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To extend the lifetime of energy-constrained wireless networks, this paper proposes a three-node model of the wireless-powered
cooperative communication network (WPCCN). The model consists of an energy-constrained source node, an energy-sufficient
relay node, and a destination node and considers two different cochannel interference (CCI) sources at the relay and destination
nodes. To ensure the reliability of data transmission, we introduce the cooperative automatic retransmission request (CARQ)
protocol, propose the energy-constrained source that harvests and cooperates automatic retransmission request (ECS-HTCARQ)
protocol in interference scenario, derive a closed-form expression for the outage probability under Rayleigh fading channels, and
establish a discrete-time Markov chain (DTMC) model to analyze the system throughput. The relationship between parameters
such as the energy harvesting time allocation factor and energy harvesting efficiency on the outage probability and the system
throughput is obtained. Numerical results show that the difference in system throughput is small as the increasing number of
transmissions at a high signal-to-interference ratio (SIR), but there is a significant reduction in the outage probability. Finally, the

optimal value of the energy harvesting time allocation factor is given under this model.

1. Introduction

In recent years, for energy-constrained wireless networks,
replacing or charging batteries is costly and not easily
achievable; besides, it is not an effective and sustainable
approach, while energy harvesting (EH) has received much
attention from researchers as a reliable and sustainable
technology that can prolong the network lifetime [1-3]. EH
technology collects energy in two primary ways: one is to use
natural energy, including wind energy, solar energy, and
water energy; the other is to adopt electromagnetic radiation,
where wireless radio frequency energy harvesting (RFEH)
technology is advantageous, because energy-constrained
nodes through the RF signal radiated in the environment for
energy harvesting and then harvested energy for information
transmission. The authors in [4] studied the optimization of
network delay, power allocation, and energy transfer in
wireless sensor networks (WSNs) for EH. Literature [5]
adopted RFEH technology in wireless body area networks

(WBANSs) and proposed an energy-efficient sleep scheduling
algorithm with work-on-demand to prolong the network
life. With the further development of antenna technology
and EH technology, RFEH technology was widely adopted in
WSNs, WBANSs, and wireless charging systems (WCS)
[4-6].

Wireless energy transfer is transferring energy to other
devices in a wireless way. Two technologies are using RFEH
for powering wireless network devices: one is simultaneous
wireless information and power transfer (SWIPT) and the
other is the wireless-powered communication network
(WPCN). In [7, 8], addressing the trade-off between energy
transfer and information transmission, the authors com-
pared the rate-energy (RE) domain and outer boundaries of
two EH receivers (i.e., time switching (TS) and power
splitting (PS)) under the SWIPT network architecture and
provided a solution for designing the best practical receiver.
For the problem of optimal power allocation, literature
[9-11] investigated the PS receiving mechanism of SWIPT
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and gave solutions according to different allocation stan-
dards. To increase the transmission range in the heteroge-
neous network (HetNet) environment, literature [12]
proposed a hybrid backscatter communication model
suitable for WPCN and adopted the harvest-then-transmit
(HTT) mechanism to study the throughput maximization
problem under this model. In [13], for addressing the in-
formation transmission problem of secondary networks
under cognitive WPCN, the authors proposed a novel hy-
brid HTT and backscatter communication. However, this
does not apply to long-distance energy supply and data
transmission. Literature [14] investigated a hybrid relay
node (HRN) relay-assisted WPCN, adopted a harvest-then-
cooperate (HTC) mechanism, and gave an optimization
algorithm for the energy efficiency of the joint duration and
power allocation problems in amplify-and-forward (AF) and
decode-and-forward (DF) strategies. In this paper, we focus
on studying the trade-oft between energy transfer and in-
formation transmission under the WPCN structure, con-
sider energy supply by an energy-sufficient relay node, adopt
the HTC mechanism, and discuss the relationship between
the impact of parameters such as the time allocation factor
on outage probability and system throughput.

The cooperative communication (CC) technique used
relay nodes for assisting the source node to transmit in-
formation to the destination node, which enhanced the
performance of system outage probability, throughput, and
energy efficiency [15-20]. In cooperative relay networks, AF
and DF are two relay-forwarding strategies used frequently.
AF strategy has lower complexity and is usually used in
network environments with poor channel quality, while DF
has higher complexity and is used for better channel quality
[21, 22]. Thus, this paper adopts the DF relay-forwarding
strategy in the high signal-to-interference ratio (SIR) en-
vironment. To further improve performances such as
outage probability and throughput of the communication
network, literature [23, 24] introduced the CARQ tech-
nology, which significantly improved the network perfor-
mances compared to the traditional ARQ. In WSNss, [25]
proposed a novel CARQ technology and established a
discrete-time Markov chain (DTMC) model, which out-
performed the traditional ARQ with an increasing number
of transmissions at long-distance communication. In [26],
the authors used the Go-Back-N ARQ (GBn-ARQ) tech-
nology to study the error control system for underwater
wireless sensor networks and also analyzed the performance
of throughput and delay under different system parameters.
Inspired by the literature [14, 25], we consider introducing
CARQ technology to establish a three-node model of the
wireless-powered cooperative communication network
(WPCCN), further improving the performance of the
considered network.

