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In this paper, we evaluate a two-way relay system consisting of two terminals and an intermediate relay. In this model, two
terminals do not have a direct link but exchange data with each other via the relay in three phases. The relay utilizes energy
harvesting technology to collect energy from the received signals of two terminals in the first two phases and then uses the
obtained energy for signal transmission in the third phase. Each node is equipped with a single antenna and operates under a
half-duplex mode. All wireless channels are influenced by reversible independent flat Rayleigh fading. Using analytical methods,
we provide the exact and approximate closed-form expressions of user outage probability and system outage probability. The
approximate expressions of these outage probabilities are more explicit and straightforward, providing a better understanding of
the influences of network parameters on the system quality. Monte-Carlo simulations are used to confirm the correctness of
mathematical analyses.

1. Introduction

Nowadays, energy harvesting (EH) technology has become a
hot research trend and attracted increasing interest from
many research groups around the world [1–3]. It is a research
trend towards green information in which network nodes
can harvest the energy from different sources, such as solar,
wind, vibration, thermoelectric effects, and other physical
phenomena [4–6]. Based on the fact that radio frequency
(RF) signals can carry energy and information at the same
time [7], a new emerging solution for a wireless network is
to avail ambient RF signals, in which wireless nodes can har-
vest energy and process the information simultaneously.
Therefore, with EH technology, network nodes can collect
energy from received signals in the radio band and use it
for next operations [8, 9]. This operation not only helps to
extend the operation life time of wireless nodes but also
reduces their battery usage, resulting in a reduction of toxic
wastage. Generally, based on the operation of receiver, EH
technology is divided into two main techniques: (i) time

switching (TS), where the received signal is divided into
two time phases to harvest energy and decode the signal,
and (ii) power splitting (PS), where the received signal power
is split into two parts for energy harvesting and signal decod-
ing [9]. Based on receiver architecture, EH systems are
divided into two main categories: (i) harvest-use, where all
harvested energy is used immediately, and (ii) harvest-
store-use, where harvested energy can be stored for the next
operation [10]. For the receiver applying the TS scheme, its
antenna is successively connected to the energy harvesting
block and the signal processing block. The timing mecha-
nism controls the signals coming to these blocks. On the con-
trary, for the receiver using the PS scheme, its antenna is
connected to both the energy harvesting block and data pro-
cessing block; thus, the received data are shared between
them. Therefore, the EH phase and the information process-
ing phase may concurrently occur in a given time slot, which
shortens the transmission cycle. However, from the receiver’s
complexity perspective, the TS scheme is superior to the PS
scheme because the commercially available circuits
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separately designed for information decoding and energy
harvesting can be used [11–13].

Recently, two-way relay systems have also been received
much attention from researchers as they can improve spec-
tral efficiency and extend the coverage area of wireless com-
munication systems [14–17]. In [14], the authors study a
system model where a bidirectional connection between
two terminals is established via one amplify-and-forward
(AF) or decode-and-forward (DF) relay and propose a novel
relaying protocol where two relays alternately forward mes-
sages from a source terminal to a destination terminal,
namely, two-path relaying. In [15], a two-way amplify-
forward communication system employing the EH technique
at relay node over Nakagami-m fading channels was consid-
ered. The authors gave the exact closed-form expression of
user outage probability, the approximated expression of sys-
tem outage probability, and the upper bound of ergodic
capacity. The authors in [16] derived the expression of sys-
tem outage probability and the sum-rate of a two-way net-
work where two users exchanging information via multiple
AF relays. To study the performance of a single relay selec-
tion scheme in a two-way relay system under outdated CSI
conditions, the authors in [17] provided the exact and
asymptotic expressions of the system outage probability.
Similar to other systems, wireless nodes in two-way relay sys-
tems also encounter the problem of saving energy to extend
the communication time. Therefore, the idea of combining
EH technology in two-way systems is a new solution and
has been studied in a number of recent publications. In
[18], the authors considered a two-way relay cognitive radio
system with a primary receiver. They evaluated this decode-
and-forward (DF) relay system where the relay applies EH
technology and network coding by deriving a closed-form
expression of the system outage probability at terminals.
However, this probability expression was not explicitly given.
In [19], the authors studied the maximum throughput of a
two-way relay system where two terminals and relay use
EH technology. An energy harvesting two-way dual-relay
network consisting of one non-EH relay and one EH relay
with a finite-sized battery was investigated in [20]. The
authors in [21] analyzed the outage probability and through-
put of a three-phase two-way DF relay system model where
the relay harvests the energy from radio frequency signals
in the first two phases and converts it to transmission power
in the third phase. However, in [21], the closed-form expres-
sion of overall system outage probability was not given. In
[22], the authors considered three-step two-way decode-
and-forward (DF) relay networks which are similar to the
system model considered in [21]. Although they derived an
analytical expression for the system outage probability and
proposed a dynamic power splitting (PS) scheme to mini-
mize the system outage probability, similar to [21], the exact
expression of system outage probability was not given and
the derivations of approximate expression are very complex
and difficult to follow. The authors in [23] studied a two-
way relaying system consisting of a multiantenna relay and
two single-antenna sources. The relay was not properly pow-
ered but had to collect the energy from two sources’ transmit-
ted signals in the broadcast phase. Two sources exchanged

