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Abstract: In this paper, a rigorous analysis of the performance of time-switching energy harvesting
strategy that is applied for a half-duplex bidirectional wireless sensor network with intermediate
relay over a Rician fading channel is presented to provide the exact-form expressions of the outage
probability, achievable throughput and the symbol-error-rate (SER) of the system under the hardware
impairment condition. Using the proposed probabilistic models for wireless channels between mobile
nodes as well as for the hardware noises, we derive the outage probability of the system, and then
the throughput and SER can be obtained as a result. Both exact analysis and asymptotic analysis at
high signal-power-to-noise-ratio regime are provided. Monte Carlo simulation is also conducted to
verify the analysis. This work confirms the effectiveness of energy harvesting applied in wireless
sensor networks over a Rician fading channel, and can provide an insightful understanding about
the effect of various parameters on the system performance.

Keywords: half-duplex; relay networks; wireless energy harvesting; time-switching; Rician fading
channel; hardware impairment

1. Introduction

Wireless sensor networks (WSNs) are subject to the constraint of energy storage at each mobile
node [1,2]. Saving on energy consumption or extending the battery life for sensor nodes has become an
important research issue in wireless sensor networks. Recently, energy harvesting (EH) has attracted
enormous attention from researchers as a promising cost-effective technique to maximize energy
efficiency of a wireless network [3-5], especially in wireless sensor networks [6-9]. Various energy
harvesting sources have been studied, such as natural sources (solar [10], wind [11], thermal [12],
etc.), strongly coupled magnetic resonances [13], etc. Among them, radio frequency (RF) energy from
the ambient transmitters is the most popular source for energy harvesting since it can be received
more effectively from RF signals [4]. Because RF signals can convey both energy and information
simultaneously, an RF-based energy harvesting technique, called simultaneous wireless information
and power transfer (SWIPT), is becoming a more and more promising research topic for WSNs [14,15].
The idea of SWIPT was first introduced in 2008 in the seminal paper of Varshney [16], in which authors
proposed an ideal receiver design that is able to simultaneously observe the information and extract
power from the same received signal. Zhou et al. [17] connected Varshney’s idea to practice by
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proposing two realizable receiver architectures design: time switching (TS) and power splitting (PS).
The performance analysis of these two EH protocols was conducted rigorously by Nasir et al. [18]. The
authors derived analytical expressions for the outage probability and the ergodic capacity of one-way
amplify-and-forward (AF) relay networks over a Rayleigh fading channel.

The applications of SWIPT to wireless sensor networks have been investigated in recent works.
In [7], the authors proposed a distributed iteration algorithm to solve an energy-efficient cooperative
transmission problem for SWIPT in clustered WSNs. In [9], the authors employed wireless energy
harvesting techniques and realistic energy converters in dense and often randomly deployed WSNSs,
and quantified the potential energy gains that can be achieved in the network. Peng et al. [19]
considered a wireless energy harvesting two-way relay network (TWRN) using power splitting
protocol, where the effects of practical hardware impairments were taken into consideration. Mouapi
and Hakem [20] proposed a new approach to defining the specifications of a stand-alone wireless node
based on an RF EH system and implemented a hardware circuit to illustrate their energy optimization
method. The performance of wireless powered sensor networks for Internet of Things (IoT) application
was studied in [4], where the authors proposed the optimal power allocation to maximize the system
throughput and also derived the closed-form of that solution. However, in those papers, the channel
gains are assumed either to be constant or to be a Rayleigh distributed random variable.

Wireless communication systems in the real radio environments are not only affected by the
short-term fading (multipath), but are also subject to the shadowing effects. The vital issue in studying
the performance of energy-harvesting-based wireless networks in these conditions is the outage
probability analysis. An important statistical characteristic that can describe the behavior of the
wireless channels is the probability density function (PDF) of the signal-to-noise-ratio (SNR) at the
receiver output. To derive this PDF for different radio propagation environments is sometimes a
difficult mathematical task, especially for complicated channel models such as Nakagami-m or Rician
channels. In fact, not only the papers we mentioned about SWIPT for WSN, but most of the other
results on outage performance up to now [21,22] also focus on Rayleigh fading channels, where we
can exploit the fact that the square of channel gain magnitude is exponentially distributed.

As a general comment, it is noted that very few publications about energy harvesting for Rician
fading channel exist in the open technical literature. In fact, together with Rayleigh channel, Rician
channel should be also considered as one of the small-scale fading models for WSNs, especially for
the cases of relatively short range power transfer distance and with existence of a strong line-of-sight
(LOS) path [23]. Recently, Zhao et al. [24] have derived the capacity expressions for wireless powered
communication systems over a Rician fading channel. However, there is no relay in this study.
The source directly harvests the energy from the power beacon. In [25], the authors provided the
throughput analysis of relay networks with two energy harvesting protocols (continuous and discrete)
over a Rician fading channel, but were only limited in the case of perfect hardware. Furthermore,
the paper only provided the integral form of the throughput for the continuous case, so it is not a
computationally friendly result. Mishra et al. [26] did provide impressive results on joint optimization
of power allocation, power splitting for EH, and relay placement for SWIPT over a Rician channel.
Nevertheless, they only use an approximation expression of outage probability to formulate the
optimization problem, and did not consider the hardware impairment at the nodes. In practice, the
transceiver hardware is imperfect due to phase noise, I/Q (In-phase/Quadrature) imbalance and
amplifier nonlinearities [27]. The modeling of hardware impairment in system performance analysis
has been presented in many works, for instance, in [28], where the authors analyzed the performance
of dual-hop relaying systems in hardware impairment condition, in terms of the capacity, throughput
and symbol error rate (SER). We also proposed and evaluated an energy harvesting-based spectrum
access model in cognitive radio network with hardware impairment [29]. Again, these works about
hardware impairment considered the Rayleigh channels only.

