Ad-

justment), a method widely used to estimate integer ambiguities, is also applica-

ble to diverse geodesy applications [58], has been developed by [39]. The correct

resolution integer ambiguities, as discussed in chapter 3, is done by computing the

lower bounds for Integer Least-squares. This is done by de-correlating the float

ambiguities VC matrix using LAMBDA and further computing the probability

of Integer Bootstrap, this corresponds to sharp lower bounds for Integer Least

Squares.

The computation of ASR, as explained above, is done by using the software

routines developed in Matlab by [44] and further modified by [45]. To give a

general idea of the Matlab routines, [44] implemented the computation of in-

teger ambiguities by LAMBDA method, by sequential conditional least squares

estimation and then de-correlation the float ambiguity VC matrix and further

computation of fixed solution and ASR for Integer Least Squares (lower bound

of ASR-Integer Bootstrap), for more details refer [44]. [45] made the computing

efficient by implementing a shrinking search-space for estimating integer ambigui-

ties by LAMBDA method. In the recent upgrade of LAMBDA software routines,

ASR-Integer Bootstrap can be computed, hence it further facilitates the user

to consider ASR-Integer Bootstrap as upper and lower bounds for ASR-Integer

Rounding and ASR-Integer Least Squares respectively. Further, partial integer

ambiguities can now be estimated as compared to earlier when only all the ambi-

guities were used for ambiguity resolution and ASR computation, refer [45]. This

research work is based on computation of sharp lower-bounds for Integer Least
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C.1. Full ambiguity resolution

Squares (by computing ASR for Integer Bootstrap) is done in two ways, first by

considering all the ambiguities (Full AR) and then by considering a subset of

ambiguities (PAR), same will be discussed in the commencing sections.

C.1 Full ambiguity resolution

Since this research work is based on simulation of ASR, the VC matrix of the

float-ambiguity variance is only used as an input to simulate the ASR, by the

above Matlab routines. The procedure of full AR is explained in the following

steps.

(1) Sequential conditional least squares estimation:

The VC matrix,QxxI
, is first de-composed into L and D by LDL transforma-

tion, L is the inverse of the lower triangular matrix, corresponding to the

original VC matrix, and D has the conditional variances of the ith ambiguity

over all I, I � ti�1, � � �mu remaining ambiguities, out of totalm ambiguities.

Qpa � L�1D�1L�T

(2) Decorrelation of the decomposed ambiguities: Further L is de-correlated and

corresponding D is recomputed and updated. The transposed inverse matrix

Z�T keeps track of the changes, Z � Im, I is the identity matrix of size m,

m total number of ambiguities.

Since all the ambiguities are fixed, the final Z�T of size m � m, is used to

recompute the QxxI
matrix

QxxI
� ZTQxxI

Z

(3) Computation of ASR for Integer Bootstrap (corresponding to lower bound

of ASR-Integer Least Squares) using the decorrelated-conditional variance of

ambiguities, given in D, see chapter 3, equation (3.14), Di � σi|I
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C.2. Partial ambiguity resolution

C.2 Partial ambiguity resolution

The computation of a subset of ambiguities which together can give the desired

ASR can be done by using the Partial ambiguity resolution (PAR) software rou-

tine psearch.m. The VC matrix of the float ambiguities along with the user

defined ASR is given as the input to psearch.m. In this research work the desired

ASR is 0.999 used in PAR computation. The computation steps for PAR are

given as below.

Steps 1 to 5 given below are repeated for all i, i � 1, � � � , m unless an

ambiguity is found which has an ASR such that when added to the ASR of

previous ambiguities, reduces the net ASR from 0.999, i.e, ASRi is rejected

and no further computations are done if, ASRp1,��� ,i�1q{ASRi   0.999, where

ASRp1,��� ,i�1q � 1{ASR1{ � � � {ASRi�1.

(1) Sequential conditional least squares estimation or the LDL decomposition,

(definition of LDL is given in the previous section) (for the first time, LDL

decomposition is done for all the m ambiguities, subsequently as the subset

of PAR increases (variances of selected ambiguities give the desired ASR).

(2) Decorrelation of the decomposed ambiguities, see previous section, ZT corre-

sponds to design matrix for decorrelated ambiguities.

(3) Selecting the minimum variance ambiguity and computing the ASR. If ASR¡ 0.999 then next step is executed, else the computed ASR’s value is returned

and no further computation is performed.

(4) Since an ambiguity is selected, which can give an desired ASR, for further

computation the variance, covariance of the selected ambiguity is not used.

ZT and QxxI
are updated (they both get reduced in size, the new size will bepm� i�m� iq.

(5) For the ambiguity used in PAR, say p out of m ambiguities are fixed, the

corresponding row and column of each fixed ambiguity in the design matrix

ZT are stored in a new design matrix ZT
p .

(6) Using the updated ZT and QxxI
, repeat steps 1 to 5, until i�m � 1. When

i�m � 1 go to step 3.

(7) Finally, the ASR (partial ambiguity resolution) and design matrix ZT
p is re-

turned to the main routine.
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D
Experiments - Research and

analysis

D.1 Wobbling of the curves in the gain plots:

The wobbling of the gain curves is seen in Figures 4.1, E.2, E.3, etc. Lets us

take the first Figure 4.1, at 00latitude the wobbling occurs for the first time at

epoch number 360, corresponding to 00:30:00 UTC GPS time. Lets us observe

the sky plots just before 360th epoch and after epoch number 360, see Figure

D.1 (left), satellite vehicle (SV) 4 disappears and another SV 15 appears at very

low elevation. Similarly at 01:30:00 UTC second wobble can seen in Figure 4.1

at 00latitude, looking at the sky plot in Figure D.1 (right), SV 10 disappears

and SV 21 appears at low elevation. The wobbling is observed to be related to

the change in the measurement precision matrix due to inclusion of low elevation

satellites (since elevation weighting of satellites is incorporated).
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Figure D.1: Sky plot of the satellites at 00 degree latitude, before (top) and after

(bottom) at transition times 00:30:00 (left) and 01:30:00 (right) hrs UTC
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D.2 Analysis of ASR and Gain when satellite

combination is varied

The simulation of ASR and gain is done for different satellite combinations. Here

the measurement precision is held fixed (refer Table 3.2) and the total number of

satellites is two. This analysis is done for DF and TF cases only considering the

redundancy of the GNSS model.

The analysis is made for, at 00 and �300 latitudes, refer Figures D.2 and D.3

respectively, (considering the consistency of availability of satellites, a fixed set

of satellites should be available for atleast one hour, any time of the day) for 13

May 2011. The period of the day is selected such that the selected set of satellites

remain available throughout the selected duration. The epochs chosen for 00

latitude were epoch number 855 to 1350 with 10 second interval corresponding to

GPS time 02:22:30 to 03:43:00. At 00 latitude the interval chosen was 00:26:30

to 01:47:00 (epoch number 154 to 650). Out of the selected set of 9 satellites,

the first satellite is chosen as the reference satellite, the second satellite is varied

among the remaining available 8 satellites, making different combinations of two

satellites at a time.

Analysis from the Figures D.2 and D.3 for 00 degree �300 degree latitude

respectively show

1. ASR for some satellite combinations were quiet higher instantaneously (0.8

or higher) whereas for certain combination of satellites, the ASR was sig-

nificantly low. ASR for Satellite Vehicle (SV) combinations 4,17 and 4,25

indicated by solid-black and yellow curves in Figure D.2 were around 0.2

and 0.4 for 1st epoch. The SV numbers 17 and 25 had low elevations,

but so did other SV’s, 25(yellow), 20(green), 14(red) and 26(dotted-black).

One important thing can be noted that the SV’s under scanner, SV 25 had

almost a constant value of elevation throughout the chosen time period.

The third worst instantaneous ASR of SV 20(green) (ASR of approx 0.7)

also has almost constant value of elevation, but slightly higher that SV 25.

For the other SV under analysis, SV 17 has the elevation values exactly in

opposite correlation to the reference SV (SV 4). Infact they intersect at

the center of the selected time period. It will be interesting to analyze the

SV-elevation correlation and its effect on ASR.

2. For Figure D.3, the SV’s 28 (dotted-black), 24 (magenta) and 4(blue) give
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the lowest three instantaneous ASR of approximately 0.2, 0.3, 0.5 respec-

tively. The elevation of the reference satellite decreases throughout the

chosen time period and for the whole time period only four satellites have

their elevation rising, the three SV’s we mentioned, i.e., 28, 24 and 4 and

the fourth SV which is not mentioned earlier is SV 11. SV 11, inspite of

having negative elevation correlation with the reference SV, has very high

instantaneous ASR of 0.9. To conclude, it can be said that, there is a possi-

bility of dependency of ASR with the elevation correlation of the reference

satellite, which needs to be analyzed in near future.
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Figure D.2: ASR and Gain analysis, Ionosphere Fix (satellite combination is var-

ied, number of satellites=2, measurement precision is held fixed) at 00 degree

latitude for dual and triple GPS frequency
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Figure D.3: ASR and Gain analysis, Ionosphere Fix (satellite combination is var-

ied, number of satellites=2, measurement precision is held fixed) at 300 degree

latitude for dual and triple GPS frequency
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D.3 Relation of elevation of satellite and ASR

The variation of ASR with elevation angle is shown in Figure D.4, the top row

gives the ASR for DF and TF for high elevation satellites, the middle row rep-

resents ASR for high and low elevation satellites, the bottom row gives the ASR

curve for low elevation satellites.

Since the elevation dependent weighting is considered, the elevation of the

satellites have a significant affect on the measurement precision matrix, and hence

on the ASR. The low elevation satellites carry high weights in the measurement

precision matrix resulting in more number of epochs for 0.999 ASR. For high

elevation satellites, it takes 2 epochs for DF (blue line-ASR plot) to achieve 0.999

ASR, which increases to 10 epochs and 14 epochs for one high-one low (middle

row) and both low elevation satellites (bottom row) considerations. Similar anal-

ysis can be made for TF (red line-ASR plot), but the results being better than

for DF, considering the precise L5 code used in measurement precision matrix.
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number of satellites=2, measurement precision is held fixed) for dual and

triple GPS frequency
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D.4 Elevation weighting for satellites

The effect of elevation can be incorporated in a GNSS stochastic model by using

a elevation weighting function. The importance of using an adequate stochas-

tic model, which incorporates the different effects on the GNSS observables

(elevation-weighting, other correlations etc.) has been highlighted by [59]. In

fact it has been mentioned that precise positioning can be carried effectively if

adequate information of the GNSS stochastic model is known [59]. Further, the

incorporated variance in the stochastic model, say of satellite elevation weight-

ing, depends on the type of receiver used. [41] gave an exponential function for

satellite elevation weighting and for the same function gave different values for

receivers used, Trimble SST and Rogue. the exponential weighting function was

given as,

a0 � a1 expp�ε{ε0q (D.1)

[41] used two receivers Trimble SST and Rogue. The C/A (Coarse Acquisi-

tion) code data is less precise on Trimble SST and values were found to be around

1.5m at zenith and 5m at 15 degree elevation [41]. Whereas, JPL’s Rogue gave

precise code measurement, between zenith and 45 degree elevations, the code pre-

cision was between 10 and 20 cms and at 15 degrees the uncertainty reached to

1.2 m. While giving the values of a0 and a1, in the equation (D.4), the precision

of the measurement (code) was included [41], we rewrite the equation for our ease

of understanding.

