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The simultaneous wireless information and power transfer (SWIPT) in a cooperative relaying system is investigated, where the
relay node is self-sustained by harvesting radiofrequency (RF) energy from the source node. In this paper, we propose a time
switching and power splitting (TSPS) protocol for the cooperative system with a mobile destination node. In the first part of the
transmission slot, a portion of the received signal power is used for energy transfer, and the remaining power is used for information
transmission from the source to the relay. For the remaining time of the transmission slot, information is transmitted from the relay
to a mobile destination node. To coordinate the wireless information and power transfer, two transmission modes are investigated,
namely, relay-assisted transmission mode and nonrelay mode, respectively. Under these two modes, the outage probability and
the network throughput are characterized. By joint optimization of the power splitting and the time switching ratios, we further
compare the network throughput under the two transmission modes with different parameters. Results indicate that the relayassisted transmission mode significantly improves the throughput of the wireless network.

1. Introduction
Recently, to prolong the lifetime of energy-constrained wireless network, energy harvesting has drawn great attentions
due to the growing energy demands and the increasing
energy prices [1]. It enables the wireless nodes to collect
energy from ambient renewable energy sources (e.g., wind
and solar power), which eliminates the need for manual
battery replacement/recharging, and effectively reduces the
cost of energy bills and degrades the level of carbon dioxide
emissions [2]. However, for some devices, such as military
nodes or wireless sensor nodes which are located in a harsh
environment that is difficult to access, the recharging of
the batteries remains an open problem, especially when the
number of nodes is huge and the nodes are distributed
in a wide area. Radiofrequency (RF) energy harvesting is

proposed as a solution or partial solution to overcome these
problems [3].
RF energy harvesting can be regarded as a far-field energy
transfer technique and has become a promising solution for
generating a small amount of electrical power to replenish
the power sources in energy-constrained wireless networks
[4, 5]. The RF harvester in the node is equipped with a
power conversion circuit, which can transform the received
electromagnetic wave into direct-current (DC) power. As
such, the devices can utilize the harvested energy from RF
signals to augment/replenish their batteries [6]. Wireless
nodes which are equipped with omnidirectional antennas
can radiate RF signals in all directions, and thus the wireless signals can be used to deliver information as well as
energy, which indicates that the energy-constrained wireless
devices can simultaneously process wireless information and

2
power transfer (SWIPT) [7]. With SWIPT, the available
wireless resources can be effectively utilized by developing the
transceiver designs.
The idea of SWIPT was first proposed in [8], where a
capacity-energy function was utilized to investigate the tradeoff between energy harvesting and information transmission.
Since the traditional receiver cannot extract the RF energy
from the same signals used for information transmission, a
new SWIPT receiver that can split the received signal into two
separate streams was proposed in [9], where the two streams
can be used for information decoding and energy harvesting
with different power levels. Liu et al. in [10] derived the
optimal information decoding and energy harvesting mode
switching rules at the receiver targeting the optimization of
the outage probability by using time switching (TS) or power
splitting (PS) protocols. In [11], Ng et al. investigated the
resource allocation algorithm that is designed to maximize
the energy efficiency of data transmission in orthogonal
frequency division multiple access (OFDMA) systems with
SWIPT, and suboptimal iterative resource allocation algorithms were formulated and solved.
The cooperative relaying techniques can overcome the
fading and the attenuation by using the intermediate relay,
which significantly improve the efficiency and reliability
of the network. Therefore, it is appropriate to be used in
energy-constrained networks such as the RF energy harvesting networks [7]. Relaying cooperation is integrated in
some standards and systems for providing different levels
of assistance. In [12], PS-based relaying (PSR) protocol and
the TS-based relaying (TSR) protocol were investigated to
enable information decoding and energy harvesting at the
energy-constrained relay in wireless amplify-and-forward
(AF) relaying networks. In the PSR protocol, the relay used
part of the received signal power for energy harvesting and
the remaining signal power for information transmission.
In the TSR protocol, the relay spent a portion of time for
energy harvesting and the remaining time for information
transmission. The SWIPT in an OFDM relaying system
was considered in [13], where a source node transmitted
energy and information simultaneously to a relay, and then
the relay forwards the source information by using the
harvested energy to the destination node. However, in [12, 13],
some issues need to be further addressed: (a) the network
throughput is analyzed separately in terms of power splitting
ratio or time switching ratio, and joint optimization in
terms of the two parameters is never considered; (b) in
the cooperative relaying system, the location of the relay
or the distances between nodes are restricted; for example,
in [12], the authors assume that the distance between the
relay and the destination node is a constant, and, in [13],
the relay is located on a line between the source and the
destination; (c) most of the prior works assumed that there is
no direct link between the source and the destination node
in the cooperative relaying system, and thus we could not
evaluate whether the performance is improved by exploiting
the cooperative relaying concept with energy harvesting.
In this paper, as shown in Figure 1, we consider a threenode cooperative relaying system, where two transmission
modes are investigated, that is, (a) the nonrelay mode, where
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Figure 1: System model for RF energy harvesting-based relay
network.

the access-point (AP) directly transmits the information to
the user device (UD), no matter when the UD is far away from
the AP or not, and (b) the relay-assisted transmission mode,
where the AP transmits the information directly to the UD
when the UD is relatively nearer to the AP; for the UD located
far away from the AP, an energy harvesting relay assists the
message transmission from the source to the UD [14]. Time
is partitioned into slots. For the relay-assisted transmission
mode, a time switching and power splitting (TSPS) protocol
for the relaying path is proposed. In each transmission slot,
during the first part of the slot, a portion of the signal power
in the source is used for energy transfer, and the remaining
power is used for information transmission from the source
to the relay; for the remaining transmission time, information
is transmitted from the relay to the destination. The position
of the destination node is assumed to be changed uniformly
within a circular area on 𝑅2 around the relay from slot to
slot. The main contributions of the paper are summarized
as follows. (1) We analyze the performance for cooperative
relaying system with a mobile destination, assuming that the
position of the destination node uniformly changes from slot
to slot. (2) A function describing the relationship between
the network performance (i.e., the outage probability and the
network throughput) and both the power splitting and the
time switching ratios is given. (3) We evaluate and compare
the performance for the two transmission modes with different parameters, and the relay-assisted mode considerably
improves the reliability of the wireless network.
The remainder of this paper is organized as follows.
The system model and performance metrics are described
in Section 2. Section 3 investigates the network throughput
with the relay-assisted transmission mode. The network
throughput with nonrelay mode is studied in Section 4.
Numerical results are presented in Section 5. Finally, we
conclude the paper in Section 6.
Notations. Throughout this paper, we use 𝐸[⋅] and | ⋅ |
to denote the expectation operator and the absolute value
operations, respectively. 𝑋 ∼ CN(𝜇, 𝜎2 ) stands for a
circularly symmetric complex Gaussian random variable 𝑋
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Figure 2: System topology for energy-constrained relay-assisted
network.

with mean 𝜇 and variance 𝜎2 , while 𝑋 ∼ exp(𝜆) represents
an exponentially distributed random variable 𝑋 with mean
𝜆.

