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ABSTRACT In this paper, we investigate a dual-hop simultaneous wireless information and power transfer
(SWIPT) based amplifying-and-forward (AF) multiple-input multiple-output (MIMO) relay communication
system where the relay node harvests energy based on radio frequency (RF) signals transmitted from
the source node through the hybridized power-time splitting-based relaying (HPTSR) protocol to forward
information to the destination node. The joint optimization of the time-switching (TS) factor, source and
relay precoding matrices, and the power-splitting (PS) ratio vector is proposed to maximize the mutual
information (MI) between the source and destination nodes. We derive the optimal structure for the source
and relay precoding matrices to simplify the transceiver optimization problem. Two algorithms based on
the upper bound and lower bound of the objective function are proposed to efficiently solve the optimization
problem with low computational complexity. Numerical examples demonstrate that the proposed algorithms
provide a better MI performance compared with TS based and PS based energy harvesting (EH) relay
systems.

INDEX TERMS Amplify-and-forward (AF) relay, energy harvesting, hybridized power-time switching
relaying (HPTSR), multiple-input multiple-output (MIMO) relay, simultaneous wireless information and
power transfer (SWIPT).

I. INTRODUCTION
The number of wireless devices around the world is having
a skyrocketing increase for the past few years. However,
the performance of these devices is highly limited due to
their finite lifetime and tight energy constraint. Even though
battery replacing is a solution to prolong the lifetime of
those devices, physical and/or economic constraints often
make it hard to perform battery replacing for the devices.
For instance, some wireless devices are lodged inside build-
ing structures or human bodies to collect information [1].
Thus, energy harvesting (EH) is suggested as an alternative
solution that can prolong the lifetime of wireless devices [2].
Conventional EH methods have limitations as they heavily
rely on natural resources to harvest energy which is unreliable
as natural resources are difficult to manage. Thus conven-
tional EH methods are not convenient to provide reliable
energy sources to wireless devices. To overcome the limita-
tion of conventional EH methods, a new EH method that can
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harvest energy from radio frequency (RF) signals is proposed
to provide stable and controllable wireless energy supply [3].
Moreover, the EHmethod based on RF signals has noticeable
advantages for wireless networks as RF signals are not only
used for transferring power but also for delivering informa-
tion. The EH method which exploits the usage of RF signals
in wireless power transfer (WPT) and wireless information
transfer (WIT) simultaneously is known as simultaneous
wireless information and power transfer (SWIPT) [4].

In [5], an ideal SWIPT receiver design is proposed to
perform information decoding (ID) and EH simultaneously,
and the trade-off between the harvested energy and achiev-
able mutual information (MI) rate is investigated using the
capacity-energy function. However, the ideal SWIPT receiver
has limitations in practical applications [6] as EH-circuits
in practice are unable to perform ID for the information
carried in the same signals directly. Two SWIPT receiver
architectures, namely the time-switching (TS) protocol and
the power-splitting (PS) protocol, are presented in [6] to
overcome the limitation through coordinated WIT and WPT
at the receiver.
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The PS and TS protocols for the SWIPT receiver are
extended in [7] to relay communication systems by intro-
ducing TS-based and PS-based relaying protocols to per-
form EH and ID at the relay node. Relay technology is
commonly used to extend the network coverage of wire-
less communication [8]. A relay node implemented in a
SWIPT relay communication system with the EH relaying
protocol introduced in [7] is capable of performing EH and
ID from the received signals transmitted from the source
node. The SWIPT relay node exploits the harvested energy
to process and forward the received signals to the destina-
tion node. Relay communication systems with SWIPT relay
nodes have been investigated in [9]–[14]. In [9], a coop-
erative communication system is investigated where mul-
tiple pairs of transmitter-receiver interact with each other
through an EH relay node where the focus is on the relay’s
strategies regarding user power allocation of the harvested
energy and influences on the system performance. In [10],
the authors designed a game-theoretical scheme to tackle
the power distribution problem for SWIPT in interference
relay communication networks. In [11], the harvest-use and
harvest-use-store models are investigated with full duplex EH
relay communication systems using the PS-based relaying
protocol. In [12], the impact of co-channel interference (CCI)
towards a wireless communication system using a SWIPT
full duplex relay with the PS-based relaying protocol has
been studied. In [13], the achievable rate of full duplex relay
communication systems is studied on both the amplify-and-
forward (AF) relaying scheme as well as the decode-and-
forward (DF) relaying scheme under the TS-based EH relay
protocol. In [14], the authors investigated the influence of
decoding cost towards the performance of the communication
system with a DF relay using the PS-based protocol while the
decoding cost is introduced at both the relay and destination
nodes to perform ID by deriving and optimizing the system
achievable rate.

By installing multiple antennas at nodes in wireless
communication systems, the multiple-input multiple-output
(MIMO) technique is famous for its capability in boosting
the spectral and energy efficiency of communication sys-
tems [15]. With multiple antennas at nodes compared with
single-antenna, RF energy transmission to wireless devices is
more efficient. Studies regarding the application of SWIPT in
MIMO relay communication systems have emerged rapidly
in recent years [1], [16]–[25]. In [1], anAFMIMOorthogonal
frequency-division multiplexing (OFDM) EH relay commu-
nication system adopted with TS-based and PS-based EH
relaying protocols is investigated by jointly optimizing mul-
tiple system configuration parameters to achieve the maxi-
mum achievable rate. In [16], the rate-stored energy (R-E)
region which demonstrates the energy-rate tradeoffs under
several EH relaying schemes in a SWIPT MIMO relay com-
munication system is investigated. Moreover, the challenges
faced in this research field are introduced and discussed
in [16]. In [17], the performance tradeoff of an orthogo-
nal space-time block-code (OSTBC)-based non-regenerative