σP � a0 � σP � a1 expp�ε{ε0q (D.2)

where σP is the un differenced code precision. Based on the precision of

the code measurement, the constants σP � a0 had values 1.4 and 0.08 meters for

Trimble SST and Rogue and σP � a1 was 8.0 and 4.5 meters for Trimble SST and

Rogue respectively. ε is the elevation of the satellite and ε0 is the scale value of

the elevation error. The values of ε0 were chosen as 10 and 20 degrees for Trimble

SST and Rogue respectively. If we look at the above values carefully, we can get
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D.4. Elevation weighting for satellites

values of coefficients a0, a1 themselves.

σPTrimble
� a0 � σPTrimble

� a1 � expp�ε{ε0q � 1.4� 8.0 � expp�ε{ε0qñ σPTrimble
� 1.4 a0 � 1 a1 � 5.71

σPRogue
� a0 � σPRogue

� a1 � expp�ε{ε0q � 0.08� 4.5 � expp�ε{ε0qñ σPRogue
� 0.08 a0 � 1 a1 � 56.25

In one of the internal research works of GNSS research group, Dr Nandaku-

maran Nadarajah computed values for elevation weighting function coefficients

for µ-blox receivers. The initial results gave the following values

σP � a0 � σP � a1 � expp�ε{ε0q � 0.7� 1.4 � expp�ε{ε0qñ σP � 0.7 a0 � 1 a1 � 2

σΦ � a0 � σΦ � a1 � expp�ε{ε0q � 0.002� 0.004 � expp�ε{ε0qñ σΦ � 0.002 a0 � 1 a1 � 2

In another research work by [11] the values of a0, a1 and ε0 were chosen as 1,

10 and 10 respectively. Similar values for the coefficients are considered for this

research work.

Below are the plot of DD phase and code variance with satellite elevation

weighting (exponential functions). In the figure below undifferenced phase and

code precision is 3 mm and 10 cm. The values of coefficient a1 are varied in the

figure below between 1 to 10, whereas a0 and ε0 are taken as 1 and 10 respectively.

Since 10 degree is the cutoff chosen for this research work, the results presented

below are for elevations more than 10 degrees.

The DD phase precision which is originally 2 � 0.003, i.e., 6mm, at 10 degree

elevation, for a1 � 10, the value of phase precision reaches 2.81 cms.

The DD value of code precision is 2 � 10, i.e, 20 cm. At 10 degree elevation,

for a1 � 10, the value of code precision reaches 93.58 cms.
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Figure D.5: Effect of satellite elevation weighting (exponential) coefficient a1 on DD

phase precision

Geometry Free- IFix- Analysis of ASR and Gain when satellite number

is varied

Further when number of satellites are varied instead of measurement precision,

satellite number is varied from 2 to 6, see sky plots for different satellite numbers

for al the three latitude locations in Figure, D.7. The table below shows the

instantaneous ASR, number of epochs for 0.999 ASR and gain at 0.999 ASR for

different values of satellite numbers, single value of measurement precision for

SF, DF and TF.

Further from the Figures, D.8, D.9, D.10 give results for ASR and gain (for

all latitude locations) for SF, DF and TF respectively.

From Table D.1 and Figures D.8 to D.10 the analysis is summarized as below.

(1) Now when we consider ASR and gain with respect to variation in number

of satellites, refer Figures D.8, D.9, D.10 (for SF, DF and TF respectively),

ASR drops as number of satellites are increased. Since the success rate is

computed by Integer Bootstrap, the probability of successful AR (ASR) is

the product of ASR of each satellite (computed by variance of ambiguity for

each satellite conditional to variance of all other satellites). ASR lies between

0 and 1, ambiguity of any satellite which is not fixed correctly causes drop in

the final ASR. As the number of satellites increase this fall in the final ASR

is clearly seen.
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Phase Code No of Sat. Instantaneous ASR Epochs for 0.999 ASR Gain @ 0.999 ASR

(meters) (meters) 00 �300 �600 00 �300 �600 00 �300 �600
Φ1 P1 Low-end receivers, Single Frequency

0.003 0.5 2 0.058 0.074 0.065 3310 2593 1877 4.734 4.168 2.036

0.003 0.5 3 0.004 0.006 0.004 2945 2818 2535 4.093 4.097 4.088

0.003 0.5 4 0 0 0 2739 2177 2449 2.729 3.003 4.112

0.003 0.5 5 0 0 0 2611 2105 2326 3.607 2.385 4.023

0.003 0.5 6 0 0 0 2670 1929 2549 2.213 4.286 3.986

Φ1,Φ2 P1,P2 High-end receivers, Dual Frequency

0.003 0.25 2 0.824 0.937 0.886 4 3 4 33.26 38.50 33.40

0.003 0.25 3 0.783 0.912 0.829 4 3 4 33.26 38.50 33.40

0.003 0.25 4 0.766 0.586 0.830 4 7 3 33.26 25.21 38.54

0.003 0.25 5 0.677 0.565 0.393 4 7 11 33.26 25.21 20.23

0.003 0.25 6 0.164 0.292 0.353 24 10 11 13.56 21.09 20.23

Φ5 P5 High-end receivers, Triple Frequency

0.002 0.15 2 0.986 0.988 0.994 2 1 2 39.65 56.11 39.70

0.002 0.15 3 0.988 0.998 0.993 2 1 2 39.65 56.11 39.70

0.002 0.15 4 0.990 0.932 0.995 2 3 2 39.65 32.41 39.70

0.002 0.15 5 0.984 0.933 0.828 2 3 5 39.65 32.41 25.16

0.002 0.15 6 0.548 0.808 0.826 10 4 5 17.63 28.06 25.16

Table D.1: Geometry Free model, Ionosphere Fix scenario, ASR and gain values -

satellite number varied
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Figure D.6: Effect of satellite elevation weighting (exponential) coefficient a1 on DD

code precision

(2) The effect on gain with respect to increase in number of satellites is insignifi-

cant. Refer Figures D.8, D.9, D.10. Since gain is dependent on measurement

precision, in this analysis the measurement precision is held to a fixed value,

see Table 3.2, hence gain does not have any effect apart from the fact that it

decreases as the number of epochs increase.
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Figure D.7: Number of Satellite variation from 2 to 6 (top to bottom) at 00,�300 and�600 degree latitude (left to right)
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Figure D.8: GPS only, Single frequency, Geometry Free model, Ionosphere Fix scenario, (satellite

number is varied, measurement precision is held fixed)- ASR and precision of float and

fixed ambiguities are analyzed at 00,�300 and �600 degree latitude
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Figure D.9: GPS only, Dual frequency, Geometry Free model, Ionosphere Fix scenario, (satel-

lite number is varied, measurement precision is held fixed)- ASR and precision of float

and fixed ambiguities are analyzed at 00,�300 and �600 degree latitude
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Figure D.10: GPS only, Triple frequency, Geometry Free model, Ionosphere Fix scenario, (satel-

lite number is varied, measurement precision is held fixed)- ASR and precision of float

and fixed ambiguities are analyzed at 00,�300 and �600 degree latitude
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E
Figures for Geometry Free model

In this appendix, the figures for Geometry Free model, when the rover coordinates

are unknown are presented for three atmospheric scenarios, atmosphere known,

atmosphere unknown and ionosphere weighted with troposphere unknown. For

each atmosphere scenario, figures show Ambiguity Success Rate (ASR) and Dou-

ble Difference (DD) precision of the between receiver-satellite ranges for ambiguity-

fixed and float solution. The DD precision for the ranges is computed based on

a volumetric, ADOP style expression given as |Qpρ|1{2n for the ambiguity float so-

lution and |Qqρ|1{2n for ambiguity fixed solution, n � m� 1 are the total number

of satellites minus one. Different GNSS system considerations and combination

are used, namely GPS only, Galileo only and GPS and Galileo together. Also

different frequency combinations, namely, single, dual, triple and quadruple are

considered.
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Figure E.1: GPS only, Full AR, Single frequency, Geometry Free model, Ionosphere Fix scenario (measurement

precision is varied, number of satellites are as available)- ASR and precision of float and fixed ambiguities are

analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 0.999 ASR is reached and corresponding value of DD fixed-precision of ranges obtained (on y-axis). If 0.999 ASR is

not achieved, maximum ASR achieved is marked.
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Figure E.2: GPS only, Full AR, Dual frequency, Geometry Free model, Ionosphere Fix scenario (measurement precision is varied,

number of satellites are as available)- ASR and precision of float and fixed ambiguities are analyzed at 0�,�30� and �60� degree

latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for 0.999 ASR is reached and corresponding value of

DD fixed-precision of ranges obtained (on y-axis). If 0.999 ASR is not achieved, maximum ASR achieved is marked.
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Figure E.3: GPS only, Full AR, Triple frequency, Geometry Free model, Ionosphere Fix scenario (measurement

precision is varied, number of satellites are as available)- ASR and precision of float and fixed ambiguities are

analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 0.999 ASR is reached and corresponding value of DD fixed-precision of ranges obtained (on y-axis). If 0.999 ASR is

not achieved, maximum ASR achieved is marked.
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Figure E.4: GPS only, Single frequency, PAR, Ionosphere known scenario, (measurement precision is varied,

number of satellites are as available)- ASR and precision of float and fixed ambiguities are analyzed at 0�,�30� and�60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for 100% of ambiguities

to be fixed in PAR and corresponding value of DD fixed-precision of ranges obtained (on y-axis).
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Figure E.5: GPS only, Dual frequency, PAR, Ionosphere known scenario, (measurement precision is varied,

number of satellites are as available)- ASR and precision of float and fixed ambiguities are analyzed at 0�,�30� and�60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for 100% of ambiguities

to be fixed in PAR and corresponding value of DD fixed-precision of ranges obtained (on y-axis). Additionally, two more

values of around 80% and 90% of ambiguities fixed by PAR are indicated.
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Figure E.6: GPS only, Triple frequency, PAR, Ionosphere known scenario, (measurement precision is varied,

number of satellites are as available)- ASR and precision of float and fixed ambiguities are analyzed at 0�,�30� and�60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for 100% of ambiguities

to be fixed in PAR and corresponding value of DD fixed-precision of ranges obtained (on y-axis). Additionally, two more

values of around 80% and 90% of ambiguities fixed by PAR are indicated.
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Figure E.7: GPS only, Full AR, Dual frequency, Geometry Free model, Ionosphere unknown scenario, (measurement

precision is varied, number of satellites are as available)- ASR and precision of float and fixed ambiguities are

analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 0.999 ASR is reached and corresponding value of DD fixed-precision of ranges obtained (on y-axis). If 0.999 ASR is

not achieved, maximum ASR achieved is marked.
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Figure E.8: GPS only, Full AR, Triple frequency, Geometry Free model, Ionosphere unknown scenario, (measurement

precision is varied, number of satellites are as available)- ASR and precision of float and fixed ambiguities are

analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 0.999 ASR is reached and corresponding value of DD fixed-precision of ranges obtained (on y-axis). If 0.999 ASR is

not achieved, maximum ASR achieved is marked.
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Figure E.9: GPS only, Dual frequency, PAR, Ionosphere unknown scenario, (measurement precision is varied,

number of satellites are as available)- ASR and precision of float and fixed ambiguities are analyzed at 0�,�30� and�60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for 100% of ambiguities

to be fixed in PAR and corresponding value of DD fixed-precision of ranges obtained (on y-axis).
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Figure E.10: GPS only, Triple frequency, PAR, Ionosphere unknown scenario, (measurement precision is varied,