In our current work, we tackle the problem of investigating the performance analysis of SWIPT
for WSN over a Rician fading channel, which takes into account the hardware impairment at source
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and relay nodes. Specifically, we consider an AF two-way half-duplex energy harvesting relay network
model suffering from hardware impairments at all nodes over the Rician fading channels. The exact
analytical expressions of the achievable throughput, outage probability, and the exact-form expression
for the PDF of SNR at each destination node of a half-duplex AF bidirectional wireless sensor networks
over a Rician fading channel are derived rigorously. The main contributions of this paper can be
described in more details as follows:

e  The exact form expression of outage probability and achievable throughput at each destination
node with imperfect hardware and in Rician fading environment are derived mathematically.

e  We derive the exact-form cumulative distribution function (CDF) of the SNR at each destination
node, and use this result to derive the integral exact-form of the SER at destination nodes.

e  Wealso conduct the asymptotic analysis and provide the approximation of all performance factors
mentioned above at high P/ Ny regime.

e  The analytical results are all confirmed by Monte Carlo simulations. Using the simulation results,
the effect of various system parameters on the system performance is carefully studied.

The rest of this paper is organized as follows. Section 2 describes the system model and the EH
protocol that is used in this paper. Section 3 provides the detailed performance analysis of the system,
including exact analysis and asymptotic analysis. The numerical results to validate the analysis are
presented in Section 4. Finally, conclusions are drawn in Section 5.

2. System Model

2.1. System Model Description

We consider a bidirectional network with two sources and one relay as illustrated in Figure 1.
The transmission model follows the principles of analog network coding [30,31]. This concept is the
extension of linear network coding to multihop wireless networks. Traditionally, two sources transmit
their data to the relay node in two different time slots to avoid interference. However, with analog
coding, the data can be transmitted simultaneously to the relay. The relay node forwards this noisy
sum of two signals during the next time slot. Because each node already knows one of the signals by
virtue of having forwarded it earlier, it can cancel its own part in the received signals and decode the
message sent by the other source.

In our model, every terminal has only one antenna and operates in a half-duplex mode. Let 5; and
S, denote the first node and the second node that are going to exchange their messages, respectively,
and R denote the relay node. We denote the channel gain between node S; and the relay R as g;, for
i = 1,2. Here, both channels are assumed to be Rician fading channels and be reciprocal. In this
research, we take into account the hardware impairment at both source nodes Sy, S, and relay node
R. Regarding the communication between two nodes, we assume that the direct link between two
nodes is very weak, and the communication relies solely with the help of relay. However, the relay has
only the energy to serve their own purpose, so it needs to harvest the energy from the two nodes of
interest before forwarding the information messages. As in many previous publications on two-way
half-duplex channels, we assume that the two sources as well as the relay know the channel gains.

AN

Node Re]ay Node
(51 ®) (S2)

Figure 1. System model.
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2.2. Energy Harvesting and Information Transfer Protocols

The energy harvesting protocol for this system is illustrated in Figure 2. In this protocol, the
transmission is divided into blocks of length T. Each transmission block consists of three time slots.
In the first time slot, which has the duration of aT, the relay harvests energy from the nodes S; and S,.
The two remaining time slots are used for information transferring. First, S; and S, simultaneously
transmit to R at the second time slot with the transmitted power P. Then, at the third time slot, R
amplifies the signal that it received during the second time slot and broadcasts it to S; and Sy. Both
the second and third time slots have the same length of (1 — )T /2.

il T .
e Information
EH at R S1. 52 to R Transmission
’ Rto S1,82
S el (1-@)72 (1-2)T2 "

Figure 2. The energy harvesting and information processing in the system model.

Let P denote the average power transmitted by each node S; and S, during the first time slot.
After the first time slot, the amount of the harvested energy at node R can be computed as

E, = (P]g1|2 + P|g2|2) naT, 1)

where 77 is the energy harvesting efficiency.

Let s; and s, denote the information-bearing symbols transmitted from S; and 5,, respectively.
Again, assume that both s; and s, have the same average power P, i.e. E [\si |2} = P. Thus, the received
signal at R at the second time slot can be written as [28]

2
yr =3 &i(si+m)+n,i=12 )
i=1

where:

e  7; denotes the hardware distortion noise at S; with zero mean and variance x?P. Here, « is
sufficient to characterize the aggregate level of impairments of the channel [1].

e 1, is the additive white Gaussian noise (AWGN) at R with zero mean and variance o?.
At the second time slot, R amplifies the signal y, with an amplifying coefficient 8 and then

retransmits it to S; and S,. The received signal y; at node S; at the third time slot is

vi=gi(Byr +1r) +ni,i =12, 3)

where 7, denotes the distortion noise with zero mean and variance K%Pr, n; is the additive white
Gaussian noise (AWGN) at S; with zero mean and variance (712, fori=1,2.

According to the law of energy conservation, the total energy that node R uses to transmit the
amplified signal to S; and S, must be equal to the energy that R received from S; and S; at the first
time slot, E;. Now, because the transmission duration of the relay is %, the average power of the
signal transmitted by R at the third time slot can be computed as

E,

b=a—grn="

|Plgaf + Plgal] @
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2
where ¢ = 7L

In order to ensure that the transmission power at R is P,, the amplifying coefficient 5 can be
chosen as

p=_ = i )
yr | XiP + X1 Px2 + XoP + X Px2 + 02’

where X; = |g; |? denotes the square of channel gain amplitude between S; and R.

