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Abstract—In this paper, we investigate a dual-hop simultane-
ous wireless information and power transfer (SWIPT) decode-
and-forward (DF) multiple-input multiple-output (MIMO) relay
communication system in which the relay node harvests energy
based on the radio frequency (RF) signal transmitted from
the source node through the time-switching (TS) protocol to
decode and forward the re-encoded information to the destination
node. With consideration of the channel estimation error, the
joint optimization of the TS factor, source and relay precoding
matrices is proposed with robustness against the channel state
information mismatch to maximize the mutual information (MI)
between the source and destination nodes. We derive the optimal
structure of the source and relay precoding matrices to simplify
the transceiver optimization problem under fixed and flexible
power constraints. Numerical examples demonstrate that the pro-
posed algorithms with robustness provide better MI performance
compared to the non-robust algorithm.

Index Terms—Decode-and-forward, energy harvesting, imper-
fect CSI, MIMO relay, robustness, simultaneous wireless infor-
mation and power transfer (SWIPT), time-switching.

I. INTRODUCTION

Recently, the application of the simultaneous wireless in-
formation and power transfer (SWIPT) technology in energy-
limited wireless systems has attracted much attention from
researchers around the world. This is due to the capability
of the SWIPT technology to prolong the lifetime of a wire-
less system by harvesting energy from radio frequency (RF)
signals while receiving information data from the transmitter.
In practice, there are two types of SWIPT receivers, which
are known as time-switching (TS) and power-splitting (PS)
SWIPT receivers [1].

In a scenario where the source and destination nodes are
located over a long distance, it is necessary to deploy relay
nodes for the wireless system. By utilizing the relay tech-
nology, the network coverage of wireless communication is
extended [2]. There are mainly two types of relaying schemes
commonly used in practice, which are known as the amplify-
and-forward (AF) scheme and the decode-and-forward (DF)
scheme. The AF relaying scheme amplifies the received signal
and forwards it to the next node, while the DF relaying scheme
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decodes the received information and then encodes it before
forwarding the information signal to the next node. In [3],
the TS and PS protocols for SWIPT receiver are adopted
to wireless relay systems by introducing TS-based and PS-
based relaying protocols to perform energy harvesting (EH)
and information decoding (ID) from the received signal at the
relay node. The SWIPT relay node processes and forwards the
received signals to the destination node by utilizing the energy
harvested.

The multiple-input multiple-output (MIMO) technique, by
installing multiple antennas at nodes, is capable of improving
the spectral efficiency of a relay system [4]. MIMO relay
communication systems with application of SWIPT relay node
have been investigated in [5]–[8], [10], [11]. In [5], the au-
thors investigated the dual-hop SWIPT AF MIMO orthogonal
frequency-division multiplexing (OFDM) relay system and
developed the TS and PS protocols for the relay system.
In [6], SWIPT AF massive MIMO relay networks with PS-
based relaying scheme and TS-based relaying scheme were
investigated. The authors derived the asymptotic harvested
energy and sum rate expression for a relay with infinite
number of antennas. In [7], the joint optimization problem
in maximizing the mutual information (MI) between the
source and destination nodes for SWIPT AF MIMO relay
communication systems with TS-based relaying scheme was
investigated. The joint optimization problem was solved by
using the primal decomposition based algorithm and upper
bound based algorithm. In [8], the authors investigated a two-
hop SWIPT AF MIMO relay communication system with
PS-based relaying scheme. The source and relay precoding
matrices with the PS factor matrices were jointly optimized
by the sequential quadratic programming (SQP) approach, the
semi-definite programming (SDP) approach, and the primal-
dual search approach to achieve the maximal system MI. In
[9], relay-assisted SWIPT is proposed for dual-hop MIMO
relay systems, where a half-duplex multiantenna relay node
adopts the DF relaying strategy for information forwarding.
The PS-based relying protocol is employed to harvest energy
from the source transmission. In [10], the authors extended
the work in [7] and [8] to a dual-hop SWIPT DF MIMO relay
communication system. In [11], an innovative SWIPT relaying
scheme known as the hybridized power-time splitting-based
relaying (HPTSR) protocol was presented, where the TS-based
and the PS-based relaying protocols were combined in the
HPTSR scheme. The joint optimization for the TS factor, the
source and relay precoding matrices and the PS ratio matrix
was tackled to maximize the system MI.
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For SWIPT relay systems, it is assumed in [5]–[8], [10],
[11] that the exact channel state information (CSI) is available.
However, the exact CSI is unobtainable in practice due to
the mismatch between the exact CSI and estimated CSI. The
channel mismatch between the exact and estimated CSI dete-
riorates the performance of the proposed relay systems [12],
[13]. Studies regarding the imperfect CSI in SWIPT MIMO
relay systems have been carried out in [14]–[18]. In [14], a
dual-hop SWIPT MIMO AF relay communication system was
investigated for the ideal EH scheme, the PS-based relaying
scheme, and the TS-based relaying scheme. However, the
authors only considered the imperfect CSI when optimizing
the SWIPT MIMO AF relay communication system with the
TS-based relaying scheme. In [15], the authors extended the
work in [14] to a DF relay communication system. Similarly,
the impact of the imperfect CSI was considered for the TS-
based relaying scheme. It is noted that the imperfect CSI
considered in [14] and [15] is a special case, where the
authors assumed scaled identity matrices as the row and
column covariance matrices of the CSI mismatch matrices,
and the CSI mismatch is treated as noise. However, in many
practical applications there is channel correlation [19], [20],
hence the correlation matrix is not an identity matrix. Thus,
the assumption made in [14] and [15] is not valid.

In [16], a dual-hop multi-relay SWIPT wireless commu-
nication system with the TS-based relaying protocol was
investigated with the consideration of CSI mismatch, where
the communication between the multi-antenna source node and
destination node is carried out with the help of multiple single-
antenna relay nodes. In [17], the authors investigated a SWIPT
MIMO AF relay communication system with imperfect CSI.
The TS-based relaying protocol was used to perform EH
and ID at the relay node, and the transmit antenna selection
strategy was used to reduce the system complexity. In other
words, the system nodes which transmit information, e.g. the
source node and the relay node, are treated as single-antenna
system nodes for signal transmission. In [18], an energy-
efficient design for a two-way MIMO relay network with PS-
based relaying protocol was investigated with the considera-
tion of the CSI mismatch. It is observed that the CSI mismatch
considered in [18] is modeled based on the Euclidean-norm
bounded model. The robust transceiver design based on the
Euclidean norm-bounded CSI mismatch is commonly known
as the worst-case based design, which is formulated as a min-
max optimization problem, where the “max” is for the worst-
case CSI mismatch. The worst-case based robust design tends
to be pessimistic compared with the probability based robust
design.

Different to [14]–[16], [18], the well-known Gaussian-
Kronecker model is adopted in this paper to model the CSI
mismatch. The Gaussian-Kronecker model is used because
in many practical scenarios, there is correlation between the
elements of the CSI mismatch matrix. Different to [16], the
system nodes considered in this paper are all equipped with
multiple antennas. Moreover, in contrast to [17], in this paper
all system antennas considered are used.

