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Performance of SWIPT-Enabled FD TWR Network
With Hardware Impairments and Imperfect CSI

Deepak Kumar , Praveen Kumar Singya , Jamel Nebhen , and Vimal Bhatia , Senior Member, IEEE

Abstract—Cooperative communication with energy harvesting
capability increases network coverage and provides a green and
sustainable solution for future wireless technologies. In this article,
we analyze the performance of a two-way relay network, where
bidirectional information exchange between two nodes takes place
via simultaneous wireless information and power transfer-enabled
relay node, operating in full-duplex (FD) mode over generalized
Nakagami-m fading channels. Different nonlinear power amplifier
(NLPA) models, such as solid-state power amplifier, traveling wave
tube amplifier, and soft envelope limiter, are considered at the relay
node. The effect of practical constraints, such as imperfect channel
state information (CSI) and transceiver hardware impairments
(HIs), is considered. Further, we consider the impact of residual
self-interference (RSI) due to imperfect successive interference
cancellation in the FD mode. For performance analysis, the closed-
form expressions of outage probability (OP), asymptotic OP, system
throughput, energy efficiency, ergodic capacity, and asymptotic
ergodic capacity are derived. The diversity order of the considered
network is evaluated. Further, the impact of imperfect CSI, NLPA,
HIs, RSI, and other parameters are highlighted on the system
performance. The performance of FD and half-duplex mode is also
compared. Monte Carlo simulations confirm the accuracy of the
derived closed-form expressions.

Index Terms—Full-duplex relaying, hardware impairments
(HIs), imperfect channel state information (CSI), nonlinear power
amplifier (NLPA), residual self-interference (RSI).

I. INTRODUCTION

W ITH the need for self-sustainable communication sys-
tems in beyond fifth-generation (5G) and 6G, the ex-

isting communication systems cannot fulfill the demand for
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green communication. Energy harvesting (EH) has emerged as
a promising technology to fulfill the energy constraint problem
and provides the evergreen solution for wireless communica-
tion. As per the availability of the energy sources, EH can
be categorized as radio frequency (RF) EH (e.g., RF signal
radiation) and natural EH (e.g., solar, wind, and hydro) [1].
The amount of harvested energy from natural sources is highly
unreliable and uncertain due to the dynamic nature of the
surrounding environment, whereas RF-EH provides a stable
power. In a wireless network, simultaneous wireless information
and power transfer (SWIPT) technology supports simultaneous
transmission of energy and information signals. Power splitting
(PS)- and time switching (TS)-based SWIPT receivers are used
for simultaneous information transmission (IT) and EH. The
received RF signal is used periodically for EH and IT in TS,
whereas a fraction of the received power is used for EH and IT
in PS [2]. A SWIPT-enabled two-way relay (TWR)-aided co-
operative network facilitates large network coverage, improves
spectral efficiency (SE), and enhances energy efficiency for 5G
and beyond wireless networks [3]. For information processing
(IP), amplify-and-forward (AF) and decode-and-forward (DF)
protocols are used at the relay node. In [4], a TS-based AF TWR
network is explored in terms of outage probability (OP), energy
efficiency, and system throughput. In [5], a SWIPT-enabled
TWR network is presented, where the relay node can harvest
energy from renewable energy and RF sources. In [6], an energy-
efficient two-way multiple-input multiple-output (MIMO) sys-
tem is studied for an AF relay network. In [7], various antenna
selection strategies are presented for a two-way MIMO AF
relaying system. In [8], performance of a DF TWR network is in-
vestigated under superposition coding and bit-level exclusive-or
decoding schemes.

Literature [2]–[8] have considered perfect channel state infor-
mation (CSI) at the destination node for IT. However, in practice,
the CSI at the destination node is unknown, which affects the
performance of the system. In [9], the impact of imperfect CSI
is explored for an AF TWR network. In [10], performance of
an AF multirelay network with imperfect CSI is investigated in
terms of OP. Singya et al.[11] studied the impact of imperfect
CSI on average symbol error rate analysis for an AF relaying
network. In [12], the SE of an AF TWR network with imperfect
CSI is investigated.

Further, signal amplification at the relay is not linear, which
affects the signal by adding nonlinear distortion (NLD). In
practice, a power amplifier (PA) can produce output power up to
a finite peak level without crossing the power constraints [13].
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The high PA can be modeled as memoryless and is characterized
by amplitude to amplitude (AM/AM) and amplitude to phase
(AM/PM) conversions. In practice, the most commonly used
models for memoryless high PA are solid-state power amplifier
(SSPA), traveling wave tube amplifier (TWTA), and soft enve-
lope limiter (SEL) [14]. The literature [15]–[19] have studied the
impact of nonlinear PA (NLPA) for a cooperative relay network.
In [15], impact of different NLPA models (e.g., SSPA, TWTA,
and SEL) for a multiple relay network are investigated. Kumar
et al. [16] investigated the impact of NLPA on a multirelay
AF-based orthogonal frequency division multiplexing (OFDM)
system. In [18], the impact of NLPA and imperfect CSI are
studied for a two-way multirelay network. In [19], the perfor-
mance of a multirelay network with imperfect CSI and NLPA is
investigated over Nakagami-m faded channels. Simmons et al.
[20] studied the performance of a TWR network with NLPA
for both the fixed and variable gain AF protocols. In [21],
the performance of an NLPA-incorporated TWR network is
investigated in terms of overall system OP. In [22], the impact
of NLPA is investigated for a TS-based TWR network. In [23],
the performance of a hybrid receiver (includes property of both
the TS and PS)-based TWR network with NLPA is investigated.

