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Abstract: In this paper, we study a multi-hop amplify-and-forward (AF) simultaneous wireless
information and power transmission (SWIPT) relay system. Each relay node harvests power using a
power split (PS) method from a portion of the received signal, amplifies the remaining received signal,
and passes it to the next relay. Based on this system model and signal flow, we derived and solved
the convex power minimization problem with the optimal PS ratio. In this case, it was found that
using the optimal PS ratio consumed lower power than when using a fixed PS ratio (0.5). We then
investigated the impact of processing cost on the AF-SWIPT system using decoding and forwarding
SWIPT as benchmarks, and found that AF-SWIPT was superior.

Keywords: multi-hop amplify-and-forward (AF) relays; power splitting (PS) ratio; simultaneous
wireless information and power transfer (SWIPT)

1. Introduction

The Internet-of-Things (IoT) connects network-enabled devices communicating with
each other over the Internet. Hence, the objective of IoT is to integrate the physical
world and the virtual world to attain a self-sustaining system [1]. Currently, research
into the application of IoT for the creation of smart-cities, smart-homes, smart-energy,
intelligent-transportation system, and many more is growing. An IoT network consists of
the use of routing schemes, a gateway supporting communication between the different
nodes and a central system [1]. These routing schemes facilitate either direct or relaying
communication between a gateway and a particular node. As demand for data service
provision rapidly increases worldwide, cooperative communication through relays has
recently been recommended as an effective solution. The use of cooperative relay systems
significantly enhances the reliability of data transmission [4], [5]. Additionally, relay
technology is applied to effectively minimize path loss, expanding the system’s coverage
area and capacity [6]. The relaying nodes can be opportunistically implemented by non-
active user devices [1]. This results in the selected user nodes consuming their power
in facilitating communication between the two user pairs [2], [3]. This implies that, the
selected users sacrifice their resources to facilitate relaying procedures [2], [12]. The strain
on the relay nodes can be mitigated by employing wireless power transfer (WPT) [1]-[3].

Recently, research into alternative wireless sources of energy (e.g., radio frequency
(RF) and light energy harvesting) to power IoT devices is also increasing [1]-[11]. The WPT
can be accomplished by using two different techniques, namely, simultaneous wireless
information and power transfer (SWIPT), and wireless powered communication network
(WPCN) [1]-[3], [8]-

SWIPT is a technology proposed to extend the life of power-constrained wireless
networks and provide an alternative solution for battery-operated devices with limited
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lifespan [13]. SWIPT involves the transmission of wireless information signal and wire-
less power signal concurrently [1]-[3], [8]. SWIPT can benefit significantly from power
consumption, spectrum efficiency, interference management, and transmission latency by
enabling simultaneous transmission of power and information [14], [19]. Thus, SWIPT
is an essential solution for beyond fifth-generation (B5G), providing the energy needed
to wirelessly charge energy-limited devices and transmit and receive information [15].
Furthermore, SWIPT can be effectively integrated with B5G small cell systems, includ-
ing Millimeter-Wave (mmWave) technology and massive multiple-input multiple-output
(MIMO) systems, to enhance both throughput and energy efficiency [9], [10]. To implement
the SWIPT system, time switching (TS) and power splitting (PS) are the two main tech-
niques [1]-[3]. Zhou et al. [16] and Zhang and Ho [17] investigated both PS and TS methods
and compared the performance of these two methods.

The successive transmission of wireless information signal and wireless power signal
is used to accomplish WPCN [1]-[3]. WPCN can be deployed efficiently to power multiple
communication devices with different physical conditions and service requirements. More-
over, RF-enabled wireless energy transfer also allows information to be transmitted along
with energy using the same waveform [18]. Compared with existing battery-powered
networks, WPCN does not require manual battery replacement/charging, which can effec-
tively reduce operating costs and improve communication performance [22].

Research on RF-based WPT has evolved from point-to-point systems, dual-hop co-
operative systems to multi-hop cooperative systems. A few literature on both dual-hop
and multi-hop cooperative systems can be found in [1]-[3]. Asiedu et al. [3] considered
a single-antenna amplify-and forward (AF) dual-hop configuration with multiple relay
nodes. Both the power control elements and the PS ratio of each relay node have been
optimized with the goal of maximizing the achievable speed. In [1], a single-antenna
multi-hop decode-and-forward (DF) SWIPT system was optimized. Both transmission
power and data rate were optimized based on PS ratio.

