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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
for MIMO two-way relay system based on maximizing 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 system with 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.

e 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.

e 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.

e We propose an alternating optimization (AO)
scheme and a low-complexity scheme based on the
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generalized singular value decomposition (GSVD) for
the formulated optimization problem.

e 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 System model and problem formulation
3.1 System model
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 = HiWix; + HoWaxs + ng, (1)

where H; € CN*N is the MIMO channel matrix from
UE i to UAV relay node, W; € CNxN represents the
beamforming matrix of UE i, which should be under the
transmission power constraints tr (WiWiH) = P; and
P; < Pj pax where P; and P; p1,, denote the realistic
transmission power and the limitation of maximum trans-
mission power at UE i, respectively. x; € CN*! is the
original signal vector with E [x,-x,-H ] = In, (O is the
conjugate transpose operation of one matrix, ng € CN*1
represents the zero-mean additive white Gaussian noise
(AWGN) at UAV relay with covariance matrix O’I%IN.

In the BC phase, UAV relay forwards its received sig-
nals with a beamforming matrix Wz € CN*N, which
should be under the transmission power constraints
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tr (WRRWRIZ) = Pr and Pr < PR pMax» Where R =
H, W WiHY + HyWoWHHY + 021y, Pr and P pax
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

xg = Wryr = Wr (HiWix; + HoWoxo +ng).  (2)

The received RF signal at UE i is split into two portions
with a PS factor, i.e., p; € (0,1). p; portion is used for ID,
and 1 — p; 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 = /pi (GiWrH;Wx; + G;WrH3_;W3_;x3_;
+G;Wpeng +n;) +n;z, (3)

where n; indicates the zero-mean AWGN vector at UE i
with covariance matrix oiZIN, n;, is the additional PS sig-
nal processing noise with covariance matrix onIN. 3—iis
used to denote the desire signal of paired user. As stated in
[23], the self-interference term G; W zH; W x; can be inte-
grally canceled. Therefore, the received signal at UE i can
be further obtained as

Yi = /pi (GiWrH3_;W3_;x3_; + G;Wrng + n;) + n; .
(4)

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

G;WzH;_;W3_;|?
SNR,'Z ” i WRIL3 31”

1GWzl%62 + ||o2In | +

The harvested energy at UE i can be given by
T
Ef = Sna—pte (GiWRRWRGH +o1y),  (6)

where n € (0,1) is the energy conversion efficiency of
UE i. It is worth pointing out that the self-interference
term G;WrH,; W x; 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 to maximize 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

T
ER=EN'+Ell - EP” @)

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

2
ER = ZEZR. (8)
i=1

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

(Fl,Fg}:ezle?;bpz)Efum )

s.t. SNR; > y;,i € {1,2}, (9b)

Tr (WRRWE) < Pg, Maxs (9¢)

o © Te (WiW) < Py ptawsi € 11,2, 9d)
o IN 0<pi<1,ief{l,?2), (9e)
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where y; indicates the SNR threshold of UE i, constraint
(9b) represents the minimum SNR requirement of UE i,
(9¢) 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
matrixes W1 and W with fixed W, p1 and py. Secondly,
we try to obtain the optimal relay beamforming matrix
W7 by assuming the other parameters are given. Finally,
the optimal PS factors, i.e., p1 and py, are investigated.

4.1 Optimize two UE beamforming matrixes (W7 and W)
With the above analysis, we first design the opti-
mal solution of W; and Wy for maximizing the sum
retained energy. Substituting R = H1W1W]1{H1H +
HZWZWQI H, + UI%IN into (9), we have the objective
function as

;T trlon Ty Wi W TH 01 Ts WL W TE — W W)

Sum 2

T
+ Etr(ozsz\xqw’f T + oy TaWo WH T —WoWh) + 7,
(10)

where a1 = n(l—p1), a2 = nl—p2), T1 =

G1WrH), To = GeWgRH;, Tz = GiWrHp, Ty =
GoWiHy, Ts = GiWRWH G, T = GoWRrWHGH, and
J = Loy tr (0215 +Inol) + Las tr(02Te + Ino?) +
E{Nl +E§N1. Based on the trace property tr(AB) =
tr (BA), the total retained energy can be rewritten as