Furthermore, practical transceivers have hardware impair-
ment (HI), which affects the performance of a communication
system. In practice, the transceiver HI arises due to several types
of impairments, such as phase noise and in-phase/quadrature-
phase imbalances [24]. Literature [25]–[32] have studied the
effect of HI on the system performance for a cooperative relay
network. In [25], the closed-form expressions of OP and symbol
error rate are derived for an AF TWR network with transceiver
HI. Bjornson et al. [26] studied the impact of HI on a dual-hop
relaying network using both the AF and DF protocols. In [27],
the performance of a two-way multiantenna and multirelay AF
network with HI is investigated. In [28], the impact of HI is
investigated for a MIMO TWR network. Mishra et al. [29]
studied the performance of a multiuser two-way multirelay
network with imperfect CSI and HIs. In [30], the performance
of a hybrid decode–amplify–forward scheme for a TS-based
TWR network with HI is investigated and concluded that the
ceiling effects are caused due to HIs. Liu et al. [31] derived
the analytical expressions of system OP and ergodic rate for
a PS-based AF TWR network with HI. They have also shown
the relay cooperation ceiling and overall system ceiling (OSC) in
high data rate regions. In [32], the combined effect of transceiver
HIs and NLPA are investigated for a TWR network.

In the literature discussed previously, the communication
between the nodes takes place in half-duplex (HD) mode,
where the node can transmit and receive the signal in different
time/frequency slots, which results in low spectral utilization.
To overcome this disadvantage full-duplex (FD) mode is intro-
duced [34]. In FD mode, the node can simultaneously transmit

Notations: CN (0,Ω) represents the complex Gaussian distributed random
variable with zero mean and Ω variance. E{·} denotes the statistical expectation
operator, Ei(·) denotes the exponential integral function, and erfc(·) denotes the
complementary error function. Pr[·] denotes the probability andΓ(·) denotes the
complete gamma function. Υ(·, ·) denotes the lower incomplete gamma func-
tion, and Γ(·, ·) denotes the upper incomplete gamma function. Kg(·) denotes
the gth-order modified Bessel function of second kind [33, Eq. (8.432.1)].

and receive the signal in the same frequency slot and/or same
time slot, which improves the spectral utilization and doubles
the system throughput [35]. However, FD mode significantly
depends on the quality of self-interference cancellation (SIC)
and imperfection in SIC results in residual self-interference
(RSI), which affects the performance of the system [36]. In [37],
an AF TWR network with FD mode is analyzed. In [38], the
energy efficiency of an FD TWR network with nonideal PA
is maximized. In [39], tradeoff between the spectral and energy
efficiency is investigated for an FD TWR network in the presence
of RSI at the relay node. In [40], performance of an FD TWR
network is investigated in the presence of RSI at all the partici-
pating nodes. In [41], the impact of CEE and RSI are studied for
an FD TWR network. Nguyen et al. [42] investigated the effects
of RSI and HIs on the performance of the TWR network under
FD mode. In [43], the relay selection problem is investigated
for a PS-based TWR network in FD mode. In [44], the delay
performance of a PS-based FD TWR network is investigated.
Shukla et al. [45] studied the performance of an Internet of
Things (IoT) network where IoT devices communicate with each
other via a SWIPT-enabled relay node in FD mode. In [46], the
impact of HIs is investigated for a MIMO system with imperfect
CSI under FD mode.

A. Motivation and Contributions

Adopting FD TWR network with RF-based EH technology is
one of the promising approach for the 5G and beyond wireless
networks to fulfill the requirements of improved throughput,
coverage extension, spectral utilization, and evergreen network.
In practice, the transceiver suffers from HIs and channel imper-
fections. Although, there are different techniques available for
SIC in the literature, it is still difficult to achieve perfect SIC in
FD mode of operation at the destination node. Further, in the
case of AF relaying network, the PA used for the amplification
of the received signals shows nonlinear nature in practice.

Motivated by the previously discussed work, in this article,
we analyze the performance of a TWR network, where bidi-
rectional information exchange between two nodes takes place
via SWIPT-enabled relay node over generalized Nakagami-m
faded channels. We consider a PS-based receiver over TS at the
relay node due to its lower time requirement for simultaneous
EH and IT. A practical case of imperfect CSI is considered,
which introduces channel estimation error (CEE) in the system.
Further, the impact of NLD is considered, which arises due to
the NLPA at the relay. For comparative performance analysis,
we consider different high PAs models, such as SSPA, SEL, and
TWTA. In addition, the impact of transceiver HI is considered.
FD mode is adopted due to the advantage of simultaneous
transmission and reception over HD mode. The impact of RSI
is considered, which arises due to the imperfect SIC. To the best
of our knowledge, performance of a SWIPT-enabled FD TWR
network with various practical constraints, such as imperfect
CSI, NLPA, HIs, and RSI, is not analyzed in the literature. The
key contributions of this article are summarized as follows.

1) Closed-form expression of OP for a PS-based FD TWR
network is derived over generalized Nakagami-m faded
channels. The impact of HIs, RSI, imperfect CSI, various
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Fig. 1. SWIPT-enabled FD TWR network.

NLPA models, threshold data rate, fading parameter, en-
ergy conversion efficiency, PS ratio, and OSC is observed
on the outage performance. Further, a performance com-
parison between FD and HD modes is discussed.

2) Closed-form expression of the asymptotic OP is derived
by using the high SNR approximation, and the diversity
order of the considered network is obtained.

3) System throughput and energy efficiency of the consid-
ered network are also investigated and useful insights are
drawn. Further, a performance comparison between FD
and HD modes is shown.