information in two time phases. The system performance in
terms of outage probability and average throughput was ana-
lyzed. However, because the SNR expression was too compli-
cated, they could not give closed-form expressions of these
performance metrics. In [24], the authors consider relay
beamforming and power-domain nonorthogonal multiple
access for a wireless-powered multipair two-way relay net-
work. Their objective was to optimize the energy transfer
beamforming matrix by maximizing the minimum of the
achievable rates among all the users. Applying a piecewise
linear energy harvesting model for the users and the relay
in dual-hop wireless powered two-way communication, the
authors in [25] investigated the problem of total throughput
maximization of both AF and DF relaying models. They con-
cluded that it is essential to study a realistic EH model as the
impractical linear EHmodel causes tremendous performance
loss.

Motivated by the above issues, in this paper, we will
derive the exact and approximate closed-form expression of
overall system outage probability using the Taylor series
expansion and Gaussian-Chebyshev quadrature approach.
The approximation expressions are presented in a more con-
cise form, allowing us to see the effects of key parameters
such as the average transmission power, the channel gain,
the time allocation of signal phase, and the power allocation
coefficient on the system outage performance more easily.
Particularly in this paper, the time allocation ratio of the sig-
nal phase and the power allocation coefficient are the distin-
guished parameters of the considered two-way DF relay
system with EH relay; thus, it is necessary to clarify these
parameters’ influences on the outage performance of the con-
sidered system. Moreover, using the Taylor series expansion
and Gaussian-Chebyshev quadrature approach allows us to
adjust necessary precision by changing the number of terms
in finite sum.

The rest of this paper is organized as follows. Section 2
outlines the proposed system model. The outage probability
of this system model is studied in Section 3. Section 4 pre-
sents numerical results. Section 5 concludes the main find-
ings of this paper.

2. System Model

In this paper, we consider a two-way relay system as shown
in Figure 1. This system comprises two terminals S1 and S2
exchanging their data via an intermediate relay node R. The
relay R is assumed to have a limited power and therefore
has to harvest the energy from the radio frequency signals
of two terminals to forward the information of these two ter-
minals by using the DF three-phase two-way relay protocol.
The motivation for using the DF relay are as follows: (i) the
DF relay is found to be of more practical interest; (ii) com-
pared with the AF relaying strategy, DF relaying avoids noise
amplification and can be easily combined with coding tech-
nologies. All wireless channels are assumed to be reciprocal
and undergo independent flat Rayleigh fading.

The three-phase two-way relay protocol can be described
as follows. A cycle T for signal transmission between two ter-
minals is divided into three phases. In the first phase t1, after
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R receives signals from S1, a power divider is used to divide
the received power into two parts: one part is used to process
signal and another part is used to convert energy. In the sec-
ond phase t2, S2 transmits its signal to R. Then, R divides the
power of the received signal similarly to the first phase. It is
assumed that t1 = t2 = ρT , where 0 < ρ < 0:5 is the time allo-
cation ratio of the signal phase. In the third phase t3 = ð1 −
2ρÞT , the relay broadcasts the reencoding signals to two
terminals.

We assume that the global channel state information
(CSI) and partial CSI for the relay and terminals can be
acquired perfectly. Specifically, for the relay R, the CSI of h1
and h2 have to be acquired to correctly decode the signal
from two users simultaneously. For the terminal S1 (S2), the
CSI of h1 (h2) have to be acquired to correctly decode the
desired signals. In our considered relay system, the channel
coefficients h1 and h2 can be obtained as follows. Terminal
S1 broadcasts a ready-to-send (RTS) message before infor-
mation transmission. After receiving the RTS message from
S1, terminal S2 replies with a clear-to-send (CTS) message.
Then, the relay R can estimate the channel coefficients of
both h1 and h2 by overhearing the RTS and CTS messages.
Finally, terminals S1 and S2 are informed of the correspond-
ing channel coefficients through the feedbacks from the relay
R [26].

