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Abstract —This paper investigates the performance of Energy
Harvesting (EH) relaying with link adaptation for two
combining schemes based on amplify-and-forward relaying
systems. The first scheme defined as All Relay Participate
(ARP), where the destination combines the received signals
from all the relays, while the second scheme is known as Best
Relay Selection (BRS) scheme, which used the relay that has
the maximum Signal to Noise Ratio (SNR) at the destination.
To simplify comparisons between the two schemes, total
Probability Density Function (PDF) and moment generating
function (MGF) for each scheme are derived and the spectral
efficiency (SE) with link adaptation is presented. The trade-off
between performance and complexity is compared by using the
average number of active relays that participate in the
cooperative diversity and Cumulative Distribution Function
(CDF) of the link adaptation. The results show that the wireless
EH relay performance at its maximum when utilize ARP
scheme rather than BRS. However, the link adaptation
performance is achieved at the expense of degradation in the
spectral efficiency. In terms of practicality, the simulation
results shown that the BRS performs better than ARP, since
BRS requires a small number of active relay implementation for
the wireless EH relay system.

Index Terms—Energy harvesting relaying, spectral efficiency,
adaptive modulation, all relay participate, best relay selection

I.  INTRODUCTION

Radio Frequency (RF) signals that radiate from
adjacent transmitters recently has been considered as an
alternative source for Energy Harvesting (EH). From the
RF signals, the information and the energy can be
simultaneously carried. Consequently, the effective
resource can be allocated from the transceiver designs via
a technique known as Simultaneous Wireless Information
and Power Transfer (SWIPT) [1]. SWIPT is employed in
solving practical issues regarding interference alignment.
SWIPT also has been considered as a potential
technology to be used within 5G networks to address the
limited power challenge for future smart devices.

Cooperative Relaying (CR) is considered as the
essential development in wireless communication that is
employed in achieving energy-efficient transmission to
mitigate fading [2]. There are two major relaying
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schemes from the CR technique, which are; (i) decode
and forward (DF) and (ii) amplify and forward (AF).
Employing CR technique within wireless network suffers
different challenges in comparison with the direct
transmissions, such as; throughput loss. This loss
occurred due to the usage of additional relaying resources
[3]. Consequently, the researchers introduced several
methods to improve the performance and address the
problem of throughput loss.

Link adaptation, by using adaptive modulation (AM)
approach is exploited within the wireless systems via
selecting the suitable type of modulation and
constellation size based on the received SNR. In AM, the
SNR gain is transformed into throughput [4]. Both AM
and CR are employed to achieve the 5G network
requirements. The limited battery life to power up the
relays is another challenge in CR, which in turns results
in a short lifetime for the network [5]. Conventional
sources of EH, such as; thermal, solar and wind are not
available all the time due to their nature and seasonality,
which in turns reduces the wireless network reliability.
Moreover, these sources cannot be re-charged for certain
applications. The demand to move towards alternative
energy sources is driven by the effort to reduce the
energy consumption in future green radio networks [6].
The green radio networks aim to compensate for the
increase in total energy consumption, carbon footprint,
and operational cost as a result from the increase in the
number of base stations (BSs), which consume 57% of
the total mobile network infrastructure energy [7].
Another alternative power source from the wireless
transmission can be exploited by the use of near-field
wireless power transfer (WPT), as presented in [8].

The focus of this study is on employing RF signals for
SWIPT as an alternative EH source; due to the ability to
carry information and energy simultaneously [9].

The remainder of the paper is organized as follows.
Section 1l discusses recent developments and a critical
review of the previous studies. Section Il describes the
proposed system of EH relaying and channel models for
ARP and BRS schemes. In Section IV, the performance
of SE and an average number of active relays for
cooperative EH relaying of different cases are presented
for ARP and BRS schemes. Comparison results are
presented in Section V, while Section VI concludes this
research works.
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Il. RELATED WORKS & RESEARCH CONTRIBUTIONS

In [10], SWIPT within two-hop relay system was
evaluated. The authors generated the associated
optimization problems for power splitting ratios in
addition to the optimal solutions for both DF and AF
protocols.