2. System Model
2.1. Network Model. We consider a wireless communication
network which consists of one single-antenna AP named
source 𝑆, one user device named destination node 𝐷, and
another terminal considered as an energy-constrained relay,
denoted by 𝑅. As shown in Figure 2, the information is
transmitted from 𝑆 to 𝐷, with/without 𝑅. It is assumed that
the source is continuously connected to a power supply and
the transmission power is 𝑃𝑠 ; the relay has no direct power
supply but is embedded with a rechargeable battery and thus
could harvest energy from the RF signal broadcasted by the
source. In addition, the relay has no traffic and is dedicated
to help the source forward the information from source to
destination. Furthermore, we assume the relay receives and
transmits signals over two different frequency bands.
The propagation channel is modeled as the combination
of small-scale Rayleigh fading and large-scale path loss given
by
ℎ𝑋𝑌 = ℎ̃𝑋𝑌 √𝑟𝑋𝑌 −𝛼 ,

2.2. Selection Sector Model. The considered network does not
require the source to choose the relaying path all the time.
Provided that the 𝑆-𝐷 link is poor and the destination node is
far away from the source, the relay can help deliver the source
signals to the destination in order to combat fading and pathloss degradation effects. However, when the destination node
is relatively nearer to the source, choosing the 𝑆-𝑅-𝐷 path can
not only lead to a waste of resources but also limit the network
capacity. Therefore, we define two complementary sectors
B1 and B2 , as shown in Figure 2, which have a significant
influence on the network performance.
We define 𝜃 ≜ ∠𝑆𝑅𝐷 as the angle which is formed by the
source 𝑆, the relay 𝑅, and the destination node 𝐷. In addition,
we use subscript 𝑙 for 𝑟𝑆𝐷 and use subscript 𝑟 for 𝑟𝑅𝐷. We
define the area B2 as B2 = {𝑟 ∈ [0, 𝑑2 ], 𝜃 ∈ [−𝜃0 , 𝜃0 ]}, with
𝜃0 = arccos (𝑑2 /2𝑑1 ). By using the cosine rule, the sourcerelay distance is given by 𝑙 = √𝑑12 + 𝑟2 − 2𝑑1 𝑟 cos 𝜃.
Then, we define 𝛽 = 𝜋 − 𝜃 as the center angle of the
shaded area B1 ; the selection region is denoted by B1 = {𝑟 ∈
[0, 𝑑2 ], 𝛽 ∈ [−𝛽0 , 𝛽0 ]}, with 𝛽0 = 𝜋 − arccos (𝑑2 /2𝑑1 ). It is
worth noting that 𝛽0 is the maximum range of the angle.
The remaining area B2 is the direct-link area, which
means that the relay is ineffective if the destination node 𝐷
is inside this area.

(1)

where ℎ̃𝑋𝑌 ∼ CN(0, 𝜇𝑋𝑌 ) denotes the channel coefficients
from 𝑋 to 𝑌 with 𝑋, 𝑌 ∈ {𝑆, 𝑅, 𝐷} and 𝑋 ≠ 𝑌, the channel
power gain |ℎ̃𝑋𝑌 |2 follows the exponential distribution with
the mean 𝜇𝑋𝑌 , that is, |ℎ̃𝑋𝑌 |2 ∼ exp(𝜇𝑋𝑌 ), 𝑟𝑋𝑌 denotes the
propagation distance from 𝑋 to 𝑌, and 𝛼 > 2 is the path-loss
exponent.
Time is partitioned into slots with duration 𝑇. During
each slot, the channel gains remain constant but are independently and identically distributed (i.i.d.) from one slot
to another. The distance between the source and the relay
is 𝑑1 ; that is, 𝑟𝑆𝑅 = 𝑑1 . We assume that, within a time slot,
the position of the destination node uniformly changes from
slot to slot within the transmitting area (available region) of
the relay, named B, which denotes a disk centered at 𝑅 with
radius 𝑑2 . Therefore, the probability density function (PDF)
of the distance from the relay to the destination 𝑟𝑅𝐷 is given
by 𝑓𝑟𝑅𝐷 (𝑟) = 2𝑟/𝑑22 .

2.3. Transmission Mode. To analyze the system performance,
we consider two transmission modes: (a) the nonrelay mode
and (b) the relay-assisted transmission mode, respectively. In
mode (a), the source directly transfers the information to the
destination, no matter when the destination node is far away
from the source or not. However, in mode (b), the source only
transmits the information directly to the destination during
the whole time when the destination node is relatively nearer
to the source than the relay, that is, the destination node
located inside the area B2 . When the destination node is
located inside the area B1 , the cooperative relaying concept is
exploited; a TSPS protocol for the relaying path is proposed;
as depicted in Figure 3, in each transmission slot, denoted by
𝑇, during the first part of the time 𝜏𝑇, where 𝜏 is the time
switching ratio with 0 < 𝜏 < 1, a portion of the transmission
power, 𝜌𝑃𝑠 , is used for energy transfer from the source to
the relay, and the remaining power, (1 − 𝜌)𝑃𝑠 , is used for
information transmission from the source to the relay, where
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𝜌 is the power splitting ratio 0 < 𝜌 < 1. The remaining part of
the time, (1 − 𝜏)𝑇, is used for information transmission from
relay to destination.
Note that we assume the circuit power (i.e., the power
consumed by the hardware during data transmission) is
negligible; therefore, all the energy harvested from the source
is consumed by the relay when the information is delivered
from the relay to the destination. The values of the time fraction 𝜏 and the power fraction 𝜌, used for wireless information
and energy transfer by the relay, have a significant impact on
the achievable throughput at the destination.
The notations and symbols used in the paper are listed in
Symbol Notation.
2.4. Performance Metric. In this paper, two performance
metrics are studied, which are defined as follows.
2.4.1. Outage Probability. The outage probability is defined
as the probability that a receiver decodes the received data
packets unsuccessfully from its corresponding transmitter.
Specifically, given the signal-to-noise ratio (SNR) and a corresponding SNR target, denoted by 𝛾, the outage probability
of the network is defined as
𝑝out = P (SNR < 𝛾) .