Denote hi, i ∈ f1, 2g, as the channel coefficients between
Si and R. When Si transmits with power P, the received signal
at R in the ith phase is

yiR =
ffiffiffi
P

p
hixi + ni, ð1Þ

where ni is an additive white Gaussian noise at the relay in
the ith phase time, xi is the transmitted signal symbol from
Si, and Efx2i g = 1.

In the first two phases, R uses the divider to divide the
received signal power into two parts:

ffiffiffi
δ

p
yiR to harvest energy

and
ffiffiffiffiffiffiffiffiffiffi
1 − δ

p
yiR to signal processing, where δ is the power allo-

cation coefficient, 0 < δ < 1. The received power at R from Si
is given by

Ei = ηδP hij j2ρT , ð2Þ

where η is the energy conversion efficiency, 0 < η < 1.
Consequently, we have the total energy which the relay

collects in two phases as

E〠 = ηδPρT h1j j2 + h2j j2� �
: ð3Þ

It is worth noticing that the receiver consumes a certain
amount of energy for CSI acquisition and circuitry. However,
in our considered relay system, we assume the power
required for CSI acquisition and circuitry is not supplied by
the harvester energy but from an independent battery [10].
Thus, when all energy harvested in two phases is used for
the signal transmission power of R in the third phase, the
transmission power of R in the third phase is

PR = ηδP
ρ

1 − 2ρ

� �
h1j j2 + h2j j2� �

: ð4Þ

According to the DF relaying protocol, R receives signals
from S1 and S2 in two phases and decodes the received signals
y1R and y2R into symbols x1 and x2, respectively. Then, R
encodes these two decoded symbols by applying XOR opera-
tion and obtains the normalized symbol xR, i.e., x1 ⊕ x2 → xR,
where Efx2Rg = 1 and ⊕ is the bitwise XOR operation.

In the third phase, R broadcast xR to S1 and S2. Terminal
Si receives this symbol and decodes it by using XOR opera-
tion with its transmitted symbol. Consequently, the received

S1 Relay

II. System model

S2

EH DF
h1 h2

1st phase 2nd phase 3rd phase

T 𝜌T (T- 2𝜌T)
T

EH at relay R

Decoding signal x1

EH at relay R 

Decoding signal x2

Relay R forwards
information to S1 and S2

Figure 1: System model of the two-way DF relay system with EH relay.
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signal at Si in the third phase is given by

ySi =
ffiffiffiffiffi
PR

p
hixR + nSi , ð5Þ

where nSi is the AWGN at Si.
Since the noise power at all nodes in the system is equal to

N0, the signal-to-noise ratios (SNRs) at R in the first and sec-
ond phases are, respectively, calculated as

γ1 =
P 1 − δð Þ h1j j2

N0
, ð6Þ

γ2 =
P 1 − δð Þ h2j j2

N0
: ð7Þ

In the third phase, the SNR of the received signal at Si, i
∈ f1, 2g, can be calculated as

γ3i =
ηδP ρ/ 1 − 2ρð Þð Þ h1j j2 + h2j j2� �

hij j2
N0

: ð8Þ

3. Performance Analysis

3.1. User Outage Probability (UOP)

3.1.1. Exact Expression. In the three-phase two-way relay
protocol, the user outage probability of terminal Si is the
probability that Si cannot successfully decode the intended
received signal from Sj. In other words, the user outage prob-
ability of Si is the probability that the SNR of the received sig-
nal at Si is less than a threshold γth, i.e.,

UOPi = Pr γji < γth

� �
, ð9Þ

where γji =min ðγj, γ3iÞ with i, j ∈ f1, 2g, i ≠ j and γth = 23R
− 1; R is the desired data transfer rate of Si.

We can rewrite (9) as

UOPi = Pr min γj, γ3i
� �

< γth

� �
= 1 − Pr min γ j, γ3i

� �
> γth

� �
= 1 − Pr γj > γth, γ3i > γth

� �
= 1 − Pr

P 1 − δð Þ hj
		 		2

N0
> γth, ηδP

 

� ρ

1 − 2ρ

� � hij j2 + hj
		 		2� �

hij j2
N0

> γthÞ
!
:

ð10Þ

For clarity, we set X = jhij2, Y = jhjj2, ϕ = ηδρ/ð1 − 2ρÞ.
Then, X and Y are exponential distributed random variables
with mean parameters λx and λy , respectively. Hence, the
UOP of Si is computed as

UOPi = 1 − Pr Y > γthN0
P 1 − δð Þ , Y > γthN0

ϕPX
− X

� �
: ð11Þ

More specifically, the user outage probability at the ter-
minal node Si is defined in the following Theorem 1.