MIMO OFDM relay communication system with two des-
tination nodes performing EH and ID separately is investi-
gated where the joint source and relay precoder optimization
problem is proposed to achieve the R-E region which charac-
terizes the system performance tradeoff. In [18], the authors
investigated the relay matrix optimization of a communica-
tion system with single-antenna source and destination nodes
and a multi-antenna relay node. In [19], two approaches
which are known as the iterative algorithm and the chan-
nel diagonalization-based algorithm are developed to solve
the joint source and relay precoder optimization problem in
wireless powered MIMO relay networks. In [20], a SWIPT
MIMO relay communication system with PS-based relaying
scheme is investigated with iterative algorithms for uniform
and arbitrary source precoding scenarios. In [21], the joint
optimization problem of a source precoding matrix, relay
matrix, and PS factor matrix is solved with the sequential
quadratic programming (SQP) approach, the semi-definite
programming (SDP) approach and the primal-dual search
approach. The optimization problem for SWIPTMIMO relay
communication systems with TS-based relaying scheme is
investigated in [22] for non-regenerative relays. In [23],
the works of [21] and [22] are extended to regenerative relay-
ing scheme. In [24], a SWIPT MIMO AF relay communi-
cation system is investigated by designing the optimal source
matrix and relaymatrix to characterize the R-E region defined
by the achievable rate of the system and harvested energy
at the relay node for the ideal EH scheme, the PS relaying
scheme, and the TS relaying scheme. In [25], the work of
[24] is extended to the DF relaying scheme with possibly
imperfect channel knowledge.

A dual-hop MIMO relay communication system with an
EH relay node using the AF relaying protocol is investi-
gated in this paper. Relay nodes play an important role in
communication systems where the direct link between the
source and destination node is unavailable due to shadow-
ing and pathloss effects [1], [17], [20]–[25]. Different from
existing works using the PS-based EH relaying protocol [1],
[20], [21], [24], [25] and the TS-based EH relaying protocol
[1], [22]–[25], to increase the energy harvested at the relay
node, which is expected to provide a better performance of
the proposed system, a hybrid EH scheme which is known
as hybridized power-time splitting-based relaying (HPTSR)
protocol is adopted at the relay node. The HPTSR scheme
works by transmitting energy-bearing RF signals to the
relay node for EH in the first time slot while transmitting
information-carrying RF signals to the relay node for ID in
the second time slot, In particular, in the second time slot,
the received signals are split into two portions for EH and
ID, respectively. Therefore, this paper extends existing EH
relaying protocols to the HPTSR protocol. Introducing PS in
the second time slot provides additional degrees of freedom
to optimize the system performance. For instance, if the relay
node requires additional power, instead of adjusting a single
TS factor to allow additional time for energy harvesting as in
the TS protocol, which affects all sub-channels, introducing
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PS in the second time slot allows adjusting the PS ratio
in each sub-channel for an optimal energy harvesting and
information transmission.

It is noted that several existing works have considered
the HPTSR protocol [26]–[29]. However, the system nodes
in previous research are installed with one antenna and
as mentioned before, MIMO techniques provide a bet-
ter performance for SWIPT communication systems. Our
paper extends the HPTSR protocol from single-input single-
output (SISO) relay communication systems to MIMO relay
communication systems. Moreover, compared with existing
PS-based MIMO relay systems where a constant PS ratio
is usually adopted for all antennas [18]–[20], [24], [25],
a more general system with corresponding PS ratio for each
antenna is considered in this paper, which enhances the
system performance.

We would like to mention that the transceiver optimiza-
tion problem is much more challenging in a HPTSR-based
MIMO relay system. To solve this problem, we first derive the
optimal structure of the source and relay precoding matrices,
which simplifies the transceiver optimization problem to a
low complexity power allocation problem with scalar vari-
ables. However, this power allocation problem is still non-
convex. To tackle this problem, we develop two approaches
by exploiting the upper and lower bounds of the objective
function, respectively. We show that both the upper bound
and lower bound based problems can be converted to con-
vex optimization problems, which can be solved with low
computational complexity. Simulation results show that the
proposed HPTSR based MIMO relay system achieves better
performance compared with existing approaches.

The rest of this paper is organized as follows. In Section II,
the model of a dual-hop AF SWIPT MIMO relay system
with the HPTSR protocol is introduced. In Section III, we for-
mulate the optimization problem for the proposed transceiver
design and simplify it to a power allocation problem by adopt-
ing the proposed optimal structure for precoding matrices.
To solve the power allocation problem, a lower bound based
algorithm is derived in Section IV and an upper bound based
algorithm is developed in Section V. In Section VI, numer-
ical examples are displayed to illustrate the performance
of the proposed algorithm compared with existing works.
In Section VII, the paper is concluded.

II. SYSTEM MODEL
Let us consider a dual-hop three-node MIMO relay commu-
nication system where the source node transmits information
signals to the destination node with the help of a single relay
node as displayed in Fig. 1. The source, relay, and destination
nodes are installed withNs,Nr , andNd antennas, respectively.
We assume the source node is equippedwith its power supply.
Besides, the relay node requires to be powered by energy
harvested from received RF signals. In a single communica-
tion cycle, there are two phases. The source node transmits
energy-carrying and information-bearing signals to the relay
node in the source phase. The energy-carrying signals are

FIGURE 1. Block diagram of a dual-hop AF SWIPT MIMO relay system
with the HPTSR protocol.

FIGURE 2. The diagram of the HPTSR protocol.

harvested by the relay node with the TS protocol, while the
information-bearing signals are directed to the PS unit to
undergo EH and ID with the PS protocol. Due to the simplic-
ity of the AF relaying scheme, it is implemented at the relay
node. Moreover, the AF scheme reduces the decoding cost
required in a DF scheme for decoding and re-encoding the
received signals which helps in energy saving. Thus, with
the AF scheme, the portion of information-bearing signals
at the relay node for ID is linearly precoded and transmitted
to the destination node at the relay phase. We assume the
direct-link between the source and destination nodes does
not exist due to severe pathloss and shadowing. We also
assume that the synchronization between the source, relay,
and destination nodes is perfect.