signal from the source, E{|𝑠(𝑚)|2 } = 1, and 𝑛𝑎 is the additive
white Gaussian noise (AWGN) caused by the receiving
antenna of the relay. Then, the energy harvested by the relay
from the source is given by
 2
𝐸ℎ = 𝜂𝜌𝑃𝑠 ℎ𝑆𝑅  𝜏𝑇,

(6)

where 𝜂 (0 < 𝜂 ≤ 1) denotes the harvesting efficiency.
The information receiver transforms the received RF
signal to baseband and accomplishes baseband signal processing, and then the sampled signal, 𝑦𝑟 (𝑚) = √1 − 𝜌𝑦𝑟 , at
the relay is obtained as
𝑦𝑟 (𝑚) = √(1 − 𝜌) 𝑃𝑠 ℎ𝑆𝑅 ⋅ 𝑠 (𝑚) + √(1 − 𝜌)𝑛𝑎 + 𝑛𝑏 ,

(7)

where 𝑛𝑏 is the AWGN caused by baseband signal processing.
For the remaining part of the time slot, (1 − 𝜏)𝑇, the relay
will amplify and forward the sampled signal to the destination
using the power 𝑃𝑟 , which is given by
𝑃𝑟 =

 2
𝜂𝜌𝑃𝑠 ℎ𝑆𝑅  𝜏
𝐸ℎ
.
=
(1 − 𝜏) 𝑇
(1 − 𝜏)

(8)

The amplification factor is given by [15]

In this mode, as shown in Figure 2, the transmitting area of
the relay B is split into two parts, the relay selection sector
B1 for the relay path 𝑆-𝑅-𝐷 and direct-link area B2 for the
path 𝑆-𝐷. In this section, we first derive the outage probability
based on the TSPS protocol for the 𝑆-𝑅-𝐷 link and the direct
link 𝑆-𝐷, respectively. Then, we characterize the average
network throughput by considering different locations of the
destination node.
3.1. Cooperative Link (𝑆-𝑅-𝐷). As shown in Figure 2, the
probability that the destination node 𝐷 is located inside the
area B1 is derived as
𝜋 − arccos (𝑑2 /2𝑑1 )
1 𝛽0
.
∫ d𝛽 =
2𝜋 −𝛽0
𝜋

(5)

where ℎ𝑆𝑅 = ℎ̃𝑆𝑅 √𝑑1−𝛼 , 𝑠(𝑚) is the normalized transmitted

(3)

3. Relay-Assisted Transmission Mode

𝑝1 =

𝑦𝑟 = √𝑃𝑠 ℎ𝑆𝑅 ⋅ 𝑠 (𝑚) + 𝑛𝑎 ,

(2)

2.4.2. Network Throughput. The network throughput is the
maximum rate that the system can achieve with successful
transmissions. Assume that the source transmission rate
target is 𝑅𝑟 = log (1 + 𝛾), and the total transmission time is 𝑡.
Consequently, the network throughput is given by
𝐶 = (1 − 𝑝out ) ⋅ 𝑅𝑟 ⋅ 𝑡.

while the remaining part √1 − 𝜌𝑦𝑟 is sent to the information
receiver. We have

(4)

Note that 𝑝1 increases with 𝑑2 and decreases with 𝑑1 .
During the first part of the transmission slot with duration 𝜏𝑇, the received signal from the source by the relay,
denoted by 𝑦𝑟 , is split into two parts by a ratio 𝜌. The first
part √𝜌𝑦𝑟 is sent to the energy harvesting receiver, which
can collect RF signal directly and transform it into DC power,

𝜉=

1
1
,
=
2
√𝐴 √(1 − 𝜌) 𝑃 ℎ  + (1 − 𝜌) 𝜎2 + 𝜎2
𝑠  𝑆𝑅 
𝑎
𝑏

(9)

where 𝜎𝑎2 and 𝜎𝑏2 are the variances of AWGN 𝑛𝑎 and 𝑛𝑏 ,
respectively.
After amplifying the signal 𝑦𝑟 (𝑚), the transmitted information of the relay is given by
𝑥𝑟 (𝑚) =

√𝑃𝑟 𝑦𝑟 (𝑚)
√𝐴

√𝑃𝑟 𝑦𝑟 (𝑚)
=
.

√(1 − 𝜌) 𝑃𝑠 ℎ𝑆𝑅 2 + (1 − 𝜌) 𝜎𝑎2 + 𝜎𝑏2

(10)

Therefore, the received signal at the destination node,
𝑦𝑑 (𝑚), is obtained as
𝑦𝑑 (𝑚) = ℎ𝑅𝐷 ⋅ 𝑥𝑟 (𝑚) + 𝑛𝑐 ,

(11)
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where ℎ𝑅𝐷 = ℎ̃𝑅𝐷√𝑟−𝛼 , 𝑛𝑐 is the overall AWGN at the
destination node, and 𝜎𝑐2 is the variance of AWGN 𝑛𝑐 .
Substituting (7) and (10) into (11), we can get
𝑦𝑑 (𝑚) =

√(1 − 𝜌) 𝑃𝑠 ℎ𝑆𝑅 2 + (1 − 𝜌) 𝜎𝑎2 + 𝜎𝑏2

=

ℎ𝑅𝐷√(1 − 𝜌) 𝑃𝑟 𝑛𝑎 + ℎ𝑅𝐷√𝑃𝑟 𝑛𝑏
√(1 − 𝜌) 𝑃𝑠 ℎ𝑆𝑅 2 + (1 − 𝜌) 𝜎𝑎2 + 𝜎𝑏2

From (2), the probability that the destination decodes
the received data packets unsuccessfully, that is, the outage
probability, is given by

