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Summary

In this work, we study a dual-hop decode-and-forward (DF)
wireless energy harvesting relaying system with hardware
impairments and beamforming in n—p fading environment. In
this dual-hop DF relaying system, we consider the transmit and
receive beamforming at the source and destination, respectively,
where a single-antenna relay helps the source to communicate
with the destination. Also, we consider a power splitting-based
relaying (PSR) technique at the relay node and the hardware
impairments at the source, relay, and destination. We analyze the
system performance in terms of the average capacity and
throughput for n—p fading channels. The n—p fading model
incorporates familiar fading models as distinctive cases, for
instance, Nakagami-m, Hoyt (Nakagami-g), One-sided Gaussian,
and Rayleigh fading models.
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1. Introduction

Wireless energy harvesting in a dual-hop relaying network,
recently, gained much interest, by academia and industry,
to extend the wireless network lifetime [1]. Through
wireless energy harvesting techniques, energy can easily
be harvested from radio-frequency (RF) signals, as RF
signals contain both energy and information.

A wireless energy harvesting dual-hop relaying network
consists of a source, a relay, and a destination. In this
energy harvesting system, a relay is an energy constrained
device which harvests the energy from the received RF
signals; and employing that harvested energy, the relay
communicates with a destination. Commonly, there are
two notable relaying methods: Amplify-and-forward (AF)
and decode-and-forward (DF). In the AF relaying method,
the received signals are amplified and forwarded to a
receiver/destination, while in the DF relaying method, the
received signals are decoded and forwarded to a
receiver/destination. A DF relaying method for energy
harvesting in a dual-hop relaying system received
substantial attention in the last decade due to its practical
merit and simplicity [2,3]. In the literature, two main
protocols are presented for energy harvesting in a relaying
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system: power splitting-based relaying (PSR) and time-
switching-based relaying (PSR) [4,5]. At the relay node, in
the PSR and TSR protocols, power and time are divided
into two parts, respectively, for information processing and
energy harvesting [4].

Beamforming techniques have an ability to reduce the
effects of fading, shadowing, and hardware impairments,
therefore, by utilizing the transmit and receive
beamforming techniques in a dual-hop energy harvesting
relaying network, the system performance can be
increased with better quality of the links [2,6]. The
hardware impairments originate the distortion noises
which causes the low-quality performance of the
transmitter/receiver  [2]. Because in  practice,
transmitter/receiver hardware suffers from different types
of impairments, such as non-linearity of amplifier,
oscillator phase noise, 1/Q imbalance, etc [2].

A dual-hop wireless energy harvesting relaying system
with hardware impairments is investigated in several
works [2, 7-14] (and their references). In [7], the system
performance of a DF relaying system is analyzed in the
presence of the transmit hardware impairments for
Rayleigh fading channels. In [8] and [9, 10], the impact of
hardware impairments at the relay node was investigated
for AF relaying systems based on the PSR and TSR
protocols, respectively. While in [11] and [12], the system
performance of a DF relaying network is analyzed with
hardware impairments, respectively, based on the PSR and
TSR protocols. In [13], the performance of DF multi-relay
systems with hardware impairments has been investigated
and approximate analytical expressions were derived,
wherein the source, relays, and destination suffer from the
hardware impairments. Effects of hardware impairments
were also studied in two-way relaying systems in [14]
where the single antenna was considered at all nodes.
Recently, in [2], the authors investigated the effects of
hardware impairments in a dual-hop DF energy harvesting
relaying system for x — p shadowed fading channels,
where multiple-antennas were employed at the source and
destination; and they obtained the analytical results for the
outage probability and throughput.

Despite the importance of the n—p fading model, to the
best of author’s knowledge, the system performance of a
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dual-hop energy harvesting DF relaying system with
hardware impairments and beamforming is not analyzed
for n—u fading channels. The n—p fading model is a
general fading model which encompasses some common
fading models as distinctive cases, such as, Nakagami-m,
One-sided Gaussian, Rayleigh, and Nakagami-q fading
[15].