We propose a transceiver design for a dual-hop MIMO
relay communication system with a SWIPT relay using the

DF relaying protocol. The transceiver is designed with the
consideration of imperfect CSI. We would like to mention
that the implementation of the robust SWIPT DF MIMO relay
system can be done in a similar way to those non-robust
designs. The focus of this paper is on the system optimization.
To the best of our knowledge, there is no existing work carried
out in SWIPT DF MIMO relay systems with consideration
of imperfect CSI modeled based on the Gaussian-Kronecker
model. We show through numerical simulations that the pro-
posed scheme improves the robustness of SWIPT DF MIMO
relay systems against the channel estimation error.

The contributions/challenges of this paper are summarized
below:

• The impact of the channel estimation error modeled by
the Gaussian-Kronecker model on the performance of a
dual-hop SWIPT DF MIMO relay system is examined
in this paper. To the best of our knowledge, there is
no existing work carried out in a dual-hop SWIPT DF
MIMO relay system with consideration of practical im-
perfect CSI based on the Gaussian-Kronecker model.

• The works carried out in this paper extend the existing
work [15] from the special case where the channel cor-
relation matrices are assumed as scaled identity matrices
to scenarios with general channel correlation matrices.

• We introduce the constant-linear-constant (CLC) non-
linear EH model [21] for the energy harvested at the
relay node. The CLC based non-linear EH model is not
considered in the existing works [14] and [15].

• The algorithm proposed for the transceiver design in
this paper provides robustness to combat the inevitable
channel mismatch between the exact and estimated CSI in
practical scenarios. The proposed algorithm helps to im-
prove the system performance of the existing transceiver
design under a similar system model [10].

• In this paper, we consider both the fixed power constraint
and the flexible power constraint at the source node.
For each of the two constraints, we derive the optimal
structure of the source and relay precoding matrices,
which simplifies the optimization problems.

• For the fixed power constraint, with any given TS factor,
the problem is converted to two simple power allocation
subproblems. While for the flexible power constraint,
the problem is converted to one master problem with
two associated simple power allocation subproblems,
which greatly reduces the computation complexity of the
optimization problem.

The remainder of this paper is structured as follows. In
Section II, the system model of a dual-hop MIMO relay system
with an EH relay adopting the TS protocol and consideration
of the CSI mismatch is presented. In Section III, the robust
transceiver design algorithm is developed with a fixed trans-
mission power scheme at the source node. In Section IV, the
robust transceiver design algorithm is developed with a flexible
transmission power scheme at the source node. In Section V,
the peak power limits for the source node and relay node are
considered in the optimization problem. Numerical results are
presented in Section VI and conclusions are drawn in Section
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Fig. 1. Block diagram of a dual-hop MIMO relay system with EH relay using
TS protocol.

VII.

II. SYSTEM MODEL

In this paper, we consider a dual-hop three-node MIMO
relay communication system where information signals are
transmitted from the source node to the destination node with
the help of a relay node as displayed in Fig. 1. The number of
antennas installed at the source, relay, and destination nodes
are denoted as NS , NR, and ND respectively. The source node
has individual power supply while the relay node is required
to be powered by energy harvested from the received RF
signals. We also assume that the direct link between the source
and destination nodes is negligible due to severe pathloss and
shadowing. Compared with the AF relaying scheme, we select
the DF relaying scheme for the relay as it does not amplify
and forward the noise introduced at the relay node.

For the EH scheme at the relay node, the TS protocol is
adopted to the system. In one communication cycle, the total
time T is divided into three time-frames. During the first time-
frame of αT , the source node transmits the energy-bearing
signal vector s1 ∈ CNS×1 to the relay node for EH where
α ∈ [0, 1] represents the TS factor and the covariance matrix
of s1 is given as E{s1s

H
1 } = F1, where E{·} and (·)H

denote the statistical expectation and Hermitian transpose,
respectively. During the second time-frame of (1 − α)T/2,
the source node transmits information-bearing signal vector
s2 ∈ CNS×1 with covariance matrix given as E{s2s

H
2 } = F2

to the relay node for ID where the relay node decodes
and re-encodes the received signal. During the final time-
frame of (1 − α)T/2, the relay node forwards the encoded
signal s̄ ∈ CNR×1 to the destination node1, where s̄ has the
covariance matrix given as E{s̄s̄H} = G. For simplicity, we
set T = 1.

The received signal at the relay node for EH during the first
time-frame is given as

yr,1 = HSRs1 + nr,1 (1)

where HSR is the MIMO channel matrix of the source-relay
link and nr,1 is the addictive white Gaussian noise (AWGN)
at the relay node during the first time-frame. In this paper, the
energy harvested at the relay node is modeled based on the
CLC non-linear EH model [21]. The RF energy Ēr harvested
at the relay node is written as

Ēr = αĒclc
(
tr
{
HSRF1H

H
SR

})
(2)

1It is shown in [22] that for dual-hop DF relay systems with the perfect
CSI knowledge, optimizing the time allocation between the two hops of
information transmission can increase the achievable system mutual infor-
mation. However, for systems with imperfect CSI, the resulting transceiver
optimization problems are intractable. Thus, we choose equal time duration
for the two hops of information transmission.

where Ēclc(x) is a piecewise function given as

Ēclc(x) =

0, x ≤ PTh
Em, ηax ≥ Em
ηax, otherwise

, (3)

ηa ∈ (0, 1), PTh and Em respectively denote the conversion
efficiency at the relay node, the minimum input power and the
maximum output power of a practical EH circuit, and tr{·}
denotes the matrix trace. Note that compared with the signal
component, the contribution of the noise component in (1) to
the energy harvested at the relay node is negligible, as pointed
out in [1].

During the second time-frame, the received signal at the
relay node for ID is given as

yr,2 = HSRs2 + nr,2 (4)

where nr,2 is the AWGN noise at the relay node with a covari-
ance matrix of σ2

rINR
and In denotes an n×n identity matrix.

During the final time-frame, the relay node forwards the re-
encoded information to the destination node. The received
signal at the destination node is given as

yd = HRD s̄ + nd (5)

where HRD is the MIMO channel matrix of the relay-
destination link and nd is the AWGN noise at the destination
node with a covariance matrix of σ2

dIND
.

In existing works [5]–[8], [10], [11], the exact CSI is
assumed to be known at the relay and destination nodes.
However, the exact CSI is unavailable in practical scenarios
due to the channel estimation error which results in mismatch
between the exact and estimated CSI. Thus, the true MIMO
channel matrices with consideration of imperfect CSI are given
as

HSR = ĤSR + ∆SR, HRD = ĤRD + ∆RD (6)

where ĤSR and ĤRD are the estimated channel matrices for
the source-relay link and the relay-destination link, respec-
tively, ∆SR and ∆RD are the corresponding CSI mismatch
matrices. It can be shown following [19] and [20] that in gen-
eral, ∆SR can be equivalently expressed as Σ

1
2

SR∆ωSR
Φ

1
2

SR,
where ∆ωSR

is an NR×NS complex Gaussian matrix whose
entries are independent and identically distributed (i.i.d.) with
zero mean and unit variance, and ΣSR and ΦSR are the row
and column covariance matrices of ∆SR, respectively. Simi-
larly, ∆RD can be equivalently expressed as Σ

1
2

RD∆ωRD
Φ

1
2

RD,
where ΣRD and ΦRD are the row and column covariance
matrices of ∆RD, respectively, and ∆ωRD

is an ND × NR
complex Gaussian matrix whose entries are i.i.d. with zero
mean and unit variance. Thus, ∆SR and ∆RD follow the
Gaussian-Kronecker model below [20]2

∆SR ∼ CN (0,ΣSR ⊗ΦT
SR) (7)

∆RD ∼ CN (0,ΣRD ⊗ΦT
RD) (8)

2The methods developed in this paper can be extended to other models
where the CSI mismatch matrices are Gaussian and their covariance matrices
are known.
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where ⊗ denotes the matrix Kronecker product, (·)T stands
for the matrix transpose. As pointed out in [20], in general,
the expressions of ΣSR, ΦSR, ΣRD, and ΦRD depend on
specific channel estimation algorithms.