4) Finally, the closed-form expressions of ergodic capacity
and asymptotic ergodic capacity are derived by using
the Gaussian–Chebyshev quadrature method, and useful
insights are drawn.

The rest of this article is organized as follows. In Section II, the
considered system model, channel models, HIs and RSI model-
ing, EH, and IT strategy are discussed in details. The analytical
expression of OP, asymptotic OP, system throughput, energy
efficiency, ergodic capacity, and asymptotic ergodic capacity
is derived in Section III. In Section IV, simulation and nu-
merical results are presented. Finally, Section V concludes this
article.

II. SYSTEM MODEL

An FD TWR network is shown in Fig. 1, where bidirectional
information exchange between nodes A and D takes place via
an intermediate relay node R. The SWIPT-enabled R, harvests
energy from the received RF signals (from A and D), and
utilizes the harvested power for broadcasting. All participating
nodes are equipped with two antennas (one transmit and one
receive antenna) and operate in FD mode. The transmitted signal
from (transmit antenna) creates self-interference (SI) at the node
(receive antenna) itself due to imperfect SIC and generates an
RSI. No direct link is considered between A and D due to
heavy path loss and blockage. The channel gains of A-R and
R-D links are quasi-static, follow reciprocity, and are subjected
to independent and identically distributed Nakagami-m fading.
The channel fading coefficients betweenA-R andR-D links are
denoted as har and hrd, respectively, which follow Nakagami-m
fading with ma and md fading severity, and Ωa and Ωd average
powers, respectively.

A. Modeling of Channels

In the considered network, the minimum mean-square-error
(MMSE)-based estimator is used to determine the CSI at all
the participating nodes. As explored in [9] and [12], the actual
channel coefficient is related to its estimated version as

hij = ĥij + eij (1)

where eij is the CEE, modeled as eij ∼ CN (0,Ωeij ), with i, j ∈
{a, r, d}. It is considered that hij and ĥij are jointly ergodic
processes and ĥij and eij are mutually independent [47]. The
variance of CEE is described as Ωeij = Ωj/(1 + δζΩj), where
δ > 0 represents the quality of channel estimation and ζ de-
notes the transmit signal-to-noise ratio (SNR). Hence, variance
of the estimated channel is given as Ω̂hij

= (Ωhij
− Ωeij ) =

δζΩ2
j/(1 + δζΩj).

B. Modeling of HIs and RSI

We consider that the transceiver suffers from HIs due to the
phase noise and in-phase/quadrature (I/Q) imbalances [26], [30].
The HIs create 1) distortion noises at the transmitter, which
results in a deviation between the actual transmitted signal and
intended signal, and 2) distorts the signal at the receiver during
reception. The FD capability atA,R, andD offers simultaneous
transmission and reception. The signal received at R in the tth

time slot can be expressed as

yr(t) =
√
Pa

(
ĥar + ear

) (
xa(t) + ηtxa (t)

)
+ ηrxar (t)︸ ︷︷ ︸

desired signal from A and its HIs

+
√
Pd

(
ĥdr + edr

) (
xd(t) + ηtxd (t)

)
+ ηrxdr (t)︸ ︷︷ ︸

desired signal fromD and its HIs

+
√
Pr

(
ĥrr + err

) (
xr(t) + ηtxr (t)

)
+ ηrxrr (t)︸ ︷︷ ︸

SI and its HIs

+ nr(t)︸ ︷︷ ︸
AWGN

(2)

where Pi denotes the power transmitted by the ith node,
where i ∈ {A,D,R}.1 ĥrr denotes SI between the trans-
mitting and the receiving antennas at R. Further, xi de-
notes the transmitted signal from the ith node. HIs can be
modeled as ηtxi ∼ CN (0, (κtxi )2) at the ith node, and ηrxir ∼
CN (0, (κrxr )2Pi(|ĥir|2 +Ωeir )) is the distortion noise at the
receiver ofR from the ith node’s transmitter [26], [30], [42]. Fur-
thermore, ηtxr and ηrxrr are the distortions caused due to HIs. Also,
κtxi andκrxr represent the HI levels at the transmitter and receiver,
respectively. The term nr ∼ CN (0, σ2

r) is the additive white
Gaussian noise (AWGN) atR. Based on the respective distortion
powers at both transmitter and receiver, the aggregate distor-
tion power can be given as E{|√Pi(ĥij + eij)η

tx
i + ηrxij |2} =

Pi(|ĥij |2 +Ωeij )κ
2, where κ2 = (ktxi )2 + (krxij )

2. We define

1For notation simplicity, we denote the power of respective node by the lower
case subscript.
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ηij ∼ CN (0, κ2) as the aggregate distortion at i and j, then (2)
can be written as

yr(t)=
√
Pa

(
ĥar+ear

)
(xa(t)+ηar(t))+

√
Pd

(
ĥdr+edr

)
×(xd(t)+ηdr(t))+

√
Pr

(
ĥrr+err

)
(xr(t)+ηrr(t))

+ nr(t). (3)

The SIC techniques (analog and digital domain) can be ap-
plied at R to eliminate the SI from (3). However, due to the
HIs and imperfect CSI, SI cannot be removed perfectly and the
system suffers from RSI [36]. Although, FD enhances the SE,
it bounds the system performance because of imperfect SIC.
From literature [42], [45], and [48], RSI can be modeled as a
complex Gaussian random variable with zero mean and variance
proportional to the transmitted power. Therefore, RSI power
E{(|ĥrr|2 +Ωerr )(Pr + κ2Pr)} can be reduced to ρ2rPr, and
(3) is expressed as

yr(t) =
√
Pa

(
ĥar + ear

)
(xa(t) + ηar(t))

+
√
Pd

(
ĥdr + edr

)
× (xd(t) + ηdr(t)) + Ir(t) + nr(t) (4)

where Ir ∼ CN (0, ρ2rPr), and ρr denotes the SIC capability at
R. It should be noted that the SIC coefficient ρr depicts the
impact of distortion noise and CEE at R.