number of satellites are as available)- ASR and precision of float and fixed ambiguities are analyzed at 0�,�30� and�60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for 100% of ambiguities

to be fixed in PAR and corresponding value of DD fixed-precision of ranges obtained (on y-axis). Additionally, two more

values of around 80% and 90% of ambiguities fixed by PAR are indicated.
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Figure E.11: GPS only, Full AR, Single frequency, Geometry Free model, Ionosphere Weighted scenario, (measurement

precision and satellite number is held fixed), baseline length is varied from 1 Km to 1000 Km- ASR and Gain

analysis at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 0.999 ASR is reached and corresponding value of DD fixed-precision of ranges obtained (on y-axis). If 0.999 ASR is

not achieved, maximum ASR achieved is marked.
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Figure E.12: GPS only, Full AR, Dual frequency, Geometry Free model, Ionosphere Weighted scenario, (measurement

precision and satellite number is held fixed), baseline length is varied from 1 Km to 1000 Km- ASR and Gain

analysis at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 0.999 ASR is reached and corresponding value of DD fixed-precision of ranges obtained (on y-axis). If 0.999 ASR is

not achieved, maximum ASR achieved is marked.
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Figure E.13: GPS only, Full AR, Triple frequency, Geometry Free model, Ionosphere Weighted scenario, (measurement

precision and satellite number is held fixed), baseline length is varied from 1 Km to 1000 Km- ASR and Gain

analysis at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 0.999 ASR is reached and corresponding value of DD fixed-precision of ranges obtained (on y-axis). If 0.999 ASR is

not achieved, maximum ASR achieved is marked.
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Figure E.14: GPS only, PAR, Single frequency, Geometry Free model, Ionosphere Weighted scenario, (measurement

precision and satellite number is held fixed), baseline length is varied from 1 Km to 1000 Km- ASR and Gain

analysis at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 100% of ambiguities to be fixed in PAR and corresponding value of DD fixed-precision of ranges obtained (on y-axis).
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Figure E.15: GPS only, PAR, Dual frequency, Geometry Free model, Ionosphere Weighted scenario, (measurement

precision and satellite number is held fixed), baseline length is varied from 1 Km to 1000 Km- ASR and Gain

analysis at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 100% of ambiguities to be fixed in PAR and corresponding value of DD fixed-precision of ranges obtained (on y-axis).

Additionally, two more values of around 80% and 90% of ambiguities fixed by PAR are indicated.
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Figure E.16: GPS only, PAR, Triple frequency, Geometry Free model, Ionosphere Weighted scenario, (measurement

precision and satellite number is held fixed), baseline length is varied from 1 Km to 1000 Km- ASR and Gain

analysis at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for 100% of ambiguities to be fixed in PAR and corresponding value of DD fixed-precision of ranges obtained (on y-axis).

Additionally, two more values of around 80% and 90% of ambiguities fixed by PAR are indicated.
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F
Figures for Geometry Fixed

model

In this appendix, the figures for Geometry Based model, with coordinates being

known are presented for three atmospheric scenarios, atmosphere known, atmo-

sphere unknown and ionosphere weighted with troposphere unknown. For each

atmosphere scenario, figures show Ambiguity Success Rate (ASR) and Double

Difference (DD) precision of the ionosphere for ambiguity-fixed and float solu-

tion. The DD precision for the ionosphere is computed based on a volumetric,

ADOP style expression given as |Qpbpb|1{2n for the ambiguity float solution and|Qqbqb|1{2n for ambiguity fixed solution, n is equal to total number of satellites

minus one. Different GNSS system considerations and combination are used,

namely GPS only, Galileo only and GPS and Galileo together. Also different fre-

quency combinations, namely, single, dual, triple and quadruple are considered.

For ionosphere weighted scenario, the precision of the troposphere is presented

in the figures instead of precision for ionosphere due to the ionosphere weighted

model considered for simulations.
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Figure F.1: GPS only, Atmosphere float scenario, Geometry Fixed model, dual and triple frequency, Number of

epochs taken for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day

are presented along with ASR and, float and fixed precision of ionosphere.
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Figure F.2: Galileo only, Atmosphere float scenario, Geometry Fixed model, dual, triple and quadruple fre-

quency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1

second) during the day are presented along with ASR and, float and fixed precision of ionosphere.
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Figure F.3: GPS + Galileo, Atmosphere float scenario, Geometry Fixed model, dual and quadruple frequency,

Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during

the day are presented along with ASR and, float and fixed precision of ionosphere.
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Figure F.4: Number of satellites for GPS only, 250 Km East-West and North-South baseline at 0�,�30� and�60� degree latitude.
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Figure F.5: GPS only, Dual frequency, Full AR, Geometry Fixed model, Atmosphere float scenario, 250 Km East-

West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at

0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for all the

ambiguities to be fixed by full AR.
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Figure F.6: GPS only, Triple frequency, Full AR, Geometry Fixed model, Atmosphere float scenario, 250 Km

East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed

at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for all

the ambiguities to be fixed by full AR.
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Figure F.7: GPS only, Dual frequency, Partial AR, Geometry Fixed model, Atmosphere float scenario, 250 Km

East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at

0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for obtaining

2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are

marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.

412



10
0

10
1

10
2

0.99

0.995

0.999

1
AS

R 
(p

ro
ba

bil
ity

)
TF, 0◦ (σP1,2

=0.15, σΦ1,2
=0.002,σP5

=0.1, σΦ5
=0.002m)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

52

81
90

100
1

1

(1) σ
I
=0.67cm 81%PAR in 3 epo

2

2

(2) σ
I
=0.25cm 100%PAR in 6 epo

ASR DD Float σ
I
 (m) DD Fixed σ

I
 (m) % Amb. Fixed

10
0

10
1

10
2

0.99

0.995

0.999

1
TF, 0◦ (σP1,2

=0.25, σΦ1,2
=0.003,σP5

=0.15, σΦ5
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

33

52

62
81
90

100

1

1

(1) σ
I
=0.73cm 81%PAR in 6 epo

2

2

(2) σ
I
=0.3cm 100%PAR in 11 epo

10
0

10
1

10
2

0.99

0.995

0.999

1
TF, 0◦ (σP1,2

=0.35, σΦ1,2
=0.003,σP5

=0.2, σΦ5
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

29

52
57

76
86
90

100

DD
 P

re
cis

ion
 o

f io
no

sp
he

re
 (m

et
er

s)

1

1

(1) σ
I
=1.3cm 76%PAR in 6 epo

2

2

(2) σ
I
=0.3cm 100%PAR in 11 epo

10
0

10
1

10
2

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

TF, −30◦ (σP1,2
=0.15, σΦ1,2

=0.002,σP5
=0.1, σΦ5

=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

50

67

83
9296100

1

1

(1) σ
I
=1.9cm 67%PAR in 2 epo

2

2

(2) σ
I
=0.25cm 100%PAR in 6 epo

10
0

10
1

10
2

0.99

0.995

0.999

1
TF, −30◦ (σP1,2

=0.25, σΦ1,2
=0.003,σP5

=0.15, σΦ5
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

33

50

63
67

717992
96
100

1

1

(1) σ
I
=1.9cm 67%PAR in 4 epo

2

2

(2) σ
I
=0.29cm 100%PAR in 11 epo

10
0

10
1

10
2

0.99

0.995

0.999

1
TF, −30◦ (σP1,2

=0.35, σΦ1,2
=0.003,σP5

=0.2, σΦ5
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

29

50

58
67

71
8892

96
100

DD
 P

re
cis

ion
 o

f io
no

sp
he

re
 (m

et
er

s)

1

1

(1) σ
I
=1.5cm 71%PAR in 5 epo

2

2

(2) σ
I
=0.29cm 100%PAR in 12 epo

10
0

10
1

10
2

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

Epochs, 1 epo= 1 sec

TF, −60◦ (σP1,2 =0.15, σΦ1,2 =0.002,σP5 =0.1, σΦ5 =0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

44
56

78
818593

100

1

1

(1) σ
I
=0.92cm 78%PAR in 3 epo

2

2

(2) σ
I
=0.31cm 100%PAR in 10 epo

10
0

10
1

10
2

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

TF, −60◦ (σP1,2 =0.25, σΦ1,2 =0.003,σP5 =0.15, σΦ5 =0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

22
41

52
56

63
78 81 858993

100

1

1

(1) σ
I
=1cm 78%PAR in 6 epo

2

2

(2) σ
I
=0.37cm 100%PAR in 19 epo

10
0

10
1

10
2

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

TF, −60◦ (σP1,2 =0.35, σΦ1,2 =0.003,σP5 =0.2, σΦ5 =0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

22 26

44
52

56
67
78 818589

93

100

DD
 P

re
cis

ion
 o

f io
no

sp
he

re
 (m

et
er

s)

1

1

(1) σ
I
=2cm 67%PAR in 6 epo

2

2

(2) σ
I
=0.36cm 100%PAR in 20 epo

Figure F.8: GPS only, Triple frequency, Partial AR, Geometry Fixed model, Atmosphere float scenario, 250 Km

East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at

0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for obtaining

2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are

marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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Figure F.9: Number of satellites for Galileo only, 250 Km East-West and North-South baseline at 0�,�30� and�60� degree latitude.
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Figure F.10: Galileo only, Dual frequency, Full AR, Geometry Fixed model, Atmosphere float scenario, 250 Km

East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed

at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for all

the ambiguities to be fixed by full AR.
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Figure F.11: Galileo only, Triple frequency, Full AR, Geometry Fixed model, Atmosphere float scenario, 250 Km

East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed

at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for all

the ambiguities to be fixed by full AR.
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Figure F.12: Galileo only, Quadruple frequency, Full AR, Geometry Fixed model, Atmosphere float scenario,

250 Km East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is

analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for all the ambiguities to be fixed by full AR.
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Figure F.13: Galileo only, Dual frequency, Partial AR, Geometry Fixed model, Atmosphere float scenario, 250 Km

East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at

0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for obtaining

2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are

marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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Figure F.14: Galileo only, Triple frequency, Partial AR, Geometry Fixed model, Atmosphere float scenario, 250 Km

East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at

0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken for obtaining

2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are

marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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Figure F.15: Galileo only, Quadruple frequency, Partial AR, Geometry Fixed model, Atmosphere float scenario,

250 Km East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is

analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained.

These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its

statistics.
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Figure F.16: Number of satellites for GPS + Galileo, 250 Km East-West and North-South baseline at 0�,�30�

and �60� degree latitude.
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Figure F.17: GPS + Galileo, Dual frequency, Full AR, Geometry Fixed model, Atmosphere float scenario, 250 Km

East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed

at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all

the ambiguities to be fixed by full AR.
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Figure F.18: GPS + Galileo, Quadruple frequency, Full AR, Geometry Fixed model, Atmosphere float scenario,

250 Km East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is

analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for all the ambiguities to be fixed by full AR.
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Figure F.19: GPS + Galileo, Dual frequency, Partial AR, Geometry Fixed model, Atmosphere float scenario,

250 Km East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is

analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis) taken

for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained.

These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its

statistics.
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Figure F.20: GPS + Galileo, Quadruple frequency, Partial AR, Geometry Fixed model, Atmosphere float scenario,

250 Km East-West baseline, (measurement precision is varied, number of satellites are as available)- ASR is

analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken

for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained.