+ 𝑛𝑐

√(1 − 𝜌) 𝑃𝑠 ℎ𝑆𝑅 2 + 𝜎12
ℎ𝑅𝐷√𝑃𝑟 𝑛1
+ 𝑛𝑐 ,
√(1 − 𝜌) 𝑃𝑠 ℎ𝑆𝑅 2 + 𝜎12

where we assume 𝑛1 = √1 − 𝜌 ⋅ 𝑛𝑎 + 𝑛𝑏 is the total AWGN at
the relay and 𝜎12 = (1 − 𝜌) ⋅ 𝜎𝑎2 + 𝜎𝑏2 . The first part of (12) is the
signal part, and the second and the third part are the noise
part. Therefore, the SNR of the 𝑆-𝑅-𝐷 path at the destination
node is obtained as
𝛾𝑆𝑅𝐷
=


2
 2
 2
ℎ𝑅𝐷 (1 − 𝜌) 𝑃𝑠 𝑃𝑟 ℎ𝑆𝑅  / ((1 − 𝜌) 𝑃𝑠 ℎ𝑆𝑅  + 𝜎12 )

2
 2
ℎ𝑅𝐷 𝑃𝑟 𝜎12 / ((1 − 𝜌) 𝑃𝑠 ℎ𝑆𝑅  + 𝜎12 ) + 𝜎𝑐2
(13)

2
 2

ℎ𝑅𝐷 (1 − 𝜌) 𝑃𝑠 𝑃𝑟 ℎ𝑆𝑅 
=
.
ℎ𝑅𝐷2 𝑃𝑟 𝜎2 + (1 − 𝜌) 𝑃𝑠 ℎ𝑆𝑅 2 𝜎2 + 𝜎2 𝜎2
1
1 𝑐


  𝑐

𝑝out 1

𝑝out 1 = P (𝛾𝑆𝑅𝐷 < 𝛾) .

(12)

ℎ𝑅𝐷√(1 − 𝜌) 𝑃𝑠 𝑃𝑟 ℎ𝑆𝑅 𝑠 (𝑚)

+

𝛾𝑆𝑅𝐷

2
 4

(14)
ℎ𝑅𝐷 (1 − 𝜌) 𝑃𝑠2 ℎ𝑆𝑅  𝜂𝜌 (𝜏/ (1 − 𝜏))
=
.
2
2
ℎ𝑅𝐷 ℎ𝑆𝑅  𝜂𝜌𝑃𝑠 𝜎2 (𝜏/ (1 − 𝜏)) + (1 − 𝜌) 𝑃𝑠 ℎS𝑅 2 𝜎2 + 𝜎2 𝜎2
1
1 𝑐

  
  𝑐

ℎ𝑅𝐷√(1 − 𝜌) 𝑃𝑠 𝑃𝑟 ℎ𝑆𝑅 𝑠 (𝑚)

+

Substituting (8) into (13), we have

(15)

Then, we have the following theorem.
Theorem 1. The outage probability 𝑝𝑜𝑢𝑡 1 for 𝑆-𝑅-𝐷 link with
TSPS protocol is obtained as
𝑑2

𝑝𝑜𝑢𝑡 1 = ∫ (1
0

− 𝑒−Ψ/Ω⋅𝜇𝑆𝑅 √

4Λ𝑟𝛼
4Λ𝑟𝛼
𝐾1 (√
))
Ω ⋅ 𝜇𝑆𝑅 𝜇𝑅𝐷
Ω ⋅ 𝜇𝑆𝑅 𝜇𝑅𝐷

(16)

2𝑟
d𝑟,
𝑑22
where Λ = (1 − 𝜌)𝑃𝑠 𝜎𝑐2 𝛾, Ω = 𝑑1−𝛼 𝑃𝑠2 𝜌(1 − 𝜌)𝜂(𝜏/(1 − 𝜏)), and
Ψ = 𝑃𝑠 𝜂𝜌𝜎12 𝛾(𝜏/(1−𝜏)). 𝜇𝑆𝑅 and 𝜇𝑅𝐷 are the mean value of the
exponential distributions |ℎ̃𝑆𝑅 |2 and |ℎ̃𝑅𝐷|2 , respectively. 𝐾1 (⋅)
denotes the first-order modified Bessel function of the second
kind [16].
⋅

Proof. We derive the outage probability 𝑝out 1 by substituting
(14) into (15), and 𝑝out 1 is given by

2
 4

ℎ𝑅𝐷 (1 − 𝜌) 𝑃𝑠2 ℎ𝑆𝑅  𝜂𝜌 (𝜏/ (1 − 𝜏))
= P (
< 𝛾)
ℎ𝑅𝐷2 ℎ𝑆𝑅 2 𝜂𝜌𝑃𝑠 𝜎2 (𝜏/ (1 − 𝜏)) + (1 − 𝜌) 𝑃𝑠 ℎ𝑆𝑅 2 𝜎2 + 𝜎2 𝜎2
1
1 𝑐

  
  𝑐
 2
(1 − 𝜌) 𝑃𝑠 ℎ𝑆𝑅  𝜎𝑐2 𝛾 + 𝜎12 𝜎𝑐2 𝛾

2
)
= P (ℎ𝑅𝐷 <  4
ℎ  𝑃2 𝜌 (1 − 𝜌) 𝜂 (𝜏/ (1 − 𝜏)) − ℎ 2 𝑃 𝜂𝜌𝜎2 𝛾 (𝜏/ (1 − 𝜏))

 𝑆𝑅  𝑠
1
 𝑆𝑅  𝑠
 2
(1 − 𝜌) 𝑃𝑠 ℎ̃𝑆𝑅  𝑟𝛼 𝜎𝑐2 𝛾 + 𝜎12 𝜎𝑐2 𝛾𝑟𝛼 𝑑1𝛼
̃ 2
= P (ℎ𝑅𝐷 <  4
 )
 2
̃  −𝛼 2
ℎ𝑆𝑅  𝑑1 𝑃𝑠 𝜌 (1 − 𝜌) 𝜂 (𝜏/ (1 − 𝜏)) − ℎ̃𝑆𝑅  𝑃𝑠 𝜂𝜌𝜎12 𝛾 (𝜏/ (1 − 𝜏))



(17)

(𝑎)

