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We investigate the system performance of a two-way amplify-and-forward (AF) energy harvesting relay network over the Rician
fading environment. For details, the delay-limited (DL) and delay-tolerant (DT) transmission modes are proposed and investigated
when both energy and information are transferred between the source node and the destination node via a relay node. In the
first stage, the analytical expressions of the achievable throughput, ergodic capacity, the outage probability, and symbol error ratio
(SER) were proposed, analyzed, and demonstrated. After that, the closed-form expressions for the system performance are studied
in connection with all system parameters. Moreover, the analytical results are also demonstrated by Monte Carlo simulation in
comparison with the closed-form expressions. Finally, the research results show that the analytical and the simulation results agree

well with each other in all system parameters.

1. Introduction

In the last decades, the Internet of Things (IoT) is a too
hot research area over the world. With its potential to
significantly influence all aspects of our daily lives, IoT
is expected to have a significant impact on businesses by
automating some processes and improving the control of
many environment variables [1-6]. However, the large-scale
realization of IoT is not easy, and numerous challenges need
to be overcome before this concept is widely accepted. Energy
limitation is the most significant problem in IoT technology
revolution for long-term operation of wireless networks. In
the beginning, this problem is solved by prolonging the
lifetime or by battery recharging/replacement, which may
not always be a perspective and practical solution for the
wireless networks. In the last few years, energy harvesting
has been considered as a prospective solution for prolonging
the lifetime of wireless devices and a promising technique

for IoT shortly. The sources for energy harvesting are an
extensive range such as solar, wind, radio frequency (RF), and
vibration. However, RF energy harvesting provides critical
advantages over other energy collection methods due to
its predictable and stable nature, small form factor, and
low cost. The wireless powered communication network
(WPCN), where network devices harvest energy from the
signals transmitted by RF energy sources in the first step and
then utilize this harvested energy for their communication
needs, is the primary direction in the RF energy harvesting.
In the last decade, many research papers focused on the
WPCN and how to improve its efficiency. This concept of
a tradeoff between EH and information transmission in
WPCN was proposed and investigated in [7] and extended
in [8]. Moreover, the concept of partial network level coop-
eration for EH networks was presented in detail in [9], and
in [10] wireless EH and information transfer in cognitive
relay networks was intensely analyzed. From this point of
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view, a wireless powered communication network (WPCN)
with RF energy harvesting is the hot research area in tour
decade.

In WPCN, the two traditional time switching (TSP)
and power splitting (PSP) protocols have been intensively
studied in the literature, and many from these studies have
compared the system performance of the two protocols under
different scenarios [11-15]. From these studies, the TSP and
PSP protocols have some drawbacks; for instance, TSP has
to lose some information while it switches to the harvesting
mode and PSP has a low coverage area. Furthermore, PSP
requires a complicated hardware structure to make sure that
a proper portion of energy from source signal is extracted
for energy harvesting. In contrast, TSP can simplify the
hardware at the expense of the throughput or achievable rate
of the system. Based on the fact that both TSP and PSP
protocols have their drawbacks, the prospective idea is to
combine these two protocols to get the best out of them. This
solution can be obtained in this paper by using an adaptive
relaying protocol. Also, the adaptive relaying network is
investigated for the two-way half-duplex system over the
Rician fading channel. This model is more used in practice
in comparison with the widespread Raleigh fading channel
[16-20]

In this paper, the system performance (in terms of the
achievable throughput, ergodic capacity, the outage probabil-
ity, and symbol errors ratio (SER) of a two-way amplify-and-
forward (AF) adaptive relaying network over Rician fading
channel) is investigated in detail. In this model, the energy
and information are transferred between the destination
node and source node via relay node by DL and DT trans-
mission modes. In the first step, the analytical mathematical
expressions of the achievable throughput, outage probability,
ergodic capacity, and SER were proposed and demonstrated
forboth DL and DT transmission modes. In the first stage, the
analytical expressions of the achievable throughput, ergodic
capacity, the outage probability, and symbol error ratio (SER)
were proposed, analyzed, and demonstrated. After that, the
closed-form expressions for the system performance are
studied in connection with all system parameters. Moreover,
the analytical results are also demonstrated by Monte Carlo
simulation in comparison with the closed-form expressions.
Finally, the research results show that the analytical and the
simulation results agree well with each other in all system
parameters.

