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Abstract

In this paper, we consider a wireless-powered dual-relay network consisting of one multi-antenna source, two
single-antenna energy-constrained relays and one single-antenna destination without direct source to destination
link. In order to establish the communication flow, the energy-constrained relays harvest energy from the radio
frequency transmitted by the source firstly, then exploit the harvested energy to forward the source information to
the destination based on distributed space time coding (DSTC). Under this network architecture, three
decode-and-forward (DF) technique-based relaying protocols, i.e., time switching-based relaying (TSR) protocol,
power splitting-based relaying (PSR) protocol, and hybrid relaying (HR) protocol, are considered to drive the energy
transfer and information transmission. To maximize the network throughput, the joint design for the optimal energy
and information beamforming vectors employed at the source, the optimal time switching, and power splitting ratios
under these three protocols are investigated and solved efficiently by employing simple sequential optimization
approach or alternating optimization approach. Simulations are conducted to show the superior performance
achieved by our proposed scheme. Moreover, we find that the TSR protocol outperforms the PSR protocol in the low
signal-to-noise ratio (SNR) region, while the latter outperforms the former in the high SNR region. And the HR protocol
achieves the best performance in any SNR region. At the same time, the effect of the relays’ locations on the
throughput performance of these three protocols is also investigated.
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1 Introduction

With the rapid rise of the Internet of Things (IoT) [1]
industry, massive intelligent devices will be deployed in
anywhere to monitor engineering structures, diagnose the
physical condition of the patients, report the real-time
traffic information, and so on. A major problem facing
is that how to prolong the life of the energy-constrained
devices, so that they could be utilized in a sustainable and
low-cost way. Currently, a feasible solution is to adopt the
radio frequency (RF) signal-based wireless energy transfer
(WET) technique [2], as RF signal is controllable, stable,
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and efficient compared to the natural sources such as solar
and wind.

By integrating WET and wireless data communications,
wireless powered communication network (WPCN) [3-8]
has raised as an emerging research topic. Up to now, the
most popular research model under WPCN was the three-
node relay network [9-14], in which the “harvest-then-
transmit" (HTT) scheme was employed, i.e., the single-
antenna relay node was energy constrained and had to
harvest energy from the single-antenna source firstly, and
then exploited the harvested energy to forward the source
information to the single-antenna destination under the
case of no direct link. Under this scene, [9] firstly pro-
posed the time switching-based relaying (TSR) protocol
and the power splitting-based relaying (PSR) protocol.
For the TSR protocol, energy harvesting and information
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reception at the relay have taken different time slots . For
the PSR protocol, the received signal was split into two
streams, one stream got into the energy harvesting circuit
and the other got into the information receiver. Subse-
quently, [10] creatively proposed the hybrid relaying (HR)
protocol by combining the advantages of the TSR and PSR
protocols. By joint optimizing the TS and PS ratios, the
HR protocol showed its great gain compared with the TSR
and PSR protocols. At the same time, [11] analyzed the
outage probability and the ergodic capacity under the HR
protocol. Assuming existing direct source to destination
link, [12] analyzed the outage probability and optimized
the network performance under the PSR protocol and
showed that the large diversity gain can be obtained by
exploiting the direct link. By adjusting the number of sub-
frames for each link, [13, 14] set the different information
transmission rate at the source and the relay, based on
which [13, 14] further proposed several generalized HR
protocols.

Based on the classic three-node model, researchers put
forward kinds of novel ideas, techniques, and scenarios
for WPCN. Specifically, [15] proposed the idea of exploit-
ing full-duplex (FD) technique to implement self-energy
recycling at the multi-antenna relay, so that an additional
energy can be obtained by the relay. Luo et al. and Chen
et al. [16, 17] proposed the idea of allowing the source
harvesting energy from the relay in the relaying phase,
so that the energy efficiency can be improved greatly.
Li and Rong [18, 19] proposed the idea of setting dif-
ferent transmit power in the WET phase and wireless
information transmission (WIT) phase, then analyzed a
generalized TSR protocol and showed its great gain com-
pared with the traditional TSR protocol. In [20], the idea
of channel condition-based adaptive PS at each antenna
of the relay was proposed, and the problem of joint PS
ratio and power allocation at each transmit antenna of
the relay to maximize the throughput was solved. In [21],
the HR protocol was applied in the multi-hop relays net-
work. In [22], the effect of co-channel interference (CCI)
at the relay node on the ergodic and outage capacities
was investigated. Interestingly, [22] found that CCI may
be favorable, as CCI also contributed the larger harvested
energy except for causing inconvenience for information
decoding at the destination. Liu and Wang [23] considered
the orthogonal frequency-division multiplexing (OFDM)-
based WPCN, in which all subcarriers were split into
two parts at the relay, one for energy harvesting and one
for information reception. [24] considered the multiple-
input-multi-output (MIMO) FD-based WPCN, then ana-
lyzed and optimized the throughput. [25] investigated the
nonorthogonal multiple access (NOMA)-based WPCN,
in which the user near the single-antenna source first
decoded its needed information from the received signal,
then exploited the harvested energy to help forward the
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information of the far user. Xu et al. [26] aimed to optimize
the joint design of beamforming at the multi-antenna
source and the PS ratio at the near user in the NOMA
based WPCN for the purpose of maximizing the through-
put of the near user while satisfying the Quality of Service
(QoS) of the far user. Lee et al., Dong et al., Niu et al.,
and Mei et al. [27-30] aimed to improve the security of
WPCN by exploiting beamforming, cooperative jamming,
or artificial noise technique.