The diagram of the HPTSR protocol is shown in Fig. 2.
It can be seen that the total time of one communication
cycle T is divided into three time-intervals. In the first time-
interval, for a duration of αT , the energy-carrying signal is
transferred from the source node to the relay node, where
α ∈ [0, 1] represents the TS factor. In the second time-
interval, for a duration of (1− α)T/2, the source node trans-
mits the information-bearing signal to the relay node. Then,
the received signal at the ith antenna of the relay node is
split into two independent signal streams with a PS ratio of
pi, where pi ∈ [0, 1] for i = 1, · · · ,Nr . One of the signal
streamswith a power ratio of pi is sent towards the ID receiver
while the other signal stream with a power ratio of (1 − pi)
is sent towards the EH receiver. In the last time-interval, for
the remaining duration of (1−α)T/2, the relay node precodes
the signal stream at the ID receiver and transmits the precoded
signal to the destination node. We assume T = 1 in this paper
for simplicity purposes.

During the first time-interval, the energy-carrying signal
vector s1 ∈ CN1×1 with a covariance matrix given by
E{s1sH1 } = IN1 is transmitted from the source node with the
source precoding matrix B1 ∈ CNs×N1 to the relay node,
where In is an identity matrix of size n × n, E{·} denotes
the statistical expectation, and (·)H stands for the Hermitian
transpose. Thus, the received signal at the first time-interval
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yr,1 at the relay node is given as

yr,1 = HB1s1 + nr,1 (1)

whereH ∈ CNr×Ns is the MIMO channel matrix between the
source and relay nodes, while nr,1 ∈ CNr×1 is the additive
white Gaussian noise (AWGN) vector at the relay node during
the first time-interval. From (1), the RF energy harvested
during the first time-interval at the relay node without the
noise component [30] is written as

Er,1 = αη tr
{
HB1BH1 H

H} (2)

where η ∈ [0, 1] is the conversion efficiency at the relay node
and tr{·} denotes the matrix trace.1

During the second time-interval, the information-bearing
signal vector s2 ∈ CN2×1 with a covariance matrix given as
E{s2sH2 } = IN2 is transmitted from the source node with the
source precoding matrix B2 ∈ CNs×N2 to the relay node. The
received signal at second time-interval yr,2 at the relay node
is given as

yr,2 = HB2s2 + nr,2 (3)

where nr,2 ∈ CNr×1 with a covariance matrix of
E{nr,2nHr,2} = σ 2

r INr is the AWGN vector at the relay
node during the second time-interval. At the relay node,
the received signal (3) is split into two signal vectors with a
diagonal PS matrix P = diag(p1, · · · , pNr ), where P

1
2 yr,2 is

for information transmission and (INr −P)
1
2 yr,2 is for energy

harvesting. Here diag(·) denotes a diagonal matrix. The RF
energy harvested during the second time-interval at the relay
node without the noise component [30] is written as

Er,2 =
1− α
2

η tr
{
(INr − P)HB2BH2 H

H}. (4)

From (2) and (4), the total available transmission energy at
the relay node obtained from the RF energy harvested during
the first and second time intervals is given as
Er = αη tr

{
HB1BH1 H

H}
+
1− α
2

η tr
{
(INr − P)HB2BH2 H

H}. (5)

During the last time-interval, the linearly precoded signal
vector xr given by

xr = FP
1
2 yr,2 (6)

is transmitted to the destination node, where F ∈ CNr×Nr

is the relay precoding matrix. The received signal at the
destination node is given as

yd = Gxr + nd
= GFP

1
2HB2s2 +GFnr,2 + nd (7)

where G ∈ CNd×Nr is the MIMO channel matrix between
the relay and destination nodes and nd ∈ CNd×1 is the

1It is shown [31]–[34] that in practice the energy harvesting efficiency is
a function of input power, and for input power below the harvesting circuit
power sensitivity threshold, the harvested power can be zero. In this paper,
similar to [1], [22], [35], we assume a simplified linear energy harvesting
model with a constant η. Note that the algorithms proposed in this paper can
be applied to any given η.

AWGN vector at the destination node with a covariance
matrix of E{ndnHd } = σ

2
d INd . From (7), the mutual informa-

tion between source and destination is written as

MI(α,P,B2,F) =
1− α
2

log
∣∣∣IN2 + BH2 H

HP
1
2FHGH(

σ 2
r GFFHGH

+ σ 2
d INd

)−1GFP
1
2HB2

∣∣∣ (8)

where (·)−1 denotes the matrix inverse and | · | stands for the
matrix determinant. We assume the MIMO channel matrices
H and G are fully-known by the relay and destination nodes,
respectively. Moreover, the value of N2 is set to satisfy N2 <

min(rank(H), rank(G)) and rank(B2) = rank(F) = N2 in
order not to waste the transmission power available at the
source and relay nodes.

The required transmission energy at the source node to
transmit signal vectors s1 and s2 is written as the following,
respectively

Eu,s,1 = α tr
{
B1BH1

}
(9)

Eu,s,2 =
1− α
2

tr
{
B2BH2

}
(10)

where the total transmission energy required by the source
node can be consider as Eu,s = Eu,s,1+Eu,s,2. Thus, the trans-
mission energy constraint at the source node is considered as

Eu,s ≤
1+ α
2

Ps (11)

where Ps > 0 is the power budget available at the source
node. In [1], the authors assumed that a constant power is used
for both energy-transferring and information-bearing signal
transmission which is given by

tr{B1BH1 } ≤ Ps tr{B2BH2 } ≤ Ps. (12)

It is noticeable that (12) is a special example of (11). In other
words, (11) has a larger feasible region compared to (12).
It can be observed the source precoding matrices B1 and
B2 are connected through a single energy constraint in (11).
This enables the source node to transmit at different power
levels accommodated to the purpose of energy-transferring
and information transmission. Thus, (11) is more general
than (12) and the transceiver designs proposed under (11)
are expected to provide a better performance compared to the
transceiver designs proposed under (12).