C. Energy Harvesting

In this work, PS-based SWIPT receiver is used at R, which
provides simultaneous EH and IT. PS is preferred over TS due
to lower time slot requirement, which improves both the IT
time and SE [45]. In practice, EH from the RF sources shows
nonlinear nature because of the nonlinear components (such as
capacitors and transistors) used for an RF-EH circuit. A nonlin-
ear EH model, which considers all the practical constraints, is
not available in the literature, whereas the received RF signals
have low strength due to the channel fading and shadowing
effects [49]. Since,R receives low power due to heavy path loss,
we are motivated to adopt a linear EH model atR for analysis.R
receives RF signals from A, D, and its own RSI signal as given
in (4). PS splits the received RF signal power in β : (1− β)
proportion for EH and IT, respectively, where 0 < β < 1 is the
PS ratio. In particular,

√
βyr(t) and

√
(1− β)yr(t) are used for

EH and IT, respectively. Hence, the amount of harvested energy
at R can be given as

Eh = ηβT
(
Pa

(
|ĥar|2+Ωear

)
+Pd

(
|ĥdr|2+Ωedr

)
+ρ2rPr

)
(5)

where η is the energy conversion efficiency and T denotes signal
duration. Although, RSI limits system performance, however,
increases the amount of harvested energy. Note that the effect of
HIs on the EH is not considered [30], [32]. Further, the impact
of noise power on the harvested energy is not considered due
to its low power. R utilizes the harvested energy to broadcast
the processed signal. Hence, the transmitted power at R can be

expressed as

Pr =
Eh

T

=
ηβ
(
Pa

(
|ĥar|2 +Ωear

)
+ Pd

(
|ĥdr|2 +Ωedr

))
(1− ηβρ2r)

. (6)

D. Information Transmission

The bidirectional information exchange between A and D
takes place via the intermediate relay node R. The signal re-
ceived at R for IT at tth time slot is given as

yITr (t) =
√
(1− β)Pa

(
ĥar + ear

)
(xa(t) + ηar(t))

+
√

(1− β)Pd

(
ĥdr + edr

)
(xd(t) + ηdr(t))

+
√
(1− β)Ir(t) +

√
(1− β)nr(t). (7)

The variable-gain AF operation is applied on the received signal
yIT
r (t). R broadcasts the amplified signal and receives signals

from A and D in the same time slot, due to FD mode.2 Note that
the broadcasted signal in the tth time slot is the signal received in
the (t− μ)th time slot after amplification. Hence, the amplified
signal at R can be given as

yAF
r (t) = GyITr (t− μ) (8)

where μ denotes processing delay time and

G=
√

Pr

(1−β)((1+κ2)(Pa(|ĥar |2+Ωear )+Pd(|ĥdr |2+Ωedr
))+ρ2

rPr+σ2
r)

denotes amplification gain. Further, NLPA is considered at R,
which can be modeled as a memoryless function [15], [19],
[21]–[23]. According to Bussgang’s linearization theorem,
output of an NLPA can be given as [15], [32]

yNLPA
r (t) = C0y

AF
r (t) +N0(t) (9)

where C0 represents a constant value and N0 ∼ CN (0,ΩN0
) is

the NLD. For the NLPA at the R, we consider various NLPA
models, such as SSPA, SEL, and TWTA.

1) Solid-State Power Amplifier: It is characterized by the am-
plitude characteristic (i.e., AM/AM) to supervise the transition
between the linear and saturation region of a PA. For the SSPA,
the constant term C0 and variance ΩN0

are given as [15]

C0 =
Asat

2
√
Pr

[
2Asat√
Pr

−√
πerfc

(
Asat√
Pr

)

exp

(
A2

sat

Pr

)(
2A2

sat

Pr
− 1

)]
(10)

and

ΩN0
= Pr

[
A2

sat

Pr

(
1 +

A2
sat

Pr
exp

(
A2

sat

Pr

)
Ei

(
−A

2
sat

Pr

))
− C2

0

]
(11)

where Asat represents the saturation amplitude of PA.

2We consider that the processing power required for the AF operation by
transmit/receive circuitry at R is negligible as compared with the power used
for the signal transmission from R to A and D [2], [23], [30].
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2) Traveling Wave Tube Amplifier: This model is used to
demonstrate the effect of nonlinearity for the OFDM sys-
tems [15]. For the TWTA, the parametersC0 and ΩN0

are given
as

C0 =
A2

sat

Pr

[
1 +

A2
sat

Pr
exp

(
A2

sat

Pr

)
Ei

(
− A2

sat

Pr

)]
(12)

and

ΩN0
= −A

4
sat

Pr

[(
1 +

A2
sat

Pr

)
exp

(
A2

sat

Pr

)
Ei

(
−A

2
sat

Pr

)
+ 1

]
− PrC

2
0 . (13)

3) Soft Envelope Limiter: It is used to model high PA with
perfect predistortion and the parameters C0 and ΩN0

are ex-
pressed as [20]

C0 = 1− exp

(
−A

2
sat

Pr

)
+

(
Asat

√
π

2
√
Pr

)
erfc

(
Asat√
Pr

)
(14)

and

ΩN0
= Pr

[
1− exp

(
−A

2
sat

Pr

)
− |C0|2

]
. (15)