 2
Λ𝑟𝛼 ℎ̃𝑆𝑅  + Γ
̃ 2
= P (ℎ𝑅𝐷 <   4
 2  ) ,
 ̃ 
Ω ℎ𝑆𝑅  − Ψ ℎ̃𝑆𝑅  



(𝑏)

where (𝑎) follows from ℎ𝑆𝑅 = ℎ̃𝑆𝑅 √𝑑1−𝛼 and ℎ𝑅𝐷 = ℎ̃𝑅𝐷√𝑟−𝛼

and (𝑏) follows from Λ = (1 − 𝜌)𝑃𝑠 𝜎𝑐2 𝛾, Γ = 𝜎12 𝜎𝑐2 𝛾𝑟𝛼 𝑑1𝛼 , Ω =

𝑑1−𝛼 𝑃𝑠2 𝜌(1 − 𝜌)𝜂(𝜏/(1 − 𝜏)), and Ψ = 𝑃𝑠 𝜂𝜌𝜎12 𝛾(𝜏/(1 − 𝜏)). For
simplicity, we consider a high SNR case; the factor 𝜎12 𝜎𝑐2 in
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the denominator of (14) is approximately 0, such that Γ ≈ 0.
Then, we have
 2
Λ𝑟𝛼 ℎ̃𝑆𝑅 
̃ 2
𝑝out 1 ≈ P (ℎ𝑅𝐷 <   4
 2  )
 ̃ 
Ω ℎ𝑆𝑅  − Ψ ℎ̃𝑆𝑅  


2


Λ𝑟𝛼 ℎ̃𝑆𝑅 
{
2

{
{
),
P (ℎ̃𝑅𝐷 <  4  
{
{
{
̃ 2
{
Ω ℎ̃𝑆𝑅  − Ψ ℎℎ
𝑆𝑅 
={
 2
{
Λ𝑟𝛼 ℎ̃𝑆𝑅 
{
̃ 2
{
{


{P (ℎ𝑅𝐷 >  4
{
 2 ) = 1,
Ω ℎ̃𝑆𝑅  − Ψ ℎ̃𝑆𝑅 
{

̃ 2 Ψ
ℎ𝑆𝑅  >
 
Ω

(18)

̃ 2 Ψ
ℎ𝑆𝑅  < .
 
Ω

= 𝐸𝑟 [∫

Ψ/Ω

(

0

̃𝑆𝑅 |2 /|Ω|ℎ
̃𝑆𝑅 |4 −Ψ|ℎ
̃𝑆𝑅 |2 |⋅1/𝜇𝑅𝐷
|ℎ

]]

Note that 𝑝2 decreases with 𝑑2 and increases with 𝑑1 .
In this case, the source transmits towards the destination
node directly, and thus the communication is performed
within an overall time slot. Therefore, the received signal at
the destination node, 𝑦𝑑 (𝑡), is obtained as

where ℎ𝑆𝐷 = ℎ̃𝑆𝐷√𝑙−𝛼 , 𝑛3 is the AWGN at the destination
node, 𝜎32 is the variance of AWGN 𝑛3 , and 𝑠(𝑡) is normalized
transmitted signal from the source. Therefore, the SNR of the
𝑆-𝐷 path at the destination node is obtained as
𝛾𝑆𝐷 =

1 −𝑧/𝜇𝑆𝑅
𝑒
)
+ 𝐸𝑟 [∫ (
𝜇
Ψ/Ω
𝑆𝑅

(𝑎)

𝑑2

∞

0

Ψ/Ω

= ∫ ∫

(1 −

𝑧/(Ω𝑧2 −Ψ𝑧))

𝑑2

∞

0

Ψ/Ω

= ∫ ∫

1 −(𝑧/𝜇𝑆𝑅 +Λ𝑟𝛼 𝑧/(Ω𝑧2 −Ψ𝑧)⋅1/𝜇𝑅𝐷 )
𝑒
)
𝜇𝑆𝑅

(19)

arccos[𝑑2 /2𝑑1 ]

=∫

𝑑2

∫

𝑝out 2 = P (

4Λ𝑟
4Λ𝑟
2𝑟
𝐾1 (√
)) 2 d𝑟,
Ω𝜇𝑆𝑅 𝜇𝑅𝐷
Ω𝜇𝑆𝑅 𝜇𝑅𝐷
𝑑2

3.2. Direct Link (𝑆-𝐷). As shown in Figure 2, consider the
case where the destination node 𝐷 is located in B2 , which
is the complementary sector of B1 . We have mentioned in
Section 2.2 that 𝑙2 = 𝑑12 + 𝑟2 − 2𝑑1 𝑟 cos 𝜃; we have B2 = {𝑟 ∈
[0, 𝑑2 ], 𝜃 ∈ [−𝜃0 , 𝜃0 ]}, with 𝜃0 = arccos (𝑑2 /2𝑑1 ). Thus, the

𝛼/2

(24)
d𝑟 d𝜃.

 2
𝑃𝑠 ℎ̃𝑆𝐷 𝑙−𝛼
𝜎32

< 𝛾)

2 𝛼
 2 𝜎 𝛾𝑙
= P (ℎ̃𝑆𝐷 < 3 )
𝑃𝑠

𝛼

where (𝑎) follows from 0 < 𝑟 ≤ 𝑑2 , (𝑏) follows from the
notion that the PDF of the distance from the relay to the
destination is 𝑓(𝑟) = 2𝑟/𝑑22 , and (𝑐) is obtained by the formula
∞
∫0 𝑒−𝛽/4𝑥−𝛾𝑥 d𝑥 = √𝛽/𝛾𝐾1 (√𝛽𝛾) [16]. This ends the proof for
Theorem 1.

2
2
2
𝑟 𝜎3 𝛾 (𝑑1 + 𝑟 − 2𝑑1 𝑟 cos [𝜃])
𝑃𝑠 𝜇𝑆𝐷
𝜋𝑑22

Proof. Using (22) in (23), 𝑝out 2 is given by

𝑑2
2𝑟
(𝑐)
⋅ 2 d𝑧 d𝑟 = ∫ (1
𝑑2
0

− 𝑒−Ψ/Ω𝜇𝑆𝑅 √

(23)

𝑝𝑜𝑢𝑡 2

1 −(𝑧/𝜇𝑆𝑅 +Λ𝑟𝛼 /(Ω𝑧−Ψ)⋅1/𝜇𝑅𝐷 )
𝑒
)
𝜇𝑆𝑅

𝛼

(22)

.

Theorem 2. The outage probability 𝑝𝑜𝑢𝑡 2 for the direct link at
the destination node is obtained as

) d𝑧]

− arccos[𝑑2 /2𝑑1 ] 0

(1 −

𝜎32

Then, we have the following theorem.

⋅ 𝑓 (𝑟) d𝑧 d𝑟
(𝑏)

 2
𝑃𝑠 ℎ̃𝑆𝐷 𝑙−𝛼

𝑝out 2 = P (𝛾𝑆𝐷 < 𝛾) .