It will be interested to analyze the effects of hardware
impairments when multiple-antennas are installed at the
source and destination in a dual-hop energy harvesting
relaying system for n—p fading channels. Therefore, in
this work, we consider a DF relaying network having
multiple-antennas at the source and destination in the
presence of hardware impairments at the source, relay, and
destination. The relay is an energy constrained device
which harvests energy from the received RF signals; and
employing that harvested energy, the relay communicates
with a destination. Assuming a PSR protocol at the relay,
we analyze the system performance of the considered
system for n—u fading channels. First, we explain the
performance metrics in terms of the outage probability and
throughput, then, the system performance is analyzed for
symmetric and asymmetric fading channels. Note that the
n—u fading scenario is general for the considered system,
therefore, our results can easily be specialized to
Nakagami-m/Nakagami-m, Nakagami-gq/Nakagami-g,
One-sided  Gaussian/One-sided  Gaussian,  Rayleigh/
Rayleigh, and their mixed fading links.

We organized the rest of the paper as follows: Section 2
gives the description of the system and channel models for
our considered system. Section 3 presents the analytical
expressions for the outage probability and throughput. The
simulation results are presented in Section 4. Finally, the
conclusion is given in Section 5.

2. System and Channel Models

2.1 System Model

A dual-hop DF relying system is considered where a
source (S) and a destination (D) have multiple antennas,
N,and N,, respectively, and a single antenna relay (R)
helps the source to communicate with the destination
because direct communication path is not feasible between
the source and destination. A PSR receiver archeticture is
considered at the node R, in which received signal is
slitted into two portions p: 1 — p where p € (0,1)
represents the power splitting ratio [2]. The transmission
block structure is given in Fig. 1 [2,3].
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Fig. 1 Transmission block structure of the PSR protocol [2, 3].

where P is the source received power at the node R, T is
the block time for a block of information. The block length
is divided into two periods. In the first period, sothe urce
transmits signals with MRT (maximume-ratio transmission)
technique [6]. At the relay, one portion (1 —p)P is
employed for information processing and the second
portion pP is employed for harveting energy. The relay
with the help of harvested energy, transmits signals to the
destinaiton. Using MRC (maximum-ratio combining)
technique [5], the destination receives the signals from the
relay node.

In a real environment, transmitter and receiver devices
suffer from hardware impairments. Due to the presence of
hardware impairments, information signals are distorted
during transmitting and receiving. Here, we consider the
effects of hardware impairments in our considered system
model. For a transmitter A and a receiver B, the effect of
hardware impairments, respectively, are given by the
distortion noises as [2]

7 ~ NC(0,k5 P, Jand 75" ~ NC(0, k7, oPu Il s I,
where P, denote the transmit power of the node A, kg
and ky g show the impairment level in the receiver and
transmitter, respectively, and ||.|| is the Euclidean norm.
Parameter h,g represents the channel gain between nodes
A and B. Note that k; (i = tx, rx)ranges k; € [0.08, 0.175]

[2].
The relay received the signal which can be written by [2]
Yr = \/Eshir (\/\/1)(4'773()"'77:)< Ny, @)

where x is the source signal, h; is the N; x 1 channel
vector between the source and relay, P, is the transmit

- 2
power of the source, w; = “}}111” [21, n,~NC(0,0,,) is
1
tx . 2
the AWGN at the relay, and 7e 0 CNQOkyely) and

X o__ 2 2
I NC(O’ervaS IIh. 11%) show the distortion noises at

the transmitter of the source and the receiver of the relay,
respectively.

At the relay node, using \/ByR, the harvested energy is
obtained as [4]

E, =npP, [Ih,|* (T /2), @)
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where o shows the energy conversion efficiency. Then, the
relay transmit power B. will be [2,3]

_Ey

=_H 3
TR ©

At the information receiver, the remaining part of the
signal /(1 — p)yg is given as
JA-p)y_ == p)Phiux+ (1= p)hywary (4

+ (l_p)nl’rx+V(l_p)na,r—i_nc,r’

where Ne.r NC(O ) is the AWGN at R due to RF
band-to-baseband conversion. Then, using (4), the signal-
to-noise-and-distortion ratio (SNDR) at the relay, can be
written by [2]

__ (d-pPRn
R (L= p)RKS, I, I +T1
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where IT = (1- p)Pk? [Ih, |* +(1- p)o, + o7

Using the harvested power P., the relay transmits to the
destination. The received signal at the destinaiton is given

D:\/Erhz(wzxr+77r)+77d Mg FNeg (6)

where h, is the 1 x N, channel vector between the relay
and destinaiton, w, = “E—ZH , X, is the relay transmitted
2

n,,. CN(0,07,1 : CN(O,
signal, a,d ( O-a,d N2) and ( Ucd N,y )

are the AWGNSs at the antennas and RF-to-baseband
conversion at the destination, respectively, and
s CNOKE) o i CNOKE PN IF)
the distortion noises at the transmitter of the relay and the
receiver of the destinaiton, respectively.