Theorem 1. The user outage probability of Si in the considered
two-way DF communication system with EH relay is given by

UOPi = 1 − e− x0/λxð Þ+ γthN0/P 1−δð Þλyð Þð Þ

−
1
λx

〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !n
γthN0

ϕPλy

 !n/2

x n+2ð Þ/2
0 e

− γthN0/2ϕPλyx0
� �

W −n−2ð Þ/2, n+1ð Þ/2
γthN0

ϕPλyx0

 !
,

ð12Þ

where x0 = −ðγthN0/2Pð1 − δÞÞ + ð ffiffiffiffiffiffiffiffiffiffiffi
γthN0

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Pð1 − δÞ2 + γthN0ϕ

q
/2Pð1 − δÞ ffiffiffi

ϕ
p Þ, Wα,βð·Þ denotes the

function Whittaker ([27], Eq. (9.220)), and N is the number
of truncated terms in the series expansion.

Proof. See Appendix A.

3.1.2. Approximate Expression in High SNR Regime. Herein,
we use the Gaussian-Chebyshev quadrature approach to cal-
culate the integral of a given function over interval ða, bÞ as

ðb
a
f xð Þdx ≈ b − a

2 〠
V

v=1
ωV

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − y2v

q
f xvð Þ, ð13Þ

where xv = ððb − aÞ/2Þyv + ðb + aÞ/2, yv = cos ððð2v − 1Þ/2VÞ
πÞ, and ωV = π/V .

Then, the approximate value of I1a in (A.5) is

~I1a ≈
1
λx

〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !n
x0
2 〠

L

l=1
ωL

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − y2l

q
xnl e

− γthN0/ϕPλyxlð Þ,

ð14Þ

where yl = cos ððð2l − 1Þ/2LÞπÞ, ωL = π/L, xl = x0/2ðyl + 1Þ,
and L is a parameter that determines the tradeoff between
complexity and accuracy.

Finally, the approximate expression of the UOP of Si is
determined in the following corollary.

Corollary 2. The approximate expression of the UOP of Si is
given by

UOPi
P→∞ ≈ 1 − e− x0/λxð Þ+ N0/P 1−δð Þλyð Þγthð Þ

−
1
λx

〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !n
x0
2
〠
L

l=1
ωL

ffiffiffiffiffiffiffiffiffiffiffi
1 − y2l

q
xnl e

− γthN0/ϕPλyxlð Þ:

ð15Þ

Thanks to a more straightforward form than in (12), we
can easily see the impacts of system parameters on each termi-
nal’s outage probability.
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3.2. System Outage Probability (SOP)

3.2.1. Exact Expression. The outage probability of a two-way
relay system is the probability that the SNR in at least one
phase is lower than a given threshold γth.

Denote γe =min ðγ3i,γ3jÞ, the system outage probability
is calculated as

SOP = 1 − Pr γi > γth, γ j > γth, γe > γth

� �
= 1 − I2 − I3, ð16Þ

where

I2 = Pr γi > γth, γj > γth, γe > γth, hj
		 		2 > hij j2

� �
, ð17Þ

I3 = Pr γi > γth, γj > γth, γe > γth, hij j2 > hj
		 		2� �

: ð18Þ

Then, the system outage probability of the considered
system is defined in the following Theorem 3.

Theorem 3. The exact closed-form expression of the system
outage probability of the considered two-way DF relay system
with EH relay is given by

SOP = 1 − exp −
γthN0

P 1 − δð Þ
1
λx

+ 1
λy

 ! !
when

P < 2ϕγthN0

1 − δð Þ2
,

ð19Þ

SOP = 1 − e− 1/λxð Þ+ 1/λyð Þð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γthN0/2ϕP

p

−
1
λx

〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !n
γthN0

ϕPλy

 !n/2

�
x1

n+2ð Þ/2e− γthN0/2λyϕPx1ð ÞW −n−2ð Þ/2, n+1ð Þ/2
γthN0

λyϕPx1

 !

−
γthN0

P 1 − δð Þ
� � n+2ð Þ/2

e− 1−δð Þ/ 2λy ϕð Þð ÞW −n−2ð Þ/2, n+1ð Þ/2
1 − δ

λyϕ

 !
0
BBBBBB@

1
CCCCCCA

−
1
λy

〠
N

n=0


−1ð Þn
n!

1
λy

−
1
λx

 !n
γthN0

ϕPλx

� �n/2

�
x1

n+2ð Þ/2e− γthN0/2λxϕPx1ð ÞW −n−2ð Þ/2, n+1ð Þ/2
γthN0

λxϕPx1

� �

−
γthN0

P 1 − δð Þ
� �n+2/2

e− 1−δð Þ/2λx ϕð ÞW −n−2ð Þ/2, n+1ð Þ/2
1 − δ

λxϕ

� �
0
BBBB@

1
CCCCAwhen

P > 2ϕγthN0

1 − δð Þ2
,

ð20Þ

where x1 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γthN0/ð2ϕPÞ

p
.