From (6), the transmission energy required by the relay
node is written as

Eu,r =
1− α
2

tr
{
F
(
P

1
2HB2BH2 H

HP
1
2 + σ 2

r INr
)
FH
}
. (13)

All energy harvested at the relay node given by (5) is used to
transmit information signals received from the source node to
the destination node. Thus, the transmission energy constraint
for the relay node is considered as

Eu,r ≤ Er . (14)

The objective in the proposed transceiver design is to max-
imize the mutual information (8) between the source and des-
tination nodes subjecting to energy constraints at the source
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and the relay nodes given by (11) and (14), respectively.
From (8), (11), and (14), the transceiver optimization problem
for dual-hop HPTSR-based AF MIMO relay systems can be
written as

max
α,P,B1,B2,F

MI
(
α,P,B2,F

)
(15a)

s.t. αtr
{
B1BH1

}
+

1− α
2

tr
{
B2BH2

}
≤

1+ α
2

Ps (15b)

1− α
2

tr
{
F
(
P

1
2HB2BH2 H

HP
1
2 + σ 2

r INr
)
FH
}

≤ αη tr
{
HB1BH1 H

H}
+

1− α
2

η tr
{
(INr − P)HB2BH2 H

H} (15c)

0 ≤ pi ≤ 1, i = 1, · · · ,Nr (15d)

0 ≤ α ≤ 1. (15e)

III. PROPOSED TRANSCEIVER DESIGN
It is noticeable that the problem (15a) is nonconvex in nature
with matrix variables which is quite hard to solve. Moreover,
compared with existing TS and PS based system designs,
the transmission energy constraint (15c) from the HPTSR
protocol further increases the technical difficulty in solving
the problem (15a). In this section, we derive the optimal struc-
ture of B1, B2, and F to solve the nonconvex optimization
problem (15a).

It can be observed that B1 is not in the objective func-
tion (15a), but it can influence (15a) by varying the feasible
region of the problem (15a) specified by constraints (15b)
and (15c). Thus, in order to maximize the feasible region
of the problem (15a), for any tr{B1BH1 } in the left-hand
side of (15b), it is important to maximize tr{HB1BH1 H

H
} in

the right-hand side of (15c). This constrained maximization
problem can be formulated as the problem below [1], [22]

max
B1

tr{HB1BH1 H
H
} (16a)

s.t. tr{B1BH1 } = λ1 (16b)

where λ1 is a positive scalar value. Let us introduce H =

Uh3
1
2
hV

H
h as the singular value decomposition (SVD) of

H with the diagonal elements of 3h arranged in descend-
ing order. Let us also introduce the eigenvalue decompo-
sition (EVD) of B1BH1 as Ub3bUH

b , where the diagonal
elements of 3b are arranged in descending order, too. Based
on [36], the following inequality is given as

tr{UV} =
∑
i

λi(UV) ≤
∑
i

λi(U)λi(V) (17)

where λi(X) indicates the ith eigenvalue of X and λi(U)
and λi(V) are arranged in the same order. By applying (17),
the SVD of H, and the EVD of B1BH1 , (16a) can be
upper-bounded by

tr{HB1BH1 H
H
} = tr{3h3b} ≤

Ns∑
i=1

λh,iλb,i (18)

where λh,i and λb,i are the ith diagonal entry of 3h and
3b, respectively. It is noticeable in (18) that the equality is

achieved when Ub = VhĨ, where Ĩ ∈ CNs×Ns is a diagonal
matrix with unit norm diagonal elements. For simplicity, Ĩ is
set to be INs and Ub = Vh. Thus, by exploiting the upper
bound in (18), the optimization problem (16a) is rewritten
into

max
{λb,i}

Ns∑
i=1

λh,iλb,i (19a)

s.t.
Ns∑
i=1

λb,i = λ1 (19b)

where {λb,i} = {λb,i, i = 1, · · · ,Ns}. The solution to the
problem (19a) is λb,1 = λ1 which results in B1BH1 =
λ1vh,1vHh,1 where vh,1 is the first column of Vh. Therefore,
the optimal structure for B1 is given by

B1 = λ
1
2
1 vh,1v

H (20)

where v can be any N1 × 1 vector with vHv = 1. It is
interesting to note that the optimal B1 derived in (20) has
a rank-1 structure matched to vh,1. Thus, to maximize the
energy harvested at the relay node, all transmission power
during the first time interval at the source node is allocated
to the channel linked to the largest singular value of H.
In other words, only λ1 need to be optimized in B1 and
tr{B1BH1 } = λ1. By applying (20), the optimization problem
(15) is equivalently converted to

max
α,λ1,P,B2,F

1− α
2

log
∣∣∣IN2 + BH2 H

HP
1
2FHGH (σ 2

r G

FFHGH
+ σ 2

d INd
)−1GFP

1
2HB2

∣∣∣ (21a)

s.t. αλ1 +
1− α
2

tr{B2BH2 } ≤
1+ α
2

Ps (21b)

tr
{
F(P

1
2HB2BH2 H

HP
1
2 + σ 2

r INr )F
H}
≤

κηλ1 + η tr
{
(INr − P)HB2BH2 H

H} (21c)
0 ≤ pi ≤ 1, i = 1, · · · ,Nr (21d)
0 ≤ α ≤ 1 (21e)

where κ = 2αλh,1/(1− α).
By applying the Weinstein-Aronszajn identity [37],

the objective function (21a) can be rewritten as
1− α
2

log
∣∣∣INd +GF4FHGH (σ 2

r GFFHGH
+ σ 2

d INd
)−1∣∣∣
(22)

where 4 = P
1
2HB2BH2 H

HP
1
2 is considered and designed

into a diagonal matrix as based on the Hadamard’s inequality
[38] on matrix determinant, the objective function (22) is
maximized when GF4FHGH