In view of the prior works, most assumed that there
was only one relay assisting the transmission. This setting
was easy and would cause large performance loss, as the
channel capacity of the second hop (from the relay to the
destination) suffered from twice channel fading compared
with the case that the relay was energy rich. By placing
multiple relays between the source and the destination
and exploiting all relays for information forwarding, the
channel capacity of the second hop can be enhanced
significantly. Meanwhile, there would be no necessity to
consume more power, as the harvested energy of all relays
will still come from the same RF signal. In addition, mul-
tiple antenna technique, as a powerful tool for improving
the energy transfer efficiency and the spatial diversity gain,
is expected to play an important role in WPCN. Therefore,
under the condition that the source is equipped with mul-
tiple antennas and there are multiple relays, to maximize
the throughput, the joint design of beamforming and time
switching/power splitting needs careful consideration and
is not a trivial work, which is the motivation for writing
this paper.

In this paper, we consider a dual-relay network con-
sisting of one multi-antenna source, two single-antenna
relays, and one single-antenna destination. The two
energy-constrained relays firstly harvest energy from
the RF signal transmitted by the source, and then
use this energy to forward the single-stream source
information to the destination. Essentially, the main
innovations can be summarized as more general sys-
tem model (with multiple relays [31-33] and a multi-
antenna source) and more flexible protocol for both WPT
and relaying, as compared with the mentioned exist-
ing works. Specifically, the main contributions of this
work are:

¢ In our work, we introduce three relaying protocols,
i.e, TSR, PSR, and HR protocols, for energy transfer
and information transmission in the considered
dual-relay system. Although these three protocols
have been reported in prior work [10], we should
note that the mentioned paper only considered
single-relay case. When there exist dual relays and
each relay adopt distributed space-time block code
for information forwarding, it would become more
complex to derive the optimal time switching and
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Fig. 1 Considered two-hop dual-relay network model

power splitting ratios. In our work, after complex
derivation, we obtain the optimal closed-form
solutions.

e We extend the case of single-antenna source to the
case of multi-antenna source. Therefore, we have to
accordingly design the energy and information
beamforming vectors. After some discussion, we find
the favorable structure of the optimal energy and
information beamforming vectors, which enable us to
just optimize single variable for obtaining the optimal
solutions instead of resorting to the convex
optimization frame such as semi-definite
programming (SDP) [34—38]. However, the
optimization process for the single variable is not
trivial and requires numerical analysis. In our work,
we provide the detailed analysis process for finding
the optimal energy and information beamformers.

e We provide numerical insights on each protocol and
further give the detailed analysis for the effect of the
time switching ratio, the power splitting ratio, and
the relays’ locations on the achievable throughput
performance, which are omitted in prior works.

Notation: (-)*, ()T and (-)" denote the complex con-
jugate, matrix transpose and matrix conjugate transpose,
respectively. |ixy| denotes the absolute value of a scalar
hyy. |lhxy || denotes the Frobenius norm of a complex vec-
tor hyy. I is the identity matrix, [Tx = XX7X)~1x"
denotes the orthogonal projection onto the column space
of X, and Hi = I — Ilx denotes the orthogonal projec-
tion onto the orthogonal complement of column space X.
CN(0,1) denotes a scalar complex Gaussian distribution
with zero mean and unit variance.

2 Methods

The rest of this paper is organized as follows: Section 3
describes the system model. Section 4 gives the optimiza-
tion process for the TSR protocol. Section 5 gives the

optimization process for the PSR protocol. Section 6 gives
the optimization process for the HR protocol. Section 7
presents the simulation results and provides some insight-
ful details. Finally, conclusion is given in Section 8.

3 System models

As shown in Fig. 1, we consider a wireless-powered dual-
relay network, where a source (S) equipped with N (N >
2) antennas aims to transmit information to the single-
antenna destination (D) with the assistance of two single-
antenna relays R; and Ry.1 All nodes are operated in
half-duplex (HD) mode. Denote N x 1 vector hgp, (i €
{1,2}) as the S to R; channel coefficients with entries being
independent and identically distributed (i.i.d.) CA/(0,1)
random variables. Similarly, denote fgp ~ CN(0,1) as
the channel coefficient from R; to D. The distances from
S to R; and from R; to D are denoted by dsg; and dp,p,
respectively. We consider a linear topology, i.e, R; and
R, are located on a straight line between S and D; thus,
we have ngl = dSRz = dSR and deD = dRzD =
dsp — dsg. Throughout this paper, we make the following
assumptions:

e There is no direct link between S and D, which may
be resulted from the deep shadowing or shielding
effect caused by the obstacles [41].

e [t is assumed that all channel gains keep constant
during each transmission block (TB) but change
independently from one TB to another.

e The relay nodes R; and Ry have no external power
supply and would harvest energy from the source RF

In our work, we considered the dual-relay case because of the following
reasons: the dual-relay network, i.e., diamond network, has been discussed in
numerical classical works, such as [38—40], which all demonstrated that the
dual-relay network was worth studying and also provided valuable guidance for
us. In addition, to the best knowledge of the authors, there are no related works
that have employed the energy harvesting technique in the dual-relay network,
where the source is equipped with multiple antennas. This motivates us to
carry out detailed research for the energy harvesting based dual-relay network.
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Fig. 2 Diagram of the TSR protocol

signal firstly, then exhaust the harvested energy to
help the source information transmission based on
decode-and-forward (DF) technique.

® As the necessary conditions for designing optimal
scheduling strategies (such as the design of energy
and information beamforming vectors at S, the TS,
and PS ratios) under different relaying protocols, the
global channel state information (CSI) are assumed
to be available at all nodes, which can be realized
through various methods, e.g., the pilot-assisted
reverse-link channel training [42].

Based on the network model and above assumptions,
we introduce three different relaying protocols, i.e., TSR,
PSR, and HR to drive the energy harvesting at the relays
and information transmission from the source to the
destination for each TB. More importantly, in order to
maximize the network throughput, we present a detailed
investigation on the optimal design of beamformers at the
source, the TS ratio, the PS ratio, and the joint TS&PS
ratio under these protocols in the following sections.

4 Time switching-based relaying (TSR) protocol
As shown in Fig. 2, in the TSR protocol, each TB with
time length T is divided into three phases: the first phase
with time length o T (@ €[0, 1]) is allocated to the energy
transfer from S to R; and Ry. The second phase with time
length (1 — «)T/2 is allocated to the information trans-
mission from S to R; and Ry. The third phase with time
length (1 — «)7T'/2 is allocated to the information trans-
mission from R; and Ry to D. For simplification, T is set
to 1 in this paper.