These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its

statistics.
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Figure F.21: GPS + Galileo, Dual frequency, Full AR, Geometry Fixed model, Atmosphere float scenario, 250 Km

North-South baseline, (measurement precision is varied, number of satellites are as available)- ASR is analyzed

at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all

the ambiguities to be fixed by full AR.
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Figure F.22: GPS + Galileo, Quadruple frequency, Full AR, Geometry Fixed model, Atmosphere float scenario,

250 Km North-South baseline, (measurement precision is varied, number of satellites are as available)- ASR

is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis)

taken for all the ambiguities to be fixed by full AR.
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Figure F.23: GPS + Galileo, Dual frequency, Partial AR, Geometry Fixed model, Atmosphere float scenario,

250 Km North-South baseline, (measurement precision is varied, number of satellites are as available)- ASR is

analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken

for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained.

These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its

statistics.
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Figure F.24: GPS + Galileo, Quadruple frequency, Partial AR, Geometry Fixed model, Atmosphere float scenario,

250 Km North-South baseline, (measurement precision is varied, number of satellites are as available)- ASR is

analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken

for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained.

These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its

statistics.
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Figure F.25: GPS only, Ionosphere Weighted, Geometry Fixed model, single frequency, Number of epochs taken

for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are presented

along with ASR obtained, float and fixed precision of ionosphere.
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Figure F.26: GPS only, Ionosphere Weighted, Geometry Fixed model, dual frequency, Number of epochs taken

for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are presented

along with ASR obtained, float and fixed precision of ionosphere.
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Figure F.27: GPS only, Ionosphere Weighted, Geometry Fixed model, triple frequency, Number of epochs taken

for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are presented

along with ASR obtained, float and fixed precision of ionosphere.
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Figure F.28: Galileo only, Ionosphere Weighted, Geometry Fixed model, single frequency, Number of epochs

taken for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are

presented along with ASR obtained, float and fixed precision of ionosphere.

433



2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

A
S

R
(

p
r

o
b

a
b

i
l

i
t

y
)

/
P

r
e

c
i

s
i

o
n

(

 

 

ASR DD Float σ
I
 (m) DD Fixed σ

I
 (m)

0

1

2

3

4

5

DF, 0 0 , 1 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

 

 

Epochs taken for 0.999/max ASR Average number of epochs for 0.999 ASR

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

0

10

20

30

40

50

DF, 0 0 , 2 5 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

0

10

20

30

40

50

E
p

o
c

h
s

f
o

r
0

.
9

9
9

/
m

a
x

A
S

R
(

1
e

p
o

DF, 0 0 , 1 0 0 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

A
S

R
(

p
r

o
b

a
b

i
l

i
t

y
)

/
P

r
e

c
i

s
i

o
n

(
σ

,
m

e
t

e
r

s
)

0

1

2

3

4

5

DF, −3 0 0 , 1 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

0

10

20

30

40

50

DF, −3 0 0 , 2 5 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

0

10

20

30

40

50

E
p

o
c

h
s

f
o

r
0

.
9

9
9

/
m

a
x

A
S

R
(

1
e

p
o

=
1

s
e

c
)

DF, −3 0 0 , 1 0 0 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

Ba t c h numb e r ( e g . , b a t c h 2 == 0 1 t o 0 2 h o u r UTC)

A
S

R
(

p
r

o
b

a
b

i
l

i
t

y
)

/
P

r
e

c
i

s
i

o
n

(
σ

,
m

e
t

e
r

s
)

0

1

2

3

4

5

DF, −6 0 0 , 1 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

Ba t c h numb e r ( e g . , b a t c h 2 == 0 1 t o 0 2 h o u r UTC)

0

10

20

30

40

50

DF, −6 0 0 , 2 5 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

Ba t c h numb e r ( e g . , b a t c h 2 == 0 1 t o 0 2 h o u r UTC)

0

10

20

30

40

50

E
p

o
c

h
s

f
o

r
0

.
9

9
9

/
m

a
x

A
S

R
(

1
e

p
o

=
1

s
e

c
)

DF, −6 0 0 , 1 0 0 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

Figure F.29: Galileo only, Ionosphere Weighted, Geometry Fixed model, dual frequency, Number of epochs taken

for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are presented

along with ASR obtained, float and fixed precision of ionosphere.
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Figure F.30: Galileo only, Ionosphere Weighted, Geometry Fixed model, triple frequency, Number of epochs taken

for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are presented

along with ASR obtained, float and fixed precision of ionosphere.
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Figure F.31: Galileo only, Ionosphere Weighted, Geometry Fixed model, quadruple frequency, Number of epochs

taken for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are

presented along with ASR obtained, float and fixed precision of ionosphere.
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Figure F.32: GPS + Galileo, Ionosphere Weighted, Geometry Fixed model, single frequency, Number of epochs

taken for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are

presented along with ASR obtained, float and fixed precision of ionosphere.
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Figure F.33: GPS + Galileo, Ionosphere Weighted, Geometry Fixed model, dual frequency, Number of epochs

taken for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are

presented along with ASR obtained, float and fixed precision of ionosphere.
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Figure F.34: GPS + Galileo, Ionosphere Weighted, Geometry Fixed model, quadruple frequency, Number of

epochs taken for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day

are presented along with ASR obtained, float and fixed precision of ionosphere.
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Figure F.35: GPS only, total number of common satellites (left side) and low elevation satellites (between 10� and 30�

elevation) among the common satellites (right side), for different baseline lengths, at 0�,�30� and �60� degree latitude,

East-West oriented baseline.
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Figure F.36: GPS only, Single frequency, Full AR, Ionosphere weighted, troposphere float, Geometry Fixed model,

(measurement precision is varied, number of satellites are as available), baseline length varied from 1 to

1000 Km in East-West direction, un-differenced σI = 0.68 mm per km - ASR and DD fixed-precision of ionosphere

(meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs

(on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure F.37: GPS only, Dual frequency, Full AR, Ionosphere weighted, troposphere float, Geometry Fixed model,

(measurement precision is varied, number of satellites are as available), baseline length varied from 1 to

1000 Km in East-West direction, un-differenced σI = 0.68 mm per km - ASR and DD fixed-precision of ionosphere

(meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs

(on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure F.38: GPS only, Triple frequency, Full AR, Ionosphere weighted, troposphere float, Geometry Fixed model,

(measurement precision is varied, number of satellites are as available), baseline length varied from 1 to

1000 Km in East-West direction, un-differenced σI = 0.68 mm per km - ASR and DD fixed-precision of ionosphere

(meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs

(on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure F.39: GPS only, Single frequency, Partial AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available), baseline length varied

from 1 to 1000 Km in East-West direction, un-differenced σI = 0.68 mm per km - ASR and DD fixed-precision of

ionosphere (meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number

of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the

fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside

the figure presents its statistics.

444



10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

DF, 00 , 10 Km, (σP1,2
=0.25m, σΦ1,2

=3mm)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

69

94
100

1

1

(1) σ
ρ
=1.9cm 69%PAR in 1 epo

2

2

(2) σ
ρ
=0.31cm 100%PAR in 4 epo

ASR DD Float σ
ρ
 (m) DD Fixed σ

ρ
 (m) % of Ambiguities Fixed

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
DF, 00 , 250 Km, (σP1,2

=0.25m, σΦ1,2
=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

7

36
57

64717986
93100

1

1

(1) σ
ρ
=1.8cm 57%PAR in 6 epo

2

2

(2) σ
ρ
=0.28cm 100%PAR in 21 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
DF, 00 , 1000 Km, (σP1,2

=0.25m, σΦ1,2
=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

7

29

50
57 64

798693100

DD
 P

re
cis

io
n 

of
 tr

op
os

ph
er

e 
(m

et
er

s)

1

1

(1) σ
ρ
=1.2cm 57%PAR in 11 epo

2

2

(2) σ
ρ
=0.27cm 100%PAR in 24 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

DF, −300 , 10 Km, (σP1,2=0.25m, σΦ1,2=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

94

100

1

1

(1) σ
ρ
=0.9cm 94%PAR in 1 epo

2

2

(2) σ
ρ
=0.52cm 100%PAR in 2 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
DF, −300 , 250 Km, (σP1,2=0.25m, σΦ1,2=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

6

19
31

3844
758188 94100

1

1

(1) σ
ρ
=0.61cm 75%PAR in 9 epo

2

2

(2) σ
ρ
=0.24cm 100%PAR in 24 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
DF, −300 , 1000 Km, (σP1,2=0.25m, σΦ1,2=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

13

31
38
44
6975818894100

DD
 P

re
cis

io
n 

of
 tr

op
os

ph
er

e 
(m

et
er

s)

1

1

(1) σ
ρ
=2cm 38%PAR in 10 epo

2

2

(2) σ
ρ
=0.18cm 100%PAR in 40 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

Epochs, 1 epo= 1 sec

DF, −600 , 10 Km, (σP1,2
=0.25m, σΦ1,2

=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

72
83

89

100

1

1

(1) σ
ρ
=1cm 72%PAR in 1 epo

2

2

(2) σ
ρ
=0.28cm 100%PAR in 4 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

DF, −600 , 250 Km, (σP1,2
=0.25m, σΦ1,2

=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

6

22
28

50
67 72788389

94
100

1

1

(1) σ
ρ
=0.58cm 67%PAR in 9 epo

2

2

(2) σ
ρ
=0.14cm 100%PAR in 43 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

DF, −600 , 1000 Km, (σP1,2
=0.25m, σΦ1,2

=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

6

11
17
22
33
44505667 7278838994100

DD
 P

re
cis

io
n 

of
 tr

op
os

ph
er

e 
(m

et
er

s)

1

1

(1) σ
ρ
=0.45cm 67%PAR in 16 epo

2

2

(2) σ
ρ
=0.12cm 100%PAR in 59 epo

Figure F.40: GPS only, Dual frequency, Partial AR, Ionosphere weighted, troposphere float, Geometry Fixed model,

(measurement precision is varied, number of satellites are as available), baseline length varied from 1 to

1000 Km in East-West direction, un-differenced σI = 0.68 mm per km - ASR and DD fixed-precision of ionosphere

(meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs

(on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed

precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the

figure presents its statistics.
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Figure F.41: GPS only, Triple frequency, Partial AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available), baseline length varied

from 1 to 1000 Km in East-West direction, un-differenced σI = 0.68 mm per km - ASR and DD fixed-precision of

ionosphere (meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number

of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the

fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside

the figure presents its statistics.
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Figure F.42: Galileo only, total number of common satellites (left side) and low elevation satellites

(between 10� and 30� elevation) among the common satellites (right side), for different baseline lengths,

at 0�,�30� and �60� degree latitude, East-West oriented baseline.
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Figure F.43: Galileo only, Single frequency, Full AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30�

and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities

to be fixed by full AR.
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Figure F.44: Galileo only, Dual frequency, Full AR, Ionosphere weighted, troposphere float, Geometry Fixed model,

(measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30� and �60�

degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities to be

fixed by full AR.
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Figure F.45: Galileo only, Triple frequency, Full AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30�

and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities

to be fixed by full AR.
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Figure F.46: Galileo only, Quadruple frequency, Full AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30�

and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities

to be fixed by full AR.