ER

sum

T
=t (W1 Wi W+ W W WA — W W)

T
+ 5t (W3 W W5 + W Wo WA — WoWh) +,
(11)

where ¥; = OllT]lLITl, Wy = (X2T]2L1T2, V3 = O[ng[Tg, and
Wy = ap T4 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 (\111\’(/1\’(/11‘[ ) and tr (W1W{{ ) into their fol-
lowing forms respectively
tr (U1 W1 W) = tr (W WLy W)
=wi' Iy ® Y1) w;

= tr ((Iy ® ¥ wiwy), (13)
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and
tr (W1 W3 = whiwy = tr (wiwl),

where w; = vec (W) . Similarly, we can convert other
terms in (9). We define ®; = wiwf'[ , then the sum retained
energy becomes

(14)

R
Esum

T
=5 tr (Iy ® ¥1) + (Iy ® ¥y) — Ip) 1)

T
tou (AN ® ¥3) + (I @ Wa) — Ip) o) +/,
(15)

where I € CN**N? s 3 unit matrix. With (5), we can

transform the UEs SNR constraints into

tr ((Iv ® T{T3) ®2) > y1/1, (16)

tr (Iv ® THT2) @1) > o, 17)

2
g
where Ji = |GiFz||* o7 +07 +—= and ) = | GoFrl* o +
2
o3 + 02;. Similarly, the UAV relay transmission power
constraint will become

tr ((Iy ® Ts) @1 + (Iy ® Te) D2 + g WRWE) < Pr, Max-
(18)

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

T T

max  — tr(Q®y) + - tr(Qedy) +J (19a)
(@1, P2=0) 2 2

s.t. tr ((IN ® T?Tg) Cbz) = v, (19b)

tr ((Iv ® T{Ts) @1) > 12, (19¢)

tr (q>l) < Pi, Max> i€ {172} ’ (lgd)

tr ((Iy ® Ts) @1 + (Iy ® Te) D2 + o WrWE)
< PR, Max> (196)
where Q1= In®V¥;) + (Ax®W¥3) — Ir and

Q= Iy Q@ ¥3) + Iy ® Vy) — IE. ACCOl‘ding 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 CI>; and d>;,
we can obtain the optimal beamforming matrixes of UEs,
ie., \’(’1 and W2

4.2 Optimize UAV relay beamforming (Wg)
Similarly, with given W, W and two UE PS factors, i.e.,
P1, p2, the total retained energy of two UEs is equivalent to

ER

sum

T - - -
= Str (W WRRW + 3 WRW )+, (20)
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where ¥y GGy, ¥y = 03Gl Gy, and ] = T
(a102Iy + a0 fIy) +ENT + EINT— L (P + P,). Based on
(12), we have
T - - .
= D7 00) (7 82) ) <.
(21)

ER

sum

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

2
tr (Kiwgwp ) > 1 (af + ?) , (22)
1
0.2
tr (Kowgwh) = 12 (022 + ;Z> , (23)
2
and
tr <(RT ® IN) WRWg> < PR, Maxs (24)
where
Ki = ((HEEHY) @ (GI'G1)) - miof (v @ (GY'Gr))
(25)

’

Ko = (HIBEHY) © (GYG))) - 12 (v ® (GF'Gy)) .

(26)

Here, we define &z = wag . Substituting (22), (23),
and (24) back into (9), the original optimization problem
can be reformulated as

T T o T o\ 3
a2 7= (R )+ (R e %)) on) +7 (20
2
2 Gl,z
st tr (Ki®g) > 1 (0’1 + ) s (27b)
P1
2
2 02,2
tr (Ko®r) > o (02 + ) , (27¢)
P2
tr ((RT ® IN) ch) < PR Max- (27d)

Similar to the first subproblem, we can utilize SDP scheme
to solve the problem (27). With the optimal solutions dDE,
we can get the optimal beamforming matrixes of UAV
relay, i.e., Wh.

