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Abstract

Augmentation of the Global Navigation Satellite System by low earth orbit (LEO) satellites is a
promising approach benefiting from the advantages of LEO satellites. This, however, requires
errors and biases in the satellite downlink navigation signals to be calibrated, modeled, or
eliminated. This contribution introduces an approach for in-orbit calibration of the phase center
offsets (PCOs) and code hardware delays of the LEO downlink navigation signal
transmitter/antenna. Using the satellite geometries of Sentinel-3B and Sentinel-6A as examples,
the study analyzed the formal precision and bias influences for potential downlink antenna
PCOs and hardware delays of LEO satellites under different ground network distributions, and
processing periods. It was found that increasing the number of tracking stations and processing
periods can improve the formal precision of PCOs and hardware delay. Less than 3.5 mm and

3 cm, respectively, can be achieved with 10 stations and 6 processing days. The bias projections
of the real-time LEO satellite orbital and clock errors can reach below 3 mm in such a case. For
near-polar LEO satellites, stations in polar areas are essential for strengthening the observation

model.

Keywords: low earth orbit (LEO), global navigation satellite system (GNSS),
phase center offset (PCO), position, navigation and timing (PNT), hardware delay

1. Introduction

Over the past decade, many countries have embarked on
launching low earth orbit (LEO) satellite constellations for
diverse applications, including communications, mapping,
remote sensing, and navigation augmentation [1-3]. The
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of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOL.

quantity of both currently operational and planned LEO satel-
lites has surged, reaching tens of thousands. The increasing
number of LEO satellites has brought opportunities for their
use in augmentation of traditional Global Navigation Satellite
System (GNSS)-based positioning, navigation, and timing [4—
6]. Benefiting from the lower altitudes and higher speeds of
LEO satellites, the augmentation of the GNSS by LEO satel-
lites has numerous advantages, including providing hundreds
to thousands of times stronger signal strength than the GNSS
satellites [7], the more rapid convergence time of precise point
positioning (PPP) and the PPP-Real-Time Kinematic position-
ing due to the rapid geometry change [8—10]. The faster speed
of the LEO satellites also helps to whiten multipath effects,
which changes the behaviors of these typically mismodelled

© 2024 The Author(s). Published by IOP Publishing Ltd
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biases attributing them mostly to noise [11]. In addition to the
above advantages, since LEO satellites move in middle lay-
ers between the GNSS satellites and the ground users, the use
of LEO satellites for integrity monitoring of the GNSS signals
and products, and near-real-time broadcast of navigation integ-
rity monitoring alarm information, was also discussed [12].

To achieve high-accuracy positioning and timing on the
ground using LEO navigation signals, the errors and biases in
the downlink navigation signals between LEO satellites and
ground users must be precisely calibrated, modeled, or elim-
inated. These errors include LEO satellite orbital and clock
errors, ground receiver clock errors, tropospheric delays, iono-
spheric delays, phase ambiguities, phase center offsets (PCOs)
and phase center variations (PCVs), and various hardware
delays. For instance, the errors of GNSS satellite PCO for PPP
can reach the centimeter level [13], and the hardware delay of
the differential code biases (DCBs) can reach more than ten
nanoseconds [14].

When using GNSS signals for positioning, the GNSS satel-
lite orbital and clock errors are often determined based on
GNSS data collected by a ground network [15-19]. The
obtained satellite clock errors often contain the Ionosphere-
Free (IF) code hardware delays of the downlink navigation sig-
nal transmitter/antenna. Ground users only apply appropriate
DCBs according to the type of code observations used [20—
22]. In contrast to GNSS satellite orbital and clock products
that are computed based on signals tracked by a ground
tracking network, LEO satellites have a significantly smal-
ler footprint on the Earth’s surface due to their lower orbital
altitudes, which can both lead to difficulties in continuous
tracking of the LEO satellite navigation signals. As a res-
ult, high-accuracy LEO satellite orbital and clock products
are often determined using the GNSS signals tracked onboard
instead of those tracked by ground stations. Depending on the
LEO satellite precise orbit determination (POD) approach, the
GNSS signals and products used, the computational power,
and the latency required, precise LEO satellite orbital and
clock errors can be determined at a few centimeters to dm-level
[23, 24].

However, the estimated orbital errors that are typically at
the LEO satellite Center of Mass (CoM) and the clock errors,
which contain IF code hardware delays of the onboard GNSS
receiver/antenna, are not products that can be directly used by
ground users. These users need the LEO satellite orbits com-
puted at the downlink Antenna Phase Center (APC), and the
clock errors that contain the IF code hard biases of the down-
link navigation signal transmitter/antenna. Consequently, for
LEO satellite clock products, as an example, a two-step adjust-
ment process is needed to support the ground-based position-
ing and timing services. First, the IF code hardware delay
of the onboard GNSS receiver and antenna contained in the
estimated LEO satellite clock errors must be accounted for.
Second, the IF code hardware delay of the LEO satellite’s
downlink navigation signal transmitter and antenna needs to be
added. Both types of hardware delays can be calibrated on the
ground before launching LEO satellites. However, these hard-
ware delays could vary in-orbit compared to those calibrated

on the ground, in-orbit calibration is thus needed for high-
accuracy positioning services. The IF code hardware delays of
the LEO satellite’s onboard GNSS receiver and antenna can be
estimated using the GNSS signals, whereas those of the down-
link signal transmitter/antenna require strategies for in-orbit
calibration. Similar to the hardware delays, the PCOs of the
downlink navigation antenna need in-orbit calibration, as the
in-orbit PCOs could vary by a few centimeters from those cal-
ibrated on the ground [25].