451



10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

SF, 00 , 10 Km, (σP =0.5m, σΦ=3mm)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

89

100

1

1

(1) σ
ρ
=0.54cm 89%PAR in 2 epo

2

2

(2) σ
ρ
=0.32cm 100%PAR in 4 epo

ASR DD Float σ
ρ
 (m) DD Fixed σ

ρ
 (m) % of Ambiguities Fixed

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, 00 , 250 Km, (σP =0.5m, σΦ=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

11

22
33

44
566778 89100

1

1

(1) σ
ρ
=1.9cm 67%PAR in 408 epo

2

2

(2) σ
ρ
=0.37cm 100%PAR in 1079 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, 00 , 1000 Km, (σP =0.5m, σΦ=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

11

22

33
40
5060
70

DD
 P

re
cis

io
n 

of
 tr

op
os

ph
er

e 
(m

et
er

s)

1

1

(1) σ
ρ
=2cm 22%PAR in 1373 epo

2

2

(2) σ
ρ
=97cm 0%PAR in 1 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

SF, −300 , 10 Km, (σP =0.5m, σΦ=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

40

80

100

1

1

(1) σ
ρ
=0.77cm 80%PAR in 2 epo

2

2

(2) σ
ρ
=0.33cm 100%PAR in 4 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, −300 , 250 Km, (σP =0.5m, σΦ=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

10

20
30
40
50

60708089 100

1

1

(1) σ
ρ
=1.6cm 60%PAR in 306 epo

2

2

(2) σ
ρ
=0.49cm 100%PAR in 948 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, −300 , 1000 Km, (σP =0.5m, σΦ=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

11

22
33
44

56677588

DD
 P

re
cis

io
n 

of
 tr

op
os

ph
er

e 
(m

et
er

s)

1

1

(1) σ
ρ
=2cm 44%PAR in 1193 epo

2

2

(2) σ
ρ
=1e+002cm 0%PAR in 1 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

Epochs, 1 epo= 1 sec

SF, −600 , 10 Km, (σP =0.5m, σΦ=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

50

100

1

1

(1) σ
ρ
=0.48cm 100%PAR in 2 epo

2

2

(2) σ
ρ
=0.48cm 100%PAR in 2 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

SF, −600 , 250 Km, (σP =0.5m, σΦ=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

9

18
27
36
455564738291 92100

1

1

(1) σ
ρ
=1.3cm 64%PAR in 231 epo

2

2

(2) σ
ρ
=0.26cm 100%PAR in 1629 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

SF, −600 , 1000 Km, (σP =0.5m, σΦ=3mm)

10
−4

10
−3

10
−2

10
−1

10
0

9

18
2730
40455564738291

1

1

(1) σ
ρ
=2cm 18%PAR in 1013 epo

2

2

(2) σ
ρ
=84cm 0%PAR in 1 epo

DD
 P

re
cis

io
n 

of
 tr

op
os

ph
er

e 
(m

et
er

s)

Figure F.47: Galileo only, Single frequency, Partial AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30�

and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm

fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are

marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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Figure F.48: Galileo only, Dual frequency, Partial AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30�

and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm

fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are

marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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Figure F.49: Galileo only, Triple frequency, Partial AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at 0�,�30�

and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm

fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are

marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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Figure F.50: Galileo only, Quadruple frequency, Partial AR, Ionosphere weighted, troposphere float, Geometry

Fixed model, (measurement precision is varied, number of satellites are as available)- ASR is analyzed at

0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining

2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are

marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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Figure F.51: GPS + Galileo, total number of common satellites (left side) and low elevation satellites

(between 10� and 30� elevation) among the common satellites (right side), for different baseline lengths,

at 0�,�30� and �60� degree latitude, East-West oriented baseline.
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Figure F.52: GPS + Galileo, total number of common satellites (left side) and low elevation satellites

(between 10� and 30� elevation) among the common satellites (right side), for different baseline lengths,

at 0�,�30� and �60� degree latitude, North-South oriented baseline.
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Figure F.53: GPS+Galileo, Single frequency, Full AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available), baseline length varied

from 1 to 1000 Km in East-West direction, un-differenced σI = 0.68 mm per km - ASR and DD fixed-precision of

ionosphere (meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number

of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure F.54: GPS+Galileo, Dual frequency, Full AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available), baseline length varied

from 1 to 1000 Km in East-West direction, un-differenced σI = 0.68 mm per km - ASR and DD fixed-precision of

ionosphere (meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number

of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.

459



10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

QF, 00 , 10 Km(σPL1,L2,E1
=0.25m, σΦL1,L2,E1

=3mm
σPL5,E5a,E5b

=0.15m, σΦL5,E5a,E5b
=2mm)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

1.2 mm

3 epochs (1 ASR)

ASR DD Float σ
ρ
 (m) DD Fixed σ

ρ
 (m)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

QF, 00 , 250 Km(σPL1,L2,E1
=0.25m, σΦL1,L2,E1

=3mm
σPL5,E5a,E5b

=0.15m, σΦL5,E5a,E5b
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

0.75 mm

9 epochs (0.999 ASR) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

QF, 00 , 1000 Km(σPL1,L2,E1
=0.25m, σΦL1,L2,E1

=3mm
σPL5,E5a,E5b

=0.15m, σΦL5,E5a,E5b
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

DD
 P

re
cis

ion
 o

f t
ro

po
sp

he
re

 (m
et

er
s)

1.1 mm

7 epochs (0.999 ASR)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

QF, −300 , 10 Km(σPL1,L2,E1
=0.25m, σΦL1,L2,E1

=3mm
σPL5,E5a,E5b

=0.15m, σΦL5,E5a,E5b
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

2.4 mm

3 epochs (1 ASR) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

QF, −300 , 250 Km(σPL1,L2,E1
=0.25m, σΦL1,L2,E1

=3mm
σPL5,E5a,E5b

=0.15m, σΦL5,E5a,E5b
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

1.4 mm

13 epochs (0.999 ASR) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

QF, −300 , 1000 Km(σPL1,L2,E1
=0.25m, σΦL1,L2,E1

=3mm
σPL5,E5a,E5b

=0.15m, σΦL5,E5a,E5b
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

DD
 P

re
cis

ion
 o

f t
ro

po
sp

he
re

 (m
et

er
s)

1.6 mm

9 epochs (0.999 ASR)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

Epochs, 1 epo= 1 sec

QF, −600 , 10 Km(σPL1,L2,E1
=0.25m, σΦL1,L2,E1

=3mm
σPL5,E5a,E5b

=0.15m, σΦL5,E5a,E5b
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

2.2 mm

3 epochs (0.999 ASR) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

QF, −600 , 250 Km(σPL1,L2,E1
=0.25m, σΦL1,L2,E1

=3mm
σPL5,E5a,E5b

=0.15m, σΦL5,E5a,E5b
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

1.3 mm

15 epochs (0.999 ASR) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

QF, −600 , 1000 Km(σPL1,L2,E1
=0.25m, σΦL1,L2,E1

=3mm
σPL5,E5a,E5b

=0.15m, σΦL5,E5a,E5b
=2mm)

10
−4

10
−3

10
−2

10
−1

10
0

DD
 P

re
cis

ion
 o

f t
ro

po
sp

he
re

 (m
et

er
s)

1.3 mm

14 epochs (0.999 ASR)

Figure F.55: GPS+Galileo, quadruple frequency, Full AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available), baseline length varied from

1 to 1000 Km in East-West direction, un-differenced σI = 0.68 mm per km - ASR and DD fixed-precision of ionosphere

(meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs

(on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure F.56: GPS+Galileo, Single frequency, Partial AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available), baseline length varied from

1 to 1000 Km in East-West direction, un-differenced σI = 0.68 mm per km - ASR and DD fixed-precision of ionosphere

(meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on

x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision

obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure

presents its statistics.
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Figure F.57: GPS+Galileo, Dual frequency, Partial AR, Ionosphere weighted, troposphere float, Geometry Fixed

model, (measurement precision is varied, number of satellites are as available), baseline length varied from

1 to 1000 Km in East-West direction, un-differenced σI = 0.68 mm per km - ASR and DD fixed-precision of ionosphere

(meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on

x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision

obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure

presents its statistics.
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Figure F.58: GPS+Galileo, quadruple frequency, Partial AR, Ionosphere weighted, troposphere float, Geometry

Fixed model, (measurement precision is varied, number of satellites are as available), baseline length

varied from 1 to 1000 Km in East-West direction, un-differenced σI = 0.68 mm per km - ASR and DD fixed-precision

of ionosphere (meters) are presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number

of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the

fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number

inside the figure presents its statistics.
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G
Figures for Reference Rover

model

In this appendix, the figures for Geometry Based model, when the rover co-

ordinates are unknown are presented for three atmospheric scenarios, atmo-

sphere known, atmosphere unknown and ionosphere weighted with troposphere

unknown. For each atmosphere scenario, figures show Ambiguity Success Rate

(ASR) and Double Difference (DD) precision of the coordinates for ambiguity-

fixed and float solution. The DD precision for the coordinates is computed based

on a volumetric, ADOP style expression given as |Qyxyz|1{2n for the ambiguity

float solution and |Q}xyz|1{2n for ambiguity fixed solution, n =3 for three coor-

dinate components. Different GNSS system considerations and combination are

used, namely GPS only, Galileo only and GPS and Galileo together. Also dif-

ferent frequency combinations, namely, single, dual, triple and quadruple are

considered.
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Figure G.1: GPS only, Atmosphere known scenario, Geometry based model, Receiver coordinates for the rover

are unknown, dual and triple frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1

hour and 3600 epochs, 1 epoch = 1 second) during the day are presented along with ASR and, float and fixed precision

of ionosphere.
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Figure G.2: Galileo only, Atmosphere known scenario, Geometry based model, Receiver coordinates for the

rover are unknown, dual, triple and quadruple frequency, Number of epochs taken for 0.999 ASR for each batch

(each batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are presented along with ASR and, float and

fixed precision of ionosphere.
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Figure G.3: GPS + Galileo, Atmosphere known scenario, Geometry based model, Receiver coordinates for the

rover are unknown, dual and quadruple frequency, Number of epochs taken for 0.999 ASR for each batch (each

batch of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are presented along with ASR and, float and fixed

precision of ionosphere.
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Figure G.4: GPS only, Single frequency, Full AR, Geometry based model, Receiver coordinates for the rover

are unknown, 250 Km East-West baseline, (measurement precision is varied, number of satellites are as

available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of

epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.