4.3 Optimize two PS factors (o1, p1)

For given W1, W3, and Wy, the objective function of max-
imizing the sum retained energy with p; and p; can be
written as

ER, =B (A—p1) +p2(1—p2) +],

where $1 gntr (G1WRR\’(§{G‘;[ +07IN), B2 = %ntr
(GoWRRWHGH +021y),and J=ENT+ EN L (P + Py).
According to the SNR constraints in (9), we obtain

(28)
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2
0171
L1 2 L, (29)
M1
2
05, V2
py = 222, (30)
7%

where 41 = [GIWrHy W2 * — 1107 1G1Wr|> — 107 and
w2 = G2 WrH1Fq 12— V201%||G2WR||2 — y2022. Therefore,
the original optimization problem can be changed as

max B1 (1—p1) + o (1 —pa) +] (31a)
(p1,02)
Ulzzy1
st opp = —2—, (31b)
M1
02227/2
p2 = ——, (31c)
n2
0<p; <1, (31d)
0<py<l1. (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

2
O‘L Y1
P1, opt = 2, (32)
M1
2
0y.V2
P2, opt = 2= (33)
w2

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 p; 02 0.5, Wpr
PR Max | NIn, W1 = /P1, Max / NIy and Wy
VP2, Max | Nly.

2: Repeat
a) Update ®; and ¥, by solving the
convex problem (19) and to obtain W;
and Wy ;

b) Update ®p by solving the convex
problem (27) and to obtain Wpg;

c) Update the optimal PS factors
solution pi1,0pr and 02, opt -

3: Until convergence.

Complexity Analysis: 1t 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 (M Tter + 3N 7), where My, 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 related MAC chan-
nel [HII{, Hg], we can decompose H; and Hj as

H; = B,Z1Af, H,=B,%A}., (34)
where B, denotes a full-rank complex matrix, 1 € CN*N
and X, € CN*N are two diagonal matrixes, Aj, € CN*N
and Ay, € CN*N represent two unitary matrixes. After
processing the MAC channel, we apply SVD technique to

decompose the BC channel Ggc = [GIT, GZT]T as

Gpc = By T AY, (35)
where B; € C2N*2N and Ag e CN*N denotes two unitary
matrixes, and X, € CN*N s a diagonal matrix with no-
negative real values arranged into decreasing order. Based
on (35), G and Gy are decomposed as [17, 28]
H H

G1 =By Z,A), Gy =B, TAl, (36)
where By, = B, (1:N,1:N) and By, =
By (N +1:2N,1: N). It is worth noting that By, 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

W;=AyA;, Wr= AgARB_l, (37)
where A; € CN*N and Ap € CN*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 = /pi (Bgl. XgARY3iA3—_iX3-;+ By EgARBZInR + ni>

+n;;. (38)
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After using the zero-forcing operation for the received
signal at UE i, i.e., B‘;yi, we have

Vi = /0i (ZgArZ3-iA3_iX3_; + TgApng + f;) + 0z,
(39)

where y; = B;lyi, np = B;lnR, n; = B(;ln,», and n;, =
B, In; . Substituting (37) back into (7), we can transform
the retained energy Ef into its equivalent form as

T
R 2 H<xH 2
E; = (1—pp) tr(\llgiEgAR (M+ozWy) AR B, +o; IN)

T
+ EINT St (A:AT), (40)

where Yy, = Bngw v, = (BhHBh)_l, and T =
ElAlA{IE{i + ZgAgAgEg. With the transformation
of the optimization constraints, the problem (9) can be
reformulated as

max Ef +E§ (41a)
(A1, Az, Ap, p1, p2)
tr ():gAREg_iAg_iAg’_izgf_iAgzg) '
s.t. ; N 2 vnie{l,2},
o (MBI E AR W) of +tr (5" ) o o (wg") %

(41b)
tr (AR (T + W,07) AF) < PR, Maxs (41¢)
tr (AiAT) < Py ptawi € (1,2}, (41d)
0<p <1,ie{l,2}. (41e)

Obviously, the trace matrixes of the retained energy ELR
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 ELR is expressed as