The SNDR at the destination, using (6) can be written as

(2]

, R lh, | 7)

l[h, II* +Pk, |h2”2 +00g + Oy

D 2
Pktxr rx.d

For an ideal dual-hop DF relaying system without
hardware impairments the expressions (5) and (7) are

_k2 _kZ _kZ _O

applicable when tX s ™, tx,r rx,d
2.2 Channel Model

The n—p fading is a non-LoS (line-of-sight) general
fading model which encompasses some familiar fading
models as distinctive cases which are Nakagami-m, One-
sided Gaussian, Rayleigh, and Nakagami-q fading [15]. In

a dual-hop relaying system, if any hop (i.e., link) undergo
n—u fading, then the probability density function of the

instantaneous SNR of that link n =1'2), is given as
[5]
N: 1 N, 4 +0.5
f ()= 2y/zh"" H y a0
N 4( U Ny #g = y (8)
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2’“‘ is the multipath clusters in number, I'(.) designates

where h, :(2+77|71+77| YA, H =

the Gamma function [16], U presents the scattered-wave
power ratio of the in-phase and quadrature components in

a multipath cluster [15], and 7 is the average SNR of the

| -the hop. Additionally, I,(.) shows the v -th order
modified Bessel function of the first kind [16] and it can
also be written as [16, eq. (8.445)]

E v+2n (9)
()= Zn'l“(v+n+1)(j '

The distinctive cases of the n—pu distribution can be
acquired by using (9) with special parameters. Which are
summarized in Table 1 where g and m, respectively,
represent the shape factors of the Nakagami-q and
Nakagami-m fading distributions.

Table 1: Distinctive cases of the n—p distribution [15]

Fading
Distribution 7 H
Nakagami- m n—1 1=m/2
Nakagami- g n—q’ #=05
Rayleigh n—1 u=05
One-sided n—1 1 =0.25
Gaussian
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3. Average Capacity and Throughput
Analysis

3.1 Average Capacity Analysis

The average capacity is the statistical mean of the mutual
information between the source and destination. In the DF
relay system, the average capacity of the considered
system can be determined by [3, eg. (9)].

C= min(ER, ED) (10)
= 1
where C_ -EE[|092(1+ Y, .

— 1
C,= EE[|092(1+7D )]

operator.
3.2 Throughput Analysis
Here, we determine the throughput for the delay-tolerant
transmission mode, which can be written by [3]
r=1/2¢ :lmin{cR,cD}.

T 2
In the delay-tolerant transmission mode, a receiver (i.e.,
relay or destination) can tolerate the delay and can buffer
the received information blocks in decoding the received
signal [4].

, and E[] is the expectation

(11)

4. Simulation Results

In the numerical results section, some numerical results are
shown to analyze the system performance of the
considered system. Unless otherwise stated, some of the
system parameters are set as the transmit power of the
source, P, =1, co the nversion efficiency of energy,
a = 0.9, average channel gains, A; =2, =1, and noise
variances (for each antenna of the destination and the
relay) = 0.01.

Fig. 2 exhibits the impact of the beamforming on the
system performance in terms of the throughput with
respect to the power splitting ratio of the considered
system where it is seen that the improvement in the system
performance comes when the number of antennas is
increased. The system performance enhances as power
splitting ratio increase from 0O to an optimal value (i.e.,
when largest throughput is obtained) and the system
performance degrades as the power splitting ratio enhances
from its optimal value to 1.