469



10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

DF, 00 (σP1,2
=0.15m, , σΦ1,2

=0.002m)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

3.4 mm

1 epochs (1 ASR)

ASR DD Float σ
I
 (m) DD Fixed σ

I
 (m)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
DF, 00 (σP1,2

=0.25m, , σΦ1,2
=0.003m)

10
−4

10
−3

10
−2

10
−1

10
0

5.1 mm

1 epochs (1 ASR)
10

0
10

1
10

2
10

3
0.99

0.995

0.999

1
DF, 00 (σP1,2

=0.35m, , σΦ1,2
=0.003m)

10
−4

10
−3

10
−2

10
−1

10
0

3.6 mm

2 epochs (1 ASR)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

DF, −30◦ (σP1,2
=0.15m, , σΦ1,2

=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

3.2 mm

1 epochs (1 ASR)
10

0
10

1
10

2
10

3
0.99

0.995

0.999

1
DF, −30◦ (σP1,2

=0.25m, , σΦ1,2
=0.003m)

10
−4

10
−3

10
−2

10
−1

10
0

4.8 mm

1 epochs (1 ASR)
10

0
10

1
10

2
10

3
0.99

0.995

0.999

1
DF, −30◦ (σP1,2

=0.35m, , σΦ1,2
=0.003m)

10
−4

10
−3

10
−2

10
−1

10
0

4.8 mm

1 epochs (1 ASR)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

Epochs, 1 epo= 1 sec

DF, −60◦ (σP1,2 =0.15m, , σΦ1,2 =0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

3.3 mm

1 epochs (1 ASR)
10

0
10

1
10

2
10

3
0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

DF, −60◦ (σP1,2 =0.25m, , σΦ1,2 =0.003m)

10
−4

10
−3

10
−2

10
−1

10
0

5 mm

1 epochs (1 ASR)
10

0
10

1
10

2
10

3
0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

DF, −60◦ (σP1,2 =0.35m, , σΦ1,2 =0.003m)

10
−4

10
−3

10
−2

10
−1

10
0

3.5 mm

2 epochs (1 ASR)

Figure G.5: GPS only, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the rover are

unknown, 250 Km East-West baseline, (measurement precision is varied, number of satellites are as available)-

ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of epochs (on x-axis)

taken for all the ambiguities to be fixed by full AR.
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Figure G.6: GPS only, Triple frequency, Full AR, Geometry based model, Receiver coordinates for the rover

are unknown, 250 Km East-West baseline, (measurement precision is varied, number of satellites are as

available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of

epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.7: GPS only, Single frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-

hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities

by PAR, along with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the

corresponding number inside the figure presents its statistics.
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Figure G.8: GPS only, Dual frequency, Partial AR, Geometry based model, Receiver coordinates for the rover

are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied, number

of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates

the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along

with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding

number inside the figure presents its statistics.
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Figure G.9: GPS only, Triple frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-

hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities

by PAR, along with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the

corresponding number inside the figure presents its statistics.
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Figure G.10: Galileo only, Single frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-

hair indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.11: Galileo only, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the rover

are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied, number

of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates

the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.12: Galileo only, Triple frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-

hair indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.13: Galileo only, Quadruple frequency, Full AR, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair

indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.

478



10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

SF, 00 (σP1
=0.25m, , σΦ1

=0.003m)

 

 

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

11

100
3.6 mm

4 epochs (100%)

ASR DD Float σ
I
 (m) DD Fixed σ

I
 (m) % Amb. Fixed

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, 00 (σP1

=0.5m, , σΦ1
=0.003m)

10
−10

10
−5

10
0

10
5

10
10

22
100 2.9 mm

6 epochs (100%) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, 00 (σP1

=1m, , σΦ1
=0.003m)

10
−10

10
−5

10
0

10
5

10
10

112244100 2.3 mm

10 epochs (100%)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

SF, −30◦ (σP1
=0.25m, , σΦ1

=0.003m)

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

10

100
4.1 mm

3 epochs (100%)
10

0
10

1
10

2
10

3
0.99

0.995

0.999

1
SF, −30◦ (σP1

=0.5m, , σΦ1
=0.003m)

10
−10

10
−5

10
0

10
5

10
10

20
100 3.5 mm

4 epochs (100%) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, −30◦ (σP1

=1m, , σΦ1
=0.003m)

10
−10

10
−5

10
0

10
5

10
10

20
100 2.9 mm

6 epochs (100%)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

Epochs, 1 epo= 1 sec

SF, −60◦ (σP1 =0.25m, , σΦ1 =0.003m)

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

10

90
100

3.7 mm

3 epochs (100%)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

SF, −60◦ (σP1 =0.5m, , σΦ1 =0.003m)

10
−10

10
−5

10
0

10
5

10
10

20
90100 3.2 mm

4 epochs (100%) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

SF, −60◦ (σP1 =1m, , σΦ1 =0.003m)

10
−10

10
−5

10
0

10
5

10
10

30
100 2.8 mm

5 epochs (100%)

Figure G.14: Galileo only, Single frequency, Partial AR, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair

indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities

by PAR, along with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the

corresponding number inside the figure presents its statistics.
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Figure G.15: Galileo only, Dual frequency, PAR, Geometry based model, Receiver coordinates for the rover

are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied, number

of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates

the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.16: Galileo only, Triple frequency, PAR, Geometry based model, Receiver coordinates for the rover

are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied, number

of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates

the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.17: Galileo only, Quadruple frequency, PAR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-

hair indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.18: GPS + Galileo, Single frequency, Full AR, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair

indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.19: GPS + Galileo, Single frequency, Partial AR, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere known scenario, 1 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair

indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities

by PAR, along with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the

corresponding number inside the figure presents its statistics.
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Figure G.20: GPS only, Atmosphere float, Geometry based model, Receiver coordinates for the rover are

unknown, dual and triple frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour

and 3600 epochs, 1 epoch = 1 second) during the day are presented along with ASR and, float and fixed precision of

ionosphere.
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Figure G.21: Galileo only, Atmosphere float, Geometry based model, Receiver coordinates for the rover are

unknown, dual, triple and quadruple frequency, Number of epochs taken for 0.999 ASR for each batch (each batch

of 1 hour and 3600 epochs, 1 epoch = 1 second) during the day are presented along with ASR and, float and fixed precision

of ionosphere.
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Figure G.22: GPS + Galileo, Atmosphere float, Geometry based model, Receiver coordinates for the rover

are unknown, dual and quadruple frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of

1 hour and 3600 epochs, 1 epoch = 1 second) during the day are presented along with ASR and, float and fixed precision

of ionosphere.
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Figure G.23: GPS only, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the rover

are unknown, 250 Km East-West baseline, (measurement precision is varied, number of satellites are as

available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of

epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.24: GPS only, Triple frequency, Full AR, Geometry Based model, receiver coordinates unknown, atmo-

sphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied, number of satellites are

as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair indicates the number of

epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.25: GPS only, Dual frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair

indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities

by PAR, along with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the

corresponding number inside the figure presents its statistics.
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Figure G.26: GPS only, Triple frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair

indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities

by PAR, along with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the

corresponding number inside the figure presents its statistics.
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Figure G.27: Galileo only, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair

indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.28: Galileo only, Triple frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair

indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.29: Galileo only, Quadruple frequency, Full AR, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is

varied, number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color

cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.30: Galileo only, Dual frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair

indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities

by PAR, along with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the

corresponding number inside the figure presents its statistics.
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Figure G.31: Galileo only, Triple frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair

indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities

by PAR, along with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the

corresponding number inside the figure presents its statistics.
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Figure G.32: Galileo only, Quadruple frequency, Partial AR, Geometry based model, Receiver coordinates

for the rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision

is varied, number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red

color cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of

ambiguities by PAR, along with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis)

and the corresponding number inside the figure presents its statistics.

497



10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

DF, 00 (σPL1,E1
=0.15m, , σΦL1,E1

=0.002m,
σPL5,E5a

=0.1m, , σΦL5,E5a
=0.002m)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

2.8 mm

19 epochs (0.999 ASR)

ASR DD Float σ
I
 (m) DD Fixed σ

I
 (m)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

DF, 00 (σPL1,E1
=0.25m, , σΦL1,E1

=0.003m,
σPL5,E5a

=0.15m, , σΦL5,E5a
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

2.6 mm

44 epochs (0.999 ASR)
10

0
10

1
10

2
10

3
0.99

0.995

0.999

1

DF, 00 (σPL1,E1
=0.35m, , σΦL1,E1

=0.003m,
σPL5,E5a

=0.2m, , σΦL5,E5a
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

DD
 P

re
cis

ion
 o

f c
oo

rd
ina

te
s (

m
et

er
s)

2 mm

77 epochs (0.999 ASR)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

DF, −30◦ (σPL1,E1
=0.15m, , σΦL1,E1

=0.002m,
σPL5,E5a

=0.1m, , σΦL5,E5a
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

2.2 mm

22 epochs (0.999 ASR)
10

0
10

1
10

2
10

3
0.99

0.995

0.999

1

DF, −30◦ (σPL1,E1
=0.25m, , σΦL1,E1

=0.003m,
σPL5,E5a

=0.15m, , σΦL5,E5a
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

2.1 mm

51 epochs (0.999 ASR)
10

0
10

1
10

2
10

3
0.99

0.995

0.999

1

DF, −30◦ (σPL1,E1
=0.35m, , σΦL1,E1

=0.003m,
σPL5,E5a

=0.2m, , σΦL5,E5a
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

DD
 P

re
cis

ion
 o

f c
oo

rd
ina

te
s (

m
et

er
s)

1.6 mm

89 epochs (0.999 ASR)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

Epochs, 1 epo= 1 sec

DF, −60◦ (σPL1,E1
=0.15m, , σΦL1,E1

=0.002m,
σPL5,E5a

=0.1m, , σΦL5,E5a
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

2.1 mm

25 epochs (0.999 ASR) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

DF, −60◦ (σPL1,E1
=0.25m, , σΦL1,E1

=0.003m,
σPL5,E5a

=0.15m, , σΦL5,E5a
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

1.5 mm

84 epochs (0.999 ASR) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

DF, −60◦ (σPL1,E1
=0.35m, , σΦL1,E1

=0.003m,
σPL5,E5a

=0.2m, , σΦL5,E5a
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

DD
 P

re
cis

ion
 o

f c
oo

rd
ina

te
s (

m
et

er
s)

1.3 mm

126 epochs (0.999 ASR)

Figure G.33: GPS + Galileo, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color cross-hair

indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.34: GPS + Galileo, Quadruple frequency, Full AR, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is

varied, number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red color

cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.35: GPS + Galileo, Dual frequency, Partial AR, Geometry based model, Receiver coordinates for

the rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision is

varied, number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red

color cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of

ambiguities by PAR, along with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis)

and the corresponding number inside the figure presents its statistics.

