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Abstract

In this paper, we investigate the resource allocation scheme for an unmanned-aerial-vehicle-enable (UAV-enabled)
two-way relaying system with simultaneous wireless information and power transfer (SWIPT), where two user
equipment exchange information with the help of UAV relay and harvest energy through power splitting (PS)
scheme. Under the transmission power constraints at UEs and UAV relay, a non-convex intractable optimization
problem is formulated which maximizes the sum retained energy of two UEs while satisfying the minimum
signal-to-noise ratio requirement. We decouple the complicated beamforming and PS factor optimization problem
into three solvable subproblems and propose an efficient alternating optimization scheme. Subsequently, in order to
reduce the complexity, a robust scheme based on generalized singular value decomposition (GSVD) is designed.
Finally, numerical results verify the robustness and effectiveness of the two proposed schemes.
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1 Introduction
Recently, unmanned aerial vehicles (UAVs) have received
dramatical attentions in wireless communication net-
works since they have the capability of flexible mobility
[1–4]. Compared to the traditional wireless terminals,
UAVs can be regarded as mobile relays or base stations.
Therefore, UAV plays a critical role in the performance
improvement and coverage extensiveness of the wireless
communication network [5, 6]. In particular, UAV has
huge potential in the intractable transmission environ-
ment, such as mountainous and emergency zones. Hence,
the UAV which utilized as a relay has been widely inves-
tigated in the wireless network system. Specially, in [7],
Song et al. investigated the instantaneous rate maximiza-
tion problem for UAV-enabled decode-and-forward (DF)
relay system by jointly optimizing the precoding matrix
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and power allocation. Ji et al. [8] studied the secrecy per-
formance analysis in a UAV DF relay system with energy
harvesting. In [9], HU et al. considered the energy con-
sumption minimization problem in UAV-assisted relay
system, where UAV is regarded as a computation server
for user equipment (UE) and forwards the result to the
access point. Compared with one-way relay system, two-
way relay system has higher spectrum efficiency. In [10],
Li et al. provided a UAV-enable two-way relay system,
where a set of UEs was considered. The UAV trajec-
tory and the transmit power of all terminals were jointly
optimized to maximize the sum rate of UEs.
In addition to the service coverage, the energy con-

straints of terminals also have a critical effect on the
effectiveness and reliability of wireless networks [11–14].
In order to tackle this problem, simultaneous wireless
information and power transfer (SWIPT) which can take
advantage of the broadcast character of radio-frequency
(RF) signal is adopted to enhance the performance of wire-
less communication networks [15–19]. In [20], two clas-
sical and feasible schemes, i.e., time switching (TS) and
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power splitting (PS) are proposed for SWIPT technique.
The TS-based design switches over time between energy
harvesting (EH) and information decoding (ID) process-
ing, while the PS-based one splits the received RF signals
into two power streams, one for ID and the other for EH.
A multiple-input multiple-output (MIMO) relaying sys-
tem with TS protocol was considered in [21], where the
rate was maximized by designing the robust beamform-
ing matrixes of transceivers under energy constraints. In
[22], Wang et al. investigated a multi-antenna relay com-
munication system with a TS-powered relay node. Fur-
thermore, a robust precoding scheme that can maximize
the sum-rate of the multiuser relay system has been pro-
posed in [22]. Subsequently, in [23], a joint design of PS
factor and the beamforming matrixes at the transceivers
forMIMO two-way relay system based onmaximizing the
energy efficiency was introduced.
Inspired by the advantage of SWIPT, more and more

researchers and scientists are attempting to adopt the
SWIPT technique to UAV-enabled relay system for
improving the system performance [24–26]. In [24],Wang
et al. provided a UAV-enable non-orthogonal multiple
access (NOMA) relay systemwith SWIPT, where the non-
linear energy harvesting model was considered. The PS
factor and beamforming vectors were jointly optimized to
maximize the rate of UEs while still guaranteeing security.
Yin et al. [25] considered the throughput maximization
problem in a UAV relay system with time-sharing mech-
anism, where the UAV relay is capable of SWIPT. In [26],
the authors investigated a millimeter-wave UAV relay sys-
tem with SWIPT to improve the secrecy performance,
and the security rate of NOMA and orthogonal multiple
access (OMA) were derived. However, the robust beam-
forming and SWIPT design for UAV-enabled relay system,
where the UEs are capable of PS scheme, has not been well
addressed.

2 Methods
In order to address the above practical issue, we inves-
tigate the UAV-enabled two-way relaying system with
SWIPT. The main contributions are fourfold.

• We propose a UAV-enabled two-way relaying system
with SWIPT. The system model distinguishes from
the existing relaying systems, since the UEs are
capable of PS protocol and multi-antennas are
equipped at UEs.

• A novel optimization problem is formulated by
maximizing the sum remained energy of two UEs
subject to both UAV and UEs transmission power,
while guaranteeing the minimum signal-to-noise
ratio (SNR) requirement at UEs.

• We propose an alternating optimization (AO)
scheme and a low-complexity scheme based on the

generalized singular value decomposition (GSVD) for
the formulated optimization problem.

• Simulation and numerical results are conducted to
evaluate the robustness and effectiveness of two
proposed schemes. Besides, the location ratio has
been investigated to analyze the performance of the
relay system.