The research results provided the practical solution for
the progress of the WPCN in the near future. The main
contributions are summarized as follows:

(1) The system model of the adaptive relaying network
for the two-way half-duplex system over the Rician fading
channel is proposed in both DT and DL transmission modes.

(2) The closed-form expressions of the outage probability,
achievable throughput, ergodic capacity, and especially SER
of the system model for the DL and DT transmission modes
are proposed and derived.

(3) Use Monte Carlo simulation to clear the analysis
results and compare the system performance of all TS, PS, and
adaptive protocols.
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FIGURE 2: The energy harvesting and information processing by the
adaptive relaying protocol.

The structure of the remainder of this paper is pro-
posed as follows. Section 2 shows the system model of
two-way AR adaptive relaying network over Rician fading
channel in both DT and DL transmission modes. Section 3
proposed the system performance of the model system in
detail. Section 4 presents the numerical results and some
discussions. Finally, conclusions of the paper are proposed in
Section 5.

2. System Model

In this section, amplify-and-forward (AF) adaptive relaying
protocol for two-way half-duplex system network over Rician
fading channel is presented in Figure 1. In Figure 1, the
information and energy are transferred between the sources
(SL, 82) and the relay (R) in two-way with the half-duplex
system. The energy harvesting and information processing of
the adaptive relaying network are proposed in Figure 2. The
all-time interval for the energy harvesting and information
processing is denoted by T, which is divided into three
intervals. The first portion of time «T is used for energy
harvesting at R from the sources S1 and S2. In the second
interval, whose length is (1 — «)T'/2, the source signal is
divided into two streams. During this interval, a fraction of
the power pPj is used for energy harvesting from the sources
Sl and S2 signal by the relay node, and a fraction (1 — p)P; is
used for decoding the information signal sent from the source
nodes. The remaining interval of the length (1 —«)T'/2 is used
for information forwarding from the relay to the destination
nodes Sl and S2. Obviously,0 <« < 1and0 < p < 1.Ifax = 0,
this scheme becomes PSP. If p = 0, then it becomes the TSP
protocol.

2.1. Energy Harvesting. In the energy harvesting phase at
the relay node, the received signal at the relay node can be
calculated as
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Vr = glxsl + gszz +n,. (1)
In this equation, x, , is the energy-transmitted signal

from sources S1 and S2 with Eflx, [} = Eflx,, RE P, andn,
is the zero-mean additive white Gaussian noise (AWGN) with
variance N,,. Here E{-} denotes the expectation operation, and
g1 9, are the Rician distribution factors.

The energy harvested at the relay node is the combination
of two components: the first one is the received energy during
the first interval T (from TSR protocol), while the second
one comes from the PSR interval (1 — «)T/2. The amount of
harvested energy can be calculated as

Er = (nocps |gl|2 + naps |92|2> ol

1-a)T
+ (PP larl* + nppP gl ) = @)
np(l-—a)T
= gl + (Ps |91|2 + Py |92|2)’

where 7, 77,, represent the EH efficiency of the two stages, TS
and PS, respectively, 0 <7, < 1,and 0 <7, < 1.
Finally, the received power at the relay node can be
computed as
P = E
T (1-a)T/2

~ [nath +1,p (1~ a) T/2] (PS |9y |2 +P, |g2|2)
- (1-a)T/2 3)

3 [ 21,0

2 2
T np] (Blai 4P aal)

Pr :K(Ps |g1|2+Ps |g2|2)’

where we denote k = [217,a/(1 — &) + npp].

2.2. Information Transmission. In this subsection, the infor-
mation transmission phase is considered. This interval time
is divided into two subintervals. In the first interval, the
received signal at the relay can be expressed as

Yr=V1 —PGiXs TN 1 — PG Xs, T 1y (4)

where #, denotes the AWGN noise at the relay node.