Note that the relay node R does not need to estimate the hardware noise parameters as well as
the individual channel gains g; because the denominator of Equation (5) is the received symbol power
during the 2nd time slot. Now, because of the similarity between the roles of S; and S,, we can focus
only on node S;. In fact, the received signal y; can be rewritten as

y1 = Blg1[*s1 + Blg1Pm + Blgl g2l s2 + Blgi| 82| 2 + Blg1| e + |g1] s + 11 ©)

This signal contains both messages s; and sy, while only s, is the desired signal at 5. Since node S;
perfectly knows its own transmitted symbol sq, it can eliminate the corresponding the self-interference
term B|g1|%s1 from y;.

From this fact, Equation (6) can be rewritten as

y1 = Blg1| 12|52+ Blg1 [Py + B g1l 1g2] 2 + Blga| mr + |81 | s + 11 7)

signal noise

Therefore, the end-to-end signal-to-noise-ratio at S; for detection of the symbol s; is given by

' 2 2, 2
Bl Pl lgaP
. 4 2 2 2 2 :
E{\nozse\z} 2|81 1" P + B2|g11 |82 "Prc? + B g1 [ 07 + |g1|"Prrc? + 0F

)

22
After doing some algebra and using the fact that % ~ 0, combining with Equation (6), we obtain:

X1 X,

p— 7 9
n X1 Xpa + X2a + X1b + ©)
where a = k2 +12(1+ «2),b = (};/r:;:i), = Epllj/iz) (assume that 07 = 03 = 02 = Np).

3. System Performance

3.1. Outage Probability

Since the random variable (RV) X; is Rician distributed for i = 1, 2, the probability density function
(PDF) of X; can be found as

—K  (k+1)x
fxi(x):we oL |2 M .
i

iy (10)

where A; is the mean value of the RV X;,i = 1,2, K is the Rician K-factor defined as the ratio of the
power of the line-of-sight (LOS) component to the scattered components and I (-) is the zero-th order
modified Bessel function of the first kind.
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Using the equality Ip(x) = ) 221x(l')2 [32], Equation (10) can be rewritten as
I=0 :
0 1
K
fx(x) =Ge XY (GK) 2) e 6, 11)
i—o (')
where (; = KTfl

The cumulative density function (CDF) of the RV X; (i = 1,2) can be derived as in [33]:
X Kl m @
— - —GiX
/fx Dt =1—e Z(;) 20 oL e, (12)
m

The outage probability of this system is defined as the probability that the end-to-end SNR falls
below a desired threshold—Ilet us say, 7y;,. In this case, it can be derived as

X1Xp
out 1 = Fry (Ven) (71 < Yen) r <X1X2a T Xeat Xibt e '7th> (13)

where 7y, = 22R — 1, R is the source transmission rate:

X1 X2 2
Pr < =Pri Xo(Xq — vy Xqa) < vy, X5a + v, X1b + ypc b,
(Xlea—i—X%a—leb—kc ’Yth) { 2( Xy — ymXaa) < v, 1 Y Yih }

(14)

Pr{Xz < YinXza + v Xab + yyc

, if1-— a>0,
X1 —ymX1a } Tin

1, if 1 —yya <O.

In this subsection, we assume that 1 — ,a is positive, which is reasonable in practice. From
Equation (14), we can derive the exact-form expression for the outage probability of the system. This is
stated by the following theorem.

Theorem 1 (Outage probability—Exact form). The exact outage probability for node Sy of the proposed
half-duplex bidirectional wireless sensor network using time-switching energy harvesting strategy over a Rician
fading channel can be expressed as

3m—2n+p+k+1 _ mfp+k+l
a

o o I m n Kl+krk 5 5 m—npp o
PoutJ -1 72@16_2[(6_171@27”'2 2 E 2 2 gl(éZ')’th) ) ( ) ( . )m zn+2p+k+1 (15)
1 2°Yth

0
X Kin—2n-4p+ks1 ( \/(61 + aloVn Cz%hc)

N
I
=)
o~
Il
o
3

Il
o
3

Il
o
=

Il
—
=
~
N
\/
/—\

— 22 2y p— A4 . (1+62) K1 i
where a = k= + xk; (1 +x%),b = jor €= wP/az’Cl = cand Yy = 12—

Proof of Theorem 1. See Appendix A. [J

Remark 1. The outage probability at node Sy can also be obtained by exchanging the roles of {1 and ( in
Equation (15).

3.2. Achievable Throughput

With the outage probability obtained from Theorem 1, the achievable throughput of the considered
system can be given by
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R—w)ie {12} (16)

T = (1 - Pout_i)' 2

3.3. SER Analysis

In this section, we derive the formula for symbol error rate (SER) at the destination. In fact, the
theoretical SER at the receiving node can be computed in terms of the end-to-end SNR at that node [34].
By taking into account the randomness of the SNR in our model, the SER at node S; can be derived by
taking the expectation with respect to the random variable SNR:

SER; = E [wQ (\/ﬂ)} ,ic1,2, (17)

o
where Q(t) = \/% il e~¥/2dx is the Gaussian Q-function; w and 6 are constants that are specific
t

for each modulation type—in particular, w = 1,60 = 1 for Binary Phase Shift keying (BPSK) and
w = 1,0 = 2 for Quadrature Phase Shift Keying (QPSK). Hence, before obtaining the SER formula, the
CDF of 1; is needed. Let F,,(x) be the CDF of v;. By exchanging the order of integration and changing
variable, we come up with the following formula:

e —0x
“’fe () a8)

Now, we can claim the following theorem on SER.