The rest of the paper is outlined as follows. In Section 3,
the UAV-enabled two-way relaying system with two PS
UEs is described in detail. Section 4 concentrates on the
design of the proposed AO scheme for maximizing the
sum remained energy of two UEs. Section 5 provides the
low-complexity scheme based on GSVD. In Section 6,
numerical results are conducted to validate the perfor-
mance of two proposed schemes. Finally, Section 7 gives
the conclusion.

3 Systemmodel and problem formulation
3.1 Systemmodel
As shown in Fig. 1, we consider a UAV-enable two-way
relay system where a UAV relay equipped with N anten-
nas helps two UEs to exchange information and two UEs,
i.e., UE 1 and UE 2, are installed with the same anten-
nas as UAV relay. Due to the barriers or buildings, there
is no direct link between UE 1 and UE 2. For enhanc-
ing the reliability of the relay system, SWIPT technique
is adopted at UEs, and the PS scheme is considered. To
be specific, UEs split the received signal power into two
parts, one for EH and the other for ID. We assume that all
terminals know the channel state information (CSI) and
the amplify-and-forward way is applied at UAV relay.
With the half-duplex relay, the communication period

block T is equally partitioned into two separate phases,
i.e., multiple access (MAC) phase and broadcast (BC)
phase. In the MAC phase, two UEs transmit their signals
to UAV relay. The received signal at UAV relay can be
written as

yR = H1W1x1 + H2W2x2 + nR, (1)

where Hi ∈ C
N×N is the MIMO channel matrix from

UE i to UAV relay node, Wi ∈ C
N×N represents the

beamforming matrix of UE i, which should be under the
transmission power constraints tr

(
WiWi

H) = Pi and
Pi � Pi, Max, where Pi and Pi, Max denote the realistic
transmission power and the limitation of maximum trans-
mission power at UE i, respectively. xi ∈ C

N×1 is the
original signal vector with E

[
xixiH

] = IN , (·)H is the
conjugate transpose operation of one matrix, nR ∈ C

N×1

represents the zero-mean additive white Gaussian noise
(AWGN) at UAV relay with covariance matrix σ 2

RIN .
In the BC phase, UAV relay forwards its received sig-

nals with a beamforming matrix WR ∈ C
N×N , which

should be under the transmission power constraints
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Fig. 1 UAV-enabled two-way relay system with PS-based UEs

tr
(
WRRWR

H) = PR and PR � PR, Max, where R =
H1W1WH

1 H
H
1 + H2W2WH

2 H
H
2 + σ 2

RIN , PR and PR, Max
are the realistic transmission power and the limitation of
maximum transmission power at UAV relay, respectively.
The signal processed by UAV relay is given by

xR = WRyR = WR (H1W1x1 + H2W2x2 + nR) . (2)

The received RF signal at UE i is split into two portions
with a PS factor, i.e., ρi ∈ (0, 1). ρi portion is used for ID,
and 1 − ρi portion is for EH. In order to reduce the com-
plexity of MIMO relay system, we assume that PS factors
of all antennas at UE i are the same. The ID signal at UE i
can be written as

yi = √
ρi (GiWRHiWixi + GiWRH3−iW3−ix3−i

+GiWRnR + ni) + ni,z, (3)

where ni indicates the zero-mean AWGN vector at UE i
with covariance matrix σ 2

i IN , ni,z is the additional PS sig-
nal processing noise with covariance matrix σ 2

i,zIN . 3− i is
used to denote the desire signal of paired user. As stated in
[23], the self-interference term GiWRHiWixi can be inte-
grally canceled. Therefore, the received signal at UE i can
be further obtained as

yi = √
ρi (GiWRH3−iW3−ix3−i + GiWRnR + ni) + ni,z.

(4)

According to (4), the received SNR at UE i can be
represented by

SNRi = ‖GiWRH3−iW3−i‖2

‖GiWR‖2σ 2
R + ∥

∥σ 2
i IN

∥
∥2 +

∥
∥
∥
∥

σ 2
i,z
ρi
IN

∥
∥
∥
∥

2 . (5)

The harvested energy at UE i can be given by

EHi,e = T
2

η (1 − ρi) tr
(
GiWRRWH

RGH
i + σ 2

i IN
)
, (6)

where η ∈ (0, 1) is the energy conversion efficiency of
UE i. It is worth pointing out that the self-interference
term GiWRHiWixi can also be utilized for EH.

3.2 Problem formulation
In this paper, we design the optimum beamforming
matrixes at two UEs and UAV relay and two optimum PS
ratios for SWIPT in two-way relay system tomaximize the
sum retained energy while satisfying sufficient SNR at two
UEs and the transmit power constraint at each node. The
retained energy of UE i can be expressed as

ERi = EINIi + EHi,e − T
2
Pi, (7)

where EINIi denotes the initial energy at UE i. The sum
retained energy of two UEs can be expressed as

ERsum =
2∑

i=1
ERi . (8)

Based on (5) and (8), the optimization problem of sum
retained energy is formulated as

max
(F1,F2,FR,ρ1,ρ2)

ERsum (9a)

s.t. SNRi � γi, i ∈ {1, 2} , (9b)
Tr

(
WRRWH

R
)
� PR, Max, (9c)

Tr
(
WiWi

H)
� Pi, Max, i ∈ {1, 2} , (9d)

0 < ρi < 1 , i ∈ {1, 2} , (9e)
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where γi indicates the SNR threshold of UE i, constraint
(9b) represents the minimum SNR requirement of UE i,
(9c) and (9d) denote the maximum transmission power of
UAV relay and UE i, respectively, and (9e) is the PS factor
constraint of UE i. Since the optimization problem is non-
convex, it is intractable to obtain the optimal solution of
maximizing the sum retained energy.