In research model, the amplify-and-forward protocol is
used. Moreover, the received signal at relay node (which is
amplified by a factor f) is proposed by

p="r= & 5)
Vr (1—p)Ps(|g1|2+|g2|2)+N0

During the second interval, the sources S1 and S2 are
receiving the forwarded signal from the relay. Now, because
of the symmetry of S1 and S2, we first provide the expression
of y, for the source S1. The received signal at the source S1 is
given by

)1 = g% T 1y (6)

Here n, is the additive white Gaussian noise (AWGN) at
S, with zero mean and variance N,. Substituting (4) in (6),
(6) could be changed to

N =agix, tn =gy, +m

= g B[NT = pgix,, + 1= payx, +n,]+ny.

In (7) S1 wants to extract S2 from y,. Since it knows
its own transmitted symbol S1, it can perfectly eliminate the
corresponding self-interference term f+/1 — p| g1|2x51. After
that, we have

7)

n = g1V - pgoxg, + gifn, + 1y (8)
signal noise

Now, the end-to-end signal-to-noise ratio (SNR) at the
source node S1 can be calculated by

~ E{|signal|2} B

n= E{lnoise|2} N

B (1-p)|al’ o] P.
B |91|2 Ny + Ny

9
L 9)
_ (I_P)|91| |£72| Py

|91|21\]0+1\]o/ﬁ2

Replacing 3 and P, in (9) we have

"

_ (1-p)|a|* |a:]" P.
|91|2 Ny + N, [(1 -p) P, (lgllz + |92|2) + No] /P, (10)

_ (-plalllr
|91|2N0 + Ny (1-p)/x+ Ng/P,

Because N, < P, and we denote y, = P,/N,, (10) can be
reduced to

__(-p)lallal P
|91|2 Ny + Ny (1-p)/x

1

2 2 (1)
_ (I_P) |91| Igzl Yo
lgu|” + (1= p) /e
1-—
o (1-p) 919,70 12)

o+ (1-p) /K

where ¢, = |g,1* and ¢, = |g,|*.
By the same way, the end-to-end signal-to-noise ratio of
7, at the source node S2 is also given by

_(1-p) ooy

S+ (1-p) )

Y2

More details of the analytical mathematical model for
delay-limited (DL) transmission and delay-tolerant (DT)
transmission modes of the two-way AF relaying system are
presented in the following sections [15-22].



3. The System Performance

Based on the system model on above section, the system
performance of the relay network is presented, analyzed, and
demonstrated for delay-limited (DL) transmission and delay-
tolerant (DT) transmission in detail in this section [7-12]. In
addition, the outage probability and throughput performance
of the proposed system for delay-limited transmission mode
and the ergodic capacity of the system for delay-tolerant
mode are proposed and derived.

3.1. Delay-Limited (DL) Transmission

3.1.1. Outage Probability. The probability density function
(PDF) of random variable (RV) ¢;, where i = 1,2, can be
calculated by [21]

Jo. (%)
_(K+1) e X R (SIVT I (B K(K+1)x (14)
Ai ’ A ,
where A; is the mean value of RV ¢,, where i = 1,2,

respectively. 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 zeroth order modified
Bessel function of the first kind.

Usinga = (K + l)e_K/Ai, b = (K+1)/A;, and [j(x) =
Yo x2 /221 (11)? [23], (14) can be rewritten as follows:

Z S (bK) obx (15)

f(pi (x) = Z >

The cumulative density function (CDF) of RV ¢;, where
i = 1,2, can be computed as in [22]. Here, we assume that
A=Ay

oco [ lym
F, (¢ = Jf(p(x)dx—l—gzsz Mgt (16)
1=0 m=0

Hence, the outage probability is determined by

Pout,l = Fyl (Yth) =Pr (yl < yth)
_P<U—M%%% ) (17)
=Pr| ——<"— <y |

o+ (1-p)/x

Assume that the source transmits at a constant rate R. Let
Vi = 2% — 1 be the lower threshold for SNR at both relay and
source nodes. Then the outage probability can reformulate as

m

o0 00 1
Py =1- 2a* x e_byth/}/o(l—p)z Z z
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(o)
Pouer = Jo Pr (4’2 <