In this paper, we extend the work in [1] which focused on a DF-SWIPT multi-hop
system model to an AF-SWIPT multi-hop system model. We consider single-antenna relay
nodes, SWIPT PS mode at each node, unlike [1] each relay node operated as AF mode.
And we derive the transmit power optimization problem based on PS scheme. Finally, the
closed-form solution are obtained for our optimization problem. In the simulation results,
we compare AF-SWIPT multi-hop systems to the DE-SWIPT in [1].

The rest of the paper is organized as follows, Sections 2, 3, and 4 contains the the step-
wise process in formulating the AF-SWIPT multi-hop optimization problem, the solutions
for our optimization problem, and simulation results and discussion, respectively. Finally,
concluding remarks are provided in Section 5.

2. System Model and Problem Formulation
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Figure 1. Multi-hop AF relay systems with SWIPT architecture.
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Consider the system model shown in Figure 1, which consists of a single base station 7
(BS), a single destination and K relay nodes. All nodes have single antennas. The BS node,
i.e., communicates with the destination node through multi-hop relays. Each relay node
uses the AF protocol to forward its signals to the next node. We assume that each relay
does not have a dedicated power but utilizes energy harvest to forward its signals during 7
coherence time. The relay nodes operate according to the SWIPT technique, where the
received signal is split into information and energy harvesting (EH) parts. In this work,
the PS ration technique is adopted for the SWIPT EH process at the multi-hop nodes. The &«

relays store the harvested energy in their batteries for signal retransmission. 82
Yie = hyexpe + 1y Vit =1 o v + 2

v

Pr 1—py

O

Energy Harvester | | Information Transmitter |7

Battery

Figure 2. Multi-hop AF relay node SWIPT architecture.

The structure of our AF-SWIPT relay is shown in Figure 2. Each relay node hasa
battery that can store energy harvested from the received RF signal and use it for only &
retransmit the relaying data after amplification. The signal transmitted to the relay nodeis
divided into an information part and an EH part by the PS ratio py, (0 < px < 1). %6

We assume that the source node knows the channel state information (CSI) for all &
communication nodes. However, each relay and the destination node only know the CSI &
of their own communication channel. It is assumed that there is no direct communication &
link between the current node and the next second or more nodes. For example, thereisno

direct link between the first node and the third node. o

The received RF signal at node (k,Vk = 1---,K + 1) from the previous node is given o

as 93
Y = hiexg—1 + g, 1)

where h. is the channel coefficient between the current node and the previous node, and
ng~CN (0,5,%) represents the antenna noise at the current node. The channel /i is defined o
as hy = /Cihy, where { = Gy (dy/dy) " is the large-scale fading coefficient, Gy is the
attenuation constant at a reference distance dy, ay, is the pathloss exponent, dj is distance o
between the transmit and receive nodes, /i ~ CN(0,1) is the Rayleigh fading component. s
The received signal at the kth relay node is split into EH and information signal which are o
written, respectively, as 100

vt = /oy @)

yi¥ = /1 — ok 3)

And the harvested energy at the kth node and the destination node are given by, respectively, 1o

101

Ex = Broxlhk|*Ex_1, (4)

103

Ex+1 = Brs10k+1 hi1"Ex — Pe, (5)
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where P is the processing power for information decoding at destination node, Ey is the 10
transmit energy at source node, 0 < B < 1is the energy conversion efficiency for kth node, 105
and signal for information transmission at the kth relay is represented by 106

=1 — pryx + 2k, (6)

where z; ~ CN(0, (T]%) is the additional noise introduced by the information decoding (ID) 107
circuitry. The signal-to-noise ratio (SNR) is expressed as 108

.y _1 1 Bipj kal(l *Pj !hjleo -
k = s
25;1[<<1—p1>52+a VT Bio Ty i (1 — o) T )

The signal to be transmitted to the kth relay is represented by 109
= &k (®)
where g = — B~ ‘16 Pk js amplification factor [31], and xp is the information 110
(1—px)Ex—1 |hj\ Pk
signal at source node. m

We now consider the problem of optimizing the PS ratio {p} le at the relay nodes 1
and energy at the source node Ey. We aim to minimize the source transmit energy subject 13
to the destination node SNR and PS ratio constraints. Consequently, we formulate the 1.
optimization problem as 115

minK Eo
Eo {Pk}k=1

subject to  Yk4+1 > YK+1
0<pk <1, k=1,--- ,K+1

Ey >0,
116
©)
The first constraint means that the SNR threshold value at the destination is greater or 1w
equal than SNR value at the destination node. 118
3. Problem Solution 119

In this section, we provide the solution for the source transmit power minimization 1
problem. The optimal transmit energy at the source node is determined to be 121

ZK+1[((1_pl)52+0 )H 1:B]p] 1,];&1( _p])HK 1+l} ]|
1IBJPJHK+1 —0)) |hj|2

where ¥k 1 is the SNR threshold constraint of the destination node. The optimal PS ratio 1