The MI across the source-destination link ISD is the min-
imum of the MI across the source-relay link ISR and the MI
across the relay-destination link IRD, and can be expressed
as [23]

ISD = min
(
ISR, IRD

)
. (9)

When the exact CSI is available, ISR and IRD are given by

ISR =
1− α

2
log2

∣∣INR
+ σ−2

r HSRF2H
H
SR

∣∣ (10)

IRD =
1− α

2
log2

∣∣IND
+ σ−2

d HRDGHH
RD

∣∣ (11)

where | · | denotes the matrix determinant. With the consider-
ation of the CSI mismatch, it is noted that the exact ISR and
IRD are unknown [19], [24]–[26]. Based on [19] and [24]–
[26], we adopt the lower bound of the exact ISR and IRD in
this paper, which can be written as

ĨSR =
1−α

2
log2

∣∣∣INR
+T
− 1

2

SRĤSRF2Ĥ
H
SRT

−H
2

SR

∣∣∣ (12)

ĨRD =
1−α

2
log2

∣∣∣IND
+T
− 1

2

RDĤRDGĤH
RDT

−H
2

RD

∣∣∣ (13)

where (·)−1 denotes the matrix inversion and

TSR = σ2
rINR

+ E{∆SRF2∆
H
SR}

= σ2
rINR

+ tr{F2ΦSR}ΣSR (14)
TRD = σ2

dIND
+ E{∆RDG∆H

RD}
= σ2

dIND
+ tr{GΦRD}ΣRD. (15)

are the equivalent noise covariance matrices. It can be seen
that when the CSI is non-ideal and the channel estimation
errors ∆SR and ∆RD follow the Gaussian-Kronecker model,
the system MI lower bounds (12) and (13) are different to the
conventional system MI (10) and (11) due to the existence
of TSR and TRD which are not identity matrices. Moreover,
with the consideration of the CSI mismatch, Ēr from (2) is
rewritten into

Ẽr = αĒclc

(
E{(ĤSR + ∆SR)F1(ĤSR + ∆SR)H}

)
= αĒclc

(
tr{F1(ĤH

SRĤSR + tr{ΣSR}ΦSR)}
)
. (16)

In the TS protocol, there are two schemes of transmission
power constraint for the source node [1] which are known as
the fixed power scheme and the flexible power scheme. The
transmission power constraint for the source node in the case
of the fixed power scheme is given as

tr{F1} ≤ Ps, tr{F2} ≤ Ps (17)

and in the case of the flexible power scheme is given by

α tr{F1}+
1− α

2
tr{F2} ≤

1 + α

2
Ps (18)

where Ps > 0 is the power budget available at the source
node.

The energy consumption at the relay node consists of the
transmission energy and the circuit energy [27]. The amount

of energy used to transmit s̄ to the destination node is given
by 1−α

2 tr{G}. Based on [10], the amount of energy used to
maintain the circuit operations at the relay node consists of a
static part which is given as 1−α

2 NRPc and a dynamic part
which is modeled as ηbẼr, where Pc is the per-antenna static
power consumption and ηb ∈ (0, 1). It has been shown in [7]
that the achievable data rate increases with Ẽr. As the amount
of information processing at the relay node increases with the
data rate, it is sensible to adopt ηbẼr as the dynamic part of the
circuit energy consumption. Hence, the energy consumption
constraint at the relay node is written as

1− α
2

(tr{G}+NRPc) ≤ Er (19)

where Er = αEclc

(
tr{F1(ĤH

SRĤSR + tr{ΣSR}ΦSR)}
)

,
Eclc(x) is given as

Eclc(x) =

0, x ≤ PTh
Em, ηx ≥ Em
ηx, otherwise

(20)

and η = ηa(1− ηb).
The main objective of the proposed transceiver design

scheme is to maximize ISD,low subjecting to each variation
of transmission power constraints at the source node as given
in (17) and (18) and the energy consumption constraint at the
relay node as given by (19).

Different from [15], the CSI mismatch covariance matrices
ΦSR, ΦRD, ΣSR, and ΣRD in general cases are not scaled
identity matrices which result in difficulties when solving the
optimization problem. In general cases where ΦSR 6= σ2

eINS

and ΦRD 6= σ2
eINR

, we introduce the inequality [20] as
follows to overcome the challenge

tr{AB} ≤ tr{A}λM (B) (21)

where λM (·) denotes the maximal eigenvalue of a matrix. By
applying (21) to (14) and (15), the upper bound of TSR and
TRD, which are respectively denoted as T̂SR and T̂RD, are
given as

T̂SR = σ2
rINR

+ tr{F2}ϕSRΣSR (22)
T̂RD = σ2

dIND
+ tr{G}ϕRDΣRD (23)

where ϕSR and ϕRD denote the maximal eigenvalue of ΦSR

and ΦRD, respectively. Notably, (22) and (23) are also appli-
cable in the case where ΦSR = σ2

eINS
and ΦRD = σ2

eINR
.

By substituting (22) and (23) to (12) and (13), we obtain
the lower bound of ISD, denoted as ÎSD = min(ÎSR, ÎRD)
where ÎSR and ÎRD represent the lower bound of ĨSR and
ĨRD, respectively, given by

ÎSR =
1− α

2
log2

∣∣∣INR
+ T̂

− 1
2

SRĤSRF2Ĥ
H
SRT̂

−H
2

SR

∣∣∣ (24)

ÎRD =
1− α

2
log2

∣∣∣IND
+ T̂

− 1
2

RDĤRDGĤH
RDT̂

−H
2

RD

∣∣∣ . (25)

In this paper, we optimize the system parameters to maximize
ÎSD.