Due to the limited spectrum of resources in nature, it was
essential to consider interference factors [27, 28]. For
wireless communication networks in the interference sce-
nario, literature [27, 28] used DF and AF strategies to study
their systems, respectively, which gave solutions to improve
the reliability of data transmission in the interference sce-
nario. Since the interfering transmitter affects the quality of
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received signals at the relay and destination nodes, literature
[29] investigates the energy efliciency performance of
SWIPT-enabled collaborative relay networks with the in-
terfering transmitter. Discovering a model where the relay
collects both the interference and the source node signal has
a higher energy efficiency than a model where the relay
harvests only the source node signal. In this paper, we
consider the existence of cochannel interference (CCI) at the
receptive nodes, introduce CARQ technology to improve the
network system performance, and study the network per-
formance under the WPCCN. Finally, the energy-con-
strained source that harvests and then cooperates automatic
retransmission request (ECS-HTCARQ) protocol in the
interference scenario is proposed, modeled, and analyzed.

The main contributions of this paper are summarized as
follows.

(1) To be more actual, we consider that there are dif-
ferent CCI nodes at the received signal nodes, use the
DF relay forwarding strategy, and adopt selection
combining (SC) to perform signal merging at the
destination node. Finally, a three-node model of
WPCCN in the interference scenario is given.

(2) This paper adopts the HTC mechanism to harvest
energy and then cooperative transmission. This
model studies the problem of supplying energy from
energy sufficient relay node to an energy-constrained
source node, which has the advantage of a wider
energy supply and transmission range compared
with the nonrelay node, so it is more suitable for the
medium and long-distance scenario.

(3) We establish the DTMC model of ECS-HTCARQ.
Based on this model, we derive the closed-form ex-
pressions of the outage probability and system
throughput, obtain the relationship of parameters
such as the time allocation factor on the outage
probability and system throughput, and give the
optimal time allocation factor under different pa-
rameter settings.

The remainder of this paper is organized as follows:
Section 2 shows the system model and transmission
mechanism, Section 3 gives the closed-form expression for
the outage probability, Section 4 analyzes the system
throughput, Section 5 is the numerical simulation section,
and Section 6 gives the future work and outlook.

2. System Model and Transmission Process

Aiming at the improvement problem of WPCCN perfor-
mance in an interference scenario, the ECS-HTCARQ
protocol under the interference scenario is proposed. The
system model is shown in Figure 1. The model consists of an
energy-constrained source node S, a destination node D, an
energy-sufficient relay node R, and cochannel interference
sources I, and I, near R and D. Among them, the channel
fading coeflicient is expressed as h,, ~ CN (0, aiy), the
channel gain Ihxy|2 obeys an exponential distribution with
mean afcy, and x € {S,R}, y € {S,R, D}.
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FIGURE 1: System model.

As shown in Figure 1, the system model consists of two
parts: first, the energy-constrained source node S harvests
the RF signal broadcasted by the energy-sufficient relay node
R; second, after the source node S harvests end, the data
transmission will take place. To improve the reliability of
data transmission, the CARQ protocol with incremental
redundancy is considered in this paper. The receiver has the
memory of past data and accumulates mutual information
for decoding data frames. During data transmission, the data
packet is divided into multiple data frames, and when the
data frame is received, R and D also receive the interference
signal of I, and I,, respectively. This paper sets that S
harvests energy each time which is only used for this data
frame transmission, i.e., before S transmits a data frame,
which needs to harvest energy in advance (Note: This is
determined by the energy storage space of the energy-
constrained source node). Considering D fails to decode but
R successfully decodes, when S and R retransmit the data
frame, R will forward the data frame in DF strategy and use
SC for data merging at D; all nodes among the entire system
work in half-duplex mode. In addition, let T' be the time
from energy harvesting to the end of one frame data
transmission, which is recorded as a data frame transmission
process of the system (including energy harvesting and data
frame transmission).

2.1. Energy Harvesting (RF Signal). Figure 2 shows the
transmission process of the ECS-HTCARQ protocol. For the
energy harvesting part, we adopt the HTC mechanism and
introduce the time allocation factor «. Within «T time, S
harvests the RF signal with energy from R after the energy is
collected, which is used for this transmission process.