In [11], two schemes were presented for power transfer
and wireless information, which are; time switching (TS)
and power splitting (PS). In PS scheme, the receiver
divides the signal power for information decoding and
energy harvesting. In TS scheme, the receiver switches
between information decoding and energy harvesting.

Authors in [12] investigated TS protocol within
multiple relays network for EH and beamforming
schemes. In [13], interference analysis for EH based on
PS and TS schemes were proposed. Authors in [11]
investigated the problem of AM within DF systems
considering limited channel state information (CSI) for
the link between source and relay.

In [15], the authors derived new expressions for the
PDF and the CDF of SNR for opportunistic AF relaying
network with dual hops. Relay selection was also adopted,
where SNR policy was considered depending on the
obtainable CSI. The results confirmed the effectiveness
of the model for a different number of candidate relays
and various fading distributions. They also compared the
performance of their system to the performance of the
dual-hop system without using relay selection and to
dual-hop system considering maximum SNR between
relay and destination for selecting the relay. The results
illustrated that their proposed selection method
outperforms the other two considered cooperative
schemes.

In [16], the authors introduced CA schemes to
overcome the issue of the dense area due to plenty of
antenna elements within the small mobile terminal size.
Link adaption is also considered as a critical
communication technique to improve the SE. In their
work, the efficiency of rate adaptive and constant-power
M-QAM transmission technique in AF cooperative
networks was compared and investigated.

Authors in [17] stated that cooperative communication
technique was introduced and developed to improve the
capacity of the system and increase the diversity gain
within wireless networks without using additional
resources. They derived expressions to obtain closed-
form expressions for CDF and PDF for end-to-end SNR
of the opportunistic relaying system with relay selection
based on maximum end-to-end SNR. They employed
these expressions in finding exact solutions for the
integral of average SEP, ergodic capacity and the outage
probability of the considered cooperative communication
system.

In [18], the performance of Incremental Hop Selection
(IHS) scheme within the cooperative network was
analyzed. In general, the communication networks of
multiple relays suffer a loss in SE because of multiple
time-phases usages. This problem can be prevented by
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IHS scheme since the number of hops is increased only
when the target performance cannot be supported by
current path. Furthermore, the authors used AM
technique with IHS scheme to increase the SE without
affecting the target performance. They derived closed-
form expressions for the coding and diversity gains in
addition to evaluate the SE and the OP performances.

In [19], researchers proposed an interference-aided
energy harvesting model for cooperative relaying systems,
in which the energy is harvested from both the co-channel
interference and received information signals by energy-
constrained relays. Such energy was deployed to send the
properly decoded signal to the target destination. Both the
TS and PS models were adopted in the proposed work.
The analytical formulae concerning the ergodic and
outage capacities of the application of such an EH
technique in a decode-and-forward relaying system were
derived. Results revealed that the PS model outperformed
the TS in terms of SNR and throughput. In addition, the
related system capacity relation was obtained,
considering various interference power distributions.

In [20], spectral efficiency is studied over single
energy harvesting AF-relay with link adaptation
technique. The study shows that energy harvesting
relaying is optimized and compared with the conventional
cooperative relaying. Results shown that the performance
of next green cooperative systems compared with
conventional cooperative relaying ones. The simulation
demonstrates that using green cooperative systems
degrades the spectral efficiency by only 5%.

In this study, EH relaying and link adaptation are used
over AF protocol. Two cooperative relaying schemes are
considered: All Relay Participate (ARP) and Best Relay
Selection (BRS). The contributions of this study can be
summarized as follows:

i.) The mathematical derivation of the combined PDF
and MGF for both ARP and BRS schemes.

ii.) The effect of the link adaptation, by using adaptive
modulation on the spectral efficiency for both
schemes, by analyzing the CDF for each scheme.

iii.) The trade-off between performance and complexity
for both ARP and BRS schemes with conventional
and EH relay systems.