Fig. 3 shows the average capacity with respect to the
power splitting ratio for different fading models, such as
Nakagami-m/Nakagami-m, Nakagami-g/Nakagami-g, and

Rayleigh/Rayleigh fading. These numerical results are
obtained from the n—p fading model as distinctive cases.
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Fig. 2 Throughput versus power splitting ratio whenn, =n, = 1, and
u, =y, = 1,and ki = 0.08.
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Fig. 3 Average capacity versus power splitting ratio for various channel
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Fig. 5 Throughput for different number of antennas and for different
values of the fading parameter 4 whenn, =1, = 1,and ki = 0.08.

In Fig. 4. the throughput is shown versus power splitting
ratio for different impairment levels. It is observed that the
throughput performance is degraded when the impairment
level is increased because of larger impairment values,
higher distortion occurs at the destination and relay. Also,
it is seen that the effect of hardware impairments can be
reduced with larger number of antennas.

In Fig. 5, we compare the impact of multiple antennas and
parameter W. In this observation, we see tha the number of
antennas have larger effect on the system performance as
compared to the larger number of the multipath clusters
(i.e., parameter p).

5. Conclusion

In this work, a DF relaying system is studied where energy
is harvested at the relay node, and based on the PSR
protocol, system performance is analyzed in the n — p
fading environment. Via average capacity and throughput
metrics, we analyzed the system performance of the
considered system model for the various system
parameters, such as the number of antennas, fading
parameters 1 and p, and hardware impairments. From
numerical results, we conclude that the multiple antennas
have much impact on the system performance. Also, we
have seen that transmit beamforming plays a better role as
compared to the receive beamforming in a dual-hop
energy harvesting relaying system.

Acknowledgments

This research is funded by R&D, Balochistan University
of Engineering and Technology, Khuzdar, Pakistan.

References

[1] Sudevalayam, S., and Kulkarni, P.: Energy harvesting
sensor nodes: survey and implications, IEEE Commun.
Surveys Tuts., 13(3), pp. 443-461, Third Quart. 2011.

[2] Hussain, A., Kim, S.-H., and Chang, S.-H.: Non-linear
energy harvesting relaying with beamforming and hardware
impairments in kx—p shadowed fading environment,
Trans.Emerg.Tel. Technol., 2018.

[3] Hussain, A., Ahemd, Z., Ali. I., and Kim, S.H.: Energy
harvesting relaying network in a delay-tolerant transmission
mode over k—pu shadowed fading channels, IJCSNS
International Journal of Computer Science and Network
Security, 18(3), PP. 119-125, March 2018.

[4] Nasir, A. A., Zhou,X., Durrani, S., and Kennedy, R. A.:
Relaying protocols for wireless energy harvesting and
information processing, IEEE Trans. Wirel. Commun., 2(7),
pp. 3622-3635, Jun. 2013.

[5] Nasir, A. A., Zhou,X., Durrani, S., and Kennedy, R. A.:
Throughput and ergodic capacity of wireless energy
harvesting based DF relaying network, Proc. of IEEE ICC
pp. 4066-4071, Jun. 2014.

[6] Hussain, a., Lee, k. kim, S.-H., Chang, S.-H., and Kim, D.l.:
Performance analysis of dual-hop variable gain relaying
with beamforming over k¥ — p fading channels, IET
Communications, 11(10), pp. 1587-1593, 2017.

[7] Tuan V.P., Nguyen S.Q., and Kong H.Y., Performance
analysis of energy-harvesting relay selection systems with
multiple antennas in presence of transmit hardware
impairments, Proc. ATC 2016; October 12; Hanoi, Vietnam.

[8] Nguyen H.S., Nguyen, H., Dang-Sau S., Voznak, M., and
Huynh, T.P.: Impact of hardware impairments for power
splitting relay with wireless information and EH, Proc.
ICEIC 2016; June 27-30, 2016; Danang, Vietnam.

[9] Huynh, T.P., Nguyen, H.S., Do, D.T., and Voznak, M.:
Impact of hardware impairments in AF relaying network for
WIPT: TSR and performance analysis, Proc. ICEIC 2016;
June 27-30, 2016; Danang, Vietnam.



68 IJCSNS International Journal of Computer Science and Network Security, VOL.18 No.4, April 2018

[10] Nguyen, T.N., Tran, P.T., Voznak, M., and Behan, L.
Performance of time switching based energy harvesting for
amplify-and-forward half-duplex relaying with hardware
impairment, Proc. RADIOELEKTRONIKA 2017; April 19;
Brno, Czech Republic.