Thereafter,R broadcasts the amplified NLPA signal by using the
harvested energy. Thus, the signal received at the destination is
expressed as

yri(t) =
(
ĥri + eri

)[
C0G

√
(1− β)

(√
Pa

(
ĥar + ear

)
× (xa (t− μ) + ηar (t− μ)) +

√
Pd

(
ĥdr + edr

)
× (xd (t− μ) + ηdr (t− μ)) + Ir (t− μ)

+ nr (t− μ)

)
+N0(t) + ηri(t)

]
+ Ii(t) + ni(t)

(16)

where ηir ∼ CN (0, κ2Pi), Ii ∼ CN (0, ρ2iPi), and ni ∼
CN (0, σ2

i ), with i ∈ {a,d}. Since, the destination node
has the knowledge of its own transmitted signal xi, the
SI term from (16) is canceled. Note that the SI term
canceled from (16) is not RSI. Further, we apply the
approximation ((1 + κ2)(Pa(|ĥar|2 +Ωear

) + Pd(|ĥdr|2 +
Ωedr )) + ρ2rPr + σ2

r) ≈ ((1 + κ2)(Pa(|ĥar|2 +Ωear
) +

Pd(|ĥdr|2 +Ωedr )) + ρ2rPr), because noise power is very
low as compared with the signal power. Hence, the term σ2

r

can be neglected [30]. The instantaneous end-to-end (e2e)
signal-to-interference-plus-noise distortion ratio (SINDR) at
the destination is given in (17).

γri

=
ζj |ĥri|2|ĥjr|2

C1|ĥri|2|ĥjr|2+C2|ĥri|2+C3|ĥri|2|ĥir|2+C4|ĥjr|2+C5

(17)

where C1 = ζjκ
2 +

ηβζjρ
2
r

(1−ηβρ2
r)

+
ζjκ

2(1+κ2−ηβκ2ρ2
r)

(1−ηβρ2
r)

,

C2 = ζjΩejr (1 + κ2) + σ2
r

σ2
i
+

ΩN0
(1+κ2−ηβκ2ρ2

r)

ηβC2
0σ

2
i

+

ζiηβΩeri
ρ2
r

(1−ηβρ2
r)

+
ζiκ

2Ωeri
(1+κ2−ηβκ2ρ2

r)

C2
0 (1−ηβρ2

r)
, C3 = ηβζiρ

2
r

(1−ηβρ2
r)

+

ζiκ
2(1+κ2−ηβκ2ρ2

r)
(1−ηβρ2

r)
, C4 = ζjΩeri(1 + κ2) +

ηβζjΩeri
ρ2
r

(1−ηβρ2
r)

+
ζjκ

2Ωeri
(1+κ2−ηβκ2ρ2

r)

C2
0 (1−ηβρ2

r)
, C5 = ζjΩejrΩeri(1 + κ2) +

Ωeri
σ2
r

σ2
i
+

Ωeri
ΩN0

(1+κ2−ηβκ2ρ2
r)

ηβC2
0

+
ζiρ

2
i (1+κ2−ηβκ2ρ2

r)

ηβC2
0

+

(1+κ2−ηβκ2ρ2
r)

ηβC2
0

, ζi =
Pi

σ2
i

, and ζj =
Pj

σ2
i

.

III. PERFORMANCE ANALYSIS

In this section, closed-form expression of the OP, asymp-
totic OP, system throughput, and energy efficiency are derived.
Further, the closed-form expressions of the ergodic capacity
and asymptotic ergodic capacity are derived with the help of
Gaussian–Chebyshev quadrature method.

A. Outage Probability

For a delay-limited (DL) wireless network, OP is a crucial
performance metric and is defined as the probability of link
failure. For the considered network, OP takes place when the
instantaneous data rate (Rri) lies below a predefined threshold
data rate (rth). Therefore, OP at the destination node is given as

Pout,i (γth) = Pr [Rri < rth] = Pr [γri < γth] (18)

where Rri = log2(1 + γri) and γth = 2rth − 1 with i ∈ {a,d}.

The cumulative distribution function (CDF) Fγri
(γth)

Δ
=

Pr[γri < γth] is defined in the following lemma.
Lemma 1: Fγri

(γth) can be given as

Fγri
(γth) =

{
ψri(γth) , for γth <

ζj
C1

1 , for γth � ζj
C1

(19)

where ψri(γth) is given in (20) at the bottom of the next page.
�

Proof: See Appendix A.

B. Asymptotic OP

For the considered network, the asymptotic OP is carried out
to examine the diversity order. To investigate the asymptotic OP,
the CDF Fγri

(γth) is approximated at high SNRs (i.e., ζ → ∞)
by making use ofΥ(c, z) ≈

z→0
(zc/c) [19], which is given in (21)

shown at the bottom of the next page. The diversity order in the
case of γth < ζj/C1 is obtained from (21) and is given as 2mj ,
whereas in the case of γth � ζj/C1, diversity order is zero.