Similar to the GNSS satellites, the in-orbit calibration of
the LEO satellite PCOs and hardware delays of the down-
link signal transmitter/antenna can only be performed using
the downlinked navigation signals collected by ground sta-
tions. However, considering the small footprints of LEO satel-
lites and the foreseeable shortage of ground stations capable
of receiving LEO navigation signals in the near future, great
challenges exist for the in-orbit calibration of these terms. This
particularly invites an appropriate approach, and if applicable,
additional information in the calibration process as described
below:

(1) In [26, 27], a strong correlation between hardware delays
and temperature was shown for GNSS antennas. In [24],
the systematic effects contained in GRACE Follow-on
satellite estimable clock parameters are also suspected to
be related to temperature-related hardware biases. As such,
as long as the temperature data are available for the in-orbit
calibration process, the first-order derivative term of the
hardware delays related to temperature can be estimated
in addition to the offset delays.

(2) GNSS observations tracked by the same ground stations
can be fully used to determine ground-based paramet-
ers such as station coordinates, receiver clock errors and
zenith tropospheric delays.

(3) Considering the high correlation between the PCOs and
hardware delays of the LEO satellite downlink signal
transmitters/antennas, it is suggested to estimate and use
them together, so that a combined high precision can be
achieved.

(4) In this study, PCVs of the LEO satellite downlink antenna
are not estimated. Similar to GNSS, it is expected that the
PCVs of the LEO satellite downlink antenna to be small
compared to the PCOs, i.e. in sub-millimeters to milli-
meters in most cases. However, the PCV of the LEO satel-
lite downlink antenna is certainly an interesting topic to
be investigated when real LEO satellite navigation signals
become available in the future.

After the introduction, this paper starts with presenting the
approach for determining the LEO satellite’s downlink nav-
igation signal PCOs and the IF code hardware delay. This
includes the strategy for evaluating their formal precision and
influences of diverse mismodelled biases projected on the
PCOs and IF code hardware delay of the downlink signal
antenna. Afterward, taking two types of LEO satellites with
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different inclination angles as examples, the Observed-Minus-
Computed (O-C) terms of the downlink dual-frequency nav-
igation signals are simulated. The formal precision and the
range-projected bias of the PCOs and hardware delays are
analyzed for different ground network distributions and pro-
cessing intervals. The conclusions are outlined at the end.

2. Processing strategy

This section is split into two parts. The strategy of in-orbit cal-
ibration for the PCOs and IF code hardware delays of the LEO
satellite’s downlink signals is first introduced. Subsequently,
the evaluation methods of the estimable parameters are shortly
discussed.

2.1. In-orbit calibration of the PCO and code hardware
delays of the downlink antenna

The in-orbit calibration of the PCO and IF code hardware
delays of the LEO satellite’s downlink navigation signal
antenna are performed in three steps as described in this
section.

2.1.1. Determination of the initial LEO satellite APCs and clock
errors for downlink purposes.  First, the high-precision LEO
satellite orbits and the clock errors (containing the onboard
GNSS receiver/antenna IF code hardware delays) need to be
post-processed within the POD procedure [28-34]. Applying
the on-ground calibration of the PCOs and hardware delays
of the LEO satellite downlink antennas, the initial APC orbits
and clock errors for downlink purposes can be calculated. The
detailed calculation process to obtain the initial APC orbits and
clock errors is illustrated by the flow chart in figure 1.
Equation (1) formulates the initial LEO satellite APC orbits
in the Earth-Centered Earth-Fixed (ECEF) system as follows:

~Ls0 ~ Ls ~ Ls Ls
0 = %3¢ — Rneucarcer Avpco onss — RB2ECEFAXEMARPG

L 0
+ ReoecEr AxESvoarpL, + RNEU2ECEF AXSS0 (1

1-2x (63 +43)
2 x (q192 + qoq3)
2 % (q193 — qoq2)

Rpogct =

In case the attitude information of the LEO satellite is
unknown, the nominal attitude can be used for further pro-
cessing. The nominal attitude is often defined based on the
radial and velocity directions of the LEO satellites, e.g. the x-
axis of the body-fixed system along the velocity direction, and
the z-axis against the radial direction. This definition gives the
rotation matrix from the body-fixed system to the RTA system
in the radial (R), along-track (T), and cross-track directions

2 x(q192 — q0g3)
1-2x (g1 +43) 2x(q2q3—qoq1) |- %)
2 % (q2q3 + qoq1)

where %55 denotes the LEO satellite orbits at the APC of
the onboard GNSS antenna obtained from the POD process.
A)ACISLCSO,GNSS denotes the LEO satellite North, East, and Up
(NEU) components of the GNSS antenna PCO based on
an in-orbit calibration. Ale)‘é)O represents the LEO satellite
PCO (NEU components) of the downlink navigation antenna
based on on-ground calibration. Axti\,arpg denotes the vec-
tor from the LEO satellite CoM to the GNSS antenna Antenna
Reference Point (ARP), given in the LEO satellite body-fixed
system. AxEynarpr 1S the vector from the LEO satellite CoM
to the downlink antenna ARP, given in the LEO satellite body-
fixed system. RNgugzecer denotes the rotation matrix from the
satellite onboard GNSS antenna system to the ECEF coordin-
ate system, and Rnguzecer denotes that from the downlink
antenna system to the ECEF. The two rotation matrices can
be expressed as:

RNEUG2ECEF = RB2ECEFRNEUG2B (2)

RNEU2ECEF = RB2ECEFRNEU2B (3)

where Rngugos and Rnguop are the rotation matrices from
the satellite onboard GNSS antenna system and the down-
link antenna system to the LEO satellite body-fixed coordin-
ate system, respectively. Both of the rotation matrices depend
on the direction of the corresponding antennas on the LEO
satellite denotes the rotation matrix from the LEO satellite
body-fixed system to the ECEF system, which can be further
expressed as:

Rp2ecEF = RecECEFRB2ECI 4)

for which Rgcpecgr 1S the rotation matrix from the
Earth-Centered Inertial (ECI) system (here J2000.0) to
the ECEF system, and represents the rotation matrix
from the satellite body-fixed system to the ECI sys-
tem, which can be calculated by the attitude quaternions,
i.e. qo, q1, q» and g3 are given as follows [35-37]:

2 x(q193 + qoq2)

1-2x% (3 +¢3)

(A), i.e. as follows:

0O 0 -1
Rgrra=| 06 0 O . (6)
0O -6 O

Depending on the specific definition of the body-fixed sys-
tem by different LEO satellites at different periods, the factor
0 can be taken either as 1 or —1. For example, if the definition
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orbits at the downlink
signal APC)

Figure 1. The flowchart of calculating the initial LEO APC orbits
and clock errors.

of a body-fixed system is [X,Y,Z] = [T, —A,—R], then 0 is 1,
which means the x-axis points along the velocity direction
(i.e. direction of the satellite motion).

With Rpsrra defined, to obtain the Rpygcpr in equation (4),
one needs to determine the rotation matrix between the RTA
system and the ECEF system (Rrrasecer) for usage of the
nominal attitude using the LEO satellite position and velocity.
The rotation matrix from the body-fixed system to the ECEF
system can thus be determined by:

RpoEcEF = RrTA2ECEFRB2RTA - (7

To solve equations (2) and (3), the rotation matrices from
the antenna NEU systems to the body-fixed system need to be
known. Taking the antenna systems in figure 2 as an example,
the transformation matrices for the on-board GNSS antenna
and the downlink antenna, i.e. Rygugzs and Rnguzg can be
expressed as:

0O -1 O

Rngvgs=(1 1 0 0 )
0O 0 1
0O -1 0

Rneug=| -1 0 O 9
0 0 1

All elements on the right side of equations (2) and (3) can
be obtained with or without the attitude quaternions, and the
initial LEO satellite APC orbits (x**°) for downlink purposes
can be calculated accordingly.

Direction of Velocity

Earth

Figure 2. LEO satellite body-fixed system and different antenna
systems. The LEO satellite Sentinal-6A is used as an example here.

~LsO

The initial value of the LEO satellite clock errors (Jt ) for
downlink purposes can be expressed as:

~Ls0
~Ls

dt (t)=di (10)

(ti) + d{%YOJFTIJ(’i)ffﬁofallffcms
~Ls

where di  denotes the LEO satellite clock error solved in
a post-processed precise clock determination procedure, and
EJI%fGNSS is the IF code hardware delay of the GNSS antenna
onboard the LEO satellite, obtained based on the in-orbit calib-
ration. di° and d5° denote the constant term (at a pre-defined
reference temperature) and first-order derivative term (with
respect to the temperature assuming it is available) of the LEO
satellite downlink navigation signal antenna, respectively. 7%
represents the temperature variation (with respect to the ref-
erence temperature) of the LEO satellite downlink navigation
signal antenna. c is the speed of light.

2.1.2. Determination of the PCO and hardware delay incre-
ments for the downlink antenna.  After the determination
of the initial values for the hardware delays and orbits at the
APCs for the downlink antenna, the increments of the PCOs
and hardware delays compared to the on-ground calibration
are estimated in the second step. With known coordinates of
a Continuously Operating Reference Station, here the GNSS
measurements are first used to determine the receiver clocks
and the Zenith Wet Delays (ZWDs), e.g. via a PPP process
[37, 38].

Using high-precision GNSS products and existing mod-
els for correction of the hydrostatic tropospheric delays,
phase wind-ups, diverse tidal corrections, satellite and receiver
antenna PCOs/PCVs, IF linear combination can be formed to
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obtain high-accuracy station coordinates (x,), receiver clock

error di, at each epoch, and ZWD (7,) every few hours. Note
that the estimated receiver clock error contains the IF receiver
code bias for the GNSS signals used (dirg), which can be
expressed as:

E (d?,) dt, + e (11)
where E(-) is the expectation operator, and dt, denotes the true
receiver clock error.

The observation equations are then established for the
estimation of the PCO (in IF combination) and the IF hard-

ware delays of the downlink antenna. Parameters such as X,
~Ls0O

d?,, 7, 40 and dr

o, ¢ I5). The downlink navigation signals of the LEO satel-
llte are assumed to be dual-frequency signals, and the IF O-C
terms in epoch #; can be expressed as:

are corrected in the O-C term (AprLfF and

E(Ap5e (1) = (15 (1)) Reuzecer (1) dxido
(&z +T5 (1) 0l ) (12)

B8 5 1) = (1 (10)" Reguosces (1) ke
+ AN, rL,fp (13)

where dx8, denotes the increments of the in-orbit IF PCO
compared to the on-ground calibration, and dd/’ denotes the
increment for the first-order IF code hardware delay with
respect to the temperature for the downlink antenna. Ajp
denotes the IF wavelength of the LEO nivigation signals.