It is worthy noted that in the relays’ transmission phase,
the two relays would forward the source information to
D with the help of distributed space-time block code
(DSTC) [43].

Denote the transmit power of S during the first and sec-
ond phase of each TB as Ps. We assume that the energy
harvested by R and R, from the noise is negligible. There-
fore, the harvested energy by R; after the first phase can
be written as

- 2
nan‘hSR‘wl ‘
Eg=—"——+ (1)
dsp

where i € {1,2}, 0 < n < 1 denotes the energy conversion
efficiency, m denotes the path loss factor, and w; is the
N x 1 energy beamforming vector employed at S.

In the second phase, S employs the N x 1 beamform-
ing vector wy? for information transmission. Hence, the
received SNR at R; after the second phase is given by

2
Pg‘thiWQ‘
d¢No
where Ny denotes the noise power.
Note that when the DF technique is adopted at R; and

Ry, the SNR of the first hop (from the source to the relays)
is given by®

(2)

YSR; =

YDF,1 = Min(yYsg,, Ysr,)

(3)

= min (Al ’thl Wo

2 2
;A1’h§R2W2‘ )

P
where A; = Wiﬁ)'
In the third phase, R; and Ry exhaust their harvested

energy to forward the source information to D. The trans-

2
. L Ep. 2naPshl, wy
mit power of R; is given by Pg, = (1—2‘)/2 = (1‘052;,,,1? ‘

Hence, the SNR of the second hop (from the relays to the
destination) can be written as

y =PR1 lfR1D|2 Pp, [fR2D|2
e =oNo drpNo
2
2naPs ’thlwl ’ [frun|*

(1 — e)dgpdrpNo

(4)
T 2 2
277(:\!P5‘hSR2W1‘ VR2D|

(1 — a)ddi No

o 2 2
= (Az‘hSTlel‘ +A3)hSTR2w1‘)

—

2
20Ps D]
dﬁgdZ’DNO

2
2nP;
l‘ldAg— 7 SlfRzD|

where Ay = = TmaT Ny

2To keep consistency, in the following sections, we also use wi and w; to
represent the energy beamforming vector and information beamforming
vector, respectively.

3Because that the two relays all participant in the transmission process, the
efficient SNR of the first hop must be determined by the minimal received
SNR by the two relays.
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Therefore, the achievable end-to-end throughput is
given by

l—«o

Rpr = log, (1 + min(ypr,1, ¥oE2)) (5)

Our objective is to maximize Rpr by optimizing o, wy,
and wy. The optimization problem can be formulated as
P1: max Rpr
o,W1,W2 (6)

st. ae[0,1],[lwi]? = wa® = 1.

To proceed, we first have the following Proposition.

Proposition 1 The optimal beamforming vector w; (i €
{1,2}) for the problem P1 has the following structure
*
Mg, b,

i, Bt
= m— 1A
“ l_[hSRl hsz,

1
l_[hSRl hSRz
where x; is a real number in [0, 1].

opt
Wip

(7)

Proof Same with the objective function shown in Eq. (2)
2

’

of [44], Rpr is nondecreasing with respect to ’hSTlel

2 2 - 2
, ’hSlez’ , and ‘hSRZWZ‘ . And the beamform-

‘hSTszl
ing vectors w; in fact should play the role for balancing

as far as possible.

. 2
and ’hSsz,'

T 2
the values of ‘hSle,'

Therefore, the process for proving Proposition 1 can be
obtained by resorting to the proof of Lemma 1 presented
in [44]. O

By substituting (7) into (6), the problem P1 is rewritten
as

l—«a
P1: max

Mmax — log, (1 + min <f1(x1), 1 i afz(x2)>>

st. a€[0,1],0 <xp,x2 < 1.

(8)
2
where fi(x1) = min (Alazx%,Al(bxl +c¢/1— x%) ),
2
folx2) = Azazx% + Az <bx2 +c¢/1— x%) ,

and

H HhSR1 hgg,

1
€= H HhSRl hsz,
As we can see, when « is fixed, maximizing Rpr is equiv-
alent to maximizing min <f1 1), 125/ (xg)). Observing

that f1 (x1) is independent of f,(x7), hence next we aim to
find the optimal x; and x, to maximize fj (x1) and fa(x2),
respectively.
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e The process of finding x7: based on the conclusion
shown in the Proposition 2 of [45], the optimal &7 is
given as follows:

¢ < b rc”
X1 =) VE+@—b? b )
b a> P +c?
Vb2t - b
e The process of finding x3: f>(x2) can be further
written as fa(x2) =

(A2a® + Asb® — Asc?) x5 + 2Asbexa /1 — x5 + Asc?.
When Aza? + A3b?> — A3c? > 0, by letting the first
derivative of fo(x2) equaling 0, we have the unique

2

U
1+ w2402
s E— where

u=2 (Aza2 + Asb? — A3c2) and v = 2A3bc.
Moreover, because that f5'(x2) > 0 and f'(x2) < 0
when x €[0,%) and x € (%3, 1], we can claim that
f2(x2) achieves its maximum at the point %;. When
Aga® + Asb? — A3c® < 0, due to the fact that

(A2a® + Asb® — A3c®) x5 and 2A3bcxy /1 — x5 are
two concave functions, f> (%) must be a concave
function and achieves its maximum value at the point

rootxy =

2
o~ 17 Mzu V2
Xy = %. Therefore, the optimal x; is given
as follows:
14—,/—”2
M2 V2
. — T Apa® + Ash? — A3t > 0
xz = >
1_\/ ,4214,,2 2 2 2
— 5 Axa” + A3b” — Asc” <0
(10)