500



10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

QF, 0◦ (σPL1,L2,E1
=0.15m, , σΦL1,L2,E1

=0.002m,
σPL5,E5a,E5b

=0.1m, , σΦL5,E5a,E5b
=0.002m)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

23

35

88
9698100

1

1

(1) σ
I
=0.56cm 88%PAR in 3 epo

2

2

(2) σ
I
=0.34cm 100%PAR in 7 epo

ASR DD Float σ
I
 (m) DD Fixed σ

I
 (m) % Amb. Fixed

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

QF, 0◦ (σPL1,L2,E1
=0.25m, , σΦL1,L2,E1

=0.003m,
σPL5,E5a,E5b

=0.15m, , σΦL5,E5a,E5b
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

17

25

31
46

79
9296

98
100

1

1

(1) σ
I
=0.66cm 79%PAR in 5 epo

2

2

(2) σ
I
=0.33cm 100%PAR in 13 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

QF, 0◦ (σPL1,L2,E1
=0.35m, , σΦL1,L2,E1

=0.003m,
σPL5,E5a,E5b

=0.2m, , σΦL5,E5a,E5b
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

15
17

27
31

40
58
9296

98
100

DD
 P

re
cis

ion
 o

f c
oo

rd
ina

te
s (

m
et

er
s)

1

1

(1) σ
I
=0.49cm 92%PAR in 7 epo

2

2

(2) σ
I
=0.25cm 100%PAR in 23 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

QF, −30◦ (σPL1,L2,E1
=0.15m, , σΦL1,L2,E1

=0.002m,
σPL5,E5a,E5b

=0.1m, , σΦL5,E5a,E5b
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

20

50

87
919498

100

1

1

(1) σ
I
=0.47cm 87%PAR in 3 epo

2

2

(2) σ
I
=0.28cm 100%PAR in 7 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

QF, −30◦ (σPL1,L2,E1
=0.25m, , σΦL1,L2,E1

=0.003m,
σPL5,E5a,E5b

=0.15m, , σΦL5,E5a,E5b
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

17
24

46
59

85899394
96
98
100

1

1

(1) σ
I
=0.52cm 85%PAR in 5 epo

2

2

(2) σ
I
=0.28cm 100%PAR in 13 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

QF, −30◦ (σPL1,L2,E1
=0.35m, , σΦL1,L2,E1

=0.003m,
σPL5,E5a,E5b

=0.2m, , σΦL5,E5a,E5b
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

13
20

28

46
57
85878993

96
98

100

DD
 P

re
cis

ion
 o

f c
oo

rd
ina

te
s (

m
et

er
s)

1

1

(1) σ
I
=0.51cm 85%PAR in 6 epo

2

2

(2) σ
I
=0.22cm 100%PAR in 21 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

Epochs, 1 epo= 1 sec

QF, −60◦ (σPL1,L2,E1
=0.15m, , σΦL1,L2,E1

=0.002m,
σPL5,E5a,E5b

=0.1m, , σΦL5,E5a,E5b
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

19

81
88

89939698

100

1

1

(1) σ
I
=0.63cm 81%PAR in 2 epo

2

2

(2) σ
I
=0.25cm 100%PAR in 9 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

QF, −60◦ (σPL1,L2,E1
=0.25m, , σΦL1,L2,E1

=0.003m,
σPL5,E5a,E5b

=0.15m, , σΦL5,E5a,E5b
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

12

26

47

86888991939596

98
100

1

1

(1) σ
I
=0.55cm 86%PAR in 4 epo

2

2

(2) σ
I
=0.24cm 100%PAR in 17 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs, 1 epo= 1 sec

QF, −60◦ (σPL1,L2,E1
=0.35m, , σΦL1,L2,E1

=0.003m,
σPL5,E5a,E5b

=0.2m, , σΦL5,E5a,E5b
=0.002m)

10
−4

10
−3

10
−2

10
−1

10
0

11
16

28

47

888991939596

98
100

DD
 P

re
cis

ion
 o

f c
oo

rd
ina

te
s (

m
et

er
s)

1

1

(1) σ
I
=0.49cm 88%PAR in 5 epo

2

2

(2) σ
I
=0.22cm 100%PAR in 21 epo

Figure G.36: GPS + Galileo, Quadruple frequency, Partial AR, Geometry based model, Receiver coordinates

for the rover are unknown, atmosphere unknown scenario, 250 Km East-West baseline, (measurement precision

is varied, number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red

colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100%

of ambiguities by PAR, along with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and

y-axis) and the corresponding number inside the figure presents its statistics.
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Figure G.37: GPS only, Ionosphere Weighted, Geometry based model, Receiver coordinates for the rover are

unknown, single frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and 3600

epochs, 1 epoch = 1 second) during the day are presented along with ASR obtained, float and fixed precision of ionosphere.
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Figure G.38: GPS only, Ionosphere Weighted, Geometry based model, Receiver coordinates for the rover are

unknown, dual frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and 3600 epochs,

1 epoch = 1 second) during the day are presented along with ASR obtained, float and fixed precision of ionosphere.
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Figure G.39: GPS only, Ionosphere Weighted, Geometry based model, Receiver coordinates for the rover are

unknown, triple frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and 3600

epochs, 1 epoch = 1 second) during the day are presented along with ASR obtained, float and fixed precision of ionosphere.
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Figure G.40: Galileo only, Ionosphere Weighted, Geometry based model, Receiver coordinates for the rover

are unknown, single frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and

3600 epochs, 1 epoch = 1 second) during the day are presented along with ASR obtained, float and fixed precision of

ionosphere.
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Figure G.41: Galileo only, Ionosphere Weighted, Geometry based model, Receiver coordinates for the rover

are unknown, dual frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and 3600

epochs, 1 epoch = 1 second) during the day are presented along with ASR obtained, float and fixed precision of ionosphere.

506



2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

A
SR

(p
ro

ba
bi

lit
y)

/P
re

ci
sio

n(
σ,

m
et

er
s)

 

 

ASR DD Float σ
I
 (m) DD Fixed σ

I
 (m)

0

2

4

6

8

10

12

14

16

18

20

TF, 00 , 10 Km, (σP =0.5m, σΦ=3mm)

 

 

Epochs taken for 0.999/max ASR Average number of epochs for 0.999 ASR

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

0

25

50

75

100

125

150

TF, 00 , 250 Km, (σP =0.5m, σΦ=3mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

0

50

100

150

200

250

300

Ep
oc

hs
fo

r
0.

99
9/

m
ax

A
SR

(1
ep

o=
1s

ec
)TF, 00 , 1000 Km, (σP =0.5m, σΦ=3mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

A
SR

(p
ro

ba
bi

lit
y)

/P
re

ci
sio

n(
σ,

m
et

er
s)

0

2

4

6

8

10

12

14

16

18

20

TF, −300 , 10 Km, (σP =0.5m, σΦ=3mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

0

25

50

75

100

125

150

TF, −300 , 250 Km, (σP =0.5m, σΦ=3mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

0

50

100

150

200

250

300

Ep
oc

hs
fo

r
0.

99
9/

m
ax

A
SR

(1
ep

o=
1s

ec
)TF, −300 , 1000 Km, (σP =0.5m, σΦ=3mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

Batch number (eg., batch 2 == 01 to 02 hour UTC)

A
SR

(p
ro

ba
bi

lit
y)

/P
re

ci
sio

n(
σ,

m
et

er
s)

0

2

4

6

8

10

12

14

16

18

20

TF, −600 , 10 Km, (σP =0.5m, σΦ=3mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

Batch number (eg., batch 2 == 01 to 02 hour UTC)

0

25

50

75

100

125

150

TF, −600 , 250 Km, (σP =0.5m, σΦ=3mm)

2 4 6 8 10 12 14 16 18 20 22 24
10

−4

10
−3

10
−2

10
−1

10
0

Batch number (eg., batch 2 == 01 to 02 hour UTC)

0

50

100

150

200

250

300

Ep
oc

hs
fo

r
0.

99
9/

m
ax

A
SR

(1
ep

o=
1s

ec
)TF, −600 , 1000 Km, (σP =0.5m, σΦ=3mm)

Figure G.42: Galileo only, Ionosphere Weighted, Geometry based model, Receiver coordinates for the rover

are unknown, triple frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and

3600 epochs, 1 epoch = 1 second) during the day are presented along with ASR obtained, float and fixed precision of

ionosphere.
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Figure G.43: Galileo only, Ionosphere Weighted, Geometry based model, Receiver coordinates for the rover

are unknown, quadruple frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and

3600 epochs, 1 epoch = 1 second) during the day are presented along with ASR obtained, float and fixed precision of

ionosphere.
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Figure G.44: GPS + Galileo, Ionosphere Weighted, Geometry based model, Receiver coordinates for the rover

are unknown, single frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and

3600 epochs, 1 epoch = 1 second) during the day are presented along with ASR obtained, float and fixed precision of

ionosphere.
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Figure G.45: GPS + Galileo, Ionosphere Weighted, Geometry based model, Receiver coordinates for the rover

are unknown, dual frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and 3600

epochs, 1 epoch = 1 second) during the day are presented along with ASR obtained, float and fixed precision of ionosphere.
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Figure G.46: GPS + Galileo, Ionosphere Weighted, Geometry based model, Receiver coordinates for the rover

are unknown, quadruple frequency, Number of epochs taken for 0.999 ASR for each batch (each batch of 1 hour and

3600 epochs, 1 epoch = 1 second) during the day are presented along with ASR obtained, float and fixed precision of

ionosphere.
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Figure G.47: GPS only, Single frequency, Full AR, Geometry based model, Receiver coordinates for the rover

are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of

satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision σI

= 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and�60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities

to be fixed by full AR.
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Figure G.48: GPS only, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the rover

are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of

satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision σI

= 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and�60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities

to be fixed by full AR.
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Figure G.49: GPS only, Triple frequency, Full AR, Geometry based model, Receiver coordinates for the rover

are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of

satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision σI

= 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and�60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities

to be fixed by full AR.

514



10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

SF, 0 0 , 1 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

25

63

88
100

1

1

(1) σ
ρ
=2cm 63%PAR in 2 epo

2

2

(2) σ
ρ
=0.32cm 100%PAR in 4 epo

ASR DD Float σ
ρ
 (m) DD Fixed σ

ρ
 (m) % of Ambiguities Fixed

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, 0 0 , 2 5 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

10
−4

10
−3

10
−2

10
−1

10
0

14

29
43
57

7175
88 89100

1

1

(1) σ
ρ
=2cm 57%PAR in 418 epo

2

2

(2) σ
ρ
=0.29cm 100%PAR in 2026 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, 0 0 , 1 0 0 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

10
−4

10
−3

10
−2

10
−1

10
0

14

29
38
5057 63

DD
 P

re
cis

io
n 

of
 ra

ng
es

 (m
et

er
s)

1

1

(1) σ
ρ
=1.9cm 38%PAR in 1239 epo

2

2

(2) σ
ρ
=0.72cm 63%PAR in 3152 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

SF, −3 0 0 , 1 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

10
−4

10
−3

10
−2

10
−1

10
0

25

75

100

1

1

(1) σ
ρ
=0.43cm 100%PAR in 3 epo

2

2

(2) σ
ρ
=0.43cm 100%PAR in 3 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, −3 0 0 , 2 5 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

10
−4

10
−3

10
−2

10
−1

10
0

13

25
38

50
637588100

1

1

(1) σ
ρ
=1.7cm 63%PAR in 251 epo

2

2

(2) σ
ρ
=0.71cm 100%PAR in 644 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
SF, −3 0 0 , 1 0 0 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

10
−4

10
−3

10
−2

10
−1

10
0

14

29
43

57
71

83

DD
 P

re
cis

io
n 

of
 ra

ng
es

 (m
et

er
s)

1

1

(1) σ
ρ
=1.7cm 57%PAR in 1673 epo

2

2

(2) σ
ρ
=1cm 83%PAR in 3655 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

Epochs , 1 epo=1 s ec

SF, −6 0 0 , 1 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

10
−4

10
−3

10
−2

10
−1

10
0

67

100

1

1

(1) σ
ρ
=0.78cm 67%PAR in 2 epo

2

2

(2) σ
ρ
=0.28cm 100%PAR in 4 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs , 1 epo=1 s ec

SF, −6 0 0 , 2 5 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

10
−4

10
−3

10
−2

10
−1

10
0

10

20
30
40
50606775 7889100

1

1

(1) σ
ρ
=2cm 40%PAR in 185 epo

2

2

(2) σ
ρ
=0.33cm 100%PAR in 1771 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs , 1 epo=1 s ec

SF, −6 0 0 , 1 0 0 0 Km, ( σ P =0 . 5 m, σΦ=3 mm)

10
−4

10
−3

10
−2

10
−1

10
0

13

25

38
4450
6371 86

1

1

(1) σ
ρ
=1.8cm 13%PAR in 1196 epo

2

2

(2) σ
ρ
=0.62cm 86%PAR in 3230 epo

DD
 P

re
cis

io
n 

of
 ra

ng
es

 (m
et

er
s)

Figure G.50: GPS only, Single frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number

of satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision

σI = 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and�60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed

precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are marked

as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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Figure G.51: GPS only, Dual frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number

of satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision

σI = 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and�60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed

precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are marked

as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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Figure G.52: GPS only, Triple frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number

of satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision

σI = 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and�60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed

precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are marked

as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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Figure G.53: Galileo only, Single frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of

satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates

the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.54: Galileo only, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number

of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair

indicates the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.55: Galileo only, Triple frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of

satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates

the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.