Proof. See Appendix B.

In summary, depending on the transmission power P, the
SOP is determined by (19) when P < 2ϕγthN0/ð1 − δÞ2 or by
(20) when P > 2ϕγthN0/ð1 − δÞ2.
3.2.2. Approximate Expression in High SNR Regime. Recalling
the Gaussian-Chebyshev quadrature approach in (13), the

approximate value of I2a in (B.7) is as

~I2a ≈
1
λx

〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !n 1
2 x1 −

γthN0
P 1 − δð Þ

� �
〠
K

k=1
ωK

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − y2k

q
xnke

− γthN0/ϕPλyxkð Þ,

ð21Þ

where xk = ð1/2Þykðx1 − ðγthN0/Pð1 − δÞÞÞ + ð1/2Þðx1 + ðγth
N0/Pð1 − δÞÞÞ, yk = cos ððð2k − 1Þ/2KÞπÞ, ωK = π/K with K
is a parameter that determines the tradeoff between complex-
ity and accuracy.

Applying a similar method for I3, we obtain an approxi-
mate expression of the SOP in the following corollary.

Corollary 4. The approximate expression of the SOP is given
by

SOP = 1 − exp −
γthN0

P 1 − δð Þ
1
λx

+ 1
λy

 ! !
when

P < 2ϕγthN0

1 − δð Þ2 ,

ð22Þ

SOP ≈ 1 − e− 1/λxð Þ+ 1/λyð Þð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γthN0/2Pϕ

p

−
1
2
〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !n

x1 −
γthN0

P 1 − δð Þ
� �

〠
K

k=1
ωK

ffiffiffiffiffiffiffiffiffiffiffi
1 − y2k

q
xni

� 1
λx

e− γthN0/ϕPλyxkð Þ + 1
λy

e− γthN0/ϕPλxxkð Þ
 !

when
P > 2ϕγthN0

1 − δð Þ2 :

ð23Þ
It is noted that higher K results in a smaller difference in

the approximate SOP expression. However, the value ofK can-
not be arbitrarily large because of the computational complex-
ity. Fortunately, for our considered system model, even a small
value of K ensures that the approximate expression well fits
the exact expression, as demonstrated in the next section.

Remark 5. In this paper, the two-way relay system with one
relay node is considered. In the case of a two-way multiple
relay system, we must first model the relay selection scheme
mathematically to find the outage probability (OP) expres-
sion. Then, the OP expression will contain the components
representing the relay selection algorithm. In the case of a
two-way relay system where the relay is equipped with mul-
tiple antennas, the channels between the relay and two termi-
nals are random matrices. Furthermore, in the third phase
time, the relay may employ a beamforming or transmit
antenna selection (TAS) technique to transmit its signals.
Thus, the OP expression will contain the components repre-
senting the beamforming vector at the relay or TAS algo-
rithm. To sum up, it is challenging to find the OP
expressions in these two scenarios.

4. Numerical Results

In this section, we use the exact and approximation expres-
sions of the UOP and SOP obtained in the previous section
to evaluate the two-way DF system’s outage performance
with the EH relay. Various scenarios are carried out to reveal
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the impact of the Rayleigh fading, users’ transmission power,
the time allocation ratio, and the power allocation coefficient
on the system performance. To demonstrate the accuracy of

the analysis results, we compare them with the Monte-
Carlo simulation results. With regard to the simulation
methodology, we first create the channel coefficients h1 and
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Figure 4: System outage probability versus average SNR for β = 3, γth = 7, η = 0:8, N0 = 1, and N = K = 5.
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Figure 5: Effect of ρ on the system outage probability for different transmission power. β = 3, γth = 7, δ = 0:3, η = 0:8, N0 = 1, and N = K = 5.
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h2 which are random variables with Rayleigh distribution
with mean λx and λx, respectively. Then, we compute the
SNR at the receivers. If this SNR is less than the predeter-
mined threshold γth, then the outage happens. Such a process
is repeated for a number of iterations of 106. The outage
probability is determined as the ratio of the number of times
the outage events occur to the number of samples. It is
assumed that network nodes are located on a 2D plane. The
distance between the two terminals S1 and S2 is normalized
to 1. Specifically, the locations of all nodes are S1(0,0), S2
(1,0), and R(0.4,0). We denote d1 and d2 as the physical dis-
tances from R to S1 and from R to S2, respectively. For free-

space path-loss transmission, we have λx = d−β1 and λy = d−β2
, where β, 2 ≤ β ≤ 6, is the path loss exponent. Unless other-
wise stated, we set the following parameters β = 3, γth = 7, η
= 0:8, δ = 0:6, N0 = 1, N = 5, and K = L = 5.