Based on f1 (x]) and f>(x3), the problem P1 is rewritten
as

-« . o
P1: max — log, <1 + min (fl(x*l‘), Hﬁ(xﬁ)))
s.t. «o€]0,1].
(11)
To find the optimal «, we first let fi(x]) = 2 /2(x3)
and obtain the root of which equaling @ = j%

As we can see, with the value of o increasing in the

interval [ @, 1], min <f1 D), ﬁfg(x;)) would equal fi (%)
(the obtained maximal SNR of the first hop) and Rpr
would constantly decrease. Hence, the optimal solu-

tion must be smaller than or equal to . Observing
that 15%log, (1 + ﬁjfz(xﬁ)) is a concave function with
respect to o and the maximal value of this function is
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ky_
(25
e —1

).
e
fa(x3)+e -1

the Lambert function [47]. Hence, the optimal « for P1 is
given by

obtained at @ = [46], where W(.) is

o* = min(@, @)

kY _
(22 )
e -1

*y_
PR

ED)
TAGD) + fo(xh)
1

= min

H(x3) +e
(12)

Remark 1 With o increasing in the interval [ 0,o], the
efficient information transmission time would decrease lin-
early and the SNR of the second hop would increase at
the same time. This tradeoff makes the optimal o exist.
However, ypro always does not exceed ypr, when the
throughput is maximized. In the HR protocol as introduced
in Section 6, we can see that in the second phase, each relay
could adaptively split some fraction of the received signal
as an additional harvested energy (expected the harvested
energy in the first phase) to further improve the SNR of the
second hop and reduce the SNR of the first hop. By selecting
suitable splitting ratio, ypr,1 and ypr, would be balanced
as far as possible and the efficient SNR would be improved
greatly. Hence, without decreasing the information trans-
mission time, the HR protocol offsets the shortcoming of the
TSR protocol efficiently and achieves the superior through-
put performance, as shown in the simulations.

5 Power splitting-based relaying (PSR) protocol

As shown in Fig. 3, in the PSR protocol, each TB with time
length T is divided into two phases: the first phase with
time length 7'/2 is allocated to the information transmis-
sion from S to R and Ry. A fraction (A; €[0,1],i € {1,2})
of the received signals is used for energy harvesting at R;,
and the fraction (1 — A;) of the received signal is used for
information reception at R;. The second phase with time
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length T'/2 is allocated to the information transmission
from R; and R; to D concurrently.

Hence, the received SNR at R; after the first phase is
given by

2
Pg‘thiW2’ (1 - )\.i)
dspNo

and the SNR of the first hop is given by

VSR = (13)

YDF,1 = Min(ysr,, Ysr,)
. T 2 T 2
= min Al‘hSRl‘NZ‘ (1 - Al):Al‘hSRz‘VZ’ (1 - )Q)

(14)

t

R

Observing that the transmit power of R; is Pg, = 5 75
2

UPS‘hSTR,Wz‘ hi

——m——. Hence, the SNR of the second hop can be

dm
. %sr
written as
2 2
y Py,|faip|” | Pa,lfeon]
'DF,2 = m m
rpNo dRDNO
2
2
UPS‘thIWZ‘ M |fri|
= m m
dgdrpNo (15)
T 2 2
ﬂPs‘hSszz‘ A2 |fron|
m m
dSRdRDNO
T 2 T 2
=Bl’hSR1w2’ MM +Bg‘hSR2W2‘ Ao
where B —MandB _M
1= g dn No 2= dndR N

Therefore, the achievable end-to-end throughput is
given by

1
Rpr = Elogz (14 min(ypr,1, ¥r2)) (16)

Next, we aim to maximize Rpr by optimizing A1, A2 and
wy. Then, the optimization problem can be formulated as

P2: max Rpr

ALA2,W2

st. ALz €[0,1], [wal® = 1.

(17)

[ S—=R1

! S=R; 1/\11[ —

Fig. 3 Diagram of the PSR protocol

Information transmission Rl/ RZ% D |
| S—Ry | Information transmission |
bk Energy transfer A 1,- ___________________
| S>Ry 1 _@

L_ — _Information transmission  _ =" _"*
T/2 T/2
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For the PSR protocol, the optimal solution must happen
at ypr1 = ypr, [10], which indicates that the following
equation is established:

. T 2 T 2
min Al‘hSMWg‘ (1 - )\.1),A1 ‘hSRZWZ‘ (1 - )\.2)

T 2 T 2
=31’hSlez‘ M —i—Bg‘hSlez‘ Ay
(18)

Moreover, one can prove that the received SNR at Ry
and R should be same. Hence, the following condition
should be satisfied at the optimum:

T 2 T 2
Vete = A1 b, w| (1= A1) = A1 0w (1= 22)
T 2 T 2
= Bl’h5R1W2’ A +B2}th2W2‘ A2
(19)

where Vete is the end-to-end SNR. Based on (19), we have

T 2
Vete =Bl‘h5R1W2‘ 1-—

T 2
+ Bafb,wa| [ 1- .
A ‘th2W2‘

2 2 By B,
=B1’h§R1W2‘ +Bz‘hSTRZW2‘ — ( + ) Vete

A Ay
(20)
therefore, Yete is given by
2
Bl‘hSR W2’ + BZ‘hSngz'
Yete =
1 -|- -|- (21)
T 2
= Bg’hSR1W2’ + B4‘hSR2w2’
B B
WhereB?,:lBliBza dB4_?2+%

A T A
Combining the constraint in (17), the efficient SNR is
given by

’

. T 2 T 2
Yeff = MINn BS‘hSRIWZ‘ + B4‘hSR2w2
(22)
. T | T o |?
min A1’h5R1W2‘ ,Al‘hSR2W2'

Hence, maximizing Rpr is equivalent to maximizing
Yeff- Formally, the optimization problem can be formu-
lated as

P3 : max yesr
e (23)
st wa? =
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Itis easy to observe that the optimal beamforming vec-
tor w2 ! for maximizing yef admits the same form as in
(7). Hence, P3 can be rewritten as

P3 : maxmin (g1 (x), g2 (%))
X

(24)
st. 0<x<1.

where g1 (x) = B3a®x?> + By (bx 4+ cv1 —x2

2
min <A1a2x2,A1 (bx +cv1— xz) )

To obtain the optimal x that maximizes min (g1 (%),22 (x)),
next we discuss three cases in term of different solution
with respect to x that maximizes g (x):

2
) and go(x) =

5.1 Casel:a<b
Note that Aqra’x

Al(bx+cm)2

decrease with the increasing x €[ 0, 1]. In this case, there is

2
no cross point between Aja*x* and A; (bx +cv/1 — xz)

2

would increase and

would first increase and then

Hence, go(x) = Aqia2x2, as shown by the blue line in
Fig. 4a, and the maximum of which is obtained at x = 1.