R T
ER>E = n(1—p) tr(Agi SeAr(Tl +G§Ah)AgE?+JiZIN>

l

T
+ EINT St (A:AF), (42)

where Ag and Ay are two diagonal matrixes that consist
of N diagonal elements of Wy, and Wj. For arbitrary
positive semi-definite matrixes A and X, there are
tr (AX) > tr (AAx) in [17] and tr (X71) > 3 [X ()]}

in [26], where Ay is a diagonal matrix thalt 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 (SgArSa-ihaiAfL B AN EH)

2
t (AQE?EgAR Wh) of +tr (\I/g71> o +tr (\1@1) %

tr (EgAREg_iAg_iAg_iE?_iAg2g>
~ 2 b

(A EEE AR An) oF +tr (Agh) oF + e (Ag") %

ﬁ
(43)

tr (Ag (TT + Wy03) AR) = tr (Ag (IT + Apog) AR). (44)
With (42), (43), and (44), we can reformulate the prob-
lem (41) as

max
(A1, Ag, AR, p1, p2)

tr <2gAR23,iA3,iAg_iE?_iAgEf>

(45a)

(M AR M) R+ (05 o e (07)
> yii€{1,2}, (45b)
tr (Ar (T + AyoR) AR) < Pr Mass (45¢)
tr (AAY) < Py pawri € (1,2}, (45d)
0<p<1,ie{l,?2}. (45€)

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 Ag, p1, and py, the objective function
of the sum retained energy can be rewritten as

~R R T u T u
Ey+E =St (Q1A1AT) + St (22A2A%) +C,  (46)
where
H
Q1 = (ZArZ1) (1Ag, + a2Ag) (ZgARE1) — In,
(47)
H
Qy = (SgArE2)" (1Ag + 02Ag,) (ZgArE:) — Iy
(48)
and
T
C=Jotr (Ag] S ARAARE! + alle>
T
+ St (A ZeArBi AR =Y +0f1y )
+EN EIML (49)

Define iy, Arns Ayns Agns Awyn, and )\,\I/gi,n as the nth
diagonal entries of A;, Ag, X;, X, Ay, and Ay, respec-
tively. Following this definitions, the sum retained energy
can be transformed in a scalar form as

R R T(X - )
E\+E = X;AQM)LL” + Y hayur3, | +C (50)
n=

n=1
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where Aq, , denotes the nth diagonal entries of ;. With
(45) and (50), the original optimization problem (9) with
matrix variables is reformulated as the following power
allocation problem with scalar variables

N N
T
max (Z AQuuhd, + mexgn) +C (51a)
142 n=1 n=1
a2 52 2
Zl Mg RnPhs_n?3—in
n= .
st — - N N > y,ie (1,2},
Z Ag’nA‘Rvn)\‘wh’nO—R + Z )LllJ;,rz + Z )L\l/g<y,nﬁi
n=1 n=1 4 n=1 ¢
(51b)
N
Z)‘Iz?,n ()‘il,n)‘%,n + )‘iz,n)‘%,n + )“I‘h,ﬂolg) < PR Maxs  (51c)
n=1
N
D Ay < PiMaxi € 11,2}, (51d)
n=1
T . .. .
where A; = [A%1,~~- ,A%N] indicates the allocation

power of the subchannels at UE i. Since the linearity of the
objective function with the terms of A; and Ay, 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 Aj, Ay, p1, and py, we have the sum
retained energy function with UAV relay power allocation
matrix Ag as

~R ~R T - .
E, +E, = Etr (s + Q4) ArAR) + C, (52)
where
Q3 =0 EgAgl P (1'[ + a[%Ah) , (53)
Q4 =y Bf Ay, T (T + 03 Ap) (54)
and
~ T
C= Etr (alolle + aZUZZIN) + E{Nl + EéM
T
-t (A1AY + AxAY). (55)

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

R R TXN ) .
Ey+E =5 Y (Ao + haun) 2gu) + C (56)
n=1

where Aq, , and Ag, , strand for the nth diagonal entries
of Q3 and 4, respectively. Combining (45) with (56), the
original optimization problem in (9) can be restated with
scalar variables as
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N

’ ~
s 53 (s +30un) 1) +

N
2 2 2
st 3 (242, i3
n=1
N
- (z

(57a)
Vi)‘é,nk‘yh:”o'[%> )‘%3,71)

N
+ ,ie {12},
Z)\\I/gln z)

n=1

)"\I/gl
(57b)

2 2 2
0+ My hon + M/h,nUR> )‘R,n> < PR, Maxs

("

n=1

(57¢)

where Ax = [)‘%3,1’ e ,A%’N]T is the allocation power of
the subchannels at UAV relay. Due to the linearity of the
objective function with the term of A, the problem (57) is
also convex and can be efficiently solved by CVX tool.