4 The proposed alternating optimization scheme
In this section, we propose an AO scheme to convert
the complicated optimization problem into three tractable
subproblems. Firstly, we optimize the UE beamforming
matrixesW1 andW2 with fixedWR, ρ1 and ρ2. Secondly,
we try to obtain the optimal relay beamforming matrix
WR by assuming the other parameters are given. Finally,
the optimal PS factors, i.e., ρ1 and ρ2, are investigated.

4.1 Optimize two UE beamformingmatrixes (W1 andW2)
With the above analysis, we first design the opti-
mal solution of W1 and W2 for maximizing the sum
retained energy. Substituting R = H1W1WH

1 H1
H +

H2W2WH
2 H2

H + σ 2
RIN into (9), we have the objective

function as

ERsum = T
2

tr
(
α1T1W1WH

1 T
H
1 +α1T3W2WH

2 T
H
3 −W1WH

1
)

+T
2
tr

(
α2T2W1WH

1 T
H
2 +α2T4W2WH

2 T
H
4 −W2WH

2
) + J ,

(10)

where α1 = η (1 − ρ1), α2 = η (1 − ρ2), T1 =
G1WRH1, T2 = G2WRH1, T3 = G1WRH2, T4 =
G2WRH2, T5 = G1WRWH

RGH
1 , T6 = G2WRWH

RGH
2 , and

J = T
2 α1 tr

(
σ 2
RT5 + INσ 2

1
) + T

2 α2 tr
(
σ 2
RT6 + INσ 2

2
) +

EINI1 + EINI2 . Based on the trace property tr (AB) =
tr (BA), the total retained energy can be rewritten as

ERsum =T
2

tr
(
�1W1WH

1 + �2W1WH
1 − W1WH

1
)

+ T
2

tr
(
�3W2WH

2 + �4W2WH
2 − W2WH

2
) + J ,

(11)

where �1 = α1TH
1 T1, �2 = α2TH

2 T2, �3 = α1TH
3 T3, and

�4 = α2TH
4 T4. With the trace property in [19], we yield

tr (ABCD) =
(
vec

(
DT

))T (
CT ⊗ A

)
vec (B) , (12)

where vec (·) is the matrix vectorization operator, ⊗
denotes the Kronecker product. From (12), we can reform
the terms tr

(
�1W1WH

1
)
and tr

(
W1WH

1
)
into their fol-

lowing forms respectively

tr
(
�1W1WH

1
) = tr

(
�1W1INWH

1
)

= wH
1 (IN ⊗ �1)w1

= tr
(
(IN ⊗ �1)w1wH

1
)
, (13)

and

tr
(
W1WH

1
) = wH

1 w1 = tr
(
w1wH

1
)
, (14)

where w1 = vec (W1) . Similarly, we can convert other
terms in (9). We define �i � wiwH

i , then the sum retained
energy becomes

ERsum =T
2

tr (((IN ⊗ �1) + (IN ⊗ �2) − IE)�1)

+ T
2

tr (((IN ⊗ �3) + (IN ⊗ �4) − IE)�2) + J ,
(15)

where IE ∈ C
N2×N2 is a unit matrix. With (5), we can

transform the UEs SNR constraints into

tr
((
IN ⊗ TH

3 T3
)
�2

)
� γ1J1, (16)

tr
((
IN ⊗ TH

2 T2
)
�1

)
� γ2J2, (17)

where J1 = ‖G1FR‖2 σ 2
R+σ 2

1 + σ 2
1,z
ρ1

and J2 = ‖G2FR‖2 σ 2
R+

σ 2
2 + σ 2

2,z
ρ2

. Similarly, the UAV relay transmission power
constraint will become

tr
(
(IN ⊗ T5) �1 + (IN ⊗ T6) �2 + σ 2

RWRWH
R

)
� PR, Max.

(18)

Plugging (16), (17), and (18) back into (9), the original
optimization problem can be reformulated as

max
(�1, �2�0)

T
2

tr (Q1�1) + T
2

tr (Q2�2) + J (19a)

s.t. tr
((
IN ⊗ TH

3 T3
)
�2

)
� γ1J1, (19b)

tr
((
IN ⊗ TH

2 T2
)
�1

)
� γ2J2, (19c)

tr (�i) � Pi, Max, i ∈ {1, 2} , (19d)
tr

(
(IN ⊗ T5)�1 + (IN ⊗ T6)�2 + σ 2

RWRWH
R

)

� PR, Max, (19e)

where Q1 = (IN ⊗ �1) + (IN ⊗ �2) − IE and
Q2 = (IN ⊗ �3) + (IN ⊗ �4) − IE . According to [27], the
optimization problem (19) can be converted into a semi-
definite programming (SDP) problem without a rank-one
constraint. Due to the linearity of the objective function
and the relaxed constraints, problem (18) which is convex
can be solved by the classical optimization tools, e.g.,
CVX. Therefore, with the optimal solutions �*

1 and �*
2,

we can obtain the optimal beamforming matrixes of UEs,
i.e.,W*

1 andW*
2.