2.2. Data Frame Transmission Process. As in Figure 2, S
performs data frame transmission within (1 —«)T. The
transmission process of the ECS-HTCARQ protocol in the
interference scenario is as follows: In this paper, we set the
probability of S successfully receiving the RF signal as 1.
During the first stage aT, R broadcasts its RF signal carrying
energy, which will be used for the next stage of data
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Figure 2: ECS-HTCARQ protocol transmission process in in-
terference scenario.

transmission. In the second stage (1 — a)T, S uses the energy
harvested in the previous stage to broadcast the data frames
to R and D. The data frame transmission stages are divided
into the following three situations:

(1) If D successfully decodes the data frame from S, then
D will feedback an acknowledgment (ACK) to S. At
this point, whether or not R successfully decodes the
data frame or not, S will send a new data frame on the
next transmission.

(2) Neither R nor D successfully decodes the data frame
from S, then both feedback a negative acknowl-
edgment (NACK) to S, and request S to rebroadcast
the data frame. If the maximum number of trans-
missions L specified by the system has been reached
but D still fails to decode the data frame, the data
frame will be discarded and S will transmit a new
data frame.

(3) If R successfully decodes the data frame and D fails to
decode it, they will feedback ACK and NACK to S,
respectively; then, D will request S to retransmit the
decoded failed data frame. Since R has successfully
decoded the data frame in the previous transmission,
R will not receive the data frame in the retrans-
mission, but § and R will send the data frame to D at
the same time. If D fails to decode successfully after
reaching the maximum transmission times L spec-
ified by the system, the data frame will be discarded,
and S will transmit a new data frame.

In addition, we define R; as the successful decoding of a
data frame from S by R at the Ith time.

When L =3 and R, =2, Figure 3 gives the successful
transmission of one data frame for the ECS-HTCARQ
protocol in the interference scenario.

3. Outage Probability Analysis

In this section, we calculate the outage probability of the
ECS-HTCARQ protocol in the interference scenario.
According to Figure 1, the receiver of an energy-constrained
source node S harvests energy from the RF signal that can be
expressed as

E; = qPthR’SF(xT, (1)
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FIGURE 3: The successful transmission of one data frame for the ECS-HTCARQ protocol in the interference scenario.

where 0 <7 <1 is the energy harvesting efficiency and Py, is
the transmit power of the relay node.

Since S transmits the data frame within (1 — «)T, the
transmit power of S is

E o 2
Ps:m:m”lpﬂhksl : (2)

According to the system model, we consider the exis-
tence of interference sources during each transmission
process and give expressions for the received signals of the
S-R, S-D, R-D, and S—R-D links, which are
expressed by Yy, Y, , Y , and Y, , respectively:

Yy = \Pshgpxs + [Py hy gx1s
Yp, = VPshgpxs + \/PIZhIZ,sz,
Yp, = VPrhrpXg + \[P1h, 0%

Y, L= max(YDR, YDL),

(3)

R

where source node S and interference sources I, and I, that
emit the normalized signals are xg, x,, and x,, respectively.

We give the SIR received by the above four links in
formulas (4)-(7):

_ Polhsal” _ a/1 = anPrlhgs[sel’

R 2 2 > (4)
PII'hII,R| Pll‘hll,R|
 Pylhgpl’ o/l - anPylhgs||hsp|’
YDL - 2 2 > (5)
Py, hIZ,D| Py, hIZ,D|
Pelhep
YDR = R| R’D|2’ (6)
Py, hIZ,D‘

YDRL = max(yDR, YDI/)

) <1DR|hR,D|2 all — aqu|hR,S|2|hs,D|2) (7)
= max PR 2 .
PI2 hIZ,D' PI2 hIZ,D|

We analyze the outage probability of the system under
long-term static channels. In the long-term static channel,
the channel fading coeflicients are constant during each
transmission and between frames are independent and
identically distributed.

When an outage event occurs, the outage probability can
be expressed as the transmission error probability of a data
frame in a transmission. Assuming that the outage rate of the
data link is r bits/transmission time/Hz, the outage links can
be indicated as

Pr,, = Pr{log(1 +y)<r}. (8)

In the Ith transmission, Pr(SR,,.), Pr(SDy,)s
Pr(SRD,,;), and Pr(RD,,,) are used to denote the
outage probability of each link, and since the ARQ
protocol with incremental redundancy is considered,
we have

2 2
Pr(SRout,,)zPr llog(1Jroc/l_""7PR|hR,s|2 || ><r ,
PII'hII’R|
(9)
o/ 1=anPg|hps| [ o[
Pr(SDout)l):Pr Hog| 1+ LIPS, o b
Py by,
(10)
(X/l—OC”IPR|hRS|2|hSD|2
Pr(SRD,,;)=Pr llog| 1+ sl 1
Py |y, o
(11)