520



10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

QF, 0 0 , 1 0 Km, ( σ P 1=0 . 2 5 m, σΦ 1=3 mm, σ P 5 a , 5 b , 6
=0 . 1 5 m, σΦ 5 a , 5 b , 6

=2 mm)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

3.4 mm

3 epochs (0.999 ASR)

ASR DD Float σ
ρ
 (m) DD Fixed σ

ρ
 (m)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
QF, 0 0 , 2 5 0 Km, ( σ P 1=0 . 2 5 m, σΦ 1=3 mm, σ P 5 a , 5 b , 6

=0 . 1 5 m, σΦ 5 a , 5 b , 6
=2 mm)

10
−4

10
−3

10
−2

10
−1

10
0

2.3 mm

12 epochs (0.999 ASR) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
QF, 0 0 , 1 0 0 0 Km, ( σ P 1=0 . 2 5 m, σΦ 1=3 mm, σ P 5 a , 5 b , 6

=0 . 1 5 m, σΦ 5

10
−4

10
−3

10
−2

10
−1

10
0

DD
 P

re
cis

io
n 

of
 ra

ng
es

 (m
et

er
s)

3 mm

10 epochs (0.999 ASR)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

QF, −3 0 0 , 1 0 Km, ( σ P 1
=0 . 2 5 m, σΦ 1

=3 mm, σ P 5 a , 5 b , 6
=0 . 1 5 m, σΦ 5 a , 5 b , 6

=2 mm)

10
−4

10
−3

10
−2

10
−1

10
0

3 mm

4 epochs (1 ASR) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
QF, −3 0 0 , 2 5 0 Km, ( σ P 1

=0 . 2 5 m, σΦ 1
=3 mm, σ P 5 a , 5 b , 6

=0 . 1 5 m, σΦ 5 a , 5 b , 6
=2 mm)

10
−4

10
−3

10
−2

10
−1

10
0

2 mm

16 epochs (0.999 ASR) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
QF, −3 0 0 , 1 0 0 0 Km, ( σ P 1

=0 . 2 5 m, σΦ 1
=3 mm, σ P 5 a , 5 b , 6

=0 . 1 5 m, σΦ

10
−4

10
−3

10
−2

10
−1

10
0

DD
 P

re
cis

io
n 

of
 ra

ng
es

 (m
et

er
s)

1.9 mm

19 epochs (0.999 ASR)

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bi

lity
)

Epochs , 1 epo=1 s ec

QF, −6 0 0 , 1 0 Km, ( σ P 1=0 . 2 5 m, σΦ 1=3 mm, σ P 5 a , 5 b , 6
=0 . 1 5 m, σΦ 5 a , 5 b , 6

=2 mm)

10
−4

10
−3

10
−2

10
−1

10
0

4.4 mm

2 epochs (1 ASR) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs , 1 epo=1 s ec

QF, −6 0 0 , 2 5 0 Km, ( σ P 1=0 . 2 5 m, σΦ 1=3 mm, σ P 5 a , 5 b , 6
=0 . 1 5 m, σΦ 5 a , 5 b , 6

=2 mm)

10
−4

10
−3

10
−2

10
−1

10
0

3.4 mm

6 epochs (1 ASR) 10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs , 1 epo=1 s ec

QF, −6 0 0 , 1 0 0 0 Km, ( σ P 1=0 . 2 5 m, σΦ 1=3 mm, σ P 5 a , 5 b , 6
=0 . 1 5 m, σΦ

10
−4

10
−3

10
−2

10
−1

10
0

DD
 P

re
cis

io
n 

of
 ra

ng
es

 (m
et

er
s)

3.4 mm

6 epochs (0.999 ASR)

Figure G.56: Galileo only, Quadruple frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of

satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates

the number of epochs (on x-axis) taken for all the ambiguities to be fixed by full AR.
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Figure G.57: Galileo only, Single frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of

satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates

the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along

with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding

number inside the figure presents its statistics.
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Figure G.58: Galileo only, Dual frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of

satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates

the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along

with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding

number inside the figure presents its statistics.

523



10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

TF, 0 0 , 1 0 Km, ( σ P 1 , 2=0 . 2 5 m, σΦ 1 , 2
=3 mm, σ P 5

=0 . 1 5 m, σΦ 5
=2 mm)

 

 

10
−4

10
−3

10
−2

10
−1

10
0

93

96

100 1

1

(1) σ
ρ
=0.79cm 93%PAR in 1 epo

2

2

(2) σ
ρ
=0.34cm 100%PAR in 3 epo

ASR DD Float σ
ρ
 (m) DD Fixed σ

ρ
 (m) % of Ambiguities Fixed

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
TF, 0 0 , 2 5 0 Km, ( σ P 1 , 2=0 . 2 5 m, σΦ 1 , 2

=3 mm, σ P 5
=0 . 1 5 m, σΦ 5

=2 mm)

10
−4

10
−3

10
−2

10
−1

10
0

48
63

67
81

89
93

96

100

1

1

(1) σ
ρ
=1.8cm 81%PAR in 4 epo

2

2

(2) σ
ρ
=0.22cm 100%PAR in 13 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
TF, 0 0 , 1 0 0 0 Km, ( σ P 1 , 2=0 . 2 5 m, σΦ 1 , 2

=3 mm, σ P 5
=0 . 1 5 m, σ

10
−4

10
−3

10
−2

10
−1

10
0

46
58

67
71

9296

100

DD
 P

re
cis

ion
 o

f r
an

ge
s (

m
et

er
s)

1

1

(1) σ
ρ
=0.62cm 92%PAR in 5 epo

2

2

(2) σ
ρ
=0.31cm 100%PAR in 10 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

TF, −3 0 0 , 1 0 Km, ( σ P 1 , 2=0 . 2 5 m, σΦ 1 , 2=3 mm, σ P 5=0 . 1 5 m, σΦ 5=2 mm)

10
−4

10
−3

10
−2

10
−1

10
0

93

100 1

1

(1) σ
ρ
=0.9cm 93%PAR in 1 epo

2

2

(2) σ
ρ
=0.3cm 100%PAR in 4 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
TF, −3 0 0 , 2 5 0 Km, ( σ P 1 , 2=0 . 2 5 m, σΦ 1 , 2=3 mm, σ P 5=0 . 1 5 m, σΦ 5=2 mm)

10
−4

10
−3

10
−2

10
−1

10
0

53
67

73
8083

93

97
100

1

1

(1) σ
ρ
=0.54cm 93%PAR in 6 epo

2

2

(2) σ
ρ
=0.2cm 100%PAR in 17 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1
TF, −3 0 0 , 1 0 0 0 Km, ( σ P 1 , 2=0 . 2 5 m, σΦ 1 , 2=3 mm, σ P 5=0 . 1 5 m,

10
−4

10
−3

10
−2

10
−1

10
0

48
59

74

89 93
97

100

DD
 P

re
cis

ion
 o

f r
an

ge
s (

m
et

er
s)

1

1

(1) σ
ρ
=1.1cm 89%PAR in 4 epo

2

2

(2) σ
ρ
=0.19cm 100%PAR in 20 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

AS
R 

(p
ro

ba
bil

ity
)

Epochs , 1 epo=1 s ec

TF, −6 0 0 , 1 0 Km, ( σ P 1 , 2=0 . 2 5 m, σΦ 1 , 2=3 mm, σ P 5=0 . 1 5 m, σΦ 5=2 mm)

10
−4

10
−3

10
−2

10
−1

10
0

97

100
1

1

(1) σ
ρ
=0.7cm 97%PAR in 1 epo

2

2

(2) σ
ρ
=0.44cm 100%PAR in 2 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs , 1 epo=1 s ec

TF, −6 0 0 , 2 5 0 Km, ( σ P 1 , 2=0 . 2 5 m, σΦ 1 , 2=3 mm, σ P 5=0 . 1 5 m, σΦ 5=2 mm)

10
−4

10
−3

10
−2

10
−1

10
0

57
70

83
87

97

100

1

1

(1) σ
ρ
=0.43cm 97%PAR in 5 epo

2

2

(2) σ
ρ
=0.35cm 100%PAR in 6 epo

10
0

10
1

10
2

10
3

0.99

0.995

0.999

1

Epochs , 1 epo=1 s ec

TF, −6 0 0 , 1 0 0 0 Km, ( σ P 1 , 2=0 . 2 5 m, σΦ 1 , 2=3 mm, σ P 5=0 . 1 5 m,

10
−4

10
−3

10
−2

10
−1

10
0

50
70

80
90

9397

100

DD
 P

re
cis

ion
 o

f r
an

ge
s (

m
et

er
s)

1

1

(1) σ
ρ
=0.7cm 90%PAR in 4 epo

2

2

(2) σ
ρ
=0.32cm 100%PAR in 7 epo

Figure G.59: Galileo only, Triple frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number of

satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-hair indicates

the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along

with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding

number inside the figure presents its statistics.
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Figure G.60: Galileo only, Quadruple frequency, Partial AR, Geometry based model, Receiver coordinates

for the rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied,

number of satellites are as available)- ASR is analyzed at 0�,�30� and �60� degree latitude. The red colour cross-

hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities

by PAR, along with the fixed precision obtained. These values are marked as 1 and 2 (on both x- and y-axis) and the

corresponding number inside the figure presents its statistics.
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Figure G.61: GPS+Galileo, Single frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number

of satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision

σI = 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and�60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities

to be fixed by full AR.
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Figure G.62: GPS+Galileo, Dual frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number

of satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision

σI = 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and�60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities

to be fixed by full AR.
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Figure G.63: GPS+Galileo, quadruple frequency, Full AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number

of satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision

σI = 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and�60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for all the ambiguities

to be fixed by full AR.
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Figure G.64: GPS+Galileo, Single frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number

of satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD precision

σI = 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for 0�,�30� and�60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining 2cm fixed

precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are marked

as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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Figure G.65: GPS+Galileo, Dual frequency, Partial AR, Geometry based model, Receiver coordinates for the

rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied, number

of satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD (Single

Difference) precision σI = 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are

presented for 0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis)

taken for obtaining 2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained.

These values are marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its

statistics.
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Figure G.66: GPS+Galileo, Quadruple frequency, Partial AR, Geometry based model, Receiver coordinates

for the rover are unknown, ionosphere weighted, troposphere float scenario, (measurement precision is varied,

number of satellites are as available), baseline length varied from 1 to 1000 Km in East-West direction, SD

precision σI = 0.68 mm per km - ASR and DD fixed-precision of rover-receiver coordinates (meters) are presented for

0�,�30� and �60� degree latitude. The red colour cross-hair indicates the number of epochs (on x-axis) taken for obtaining

2cm fixed precision and for fixing 100% of ambiguities by PAR, along with the fixed precision obtained. These values are

marked as 1 and 2 (on both x- and y-axis) and the corresponding number inside the figure presents its statistics.
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