SER; =

Theorem 2 (SER—Exact form). The exact symbol error rate for node Sy of the proposed half-duplex
bidirectional wireless sensor network using time-switching energy harvesting strategy over a Rician fading
channel can be expressed as:

I m =n Kl"’_kgk m—npp. w

SERy = = *§1€_ZKW 92 Z 3D Z Ip p)!(m—n)! (k')

1=0 k=0 m=0 n=0 p=0

©
</
0

where yy,(x) =

3m—2n+p+k+1

6—9.7( béz'}’th (X)

027 (%))
G2 + o (X))

———Ku—2nsprki (2\/[€1 + ﬂCﬁth(x)]@z%h(x)C) dx, (19)

x
1—ax-

Proof of Theorem 2. See Appendix B. O

3.4. Asymptotic Analysis

The asymptotic analysis is significant to provide further insights into the impact of hardware
impairments on the network performance. It can also be used to verify the correctness of the exact
analysis. In this section, the asymptotic outage probability and SER at the high SNR regime are going
to be derived rigorously.

3.4.1. Outage Probability

As the P/ Ny approaches infinity, it is obvious to see that the SNR in Equation (9) is asymptotically
equal to

,)/oo: XZ _ XZ
V7 aXo +aXy  a(Xi + X))

(20)
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and, similarly,

X1

a(X1+ X)’ @b

72 =
where a = 2 + k2(1 + «2).
By using the similar approach as in the exact analysis of outage probability, we can get the results
as stated in the following theorem.

Theorem 3 (Outage probability—Asymptotic form). The asymptotic outage probability and achievable
throughput for node Sy of the proposed half-duplex bidirectional wireless sensor network using time-switching
energy harvesting strategy over a Rician fading channel can be provided as

© oo | KlJrkC gm r(m+k+1)
PR =1-ge % —12 " (22)
out-t o zg(:)kg(:)mzzlo (@) (GoaFuy + Ga)m kst
and L
R §1R€ 2K oo oo K+€C7ﬂ F(Tfl—l—k—i—l)
02 01— — 12 " , 23
( ui1)7 = g’ ; Z;‘ Itm! (k1) (@) (Loayen + Q1) ket *)

Vih

wherea = x> +x2(1+x2),b = L) o= (42 Gi=52 9 = i, and T(-) is the complete Gamma

P/a2 ’ yP/o?’
function, which is defined by T (z fo Z=le=*dy.

Proof of Theorem 3. See Appendix C. O

3.4.2. SER Analysis

As P/ Ny approaches infinity, the symbol-error-rate at node S; becomes

wVo T e
27 ) o

where F3° (x) is the CDF of 1 as P/ Np goes to infinity.
The result of our asymptotic SER analysis is presented in Theorem 4.

SERY = (x)dx, (24)

Theorem 4 (SER—Asymptotic form). The asymptotic symbol error rate for node Sy of the proposed
half-duplex bidirectional wireless sensor network using a time-switching energy harvesting strategy over
a Rician fading channel can be provided as the following:

o Ifdy1 =
w
SERT’ = _
2
_ 2V e 2K Z Z ZI: lHi k+1 Kl+k€11c€5nam+v(_1)vr(m +k+1)7 (m+v+1 Q) | (25)
1=0k=0m=00v=0 Z[m!(k!)2€T+19m+v+% 2’ a
o Ifd1 # G

k+1 oo

seny =5 - S0 EF LR E ok -ar (417

=0k=0m=0v=0 p=0
K1+k§m m+v+p( 1) (m+k+1)
l'm'(k') |§m+P+19m+v+p+1

16
'y<m+v+p+2,a), (26)
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— 242 2y p = () o () o K+l 4 -
where a = k* + k£ (1+ %), b = 5 €= wp/giz,gl = AT = 1o, T(+) is the complete Gamma

function, (-, -) is the incomplete Gamma function, and (-)p is the Pochhammer symbol.

Proof of Theorem 4. See Appendix D. [

3.5. Optimal Time-Switching Factor

It is not difficult to learn that there is always a trade-off between the amount of energy used for
transmission and the duration of the transmission in the considered protocol. Specifically, if more
time is allocated for energy harvesting, a higher available transmission power can be obtained, which
may lead to a higher throughput. However, at the same time, less time resources are left for signal
transmission, which may lead to the decrease of the transmission rate. Hence, there exists an optimal
time-switching factor a* that provides the best throughput performance.

Given the throughput expression obtained in Equation (16), the optimal time switching can
be obtained by solving Equation dzi—gf‘) = 0. However, due to the complicated infinite series
and Bessel function in each throughput expression, this optimization problem can hardly admit
a closed-form solution.

Here, we apply an iterative algorithm to solve this problem numerically. In particular, the
Golden section search algorithm, which has been used in many global optimization problems in
communications (for example, in [35]), is chosen for this work. For a detailed algorithm as well as its
related theory, please refer to [36].

4. Numerical Results and Discussion

For the purpose of validation, the correctness of the derived outage probability and SER
expressions as well as investigation of the effect of various parameters on the system performance,
a set of Monte Carlo simulations are conducted and presented in this section. For each simulation,
we first provide the graphs of the outage probability and throughput obtained by the analytical
formulas. Secondly, we plot the same outage probability and throughput curves that result from
Monte Carlo simulation. To do this, we generate 10° random samples of each channel gain, which
are Rician distributed. Using these random samples, the SNR at destination node S; is calculated
and compared with the threshold value y. The outage probability occurs if this SNR falls below the
threshold. By taking the number of cases that SNR < +y divided by the number of samples, we can
estimate the outage probability and then the throughput of system. The analytical curve and the
simulation one should match together to verify the correctness of our analysis.