Pylhol’
<r,(l—Rl)log<l+M><r ,

2
Py, hlz,D|

PthRD|2
Pr(RD,,)=Pr{ (I-R)log[ 1+—"1220 J<r b (12)
I, hIZ,D|
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In the appendix, we derive the closed-form expressions of
equations (9)-(12), which can be expressed as equations (13)-(16):

2 2
707 R 707 R
Pr(SRout,l) =1- exp 2—12 w 1 2 l2 > (13)
203,505 -1, 2 ORrs9s,r
Tl"i,D Tlai,D
Pr(SDoutJ) =1-exp a2 W ol =) (14)
20%505p -1, 3 ORrs%s,D

2 2
T101,.p 7101,.p
Pr(SRD,y;) =1-exp( ——5— |W 1| 53
2050 p L3 ORrs9s,p

2
ORrD

T101,,09R,D
) 3 T exp 202 o 2 2
7201,0 + OrD ORs9,p\7291,,0 + OrD

2 2
7191,,09R,D

2
o
RD
X W 1| == 2 2 >
20,0t Orp L3 OR,SUS,D(TZUIZ,D + UR,D)

2
ORrD

Pr(RDy, ) =1- (16)

2 7
7205, 0 T Orp

4. System Throughput Analysis

Based on the transmission mechanism, we establish a
DTMC model with L(L + 1)/2 + 1 states under the con-
dition that the maximum number of transmissions is L, as
shown in Figure 4. As shown in Table 1, we give the
meanings of states in the DTMC model. What needs to be
pointed out is that we assume the relay can successfully
decode the data frame in the next transmission once it
decodes the data frame correctly in the R; transmission. In
other words, the state R; ; can only shift to the state R, ;>
Aor X.

Based on the DTMC model, the one-step transition
probabilities are yielded:

j<i<L-1,R=i-j+1

(15)
Pry, = Pry, = 1-Pr(SD,,)
Pry, 4 =1 = Pr(SRDqy ;1 ISRD ), 1 <
Pry 4 = 1= Pr(SDyy 41 1SDgy; ) 1Si<L -1

Pryp = Pryp = Pr(SD ., )Pr(SRoy; )

PI‘R‘ R

i, N+ L

L PrEL,lX = Pr(SDouLLISDout,L—l)

We define the throughput as the average number of frames
successfully decoded by the destination node D in (1 - a)T,
which can be computed as the average number of (1 — )T time
that the DTMC spends in the state A, ie., the product of the
steady-state probability of state A and the transmission time.

Assuming that both the first row and the first column of
the one-step transition probability matrix of the DTMC
model start from state A, the steady-state distribution of the
model is 7 = (7}, 7,, ..., 7 (111)241)> Where 7, is the steady-
state probability of D that decodes a data frame successfully.
7, can be obtained from the following equilibrium equation
and normalization condition:

nP=mn
L(L+1)/2+1

m=1

(18)
i=1

In particular, the system throughput is calculated for L =
2and L = 3.

Prag,, = Pryg,, = Pr(SDgu )(1 = Pr(SRou1 )
PI'E,EHl = Pr(SDout,i+1 |SD0ut,i)Pr(SRout,i+l |SRout,i)’ 1<i<L-2

(17)

r =Pr(SD_ 1, 11SDy; )1 — Pr(SR, i ISR ;) ), 1<i<L-2,R =i+1
iRi1,1 > > 8 8
p ER;,, ( 0L1tl+1| outt)( ( outz+1| outt))’ >
= Pr(SRD 11 |SRDgyy ), 1< j<i<L—2,R =i - j+1

Pry,  x = Pr(SRDyyq 1 ISRDgyep ) 1< j<SL=1,R =L~ j

When L = 2, the one-step transition probability matrix P
of the DTMC model is given as

Pry, 0 Pryp Prap
Pry, 0 Prygp Pryp
P= ’ (19)

Prg s Prgx O 0
Prp o4 Prg x 0 0

According to (18) and (19), we have

[ Pryym + Pryym, + Prp ams + Prp amy =m

PrElxn3 + PrRMXﬂ4 =7,
1 Prag,m + Pryg m, = 73 (20)

PrAR“ﬂ1 + PrXR“n2 =7y

| Tyt =1
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Figure 4: The DTMC model of ECS-HTCARQ protocol in an interference scenario.
TasLE 1: The states of the DTMC model.
States The meanings of the states
A The destination node D successfully decodes the data frame
X When the maximum number of transmissions reaches L, the destination node D does not successfully decode the data frame
E, Neither the relay R nor the destination node D successfully decodes the data frame in the /th transmission
R In the Ith transmission, the relay successfully decodes the data frame m times, while the destination node D does not successfully
L decode the data frame