Since the GNSS PPP receiver clock bias df, contains the IF
code hardware delay of a certain GNSS (see equation (11))
when correcting the O-C term, dd/%f, needs to compensate for
the corresponding GNSS IF code hardware delay, which can
be described as:
0dE = 8dls — dip + dip g - (14)
The unit direction vector from the LEO satellite to the
ground station can be expressed as:

0 ()
pE () = (s)
[[%, — 350 (1) |
The estimable IF ambiguity N_(r,IF)/\Ls can be
formulated as:
Spr — O —d
NrIF NEe+ L IF TG (16)
Al

where N1 7 is the IF integer ambiguity, d,,F and (5HL:S denote the
receiver and LEO satellite IF phase hardware delays, respect-
ively. Based on the above observation equations, dx&,, 6d/
and 5dlés can be obtained by solving a batch least-squares
adjustment.

Determination of the initial LEO satellite APCs and clock errors for
downlink purposes

Determination of the PCO and hardware delay increments for the
downlink antenna

.

Corrections of the PCO and hardware delays for downlink antenna

Figure 3. Flowchart of the in-orbit calibration of the PCO and
hardware delays for the downlink antenna.

2.1.3. Corrections of the PCO and hardware delays for down-
link antenna.  The PCO (§4,) and hardware delay (6d/
and 6d{’) of the LEO satellite downlink antenna can be cal-
ibrated in-orbit based on their initial values obtained in 2.1.1
and their increments estimated in 2.1.2:

Akpdo = A + 6x8do (17)
dis = d5° + 6dk (18)
dis = d& + sdk (19)

It should be noted that d k5 includes the difference between
the receiver IF code hardware delay of the LEO satellite down-
link navigation signals and GNSS signals, as described in
equation (14).

As a summary, the process of in-orbit calibration of the
PCO and hardware delays for the downlink antenna is illus-
trated by the flow chart depicted in figure 3.

2.2. Evaluation of formal precision and bias influence

The least-squares adjustment can be solved with the following
equation:
TH—14) 14T H—1

= (A Oy A) ATQ, 'L 20)
where the unknown vector X includes d%/,, dd} and
5d1%5, A is the design matrix containing the partial deriv-
atives of the observations with respect to the unknowns,
and it can be described by equations (21)—(25). ny repres-
ents the observation variance-covariance matrix related to an

elevation-dependent weight function, which can be expressed
by equations (26), (27) and L denotes the O-C term, such that:

A= [Ala"' 7An]T (21)
T
| Wik —e, T 0
Ai= [ piRi 0 0 Ngly, ] 22
= [ 0) o )| (23)
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Ri=[RT (1), R (tn)]" (24)

T=1[T(n), -, T(tn)]" (25)

where I, is a unit matrix of size m, and e,, is a vector of ones
with length m. \jr denotes the IF wavelength of the LEO nav-
igation signals. 11/¥(z;) is the unit direction vector from the
LEO satellite Ls to ground station i at epoch #;. 7(t;) represents
the temperature variation with respect to the reference temper-
ature of the LEO satellite downlink navigation signal antenna
at epoch #;, and R;(#;) denotes the Rygusecer as described in
equation (3). The variance-covariance matrix of the IF obser-
vations is expressed as:

_Kx(ooxw)2

On (i) = sin’E; (26)

_ At 45
(h2-p2)°

where the zenith-referenced phase standard deviation (STD)
09 is set to 0.003 m, and K denotes the squared coefficient of
IF combination, taken as 8.87 for L1 (1575.42 MHz) and L2
(1227.60 MHz) as examples here. f; and f, represent the two
frequencies used. For code measurements, w is set to 100 and
for code observations, and equals 1 for phase measurements.
E; denotes the elevation angle from the ground station to the
LEO satellite for the corresponding observation.

The formal precision of the estimated parameters (o,,) can
be expressed as:

27)

Oxx = (ATny‘lA)fl. (28)

In addition to the formal precision, the mis-modeled
bias (b) projected on the estimable parameters (b,) is also
evaluated:

_ -1 _
b, = (ATQ,,7'A) ATQ,,"'b. (29)

3. Test results

This section is divided into three parts. The first part deals with
the simulation of the O-C terms for LEO satellite navigation
signals. The satellite geometries of the LEO satellites Sentinel-
6A (SEN6A) and Sentinel-3B (SEN3B), with inclinations of
66° and 98.65°, respectively, were used as examples to sim-
ulate the O-C terms of the downlink dual-frequency naviga-
tion signals on L1 (1575.42 MHz) and L2 (1227.60 MHz) as
examples. Using the simulated signals, the second part of the
section solves the PCOs and IF code hardware delays of the
downlink signal antenna for different ground network distri-
bution and processing periods, and evaluates their formal pre-
cision under different scenarios. The last part discusses the
impact of typical mis-modeled biases on the estimable para-
meters. It is expected that the ground infrastructure tracking

LEO satellite navigation signals would reach a certain dens-
ity worldwide, like that for the GNSS. However, this would
require changes in the current hardware, software, and even
policies for signal usage in different countries, which might
take some time. As such, it is conservatively assumed that
the stations tracking LEO satellite navigation signals would
be limited at the beginning phase, i.e. around 10 or fewer.