The hardware impairment parameters are chosen as ¥ = x, = 0.1. The ideal hardware impairment
situation (x = %, = 0) is also considered as a benchmark performance for simulation. The channel
gains are considered as Rician fading with A; = A, = 0.5 and with the Rician K-factors equal to 3 for
both channels. The transmit power are set to the same value P; = P, = P for both two sources, so that
the ratio P/ Ny varies in the range from 0 to 50 dB. The energy harvesting efficiency is set to be 0.7.
The source transmission rate is chosen as 1.5 bps/Hz. From the Shannon’s theorem on capacity of the
channel, we can calculate the SNR threshold as ¢ = 22R — 1. All simulation parameters are listed in
Table 1.
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Table 1. Simulation parameters.

Symbol Parameter Names Values

n Energy harvesting efficiency 0.7

M Mean of |g1|? 0.5

Ay Mean of |g,|? 0.5

K Rician K-factor 3

P/ Ny Source-power-to-noise ratio ~ 0-50 dB
K=Ky Hardware impairment levels 0, 0.15, 0.25
R Source transmission rate 1.5bps/Hz

4.1. Effects of Various Parameters on the System Performance

Figures 3 and 4 show the effect of P/ Ny on the outage probability and throughput of the proposed
system, respectively. For this simulation, the utilized parameter settings are: x = x, = 0.10r0.2,& = 0.5
and #7 = 0.7. We choose & = 0.5 to consider the case that the duration of energy harvesting and the
duration of transmission are balanced. The case x = 0 (no hardware impairment) is also introduced
for comparison. The first observation is that the outage probability and throughput obtained from
mathematical analysis match with the corresponding Monte Carlo simulations. Regarding the effect
of x, the outage probability decreases and the throughput increases as x varies from 0 to 0.2. When
P/ Nj increases, the outage probability and throughput approach the corresponding asymptotic values
obtained from analysis. Furthermore, the lower the value of «, the faster the outage probability and
throughput converge to their asymptotic values.

Outage probability of system versus P/No

Dor
0a8r[
0.7
=
B 06T e
0
o L #  Analysis - perfect hardware
3 0.5 = = = Asymplotic - perfect hardware
= ©  Analysis with = 0.1
=1 0.4 — A symptotic with < = 0.1
o ©  Analysis with « = 0.2
03F N g | =———- Asymplotic with x = 0.2
Monter Carlo simulation
02
D1

o

0 5 0 15 20 25 30 35 40 45 50
PiNo

Figure 3. Outage probability versus P/ Np.

The effect of hardware impairment level on the outage probability and the achievable throughput
at each node is presented more thoroughly in Figures 5 and 6. Here, P/Nj is set at 20 dB and the
transmission rate is fixed at 1.5 bps. Three values of « are chosen: 0.2, 0.5, and 0.8, corresponding to
three cases: the energy harvesting duration is dominant, there is a balance between energy harvesting
and information transmission, and the information transmission duration is dominant.
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Throughput of system versus P/Ny
0.4 . : : : : . : : :

0.35 F

#  Analysis-perfect hardware
= = = Asymptotic - perfect hardware
€ Analysis with = 0.1
Asymptotic with = 0.1
©  Analysis with x = 0.2
----- Asymptotic with < = 0.2
Mante Carlo Simulation

0.25

Throughput (bits/s/Hz)
=}
%]

] i Bocoaa | 1 1 1 1 1
o 5 10 15 20 25 30 35 40 45 50

P/Ng (dB)
Figure 4. Achievable throughput versus P/Nj.

Again, it is observed that the exact-form expressions of outage probability and throughput
obtained by the analysis coincide with the ones that are obtained by Monte Carlo simulations. From
the numerical results, it is evident that the achievable throughput decreases and the outage probability
increases significantly at each destination node when the impairment level x increases. In addition, the
outage probability tends to reduce at higher time-switching factor. This can be explained because the
larger value of « means more power is used for data transmission. However, this doesn’t mean that
the throughput is better for larger a. In Figure 6, the throughput performance is improved when «
increases from 0.2 to 0.5, but then degraded when « increases from 0.5 to 0.8.

Outage Probability versus « with P/No = 20 dB
12 . . : . .

Outage probability

#  Analysis with n=0.2
& Analysis with a=0.5
£ Analysis with =08
Monte Carlo simulation

] 0.05 0.1 0.15 0.2 0.25 0.3

P e e o
172 'r

Figure 5. Outage probability versus «.
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Throughput of AF system versus « with P/No = 20 dB
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Figure 6. Achievable throughput versus x.

Figures 7 and 8 illustrate more clearly the effect of time-switching factor on the outage and
throughput performance. In this simulation, the parameters are chosen as 7 = 0.7 and P/ Ny = 20 dB
(this value is chosen because it is in the middle range of P/ Np). The transmission rate varies among
three values: 0.5 bps/Hz, 1 bps/Hz and 1.5 bps/Hz, while the time-switching factor varies in the
range (0,1). The results confirm what we mentioned just above. There should be a unique value of «
that maximizes the throughput. This is because, when we increase « initially, there is more power used
for transmission, so the outage probability is reduced and the throughput increases correspondingly.
However, when « keeps increasing, the duration of transmission is also reduced, hence, less data is
transmitted during a given time interval. As a result, the throughput performance becomes worse.