Using (20), we can solve for m;, which can be expressed { Pry 7} + Pry,mmy + Pry a7y + Pry 4m) + eruAﬂ;‘
as

1=Pr g Prex—Prp Prpx T IR, aTte + FIp, aTT; = T FIp Ty + FIp, xT6 + FIp, , x7T7
= ’

2=Pryy,

_I—Pr(SRout’l )Pr(SDqyy2 )—Pr(SRDy ., )(1-Pr(SR ) )
- 1+Pr(SDyy ) '

(21)

To find the steady-state probability 7; when L = 3, the
one-step transition probability matrix P* of the DTMC
model is given as

Pry, 0 Prpp, 0 Pryp, O 0
Prya 0 Prygp 0 Pryxp, 0 0
Prpg, 0 0 Prgg, O Prgp 0
pP*=| Prg, Prgx 0 0 0 0 0
Prp a0 0 0 0 0 Prg g,
Prp o Prg, x 0 0 0 0 0
Prp 4 Prp,x 0 0 0 0 0

(22)

Similarly, there is an equation

* * * * *
= myPryp my + Pryp my = m3Prg gy

* * *
m,Pryp 7y + Pryg 7,

* * * *
s PrEl R, T3 = Tl PrRl,l Ry, T

* % * * * * *
7T77T1+7T2 +7T3 +7T4+7T5+7T6

+ 71,
= 1)
(23)
where 77 can be computed as
»_Q
== 24
m =3 (24)

where Q and H are expressed by the following equations:
Q=1+ PrAElPrElEZPrEZA - PrAElPrEIRl1
= Prag Prgp r,, = Prag Prg g, (25)

+ PrAElPrEIRMPrRZ)ZA + PrARl)lPrRl)le)zPrszlA,

H =1+Pryg +Pryp  +Pryg Prg g (26)
+ PrmlPrEle,l + PrARMPrR“RZ)Z.
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Adopting the one-step transition probabilities, respec-
tively, reduces to

Q=1+PrppPrg g Pry 4 - PrAElPrEIRZ,1
- PrlL‘RlylPrRllez‘2 - PrAE‘PrEIE2
+ PrAElPrEIRMPrRZ)IA + PrARMPrRmRz)ZPrRMA
=1+ PrAElPrElEz(l - Prsz) - PrAEIPrEle,l
- PrARl,IPrRl,lRZ,Z - PrAEIPrElEZ
+ PrAElPrEle)l(l - PrRmX) + PrARl)lPrRl,le)z(l - PrRmX)
=1- PrlL‘EIPrElEzPrEZX — PrAElPrElRZJPrRZJX
- PrARl,IPrRl,lRZ,ZPrRZ‘ZX
=1 = Pr(SR ., )Pr(SDyy5)

+ Pr(SR 5 )Pr(SRDyy5) = Pr(SRD,y5 ),
(27)

1= Pr(SRyy05 )Pr(SDyy3) + Pr(SR s )Pr(SRDyy. 5 ) = Pr(SRD ;)

H=1+ PrXEl + PrARH + PrXElPrEIEZ
+ PrX,—ijrEley1 + PrARuPrRuRl2
=1+ Pr(SDyyq; ) + Pr(SDyyiz )Pr(SR 1 )
+ Pr(SRDy5 ) = Pr(SRyy 1 )Pr(SRD,y, ).

(28)

Substituting (27) and (28) back into (24), we obtain the
final expression for 7;:

Ty

The data frames are transmitted within (1 — a)T. To
simplify the calculation, let T =1, and then the

1+ Pr(SDqyq; ) + Pr(SD 5 )Pr(SRyye; ) + Pr(SRDyy5 ) = Pr(SR 1 )Pr(SRDqy., )

(29)

throughput of L = 2 and L = 3 can be expressed as follows,
respectively:

(30)

) )
Th=(1-a) 1+ Pr(SDy,, ) |
Th* = (1 — 0() 1- Pr(SRout,Z)Pr(SDout,3) + Pr(SROut,Z)Pr(SRDout’?’) B Pr(SRDout’?’)

5. Numerical Results and Discussion

In this section, we present numerical results to analyze the impact
of the system parameters on the end-to-end outage probability
and throughput performance and compare the ECS-HTCARQ
protocol and the Noncooperative automatic retransmission
request (non-CARQ) protocol under this system model. The
trade-off of the throughput and outage probability on the
time allocation factor « is further investigated. Since this
paper considers the destination node to use SC for data fusion
and in many practical applications, the system performance at
high SIR is of great importance and use [30]. Therefore, the
basic parameters are set as follows: 03, = 0% , = 1, 0% , = 0.5,
0jr=07p=01and P, p=P;p,=5dBm.