(
σ 2
r GFFHGH

+ σ 2
d INd

)−1 is
diagonal. For any given value of α, λ1, P, and B2, the opti-
mization problem for F is viewed as

max
F

1− α
2

log
∣∣∣INd +GF4FHGH

(
σ 2
r GFFHGH

+ σ 2
d INd

)−1∣∣∣ (23a)

s.t. tr
{
F(4+ σ 2

r INr )F
H}
≤

κηλ1 + η tr
{
(INr − P)HB2BH2 H

H}. (23b)
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Let us introduce the SVD of G as G = Ug3
1
2
gVH

g with the
diagonal elements of 3g sorted in descending order. From
[39], it is noted that the optimal structure of F under the
optimization problem (23a) with a diagonal4 is given as

F = Vg3̇
1
2
f (24)

where 3̇f ∈ CNr×Nr is a diagonal matrix. As the max-
imal number of concurrent data streams for information
transmission by the relay system is N2, the optimal 3̇f =

bd(3f , 0Nr−N2 ) where 3f ∈ CN2×N2 is a diagonal matrix,
and 0m is a zero matrix of size m × m and bd(·) represents
a block diagonal matrix. Similarly, with the consideration of
the maximal number of concurrent data streams, the optimal
P is given as bd(PM , 0Nr−N2 ), where PM ∈ CN2×N2 is a
diagonal matrix containing the PS ratios pi for i = 1, · · · ,N2.
In other words, the remaining Nr − N2 antennas are solely
used for EH with the corresponding PS ratios set to 0.

We introduce the following to design 4 into a diagonal
matrix for maximizing the objective function (22)

HMB2BH2 H
H
M = 32 (25)

where HM contains the first N2 rows of H and 32 ∈ CN2×N2

is a diagonal matrix. By introducing the SVD ofHM asHM =

Uh,13
1
2
h,1V

H
h,1 where the diagonal entries of3h,1 are arranged

in descending order, the optimal structure of B2 is proposed
to be written as

B2 = Vh,13
−

1
2

h,1U
H
h,13

1
2
2 . (26)

By applying the optimal structure of the precoding
matrices F and B2 given by (24) and (26), respectively,
the optimization problem (21a) is rewritten as

max
α,λ1,PM ,32,3f

1− α
2

log
∣∣∣IN2 +3g3f PM32(

σ 2
r 3g3f + σ

2
d IN2

)−1∣∣∣ (27a)

s.t. αλ1 +
1− α
2

tr{32ϒ} ≤
1+ α
2

Ps (27b)

tr{3f (PM32 + σ
2
r INr )}

≤ κηλ1 + ηtr
{
(9 − PM )32

}
(27c)

0 ≤ pi ≤ 1, i = 1, · · · ,N2 (27d)
0 ≤ α ≤ 1 (27e)

where ϒ = Uh,13
−1
h,1U

H
h,1, 9 = IN2 + ĤH Ĥ, Ĥ =

HmVh,13
−

1
2

h,1U
H
h,1, and Hm contains the last Nr − N2 rows

of H. It is noticeable in (27a) that 3g, 3f , PM , and 32 are
diagonalmatrices, hence the problem (27) can be equivalently
rewritten into the following power allocation problem with
scalar variables

max
α,λ1,p,λ2λf

1− α
2

N2∑
i=1

log
(
1+

pi λ2,i λf ,i λg,i
λf ,i λg,i + 1

)
(28a)

s.t. αλ1 +
1− α
2

σ 2
r

N2∑
i=1

δi λ2,i ≤
1+ α
2

Ps (28b)

N2∑
i=1

λf ,i
(
pi λ2,i + 1

)
≤

κηλ1 + ησ
2
r

N2∑
i=1

(
εi − pi

)
λ2,i (28c)

λ2,i ≥ 0, λf ,i ≥ 0 (28d)

0 ≤ pi ≤ 1, i = 1, · · · ,N2 (28e)

0 ≤ α ≤ 1 (28f)

where λ2,i = λ̃2,i/σ
2
r , λf ,i = σ 2

r λ̃f ,i, λg,i = λ̃g,i/σ
2
d

for i = 1, · · · ,N2, λ̃2,i, λ̃f ,i, λ̃g,i, δi, and εi represent the
ith diagonal elements of 32, 3f , 3g, ϒ, and 9 respec-
tively, p = [p1, · · · , pN2 ]

T , λ2 = [λ2,1 · · · , λ2,N2 ]
T , λf =

[λf ,1 · · · , λf ,N2 ]
T , and (·)T denotes the matrix and vector

transpose.
Let us introduce zi = λf ,i(pi λ2,i+1), i = 1, · · · ,N2. Then

the optimization problem (28) can be written as

max
α,λ1,p,z,λ2

1− α
2

N2∑
i=1

log
(
1+

pi zi λ2,i λg,i
pi λ2,i + zi λg,i + 1

)
(29a)

s.t. αλ1 +
1− α
2

σ 2
r

N2∑
i=1

δi λ2,i ≤
1+ α
2

Ps (29b)

N2∑
i=1

zi ≤ κηλ1 + ησ 2
r

N2∑
i=1

(
εi − pi

)
λ2,i (29c)

λ2,i ≥ 0, zi ≥ 0 (29d)

0 ≤ pi ≤ 1, i = 1, · · · ,N2 (29e)

0 ≤ α ≤ 1 (29f)

where z = [z1, · · · , zN2 ]
T .