C. System Throughput

For a DL wireless network, system throughput is an important
performance metric that depicts the spectral utilization. For the
considered network, system throughput is defined as the sum of
average rth of both A and D attained successfully. By using the
expression of derived OP, system throughput is obtained as

Sτ = (1− Pout,a) rth + (1− Pout,d) rth (22)

where Pout,a and Pout,d are the OPs at A and D, respectively.
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D. Energy Efficiency

For a green communication system, energy efficiency is an im-
portant performance metric for knowing the effective utilization
of the available power sources. Energy efficiency is useful for
designing the next generation energy efficient self-sustainable
communication systems. For the considered network, energy
efficiency is defined as the total data exchange between A and
D to the total consumed power [4]. The total data exchange
between A and D is given by (22). The total consumed power
is given by the sum of power consumed by A and D during the
EH phase and IP phase [4]. Therefore, energy efficiency for the
considered network is given as

EEE =
Sτ

(Pa + Pd)
. (23)

E. Ergodic Capacity

Ergodic capacity (in bps/Hz) specifies the overall communi-
cation limit and is determined by averaging the instantaneous
capacity over the faded channels. Ergodic capacity of the con-
sidered network is expressed as

Ce = E

{
1

2
log2 (1 + γra)

}
+ E

{
1

2
log2 (1 + γrd)

}

=
1

2

∫ ∞

0

log2 (1 + x) fγra
(x)dx

+
1

2

∫ ∞

0

log2(1 + x)fγrd
(x)dx (24)

where γra and γrd denote the e2e received SINDRs at A and
D, respectively. Now by using integration-by-parts, (24) can be
expressed in the CDF form as [50]

Ce =
1

2 ln2

∫ ∞

0

1

1 + x
{1− Fγra

(x)} dx

+
1

2 ln2

∫ ∞

0

1

1 + x
{1− Fγrd

(x)} dx. (25)

For calculation simplicity, we consider similar parameters
for A and D, i.e., ma = md = mi, Ω̂a = Ω̂d = Ω̂i, Ωear

=
Ωedr = Ωeir , ρa = ρd = ρi, and Pa = Pd = Pi, which results

in Fγra
(x) = Fγrd

(x) = Fγri
(x). Hence, (25) can be written as

Ce =
2

2 ln2

∫ ∞

0

1

1 + x
{1− Fγri

(x)} dx. (26)

Substituting Fγri
(x) from (20) into (26), we obtain (27) as

shown at the bottom of the next page. Because of the com-
plex integral, (27) is difficult to solve. Therefore, Gaussian–
Chebyshev quadrature method [51], [52] is used to derive the
closed-form expression of ergodic capacity, as given in (28) at
the bottom of the next page, where xm = ζj(1 + ym)/2C1 and
ym = cos((2m− 1)π/2M).

F. Asymptotic Ergodic Capacity

The ergodic capacity of the considered network at high SNRs
can be approximated as [53]

C∞
e ≈ 1

2
log2 (E{γra}) + 1

2
log2 (E {γrd}) .

=
1

2
log2

(∫ ∞

0

xfγra
(x)dx

)
+
1

2
log2

(∫ ∞

0

xfγrd
(x)dx

)
.

(29)

By using the integration-by-parts, (29) can be expressed in the
CDF form as

C∞
e ≈ 1

2
log2

(∫ ∞

0

(1− Fγra
(x))dx

)

+
1

2
log2

(∫ ∞

0

(1− Fγrd
(x))dx

)
. (30)

For calculation simplicity, we consider thatA andD have similar
parameters. Therefore, (30) can be expressed as

C∞
e ≈ log2

(∫ ∞

0

(1− Fγri
(x))dx

)
. (31)

Substituting Fγri
(x) from (20) into (31), we obtain (32), as

shown at the bottom of the next page. Because of the complex in-
tegral, (32) is difficult to solve. Therefore, Gaussian–Chebyshev
quadrature method is used to derive the closed-form expression
of the asymptotic ergodic capacity, as given in (33) at the bottom
of the next page.

ψri (γth) = 1−
mj−1∑
n=0

n∑
p=0

p∑
q=0

(
n

p

)(
p

q

)(
mi

Ω̂i

)mi

(
mj

Ω̂j

)n
Cp−q

2 Cq
3C

n−p
5

n!Γ(mi)

(
γth

ζj − C1γth

)n

e
− mjC2γth

Ω̂j(ζj−C1γth)

× 2

⎛
⎝ mjC5γth

Ω̂j(ζj−C1γth)

mi

Ω̂i
+

mjC3γth

Ω̂j(ζj−C1γth)

⎞
⎠

mi+p+q−n

2

Kmi+p+q−n

(
2

√
mjC5γth

Ω̂j(ζj − C1γth)

(
mi

Ω̂i

+
mjC3γth

Ω̂j(ζj − C1γth)

))
(20)

ψ∞
ri (γth) ≈

mj∑
r=0

r∑
s=0

(
mj

r

)(
r

s

)(
mi

Ω̂i

)mj−r−s
(
mj

Ω̂j

)mj

Cr−s
2 Cs

3C
mj−r
5

mjΓ(mi)Γ(mj)

(
γth

ζj − C1γth

)mj

Γ (mi −mj + r + s) (21)
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IV. SIMULATION AND NUMERICAL RESULTS

In this section, we present the simulation and numerical
results to verify the derived closed-form expressions and as-
sess performance of the considered network. For simplicity, we
consider that Pa = Pd = P , σ2

a = σ2
d = σ2

r = σ2, and define
P/σ2 as the transmit SNR. We also consider RSI coefficients
ρa = ρd = ρr = ρ. We follow the path-loss model with factor
b = 3 [30]. The normalized distances between A-R and R-D
are z and (1− z), respectively, with z ∈ (0, 1). Here, Ωa = z−b

andΩd = (1− z)−b. The fading severity ofA-R andR-D links
are denoted as {ma,md} in the figures. We set, ρ = 1 dBm,
Asat = 1 V, β = 0.2, and η = 0.7, unless stated otherwise.

In Fig. 2, outage performance for various NLPA models is
shown. It is observed that the numerical and simulation re-
sults match well, which validates (20). Also, the asymptotic
curves match with the simulation and numerical OP results at
high SNRs, which validates (21). We observe that the outage
performance improves with the increase in SNR and attains
saturation at high SNRs (≈ after 30 dB). Further, we observe
that R incorporated with SEL performs better as compared with
the TWTA and SSPA NLPA models. To attain an OP of 10−1,
SEL achieves ≈ 3.134 dB and ≈ 0.856 dB SNR gains as com-
pared with the TWTA and SSPA NLPA models, respectively.