In general cases where ΣSR 6= σ2
eINR

and ΣRD 6= σ2
eIND

,
the eigenvalue decomposition (EVD) of ΣSR and ΣRD is
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introduced as follows to reduce the complexity of the objective
function

ΣSR=VΣSR
ΛΣSR

VH
ΣSR

, ΣRD=VΣRD
ΛΣRD

VH
ΣRD

. (26)

With the introduction of (26), ÎSR and ÎRD in (24) and (25)
are equivalently rewritten into

ÎSR=
1−α

2
log2

∣∣∣INR
+H̃SR[tr{F2}]F2H̃

H
SR[tr{F2}]

∣∣∣(27)

ÎRD=
1−α

2
log2

∣∣∣IND
+H̃RD[tr{G}]GH̃H

RD[tr{G}]
∣∣∣ (28)

where

H̃SR[tr{F2}] =
(
σ2
rINR

+tr{F2}ϕSRΛΣSR

)− 1
2 VH

ΣSR
ĤSR

H̃RD[tr{G}] =
(
σ2
dIND

+tr{G}ϕRDΛΣRD

)− 1
2 VH

ΣRD
ĤRD

can be viewed as the source-relay link channel matrix with
dependence on tr{F2} and the relay-destination link channel
matrix with dependence on tr{G}, respectively, with the
corresponding compact singular value decomposition (SVD)
given as

H̃SR[tr{F2}]=ŨSR[tr{F2}]Λ̃
1
2

SR[tr{F2}]ṼH
SR[tr{F2}](29)

H̃RD[tr{G}]=ŨRD[tr{G}]Λ̃
1
2

RD[tr{G}]ṼH
RD[tr{G}](30)

where Λ̃SR[tr{F2}] and Λ̃RD[tr{G}] are diagonal matrices
with dimension of KSR = min(NS , NR) and KRD =
min(NR, ND), respectively, with the diagonal elements ar-
ranged in descending order.

III. FIXED POWER SCHEME

In this section, we investigate the optimization problem
which maximizes ÎSD with ÎSR and ÎRD expressed in (27)
and (28), respectively. Subjecting to the fixed transmission
power constraint as given in (17) and the energy consumption
constraint as given in (19), the optimization problem can be
written as

max
α,F1,F2,G

ÎSD (31a)

s.t. tr{F1} ≤ Ps, tr{F2} ≤ Ps (31b)
1− α

2
(tr{G}+NRPc) ≤ Er (31c)

F1 ≥ 0, F2 ≥ 0, G ≥ 0 (31d)
0 ≤ α ≤ 1. (31e)

It is noticeable that F1 is not involved in the objective function,
but it affects the transmission energy available at the relay
node. Thus, the optimization problem for F1 can be viewed
as

max
F1

tr{F1Q} (32a)

s.t. tr{F1} ≤ Ps, F1 ≥ 0 (32b)

where Q = ĤH
SRĤSR+tr{ΣSR}ΦSR with the corresponding

EVD given as VqΛqV
H
q and the diagonal elements of Λq are

arranged in decreasing order. As the optimal F1 must achieve
the equality of the transmission power constraint (32b), the
optimal structure [5] for F1 is given F1 = Psvq,1v

H
q,1, where

vq,1 is the leftmost column of Vq . By adopting the optimal

structure of F1, the optimization problem (31) can be rewritten
as

max
α,F2,G

min

(
1− α

2
log2

∣∣∣INR
+H̃SR[tr{F2}]F2H̃

H
SR[tr{F2}]

∣∣∣ ,
1− α

2
log2

∣∣∣IND
+ H̃RD[tr{G}]GH̃H

RD[tr{G}]
∣∣∣) (33a)

s.t. tr{F2} ≤ Ps (33b)
tr{G} ≤ Eα (33c)
0 ≤ α ≤ 1, F2 ≥ 0, G ≥ 0 (33d)

where Eα = 2αEclc(χPs) /(1 − α) − NRPc and χ is the
largest diagonal element of Λq .

The optimization problem (33) is solved by an iterative
method. Let us denote ÎSD{α} as the optimal ÎSD with any
given α value. Firstly, we solve the optimization problem
with fixed α. It is noted that Eα is a constant with any
given α. It can be shown that ÎSR in (27) is monotonically
increasing with respect to tr{F2} and ÎRD in (28) increases
monotonically with respect to tr{G}. Thus, it is obvious that
the optimal F2 and G must achieve the equality of corre-
sponding power constraints (33b) and (33c). Thus, under fixed
transmission power constraint, H̃SR[tr{F2}] = H̃SR[Ps] and
H̃RD[tr{G}] = H̃RD[Eα] can be rewritten as

H̃SR[Ps] =
(
σ2
rINR

+ PsϕSRΛΣSR

)− 1
2 VH

ΣSR
ĤSR

H̃RD[Eα] =
(
σ2
dIND

+ EαϕRDΛΣRD

)− 1
2 VH

ΣRD
ĤRD

with the corresponding compact SVD written as

H̃SR[Ps] = ŨSRΛ̃
1
2

SR[Ps]Ṽ
H
SR (34)

H̃RD[Eα] = ŨRDΛ̃
1
2

RD[Eα]ṼH
RD. (35)

The diagonal elements of Λ̃SR[Ps] and Λ̃RD[Eα] are
arranged in descending order and the ith diagonal element
of the corresponding matrices are denoted as λ̃SR,i[Ps] for
i = 1, · · · ,KSR and λ̃RD,i[Eα] for i = 1, · · · ,KRD. As
mentioned in [12], when tr{F2} and tr{G} are constants,
ŨSR, ŨRD, ṼSR, and ṼRD do not depend on F2 and G. It
can be shown that the optimal structures for F2 and G are
given by

F2 = ṼSRΛ2Ṽ
H
SR, G = ṼRDΛgṼ

H
RD (36)

where Λ2 and Λg are diagonal matrices of size KSR and
KRD, respectively. The ith diagonal elements for Λ2 and Λg

are correspondingly denoted as λ2,i for i = 1, · · · ,KSR and
λg,i for i = 1, · · · ,KRD. By adopting the optimal structures
of F2 and G, the optimization problem (33) can be written as

max
F2,G

min

(
1− α

2
log2

∣∣∣INR
+ Λ̃

1
2

SR[Ps]Λ2Λ̃
1
2

SR[Ps]
∣∣∣ ,

1− α
2

log2

∣∣∣IND
+ Λ̃

1
2

RD[Eα]ΛgΛ̃
1
2

RD[Eα]
∣∣∣) (37a)

s.t. tr{Λ2} ≤ Ps (37b)
tr{Λg} ≤ Eα (37c)
F2 ≥ 0, G ≥ 0. (37d)
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As the optimization problem (37) contains only diagonalized
matrix, it can be simplified to a power allocation problem with
scalar variables which is given as

max
λ2,λg

min

(
1− α

2

KSR∑
i=1

log2

(
1 + λ̃SR,i[Ps]λ2,i

)
,

1− α
2

KRD∑
i=1

log2

(
1 + λ̃RD,i[Eα]λg,i

))
(38a)

s.t.

KSR∑
i=1

λ2,i ≤ Ps, λ2,i ≥ 0, i = 1, · · · ,KSR (38b)

KRD∑
i=1

λg,i ≤ Eα, λg,i ≥ 0, i = 1, · · · ,KRD(38c)

where λ2 = [λ2,1, · · · , λ2,KSR
]T and λg =

[λg,1, · · · , λg,KRD
]T . It is noted that (38) can be further

reduced to two sub-problems. In particular, the source-relay
link optimization problem is given as

max
λ2

1− α
2

KSR∑
i=1

log2

(
1 + λ̃SR,i[Ps]λ2,i

)
(39a)

s.t.