Since (29a) is an increasing function of zi, for any given
α, λ1, and p, the optimal z must satisfy the equality in (29c)
which is given as

N2∑
i=1

zi = κηλ1 + ησ 2
r

N2∑
i=1

(εi − pi)λ2,i. (30)

By applying (30) to the optimization problem (29), the prob-
lem (29) is equivalently converted to

max
α,p,z,λ2

1− α
2

N2∑
i=1

log
(
1+

pi zi λ2,i λg,i
pi λ2,i + zi λg,i + 1

)
(31a)

s.t.
N2∑
i=1

zi
σ 2
r ηλh,1

+

N2∑
i=1

(
δi +

pi − εi
λh,1

)
λ2,i

≤
1+ α
1− α

σ−2r Ps (31b)

λ2,i ≥ 0, zi ≥ 0 (31c)

0 ≤ pi ≤ 1, i = 1, · · · ,N2 (31d)

0 ≤ α ≤ 1. (31e)

Let us introduce ai = δ
−1
i , bi = σ 2

r ηλh,1λg,i, xi = δiλ2,i, yi =
zi/σ 2

r ηλh,1, andwi = pixi for i = 1, · · · ,N2, the optimization
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problem (31a) is rewritten into

max
α,w,x,y

1− α
2

N2∑
i=1

log
(
1+

ai wi bi yi
1+ aiwi + biyi

)
(32a)

s.t.
N2∑
i=1

yi +
N2∑
i=1

aiwi
λh,1
+

N2∑
i=1

(
1−

ai εi
λh,1

)
xi

≤
1+ α
1− α

σ−2r Ps (32b)

xi ≥ wi ≥ 0, yi ≥ 0, i = 1, · · · ,N2 (32c)

0 ≤ α ≤ 1 (32d)

where x = [x1, · · · , xN2 ]
T and y = [y1, · · · , yN2 ]

T . As the
problem (32) is a non-convex optimization problem with
multiple variables, its globally optimal solution is difficult
to obtain with a tractable computational complexity. In order
to solve the problem (32) with a polynomial computational
complexity, in the following sections, we exploit the lower
bound and the upper bound of the objective function (32a) to
solve the optimization problem (32a).

IV. LOWER BOUND BASED ALGORITHM
In this section, we propose an algorithm to solve the opti-
mization problem (32a) based on a tight lower bound of (32a)
given as

1+
ai wi bi yi

1+ ai wi + bi yi
=

(1+ ai wi)(1+ bi yi)
1+ ai wi + bi yi

≥
(1+ ai wi)(1+ bi yi)
2+ ai wi + bi yi

. (33)

The optimization problem (32a) is rewritten into the
following

min
α,w,x,y

1− α
2

N2∑
i=1

log
(

1
1+ ai wi

+
1

1+ bi yi

)
(34a)

s.t.
N2∑
i=1

yi +
N2∑
i=1

aiwi
λh,1
+

N2∑
i=1

(
1−

ai εi
λh,1

)
xi

≤
1+ α
1− α

σ−2r Ps (34b)

xi ≥ wi ≥ 0, yi ≥ 0, i = 1, · · · ,N2 (34c)

0 ≤ α ≤ 1. (34d)

By introducing w̃i = β wi, x̃i = β xi, and ỹi = β yi for
i = 1, · · · ,N2, where β = 1 − α, the optimization problem
(34a) is equivalently rewritten as

min
β,w̃,̃x,̃y

β

2

N2∑
i=1

log
(

1
1+ ai w̃i/β

+
1

1+ bi ỹi/β

)
(35a)

s.t.
N2∑
i=1

ỹi +
N2∑
i=1

aiw̃i
λh,1
+

N2∑
i=1

(
1−

ai εi
λh,1

)
x̃i

≤ (2− β)σ−2r Ps (35b)

x̃i ≥ w̃i ≥ 0, ỹi ≥ 0, i = 1, · · · ,N2 (35c)

0 ≤ β ≤ 1 (35d)

where w̃ = [w̃1, · · · , w̃N2 ]
T , x̃ = [̃x1, · · · , x̃N2 ]

T , and ỹ =
[̃y1, · · · , ỹN2 ]

T . Let us introduce(
1

β + ai w̃i
+

1
β + bi ỹi

)−1
≥ qi (36)

for i = 1, · · · ,N2. The optimization problem (35a) is
rewritten into

max
β,w̃,̃x,̃y,q

β

2

N2∑
i=1

log
(
qi
β

)
(37a)

s.t.
(

1
β + ai w̃i

+
1

β + bi ỹi

)−1
≥ qi

i = 1, · · · ,N2 (37b)
N2∑
i=1

ỹi +
N2∑
i=1

aiw̃i
λh,1
+

N2∑
i=1

(
1−

ai εi
λh,1

)
x̃i

≤ (2− β)σ−2r Ps (37c)

x̃i ≥ w̃i ≥ 0, ỹi ≥ 0, i = 1, · · · ,N2 (37d)

0 ≤ β ≤ 1 (37e)

where q = [q1, · · · , qN2 ]
T . Since the left-hand side of

(37b) is a harmonic mean, the constraint (37b) is convex
[40]. Moreover, the objective function (37a) is a perspective
function [40], which is concavewith respect to qi and β. Thus,
the problem (37) is a convex optimization problem. By using
the convex programming toolbox CVX’s [41] in-built primal-
dual interior-point solver, the convex problem (37) can be
solved with a computational complexity of O((6N2 + 2)3)
per iteration.

V. UPPER BOUND BASED ALGORITHM
In this section, we propose an algorithm to solve the opti-
mization problem (32a) based on a tight upper bound of (32a)
written as

ai wi bi yi
1+ ai wi + bi yi

≤
ai wi bi yi
ai wi + bi yi

. (38)

By exploiting the upper bound given in (38), the optimization
problem (32) is rewritten as

max
α,w,x,y

1− α
2

N2∑
i=1

log
(
1+

ai wi bi yi
ai wi + bi yi

)
(39a)

s.t.
N2∑
i=1

yi +
N2∑
i=1

aiwi
λh,1
+

N2∑
i=1

(
1−

ai εi
λh,1

)
xi

≤
1+ α
1− α

σ−2r Ps (39b)

xi ≥ wi ≥ 0, yi ≥ 0, i = 1, · · · ,N2 (39c)

0 ≤ α ≤ 1. (39d)