Fig. 2. Outage performance under various NLPA models.

Henceforth, we consider SEL NLPA model for the rest of
the results. Furthermore, R with linear PA (LPA) has better
performance than NLPA.

In Fig. 3, outage performance of the considered network for
the perfect CSI (δ→∞) and imperfect CSI (δ = 1) are com-
pared. It is noted that for κ = 0.2, we have ζj/C1 ≈ 12.25 and

Ce =
2

2 ln2

mj−1∑
n=0

n∑
p=0

p∑
q=0

(
n

p

)(
p

q

)(
mi

Ω̂i

)mi

(
mj

Ω̂j

)n
Cp−q

2 Cq
3C

n−p
5

n!Γ (mi)

∫ ζj
C1

0

1

1 + x

(
x

ζj − C1x

)n

e
− mjC2x

Ω̂j(ζj−C1x)

× 2

⎛
⎝ mjC5x

Ω̂j(ζj−C1x)

mi

Ω̂i
+

mjC3x

Ω̂j(ζj−C1x)

⎞
⎠

mi+p+q−n

2

Kmi+p+q−n

(
2

√
mjC5x

Ω̂j (ζj − C1x)

(
mi

Ω̂i

+
mjC3x

Ω̂j (ζj − C1x)

))
dx (27)

Ce =
πζj

MC12 ln2

mj−1∑
n=0

n∑
p=0

p∑
q=0

M∑
m=1

(
n

p

)(
p

q

)(
mi

Ω̂i

)mi

(
mj

Ω̂j

)n
Cp−q

2 Cq
3C

n−p
5

√
1− y2m

n!Γ (mi) (1 + xm)

(
xm

ζj − C1xm

)n

e
− mjC2xm

Ω̂j(ζj−C1xm)

× 2

⎛
⎝ mjC5xm

Ω̂j(ζj−C1xm)

mi

Ω̂i
+

mjC3xm

Ω̂j(ζj−C1xm)

⎞
⎠

mi+p+q−n

2

Kmi+p+q−n

(
2

√
mjC5xm

Ω̂j(ζj − C1xm)

(
mi

Ω̂i

+
mjC3xm

Ω̂j(ζj − C1xm)

))
(28)

C∞
e ≈ log2

[mj−1∑
n=0

n∑
p=0

p∑
q=0

(
n

p

)(
p

q

)(
mi

Ω̂i

)mi
(
mj

Ω̂j

)n
Cp−q

2 Cq
3C

n−p
5

n!Γ(mi)

∫ ζj
C1

0

(
x

ζj − C1x

)n

e
− mjC2x

Ω̂j(ζj−C1x)

× 2

⎛
⎝ mjC5x

Ω̂j(ζj−C1x)

mi

Ω̂i
+

mjC3x

Ω̂j(ζj−C1x)

⎞
⎠

mi+p+q−n

2

Kmi+p+q−n

(
2

√
mjC5x

Ω̂j(ζj − C1x)

(
mi

Ω̂i

+
mjC3x

Ω̂j(ζj − C1x)

))]
(32)

C∞
e ≈ log2

[mj−1∑
n=0

n∑
p=0

p∑
q=0

M∑
m=1

(
n

p

)(
p

q

)(
mi

Ω̂i

)mi
(
mj

Ω̂j

)nCp−q
2 Cq

3C
n−p
5 πζj

√
1− y2m

n!2C1MΓ(mi)

(
xm

ζj − C1xm

)n

e
− mjC2xm

Ω̂j(ζj−C1xm)

× 2

⎛
⎝ mjC5xm

Ω̂j(ζj−C1xm)

mi

Ω̂i
+

mjC3xm

Ω̂j(ζj−C1xm)

⎞
⎠

mi+p+q−n

2

Kmi+p+q−n

(
2

√
mjC5xm

Ω̂j(ζj − C1xm)

(
mi

Ω̂i

+
mjC3xm

Ω̂j(ζj − C1xm)

))]
(33)
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Fig. 3. Impact of imperfect CSI on the outage performance.

Fig. 4. Impact of NLPA on the outage performance.

γth = 1, 3, 15 when rth = 1, 2, 4 bits/s/Hz, respectively. There-
fore, when γth = 15, it satisfies the condition γth � ζj/C1, re-
sulting in OP = 1. We observe that outage performance of the
considered network degrades significantly with κ (i.e., level of
HI) value. We also observe that outage performance deteriorates
in the low and medium SNR regime when imperfect CSI is
considered as compared with the perfect CSI. To attain an OP of
10−2, ≈ 1.382 dB SNR gain is achieved with perfect CSI over
imperfect CSI. Furthermore, the outage performance improves
with the severity parameter as the channel gain increases with
the severity parameter.

From Fig. 4, we observe that the outage performance degrades
when NLPA is considered over LPA, since NLPA introduces
NLD in the system, which severely degrades the performance.
We also observe that to obtain an OP of 10−2 for β = 0.9, η =
0.9 in FD mode, R with LPA achieves ≈ 1.052 dB SNR gain as
compared with the NLPA. Further, we observe that the outage
performance of the considered network is better when FD is
compared with the HD mode. To obtain an OP of 10−1 for β =
0.9, η = 0.9, and NLPA at R, the considered network achieves
≈ 6.935 dB SNR gain when FD mode is compared with HD
mode. Outage performance improves with β, as β decides the
amount of power dedicated for the EH. Therefore, the amount

Fig. 5. Effect of OSC on the outage performance.