4.2 Optimize UAV relay beamforming (WR)

Similarly, with given W1, W2 and two UE PS factors, i.e.,
ρ1, ρ2, the total retained energy of two UEs is equivalent to

ERsum = T
2
tr

(
�̃1WRRWH

R + �̃2WRRWH
R

)
+ J̃ , (20)
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where �̃1 = α1GH
1 G1, �̃2 = α2GH

2 G2, and J̃ = T
2 tr(

α1σ
2
1 IN + α2σ

2
2 IN

)+EINI1 + EINI2 − T
2 (P1 + P2). Based on

(12), we have

ERsum = T
2
tr

(((
RT ⊗ �̃1

)
+

(
RT ⊗ �̃2

))
wRwH

R

)
+ J̃ ,

(21)

where wR = vec (WR). Further, the constraints in (9) can
be rewritten as

tr
(
K1wRwH

R
)
� γ1

(

σ 2
1 + σ 2

1,z
ρ1

)

, (22)

tr
(
K2wRwH

R
)
� γ2

(

σ 2
2 + σ 2

2,z
ρ2

)

, (23)

and

tr
((

RT ⊗ IN
)
wRwH

R

)
� PR, Max, (24)

where

K1 =
((
H2F2FH2 H

H
2

)T ⊗ (
GH
1 G1

))
- γ1σ

2
R

(
IN ⊗ (

GH
1 G1

))
,

(25)

K2 =
((
H1F1FH1 H

H
1

)T ⊗ (
GH
2 G2

))
- γ2σ

2
R

(
IN ⊗ (

GH
2 G2

))
.

(26)

Here, we define �R � wRwH
R . Substituting (22), (23),

and (24) back into (9), the original optimization problem
can be reformulated as

max
(�R�0)

T
2
tr

(((
RT ⊗ �̃1

)
+

(
RT ⊗ �̃2

))
�R

)
+ J̃ (27a)

s.t. tr (K1�R) � γ1

(

σ 2
1 + σ 2

1,z
ρ1

)

, (27b)

tr (K2�R) � γ2

(

σ 2
2 + σ 2

2,z
ρ2

)

, (27c)

tr
((

RT ⊗ IN
)

�R
)
� PR, Max. (27d)

Similar to the first subproblem, we can utilize SDP scheme
to solve the problem (27). With the optimal solutions �*

R,
we can get the optimal beamforming matrixes of UAV
relay, i.e.,W*

R.

4.3 Optimize two PS factors (ρ1, ρ1)
For givenW1,W2, andWR, the objective function of max-
imizing the sum retained energy with ρ1 and ρ2 can be
written as

ERsum = β1 (1 − ρ1) + β2 (1 − ρ2) + Ĵ , (28)

where β1 = T
2 ηtr

(
G1WRRWH

RGH
1 + σ 2

1 IN
)
, β2 = T

2 ηtr(
G2WRRWH

RGH
2 +σ 2

2 IN
)
, and Ĵ=EINI1 +EINI2 −T

2 (P1 + P2).
According to the SNR constraints in (9), we obtain

ρ1 �
σ 2
1,zγ1

μ1
, (29)

ρ2 �
σ 2
2,zγ2

μ2
, (30)

whereμ1 = ‖G1WRH2W2‖2−γ1σ
2
R‖G1WR‖2−γ1σ

2
1 and

μ2 = ‖G2WRH1F1‖2−γ2σ
2
R‖G2WR‖2−γ2σ

2
2 . Therefore,

the original optimization problem can be changed as

max
(ρ1,ρ2)

β1 (1 − ρ1) + β2 (1 − ρ2) + Ĵ (31a)

s.t. ρ1 �
σ 2
1,zγ1

μ1
, (31b)

ρ2 �
σ 2
2,zγ2

μ2
, (31c)

0 < ρ1 < 1, (31d)
0 < ρ2 < 1. (31e)

With the known feasible region of the problem (31) and
the relationship of the variates, the optimal closed-form
expression of PS factors can be expressed as

ρ1, opt = σ 2
1,zγ1

μ1
, (32)

ρ2, opt = σ 2
2,zγ2

μ2
. (33)

In summary, the proposed AO scheme for maximizing
the sum remained energy can be summarized as Algo-
rithm 1.

Algorithm 1 The proposed AO scheme for maximizing
the sum retained energy
1: Initialization: Set ρ1 = ρ2 = 0.5, WR =√

PR, Max / NIN , W1 = √
P1, Max / NIN and W2 =√

P2, Max / NIN .
2: Repeat

a) Update �1 and �2 by solving the
convex problem (19) and to obtain W1
and W2;
b) Update �R by solving the convex
problem (27) and to obtain WR;
c) Update the optimal PS factors
solution ρ1, opt and ρ2, opt.