Figure 2 plots the exact and approximate analysis results
and simulation results of the UOP of S1 versus the average
SNR P/N0 for ρ = 0:2, 0.3, and 0.4. We can see that the analysis
results are in excellent agreement with the simulation ones,
proving the correctness of the derived mathematical expres-
sions. Moreover, the approximate results obtained by using
the Gaussian-Chebyshev quadrature approach as in (15) are
very close to the exact results. In addition, we observe that as
ρ increases, the UOP of S1 is reduced. It is because the increased
ρmakes the transmission power in the third phase higher, thus
improving the probability of successfully decoding signal at S1.

All theoretical analyses in this paper are based on the
Taylor approximation method for exponential function such
as in (A.4). For this approximation method, the accurateness
can be enhanced by using more terms in the Taylor series.
However, it may affect the computation time. To study the

accurateness matter, we conduct an evaluation of the UOP
of S1 for a different number of terms in Taylor series expan-
sion, i.e., N = 1, N = 3, and N = 5, and give the results in
Figure 3. We can see that a small number of terms in Taylor
series expansion can provide a good match between the anal-
ysis results and simulation results. Particularly, even when
N = 1, the analysis results are very similar to the simulation
results. It means that Taylor series expansion is an efficient
approximation method in this paper.

Figure 4 presents the system outage probability versus the
average SNR for three cases: (1) ρ = 0:2, δ = 0:5; (2) ρ = 0:3,
δ = 0:7; and (3) ρ = 0:4, δ = 0:8. It can be seen from
Figure 4 that the simulation results and analysis results are
coincident, confirming the correctness of the analysis steps
in this paper. We can observe that when increasing ρ and δ,
the SOP decreases. It is because as ρ and δ gets higher, the
harvested energy of R in two phases increases. Consequently,
its transmission power in the third phase increases, resulting
in higher SNR.

Figure 5 shows the SOP versus the time allocation ratio of
signal phase ρ for three cases of the transmission power, i.e.,
P = 20, 25, and 30 dB. As observed in Figure 5, as ρ increases,
the SOP decreases, indicating that the communication qual-
ity between S1 and S2 is better.

To further investigate the influence of the power-splitting
ratio δ on the system performance, we evaluate the SOP as δ
ranges from 0 to 1 and depict the result in Figure 6. We can
see that based on the derived mathematical expression, the
optimal δ at which the system outage probability is smallest
can be determined. Specifically, the optimal value of δ in
Figure 6 corresponding to P = 20dB, P = 25dB, and P = 30
dB are 0.34, 0.4, and 0.45, respectively.
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Figure 6: Effect of δ on the system outage probability for different transmission power. β = 3, γth = 7, η = 0:8, ρ = 0:3, N0 = 1, and N = K = 5.
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5. Conclusion

In this paper, we have derived the exact and approximate
closed-form expressions of the user outage probability and
the system outage probability of a two-way DF relay system
where the relay is not powered by a separated power supply
but harvests the energy from the received radio frequency
signals in two phases to convert it into the transmission
power in the third phase. The approximate expressions of
these two kinds of outage probabilities are in explicit and
simplified forms, providing a better understanding of the
effects of parameters on the quality of the system. Moreover,
the accuracy of the approximate expressions can be adjusted
by changing the number of terms in Taylor series expansion
and the coefficients in the Gaussian-Chebyshev quadrature
approach. All analysis results are verified by Monte-Carlo
simulation results. Numerical results show that when the
time allocation of signal phase ρ increases, the system outage
probability decreases. Furthermore, using numerical results
can determine the optimal power-splitting ratio δ at which
the system outage probability is smallest. The exact and
approximate closed-form expressions of the UOP and SOP
in this paper provide a solid foundation for analyzing the per-
formance of two-way relay systems with EH relay under
other performance metrics such as ergodic capacity, energy
efficiency, and average symbol error probability.

Appendix

A. Proof of Theorem 1

To support the derivation of the closed-form expression of
UOP, we present two functions y1 = γthN0/Pð1 − δÞ and y2
= ðγthN0/ϕPxÞ − x in the Oxy coordinate plane to determine
the integral domain as illustrated in Figure 7, where x0 is the
root of the equation y1 = y2.