Figure 5 shows the variation of Pr(SRD,,;) with
1., (bit (1 — a)/Hz) under the parameter settings of R, = 1,

1+ Pr(SDyyq, ) + Pr(SDoyes )Pr(SRouy ) + Pr(SRD,y 5 ) = Pr(SRyye, )Pr(SRD,y )

L =2, 3, and Py = 20dBm, 25dBm, 30dBm. It can be seen
that the outage probability also tends to 0 when r,;, tends to
0, but as r,, increases, the outage probability increases and
reaches 1 in all cases. When Py is fixed, as L increases, the
outage probability decreases significantly; when L is con-
stant, as Pp grows, the outage probability also improves
obviously; when L and Py increase simultaneously, the
outage probability saturates to 1 and the r,, value is ex-
tended, which is more suitable for high r,, scenario. In
addition, we compare the outage probability under the non-
CARQ and find the CARQ technique can effectively reduce
the outage probability. Because the redundant information
of each retransmission improves the coding efficiency when
the number of transmissions increases, which reduces the
data frame transmission error rate. When the Py increases,
the energy-constrained source node can collect more energy



Outage Probability

L L L L L L

0 2 4 6 8 10 12 14
Threshold rth

-=-- Non-CARQ,PR=20 dbm -&-- L=2,PR=30dbm

-¢-- Non-CARQPR=25dbm -+ L=3,PR=20dbm

-o--  Non-CARQ,PR=30 dbm - L=3,PR=25dbm

-%  L=2,PR=20 dbm L=3,PR=30 dbm

L=2,PR=25 dbm

FIGURE 5: 1, vs Pr(SRD,,,) with different L and Py.

through the RF signal, which will reduce the end-to-end
outage probability.

In Figure 6, the variation of Pr(SRD,,;) with « is
compared for the parameter settings of R; = 1, L = 2, 3, and
Pp =20dBm, 25dBm, 30dBm. As « increases, the source
node can obtain more energy to ensure data transmission,
which will reduce the outage probability. When « goes from
0.1 to 0.8, it is observed that the outage probability decreases
and becomes relatively saturated, the reason is that when «
reaches a certain value, the source node has collected suf-
ficient energy and ensured reliable data transmission. When
L and Py increase simultaneously, the ECS-HTCARQ
protocol shows a significant reduction in outage perfor-
mance compared to the non-CARQ protocol.

In Figure 7, we investigate the variation of Pr (SRD,y ;) with
n for the parameter settings of R, =1, L=2, 3, and
P, =20dBm, 25dBm, 30dBm. Whenz is higher, the im-
provement of outage performance is more significant. In
practice, the outage probability is reduced by improving the
intrinsic circuit structure of the network nodes to increase
energy harvesting efficiency. As L and Py increase simulta-
neously, there is a significant reduction in the outage probability.

In Figure 8, the variation of throughput with « is
considered for the cases of non-CARQ, L =2, R; =1, and
L =3, R; = 1, 2. The numerical result finds the difference in
throughput is small as L increases, with an overall trend of
increasing and then decreasing. When « tends to 0 or 1,
based on the closed-form expression of throughput, the two
curves both tend to 0 as well as conform to the rising and
then falling trend of the image. Combined with Figure 6,
there is a significant decrease in the outage probability with
increasing «, but the «a value cannot be increased to 1.
To maximize the system throughput, Figure 8 demonstrates
there exists an optimal « for all cases. In addition, the

Journal of Electrical and Computer Engineering

10° Wee%@' ' . , ,
y ©é
¢ *
X\txeeeggézo §§§\ -
Hry, 090005 M orn, b
X s .
J xx"xx‘*** Qee **** 8\
= Xxxl‘*** QQQ *,& .
8 Rt MooN
[ 10 F xxx** *
A Xty QK
5 Sxka %
£ EREL
o X~X\ o
kK \<}\\
Lt
X
X+
2O
"\
\
M
%

) . . . . . . . . .
10 0 0.1 02 03 04 05 06 07 08 09 1

-~-- Non-CARQ,PR=20 dbm -¢-- L=2,PR=30 dbm
-4 Non-CARQ,PR=25 dbm -+ L=3,PR=20 dbm
-0 Non-CARQ,PR=30 dbm X L=3,PR=25 dbm
-%  L=2,PR=20 dbm L=3,PR=30 dbm

L=2,PR=25 dbm

FIGURE 6: « vs Pr(SRD,,;) with different L and Py.

out,!