I1l. SYSTEM MODEL

We consider a downlink EH relaying, where a source
node S communicate with a destination node D with the
help of EH relaying R;, i€{1,2,...,N} with PS protocol.
Assuming the direct path between S and D with SNR, ),
with channel coefficients, hy;. On the other hand, the
SNR between S and R; is denoted by y; = |hg;|?E/N,
with channel coefficients hg;. The SNR between R; and D
is denoted by y;; = |higl*Es/N, with channel
coefficients h;;. All nodes are assumed with a single
antenna and all nodes operate in a half-duplex mode. All
links are assumed to undergo independent Rayleigh
fading channel with perfect CSI.
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Each relay, i, assumed a harvest portion of the received
signal by power splitting protocol. A portion of the
received signal to each relay is divided for information
decoding by a value of ;. Thus, the rest of the signal will
be represented by 1 — «; as shown in Fig. 1.a. where T is
the block time. The cooperative EH relaying system
model is shown in Fig. 1.b that represents ARP scheme,

while Fig. 1.c represents BRS scheme.
T

Energy Harvesting R-D
S-R Information
Information Transmission
Transmission
T/2 L T/2

- »

Fig. 1.a: Time frame structure for power splitting

Fig. 1.c: Downlink EH relaying with BRS scheme

In this paper, QPSK, 16-QAM and 64-QAM are
considered for link adaptation according to Long Term
Evolution-Advanced (LTE-A) standards [21]. Target bit
error rate assumed to be 1075 to be suitable for the
modulation mode and Quality of Service (QoS)
requirements for 4G network and beyond. SNR values
can be divided considering M+1 regions, where M is a
number of thresholds of SNR values. The thresholds can
be found using [22]:

2 1
ym=§K0(2m—1) m= 2,46 1)
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where, erfc~1(.) represents the inverse complementary
error function. Also, Y41 = ©, ko = —In (5 BERT),
where BERT is the target bit error rate.

In the case of cooperative energy harvesting the

received signal at the relay i, can be written as:

yig = \/Fshsis + ngg 2

where ngg~CN(0,0%) is AWGN with noise variance
0. In this paper, dynamic power splitting ratio is used,
so each relay harvest a different portion of the received
signal. Assuming PS scheme, \/a;y%y is used for energy
harvesting to relay i, where the remaining \/1 — a;yéy is
used for information detection for relay i. The harvested
energy at relay i, at time g where T is the block time can
be presented as follow:

E' = ¢a;Phg|?.(T/,) ©))

where ( is the energy conversion efficiency. After power
splitting, at the input of the energy harvester and after
power splitting, the received signal can be written as:

R = /1= o(/Pohys + ng) + nge @)

where ngz~CN(0,6%) is AWGN from information
receiver. In the second time slot, the transmitted power of
the relay i is given by:

E! ®)

P =73 = Saibilhal’

The relay amplifies the signal and forwards it to the
destination, the transmitted signal at the relay can be
written as:

. . . 6
wt= ’PSP,;(l —a;)Ghgs + \/PT;GnW (©)

where, ny, = /(1 — o;)ngg + ngg, G is the gain of relay i,
we assume fixed gain to all relays, G, which is given as:

1 U]

G =
Ja—aph?+ o},

The received signal at the destination:
)’1iw = hidWi + Ngp (8)

After substituting (6) and (7) into (8), the end-to-end
SNR can be written as:

{a(l—a)y 9)
la+la(l—a)+ (1 —a)