KSR∑
i=1

λ2,i ≤ Ps, λ2,i ≥ 0, i = 1, · · · ,KSR (39b)

While the relay-destination link optimization problem is given
as

max
λg

1− α
2

KRD∑
i=1

log2

(
1 + λ̃RD,i[Eα]λg,i

)
(40a)

s.t.

KRD∑
i=1

λg,i ≤ Eα, λg,i ≥ 0, i = 1, · · · ,KRD(40b)

By using the Karush-Kuhn-Tucker (KKT) conditions, the
optimal λ2,i is given as

λ∗2,i=
1

λ̃SR,i[Ps]

[
1−α

2

λ̃SR,i[Ps]

µ1 ln 2
− 1

]+

, i = 1, · · · ,KSR (41)

and the optimal λg,i is written as

λ∗g,i=
1

λ̃RD,i[Eα]

[
1−α

2

λ̃RD,i[Eα]

µ2 ln 2
− 1

]+

, i = 1, · · · ,KRD(42)

where (·)∗ represents the optimal value, ln denotes the natural
logarithm, [x]+ = max(x, 0), µ1 > 0 and µ2 > 0 are the
Lagrange multipliers to (39b) and (40b), respectively.

It can be seen that the objective function ÎSD for fixed
transmission power constraint is a unimodal function of α
as illustrated in Fig. 2 and the feasibility region of (33c) is
monotonically increasing with α. Thus, the optimal α can be
obtained through the golden section search method with the
golden number ratio δ = 1.618 [28]. The procedure of the
golden section search method is presented in Algorithm 1,
where ε > 0 is a small number controlling the convergence of
the algorithm.

The transceiver optimization problems are solved at the
source node since it has constant power supply. The value
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Fig. 2. Unimodality of ISD ; Ps = 20 dBm and NS = NR = ND = 2.

Algorithm 1 Golden Section Search Method to Find the
Optimal α

Initialization: αU = 1 and αL = 0.
1: while |αU − αL| ≥ ε do
2: Set ρ1 = (δ − 1)αL + (2− δ)αU .
3: Set ρ2 = (2− δ)αL + (δ − 1)αU .
4: Compute ÎSD{ρ1} and ÎSD{ρ2}.
5: if ÎSD{ρ1} − ÎSD{ρ2} ≥ 0 then
6: αU = ρ2.
7: else
8: αL = ρ1.
9: end if

10: end while
11: α∗ = (αL + αU )/2.

of α does not need to be sent to the relay nor the destination,
as the relay node is able to tell whether the incoming signal
is energy-bearing signal s1 or information-carrying signal s2

through the property/structure of s1 and s2.

IV. FLEXIBLE POWER SCHEME

In this section, we investigate the optimization problem
which maximizes ÎSD with ÎSR and ÎRD expressed in (27)
and (28) respectively. Subjecting to the flexible power con-
straint as given in (18) and the energy consumption constraint
as given in (19), the optimization problem can be expressed
as

max
α,F1,F2,G

ÎSD (43a)

s.t. αtr{F1}+
1− α

2
tr{F2} ≤

1 + α

2
Ps (43b)

1− α
2

(tr{G}+NRPc) ≤ Er (43c)

F1 ≥ 0, F2 ≥ 0, G ≥ 0 (43d)
0 ≤ α ≤ 1. (43e)

It is noticeable that the optimal F1 is not involved in the
objective function (43a), but it affects the objective function by
varying the feasible region of the problem. To maximize the
energy harvested at the relay node, the source node transmis-
sion power for energy-carrying signal should be located to the
strongest sub-channel of Q. By assuming that tr{F1} = λ1,
the optimization of F1 can be reduced to λ1 with the optimal
structure for F1 = λ1vq,1v

H
q,1. By adopting the optimal
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structure of F1, the optimization problem (43) is rewritten
as

max
α,λ1,F2,G

ÎSD (44a)

s.t. αλ1 +
1− α

2
tr{F2} ≤

1 + α

2
Ps (44b)

tr{G} ≤ 2α

1− α
Eclc(λ1χ)−NRPc (44c)

0 ≤ α ≤ 1, F2 ≥ 0, G ≥ 0. (44d)

Similar to Section III, an iterative method is developed
to solve the problem (44). It is noticed that the optimal F2

and G are coupled by the λ1 with any given α. The primal
decomposition method is applied by introducing αλ1 = k
where k ∈ [0, 1+α

2 Ps]. The optimization problem (44) is
equivalently decomposed into two subproblems which are
written as

max
F2

ÎSR(k) =
1− α

2
log2 |INR

+

H̃SR[tr{F2}]F2H̃
H
SR[tr{F2}]

∣∣∣ (45a)

s.t. tr{F2} ≤ Pf , F2 ≥ 0 (45b)

and

max
G

ÎRD(k) =
1− α

2
log2 |IND

+

H̃RD[tr{G}]GH̃H
RD[tr{G}]

∣∣∣ (46a)

s.t. tr{G} ≤ Ef , G ≥ 0 (46b)

where

Pf =
(1+α)Ps − 2k

1−α
,Ef =

2α

1− α
Eclc

(
k

α
χ

)
−NRPc, (47)

ÎSR(k) and ÎRD(k) are the optimal ÎSR and ÎRD with a
given k. Moreover, the master problem of optimizing F2 and
G is given as

max
k

min(ÎSR(k), ÎRD(k)) (48a)

s.t. 0 ≤ k ≤ (1 + α)Ps
2

. (48b)

It can be easily seen that the equality of (45b) and (46b)
must be achieved with the optimal F2 for the problem (45)
and G for the problem (46). Thus, H̃SR[tr{F2}] = H̃SR[Pf ]

and H̃RD[tr{G}] = H̃RD[Ef ] can be rewritten as

H̃SR[Pf ] =
(
σ2
rINR

+ PfϕSRΛΣSR

)− 1
2 VH

ΣSR
ĤSR

H̃RD[Ef ] =
(
σ2
dIND

+ EfϕRDΛΣRD

)− 1
2 VH

ΣRD
ĤRD

where the corresponding singular value matrices (29) and
(30) are given as Λ̃SR[Pf ] and Λ̃RD[Ef ] with their diagonal
elements arranged in descending order. The ith diagonal
elements of Λ̃SR[Pf ] and Λ̃RD[Ef ] are correspondingly de-
noted as λ̃SR,i[Pf ] for i = 1, · · · ,KSR and λ̃RD,i[Ef ] for
i = 1, · · · ,KRD. Using the optimal structure of F2 and G
given in (36) and the corresponding SVDs of H̃SR[Pf ] and

H̃RD[Ef ] for the flexible power scheme, the optimization sub-
problem (45) can be equivalently expressed as

max
x

1− α
2

KSR∑
i=1

log2 (1 + aixi) (49a)

s.t.

KSR∑
i=1

xi ≤ Pf , xi ≥ 0, i = 1, · · · ,KSR (49b)

where x = [x1, · · · , xKSR
]T , and for i = 1, · · · ,KSR, ai =

λ̃SR,i[Pf ] and xi = λ2,i. While the optimization sub-problem
(46) is rewritten as

max
y

1− α
2

KRD∑
i=1

log2 (1 + biyi) (50a)

s.t.