By applying variable substitutions of w̃i, x̃i, and ỹi for
i = 1, · · · ,N2, which lead to (35a), the optimization prob-
lem (39a) is equivalently converted to

max
β,w̃,̃x,̃y

β

2

N2∑
i=1

log
(
1+

ai (w̃i/β) bi (̃yi/β)
ai (w̃i/β)+ bi (̃yi/β)

)
(40a)
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s.t.
N2∑
i=1

ỹi +
N2∑
i=1

aiw̃i
λh,1
+

N2∑
i=1

(
1−

ai εi
λh,1

)
x̃i

≤ (2− β)σ−2r Ps (40b)

x̃i ≥ w̃i ≥ 0, ỹi ≥ 0, i = 1, · · · ,N2 (40c)

0 ≤ β ≤ 1. (40d)

For i = 1, · · · ,N2, by introducing

ai (w̃i/β) bi (̃yi/β)
ai (w̃i/β)+ bi (̃yi/β)

≥
ti
β

(41)

the optimization problem (40a) can be rewritten as

max
β,w̃,̃x,̃y,t

β

2

N2∑
i=1

log
(
1+

ti
β

)
(42a)

s.t.
ai (w̃i/β) bi (̃yi/β)
ai (w̃i/β)+ bi (̃yi/β)

≥
ti
β

(42b)

i = 1, · · · ,N2 (42c)
N2∑
i=1

ỹi +
N2∑
i=1

aiw̃i
λh,1
+

N2∑
i=1

(
1−

ai εi
λh,1

)
x̃i

≤ (2− β)σ−2r Ps (42d)

x̃i ≥ w̃i ≥ 0, ỹi ≥ 0, i = 1, · · · ,N2 (42e)

0 ≤ β ≤ 1. (42f)

From (42b), we can derive the following

(ai (w̃i/β)+ bi (̃yi/β))2 − (ai (w̃i/β))2 − (bi (̃yi/β))2

2(ai (w̃i/β)+ bi (̃yi/β))

−
ti
β
≥ 0 (43)

for i = 1, · · · ,N2. The inequality (43) can be equivalently
expressed as

ai (w̃i/β)+ bi (̃yi/β)− 2(ti/β)

−ai (w̃i/β)(ai (w̃i/β)+ bi (̃yi/β))−1ai (w̃i/β)

−bi (̃yi/β)(ai (w̃i/β)+ bi (̃yi/β))−1bi (̃yi/β) ≥ 0 (44)

for i = 1, · · · ,N2, which can be further written as a positive
semidefinite (PSD) constraint given asai w̃i + bi ỹi − 2ti ai w̃i bi ỹi

ai w̃i ai w̃i + bi ỹi 0
bi ỹi 0 ai w̃i + bi ỹi

 ≥ 0.

(45)

The matrix written in (45) is a PSD matrix. By applying (45)
to the optimization problem (42a), we can express the opti-
mization problem as

max
β,w̃,̃x,̃y,t

β

2

N2∑
i=1

log
(
1+

ti
β

)
(46a)

s.t.

aiw̃i + bĩyi − 2ti aiw̃i bĩyi
aiw̃i aiw̃i + bĩyi 0
bĩyi 0 aiw̃i + bĩyi


≥ 0, i = 1, · · · ,N2 (46b)

FIGURE 3. Position of source, relay, and destination nodes in the
simulation.

N2∑
i=1

ỹi +
N2∑
i=1

aiw̃i
λh,1
+

N2∑
i=1

(
1−

ai εi
λh,1

)
x̃i

≤ (2− β)σ−2r Ps (46c)

x̃i ≥ w̃i ≥ 0, ỹi ≥ 0, i = 1, · · · ,N2 (46d)

0 ≤ β ≤ 1. (46e)

The optimization problem (46) is an SDP problem which can
be efficiently solved by the disciplined convex programming
toolbox CVX [41]. Based on [42], the computational com-
plexity of solving the problem (46) isO(c2(4N2)2(12N2+2)),
where c2 is the number of iterations till convergence. It will
be shown in Section VI that the upper bound and lower bound
based algorithms have a similar performance. This indicates
that the problem (32) can be solved via the upper bound and
lower bound based algorithms with a high accuracy.

VI. NUMERICAL EXAMPLES
In this section, the performance of the proposed lower
bound algorithm (HPTSR-LB) and upper bound algorithm
(HPTSR-UP) is investigated through numerical simulations.
We consider that the source, relay, and destination nodes in
the relay communication system are positioned as demon-
strated in Fig. 3 for the investigation of the system per-
formance against the relay position. The source-destination
distance is set to DSD = 20 meters, where the source-relay
distance is DSR = 10l meters and the relay-destination dis-
tance isDRD = 10(2−l) meters. The value of l (0 < l < 2) is
normalized over a distance of 10 meters. This normalization
provides easy identification of the position of the relay node.
For 0 < l < 1, the relay position is nearer to the source
node and for 1 < l < 2, the relay position is nearer to the
destination node.We selected 0.2 ≤ l ≤ 1.8 in the simulation
such that DSR ≥ 2 m and DRD ≥ 2 m.
Similar to existing works [18], [19], [21], [22], the chan-

nel matrices are set as H = D−ξ/2SR H̄ and G = D−ξ/2RD Ḡ
where D−ξSR and D−ξRD represent the large-scale pathloss with
ξ being the pathloss exponent. By considering the suburban
communication scenario, we select ξ = 3 [43]. H̄ and
Ḡ are constructed according to the Rayleigh fading model
with their elements drawn from independent and identically
distributed (i.i.d.) complex Gaussian distribution with zero
mean and variances of 1/Ns and 1/Nr , respectively. We con-
sider the noise variance at the relay and destination nodes as
σ 2
r = σ 2

d = −50dBm. The performances of both proposed
algorithms are compared with the TS-based relaying (TSR)
protocol for the AF MIMO relay system given in [22] and
the PS-based relaying (PSR) protocol for the AFMIMO relay
system given in [21].We use the upper bound based algorithm
in [22] to demonstrate the performance of the system with the
TSR protocol. While the proposed method 2 in [21] which
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FIGURE 4. Example 1: MI versus Ps with η = 0.8, Ns = Nr = Nd = 2, and
l = 1.