3: Until convergence.

Complexity Analysis: It is seen that the optimization
problems (19) and (27) are two classical SDP problems
which can be solved by utilizing the interior-point method
(IPM). According to [18], the complexity of the proposed
AO scheme for maximizing the sum retained energy is
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about O
(
MIter · 3N7), where MIter indicates the number

of iterations.

5 Low-complexity beamforming design based on
GSVD technique

The proposed AO scheme of UAV-enable two-way relay
system in Section 4 gets great rate performance, whereas
it has high computational complexity. To provide an out-
standing balance between complexity and performance,
a low-complexity scheme based on GSVD technique is
presented in this section. Compared with the above AO
scheme, the low-complexity GSVD scheme transforms
the original optimization problem with matrix variables
into the power allocation optimization problem with
scalar variables. However, two schemes have the similar
iteration process.

5.1 Beamforming design based on GSVD
By adopting GSVD technique onto the relatedMAC chan-
nel

[
HH

1 , H
H
2

]
, we can decomposeH1 andH2 as

H1 = Bh
1AH
h1 , H2 = Bh
2AH

h2 , (34)

where Bh denotes a full-rank complex matrix,
1 ∈ C
N×N

and 
2 ∈ C
N×N are two diagonal matrixes, Ah1 ∈ C

N×N

and Ah2 ∈ C
N×N represent two unitary matrixes. After

processing the MAC channel, we apply SVD technique to
decompose the BC channel GBC = [

GT
1 , G

T
2
]T as

GBC = Bg
gAH
g , (35)

where Bg ∈ C
2N×2N and Ag ∈ C

N×N denotes two unitary
matrixes, and 
g ∈ C

N×N is a diagonal matrix with no-
negative real values arranged into decreasing order. Based
on (35), G1 and G2 are decomposed as [17, 28]

G1 = Bg1
gAH
g , G2 = Bg2
gAH

g , (36)

where Bg1 = Bg (1 : N , 1 : N) and Bg2 =
Bg (N + 1 : 2N , 1 : N). It is worth noting that Bgi is not a
unitary matrix. According to the above decompositions
of MAC and BC channel matrixes, the beamforming
structures of UE i and UAV relay can be proposed as

Wi = Ahi�i, WR = Ag�RB−1
h , (37)

where �i ∈ C
N×N and �R ∈ C

N×N are two diagonal
matrixes standing for the power allocation of UE i and
UAV relay, respectively. Plugging (34), (36), and (37) into
(4), the receive signal at UE i can be written as

yi = √
ρi

(
Bgi
g�R
3−i�3−ix3−i+Bgi
g�RB−1

h nR + ni
)

+ ni,z. (38)

After using the zero-forcing operation for the received
signal at UE i, i.e., B−1

gi yi, we have

ỹi = √
ρi

(

g�R
3−i�3−ix3−i + 
g�RñR + ñi

) + ñi,z,
(39)

where ỹi = B−1
gi yi, ñR = B−1

h nR, ñi = B−1
gi ni, and ñi,z =

B−1
gi ni,z. Substituting (37) back into (7), we can transform

the retained energy ERi into its equivalent form as

ERi = T
2

η (1−ρi) tr
(
�gi
g�R

(
�+σ 2

R�h
)
�H

R 
H
g + σ 2

i IN
)

+ EINIi − T
2
tr

(
�i�

H
i

)
, (40)

where �gi = BH
giBgi , �h = (

BH
h Bh

)−1, and � =

1�1�

H
1 
H

1 + 
2�2�
H
2 
H

2 . With the transformation
of the optimization constraints, the problem (9) can be
reformulated as

max
(�1, �2, �R , ρ1, ρ2)

ER1 + ER2 (41a)

s.t.
tr

(

g�R
3−i�3−i�

H
3−i


H
3−i�

H
R 
H

g

)

tr
(
�H

R 
H
g 
g�R �h

)
σ 2
R + tr

(
�−1

gi

)
σ 2
i + tr

(
�−1

gi

)
σ 2
i,z
ρi

� γi, i ∈ {1, 2} ,

(41b)

tr
(
�R

(
� + �hσ

2
R
)
�H

R
) � PR, Max, (41c)

tr
(
�i�

H
i

) � Pi, Max, i ∈ {1, 2} , (41d)

0 < ρi < 1 , i ∈ {1, 2} . (41e)

Obviously, the trace matrixes of the retained energy ERi
and two constraints in (41) are not diagonal. According to
Property 1 in [17], we can achieve a lower bound on the
retained energy to simplify the optimization problem (41).
A lower bound of ERi is expressed as

ERi �


E
R
i = T

2
η(1−ρi) tr

(
�gi
g�R

(
�+σ 2

R�h
)
�H

R 
H
g +σ 2

i IN
)

+ EINIi − T
2
tr

(
�i�

H
i

)
, (42)

where �gi and �h are two diagonal matrixes that consist
of N diagonal elements of �gi and �h. For arbitrary
positive semi-definite matrixes A and X, there are
tr (AX) � tr (A�X) in [17] and tr