3.1. Simulation of the O-C terms

To solve the least-squares adjustment as described in
section 2.2, the O-C terms of the phase and code observa-
tions are simulated for LEO satellites using the geometries
from Sentinel-6A and Sentinel-3B on 1-6 February 2022 and
14-19 August 2018. As mentioned in section 2.1.2, receiver-
related errors such as the receiver clock errors and the ZWDs
are determined with the GNSS measurements. The differ-
ence between the IF receiver code hardware biases for the
GNSS and the LEO satellite signals is considered in the LEO
satellite IF hardware biases (see equation (14)). The Zenith
Hydrostatic Delays, receiver PCOs/PCVs, phase windups,
tidal effects are considered to be well modeled and correc-
ted in the O-C terms. The first-order term of the ionosphere
delays is eliminated by forming the IF combination. Hence,
what is left to be considered in the simulated O-C terms are the
phase and code observations noise, the phase ambiguities, the
LEO satellite orbital and clock errors that bias the solutions,
the LEO satellite downlink antenna’s PCO, and temperature-
related code hardware delays. The LEO satellite orbital and
clock errors are simulated using the real Sentinal-6A satellite
orbital and clock errors processed in near-real-time mode in
a reduced-dynamic LEO satellite POD process [25], using
the real-time GNSS products provided by the National Centre
for Space Studies in France [39]. The orbits provided by
the European Space Operations Centre were used as reference
orbits [25], and the clocks post-processed using the final GNSS
products from the Center for Orbit Determination in Europe
with the reference orbits introduced, were used as reference
clocks [40].

As shown in figure 4, the orbital errors can achieve a 1D
Root Mean Square Error of a few centimeters, and clock errors
can achieve a STD of 0.13 ns for Sentinel-6A on 5 February
2022 using the abovementioned processing settings. The cor-
responding daily RMS of the orbital errors and STD of the
clock errors are illustrated in figure 5. It can be seen that
in near-real-time, the three-dimensional (3D) RMS of orbital
errors ranged mainly from 2.5 to 4 cm, while clock errors were
generally between 3.2 and 6.2 cm (equivalent to 0.1-0.2 ns)
over 6 d.

The PCO of the downlink navigation antenna is simulated
as 0.01, 0.01 and 0.02 m in the antenna system (NEU) for
the two LEO satellites based on reported cm-level differences
between the on-ground and in-orbit calibration of Sentinel-
6A [25]. The simulated hardware delays are illustrated in
figure 6. It can be seen that the temperature variation of the
LEO satellite antenna exhibits periodicity in orbit. Due to the
short period of the orbit, approximately 100 min, and as it is
unobstructed by the Earth during some periods, it is constantly
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5 February 2022 in near-real-time.

exposed to solar radiation, resulting in smooth temperature
changes [41]. In this study, we use a simulated temperature
variation period consistent with the orbital period, and assum-
ing the amplitude of temperature variation is within 5 °C for
both two test LEO satellites [41]. Figure 6 shows the simulated
variation of the temperature and hardware delays for Sentinel-
6A downlink antenna on 1 February 2022 as a representative
example.

3.2. Analysis of the formal precision

This section is split into two parts, i.e. the analysis of the
formal precision of the estimable parameters using the satellite
geometry of Sentinel-6A with an inclination of 66°, and that
of Sentinel-3B with near-polar orbits having an inclination of
98.65°. The sampling interval of the observations is 30 s. An
elevation-mask angle of 5 degrees was set for tracking the LEO
navigation signals.
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Figure 5. RMS of the orbital errors and STD of the clock errors for
Sentinel-6A from 1 to 5 February 2022.
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Figure 6. The simulated variation of the temperature and hardware
delays for Sentinel-6A downlink antenna on 2 February 2022.

3.2.1. Formal precision using the geometry of Sentinel-6A.
Figure 7 shows the ground tracks of the LEO satellite Sentinel-
6A on 1 February 2022. A global ground network of 10
International GNSS Service stations [42], distributed in the
areas between 66° N and 66° E, is assumed to be able to track
the navigation signals from the LEO satellite. By analyzing
the formal precision, the tracking stations used are increased
sequentially, one by one, with the following sequence: XIA1,
URUM, PTBB, YEL2, PERT, MGUE, MBAR, MKEA, STJ3,
and OUS2.

Figure 8 shows formal precision of the North, East and
Up components of the estimated downlink antenna’s PCO
using the geometry of the LEO satellite Sentinel-6A. It can
be observed that both the number of tracking stations and the
processing time impacted the formal precision. For a fixed
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Table 1. The improvements of the three PCO components as the number of tracking stations increased from 1 to a certain number, for a

processing time of 1 d.

PCO components 2 stations 4 stations 6 stations 8 stations 10 stations
North 32.2% 53.2% 61.8% 64.5% 67.9%
East 34.6% 59.2% 64.2% 67.9% 71.7%
Up 35.7% 62.5% 66.3% 69.7% 73.4%

Table 2. The improvements of the three PCO components as the processing time increased from 1 d to a certain number of days, with 5

tracking stations.