Same as fo(x2), g1(x) first increases and then decreases
in the interval [ 0, 1] and achieves its maximum at

—5—= Bsa® 4+ B4b® — Byc* = 0
(25)

®)
Il

2
Bgolz + B4b2 — B4C2 <0

N~ 2
where u; = 2(Bsa® + Byb>

— Byc?) and v; = 2Bsbc.

Lemma 1 When a < b, the optimal solution of P3 is
expressed as

oM =g

x* = \/2Z1W1+V1+\/ Vi+dziwivi—4viw £1) > g1(1),

25+ 2@ < a®)
x 2@ > a®
(26)

where wy = Buc? and z; = A1a®> — Bza® — Bo(b* — ¢?).
Proof As we can see, under this case, there are only three

scenarios:

1. Inthis scenario, g2(1) < g1(1). There is no cross point
between g1 (x) and g2 (x), and g1 (x) is always greater
than g» (x). Hence, min(g; (x), g2 (x)) achieves its
maximal value when g (x) is maximized, i.e., x* = 1.

2. In this scenario, g2(1) > g1(1) and g2(*) < g1(®).
There exists one cross point between g1 (x) and g2 (%),
which occurs after the point at which g; (x) achieves
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its maximal value. Hence, min(g; (x), g2(x)) is

1) . 2) maximized when g1 (x) = g2 (), i.e.,
—g,00 — 9, \ Yy 13 25
’ Tgmii)(g ) 3 ii:)m o) x* = Zamtirt V12+4221 M .
15| o max (g;(x)) e max (g;(x) 2(Z1 +V1)
2 3. In this scenario, g (¥) > g1 (%). There also exists one
cross point between gj (x) and g (x), which occurs
: before the point at which g (x) is maximized. Hence,
0 05 10 05 E min(gj (x), g2(x)) achieves its maximal value at the
point when g (x) is maximized, i.e., x* =x.

—9,
9,(x)
o max(g,(x)

o max(g,x)

w

52 Case2:b=<a< bi%‘z
In this case, g2 () is a piecewise function, as shown by the
blue line in Fig. 4b. Obviously, the maximum of g (x) is

o 05 b obtained at ¥ = %, i.e., the cross point of the
x vV (a—b) +CZ
(a) functions Aja%x* and A (bx + cv/1 — x2)2.
4 1) 4 2)
—g,0 —0g,() 24 o2 . .
s o Lemma 2 Whenb < a < 2 +<, the optimal solution of
2 3 2
o max(g;() o max(g,() P3 is expressed as
®  max(g,(x)) e max (g,(x))
2 2

23+ a® = g®
x g1® < gz@

2zowa-HV3+, [ViHazawavi— 43wl X > %,
2(z5+v3) a®@ > n®
(27)

\/2z1w1+v%+,/v‘ll+4zlwlv%—4v%w% }Z <X,
x* =

where wy = (Bg — A1)c%, 2o = (A1 — By) (b% — ¢2) — Bza?,
and vy = 2(By — Aq1)bc.

Proof Note that B3 + By = % < Aj, hence we
have

B3a®x* + Ba(bx + cv'1 — %%)?

=B3a’x%* + Bya’x*> < A1a*x*

(28)

Equation (28) indicates that the conclusion of g (%) <
0 05 1o 05 ! g2(x) must be hold. Then, Case 2 would only be divided
3) into four scenarios:

9,0 1. In this scenario, ¥ < x and g1 (x) > g2(%). There is
only one cross point between g1 (x) and Aja%x?,
which occurs after the point x. Hence,

, min(g; (%), g2(x)) achieves its maximal value when

2
. Bsa®x* + By <bx + vl — xz) = Aax?, ie.,

(C)X « 2z1w1 +V%+, / Vi‘+4zl w1 V% 741/% w%
x* = )
2(z+vy)
2. In this scenario, ¥ < ¥ and g1 (*) < g&2(®). And g1 (x)

w

Fig.4 a Case 1. b Case 2. c Case 3

and A1a%x? also has one cross point, which occurs
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before the point at which gj (x) is maximized. Hence,
min(g; (x), g2(x)) achieves its maximal value at the
point when gj (x) is maximized, i.e., x* =%.

3. In this scenario, ¥ > ¥ and g1 () > g2(%). There may
be one or two cross points between g; (x) and

2
Aq (bx + V1 — x2> , and the bigger one would be
located in the interval (%, %). Hence, the optimal x is

2
the bigger root of Bza’x? + By (bx +cvl— x2) =
2
Aq (bx + /1l — x2) ,ie.,
o = \/2zzwz+v%+,/v%+4zzwzv%—4v%w% '

2(z5+v3)
4. In this scenario, * > x and g1 (x) < g»(%). Obviously,
the optimal x is .

O

. b2+c?
5.3 Case3:a> 5
In this case, gy (x) is also a piecewise function, as shown
by the blue line in Fig. 4c. However, the maximum of g, (x)
is obtained at x = >, i.e., the maximum point of the

b
Vb2 4c 5
function A; (bx +cV1— xz) .

bH?