Ytot =

assuming 6%z = o0%g,04p = op, E{|hg|?} = E{|h;q|?} =
1.
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A. All Relay Participate (ARP)
In the case of ARP scheme, the combined signals at the

destination for N-relays can be computed, where total
SNR can be shown as [23], [24]:

s Ysi Yia (10)
Ytot = Vsp + Z
i=1

Ysit Yia +1
All nodes are assumed with a single antenna and all
nodes operate in a half-duplex mode. All links are
assumed to undergo Rayleigh fading channel with CSI.
For Rayleigh fading channel, the moment generating
function (MGF) of the direct path can be computed as:

“1 - 11

My, (s) = f ?eXp (175_)/) exp(—s) dy (11)
0 D D

MYSD (S) = (1 + fSDS)_l (12)

In the case of conventional relaying (nhon-EH),
received SNR is independent and identical distribution
(i.i.d.) for each path, then we can write the MGF of y,,,
as:

~ (13)
M)/tot(s) = My, (s) 1_[ Myi (s)

To find M, (s), cumulative distribution function (CDF)
of y; should be computed:

P, (y) =1— Prob(ys >y)Prob( v >vy)  (14)
where,

® 1 -y 15
prob( ys; >y) = f —exp (_—) dy (15)

1% Vsi Vsi

(i)
]751'
Assume y5; = Vig = 7,

(16)

—2y
B,()=1- eXp(T)

The probability density function (PDF) of y; can be
computed as:

py,(¥) = ;eXP(_T%V) ()
and MGF of y; can be computed as:
M, (s) = (1+0.57s)7" (18)
The combined MGF can be computed as:
M, (s) = (1+Vsps) (1 + 0.57s)7N (19)
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According to previous equations, in the case of
cooperative energy harvesting, (13) can be written as:

N (20)
My () = (147559 | [+ i)
i=1
where C; is the SNR at relay i. After using a partial
fraction, the total MGF can be written as:

N
My (5) = Rep(1 + 7sps) ™+ ) Ri(1+ G (21)

i=1
where
N 1
C;
=102
iy Vsp
7 N -1 (23)
1Yoy 1_[ ( _C_w)
R, =(1 Ci) .1 C.
w=1 ,w+i

After taking inverse Laplace transform, the total
probability density function (PDF) for the ARP scheme
can be written as:

N
Rgp -y R; -y
(y) =—ex (_—) + Z—ex (—)
Preot Vsp P Vsp G P C;

i=1

(24)

B. Best Relay Selection (BRS)
In the case of conventional relaying, the combined

signals at the destination can be computed using BRS
scheme, shown as:

Ytot =Vsp T Vr (25)

_ _Vsi¥id _ 2
where ¥, = Max; (Ysi+yid+1) v ¥sp = |hsal“Es/N,

v« = |hgi|?Es/N,is the instantaneous SNR between S
and R;, ¥ia = |hiq|?Es/N, is the instantaneous SNR
between R; and D. Also, the MGF can be expressed as:

My o0 (8) = My 5, ($)My, (5) (26)

For Rayleigh fading channel, Msp(s) = (1 + sysp) ™2,

while, MGF of y, in case of BRS scheme for m relays can
be expressed as [25, Chapter 9]:

v Th

1+i+sy/2

i=0

My, (s) = (27)

Thus, (26) can be written in the case of cooperative
energy harvesting as:

_ N —1

M 1+7 LNEDC D) (28)
vioe(S) = (1 + Vsps) lom

i=
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using a partial fraction and taking Inverse Laplace
transform with some algebraic manipulation, the total
PDF for the BRS, y;,: can be expressed as:

N-1 ' (29)
py () =N Z(—l)i N A D) L_,A—‘exp (— ?L)
i=0 S,D S,D

2B; 21+ Dy
+—exp (— _—)
YEH YEH
1 1
where 4; = ,B; = —
e e

The combined PDF for BRS protocol is derived in
Appendix A.