PCO Components 2d 3d 4d 5d 6d

North 28.7% 41.0% 48.9% 55.0% 58.5%
East 28.5% 42.4% 50.2% 55.5% 59.5%
Up 28.8% 43.3% 51.0% 55.9% 60.1%

processing time, the formal precision becomes better as the
number of tracking stations increases. This improvement is
particularly obvious when the number of tracking stations
is less than five. Taking the processing time of 1 d as an
example for the North component (cyan line in the top left
panel in figure 7), its formal precision is improved by 58%
and 67.9%, respectively, when the number of tracking sta-
tions is increased from 1 to 5 and from 1 to 10. The improve-
ments of the three PCO components (NEU) are summarized in
table 1.

Similarly, for a fixed number of stations, the formal preci-
sion of all these components improves as the processing time
increases. Taking the station number of five as an example, the
formal precision of the North component improved by 28.7%,
41%, 48.9%, 55%, and 58.5%, respectively, when the pro-
cessing time is increased from 1 d to 2, 3, 4, 5 and 6 d. The
improvements of the three PCO components(NEU) are sum-
marized in table 2.

From figure 8 it can be concluded that with a processing
time of 3 d and 5 well-distributed tracking stations, the formal
precision can reach about 7, 1, and 5 mm, respectively, for
the North, East and Up PCO components. With a processing
time of 6 d and 10 well-distributed tracking stations, the three
components could achieve a formal precision of 3.3, 0.4 and
2.1 mm. The East component generally delivers better pre-
cision than the North and Up components. This is possibly
caused by the assumption that the East direction of the down-
link antenna is against the LEO satellite velocity direction (see
section 2.1), which leads to a faster change in the correspond-
ing partial derivatives of the design matrix. The decrease in the
formal precision became less observed as the processing time
increased to 4 d or more. It is worth noting that the distribu-
tion of the ground network plays an essential role in achieving
good precision, and the empirical accuracy of the estimable
parameters is often worse than the formal precision due to the
disturbances of diverse mismodelled effects. The latter issue
will be discussed in section 3.3.

Figure 9 shows the variation of the formal precision of the
IF code hardware delay (DO) and its first-order derivative to

the temperature (D1) with the station number and processing
time. Similar to the PCO components, the number of tracking
stations and processing time have significant impacts on the
formal precision of DO and D1. With a processing time of 3 d
and 5 well-distributed tracking stations, the formal precision of
D0 and D1 canreach 3.6 cm and 1.1 cm/°C, respectively. With
a processing time of 6 d and 10 well-distributed tracking sta-
tions, the formal precision of DO and D1 can reach 1.9 cm and
0.5 cm/°C, respectively. Unlike PCO, only code observations
are involved in the calculation of DO and DI1. This leads to
a worse formal precision of DO and D1 than the PCO com-
ponents under the same network distribution and processing
periods.

3.2.2. Formal precision using the geometry of Sentinel-
3B. In this sub-section, the formal precision of the
estimable parameters is analyzed by taking the near-polar
orbital geometry of the LEO satellite Sentinel-3B (with an
inclination of 98.65°) as an example. Considering the lar-
ger latitude ranges of the ground tracks of Sentinel-3B
compared to

Sentinel-6A (see figures 7 and 10), two more tracking sta-
tions in the North and South polar areas, respectively, THU2
and ARHT, were added to the 10 tracking stations used in
section 3.2.1.

Figure 11 shows the impact of the number of tracking sta-
tions and the processing times on the formal precision of the
North components of the PCO and the hardware delays DO of
the downlink antenna, as representative examples. For station
numbers not higher than 10, the improvements of the PCO’s
formal precision are similar to those when using the Sentinel-
6A satellite geometry. The formal precision of DO and D1
have slightly degraded compared to that when using Sentinel-
6A, i.e. amounting to about 2.9 cm and 0.9 cm/°C with 10
stations and 6 processing days. This is possibly caused by
the decreased total visible time of the ground network to the
Sentinel-3B than Sentinel-6A, i.e. from 2294 epochs to 1270
epochs.
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After adding the two stations THU2 and ARHT in polar
areas, relatively sharp improvements for all estimable para-
meters can be observed as shown in figure 11. With a pro-
cessing time of 6 d and 12 well-distributed tracking stations,

the three components achieve a formal precision of 3.1, 0.5 and
2.0 mm. The improvements in the formal precision of these
parameters are summarized in figure 12 when adding more
tracking stations, up to 12 stations, compared to the case of
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Table 3. The improvements of the three PCO components, DO and D1 as the number of tracking stations increased from 1 to a certain

number, with a processing time of 1 d.

Improvement (%)

Number of stations N E U DO D1

2 34.3% 28.3% 20.8% 30.4% 24.5%
4 57.3% 54.8% 52.2% 54.7% 48.0%
6 63.2% 61.7% 59.5% 61.7% 55.7%
8 67.6% 65.1% 62.3% 65.4% 58.7%
10 T1.1% 68.9% 66.4% 69.7% 63.6%
12 76.8% 76.2% 75.3% 76.5% 70.1%

Table 4. The improvements of the three PCO components, DO and D1 as the processing time increased from 1 d to a certain number of

days, with 5 tracking stations.