1Y + v (1= p) /K) )
| ¢

P19 (1= p)
’ f(pl ((Pl) d‘Pl
(18)
_ JOOF <<th+m((1 —p)/K)>
o ” P17 (1-p)
’ f(p1 ((Pl)dq)l
Combining (18) with (15) and (16) we have
Pout,l =1
r"aii @+ v (1=p) /5) 1"
b5 'm! o170 (1-p)
(19)
x e‘h[‘PlVm*‘%h((l—P)/K)/‘Pﬂ’o(l—P)]
3 ! _b(Pl
Zo (102 ey,
Pout,l =1
oY) 2 00 0 Kl+kbm+k m
J Z Z Z Yih . Yih (20)
l o koo m=ol!m! (k!) Yo(l=p)  Kko1%

N —bym/yo(1-p) N —bym/xp1 v, X q)k b(Plngl.

Now by applying the equation (x + y)" =
Yo (M x™™y" to (20), the outage probability can be
demonstrated as follows:

iK1+kbm+k Z <m>< 1 )mfn
Gmsoltm! (k1) ypr i\ n ) \1-p

1\ .
: <7> &MU o okt o e

2

0 ;2 00
Poua :1_.[0 ;Z

1=0k:

[\/]8

Ky
o o1og (1)
Ttk mtk—
o ralr(i-p ii i i Kyl

Sl (m—m)! (k1) yr (1= p)™ "

Il
o

o
x J ‘Plffn x ¢ Dralkovo o b do,.
0

Using table of integrals equation [3.471,9] in [23], (22) can
reformulated as

I+kym+k-1
K™b Yih

l:()k:()m:()n:ol!n! (m - 1’1)' (k')z (1 - P)m

X kan+1 <2b\]11/;1 > >
0

m+(k-n+1)/2
N _(k+n+1)/2 x ( )
K Yo

(22)



Wireless Communications and Mobile Computing

where K, (+) is the modified Bessel function of the second kind
and vth order.

I m

In the same way, the outage probability at the source node
S2 is also given by

00 00
Poyo=1- 2a* x e‘h)’th/)'o(l—p)z Z z Z

S& 250 (m-n)! (k) (1 - p)" " kkentD)2

X Ki_pi1 <2b\]:;yh> .
0

3.1.2. Achievable Throughput. The achievable throughput at
the source nodes S1 and S2 can be computed by

R
TzPL:(l_Pout,-)XEX(l_(x)’ (24)
where i € (1,2).

3.2. Delay-Tolerant (DT) Transmission

3.2.1. Ergodic Capacity. In this model, the source transfers
at any target rate upper bounded by the ergodic capacity.

I m Kl+kbm+k—1

Kl+kbm+k—1 (yh )m+(kn+1)/2
t

Yo
(23)

Hence, the ergodic capacity is given by the following formu-
la:

Cl = Egl,gz {logz (1 + YI)}

Co= [ h twog, (e v)dre o

Yin-

_ijl—Fyl(m)d
In2 Jo 1+ Y

Using (22) we have

= In2 Jo {Za ZZ Z Zl!n! (m—mn)! (k1) (1 = p)™ " lkrmtD/2 (1 4y ) *

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

X Kipr1 <2b\/%’h>} dyip-
0

By the same way, the ergodic capacity of the source node
S2 is also given by

I m Kl+kbm+k—1

m+(k-n+1)/2
( Yt > % e brn/vo(1=p)
Yo

(26)

B L o0 200 o0
© =10 L {2‘1 222, Zl!n! (m—m)! (k1)* (1 = p)™ " wlktntD/2 (1 4 94) X

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

X Ki—pi1 <2b\j%}h )} AYip-
0

3.2.2. Achievable Throughput. The achievable throughput at
the source nodes SI and S2 can be computed by

T = ¢, x (1;“), (28)

where i € (1,2)