(
X−1) �

∑

i
[X (i, i)]−1

in [26], where �X is a diagonal matrix that comprises
the diagonal elements of X. Hence, we can obtain the
upper bound of SNR constraint (41a) and the lower
bound of UAV relay transmission power constraint (41b)
respectively as
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tr
(

g�R
3−i�3−i�

H
3−i


H
3−i�

H
R 
H

g

)

tr
(
�H

R 
H
g 
g�R �h

)
σ 2
R + tr

(
�−1

gi

)
σ 2
i + tr

(
�−1

gi

)
σ 2
i,z
ρi

�
tr

(

g�R
3−i�3−i�

H
3−i


H
3−i�

H
R 
H

g

)

tr
(
�H

R 
H
g 
g�R �h

)
σ 2
R + tr

(
�−1

gi

)
σ 2
i + tr

(
�−1

gi

)
σ 2
i,z
ρi

,

(43)

tr
(
�R

(
� + �hσ

2
R
)
�H

R
)
� tr

(
�R

(
� + �hσ

2
R
)
�H

R
)
. (44)

With (42), (43), and (44), we can reformulate the prob-
lem (41) as

max
(�1, �2, �R, ρ1, ρ2)



E
R
1 + 

E
R
2 (45a)

s.t.
tr

(

g�R
3−i�3−i�

H
3−i


H
3−i�

H
R 
H

g

)

tr
(
�H

R 
H
g 
g�R �h

)
σ 2
R + tr

(
�−1

gi

)
σ 2
i + tr

(
�−1

gi

)
σ 2
i,z
ρi

� γi, i ∈ {1, 2} , (45b)
tr

(
�R

(
� + �hσ

2
R
)
�H

R
)
� PR, Max, (45c)

tr
(
�i�

H
i

)
� Pi, Max, i ∈ {1, 2} , (45d)

0 < ρi < 1 , i ∈ {1, 2} . (45e)

5.2 Optimize UE power allocation
In the following, we adopt the AO-based optimization
algorithm to solve the intractable and non-convex prob-
lem (45). For given �R, ρ1, and ρ2, the objective function
of the sum retained energy can be rewritten as


E
R
1 + 

E
R
2 = T

2
tr

(
�1�1�

H
1

) + T
2
tr

(
�2�2�

H
2

)
+ C, (46)

where

�1 = (

g�R
1

)H (
α1�g1 + α2�g2

) (

g�R
1

) − IN ,
(47)

�2 = (

g�R
2

)H (
α1�g1 + α2�g2

) (

g�R
2

) − IN
(48)

and

C = T
2

α1tr
(
�g1
g�R�h�

H
R 
H

g + σ 2
1 IN

)

+ T
2

α2tr
(
�g2
g�R�h�

H
R 
H

g + σ 2
2 IN

)

+ EINI1 + EINI2 . (49)

Define λi,n, λR,n, λhi,n, λg,n, λ�h ,n, and λ�gi ,n as the nth
diagonal entries of �i, �R, 
i, 
g , �h, and �gi , respec-
tively. Following this definitions, the sum retained energy
can be transformed in a scalar form as



E
R
1 + 

E
R
2 = T

2

( N∑

n=1
λ�1,nλ

2
1,n +

N∑

n=1
λ�2,nλ

2
2,n

)

+ C, (50)

where λ�i,n denotes the nth diagonal entries of �i. With
(45) and (50), the original optimization problem (9) with
matrix variables is reformulated as the following power
allocation problem with scalar variables

max
(λ1, λ2)

T
2

( N∑

n=1
λ�1,nλ

2
1,n +

N∑

n=1
λ�2,nλ

2
2,n

)

+ C (51a)

s.t.

N∑

n=1
λ2g,nλ

2
R,nλ

2
h3−i ,nλ

2
3−i,n

N∑

n=1
λ2g,nλ

2
R,nλ�h ,nσ

2
R +

N∑

n=1

σ 2
i

λ�gi ,n
+

N∑

n=1

σ 2
i,z

λ�gi ,nρi

� γi, i ∈ {1, 2} ,

(51b)
N∑

n=1
λ2R,n

(
λ2h1,nλ

2
1,n + λ2h2,nλ

2
2,n + λ�h ,nσ

2
R

)
� PR, Max, (51c)

N∑

n=1
λ2i,n � Pi, Max, i ∈ {1, 2} , (51d)

where λi = [
λ2i,1, · · · , λ2i,N

]T indicates the allocation
power of the subchannels at UE i. Since the linearity of the
objective function with the terms of λ1 and λ2, the opti-
mization problem (51) is convex and can be readily solved
through the classical optimization scheme, i.e., CVX tool.