Outage Probability

107 0 0‘.1 0‘.2 0‘.3 014 015 0‘.6 017 018 019 1
1
-=-- Non-CARQ,PR=20 dbm -&-- L=2,PR=30 dbm
-4~ Non-CARQ,PR=25 dbm -+ L=3,PR=20 dbm
-©-- Non-CARQ,PR=30 dbm - % L=3,PR=25dbm
-%-  L=2,PR=20 dbm L=3,PR=30 dbm

L=2,PR=25 dbm

FIGURE 7: i1 vs Pr(SRD,,;) with different L and Py,

optimal « for the ECS-HTCARQ protocol is smaller than the
non-CARQ protocol because only the redundant informa-
tion is retransmitted each time, not the entire data frame.
Although the difference in throughput is smaller as L in-
creases, there is a significant decrease in outage probability.
Thus, we introduce the CARQ technology as effective.
Figure 9 compares the variation of throughput with P,
for non-CARQ, L =2, R;=1and L =3, R, = 1, 2; it shows
an overall increasing trend. When the Py, increases to 30dBm, the
ECS-HTCARQ protocol is superior to the non-CARQ protocol,
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and the throughput curves tend to be the same for L = 2, R; = 1
and L = 3, R, = 1, 2. Combined with Figure 6, when L and P,
increase simultaneously, the two throughput curves converge but
the outage probabilities decrease significantly.

According to Figures 6 and 8 and 10, further consider the
optimal « versus Py for non-CARQ, L =2, R, =1, L =3,
R, =1,and L = 3, R, = 2. Note that the optimal « can easily
be obtained by a one-dimension exhaustive search. It can be
seen that the optimal « decreases when L increases and the
relay successfully decode early, and the optimal « is smaller
such that there is more sufficient time for data transmission.
When P, = 25dBm, the optimal « values are 0.41, 0.3, 0.2,
and 0.24 for the cases of the non-CARQ, L =2,R; = 1,L = 3,
R, =1, and L = 3, R; = 2, respectively.
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FIGURE 10: P vs « with different L and R;.

6. Conclusion

In this paper, we propose the ECS-HTCARQ protocol in the
interference scenario. The three-node model of WPCCN and
data frame transmission mechanism are described, the
DTMC model is established, and the closed-form expres-
sions for the outage probability and the throughput are
derived under Rayleigh fading channels. Numerical results
show that the introduction of CARQ technology leads to
smaller differences in throughput. However, with an in-
creasing number of transmissions, a significant reduction in
outage probability and CARQ technology further improves
the reliability of the overall system data transmission. The
optimal « for a specific L and Py value is given. It is found
when L increases and the relay successfully decode early, the
optimal « is smaller, which is beneficial to enhance the data
frame transmission time. To further improve the system
performance of the considered networks, future work will
extend this model to the case of multiple relays to give the
optimal relay selection scheme.

Appendix
Before expanding the calculation, let X = |hy|*, Y = |hg gl
Z = |hy g’ X, = lhgpl’, Y, = |y pl?, and Z, = |y pl*.

To compute the closed-form expression of equation (9),
we give the following proposition.

Proposition 1. When X andY are the random variables and
Cis a constant, Pr{XY < C}, Pr{X/Y < C} can be calculated as

Pr{XY <C} = JOOO Pr{X<C§IY = y}fy (y)dy

+00 C
= Jo Fx(y)fy (»)dy,

(A1)
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X
Pr{— < C}
Y

+00
J Pr
0

- [ " Eeensi .

{X<CylY =y} fy (n)dy
(A.2)
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Equation (9) can be expanded as

Out, =Pr41l log(

Pll'hll,R|

/1= anPylhgs| |hsel’ )q}

a/1 = anPylhgs[ Jnsal 1}

Py | o

|hRS| |hSR|2 21 =Pr{
L
. Pr{X<]>fY(y)dny(z)dz

FX(T)](Y (»dyf,(z)dz

1 1 1 1
5 exp -5 y dy 5 exp -5 z |dz
Osr OsRr O1,R 071, R

¥< T} = JH)O Pr{XY <tz}f,(z)dz
0

(A.3)

41z

41z

+00 I , 1 q
=l-— \j K, —— |exp| ——=z |dz,
01,70 \ORrsOsR ORsOs,R O1,R

where Igoo x""lexp(—p/x — yx)dx =2 (ﬂ/y)V/sz (2+/By),
K, () is the vth order modified Bessel function of the second
kind, 4 = (&/1 - anPg)/P;, and 7 = 2" — 1/u.