Then, the UOP of S1 can be calculated as

UOPi = 1 −
ðx0
0

ð∞

γthN0/ϕPxð Þ−x
f XY x, yð Þdydx

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
I1a

−
ð∞
x0


ð∞

γthN0/P 1−δð Þð Þ
f XY x, yð Þdydx

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
I1b

,

ðA:1Þ

where f X,Yðx, yÞ is the joint probability density function
of two random variables X and Y , i.e.,

f XY x, yð Þ = 1
λx

e− x/λxð Þ 1
λy

e− y/λyð Þ: ðA:2Þ

First, I1a can be computed as

I1a =
ðx0
0

ð∞

γthN0/ϕPxð Þ−x


1
λxλy

e− x/λxð Þ+ y/λyð Þð Þdydx

= 1
λx

ðx0
0
e− 1/λxð Þ− 1/λyð Þð Þx− γthN0/ϕPλyxð Þdx:

ðA:3Þ

Applying Taylor series expansion for e−ðð1/λxÞ−ð1/λyÞÞx, i.e.,

e− 1/λxð Þ− 1/λyð Þð Þx = 〠
∞

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !n

xn, ðA:4Þ

we have

I1a =
1
λx

〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !nðx0
0
xne− γthN0/ϕPλxxð Þdx,

ðA:5Þ

where N is the number of truncated terms in the series
expansion.

With the help of [6] (Eq. (3.471.2)), we obtain

I1a =
1
λx

〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !n
γthN0
ϕPλy

 !n/2

× x n+2ð Þ/2
0 e− γthN0/2ϕPλyx0ð ÞW −n−2ð Þ/2, n+1ð Þ/2

γthN0
ϕPλyx0

 !
:

ðA:6Þ

Next, I1b can be computed as

I1b =
ð∞
x0


ð∞
γthN0/P 1−δð Þ


1

λxλy
e− x/λxð Þ+ y/λyð Þð Þdydx

=
ð∞
x0


1
λx

e− x/λxð Þ
ð∞
γthN0/P 1−δð Þ


1
λy

e− y/λyð Þdy
 !

dx

= e− x0/λxð Þ+ γthN0/P 1−δð Þλyð Þð Þ:

ðA:7Þ

Plugging (A.6) and (A.7) into (A.1), we get the closed-
form expression of the UOP of S1 as in (12).

B. Proof of Theorem 3

First, we find a closed-form expression of I2. Substituting (6),
(7), and (8) into (17), we have

I2 = Pr
X > γthN0

P 1 − δð Þ , Y > γthN0
P 1 − δð Þ ,

X + Yð ÞX > γthN0
ϕP

, Y > X

0
BBB@

1
CCCA

= Pr X > γthN0
P 1 − δð Þ , X + Yð ÞX > γthN0

ϕP
, Y > X

� �

= Pr X > γthN0
P 1 − δð Þ , Y > γthN0

ϕPX
− X, Y > X

� �
:

ðB:1Þ

B.1. Case 1: The Transmission Power P < 2ϕγthN0/ð1 − δÞ2.
Considering the case when two terminals have transmission
power satisfying the condition P < 2ϕγthN0/ð1 − δÞ2, the
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integral domain for I2 in the low power region, I low2 , is pre-
sented in Figure 8, where y2 = ðγthN0/ϕPxÞ − x and y3 = x,
and x1 is the root of the equation y2 = y3.

Based on Figure 8, we have

Ilow2 =
ð∞
γthN0/P 1−δð Þ


ð∞
x
f X,Y x, yð Þ dydx, ðB:2Þ

where f X,Yðx, yÞ is the joint probability density function of
two random variables X and Y given in (A.2).

Substituting (A.2) into (B.2), we can calculate I low2 as

Ilow2 =
λy

λx + λy
exp −

γthN0
P 1 − δð Þ

1
λx

+ 1
λy

 ! !
: ðB:3Þ

Similarly, we can also calculate I3 in the low transmission
power region, I low3 , as

I low3 = λx
λx + λy

exp −
γthN0

P 1 − δð Þ
1
λx

+ 1
λy

 ! !
: ðB:4Þ

Plugging (B.3) and (B.2) into (16), we obtain the SOP in
the low SNR region as in (19).

B.2. Case 2: The Transmission Power P > 2ϕγthN0/ð1 − δÞ2.
Considering the case when two terminals have transmission
power satisfying the condition P > 2ϕγthN0/ð1 − δÞ2, from
(B1), we split the integral domain of I2 in the high SNR
region into two small regions I2a and I2b as in Figure 9.

I
1a

y
1

x0

y

y
2

x0

𝛾thN0

P (1 - 𝛿)

I1b

Figure 7: The integral calculation domain for I1a and I1b.