IV. PERFORMANCE ANALYSIS

A. Spectral Efficiency

The following expression can be used to compute the
spectral efficiency with adaptive modulation system,
denoted by 7:

I, (30)
n=3 Z log,™™ Ey
m=2

where F,, represents the probability of selecting the m"
modulation model for the transmission. The % scaling
factor is introduced based on the fact that transmission
process of cooperative diversity occurred in two-time
slots. This probability can be computed by the difference
between the next modulation index and the current
modulation index as follows:

En = Py(ym+1) - Py(ym) (31)

where y,, is the threshold of SNR and P,(.) is the
cumulative distribution function (CDF) of received SNR.

B. Average Number of Active Relays

Increase the number of active relays in the
cooperative relaying system will improve the diversity
gain. However, that leads to increase in system
complexity and power consumption. In this section, the
trade-off between performance and complexity between
ARP and BRS schemes is evaluated. The active relay
occurred if there is an active transmission with the
destination, provided that the end-to-end SNR is above
the predefined threshold.

In this work, the predefined threshold is equal to y, in
(1). Therefore, the average number of active relays can be
written as:

AR = {N(l —F,) , ARP (32)
1(1-F,) , BRS

V. SIMULATION AND NUMERICAL RESULTS

Simulation and numerical results from the ARP and
BRS schemes are presented in this section. The systems
parameters are M=3, BERT = 1075 ,N=2,5,( =0.6.
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Fig. 2 show the CDF for two schemes for conventional
and EH relaying. As shown, ARP provides better
performance than BRS. The degradation of using EH
protocol is clearly shown, for example at 15 dB SNR,
CDF for ARP scheme is about 0.92 and 0.7 for
conventional and EH relaying respectively, while in the
case of BRS scheme, it is about 0.88 and 0.55 for
conventional and EH relaying respectively. The result
shown that loss in BRS is higher than ARP scheme.
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Fig. 2. CDF of conventional and EH relaying for ARP and BRS
schemes

Fig. 3 shows the SE for conventional and EH relays for
ARP and BRS schemes with N = 2. Cooperative EH relay
causes a degradation in the SE compared with the
conventional cooperative relay. For example, in the case
of ARP scheme, at 20 dB SNR, the SE for the EH relay is
1.7 bits/sec/Hz and that for the conventional relay is
approximately 2.1 bits/sec/Hz. Therefore, a 0.4
bits/sec/Hz loss is observed in the EH relay in
comparison with the conventional cooperative relay,
which translated to a 19% loss in SE. In the case of BRS
scheme, at 20 dB SNR, the SE for EH relaying is
approximately 1.3 bits/sec/Hz; approximately 0.5
bits/sec/Hz loss is observed compared with conventional
cooperative relaying, which translated to a 27% loss in
SE.

Fig. 4 represents the SE for ARP and BRS schemes
with N = 5. As shown, the performance of the SE
enhances with the increase in the number of relays. For
example, for ARP scheme, at N = 5, the SE of the
conventional and EH relays are 2.6 and 2.2, respectively,
which translate to a 20% and 22% improvement in the SE,
respectively compared to N = 2. On the other hand, in the
case of BRS scheme, for N = 2, the SE of the
conventional and EH relays are 1.8 and 1.3, respectively.
Meanwhile, for N = 5, the SE of the conventional and EH
relays are 2 and 1.5, respectively, which translate to a 10%
and 33% improvement in the SE, respectively.

On the other hand, Fig. 5 and 6 represent the
complexity of the system by computing the average
number of active relays for ARP and BRS schemes for N
=2 and N = 5 respectively. As shown, increasing humber
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of relays leads to increasing number of active relays at
low SNR region, since increasing number of relays will
enhance the end-to-end SNR. Also, in the case of ARP
scheme, it is clear that a number of active relays is
proportional with the number of relays, while in the case
of BRS scheme, it is clear that number of active relays is
not proportional with the number of relays, since only the
best relay is used.

Finally, in the case of EH relays, it requires a less
average number of active relays compared with
conventional relays, this is due that EH relays require a
less power consumption compared with conventional
relays in low SNR region.