FIGURE 5. Example 1: Harvested energy at the relay node versus Ps with
η = 0.8, Ns = Nr = Nd = 2, and l = 1.

exploits the upper bound of theMI in the given system is used
to demonstrate the performance of the system using the PSR
protocol. All the numerical example results are averaged over
1000 independent channel realizations.

In the first numerical example, we set η = 0.8, Ns =
Nr = Nd = N2 = 2, and study the system MI of the tested
algorithms versus the source node power with the relay node
located at l = 1. Fig. 4 demonstrates the MI performance
versus the source node power Ps. Fig. 5 shows the harvested
energy at the relay node using the tested systems versus Ps.
It is observed that the MI performance of the HPTSR-LB
algorithm and the HPTSR-UP algorithm outperform the TSR
algorithm given in [22] and the PSR algorithm in [21]. It is
also noticed that the system performance of the HPTSR-LB
algorithm is similar to that of the HPTSR-UP algorithm.With
the increase of Ps, the MI gap between both the HPTSR-LB
algorithm and the HPTSR-UP algorithm to the TSR algo-
rithm as well as the PSR algorithm increases. This is because
the harvested energy at the relay node using the HPTSR
protocol is higher than that using the TSR protocol and
the PSR protocol, which can be seen from Fig. 5. In other

FIGURE 6. Example 2: MI versus l with Ps = 15dBm, η = 0.8, and
Ns = Nr = Nd = 2.

FIGURE 7. Example 2: Harvested energy at the relay node versus l with
Ps = 15dBm, η = 0.8, and Ns = Nr = Nd = 2.

words, both the HPTSR-LB algorithm and the HPTSR-UP
algorithm provide a higher power efficiency in terms of the
MI per unit power available at the source node compared
with the existing TSR algorithm and PSR algorithm, as the
two proposed algorithms (HPTSR-LB and HPTSR-UP) yield
a larger MI with the same transmission power budget at
the source node. From the numerical results, we would like
to mention that by hybridizing the TSR protocol and the
PSR protocol, the system performance is greatly improved
compared to the system with only the TSR protocol or the
PSR protocol. This is because more degrees of freedom are
provided by the HPTSR protocol for the optimization of the
system performance.

In the second numerical example, we investigate the sys-
tem MI of the tested algorithms at various positions of the
relay node. Fig. 6 and Fig. 7 correspondingly show the MI
performance and the energy harvested at the relay node of
the tested algorithms versus l at Ps = 15dBm, η = 0.8, and
Ns = Nr = Nd = 2. From Fig. 6 it is observed that both
the HPTSR-LB algorithm and theHPTSR-UP algorithm have
the highest MI at all l compared to the TSR algorithm and
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FIGURE 8. Example 3: MI versus l at various N with Ps = 25dBm and
η = 0.8.

the PSR algorithm. This indicates that the proposed HPTSR
protocol outperforms the existing TSR protocol and PSR
protocol regardless of the position of the relay node. This
can be explained from Fig. 7, where it can be seen that the
HPTSR-LB algorithm and the HPTSR-UP algorithm provide
more harvested energy at the relay node compared to the
TSR algorithm and the PSR algorithm. Besides, it is also
noticeable from Fig. 7 that the harvested energy at the relay
node for all the tested algorithms is reduced when the relay
node is located further away from the source node. This
results in the decrease of the system MI for all the tested
algorithms as illustrated in Fig. 6 when 0.2 ≤ l ≤ 1.
However, when 1 ≤ l ≤ 1.8, the system MI for all the tested
algorithms as illustrated in Fig. 6 increases with l even though
the available transmission energy at the relay node gained
from the harvested energy reduces with l. This is due to the
shorter distance between the relay and the destination nodes,
which leads to a better second-hop channel and thus improves
the system MI.

In the third numerical example, we investigate the MI per-
formance of the HPTSR-LB algorithm and the HPTSR-UP
algorithm at various positions of the relay node with different
combinations of Ns, Nr , and Nd . Fig. 8 illustrates the system
MI of the HPTSR-LB algorithm and HPTSR-UP algorithm
versus l with Ps = 25dBm and η = 0.8 at Ns = Nr = Nd =
N with N = 2, N = 4, and N = 6. It can be noticed that the
systemMI increases withN . This is because with the increase
ofN , the number of concurrent data streamsN2 also increases
which results in a higher system MI. Fig. 9 illustrates the MI
performance of the proposed algorithms versus the source
node power Ps with the same largest number of concurrent
data streams N2 = Ns = Nd = 2 when Nr = 2, Nr = 4, and
Nr = 6 at η = 0.8 and l = 1. We can notice that the system
with a larger number of relay antennas provides a better MI
performance. This is because the relay antennas which are
unused for ID are solely used for EH which also increases the
energy harvested at the relay node. Thus, the MI performance
of the system can be effectively improved by installing more
antennas at the relay node.

FIGURE 9. Example 3: MI versus Ps at various Nr with l = 1, η = 0.8, and
Ns = Nd = 2.

VII. CONCLUSION
In this paper, we have investigated the transceiver design
for a dual-hop MIMO AF relay communication system with
the HPTSR-based EH relaying protocol. The architecture
of the HPTSR-based protocol combines the TS-based and
PS-based EH relaying protocols. The optimal structure of the
source and relay precoding matrices is proposed to convert
the highly challenging joint transceiver design problem to a
joint transceiver power allocation problemwith low complex-
ity. Two algorithms are derived to solve the optimal power
allocation problem. In general, the two proposed algorithms
provide a better MI performance compared to existing TSR
and PSR based algorithms. We have found that the system
MI performance is better when the relay node is located
closer to the source or destination nodes. Moreover, the MI
performance of the system can be improved by installing
more antennas at the relay node.
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