Ll 0.15

¥ Analysis with R = 1.5 bps/Hz

& Analysis with R = 1 bps/Hz
Analysis with R = 0.5 bps/Hz

Monte carlo simulation

Outage Probability versus cx with P/No= 20 dB and «,=x

-

=
w

=
w

Qutage probability
© = o ©
=S [4)] [=] -

=
w

02

017

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 7. Outage probability versus a.
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Achievable throughput versus o: with P/No = 20 dB and x,=x,=x = = 0.15
0.25 . : : : :

#  Analysis with R = 1.5 bpsiHz
Q  Analysis with R = 1 bps/Hz

O Analysis with R = 0.5 bps/Hz
Mante carlo simulation

0.2

=
.
3]

Throughput (bps/Hz)
=]

0.05

] 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

¥

Figure 8. Achievable throughput versus «.

4.2. Effect of Various Parameters on SER

The purpose of the following simulations is to confirm the correctness of the SER formulas
provided in the analysis. First, Figure 9 presents the effect of the hardware impairment level on the
SER performance. In this simulation, the time-switching factor is chosen as & = 0.5 with the same
reason as in Section 4.1, the transmission rate is fixed at 1 bps/Hz, and the ratio P/ Ny varies in the
range from 0 dB to 40 dB. From the results, it is showed that SER decreases to the asymptotic value
when the ratio Ps /Ny increases. The Monte Carlo simulation curves overlap with the corresponding
analysis curves. This confirms the validity of our analysis. When the hardware impairment level
goes higher, the SER also has a larger value, as expected. Furthermore, the SER performance of the
QPSK scheme is better than the one of the BPSK scheme in the same simulation condition. This can
be explained because the QPSK modulation scheme can transmit two bits in one symbol while the
BPSK scheme can only transmit one bit per symbol. Hence, if we have the same constraint on the
transmission rate for both methods, the required SNR for maintaining good communication would be
smaller for the QPSK method. As a result, the outage probability and the SER for QPSK modulation
would be smaller than the ones of BPSK.

In a similar way, the influence of the time-switching factor on the symbol-error-rate at the
destination node is illustrated in Figure 10. The simulation parameters are ¥ = 0.1, R = 1 bps/Hz, and
P /Ny varies from 0 dB to 40 dB. Again, the simulation curves match perfectly with the corresponding
analysis curves. The SER tends to approach its asymptotic value, and QPSK modulation still provides
the better SER performance than BPSK for both values of a. Note that, for this simulation, the
asymptotic values do not depend on the time-switching factor . However, a surely has an effect on
the immediate value of SER. In fact, the SER performance should be better with the value of « that is in
the middle of its range. For example, in Figure 10, the SER value for « = 0.5 is less than the one with
« = 0.2. The explanation is the same as the case of Figure 8.
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Symbol-error-rate versus P/Nog
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Figure 9. Effect of x and modulation scheme on SER.
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Figure 10. Effect of « and modulation scheme on SER.

4.3. Optimal Time-Switching Factor

14 of 22

As mentioned in Section 3, the optimal time-switching factor to maximize the achievable
throughput of the considered system can be found numerically by using an iterative algorithm
such as the golden section search method [36]. Figure 11 plots the optimal value & for various values

of the ratio P/ Ny at different hardware impairment levels.
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Optimal time switching factor versus P/Ny with rate 1 bps/Hz
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Figure 11. Effect of « and modulation scheme on SER.

It can be observed that the optimal time-switching factor decreases as the ratio P/ Ny increases.
This is because, for large P/ N, the outage probability tends to reduce, so it is not necessary to use a
large amount of energy to transmit data. Reversely, we need to spend more time resources to increase
the throughput of the system.

On the other hand, we can learn from this simulation that the optimal « does not change much
for different hardware impairment levels. Especially, for small «, the value of a* is nearly the same as
the one for a perfect hardware case.

5. Conclusions

Recent development in wireless sensor networks have led to an exponential growth of the energy
demand for operating the networks, which raises a question about how to efficiently use the available
energy in the wireless environment. This paper rigorously analyzes the performance of a half-duplex
AF bidirectional sensor network in which the relay node is equipped with time-switching-based
energy harvesting protocol. The channel considered in this paper is a Rician fading channel. We also
take into account the hardware impairment at source and relay nodes. We derive both exact and
asymptotic forms of the outage probability, achievable throughput, as well as the symbol-error-rate at
each destination node. The analysis results are validated by Monte Carlo simulation. From the results
of this work, we can gain an insightful understanding of the effect of various parameters on the system
performance. Furthermore, the optimal time-switching factor (i.e., the best energy harvesting strategy)
is also founded by numerical algorithms.
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Abbreviations
The following abbreviations are used in this manuscript:
AF amplify-and-forward

AWGN  additive white Gaussian noise
BPSK binary phase shift keying

CDF cumulative distribution function
EH energy harvesting
1I/Q In-phase/Quadrature

LOS line-of-sight
PDF probability density function

PS power splitting

QPSK quadrature phase shift keying

RF radio frequency

RV random variable

SER symbol-error-rate

SNR signal-to-noise ratio

SWIPT  simultaneous wireless information and power transfer
TS time switching

TWRN  two-way relay network

WSN wireless sensor network

Appendix A. Proof of Theorem 1

In this section, the detailed proof of Theorem 1 is provided. Without loss of generality, we can
consider the node S; only. From Equation (14), we can fix X; at some value x; and compute the
probability in Equation (14) in terms of x1. Then, we take the average of the obtained function with
respect to the distribution of X; to get the outage probability. Using this approach, Equation (14) can
be rewritten as

x 2
Yenx1a + Yinx1b + yie
Poyt 1 = /FXZ ( 1X1 e fx, (x1)dxq. (A1)
0
2
Let us denote ¥, = 1_7;’%. Then, we have %’W = (xla +4+ b). Now,