Improvement (%)

Processing time (day) N E U DO D1

2 29.1% 29.8% 30.9% 33.4% 27.5%
3 43.0% 42.3% 42.3% 45.6% 42.9%
4 51.0% 50.1% 49.6% 53.1% 49.4%
5 55.9% 55.4% 55.2% 58.0% 55.3%
6 59.7% 59.4% 59.4% 61.7% 58.6%

1 station (left panel), and when extending the processing time
from 1 d to 6 d (right panel). The detailed improvements are
given in tables 3 and 4. Taking the parameter DO as an example,
with a processing time of 1 d, the improvement of the formal
precision amounts to about 61.7%, 65.4%, 69.7%, and 76.5%,
when the station number is increased from 1 to 6, 8, 10 and
12, respectively. The stations in polar areas play an import-
ant role in the formal precision when the LEO satellite has
near-polar orbits. This is caused by significantly increasing the
visibility time when adding stations in polar areas, which add
approximately 34.4% of the total observation epochs for the
12 stations.

3.3. Analysis of the effects of the biases

Compared to formal precision, mismodelled biases could lead
to an unignorable, and even significant, impact on the empir-
ical accuracy of the estimable parameters. For LEO navigation
signals, diverse mismodelled effects could exist and bias the
results, including multipath effects, the LEO satellite orbital
and clock errors, and the variation of the receiver code hard-
ware biases. In this section, the projection of LEO satellite
orbital and clock errors in near-real-time is assessed.

The biases caused by LEO satellite orbital and clock errors
are taken from a near-real-time reduced-dynamic LEO satellite
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Figure 13. Projection of the LEO satellite orbital (top left), clock errors (top right) and their combined errors (bottom) in the signal

direction.

POD process, as described in section 3.1. Figure 13 shows the
projection of the LEO satellite orbital, clock errors, and their
combined errors in the signal direction. The combined orbital
and clock errors here refer to the LEO satellite clock errors
subtracted from the 3D LEO satellite orbital errors projected
into the signal direction. For users, the combined errors remain
in the observation equations and represent a major error. A
daily mean value was removed from the clock errors by cal-
culation. It can be observed that the orbital and clock errors
mainly range from a few centimeters to 1 dm. Table 5 lists
the RMS of the projected orbital and clock errors for each
station. Their results were close in general. The RMS of the
satellite clock errors range from 3.8 to 5.3 cm (0.13-0.18 ns)
and the projected orbital errors from 1.5 to 2 cm. The RMS of
the combined satellite clock and orbital errors range from 4.0
to 5.6 cm.

Figure 14 depicts the impact of the combined LEO satel-
lite orbital and clock errors on the PCOs and hardware delays
(D0 and D1) when using different numbers of tracking stations

and processing times based on the geometry of the Sentinel-
6A satellite. It can be observed that increasing the number
of stations generally strengthens the model and reduces the
resulting biases in the estimated parameters. When the num-
ber of tracking stations increases to 10, the projected biases
of all the PCO components are within 5 mm. When the pro-
cessing time increases further, from 1 to 6 d, the biases are
reduced to below 2 mm. For DO and D1, it can also be observed
that using 10 stations and 6 d for processing, the biases can
be reduced to an insignificant level, i.e. below 2 mm. More
detailed bias values are presented in tables 6 and 7, where a
processing time of 1 d is used in table 6 and one tracking sta-
tion is employed in table 7. With a processing time of 6 d and
using 10 well-distributed tracking stations, the bias disturb-
ances of the three PCO components and hardware delay DO
can be decreased to below 5 mm for Sentinal-3B. By adding
two tracking stations in polar regions, the bias disturbances can
be further decreased to below 3 mm. For the reason of com-
parison, the results for Sentinel-3B are also given in tables 6



Meas. Sci. Technol. 35 (2024) 086314

J Liu et al

Table 5. STD of the projected clock errors, RMS of the orbital errors and their combined errors in signal direction for each ground station.

STD of the RMS of the projected RMS of the combined
Station clock errors (m) orbital errors (m) errors (m)
XIAl 0.053 0.025 0.054
URUM 0.049 0.021 0.053
PTBB 0.048 0.015 0.047
YEL2 0.054 0.017 0.056
PERT 0.048 0.018 0.047
MGUE 0.053 0.016 0.054
MBAR 0.038 0.015 0.040
MKEA 0.053 0.018 0.056
STI3 0.048 0.017 0.049
Oous2 0.049 0.019 0.052

and 7 using the same orbital and clock errors as described
before. The general trend of the variation in the bias projec-
tion with the station number and processing time remains the
same.

4. Discussions and conclusions

Benefiting from the significantly reduced altitudes of LEO
satellites and their consequent higher speeds, LEO aug-
mentation has become a prominent tool in enhancing tra-
ditional GNSS-based Positioning, Navigation, and Timing
(PNT) services. However, to achieve high-accuracy PPP and
timing on the ground using LEO navigation signals, it is
imperative to accurately calibrate, model, or eliminate a
variety of errors and biases present in the downlink nav-
igation signals between LEO satellites and ground users.
Similar to GNSS satellites, calibrating the PCOs and hard-
ware delays of the LEO downlink signal transmitter/an-
tenna in orbit necessitates the utilization of downlink nav-
igation signals received by ground stations. Nevertheless,
given the limited coverage areas of LEO satellites and
the anticipated insufficiency of ground stations equipped
to receive LEO navigation signals in the future, signific-
ant challenges are posed for the in-orbit calibration of these
parameters.

In this study, an approach is proposed to calculate the
PCO and hardware delay of the downlink navigation antenna
for LEO satellites making use of the GNSS and LEO dual-
frequency navigation signals. The formal precision and bias
disturbances are analyzed for the estimable parameters using
different LEO satellite geometries, under different ground net-
work distributions and processing times.