2
Lemma 3 When a > %, the optimal solution is

expressed as

x ax) =g
x* — 222W2+V%+\/m) F4! (976) < gz(%),
2@3+) a® = o®)
x a@® <o®
(29)

Proof Recall that B3a®x? increases monotonically when

x €[0,1] and B4<bx +cvl— x2>2
val [0, x] and then decreases in the interval (x, 1]. Due to
the fact that g1(x) is a linear combination of these two
functions and the two coefficients B3 and By are positive.
Hence, we can claim that the maximum of g; (x) must be
obtained when x > x. Then, Case 3 would only be divided
into three scenarios:

increases in the inter-

1. In this scenario, g1 (*¥) > g2(¥). There may be one or
two cross points between g; (x) and

A (bx + V1 — x2>2, but which is(are) before the
point at which g> (x) is maximized. Hence, the
optimal x is x.

2. In this scenario, g1 (%) < g2(x) and g1 (%) > g»(x). The
optimal solution is obtained at the point making

(2019) 2019:246 Page90of 16

2
B3a?x? + Ba (bx + vl — xz) =
2
Al (bx + V1 — xz) and is the bigger root of this

\/222W2+v%+, / v§+4zzwzv% —4V%W%

equation, i.e.,, x* =

d 2+93)

3. In this scenario, g1 (%) < g»2(%). Obviously, the
optimal x is X.

O

Having obtained x*, i.e., the optimal beamforming vec-
tor w;p !, the optimal power splitting ratio at R; is given by

2 2
T 0Pt T 0Pt
. Bg,‘hSle2 ‘ +B4‘hSRZw2
min

)

t
Al hT W;p

2
. T opt
min (Al‘hSle2 s SR,

)

*_
A =1— 3

T 0Pt
Al‘hSR;WZ

(30)

Remark 2 For the PSR protocol, ypr,1 and ypr could
be balanced as far as possible, but the efficient information
transmission time is set to be a constant. The drawback of
this setting is explained as follows: the SNR of the second
hop is subjected to twice channel fading and the fixed infor-
mation transmission time (T /2) would result in a small
efficient SNR, which is the main factor affecting the network
throughput. However, as we will see, in the HR protocol, the
information transmission time can be adjusted flexibly.

6 Hybrid relaying (HR) protocol
As shown in Fig. 5, the HR protocol is a combination of
the TSR protocol and the PSR protocol. The transmission
process of the HR protocol and the TSR protocol is sim-
ilar. However, in the second phase, a fraction (A; €[0,1],
i € {1,2}) of the received signals would be used for energy
harvesting at R;, and a fraction (1 — A;) of the received
signal would be used for information reception at R;.
Hence, the received SNR at R; after the second phase is
given in (13) and the SNR of the first hop is given in (14).
Observe that the harvested energy by R; in the HR pro-
tocol comes from the first phase and the second phase.
Therefore, the harvested energy by R; after the second
phase is given as

l—« T 2
UTPS‘hSRiWZ‘ Ai

m
dSR

T 2
nan‘hSRiwl‘
Ep =

; (31)
sy

+

then the SNR of the second hop is expressed as
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T
I S—=Ri 4 Al
. .E.rJ?.r.sy..t.r.an.ls_f_e_r_.__ﬂl_i | I _
SRy 1.} |
S-RyRy [nformation transhisdfofLy R,Rp—=D -
Energy transfer S —=R» p Information transmission |
........ E n.eray.t.@mfse_r........i. e
| S—R, .
.J.nfmm.atlgn_n;amrwmn_ J
aT (1-a)T/2 (1-a)T/2
Fig. 5 Diagram of the HR protocol
2 2 o
y Pp, [leD| Pg, [fR2 D| Based on (35), yete is given by
DF,2 =
dgpNo dgpNo ., ) . )
2 2 12 (4a]h ’ A ’h |
3 VR1D| ERZVR2D| ~ T—a ( 2{hgp W1| +As|hg, wi
A No(L—0)/2 " dfpNo(l—a)/2  (32) Vete = 1+ 04 &
o T 2 T 2 2
=7 _ (Az‘hSlel‘ +A3‘hSR2w1’ Bl‘hSR WZ‘ +B2‘hSR W2’
2 2 1+82 42 %)
+31’h§R1W2’ M +Bz‘h§R2W2) A2
= (B g +B\hT i
Interestingly, (32) can be regarded as the sum of (4) and T1 g (P 6 sz, W1
(21),1.e., the SNR of the second hop under the HR protocol - 2 T 2
can be understood as the sum of the SNR of the second + B3‘hSR1W2‘ + B4‘hSR2W2‘
hop under the TSR and the PSR protocols. 4 s
Therefore, the achievable end-to-end throughput is where Bs = ﬁ and Be = —5> 4
I+ +32 I+ b+

given by

—a )
Rpr = log, (1 + min(ypr,1, ¥pE2)) (33)

Next, we aim to maximize Rpr by optimizing o, A1, A2,
wj and wy. The optimization problem can be formulated

as

P4 . max Rpr

a,\1,A2,W1,W2

st a, A, €[0,1], [wi|? =

(34)
[wal|> =

Same as the TSR protocol, the optimal @ must be smaller
than or equal to j#x}(x), otherwise, there is no neces-
sity to split a fraction of the received signal at each relay
as additional harvested energy in the second phase. And
when the possible « is fixed, the optimal solution (A}, A3
w‘ip t, wgp ) must happen at ypr1 = ypr2. Moreover, the
received SNR at R; and Ry should be same. Hence, we have

2 2
ete =A1| 0 W[ (1= A1) = A1 b wa| (1 = )
o 2
1 — <A2’hSR1w1’ +A3‘hSR2w1‘ >

+Bl‘hSTR1W2’ Al +Bz‘hSTR2W2‘ r®)
(35)

Combining the constraint in (34), the efficient SNR is
given by

. o 2 2
Yeff = MiIN <1_a (B5‘h§RlW1‘ +BG‘th2w1‘ )

T 2 T 2
+ B3 ’hSlez‘ + B4‘hSR2W2

2 2
yAl‘h£R2w2‘ ))