Equation (A1) can be rewritten as

= (k) T a2

I+k 7m ~m N B
K g2 ryth <X1ﬂ + xi + b) engIYIlz (X1H+H+b) (§1X1)k67€1x1dx1.
1

1=0 k=0 m=0 l!m!(k!)z

m

; )xm”y" and letting &1 = e 2Ke=0e27m

By applying the formula (x +y)" = g (
n=0

we obtain:
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R0 o I+k mm
Py 1=1 —(;‘12/12 2 Z KRz 'Yth Z (r) (x1a)"" ( +b) @2’7m(x1ﬂ+ )(C1X1) e~ gy,

om0 1tm! (k) =h

0
[ b o Kk an P (e s
=1 —gu/ 2 #x m—n+k Z <L> ppe (10 %) -t g,
1=0 k=0 m=0n=0 l"’l'( ) (k') p=0 \P X1

(A3)

krk
Zl: i i K+ s é’m,ymam nppci—p . m—2n+k+P87§2r~y”’(xlﬂ+ﬁ)g_€lxldx1
m=0n=0p=0 l'p!(n — p)!(m —n N(k)?
I4+k 7k 7m 5, — - %
Z i i S U /x m—2n+k+p€*(§1+11§2’Ym)3€1*§2’7mﬁdxl.
0 m=01=0 p=0 I'p!(n — p)!(m — n)!(k))*

=1-2¢n

[==l

k

Il
=)
Il
o

=1-2¢n

Mg ::;\8 o
ngk
ngh

(agh

0

_
Il
Il

Now, by letting {10 = {; + alo¥y, and using Equation (3.471.9) in [32], we obtain the

outage probability:
© oo | m n Kl+k€k€m,?n;lﬂmfnbpcnfp ZoFne %’W
Poup1=1-3812) ). Y. Y ! 52 < ! ) Kin—on+pri+1 (2\/ Clzéz’hhﬁ)
1=0 k=0 m=0n=0 p=0 I'P ( p)'(m — n)'(k') §12
3m—2n+p+k+1 _ mfp+k+1 (A4)
a

! n g+ 5 m—npp .
=1- 2@'122 Z Z Z Z é (éz%h) m— 211+p+k+‘1 Km72n+p+k+l (2\/ 512€27thc) ’

1=0 k=0 m=0 n=0 p=0 l!p.(l’lfp)'( ) (k')zélz
where K, (-) is the v"-order modified Bessel function of the second kind.

Appendix B. Proof of Theorem 2

Again, without loss of generality, we can only consider the case i = 1 (the SER at node 1).

Obviously, the CDF of the SNR at node S;, denoted by F,, (x), is the outage probability at S; when the
threshold SNR is equal to x. Thus, it can be written as

X2a +xX1b 1
oD ¢ Pr<X2<x 1;+x;{+xc>’ if x < =
Fy,(x) = Pr 22 <x|= 1= x&a " (a5)
X1X2ﬂ+X1ﬂ+X1b+C 1
1, if x > -
a’
Then, we can substitute Equation (A5) into Equation (19) to get
seRy = 90 [€F (e = w [ i Y [ (A6)
2ym ) f 2ym ) f Z\F f
By using the results from the previous version, the CDF F,, (x) for x < 1/a is given by
n Kl+kgk(€ ;); )3V1172n;p+k+1 am_nbpcmfp;lﬁrl
F’Yl( ) =1- Zéle ZK béz’yrhz Z Z 2 Z Lo ~ m—2n+p+k+1
=0k=0m=0n=0p=0 llp!(n — p)!(m — m){(k)2 ({1 +alo¥m) — 2 (A7)

X Ky —on+p+k+1 (2\/@1 + ﬂ§2’7th)§2’7thc) .

Let us denote Z(x) £ 1 — F,, (x). Then, Equation (A6) can be rewritten as



Sensors 2018, 18, 1781 18 of 22

) (o) 1/!1
w0 e 0x w60 e 0x wVoe et w60 e 0x
SER — 1-=2 d —_— d :—/ dx — —— E(x)d
1 zﬁoﬁ{ (x)} +2f1 N N AV L w, 3 v
/a1 0 0 (A8)
w  w 91/[1 —Ox
= - — — E(x)d
PR N INE: (x)dx

Then, Equation (19) can be obtained by substituting Z(x) = 1 — F,, (x) and Equation (A7) into
Equation (18).

Appendix C. Proof of Theorem 3

[ 1
The PDF of the random variable X; is given by fx,(x) = e Xy @xle_w . Hence, the

= )
asymptotic outage probability at node S; can be written as
0 ) X a’)/thxl
P =P =Pr| —- =Pr(X
out_1 r(77 < Tin) r <X1 X < ﬂ’m) r < 2< 7T o
AYthX1
= [ F d
/ X» <1_a,m>f (x1)dx
0
« o I glym B 0 K k
_ 1_/6—K2 y ygz' (ayrr)"e G 7K Y (G ; om0 gy
0 i=om=0 " k=0 (
R o o Kl+k€k€m B
=1 7€1e_2K/2 Z Z I l(];)z (a"?thxl)me_gza%hﬁxll{e_glﬁdxl
1=0k=0m=0 +'m:(k:
0
o o 1 gltkgkym 7 }
=1 _glg_ZKZ Z | 'gklg m/x mtk o= (C20Tm i) gy,
1=0k=0m=0 1!m!(
0

Using the Formula (3.381.4) in [32], we obtain the asymptotic formula:

K’*kgkgm T(m+k+1)

m
(@) (G2aFy + Ga)mHkHL’

(A9)

o oo |
P = 1-he ¥R Yy SE

where I'(+) is the complete gamma function.
The asymptotic throughput can be obtained by substituting Equation (A9) into the definitive
formula of the throughput.