For example, for the Sentinel-6A satellite with an inclin-
ation of about 66 degrees and the Sentinel-3B satellite with
a near-polar orbit, increasing the number of tracking stations
and processing time can both improve the formal precision of
the PCO components and the hardware delay parameters (DO
and D1). Taking the North PCO component as an example, as
the processing time increased by one-day increments, from 1

to 6 d, the improvements when using 5 well-distributed track-
ing stations amount to 32.2%, 53.2%, 61.8%, 64.5%, 67.9%
for Sentinel-6A and 29.1%, 43.0%, 51.0%, 55.9%, 59.7% for
Sentinel-3B, respectively. As the number of tracking stations
increased from 1 to 2, 4, 6, 8 and 10, the improvements in
processing one day of data amount to 32.2%, 53.2%, 61.8%,
64.5% and 67.9% for Sentinel-6A and 34.3%, 57.3%, 63.2%,
67.6%,76.8% for Sentinel-3B, respectively. With a processing
time of 6 d and 10 well-distributed tracking stations, the three
PCO components could achieve a formal precision of 3.3, 0.4
and 2.1 mm for Sentinel-6A and 3.9, 0.6, 2.7 mm for Sentinel-
3B. The hardware delay DO and D1 could achieve a formal pre-
cision of 1.9 cm, 5.3 mm/°C for Sentinel-6A, and 2.9 cm and
8.3 mm/°C for Sentinel-3B, respectively. After adding two sta-
tions in polar areas for Sentinel-3B, relatively sharp improve-
ments can be observed in all estimable parameters. With a pro-
cessing time of 6 d and 12 well-distributed tracking stations,
the three PCO components could achieve a formal precision of
3.1, 0.5, and 2.0 mm. Hence, for LEO satellites of near-polar
orbits, ground tracking stations at polar areas are important for
the observation model and formal precision.

Using the real LEO satellite orbital and clock errors pro-
cessed in a near-real-time mode, the impacts of the biases
induced by LEO satellite POD and clock determination were
also assessed for the PCOs and hardware delays (DO and D1).
As the number of tracking stations and the processing time
increases, the bias disturbances in the three PCO components
and hardware delays (DO, D1) decrease. With a processing
time of 6 d and using 10 well-distributed tracking stations, the
bias disturbances on the three PCO components and hardware
delay DO can be decreased to below 2 mm for Sentinel-6A,
and 3 mm for Sentinel-3B, respectively. Finally, when adding
two tracking stations in polar regions for Sentinel-3B, the bias
disturbances of the three PCO components and hardware delay
DO can also be decreased to below 2 mm.

There are remaining issues that could lead to differences
between the formal precision of the parameters analyzed in
this study and their empirical accuracies using real LEO
satellite navigation signals in the future. For example, a
temperature-related linear polynomial might not completely
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Table 6. Biases in the three PCO components, DO and D1 when increasing the number of the tracking stations from 2 to 10, with a

processing time of one day.

Sentinel-6A

Sentinel-3B

Number of North East Up PCO D1 North East Up PCO D1

stations PCO (m) PCO (m) (m) DO (m) (m/°C) PCO (m) PCO (m) (m) DO (m) (m/°C)
2 0.010 —0.037 —0.008 —0.012 0.001 0.020 0.001 0.017 0.003 0.001
4 —0.003 —0.015 —0.001 —0.001 0.002 0.015 0.004 0.007 0.007 0.000
6 —0.009 —0.011 —0.003 —0.005 0.001 0.009 —0.001 0.008 0.000 —0.002
8 —0.005 —0.007 —0.005 —0.002 0.001 —0.007 0.003 0.007 0.001 —0.001
10 —0.004 —0.005 —0.003 —0.001 —0.000 —0.003 0.002 0.004 0.000 —0.001

Table 7. Biases in the three PCO components, DO and D1 when increasing the processing time from 1 to 6 d using one tracking station.

Sentinel-6A

Sentinel-3B

Processing time North East Up D1 North East Up PCO D1
(day) PCO(m) PCO(m) PCO(m) DO(m) (m/°C) PCO(m) PCO (m) (m) DO(m)  (m/°C)
1 0.018 —0.057 —0.016 —0.043 0.009 0.078 0.001 0.032 0.023 0.002
2 0.013 —0.046 —0.007 —0.034 0.008 0.044 0.001 0.015 0.027 0.003
3 —0.033 —0.037 0.031 —0.004 0.006 0.029 0.004 0.013 0.032 —0.002
4 —0.033 —0.028 —0.023 0.000 0.004 0.026 0.004 0.010 0.025 —0.002
5 —0.027 —0.021 0.025 0.000 0.004 0.025 0.000 0.007 0.019 —0.002
6 —0.027 —0.016 0.022 0.003 0.003 0.026 —0.002 0.008 0.020 0.000
cover the variations of the hardware delays. Its variation ORCID iDs
model with the temperature could be more complicated, and
the hardware delays could be further influenced by other Jiawei Liu ( https://orcid.org/0009-0008-3062-8356
factors like changes in voltage. Futurer studies will investigate ~ Kan Wang (© https://orcid.org/0000-0001-5688-6937
these issues when real LEO satellite navigation data become ~Ahmed El-Mowafy @ https://orcid.org/0000-0001-7060-
available. 4123
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