∞

𝛼

(21)

From (2), the probability that the destination decodes
the received data packets unsuccessfully, that is, the outage
probability 𝑝out 2 , is

1 −𝑧/𝜇𝑆𝑅
𝑒
) ⋅ 1 d𝑧]
𝜇𝑆𝑅

⋅ (1 − 𝑒−(1/𝜇𝑅𝐷 )(Λ𝑟

(20)

𝑦𝑑 (𝑡) = √𝑃𝑠 ℎ𝑆𝐷 ⋅ 𝑠 (𝑡) + 𝑛3 ,

(1/𝜇𝑅𝐷)𝑒−𝑧/𝜇𝑅𝐷 , respectively. Thus, 𝑝out 1 is approximately
given by
𝛼

arccos (𝑑2 /2𝑑1 )
1 𝜃0
.
∫ d𝜃 =
2𝜋 −𝜃0
𝜋

𝑝2 =

It is worth noting that we have mentioned that |ℎ̃𝑋𝑌 |2 ∼
exp(𝜇𝑋𝑌 ); the PDF of the exponential variables |ℎ̃𝑆𝑅 |2 and
|ℎ̃𝑅𝐷|2 are 𝑓|ℎ̃𝑆𝑅 |2 (𝑧) = (1/𝜇𝑆𝑅 )𝑒−𝑧/𝜇𝑆𝑅 and 𝑓|ℎ̃𝑅𝐷 |2 (𝑧) =

𝑝out 1 = 𝐸𝑟 [𝐸|ℎ̃𝑆𝑅 |2 [1 − 𝑒−Λ𝑟

probability that the destination node is located inside the area
B2 is derived as

(𝑎)

2

= 𝐸B2 [1 − 𝑒−𝜎3 𝛾𝑙

𝛼

/𝑃𝑠 𝜇𝑆𝐷

(25)

],

where (𝑎) follows from the notion that the PDF of the
exponential variable |ℎ̃𝑆𝐷|2 is 𝑓|ℎ̃𝑆𝐷 |2 (𝑧) = (1/𝜇𝑆𝐷)𝑒−𝑧/𝜇𝑆𝐷 .
Due to the fact that 𝑙2 = 𝑑12 + 𝑟2 − 2𝑑1 𝑟 cos 𝜃 and B2 =
{𝑟 ∈ [0, 𝑑2 ], 𝜃 ∈ [−𝜃0 , 𝜃0 ]}, with 𝜃0 = arccos (𝑑2 /2𝑑1 ), thus,
we have
𝑝out 2
=∫

𝜃0

−𝜃0

∫

𝑑2

0

2
2
2
𝛼/2
1
(1 − 𝑒−𝜎3 𝛾(𝑑1 +𝑟 −2𝑑1 𝑟 cos(𝜃)) /𝑃𝑠 𝜇𝑆𝐷 )
2𝜋

⋅ 𝑓 (𝑟) d𝑟 d𝜃.

(26)
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For high SNR, we assume 𝜎32 ≈ 0. From the Taylor series
𝑒 ≈ 1 + 𝑥, the outage probability 𝑝out 2 can be approximately
written as
𝑥

𝑝out 2 = ∫

𝜃0

−𝜃0

⋅

𝑑2

∫

0

1
2𝜋

𝜎32 𝛾 (𝑑12 + 𝑟2 − 2𝑑1 𝑟 cos (𝜃))

𝛼/2

𝑃𝑠 𝜇𝑆𝐷

(27)
2𝑟
d𝑟 d𝜃.
𝑑22

This completes the proof for Theorem 2.
3.3. Throughput Analysis. For the different locations of the
destination node, we have analyzed two conditions for the
relay-assisted transmission mode, 𝑆-𝑅-𝐷 by using the TSPS
protocol and direct link 𝑆-𝐷, and obtained the outage
probabilities 𝑝out 1 and 𝑝out 2 , respectively. The throughput is
characterized by evaluating the outage probability at a source
transmission rate target, which is defined as 𝑅𝑟 = log (1 + 𝛾).
From (3), we denote the throughput with TSPS protocol at
the destination node by 𝐶𝑎 ; we have
𝐶𝑎 = 𝑅𝑟 ⋅ (1 − 𝑝out 1 ) (1 − 𝜏) 𝑇.

(28)

It is worth noting that, for 𝜏 → 0 or 𝜌 → 0, there
is less time or less power available for energy harvesting.
Consequently, the energy harvested by the relay is smaller and
less throughput is obtained due to larger outage probability.
On the other hand, for the value of 𝜏 → 1 or 𝜌 → 1, there is
less time for information transmission or less power portion
for data transmission. Furthermore, larger 𝜌 results in poor
signal strength at the relay, and when the relay amplifies
the noise signal and forwards it to the destination node,
small throughput occurs due to larger outage probability
and less transmission time. Therefore, there is a tradeoff
between energy harvesting and data transmission, and there
exist optimal 𝜏 and 𝜌 which yields the maximum network
throughput 𝐶𝑎 .
The throughput for the 𝑆-𝐷 link denoted by 𝐶𝑏 is obtained
by
𝐶𝑏 = 𝑅𝑟 (1 − 𝑝out 2 ) 𝑇.

(29)

Therefore, the throughput for the relay-assisted transmission mode 𝐶1 , at the destination node, is obtained by
𝐶1 = 𝐶𝑎 ⋅ 𝑝1 + 𝐶𝑏 ⋅ 𝑝2
= 𝑅𝑟 ⋅ (1 − 𝑝out 1 ) (1 − 𝜏) 𝑇 ⋅ 𝑝1

(30)

+ 𝑅𝑟 (1 − 𝑝out 2 ) 𝑇 ⋅ 𝑝2 ,
where 𝑝1 and 𝑝2 are given by (4) and (20), respectively. It is
worth highlighting that 𝐶𝑏 is a constant for different 𝜏 and 𝜌;
consequently, the optimal value of 𝐶1 mainly depends on 𝐶𝑎 .
It seems intractable to evaluate the closed-form expressions for the optimal value of 𝐶1 . However, the optimization
can be done offline by numerical calculation of the optimal
values of 𝜌∗ and 𝜏∗ for the given system parameters.