KRD∑
i=1

yi ≤ Ef , yi ≥ 0, i = 1, · · · ,KRD (50b)

where y = [y1, · · · , yKRD
]T , and for i = 1, · · · ,KRD, bi =

λ̃RD,i[Ef ] and yi = λg,i. It is obvious to note that the problem
(49) and (50) are convex and can be easily solved by the water-
filling algorithm.

To obtain the optimal k, we use the bisection method to
solve the master problem (48). For i = 1, · · · , n, where n
is the number of iterations needed to obtain the optimal k,
we denote [Li, Ri] as the search region in the ith iteration
with L1 = 0 and R1 = (1 + α)Ps/2, and the k for the
ith iteration is ki = (Li + Ri)/2. The value of ÎSR(ki)
and ÎRD(ki) is obtained by solving the problem (49) and
(50), respectively. In the case of ÎSR(ki) < ÎRD(ki), we set
Li+1 = ki, and if ÎSR(ki) > ÎRD(ki), we set Ri+1 = ki.
The steps of bisection are repeated until the difference be-
tween the value of ÎSR(kn) and ÎRD(kn) is less than ϑ,
where ϑ is a positive constant close to 0. The process of
solving the primal decomposition optimization problem by
using the bisection method is summarized in Algorithm 2.
The complexity order of calculating the SVD of H̃SR and
H̃RD are O(N2

RNS+N3
S) and O(N2

DNR+N3
R), respectively,

and the complexity order of solving the problem (49) and
(50) are O(c1KSR) and O(c2KRD), respectively, where c1
and c2 are the number of iterations required to obtain the
Lagrange multiplier in the water-filling solutions. Thus, the
overall computational complexity order of Algorithm 2 is
O(c3(N2

RNS + N3
S + N2

DNR + N3
R + c1KSR + c2KRD)),

where c3 is the number of bisection operations required to
obtain the optimal k.

Next, as illustrated in Fig. 2, the objective function ÎSD
with flexible power constraint is monotonically decreasing
with regards to α, while the feasible region of (44c) is
monotonically increasing with α. Hence, the optimal α can
be obtained by using the golden section search method as
presented in Algorithm 1.

V. PEAK POWER CONSTRAINT

In Section IV, it is worth to mention that in the problem
(43), the transmission power tr{F1} may approach infinity
when α approaches 0, and tr{F2} and tr{G} may become
infinite when α is close to 1. However, infinite transmission
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Algorithm 2 Solving the Problem (44) by the Primal Decom-
position Method

Initialization: n = 1, L1 = 0, and R1 = (1+α)Ps

2
.

1: do
2: Obtain kn = (Ln +Rn)/2.
3: Obtain SVD of H̃SR and H̃RD with kn.
4: Compute ai, i = 1, · · · ,KSR and bj , j = 1, · · · ,KRD

5: Solve (49) and (50).
6: Compute ÎSR(kn) as (49a) and ÎRD(kn) as (50a).
7: if ÎSR(kn)− ÎRD(kn) < 0 then
8: Ln+1 = kn.
9: else if ÎSR(kn)− ÎRD(kn) > 0 then

10: Rn+1 = kn.
11: end if
12: n← n+ 1.
13: while |ÎSR(kn−1)− ÎRD(kn−1)| ≥ ϑ
14: Find x∗ and y∗ with k∗ = kn−1 by solving (49) and (50).

power is not achievable in practice. Thus, we introduce P̂s and
P̂r as peak power limits at the source and relay nodes respec-
tively to impose practical peak transmission power constraints
given as tr{F1} ≤ P̂s, tr{F2} ≤ P̂s, and tr{G} ≤ P̂r to
the optimization problem (44) with the optimal structure of
F1 = λ1vq,1v

H
q,1 and 0 ≤ λ1 ≤ P̂s. Hence, the optimization

problem with the consideration of peak power limits at the
source and relay nodes is written as

max
α,λ1,F2,G

ÎSD (51a)

s.t. αλ1 +
1− α

2
tr{F2} ≤

1 + α

2
Ps (51b)

1− α
2

tr{G} ≤ αEclc(λ1χ) (51c)

tr{F2} ≤ P̂s (51d)

tr{G} ≤ min
(
Êα, P̂r

)
(51e)

0 ≤ α ≤ 1 (51f)

where Êα = 2ηαEclc

(
χP̂s

)
/(1− α)−NRPc.

As the optimization problem (51) can be viewed as a
problem extended from the problem (44) with the introduction
of peak power constraints given as (51d) and (51e), we can
exploit the solution of (44) with fixed α and denote it as F′2
and G′ when solving the optimization problem (51) with fixed
α. In the case where the peak power constraints (51d) and
(51e) are satisfied with F′2 and G′, then the optimal F2 and
G for the optimization problem (51) are F′2 and G′. In the case
where the peak power constraint (51d) is violated with F′2, but
G′ satisfies (51e), the optimal F2 is obtained by solving the
following optimization problem

max
F2

ÎSR (52a)

s.t. tr{F2} ≤ P̂s, F2 ≥ 0. (52b)

As the equality of (52b) holds with the optimal F2, we have
H̃SR[tr{F2}] = H̃SR[P̂s] which can be rewritten as

H̃SR[P̂s] =
(
σ2
rINR

+ P̂sϕSRΛΣSR

)− 1
2

VH
ΣSR

ĤSR

and its singular value matrix (29) is given by Λ̃SR[P̂s] with
the diagonal elements arranged in descending order. The ith

diagonal element of Λ̃SR[P̂s] is denoted as λ̃SR,i[P̂s] for i =
1, · · · ,KSR. By using the optimal structure of F2 proposed
in (36) with the corresponding SVD of Λ̃SR[P̂s], the problem
(52) can be rewritten as

max
x̂

1− α
2

KSR∑
i=1

log2(1 + âix̂i) (53a)

s.t.

KSR∑
i=1

x̂i ≤ P̂s, x̂i ≥ 0, i = 1, · · · ,KSR (53b)

where x̂ = [x̂1, · · · , x̂KSR
]T and for i = 1, · · · ,KSR,

âi = λ̃SR,i[P̂s] and x̂i = λ2,i. The problem (53) can be easily
solved by the water-filling algorithm.

In the case where the peak power constraint (51e) is violated
with G′, but F′2 satisfies (51d), the optimal G is obtained by
solving the following optimization problem

max
G
ÎRD (54a)

s.t. tr{G} ≤ τ, G ≥ 0 (54b)

where τ = min(Êα, P̂r). As the equality of (54b) holds with
the optimal G for the problem (54), there is H̃RD[tr{G}] =
H̃RD[τ ], which can be written as

H̃RD[τ ] =
(
σ2
dIND

+ τϕRDΛΣRD

)− 1
2 VH

ΣRD
ĤRD

and its singular value matrix (30) is given by Λ̃RD[τ ] with
the diagonal elements arranged in descending order. The ith
diagonal element of Λ̃RD[τ ] is denoted as λ̃RD,i[τ ] for i =
1, · · · ,KRD. By using the optimal structure of G in (36) with
the corresponding SVD of Λ̃RD[τ ], the problem (54) can be
rewritten as

max
ŷ

1− α
2

KRD∑
i=1

log2(1 + b̂iŷi) (55a)

s.t.