To further derive the closed-form expression for equa-
tion (9), query the integral expressions for the product of the
vth order modified Bessel function of the second kind,
exponential, and power functions according to the literature
[31], and from 6.631(3), we have

Jm x4 exp (—ax)K,, (2f+/x )dx

0
CT(u+v+ 12T (u—v+1/2) B\ . B
= T exp(za)oc W””(a ,

(A.4)

where W o) is the Whittaker function.

o (

Substituting equation (A 4) into equation (A 3),
we finally obtain the closed-form expression of equation
(9) as

1 +oo 41z 41z 1
Pr (SROHU) —Z—J I ! K, I L exp| ——5—z |dz
O1,R V‘TR GUSR V"R SUSR O1,,R
T F(Z
GRSUSR Zﬁr/aRsaSR

(m, R/URSUSR> 2 ml R

xexp| = o  Woaam| 5 5

ORsOs,R

2 / 2 2 2
_ (7‘711,11 GR,SUS,R) 107 R
sl-exp| ————— W_iam) 2o
RSOS,R

(A.5)
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Similarly, the closed-form expression of equation (10) is ~ where y; = a/1 — anPp/P; and 7, = 27— 1/y,.

obtained as

2 2
Pr(SDyy) = Pr{l 10g<1 + o= MPRMR’SL ol ) < r}

Py |hy,p
hesllhsol” 27" -1
ol 2"
|h’2vD’ !
{XX1 }
=Pri——<r1,
Zl
=1 1 ro 4Tz K 41,2, 1 d
= 2 \Jz 2 \jz 2 |eXP 721 |4z,
0,0 70 \ORsOsp ORs%s,p 91,.p

2 2
101, p T101,p

— 2> 2>

=1-exp 202 o Woian| =3 )
ORs9s,D ORs9s,p

(A.6)

2 2 2
Pr(SRDom’,) =Pr llog( 1 +(X/1 _“WPthR,sL |hsol ) <r, (1 —R,)log( 1 +MR’D|Z> <r
Py, hIZ,D|

1,|"1,,D

||| o <2'”_1 |heol <2r/(z-R,)_1

=Pr |h12,D 2 th ”hIZ)D 2 Uy

+00 M _q o (FR) _q
= Pf{ |hR,S|2|hS,D|2<—Zl>|hR,D|2<7Zl fz, (21)dz,
0 IS Uy

1

i~ o _q o (I-R) _q
Pr{lhR,S|2|hS,D|2< u ZI}Pr{|hR,D|2<TZI fz, (21)dz,
1

Pr{XX, <1,z }Pr{Y,<1,2,} f 7 (21)dz,
+eo 41,z 41,2 T,2 1 z
|:1— lz 121 K, '2 121 ]|:1—exp 221 :| 5—exp 21 dz,
0 \JUR,S‘TS,D \JOR,SO-S,D Orp /) 191,,0 05D
o] 41,z 41,z z T,2 z
2|:1_ | o Kl( ‘2 = ]|:6XP<_21 —exp(—él— T ]dzl
0 oLp \)OR,SGS,D \JUR,SGS,D 01,.D Orp 91D
reo ] z, reo ] z, 41,2, 41,2,
2 exp<—2—>dzl—j 2 ‘XP< 2 \J‘z > Ky \jz 5 |4z
0 oLp ) 0 oLp 01,0/ \9Rs%sD ORs9s,D
o1 T2, %
S—exp| —5— -5 |dz
0 oLp Orp 91,D
A | 41,7z, 41,2, 7,2, Z;
2 ‘2 5K, Iz 2 |&XP 2 2 dz,
0 GIZ,DVGR,SGS,D VUR,sas,D Orp 91,D

2 2 2 / 2 2 2 2
7191,,0 191,,p ORD T1/0R 59,0 )01,,09R,D
=l-exp| 55— Woaan| 5> |77 2 3 texp 2 2
207% o0 ' Op o0 T,07 pt+0 2(1,07 p+0
RS9S,D RS9s,D 201, 0t O0RD 201, 0t ORD

2 162 02 )2 o
ORrD T1/0Rs95,0)91,,00R,D
~1,(1/2) >

2 2 2 2
7501, pTO0rD 7501, pTOrD

+

X

The closed-form expression of equation (11) is

11

(A7)
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where y, = Pg/P; and 7, = 27 R) — 1/,
The closed-form expression of equation (12) is

2
Pr(RDout,l) =Pr (l - Rl)log 1+ M}wh <r
Py |y, |
- pr |hR’Dlz . 27/(1’R1) -1
1,0 Ha

+00
Jo Pr{Y, < Tzzl}le (z1)dz;

+eo 7,2 1 z
J [1 —exp| —+ ] —exp| —5— |dz;
0 Orp /191D 01,.D

2
ORD

=l
720,01t OrD

(A.8)
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