4. Nonrelay Mode
In this section, we will characterize the outage probability
and the network throughput for the link from source to the
destination. As shown in Figure 2, consider the case where
the destination node 𝐷 is located inside the area B, and the
communication is performed in an overall time slot. Similar
to that in Section 3.2, the SNR of the nonrelay mode at the
destination node can be obtained as
 2
𝑃𝑠 ℎ̃𝑆𝐷 𝑙−𝛼
(31)
,
𝛾𝑆𝐷 =
𝜎42
where 𝜎42 is the variance of the overall AWGN at the destination node. From (2), the probability that the destination node
decodes the received data packets unsuccessfully, that is, the
outage probability 𝑝out 3 , is
𝑝out 3 = P (𝛾𝑆𝐷 < 𝛾) .

(32)

Then, we have the following theorem.
Theorem 3. The outage probability 𝑝𝑜𝑢𝑡 3 for the nonrelay
mode at the destination node is obtained as
𝑝𝑜𝑢𝑡 3
𝜋

𝑑2

=∫ ∫

𝛼/2

𝜎42 𝛾 (𝑑12 + 𝑟2 − 2𝑑1 𝑟 cos (𝛿))
𝑃𝑠 𝜇𝑆𝐷

−𝜋 0

𝑟
d𝑟 d𝛿.
𝜋𝑑22

(33)

Proof. Substituting (31) into (32), 𝑝out 3 is given by
𝑝out 3 = P (

 2
𝑃𝑠 ℎ̃𝑆𝐷 𝑙−𝛼
𝜎42

< 𝛾)
(34)

−𝜎42 𝛾𝑙𝛼 /𝑃𝑠 𝜇𝑆𝐷

= 𝐸B [1 − 𝑒

].

From Section 2.2, we get that B = {𝑟 ∈ [0, 𝑑2 ], 𝛿 ∈
[−𝜋, 𝜋]}. Thus, we have
𝑝out 3
𝜋

𝑑2

2

2

2

𝛼/2

= ∫ ∫ (1 − 𝑒−𝜎4 𝛾(𝑑1 +𝑟 −2𝑑1 𝑟 cos(𝛿))

/𝑃𝑠 𝜇𝑆𝐷

−𝜋 0

)

1
2𝜋

(35)

⋅ 𝑓 (𝑟) d𝑟 d𝛿.
Similarly, from the Taylor series 𝑒𝑥 ≈ 1 + 𝑥, the outage
probability 𝑝out 3 can be approximately written as
𝜋

𝑑2

𝑝out 3 = ∫ ∫

−𝜋 0

𝛼/2

𝜎42 𝛾 (𝑑12 + 𝑟2 − 2𝑑1 𝑟 cos (𝛿))
𝑃𝑠 𝜇𝑆𝐷

2𝑟
⋅ 2 d𝑟 d𝛿.
𝑑2

1
2𝜋

(36)

This completes the proof for Theorem 3.
The throughput 𝐶2 at the destination node in the nonrelay
transmission mode is obtained by
𝐶2 = 𝑅𝑟 ⋅ (1 − 𝑝out 3 ) 𝑇.

(37)
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Figure 4: The network throughput 𝐶 of the two transmission modes
versus the transmission rate target 𝑅𝑟 , with 𝜎12 = 0.01 and 𝜎𝑐2 =
0.001.

Figure 5: The network throughput 𝐶 of the two transmission modes
versus the radius of selection sector 𝑑2 , with 𝜎12 = 𝜎𝑐2 = 0.001.

5. Numerical Results

and the throughput increases as 𝑅𝑟 increases. However, when
𝑅𝑟 increases above a certain value, the destination node fails
to decode the signal correctly, which results in a larger outage
probability, and thus the throughput decreases. Furthermore,
it is observed that the throughput increases with increasing
𝑃𝑠 ; the reason is that large source transmission power 𝑃𝑠 is
beneficial to reducing the network outage probability and
thus enhances the network throughput.
Figure 5 shows the optimal throughput in the relayassisted transmission mode and the network throughput in
the nonrelay mode for different values of the radius of selection sector 𝑑2 . Similar to Figure 4, the optimal throughput
in the relay-assisted transmission mode, 𝐶1 , renders larger
values of throughput compared to the throughput in the
nonrelay mode, 𝐶2 , as much as 44.2%, when 𝑑2 = 1 at
𝑃𝑠 = 1, and the throughput increases with increasing 𝑃𝑠 .
Moreover, the throughput in the nonrelay mode 𝐶2 decreases
as 𝑑2 increases due to the fact that the path loss increases with
increasing 𝑑2 and thus results in a large outage probability
𝑝out 3 (see (37)). However, the optimal throughput in the
relay-assisted transmission mode 𝐶1 is not monotonously
changed with 𝑑2 ; this is because 𝑑2 mainly affects the
throughput in relay-assisted transmission mode with TSPS
protocol (see the first portion of (30)). On the one hand,
small 𝑑2 leads to a small path loss, which imposes a small
outage probability 𝑝out 1 , and thus results in large throughput
𝐶𝑎 (see (28)), but the probability 𝑝1 from (4) is decreased.
On the other hand, for large values of 𝑑2 , the throughput
𝐶𝑎 degrades since the outage probability 𝑝out 1 increases, but
the probability 𝑝1 is increased. Therefore, there exists an
optimal 𝑑2 which yields the maximum throughput in the
relay-assisted transmission mode 𝐶1 . In Figure 5, the optimal
𝑑2 is 0.4 and 0.5, with 𝑃𝑠 = 2 and 𝑃𝑠 = 1, respectively.