3.3. Symbol Error Ratio (SER) Analysis. In this section, the
expressions for the symbol error ratio (SER) at the sources S1
and S2 of the two-way AF relaying system are obtained. Thus,
we have SER equations as below [24]:

SER, = E [wQ(\/E)] (29)

m+(k—n+1)/2
< Yn ) % ¢ trn/1(l=p)
Yo

(27)

where i € (1,2) and Q(t) = (1/v2n) LOO e 2y s
the Gaussian Q-function; w and 6 are constants, which is
specific for modulation type. Here (w,0) = (1, 1) for BPSK
and (w,0) = (1,2) for QPSK. Before obtaining the SER
performance, the distribution function of y; is expected.
Then, the SER expression is given in (29) directly regarding
outage probability at the source by using integration, as
follows:

VO [® ¢ *
SER;, = —— F, dx,
i z\/ﬁL v bn (0 dx
, (30)
wVO [ e
SER, = —— ——F dx.
! zﬁjo Vi T (¥ dx

Replacing (29) in (32), we have
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Kl+k bm+k—1

m+(k-n+1)/2
X J—
! (m — n)! (k!)* (1 - p)™ " kD)2 (Yo >

(31)

Kl+k bm+k—1

SRy <2b\/ o
0

Here

N
N——
e ——

U

s

wVo JO" e 0x
I =—— —dx,
24/ Jo \/}

o0 K
L= J J@mon)2 (33)
0

% e—x[b/(l—P)}’o+9]Kk_n+l (zb\jﬁ) dx.
0

Using equation (3.361,1) in the table of integrals [23], we
have

X
— k
S5 im0t (m — ) (k1)? (1 — p)™ " wlkeensj2yme(kens)/2

(2m-n+k)/2

(32)

where T'(-) is the gamma function and W(-) is the Whittaker
function. After that, (35) can be formulated as

IZ
_ [ b N 0](2mn+k+1)/2 y \/K_'yo
(1-p)1o 2b

xl“(m+l)><l“(m—n+k+§>
2 2

(36)
y [ v’ (1-p) ]
exp
Ilzw_\/gx\/_gzﬂ (34) 2xb + 210 (1 - p) y,
2 A9 2
v’ (1-p)
Using equation (6.643,3) in table of integrals [23], XW_am-nski1)/2,(k-n+1)/2 k(b+0(1-p)yol |
—P)V
© —(1/2) —at at 1
J;) t” e KZV(Q.[;\/Z)dt—%r(‘M—‘V‘F E)
(35) Substituting (36) in (32), we have
1 3 i3
-T<y+v+5>exp Ey W = )
L w azw\/é oo | m Kl+kbm+k71 b o —-(2m-n+k+1)/2
SER, = E N NG X ZZ Z Z 2 M=1__(f1n11))2,m+(k—n+1)/2 X 1- +
R ES S m-n (k) (1-p)" "« % (1-p)7o
NG b*(1-
x KYO><F<m+l>xl“<m—n+k+§>xexp (1-p) (37)
2b 2 2 2xb +2x6 (1 - p) y,

X W_ o1 /2,(—n+1)/2 [ ol

b’ (1-p) ]
b+6(1-p)y} |

Finally, SER of the source Sl can be calculated by the
following equation:

8 _ azw\@

SER, =

Kl+k bm+k—2

— k,
5SS hnt (m - n)! (K1) (1 — p)™ " selkem/zymeom/2

b —(2m-n+k+1)/2 1
X [ + 6] xT <m + 7)
(1-p) % 2

et (momricn ) xep[ o U]

2xb + 2160 (1 - p) ¥,

b’ (1-p) ]

X W_amentier1) /2,12 [K B+001-p)]

(38)



Wireless Communications and Mobile Computing

TABLE 1: Simulation parameters.