5.4 Optimize PS factors
For given A1, A2, and Ap, the objective function of max-
imizing the sum retained energy with p; and p; can be
written as
~R  ~R
Ey+Ey=p1(A—p) +h(1—p) +C,

where

(58)
A T 2 HsH

A= St (Mg Zehr (1 + Ayof) AFEL +0lly),

(59)

A

T
fr = S (Agz SeAr (I + Ayod) AR EH + 02211\[) (60)

and

N T

C=EN 4 EINT St (A1AF + AoAE. (61)

Based on the SNR constraint in (45), we have
yitr (A&;1> al.?z
pi =z ————, (62)
i

where

ﬁ/i =tr <2gARESPL'AB*L'A{),—I?L'Z?],—[?iAgE?)
— i (tr (AgzgngR Ah) o +tr (A;> o?).
(63)

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

max B (1—p1) +Ba(1—p2) +C (64a)
(P15 p2)
yitr (A;l) alzz
s.t. p; > - ,i€{1,2} (64b)
i
0<p <1,ie{l,2}. (64c)
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From the relationship of variates in (64), the optimal
closed-form expression of PS factors can be expressed as

2
y,tr( g )ai'z
Pi, opt — —  ~

fi

In summary, the proposed low-complexity AO scheme

based on GSVD for maximizing the sum remained energy
can be summarized as Algorithm 2.

yie{1,2}. (65)

Algorithm 2 Low-complexity beamforming design for
maximizing the sum retained energy

1: Initialization: Set p; = pp = 0.5and A; = Ay =
Ap = Ijn.

2: Adopt GSVD and SVD techniques to decompose
[Hf, Hg[] and [GlT, GZT]T, respectively, and then
obtain X1, X, e, Apy Mgy and Ag,.

3: Repeat
a) Update the transmission power
allocation of UEs A; and Aj by
solving the convex problem (51);

b) Update the transmission power
allocation of UAV relay Apr by
solving the convex problem (57);
c) Update the optimal PS factors
solution p1,0p¢ and pi, opt -

4: Until convergence

5: Plug the solved A1, A2 and Ag back into (37) to obtain
the beamforming matrixes W1, Wy and Wr.

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 about O (M Tter + N 3'5). 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 d, = 5 m and the horizontal distance between
UE 1 and UE 2 is fixed as dj, = 30 m. Moreover, we denote
the horizontal distances of UE 1-to-relay and relay-to-
UE 2 as £€dj, and (1 — &) dj, respectively. £ € (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

JEB A+ Ed* and Ly = /& + (1 -6 dy)”,

as L1 =
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UE2

Fig. 2 The location of UAV-enable two-way relay system

EA AT A A A A A A rrrrs

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

channel matrixes as H; = Itli,/Li_E and G; = é,’,/Li_s,

where L;® strands for the large-scale fading, H; 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 ¢ = 2. For all simulations, we
assume that the noise variances at all transceivers are same
as UI% = Ufz = aiz = — 60 dBm. We also specify n = 0.8,
&§ =05 N =2, T = 1second, p; = 0.5, y; = 34 dB,
ENI = 50 mJ, Pj pax = 20 dBm and PR p1ax = 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.

100 T T T

(0%

Sum Retained Energy [m]J]

70 1 1 1

mo-
mo-
mo-
B

—O— Proposed AO scheme
—H8— Low-complexity GSVD scheme

1 1 1 1

Iterations

Fig. 3 Sum retained energy versus the number of iterations

5 6 7 8 9
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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 Pga... Moreover, as expected, the cost
energy of APA scheme decreases as Ppas, 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 Ppajax
grows.

In Fig. 4c, we investigate the impact of Prarx 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 Pp 41, 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 £ 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].
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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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