In this section, based on our theoretical analysis, we present
some numerical results and give some interpretations. First
of all, we compare the optimal throughput in relay-assisted
transmission mode with that in nonrelay mode. By using
the TSPS protocol, we characterize the optimal values 𝐶1 of
the network throughput in relay-assisted mode, the optimal
values of the time switching ratio 𝜏, and the power splitting
ratio 𝜌 for different parameters, respectively.
Unless otherwise specified, we set the path-loss exponent
as 𝛼 = 4, which corresponds to a city cellular network
environment. Transmission time slot is normalized to 𝑇 =
1; the energy harvesting efficiency 𝜂 = 1; the source
transmission power 𝑃𝑠 = 1 W; the source transmission rate
target 𝑅𝑟 = 11 bits/s/Hz; the distance between the source
node and the relay and the radius of the selection sector are
both normalized to 𝑑1 = 𝑑2 = 1; and the mean value of the
channel power gain 𝜇𝑆𝑅 = 𝜇𝑅𝐷 = 𝜇𝑆𝐷 = 1.
5.1. Comparison between the Relay-Assisted Transmission
Mode and the Nonrelay Mode. Figure 4 shows the optimal
throughput in the relay-assisted transmission mode and the
network throughput in the nonrelay mode for different values
of the transmission rate target 𝑅𝑟 . We have the following
observations. First of all, the optimal throughput 𝐶1 in the
relay-assisted transmission mode renders larger values of
throughput compared to the throughput in the nonrelay
mode 𝐶2 , as much as 30.8%, when the rate target is 11.5 at 𝑃𝑠 =
0.3. Moreover, the network throughput first increases as 𝑅𝑟
increases but starts to decrease when the rate target is above
a certain threshold. This is due to the fact that, for smaller 𝑅𝑟 ,
the network throughput mainly depends on the rate target 𝑅𝑟 ,
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Figure 6: The network throughput 𝐶1 with different settings of the
time switching ratio 𝜏 and the power splitting ratio 𝜌 in the relayassisted mode, with 𝜎12 = 𝜎𝑐2 = 0.01.
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Figure 7: The network throughput 𝐶1 with different settings of the
power splitting ratio 𝜌 in the relay-assisted mode.

8.5

Optimal network throughput C1

5.2. Optimization with the Relay-Assisted Transmission Mode.
Figure 6 demonstrates how the time switching ratio 𝜏 and the
power splitting ratio 𝜌 would affect the network throughput
𝐶1 . As observed, the maximum 𝐶1 can be obtained as 𝐶1 =
5.7752 with 𝜏 = 0.3 and 𝜌 = 0.4. This is because, for
small values of 𝜏 or 𝜌, there is less time and there is less
power available for energy harvesting. Consequently, the
energy harvested by the relay is smaller and less throughput is
obtained due to larger outage probability. On the other hand,
for the value of 𝜏 or 𝜌 larger than the optimal values, there is
less time for information transmission and there is less power
portion for data transmission. Moreover, larger 𝜌 results in
poor signal strength at the relay, and when the relay amplifies
and transmits the noise signal to the destination node, small
throughput occurs due to larger outage probability at the
destination node. Our results can be used to find the feasible
region in the 𝜏-𝜌 plane for given allowable throughput.
Figure 7 demonstrates the network throughput for TSPS
protocol with 0 < 𝜌 < 1. We see that the simulation results are
consistent with our analytical results for the different values
of 𝜌 and 𝜏, which verifies the analytical expression for the
network throughput.
Figure 8 shows the optimal throughput 𝐶1 with relayassisted transmission protocol as well as the TSR and the PSR
protocols for different values of energy harvesting efficiency
𝜂. It is observed that the optimal throughput 𝐶1 is in proportion to energy harvesting efficiency 𝜂. Furthermore, the
TSPS protocol outperforms the TSR and the PSR protocols in
terms of throughput, as much as 5.9% and 28%, respectively,
when the energy harvesting efficiency = 1. Figure 9 plots
the optimal throughput 𝐶1 with relay-assisted transmission
protocol as well as the TSR and the PSR protocols for different
values of the noise variance for the 𝑅-𝐷 link 𝜎𝑐2 . It is observed
that the optimal throughput 𝐶1 is inversely proportional to
the noise variance for the 𝑅-𝐷 link 𝜎𝑐2 . Similarly, the TSPS
protocol outperforms the TSR and the PSR protocols in terms
of throughput, as much as 7.3% and 28%, respectively, when
the noise variance for the 𝑅-𝐷 link 𝜎𝑐2 = 10−3 . We can see
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Figure 8: The optimal network throughput 𝐶1 with relay-assisted
transmission mode versus the energy harvesting efficiency 𝜂, with
𝜎12 = 0.01 and 𝜎𝑐2 = 0.001.

that joint optimization of both 𝜌 and 𝜏 improves the network
throughput significantly.
In Figure 10, we characterized the optimal values of 𝜏
and 𝜌 for the TSPS protocol for different values of the noise
variance for the 𝑅-𝐷 link 𝜎𝑐2 . It can be observed from Figure 10
that the optimal value of 𝜏 or 𝜌 increases by increasing 𝜎𝑐2 , and
the optimal values of 𝜏 and 𝜌 jointly maximize the network
throughput as shown in Figure 9 with TSPS protocol.
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8.5

part of the time is used for information transfer from the
relay to the destination. The outage probability and the
network throughput are characterized, by using the two
transmission modes, respectively. With the TSPS protocol,
the network throughput is maximized by joint optimization
of the power splitting and time switching ratios. In particular,
theoretical analysis shows that the optimal throughput in
the relay-assisted transmission mode achieves larger values
of throughput compared to the throughput in the nonrelay
mode as much as 44.2%.

8
7.5
7
6.5
6
5.5

Symbol Notation
1

2

3

4

5

𝜎2c

6

7

8

9

10
×10

−3

TSPS
TSR with 𝜌 = 0.5
PSR with 𝜏 = 0.5

Figure 9: The optimal network throughput 𝐶1 with relay-assisted
transmission mode versus the noise variance for the 𝑅-𝐷 link 𝜎𝑐2 ,
with 𝜎12 = 0.01.
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𝜏:
𝜌:
𝑃𝑠 :
ℎ:
𝑝out :
𝐶:
𝑑1 :

The signal-to-noise (SNR) target
The transmission rate target
Time switching ratio
Power splitting ratio
Transmission power of the source
Rayleigh fading gain
Outage probability of the network
Network throughput
The fixed distance between the source and the
relay
𝑑2 : The radius of the available region of the relay
B1 : Selection sector of the relaying path
𝑙:
The distance between the source and the
destination node
𝑟:
The distance between the relay and the
destination node
𝜂: Energy harvesting efficiency
𝛼: Path-loss exponent
𝑇: One transmission slot time
𝜎12 : The variance of the additive white Gaussian noise
(AWGN) over the 𝑆-𝑅 link
𝜎𝑐2 : The variance of the AWGN over the 𝑅-𝐷 link.
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6. Conclusion
In this paper, we investigated two transmission modes: the
relay-assisted transmission mode and the nonrelay mode,
respectively. In the relay-assisted transmission mode, we
proposed a TSPS protocol in a cooperative relaying system
to improve network performance in terms of efficiency and
reliability. During the first amount of the time slot, a portion
of the received signal power is used for energy harvesting by
the relay, and the remaining power is used for information
transmission from the source to the relay, while the remaining
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