KRD∑
i=1

ŷi ≤ τ, ŷi ≥ 0, i = 1, · · · ,KRD (55b)

where ŷ = [ŷ1, · · · , ŷKRD
]T and for i = 1, · · · ,KRD, b̂i =

λ̃RD,i[τ ] and ŷi = λg,i. The problem (55) is convex which
can be easily solved by the water-filling algorithm.

Finally, if both (51d) and (51e) are violated, we solve the
problem (52) to obtain the optimal F2 and the problem (54)
for the optimal G2. The process of solving the problem (51)
is summarized in Algorithm 3. It is important to note that with
the optimal F2 and G obtained from Algorithm 3, the optimal
ÎSD{α} = min(ÎSR, ÎRD) is a unimodal function of α as
illustrated in Fig. 2. Thus, the optimal α is obtained through
the golden section search method following Algorithm 1.

VI. NUMERICAL SIMULATIONS

In this section, the performance of the proposed robust
transceiver designs under the fixed power scheme (Fixed), the
flexible power scheme without peak power limits (Flexible
(w/o Peak)), and the flexible power scheme with peak power
limits (Flexible (w Peak)) is investigated. The peak power
limits are assumed as P̂s = P̂r = rPs, (r ≥ 1) in the
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Algorithm 3 Solving the problem (51) with given α
1: Solve (44) with Algorithm 2 to obtain F′2 and G′.
2: if tr{F′2} ≤ P̂s then
3: F∗2 = F′2.
4: else
5: Find x̂∗ by solving the problem (53).
6: Compute λ∗2 with x̂∗ then find F∗2 with (36).
7: end if
8: if tr{G′} ≤ τ then
9: G∗ = G′.

10: else
11: Find ŷ∗ by solving the problem (55).
12: Compute λ∗g with ŷ∗ then find G∗ with (36).
13: end if

numerical examples. We consider the nodes in the relay
communication system are placed as illustrated in Fig. 3. The
source-relay distance and the relay-destination distance are
set as DSR = 10ν meters and DRD = 10(2 − ν) meters
respectively with the total distance between the source and
destination nodes given as DSD = 20 meters. To determine
the relay position with ease, the value of ν (0 < ν < 2) is
normalized over a distance of 10 meters. When 0 < ν < 1,
the relay is located closer to the source node as indicated
by DSR < DRD, whereas DSR > DRD when 1 < ν < 2
indicating the relay is located closer to the destination node.
We set DSR ≥ 2 meters and DRD ≥ 2 meters with
0.2 ≤ ν ≤ 1.8. Note that the three nodes do not need to be
located on one line. Nevertheless, the collinear setup makes
it convenient to study the impact of the location of the relay
node to the achievable rate through one parameter ν.

Source Relay Destination
DSR DRD

DSD = DSR + DRD

Fig. 3. Placement of the source, relay, and destination nodes in the relay
communication system.

With the consideration of channel pathloss, the chan-
nel matrices HSR and HRD are constructed as HSR =

D
−ξ/2
SR

(
ĤSR + ∆SR

)
and HRD = D

−ξ/2
RD

(
ĤRD + ∆RD

)
where D−ξSR and D−ξRD denote the large scale pathloss of the
source-relay link and the relay-destination link, respectively,
with ξ being the pathloss exponent. For the suburban commu-
nication scenario [30], we set ξ = 3. The estimated channel
matrices ĤSR and ĤRD are modeled as [24]

ĤSR ∼ CN
(

0,
1− σ2

e

σ2
e

ΣSR ⊗ΦT
SR

)
ĤRD ∼ CN

(
0,

1− σ2
e

σ2
e

ΣRD ⊗ΦT
RD

)

where σ2
e represents the variance of estimation error. Note that

ĤSR, ĤRD, ∆SR, and ∆RD can be equivalently expressed

as

ĤSR =

√
1− σ2

e

σ2
e

Σ
1
2

SRĤωSR
Φ

1
2

SR

ĤRD =

√
1− σ2

e

σ2
e

Σ
1
2

RDĤωRD
Φ

1
2

RD

∆SR = Σ
1
2

SR∆ωSR
Φ

1
2

SR, ∆RD = Σ
1
2

RD∆ωRD
Φ

1
2

RD

where ĤωSR
and ĤωRD

are complex Gaussian matrices whose
entries are i.i.d. with zero mean and variance of 1/NS and
1/NR, respectively. Here ΦSR, ΦRD, ΣSR, and ΣRD are
simulated as

[ΦSR]ij = σ2
eρ
|i−j|
t , i, j = 1, · · · , NS

[ΦRD]ij = σ2
eρ
|i−j|
t , i, j = 1, · · · , NR

[ΣSR]ij = ρ|i−j|r , i, j = 1, · · · , NR
[ΣRD]ij = ρ|i−j|r , i, j = 1, · · · , ND

where ρt ∈ [0, 1] and ρr ∈ [0, 1] represent the correlation
coefficients of the channel correlation matrices. In the nu-
merical examples, we set ρt = 0.1 and ρr = 0.01. The
noise variance at the relay and destination nodes are set
as σ2

r = σ2
d = −50 dBm. The per-antenna static power

consumption is set as Pc = 1µW . The conversion efficiency
is set as η = 0.8. The number of antennas at the source, relay,
and destination nodes is considered as NS = NR = ND = 2.
These predefined values remain the same for all numerical
examples unless specifically mentioned. Beside the numerical
example 6, the considered EH circuit is assumed to be ideal
(Pth = 0, Em = ∞) for all others numerical examples.
We obtain the results by averaging through 1000 indepen-
dent channel realizations for the numerical simulations. The
proposed transceiver design with robustness is compared to
the transceiver design in [10] using the estimated CSI which
is denoted as (Non-Rob Flexible) and the transceiver design
with the full CSI which is denoted as (FCSI) in the numerical
examples.
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Fig. 4. Example 1: MI versus Ps with ν = 1 and σ2
e = 0.15.

For numerical example 1, we investigate the MI perfor-
mance versus Ps for the proposed transceiver designs with
robustness and the non-robust transceiver design given in [10]
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using only the estimated CSI. The transceiver design in [10]
using the full CSI is set as the benchmark in the simulation.
We would like to mention that the transceiver design with
full CSI is unavailable in the practice due to the inevitable
CSI mismatch. In this numerical simulation, we set ν = 1
and σ2

e = 0.15. Fig. 4 displays the system MI versus Ps for
the tested systems. For the systems with and without peak
power limits (r = 2), it is noticed that the FCSI transceiver
design provides an upper bound of the system MI and the CSI
mismatch heavily degrades the MI performance of the system
when Ps is high. In particular, the upward trend of the FCSI
curves is different to the other curves, due to the fact that the
system MI for the ideal situation with FCSI does not have an
“error floor”. On the other hand, the curves associated with
the MI for systems in the non-ideal situation (both robust and
non-robust algorithms) demonstrate “error floor”, due to the
CSI mismatch. It is noticeable that the MI performance of
the system with the robust transceiver design is higher than
the system using the non-robust transceiver design. In other
words, the robust transceiver design has a better performance
compared with the non-robust transceiver design.
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Fig. 5. Example 1: Harvested energy at the relay node versus Ps with ν = 1
and σ2

e = 0.15.