I2
low

y
3

x
0

y

y
2

x1 𝛾thN0

P (1 - 𝛿)

Figure 8: The integral calculation domain for I2 in the low power region.
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Based on Figure 9, I2 can be computed as

I2 =
ðx1
γthN0/P 1−δð Þ


ð∞

γthN0/Pϕxð Þ−x
f XY x, yð Þdydx

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
I2a

+
ð∞
x1


ð∞
x
f XY x, yð Þdydx

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
I2b

:

ðB:5Þ

The first part of (B.5), I2a, can be calculated as

I2a =
ðx1
γthN0/P 1−δð Þ


ð∞

γthN0/Pϕxð Þ−x


1
λxλy

e− x/λxð Þ− y/λyð Þdydx

=
ðx1
γthN0/P 1−δð Þ


1
λx

e− x/λxð Þe− 1/λyð Þ γthN0/Pϕxð Þ−xð Þdx

= 1
λx

ðx1
γthN0/P 1−δð Þ

e−x 1/λxð Þ− 1/λyð Þð Þ− γthN0/λyPϕxð Þdx:

ðB:6Þ

Recalling the Taylor series expansion in (A.4), we can
rewrite (B.6) as

I2a =
1
λx

〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !nðx1
γthN0/P 1−δð Þ

xne− γthN0/ϕPλyxð Þdx

= 1
λx

〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !nðx1
0
xne− γthN0/ϕPλyxð Þdx

−
1
λx

〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !nðγthN0/P 1−δð Þ

0
xne− γthN0/ϕPλyxð Þdx:

ðB:7Þ

Applying [27] (Eq. (3.471.2)), we obtain

I2a =
1
λx

〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !n
γthN0
ϕPλy

 !n/2

�
x1

n+2ð Þ/2e− γthN0/2λyϕPx1ð ÞW −n−2ð Þ/2, n+1ð Þ/2
γthN0
λyϕPx1

 !

−
γthN0

P 1 − δð Þ
� � n+2ð Þ/2

e
− 1−δð Þ
2λyϕW −n−2ð Þ/2, n+1ð Þ/2

1 − δð Þ
λyϕ

 !
0
BBBBBB@

1
CCCCCCA:

ðB:8Þ

The second part of (B.5), I2b, can be calculated as

I2b =
ð∞
x1


ð∞
x
f XY x, yð Þdydx =

ð∞
x1


ð∞
x


1
λxλy

e− x/λxð Þ− y/λyð Þdydx

= 1
λx

ð∞
x1

e−x 1/λxð Þ+ 1/λyð Þð Þdx = λy
λx + λy

e− 1/λxð Þ+ 1/λyð Þð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γthN0/2ϕP

p
:

ðB:9Þ

Substituting (B.8) and (B.9) into (B.5), I2 finally becomes

I2 =
λy

λx + λy
e− 1/λxð Þ+ 1/λyð Þð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γthN0/2ϕP
p

+ 1
λx

〠
N

n=0


−1ð Þn
n!

1
λx

−
1
λy

 !n
γthN0
ϕPλy

 !n/2

�
x1

n+2ð Þ/2e− γthN0/2λyϕPx1ð ÞW −n−2ð Þ/2, n+1ð Þ/2
γthN0
λyϕPx1

 !

−
γthN0

P 1 − δð Þ
� � n+2ð Þ/2

e− 1−δð Þ/2λyϕW −n−2ð Þ/2, n+1ð Þ/2
1 − δð Þ
λyϕ

 !
0
BBBBBB@

1
CCCCCCA:

ðB:10Þ
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y
3

x0

y

y
2

x1𝛾thN0

P (1 - 𝛿)

Figure 9: The integral calculation domain for I2 in the high power region.
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By using the above analysis steps for I3, the closed-form
expression of I3 is given by

I3 =
λx

λy + λx
e− 1/λyð Þ+ 1/λxð Þð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γthN0/2ϕP
p

+ 1
λy

〠
N

n=0


−1ð Þn
n!

1
λy

−
1
λx

 !n
γthN0
ϕPλx

� �n/2

�
x1

n+2ð Þ/2e− γthN0/2λxϕPx1ð ÞW −n−2ð Þ/2, n+1ð Þ/2
γthN0
λxϕPx1

� �

−
γthN0

P 1 − δð Þ
� � n+2ð Þ/2

e− 1−δð Þ/ 2λx ϕð Þð ÞW −n−2ð Þ/2, n+1ð Þ/2
1 − δ

λxϕ

� �
0
BBBB@

1
CCCCA:

ðB:11Þ

Then, substituting (B.10) and (B.11) into (16), we obtain
the closed-form expression of the SOP in the high SNR
region as in (20).
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