Appendix D. Proof of Theorem 4
The CDF of ; as high SNR regime can be written as

X
Pr<X2< ax 1>, if x <
ax

X _
Fye(x) =Pr(7f" <x) =Pr (2 < x) = 1

A10
aX, + Cle ( )
1, if x >

Q= m\»—\

Now, we can rewrite the formula of SER by substituting Equation (A10) into Equation (24)
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1/u

w\f

wVe T e w6
2V | f

SERS = 27 f * (x)dx = F°°( )dx +

X (A11)
fo xf i

For x < 1 , we can apply the result of Theorem 3 with ¥y (x) to get

_1ux

I+k m
E(x) = Pr(7f° <x)_1_gle—2KZZZK éléz (@3 (o))" LR+ D)

=0T m=o Ltm!(k1)? [CoaF i (x) + Ca]mrhet
e @ Kl+ké-k€m m m(l—ax)kJrlr(m—&—k—Fl)
1 2K
Sl z;o;;)r;o (G2 = Gu)ax + gy
ok © k+1 K’*"g’{g'z”a"’*”(—1)”xm+”1"(m+k+1)
=1-0e ) ), Z ( ) It (K2[(Zo — G )ax + ]k

1=0k=0m=00
oK o co | k+1 K1+k€gzam+v(_1)vxm+vr(m_|_k+1)
=1-1e ) ) Z - Tt kn2gm L [1 4 (G—tax Mk
! (k)21 (14 (G falex]

(A12)

1=0k=0m=00v

The aymptotic SER is now obtained by substituting Equation (A12) into Equation (A11):

0
VO, & k10 g1 KHkC]l‘g'av*k*l(—l)vr(m+k+1) T o= —0x gy
Gre Z Z Z 1! (k)2 (2, — gq )mk+T c m+k+1 (A13)
0 |x+ 7 }
[ (G201

g 2K i i i kil < k+1 > KIHRgkgmar=*=1(—1)°T(m + k + 1) 1/” XM= h 0%y
w_ > .
l!m!(k!)z(gfz — Cl)m+k+1 4 m+k+1

1=0k=0m=00=0 5 [er(gz 1&)}

We consider three cases:

Case 1: ¢, = (1.

Equation (A13) can be rewritten as

o w wV o _2K had k +1 Kl+k€k€£num+v(_1)vr(m + k + 1) m 077 79}
SERY = — — G1e 2 2 2 Z ( > ! l!m!(k!)zqwl / " dx (A14)
0

co | k41 Kl+kkmm+v 1 vr k+1
“5 st R R R () T e (e 3),

Itm! (k1)2gp 2'a

where 7 (a,z) £ foz e~'#*~1dt is the incomplete gamma function as defined in Equation (8.350.1) in [32]
and the last equality comes from the Formula (3.381.1) in [32].

Case 2: ¢y < (7.

For all x € [0, } we have x < ¢ [;16_1 - Hence, we can apply the Taylor’s series expansion of

1
—————asin [37]:
[1 @ %?)M] m+k+1 [ ]

1 _ k1), [(61 —Cz)ﬂxr, (A15)

[1— ] mHeEL = p! 1

¢1
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where (-), is the Pochhammer symbol, which is defined as

1, ifp=0,
A{ nld (A16)

(), = ala+1)..(a+p—1), ifp#0.

Now, we can obtain the following equation by substituting Equation (A15) into Equation (A13)

and applying (3.381.1) in [32]:

SERY = =
1
2y 1=0 k=0 m=0v=0 v Itm!(k!)? (gz_gl m+k+1 ) x+ o g) ]Wkﬂ
2761
@ oVt g (R ) K ) T k) / N T
=5 1
2 2w 1=0 k=0 m=0v=0 v Itm! (k)21 / [1+ w]mwﬂ
1
w wVo B o oo | k+1 k+1 Kl+k mam+v(_q ”Fm+k+1
T | L i el
v 1=0 k=0 m=0v=0 v lim!(k!)2Z}
1/a o
> /xmwtvf%efﬁx Z (m+k+1)p |:(§1 *Cz)ax:|pdx (A17)
0 p=0 p! 1
w  wvVe o | ktl o k+1 \ KFkgmamtotp(—1)°T (m + k + 1)
5~ 5=t (m+k+1), (&1 — &) 2
2 Zﬁ Igokgomgm):o;r;) ! 4 Z!M!(k!)zp!§’1n+p+1

1
% /xm+v+p77679xdx

o
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m+p+1 1
1=0 k=0 m=0 v=0 p=0 [ l!m!(k!)zplgl P gm+vtp+s

X m+v+ +1€
i pPr52)

Case 3: {» > (1.

1

Using the same approach as in Case 2, with the Taylor’s series expansion W =
143828
&

& - p
Yy (=17 (mH;'H) {@2 gl)”x} , we get the following result:
p=0
k+1 oo
w _ k+1
[=0 k=0 m=00=0 p= v
Kl+k mam+o+p(_1\°T m+k+1 16
tpa n(1+ J)rl ( )'y<m+v+p+,). (A18)
l!m!(k!) |§ p 9m+v+p+2 2°a
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