We can also observe from Fig. 4 that the system with the
fixed power scheme has the lowest MI performance. This is
because the feasible region of the system with the fixed power
constraint is smaller than the system with the flexible power
constraint. In fact, the fixed power constraint (31b) is a special
case of the flexible power constraint (43b). In the system
with the flexible power constraint (43b), the source precoding
matrices F1 and F2 are linked by one energy constraint, which
enables the source node to work at different power levels
accommodated to the purpose of energy transferring at the
first time-frame and information transmission at the second
time-frame.

Fig. 5 shows the amount of energy harvested at the relay
node versus Ps for the tested systems. We can see that the
energy harvested at the relay node is also influenced by the CSI
mismatch. The proposed transceiver design with robustness
harvests more energy at the relay node compared with the
existing transceiver design without robustness. It can also be
observed in Fig. 5 that the energy harvested with the fixed

power constraint is smaller than the system with the flexible
power constraint. In the following numerical examples, the
non-robust transceiver design and FCSI transceiver design will
be carried out without the consideration of the peak power
limits. For a fair comparison, the proposed robust transceiver
design under the flexible power scheme will be used.
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Fig. 7. Example 2: Harvested energy at the relay node versus ν at Ps = 10
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e = 0.1.

For numerical example 2, the MI performance of the
transceiver designs is investigated at various relay posi-
tions. Fig. 6 displays the MI performance of the simulated
transceiver designs. Fig. 7 displays the harvested energy at the
relay node for the tested system across various ν with Ps = 10
dBm and σ2

e = 0.1. It is observed that the MI performance is
higher when the relay node is located closer to the source node
or the destination node. This can be explained as below. When
the relay node is located closer to the source node (0 < ν < 1),
more RF energy can be harvested at the relay node, which
can be observed in Fig. 7, as the RF energy transmission
loss at the source-relay link is reduced. This enhances the
MI performance of the system. Even though the RF energy
harvested at the relay node is smaller when the relay node is
located closer to the destination node (1 < ν < 2), the relay-
destination distance is shorter which helps in improving the MI
performance of the system. It is also observed that the energy
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harvested at the relay node by the proposed transceiver design
and the existing non-robust transceiver design across various
ν are similar, the proposed transceiver design with robustness
performs better than the non-robust transceiver design at any
relay node position. This indicates that the CSI mismatch
causes greater degradation to the system MI compare with
the harvested energy at the relay node.
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For numerical example 3, we investigate the impact of
σ2
e on the MI performance of the tested systems. The MI

performance versus Ps for the tested systems is displayed in
Fig. 8 with ν = 1 and r = 2 at σ2

e = 0.03 and σ2
e = 0.3.

It is observed that when σ2
e is smaller, the MI performance

of the tested systems is approaching the system MI with
FCSI. This observation indicates that the CSI mismatch with
larger channel estimation error causes significant loss in the
MI performance of the system. Moreover, the gap between
the MI performance of the robust transceiver design and the
non-robust transceiver design is larger with higher σ2

e . This is
because when the CSI mismatch is greater with higher σ2

e , it
causes more degradation to the system using the non-robust
transceiver design.
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Fig. 9. Example 4: MI versus Ps with σ2
e = 0.15 and ν = 1.

For numerical example 4, we investigate the impact of
peak power limits on the system MI. Fig. 9 displays the
MI performance versus Ps with various peak power limits at
r = 1, r = 2, r = 5, and r = 100 for the robust transceiver

design at ν = 1 and σ2
e = 0.15. It can be noticed that the

MI performance increases with the increase of r. It is noticed
that when r is sufficiently large, the MI performance of the
system with peak power constraint is similar to the system
without peak power constraint. This is because the peak power
constraint is more easy to be satisfied when the power limit is
large. It is also noticed when r = 1, the system MI for flexible
power constraint with peak power limits is approximately
identical to the system MI for fixed power constraint at low
Ps. At high Ps, the proposed robust transceiver design with
fixed power constraint is slightly greater than the proposed
robust transceiver design with flexible power constraint with
peak power limits.
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For numerical example 5, we investigate the influence of the
number of antennas at the system nodes towards the system
MI. Fig. 10 displays the MI performance versus Ps at vari-
ous combinations of [NS , NR, ND] for the robust transceiver
design under the flexible power scheme with peak power
constraint with r = 2, ν = 1, and σ2

e = 0.15. It can be noticed
that when the number of antennas at all system nodes increases
from 3 to 5, the system MI has a significant increase. It is
noticed that when we only increase the number of antennas
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at the source node, i.e., from the [3, 3, 3] distribution to the
[5, 3, 3] distribution, the system MI is almost identical. This
indicates that the increment of the number of antennas at
the source node does not heavily influence the system MI.
However, when we increase the number of antennas at the
relay and/or destination nodes, the system MI for the [3, 5, 3]
and [3, 3, 5] distributions is higher than the system MI for the
[5, 3, 3, ] distribution. This is because the system MI is limited
by the MI of the relay-destination link which is due to the
transmission energy available at the relay node is smaller than
the transmission power available at the source node. Thus,
by increasing the number of antennas at the relay and/or
destination nodes improves the system MI.

For numerical example 6, we examine the impact of PTh
and Em introduced by the practical EH circuit towards the
system MI. Fig. 11 displays the MI performance versus ν at
various PTh and Em for the robust transceiver design under
the fixed power scheme with Ps = 15 dBm and σ2

e = 0.1.
It can be observed from Fig. 11 that when Em = 10 mW
and PTh = −25 dBm, the system MI for the system with the
practical EH circuit follows the same trend as the system MI
for the ideal EH circuit. However, when the maximum output
power of the practical EH circuit is reduced to 1 mW, it is
noted that placing the relay node closer to the source node
does not increase the system MI. This is because the practical
EH circuit achieves the maximum output power. It is easily
noticed that the system MI increases when the relay node is
located nearer to the destination node when Em = 0.1mW.

Furthermore, it is noted that when PTh is increased, the
system MI is decreased as the relay node is located further
from the source node. This is because the energy received at
the relay node is not sufficient to trigger the practical EH
circuit to harvest the energy. Hence, without any available
transmission energy at the relay node, it can be noticed that
the system MI is reduced to 0 when PTh = −5dBm.

VII. CONCLUSIONS

In this paper, we have investigated the robust transceiver
design for dual-hop DF MIMO relay communication system
with TS-based EH protocol. The transceiver design with ro-
bustness assists in reducing the degradation caused by the CSI
mismatch between the exact and the estimated CSI available
in the system. With the consideration of CSI mismatch, the
optimization problem is more difficult to solve. KKT con-
ditions are applied to solve the source and relay precoding
matrices optimization problem under fixed power scheme and
the primal decomposition method is applied to solve the source
and relay precoding matrices optimization problem under
flexible power constraint, while the golden section search
method is adopted to obtain the optimized TS factor. The
proposed transceiver design with robustness provides better
performance compared with the non-robust transceiver design
as shown through numerical examples.
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