25 T

Conventional Relaying - ARP
—©— EH Relaying - ARP

----- Conventional Relaying - BRS
[| —+— EH Relaying - BRS

Spectral Efficiency [bits/sec/Hz]

0.5

20
Awerage SNR [dB]

Fig. 3. Spectral efficiency of conventional and EH relaying for ARP and
BRS schemes, N =2

3 T
Conventional Relaying - ARP
—©— EH Relaying - ARP
Conventional Relaying - BRS
—+— EH Relaying - BRS

2.5

15

Spectral Efficiency [bits/sec/Hz]

0.5

-
o

20
Awerage SNR [dB]

Fig. 4. Spectral Efficiency of conventional and EH relaying for ARP

and BRS schemes, N =5

25

Conventional Relaying - ARP
—6— EH Relaying - ARP

= = =Conventional Relaying - BRS
{ | —+— EH Relaying - BRS

Average number of active relays

8 10 12 14 16 18
Average SNR [dB]

20

Fig. 5. Average number of active relays of conventional and EH
relaying for ARP and BRS schemes, N =2
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—6— EH Relaying - ARP
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—— EH Relaying - BRS

Average number of active relays

12 14 16 18

8
Average SNR [dB]

10 20

Fig. 6. Average number of active relays of conventional and EH
relaying for ARP and BRS schemes, N =5

VI. CONCLUDING REMARKS

This paper has investigated two different combining
protocols with dual hop AF-EH relaying systems with
link adaptation scheme, where a PS relay was adopted.

As opposed to the conventional relay that works
without giving any power supply, the EH provides a
source of power in relaying networks. The results shown
that the performance in SE of ARP protocol is better than
BRS protocol for both conventional and EH relaying. A
degradation in the SE due to use of EH scheme can be
observed. Using the EH degrades the performance of the
SE for the ARP protocol to 19%, while the degradation in
the SE for the BRS protocol is about 27% for N = 2
relays. However, this can be compensated by increasing
the number of relays to enhance the SE for both protocols.

Results also shown that BRS scheme offers less
implementation complexity compared to ARP, since ARP
scheme requires more relays participation to allow more
information exchange among the relays, which increases
the relay EH system complexity.

As a possible extension of this work, Generalized
Selection Combining (GSC) can be considered, since it is
shown in previous studies that GSC able to offer a
balance between the performance of both ARP and BRS
schemes.

APPENDIX

It is shown in [22, Chapter 9], the moment generating
function (MGF) of y,. can be written as (27). Therefore,
(28) can be written as

< (33)
My =N Y 0 (YT 1) Fes)

where
1

(1+57“J(1+i+sz%g

(34)

Fi(s) =

Next, we can transform expression (34) to
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A; B; 35
Fi(s) = T — + - - (35)
tSVsp 140+ st
where
1
A= (36)
14— LB
2]/S,D
5 - 1 37)
o . 2)_/.S',D
1-(1+10) -

Substituting (35) into (33), we obtain

N-1 N 1 4 (38)
M, (s) =NZ(—1)i “h—L
Ytot L ( i ) 1+ SyS,D
LB
14i+stet

2

In order to find the combined PDF, the inverse Laplace
transform of M, (s) in (38) is taken

Ytot

p, () =) {M,,, . (5)} (39)

N-1 _ (40)
py(y) =N Z(_l)i (N i 1) [Ai]_l{(l + S?s,n)_l}
i=0

+B;J? {(1 +i+ 57%)_1}]

Using the fact that

-1 -mY — 1 m-1 X (41)
J7H@1 + As) }—mx exp (_Z)
1 42
JHA+ 5,9} = =—exp (— _L) 2
yS,D S,D
S -1
J! {<1+i+syET”> } (43)

— 71 =1 Y -
=] {(1+L) (1+52(1+i)>}

(e SVT)} 2 (-20EDr) 49

Substituting (42, 44) into (40), we finally obtain the
combined PDF as in (29).
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