5.3 Optimize UAV relay power allocation
Similarly, for given �1, �2, ρ1, and ρ2, we have the sum
retained energy function with UAV relay power allocation
matrix �R as



E
R
1 + 

E
R
2 = T

2
tr

(
(�3 + �4)�R�

H
R

) + C̃, (52)

where

�3 = α1

H
g �g1
g

(
� + σ 2

R�h
)
, (53)

�4 = α2

H
g �g2
g

(
� + σ 2

R�h
)

(54)

and

C̃ = T
2
tr

(
α1σ

2
1 IN + α2σ

2
2 IN

) + EINI1 + EINI2

− T
2
tr

(
�1�

H
1 + �2�

H
2

)
. (55)

According to (50), (52) can be transformed in a scalar
form as



E
R
1 + 

E
R
2 = T

2

N∑

n=1

((
λ�3,n + λ�4,n

)
λ2R,n

) + C̃, (56)

where λ�3,n and λ�4,n strand for the nth diagonal entries
of �3 and �4, respectively. Combining (45) with (56), the
original optimization problem in (9) can be restated with
scalar variables as
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max
( λR)

T
2

N∑

n=1

((
λ�3,n + λ�4,n

)
λ2R,n

) + C̃ (57a)

s.t.
N∑

n=1

((
λ2g,nλ

2
h3−i ,nλ

2
3−i,n − γiλ

2
g,nλ�h ,nσ

2
R

)
λ2R,n

)

� γi

( N∑

n=1

σ 2
i

λ�gi ,n
+

N∑

n=1

σ 2
i,z

λ�gi ,nρi

)

, i ∈ {1, 2} ,

(57b)
N∑

n=1

((
λ2h1,nλ

2
1,n + λ2h2,nλ

2
2,n + λ�h ,nσ

2
R

)
λ2R,n

)
� PR, Max,

(57c)

where λR = [
λ2R,1, · · · , λ2R,N

]T is the allocation power of
the subchannels at UAV relay. Due to the linearity of the
objective function with the term of λR, the problem (57) is
also convex and can be efficiently solved by CVX tool.

5.4 Optimize PS factors
For given �1, �2, and �R, the objective function of max-
imizing the sum retained energy with ρ1 and ρ2 can be
written as



E
R
1 + 

E
R
2 = β̂1 (1 − ρ1) + β̂2 (1 − ρ2) + Ĉ, (58)

where

β̂1 = T
2

ηtr
(
�g1
g�R

(
� + �hσ

2
R
)
�H

R 
H
g + σ 2

1 IN
)
,
(59)

β̂2 = T
2

ηtr
(
�g2
g�R

(
� + �hσ

2
R
)
�H

R 
H
g + σ 2

2 IN
)

(60)

and

Ĉ = EINI1 + EINI2 − T
2
tr

(
�1�

H
1 + �2�

H
2

)
. (61)

Based on the SNR constraint in (45), we have

ρi �
γitr

(
�−1

gi

)
σ 2
i,z

μ̂i
, (62)

where

μ̂i = tr
(

g�R
3−i�3−i�

H
3−i


H
3−i�

H
R 
H

g

)

− γi
(
tr

(
�H

R 
H
g 
g�R �h

)
σ 2
R + tr

(
�−1

gi

)
σ 2
i

)
.
(63)

Combining (58) and (62), the original optimization
problem can be reformulated as

max
(ρ1, ρ2)

β̂1 (1 − ρ1) + β̂2 (1 − ρ2) + Ĉ (64a)

s.t. ρi �
γitr

(
�−1

gi

)
σ 2
i,z

μ̂i
, i ∈ {1, 2} , (64b)

0 < ρi < 1 , i ∈ {1, 2} . (64c)

From the relationship of variates in (64), the optimal
closed-form expression of PS factors can be expressed as

ρi, opt =
γitr

(
�−1

gi

)
σ 2
i,z

μ̂i
, i ∈ {1, 2} . (65)

In summary, the proposed low-complexity AO scheme
based on GSVD for maximizing the sum remained energy
can be summarized as Algorithm 2.

Algorithm 2 Low-complexity beamforming design for
maximizing the sum retained energy
1: Initialization: Set ρ1 = ρ2 = 0.5 and �1 = �2 =

�R = IN .
2: Adopt GSVD and SVD techniques to decompose

[
HH

1 , H
H
2

]
and

[
GT
1 , G

T
2
]T , respectively, and then

obtain 
1, 
2, 
g , �h, �g1 and �g2 .
3: Repeat

a) Update the transmission power
allocation of UEs �1 and �2 by
solving the convex problem (51);
b) Update the transmission power
allocation of UAV relay �R by
solving the convex problem (57);
c) Update the optimal PS factors
solution ρ1, opt and ρ1, opt.

4: Until convergence
5: Plug the solved�1,�2 and�R back into (37) to obtain

the beamforming matrixesW1,W2 andWR.

Complexity Analysis: Note that the problem (45) can be
effectively solved by three convex problems with scalar
variables (51), (57), and (64). Based on the computa-
tional cost analysis in [18], the complexity of the low-
complexity beamforming design for maximizing the sum
retained energy is aboutO

(
MIter · N3.5). It is obvious that

Algorithm 2 has lower computational complexity than
Algorithm 1. Therefore, Algorithm 2 is more suitable for
large-scale antennas system.