Eo = Yx+1 , (10)

at the kth node is written as 123
Cr+ L i1 Di — /B Ei
= ——— Dy (1)
Cr + Lizkr1 Di — F
where Ci, D;, and F; are defined as 124
2 2 K
Ce = ((1 = pr41)0% 11 +0%41) [ T = pj11), (12)

j=k
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125

K K+1 K
2
Di=((=pt +a)) 18 TT (=e)Teilhinl’ (13)
=i =kt j=i
K K+1 , K 5 e
B=118 11 A=eplml” TT ejoi, (14)
j=k  j=k+1 j=k+1
Proof : The proof in acquiring the optimal values is provided in the appendix A. 127
4. Simulation Results 128

This section contains the evaluation of the performance of the AF-SWIPT system 12
compared with the DF-SWIPT system as benchmark [1]. In the simulation setup, for 1o

the large-scale fading component, the attenuation constant G = Ggp = --- = Gg = =10 1=
dB, and the pathloss exponent « = 3 are assumed. The distance between each node is 1
d =d; = --- = dg = 2 m, the antenna noise variance 0> = (712 =...= UI%H = —80dBm, 1
and the energy conversion efficiency = 1 = - - - = Bx = 0.7. Weassume that b = 0 W at 1

destination node, because the destination node possesses enough power for decoding the 1
received signal. The PS ratio used for the suboptimal scheme is py = 0.5. The simulation 13

results are obtained over 10* random channel realizations. 137
65— Optimal PS - AF | ' ' '
—o— Fixed PS - AF
Optimal PS - DF
60 Fixed PS - DF i
o——6—b—b—b 0 o—o »
551 -
A
M 50t 1
%
©
= 45 B
40 | 1
35 L I 1 1 1 1
-90 -85 -80 -75 -70 -65 -60

FP. [dBm]

Figure 3. The influence of increasing each relay P. (K = 3,7 = —5dB).

Figure 3 shows the effect of each relay circuit power P. on Ey. When the PS ratio is 1
fixed, the performance is the same when the relay circuit power P, is very low, but from -80 13
dBm, the transmission power Ey of AF-SWIPT is lower than that of DF-SWIPT. In the case 10
of optimal PS ratio, DF-SWIPT has lower transmission power than AF-SWIPT for very low 1a
P.. However, above -70 dBm, the trend reverses. Through this, it can be seen that abovea 1
certain P, the performance of AF-SWIPT is better than DF-SWIPT in terms of transmission 14
power. 144
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300

250
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Fixed PS - DF P. = —50dBm
—— Optimal PS - AF
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150

100

50

3 4
Number of relay nodes, K

Figure 4. Average E against the number of relay nodes at ¥ = —5 dB, P = —50 dBm.

Figure 4 shows a plot of the average power Ej against the number of relays K for
different circuit powers P.. When P, is 0, there is little difference in performance between
both DF-SWIPT and AF-SWIPT, but when P, is -50 dBm, the transmission power of DF-
SWIPT is actually higher than that of AF-SWIPT. This shows the same trend for all number
of relays. This is because there is no signal decoding (i.e., processing power) at the relays
for AF-SWIPT, unlike in the DE-SWIPT. In the AF-SWIPT signal decoding occurs only at the
destination. Therefore, processing power is used only at the destination for the AF-SWIPT,
while processing power is used at all nodes in the DF-SWIPT.

Average Ey [dBm]

10

100 T T T T

90 | A
80 | ‘ & 4

L > -~ e
70 ‘A"r&:“‘/ ///
60 | [ = .

KD A
50 | //.--" /’)‘(// 4
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0*//1 . . Fixed PS - DF P, = —40dBm.
-20 -15 -10 -5 0 5
7 [dB]

Figure 5. Average Ej relative to § at K = 3,P. = —40 dBm.

Figure 5 shows a plot of the average Ey versus the SNR threshold ¥ (in dB).Similar to
the previous results, when P, is 0, the transmission power of DE-SWIPT and AF-SWIPT are
similar, but when P is -40dBm, DF-SWIPT consumes more power than AF-SWIPT. We can
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also see that the lower the SNR threshold, the larger the transmit power difference between
DE-SWIPT and AF-SWIPT.

200 Optimal PS - DF P, = —50dBm I
Fixed PS - DF P. = —50dBm
Optimal PS- DF P. =0
Fixed PS-DF P. =0
150 | —#— Optimal PS - AF %
— & Fixed PS - AF ///
=
A 100 |
5]
)
1]
o
£ 50 _
=
-
0 -
50 | | | | | | |
1 15 2 2.5 3 3.5 4 4.5 5

dy [m]

Figure 6. Average Ej relative to dy at K = 3,P. = —50 dBm.