Based on (37), we can see that the optimization pro-
cess for w; and wy will be independent. For a fixed «,
the optimal beamforming vectors w‘l)pt and wgp * for max-

min (Al ‘hSTlez

(37)

imizing yefr admit the same form in (7). And wcl)Pt can be
obtained using the same method for solving P1; here, we

opt
Py

omit the computlng process. Denote Z = Bs ’hSle1

opt

B6‘hSR w; | , then (37) is rewritten as

. o 2 2
Yeff = min <1a + BB‘hsTRl‘”Z‘ + 34’11?1?2“’2

2 2
,A1‘hg,TRZW2‘ ))

’

min <A1 ‘thl Wy

(38)



Hu et al. EURASIP Journal on Wireless Communications and Networking

Now, we can observe that (38) admits the same form
shown in (22). Hence, P4 can be reformulated as

—o . oz
log2 (1 + min (1_0{ + 41 (x),gz(x)>>

€[0,1],x €[0,1].

1
P4 : max
o,x

s.t. «
(39)

Due to the fact that « is coupled with x and problem P4
is non-convex, finding the optimal solution of & and x is
difficult. However, we can pursue a suboptimal design by
adopting the idea of alternating optimization, which has
been shown to achieve a decent performance [48].

Specifically, observing (39), we can see that, when « is
fixed, the closed-form solution of the optimal x (denote
as x;) can be obtained based on the analytical process in
Section 4. When x is fixed, by employing the same method
for solving P1, the closed-form solution of the optimal «
(denote as o) can be obtained as

o) =min (max (‘w)_gl(x), 0) ,
£(x) —gix)+Z

ew(zflfegl(x))Jrl .

z4e ()

(40)

The proposed alternating optimization approach is
summarized in Algorithm 1. In particular, since the objec-
tive function has a finite value and the alternating opti-
mization design is nondecreasing in each step, Algorithm
1 is guaranteed to be convergent. In Section 7, we will
show the proposed alternating optimization approach
achieves near-optimal performance. Moreover, given the
required precision of the solution o, Algorithm 1 only
requires log (l) iterations, while conventional one dimen-

sional search would require L jterations.

Algorithm 1 The Proposed Alternating Optimization
Approach

1: Initialize o and x.

2: Obtaining «x) based on the analytical process in
Section 4.

3: Obtaining o} based on (40).

4: Repeating 2-3 until convergence.

Finally, based on the known o*, the beamforming vec-
tors w(l)pt and wgpt, the optimal power splitting ratio at R;
is given by

(2019) 2019:246 Page 11 0of 16

A=1-
a*Z
opt opt
S+ Bo| W ] + Bafnl wiP[
min
min <A1’h§R1w2 Al‘hSR Opt‘ )
2
Al‘hSR ngt’
(41)

Remark 3 The HR protocol combines the advantages of
the TSR and PSR protocols and achieves the best trade-
off relationship between the information transmission time
and the efficient SNR. Hence, under the proposed network
architecture, it can be regarded as the optimal protocol in
term of maximizing the network throughput.

7 Simulation results

In this section, numerical results are presented to compare
the throughput performance of the TSR, PSR, and HR
protocols in terms of some key parameters. And insights
on the optimal TS and PS ratios are also provided. In all
simulations, the distance between the source and the des-
tination is set to 10 meters (m), the path loss factor is
equal to 3, and the energy conversion efficiency is equal
to 0.6. For all figures, each point is obtained by averag-
ing 2 x 10* independent and random simulations. The
channel model has been introduced in Section 3. The
number of antennas equipped at the source is setto N = 3
and N = 8.

7.1 Throughput performance comparison

To illustrate the superior performance achieved by our
proposed design scheme, we further plot the performance
curves of another two schemes:

® One scheme is called “Beamforming towards the best
relay” (BTBR1). In particular, for BTBR1, the
beamforming vector w; (i € {1,2}) would be set to
hSR

, where b = arg rr{1ax} min ||hSR,
1,2

[, |
e The other scheme is called BTBR2. In part1cular, for

h

BTBR2, w; (Vi € {1,2}) is also set to H H
SRy,

these three protocols. However, the relay R{1,2)/5

does not participant in the transmission process.

under

Figures 6 and 7 compare the throughput performance of
the three protocols under our proposed schemes, BTBR1
and BTBR2, in terms of different transmit SNR and N.
Note that the transmit SNR is specified by Ps/Np. First, it
is obvious that our proposed scheme outperforms another
two schemes, which is mainly resulted from the opti-
mal beamforming design provided in our scheme. For
BTBRI, the received SNR at D from R; and Ry would
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Fig. 6 Throughput performance of different protocols versus transmit
SNR,dSR = 2m,/\l: 3

have certain difference, this phenomenon limits its perfor-
mance. The performance of BTBR2 will be further dete-
riorate because of the inadequate utilization for the relay
nodes. Second, the throughput performance achieved by
each protocol increases with the increasing SNR. This
phenomenon is obvious, as the larger transmit power
not only contributes more harvested energy at each relay,
but also provides higher channel capacity of the first
hop. Third, by equipping larger number of antennas at
the source, the energy transfer efficiency can be boosted
up and the higher spatial diversity can be obtained.

0.7 | M Proposed 1

[TBTBR1
[IBTBR2
0.6 .
Hybrid PS TS——>
<05F .
I
8
S04 1
=]
Q
Ny
203 .
<]
e
'_
0.2F .
0-17 m |
i
14 16 18 20 22 24 26

28 30
SNR (dB)

Fig. 7 Throughput performance of different protocols versus transmit
SNR,dSR = Zm,/\l: 8
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Hence, the network performance can be improved
greatly.