[11] Son, P.N., and Kong, H.Y.:, Energy-harvesting decode-and-
forward relaying under hardware impairments. Wireless
Pers. Commun. 96(4), pp. 6381-6395, 2017.

[12] Nguyen, T.N., Tran, P.T., Hoang, H.G., Nguyen, H.S., and
Voznak, M.: On the performance of decode-and-forward
half-duplex relaying with time switching based energy
harvesting in the condition of hardware impairment, Proc.
ICTA 2016; December 12; Thai Nguyen, Vietnam.

[13] Do, N.T., Costa, D.B., and An, B.: Performance analysis of
multirelay RF energy harvesting cooperative networks with
hardware impairments, IET Commun. 10(18), pp. 2551-
2558, 2016.

[14] Chunling, P., Fangwei, L., and Huaping, L.: Wireless energy
harvesting two-way relay networks with hardware
impairments, Sensors, 17(11) pp. 1-29, 2017.

[15] Hussain, A., Kim, S.-H, and Chang, S.-H.: On the
performance of dual-hop variable-gain AF relaying with
beamforming over n — p fading channels, IEICE
Transactions on Communications, E100.B(4), pp. 619-626,
2017.

[16] Gradshteyn, I. S., and Ryzhik, I. M.: Table of integrals,
series, and products. 7th ed. San Diego, CA, USA:
Academic, 2007.

Ayaz Hussain received the B.Sc. in
Telecommunication  Engineering  from
Mehran University of Engineering and
Technology, Jamshoro, Pakistan, in 2006
and the M.Sc. in Electronic and Electrical
Engineering from Hanyang University,
Ansan, Korea in 2010. Currently, he
received PhD. degree in Electrical and
Computer Engineering from
Sungkyunkwan University, Suwon, Korea
in 2018. His research interests include wireless communication
systems; in particular, cooperative relaying, MIMO technology,
D2D communications, and energy harvesting.

Zahoor Ahmed received his PhD in
Telecommunication  Engineering  from
Universite de Limoges France in 2011 and
ME in Computer Information System
Engineering from UET Peshawar, Pakistan
in 2004. He has done his BE in Electrical
Engineering from  Balochistan UET
Khuzdar in 1995. He holds over 17 years
of research and teaching experience in
BUET Khuzdar at the level of
Professor. His area of interest is Space-time coding and
cooperative relay network communication system.

Ubaidullah  Rajput  received his
Bachelor's Degree in Computer System
Engineering from Quaid-e-Awam
University of Engineering, Science and
Technology (Quest), Pakistan in 2005. He
received his Master's in Computer System
Engineering from NUST Islamabad,
Pakistan in  2011. He successfully
completed his PhD in Computer
Engineering from Hanyang University,
Korea in 2017. His research interests are security and privacy
issues in crypto-currency, security and privacy issues in
VANETS, Internet of Things (IoT), mobile social networks and
cloud computing. He has more than 11 years of teaching and
research experience and currently working as Assistant Prof. in
Quest Pakistan. He has served as a reviewer for many
conferences and journals. He is the author of many International
and national papers.

Fizza Abbas received the bachelor's
degree in computer system engineering
from the Quaid-e- Awam University of
Engineering, Science and Technology
(Quest), Pakistan, in 2007, and the
master's degree in a communication
system and networks from Mehran
University, Pakistan, in 2011. She
successfully completed her PhD in
Computer Engineering from Hanyang
University, Korea in 2017. Her research interests are security and
privacy in social network services, mobile social networks, cloud
computing, mobile cloud computing, and vehicle ad hoc
networks. She has ten years of teaching experience and currently
working as Assistant Prof. in Quest Pakistan. She has served as a
reviewer for many conferences and journals. She is the author of
many International and national papers.

Inayat Ali received the B.E. degree in
electronics engineering in 2009 and M.E.
degree in telecommunication engineering in
2011, from PAF-KIET and Hamdard
University, Karachi, Pakistan, respectively.
He is currently pursuing the Ph.D. degree in
information and communication
engineering from Sungkyunkwan
University, Suwon, Korea. His research
interests include LDPC codes, SC LDPC
codes, modern coding theory, and information theory.



	Fading Distribution