Symbol Name Values
o =1 Energy harvesting efficiency 0.7

A Mean of |g,|* 1

A, Mean of |g,|* 1

K Rician K-factor 3

Vi SNR threshold 7
P./N, Source power to noise ratio 0-30dB
R Source rate 3 bit/s/Hz

In the same way as source S1, the SER of the source S2 can
be demonstrated as

azw\/a
2yn

X —n -
;,;mzo,;)zm! (m—m)! (k1)? (1 = p)" " selkem/2 g2
X [L +0
(1-p) 1o

xr(m—n+k+%)><exp[

SER, =

RS

1 Kl+k bm+k—2

]—(Zm—n+k+1)/2

xl"(m+%) (39)

v’ (1-p)
2xb +2x0 (1 - p) ¥,

b (1-p) }

X W_amontks1)/2,(k-n+1)/2 [m

4. Numerical Results and Discussion

In this research, we use the Monte Carlo simulation to
investigate the developed analysis in the previous section.
For simplicity, in our simulation model, we assume that
the source-relay and relay-destination distances are both
normalized to unit value. For the delay-limited transmis-
sion mode, the outage probability, achievable through-
put, and SER are analyzed in detail. On the other hand,
the outage probability, the ergodic capacity, and SER for
the delay-tolerant transmission mode are proposed and
demonstrated. The main simulation parameters are listed in
Table 1.

In Figures 3 and 4, the effect of the ratio on the achievable
throughput and the outage probability of the two-way AF
relay network system in adaptive relaying (AR), TS, and PS
protocols is presented. In this simulation, the DL transmis-
sion mode is considered and the ratio P,/N, varied from
0 to 30dB. For AR protocol, & and p are set to 0.5. From
this setting, the parameters for TS and PS protocols are set
accordingly to make sure that the information transmission
time is equal between 3 methods. From Figures 3 and 4, the
analytical and the simulation results match all possible values
of P,/N,, which confirms that our analysis is reasonable.
To be analyzed, the throughput increases and the outage
probability decreases when the value of P,/ N, increases from
0 to 30 dB. It is also observed that the AR protocol can give
better performance than PS protocol.

On the other hand, Figures 5 and 6 plot the influence
of the ratio P,/N, on the achievable throughput and the

P, of AF system versus P,/ N,
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DLT-TSP Simulation
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DLT-PSP Simulation

FIGURE 3: The outage probability of the DL transmission mode
versus P,/Nj.

ergodic capacity of the model system in the DT transmission
mode. Here, « and p are set to 0.5 and the ratio P,/N,
increased from 0 to 30 dB. The numerical results show that
the throughput and ergodic capacity significantly increased
with the increase in the ratio P,/ N,,. Moreover, the simulation
results totally agreed with the mathematical analysis from the
above section. Furthermore, Figures 7 and 8 illustrate the
throughput of the DL and DT transmission modes versus
the system factors « and p. In this cases, a and p are set to
0.3, 0.5, and 0.7 in each case. From Figure 7, the throughput
increased when « increased to the optimal value at the
first step, and after that the throughput crucially decreased.
These results are similar to the influence of p on the system
throughput. Moreover, the simulation results totally agreed
with the mathematical analysis from the above section. In
addition, the throughput in the DL and DT transmission
modes in connection with the ratio P,/N, is presented in
Figure 9. After that, SER of the model system is plotted
in Figure 10. In all of them, the simulation and analytical
mathematical results agreed well with each other. Moreover,
the throughput increased, and the SER decreased in AR, TS,
and PS protocols, while the ratio P,/N, varied from 0 to
30dB.

5. Conclusions

In this paper, the system performance of a two-way AF
relaying network over the Rician fading channel with the
delay-limited and delay-tolerant transmission modes has
been proposed, analyzed, and demonstrated. In the delay-
limited transmission mode, the closed-form expressions of
the outage probability, achievable throughput, and SER are
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proposed and derived. On the other hand, the closed-form
expressions of the ergodic capacity, achievable through-
put, and SER of the delay-tolerant transmission mode are
presented and derived. The numerical results show that
the analytical mathematical expression and the simulation
results using Monte Carlo method totally match each other.
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Moreover, this paper has provided practical insights into
the effect of various system parameters on the system per-
formance of the two-way AF relaying network over Rician
fading channel. The results could provide the prospec-
tive solution for the communication network in the near
future.
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