Now, let us formally compare these three protocols.
As we can see, (i) the TSR protocol outperforms the
PSR protocol in the low SNR region (such as 14-24dB
and 14-20dB in our proposed scheme when N = 3
and N = 8), and the latter outperforms the former in
the high SNR region (such as 26-30dB and 22-30dB
in our proposed scheme when N = 3 and N = 8);
and (ii) the HR protocol owns the best performance in
any SNR region. The corresponding reasons are given as
follows:

(i) The values of the throughput shown in (5), (16),
and (33) depend on the information transmission time
and the channel capacities of the two hops. In the low
SNR region, the main factor affecting the throughput
is the channel capacities of the two hops, the values
of which would increase rapidly by expanding the time
length of the first phase in the TSR protocol. This is
because that the logarithmic function has large slope
when the independent variable is in a small range. How-
ever, in the PSR protocol, the channel capacities can-
not be further enhanced after implementing optimal
power splitting scheme at each relay. In the high SNR
region, as the logarithmic function grows slowly, the
channel capacities would change more stably and the
throughput is mainly related to the information transmis-
sion time, the value of which is maximized in the PSR
protocol.

(ii) The reasons are presented in Remarks 1, 2 ,and 3;
here, we omit the explaining process.

Figures 8 and 9 compare the throughput performance of
the three protocols under our proposed scheme? in terms
of the different relays’ locations. In particular, the curves
associated with the global optimization design about the
HR protocol are acquired via a two-dimensional search
over « and x. First, it can be readily observed that the
alternating optimization design achieves almost the same
performance as the global optimization design. Second,
once again, the respective advantages of the TSR pro-
tocol and the PSR protocol in the low SNR (20dB) and
high SNR (30dB) regions are presented in Figs. 8 and
9, respectively. Third, it is obvious that the throughput
achieved by these three protocols own worst performance
when the two relays are located at the middle of the
source and the destination. Here, we give the detailed
reasons: for these three protocols, the efficient SNR is
determined by the second hop with great probability, as
the SNR of the second hop suffers from twice channel fad-
ing. In the expression of ypr;, we can see that dgpdy),
in the denominator is the primary item affecting the

4Since we have presented BTBR1 and BTBR2 in Figs. 6 and 7 and shown their
poor performance, we only present our proposed scheme in the following
figures.
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—O— Hybrid-Global optimization design
% Hybrid-Alternating optimization design
—B—PS

Throughput (bit/s/Hz)

Fig. 8 Throughput performance of different protocols versus dsg, SNR
=20dB

value of the SNR. And the value of dgpdy;, is maximized
when dsg = dpp = 5 m. The approximate symme-
try of the Figs. 8 and 9 can be explained by our given
reason.

7.2 Insights on the optimal TS, PS, and TS&PS ratios

In this subsection, we provide some insights on the opti-
mal TS ratio o and PS ratio A of these three protocols
under our proposed scheme. Specially, the optimal A is
specified by the average value of A] and A3 in the PSR and
HR protocols.

—E— Hybrid-Global optimization design

% Hybrid-Alternating optimization design
—&—PS
——TS

Throughput (bit/s/Hz)

Fig. 9 Throughput performance of different protocols versus dsg, SNR
=30dB
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In Fig. 10, we can see that, with the increasing trans-
mit power, (i) the optimal TS ratio (denote as a.¢y)
of the TSR protocol decreases linearly, (ii) the opti-
mal PS ratio (denote as Ajg,) of the PSR protocol is
unchanged and approaches 1, and (iii) the optimal PS
ratio (denote as Aj;) of the HR protocol increases and
is close to A%, gradually; the optimal TS ratio (denote
as ajyp) of the HR protocol decreases and is always
smaller than a7¢,. The corresponding reasons are given as
follows:

(i) As mentioned in Subsection 7.1, with the increas-
ing transmit power, the channel capacities of the two
hops would change slowly. Then, a larger informa-
tion transmission time would contribute the larger
throughput.

(if) The purpose of power splitting in the PSR proto-
col is to balance the capacities of the two hops as much
as possible. No matter what the transmit power is, once
other parameters are fixed, the ratio allocation would not
be changed. And the large A}, is the result of the twice
fading suffered by the SNR of the second hop.

(iii) For the HR protocol, a;, must be smaller than a7z,
as each relay can split some fraction of the received sig-
nal at the second phase for additional harvested energy
to increase the channel capacity of the second hop. Obvi-
ously, as oy, decreases, Af;; would increase accordingly
so that the best balance can be achieved. Finally, the HR
protocol would completely evolve into the PSR protocol
when the transmit SNR approaches infinity.

In Fig. 11, we can see that, with the increasing dsg, (i)
Apsp and A%, decrease little by little and (ii) g, and
ofp increase first and then decrease. The corresponding
reasons are given as follows:

(i) With the increasing dsg, the channel capacities of the
first hop and the second hop would reduce and increase,
respectively. Hence, although the capacity of the second
hop is suffered from twice channel fading, the relays only
need smaller power to compensate it.

(ii) For the TSR protocol and the HR protocol, the
channel capacity of the second hop would get its min-
imum when the relays are located at the middle of the
source and the destination, which needs to be enhanced
by increasing .

8 Conclusion and future work

In this paper, we have investigated the throughput per-
formance of three relaying protocols, i.e., the TSR pro-
tocol, the PSR protocol, and the HR protocol for the
wireless-powered multi-antenna dual-relay network. To
maximize the throughput of each protocol, we have
provided the detailed design processes for the optimal
energy and information beamforming vectors at the
multi-antenna source, the optimal time switching, and
power splitting ratios. Based on theoretical analysis and
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Fig. 10 Optimal « and A under different protocols versus transmit SNR, dsg = 2 m

simulation results, we have found that the TSR protocol
and the PSR protocol have their respective advantages
in the low and high SNR regions. And the best perfor-
mance can be achieved by employing the HR protocol and
setting the relays closer to the source or the destination
concurrently.

For future works, we will consider a more challenging
scenario such that there exist any number of relays and

each relay works in the FD mode. Specifically, the FD
strategy of each relay enables the simultaneous transmis-
sion/reception of information and energy signals. Then,
it is conceivable that these would significantly change the
methods of designing energy and information beamform-
ers at the source and the detailed optimization process
for finding the optimal time switching and power splitting
ratios.
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