Figure 6 shows the Ej against the internode distance, dy. As dj increases, more
transmission power is required. Additionally, when P is -50 dBm, it can be seen that
AF-SWIPT consumes less power than DF-SWIPT.

5. Conclusion

This paper investigated an AF-SWIPT multi-hop cooperative relaying in IoT networks.
The AF-SWIPT source energy minimization optimization problem is presented, studied and
evaluated in this paper. The reason behind the energy minimization is to promote energy
efficiency during signal transmission and reduce energy cost and lengthen network lifespan
in the netowrk operation. When considering computational overhead and operational
cost, the AF-SWIPT is shown to be more efficient compared to the DF-SWIPT benchmark.
Simulation results showed the AF-SWIPT has better energy efficiency in terms of decoding
cost compared to the DF-SWIPT. Possible extensions of this research are in the area of
implementing the time-switching SWIPT protocol, MIMO multi-hop systems, WPCN
multi-hop networks and development of routing algorithms for the multi-hop wireless
powered networks.

Author Contributions: Conceptualization, D.K.P.A. and K.K.; methodology, K.K.; software, KK;
validation, D.K.P.A. and K.-J.L.; writing—original draft preparation, K.K. and D.K.P.A.; writing—
review and editing, PA., EK., and K.-J. L.; visualization, K.K,; supervision, K.-J.L.; All authors have
read and agreed to the published version of the manuscript.
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Appendix A.

Problem 9 is nonconvex with respect to Eg and {py } le. We rewrite problem 9 into an
equivalent convex problem given as
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min 1/Q
Qo

subject to k41 = Tk+1
0<p <1 k=1, ,K+1

182

183

184

Q=0
(A1)
where Q = (1/Ep). The Lagrangian of Problem Al is defined with its KKT conditions
given as
2
1 i1 B T (1= py) [y
QZ [((1_pl)5 +U )H ZIB]p]H] 1]9&1(1_pj)nj:i+l|h ‘
(A2)
o _ 1
Q  Q
2
) IT% Bip TS (1= py) [
FA TR T e 2 K+1 K+1 =0
Q Z [((1_pl)5 +U)H zﬁ]p]n] 1];&1(1_p])n z+1|h|
(A3)

Bio TIE (1 — op) |y
A(7K+1— Kol 2] Sl 1<+]1| ] s =0, (A4
QZ [(( Pz)‘s +U )H zAB]P]H] 1]7é1(1 *P] H] z+l’h ‘

From A3, we can calculate A as

CEE((1 = 00)02 + 02) TS, Bios TR0 — o)) TIEL [ )

A= I<+l ¢ (A5)
IT By T (1= o)) |1y
and substituting A5 into A3, results in the equation,
L= 1ZKH[((1 — )%} + e T Biey T (1 = o) T [y (A6)
— =k, = ,
Q ITj= /31'4"1' I (1= o) [y

Next, Problem Al is changed into a convex problem with respect to px, and introduce
new variables x, y. The new problem is defined as

22
min —
xydotio Y
K+1 ) K K+1 K+1
subject to 71 ) (1= )87 + 0P [Ty T1 (1—pp) IT 1] =
i=1 j=i j=1,j#i j=i+1
K+1

HIBJPJ H Pj)|hj|2 >y,

185

186

187

188
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and we formulate the Lagrangian of changed problem A7 as

2
X
L{x,y, {pk}lel}\lr/\z} = ?-F

K+1 K K+1
A (xz — VK41 Y [((1 — 0i)07 +07) [180 I1 1

i=1 j=i j=1,j#i

+/\2<.‘/—

The KKT conditions are represented as

oL ) Kel 1 1
— =9 —0 Ay — Bi— + B =0
PN 71<+1< k4 k i:;rl lpk kl—pk

where Ay and By are defined as follows

1

=) Bjoi(1— ) T
B = ((1— o) + ‘TI%)Ak/
From A9, we can find the each optimal PS ratios as

Cr + Lisgr Di — B S D

Pr = ’
Ck + i1 Di — Fe

ox+1 =0,
where the constants Ci, D;, and F, are defined as

K

~o) T1 1]

j=i+1
K+1

Bipj H

]_

Cr = (1= px+1)8% 41 + 0ken) [T = pj1),

j=k

K+1

K K
Di=((1-p?+A)T1f T1 —ppTLeilhal
]:l

j=i  j=k+1,j#i

K+1

K
F=T18 T Q-ppln* H piCk-

i=k " j=k+1 j=k+1
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