6 Results and discussion
In this section, some simulation results are provided to
evaluate the effectiveness of the proposed schemes for
UAV-enabled two-way relay system with SWIPT. As illus-
trated in Fig. 2, the UAV relay hovers at a constant altitude
that is set as dv = 5m and the horizontal distance between
UE 1 and UE 2 is fixed as dh = 30 m.Moreover, we denote
the horizontal distances of UE 1-to-relay and relay-to-
UE 2 as ξdh and (1 − ξ) dh, respectively. ξ ∈ (0, 1) is the
location ratio of UAV relay. It is intuitive that the real dis-
tances of UE 1-to-relay and relay-to-UE 2 can be indicated
as L1 =

√
d2v + (ξdh)2 and L2 =

√
d2v + ((1 − ξ) dh)2,
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Fig. 2 The location of UAV-enable two-way relay system

respectively. Following [21, 30], we model the MIMO

channel matrixes as Hi = �

Hi

√
L−ε
i and Gi = �

Gi

√
L−ε
i ,

where L−ε
i strands for the large-scale fading,

�

Hi and
�

Gi
indicate the small-scale Rician fading (Rician factor K =
5). Similar to [17], the path loss exponent of the high alti-
tude transmission is set as ε = 2. For all simulations, we
assume that the noise variances at all transceivers are same
as σ 2

R = σ 2
i,z = σ 2

i = − 60 dBm. We also specify η = 0.8,
ξ = 0.5, N = 2, T = 1 second, ρi = 0.5, γi = 34 dB,
EINIi = 50 mJ, Pi, Max = 20 dBm and PR, Max = 20 dBm
unless otherwise explained.

Figure 3 reveals the convergence performance of the
proposed AO scheme and low-complexity GSVD scheme.
It is found that the curve of the proposed AO scheme
is similar to that of low-complexity GSVD scheme. They
take no more than 5 iterations to converge. Compared
with the AO scheme, the low-complexity GSVD scheme
transforms the original optimization problem with matrix
variables into the power allocation optimization problem
with scalar variables. However, two schemes have a similar
iteration process. Interestingly, the proposed AO scheme
has a better performance of the sum retained energy than
that of low-complexity GSVD scheme.

Fig. 3 Sum retained energy versus the number of iterations
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Fig. 4 Various performance results of different schemes versus the maximum transmission power of UAV relay (dBm) PR,Max . a Sum remained energy
versus PR,Max ; b Sum cost energy versus PR,Max ; c Sum harvested energy versus PR,Max

Fig. 5 Sum remained energy versus the location ratio of UAV relay ξ , PR,Max = 25 dBm
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Figure 4 depicts the various performance results of dif-
ferent schemes versus the maximum transmission power
of UAV relay. It is intuitive from Fig. 4a that both the
proposed AO scheme and low-complexity GSVD scheme
significantly outperform the average power assignment
(APA) scheme in [31]. This is because compared to APA
scheme, the proposed AO scheme and low-complexity
GSVD scheme can take full advantage of the robust
beamforming matrixes and the effective PS factors to
match the MIMO channels. Furthermore, the perfor-
mance gaps between two proposed schemes and APA
scheme grow as the maximum transmission power of
UAV relay increases. Besides, it is found that the gap
between the proposed AO scheme and low-complexity
GSVD scheme is quite small due to the similar iterative
process.
In Fig. 4b, we check the influence of the maximum

transmission power of UAV relay on the sum cost energy
of three schemes. It is seen that the APA scheme needs
to cost more energy for the same SNR threshold than
the proposed AO scheme and low-complexity GSVD
scheme at low PR,Max. Moreover, as expected, the cost
energy of APA scheme decreases as PR,Max increases.
This is because for the fixed SNR requirement and
given PS factors, APA scheme requires less transmission
power of UE to guarantee the SNR threshold as PR,Max
grows.
In Fig. 4c, we investigate the impact of PR,Max on

the sum harvested energy of three different schemes.
It is observed that the proposed AO scheme and low-
complexity GSVD scheme harvest more energy than APA
scheme at high PR,Max. This happens because compared to
APA scheme, two proposed schemes transfer more energy
in MAC phase which results in the higher received power
at UEs in BC phase. Besides, two proposed schemes have
more efficient beamforming designs and more suitable PS
factors to satisfy the SNR thresholds. Specifically, the per-
formance gap of harvested energy between the proposed
AO scheme and low-complexity GSVD scheme alloca-
tion factor algorithm is small due to the similar iteration
procedure.
Figure 5 illustrates the influence of the location ratio

of UAV relay ξ on the sum remained energy of three
schemes. Obviously, the proposed AO scheme and low-
complexity GSVD scheme have better performance than
APA scheme. In particular, the better remained energy
performance of two proposed schemes are obtained when
the UAV relay is closer to UEs. One reason is that the
closer UAV relay is located to UEs, the more EH efficiency
UEs have. In addition, when UAV relay is closer to UE,
the MIMO channel between UAV relay and UE has bet-
ter channel quality. This is consistent with the simulation
result described in [18].

7 Conclusion
In this paper, the joint transceiver beamforming and
PS factor optimization of UAV-enabled two-way relaying
system have been investigated. SWIPT technique was
considered at UEs to prolong the battery life.We proposed
the AO scheme and the low-complexity GSVD scheme
to maximize the sum remained energy of two UEs. It
was found that both the proposed AO scheme and low-
complexity GSVD scheme significantly outperform APA
scheme with fixed PS factors. In particular, the low-
complexity GSVD scheme provides an outstanding bal-
ance between complexity and performance. More impor-
tantly, it is verified that the low-complexity GSVD scheme
performs close to the proposed AO scheme. Besides, we
conclude that the location ratio of UAV relay has a huge
influence on the sum remained energy.
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