Fig. 6. System throughput versus SNR.

of harvested power rises with β, which results in more transmit
power available at R. Furthermore, we observe that the outage
performance improves with the increase in η.

Fig. 5 shows the effect of the OSC on the outage performance.
We observe that the ceiling occurs at a specific threshold (γth),
which indicates the maximum possible data rate offered by
the considered network. We also observe that for κ = 0.1 and
κ = 0, the OSC effect occurs at ≈ 16 dB and ≈ 24 dB thresh-
olds, respectively, with imperfect CSI and NLPA at R. Further,
we observe if γth increases beyond OSC, OP approaches to
unity.

Fig. 6 shows the system throughput of the considered network.
The system throughput increases with the SNR up to a certain
value, afterward attains saturation. The saturated value corre-
sponds to the maximum achievable system throughput for the
particular rth. We observe that the system throughput increases
with the decrease in HI levels. Further, a lower data rate is
obtained when NLPA is considered atR over LPA. Furthermore,
a higher data rate is achieved in the perfect CSI case as compared
with the imperfect CSI, in the low and medium SNR regime.
The impact of CEE is mitigated in the high SNR region, and
the system achieves approximately the same data rate for both
the perfect and imperfect CSI cases. The considered system
achieves a higher data rate for higher rth and reaches in saturation
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Fig. 7. Energy efficiency versus SNR.

Fig. 8. Ergodic capacity versus SNR.

relatively at a higher value of SNR, since for a fixed SNR, OP
at higher rth shows degraded performance as shown in Fig. 3.
We also observe a higher data rate when FD mode is adopted
over HD mode.

Energy efficiency is an important performance metrics for the
optimal utilization of available energy resources. From Fig. 7,
we observe that the energy efficiency increases with SNR and
achieves maximum value for a certain SNR, afterward decreases
at high SNRs. This is due to the fact that the power consumed
by the considered network is much higher than the achievable
system throughput in the high SNR region. Further, we observe
that the energy efficiency decreases with an increase in the HIs
levels. Also, it improves for the perfect CSI over imperfect CSI
and LPA over NLPA. Furthermore, FD mode provides much
better energy efficiency than the HD mode.

In Fig. 8, the ergodic capacity versus SNR plot is shown for
M = 100, where simulation results overlap on the numerical
results and validate the Gaussian–Chebyshev quadrature method
in (28). Further, we observe that the asymptotic ergodic capacity
matches with the simulation and numerical results in the medium
and high SNR regime, which validates the derived closed-form
expression (33). The ergodic capacity increases with SNR and
attains saturation after a certain SNR value (≈ 30 dB forκ = 0.2
and ≈ 34 dB for κ = 0.1). It is also observed that the ergodic

capacity decreases with the increase in HI levels. For system
parameter {2, 2} and SNR = 20 dB, system achieves ≈ 2.61
bits/s/Hz higher EC for κ = 0.1 over κ = 0.2, in FD mode. For
perfect CSI over imperfect CSI and LPA over NLPA, the ergodic
capacity improves in the low and medium SNR regime. Further,
we observe that the system achieves higher ergodic capacity
when FD mode is considered over the HD mode.

V. CONCLUSION

In this article, we have analyzed the performance of a SWIPT-
enabled FD TWR network over generalized Nakagami-m faded
channels. The effect of imperfect CSI, NLPA, transceiver HIs,
and RSI has been considered. We have derived the closed-form
expressions of OP, asymptotic OP, system throughput, energy ef-
ficiency, ergodic capacity, and asymptotic ergodic capacity. The
diversity order of the system has been obtained. The impact of
the OSC on the OP has been investigated, and it is observed that it
limits the system performance specifically when high target rates
are required. Further, the impact of CEE, transceiver HIs, NLPA,
RSI, and other system parameters has been highlighted on the
system performance. Comparison between FD and HD modes
concluded that the system throughput and energy efficiency for
FD mode are significantly higher than for HD mode.

APPENDIX A

Let Y
Δ
= |ĥri|2 and Z

Δ
= |ĥjr|2 for i , j ∈ {a,d}, i �= j. Since

Nakagami-m faded channels are considered, random variables
Y and Z follow Gamma distribution with probability den-

sity functions (PDFs) fY (y) = (mi

Ω̂i
)mi y

mi−1

Γ(mi)
e
−miy

Ω̂i , y ≥ 0, and

fZ(z) = (
mj

Ω̂j
)mj zmj−1

Γ(mj)
e
−mjz

Ω̂j , z ≥ 0. Here, mi and mj denote

fading severity, whereas Ω̂i and Ω̂j denote average power of Y
and Z, respectively. By utilizing (17), the CDF Fγri

(γth) can be
expressed as

Fγri
(γth) = Pr

[
Z <

γth(C2Y + C3Y
2 + C5)

(ζj − C1γth)Y − C4γth

]
(34)

which is evaluated in (19). Further, ψri(γth) can be obtained as

ψri (γth) =

∫ ∞

0

∫ γth(C2y+C3y2+C5)
(ζj−C1γth)y−C4γth

0

fY (y)fZ(z)dzdy. (35)

The assessment of (35) is mathematically intractable. Hence, an
approximation on the upper bound of the second integral is made.
After dividing numerator and denominator by (ζj − C1γth), the
upper bound can be given as

g(y) =
γth
(
C2y + C3y

2 + C5

)
/ (ζj − C1γth)

y − C4γth/ (ζj − C1γth)
. (36)

The term C4γth/(ζj − C1γth) can be neglected at high SNRs.
Therefore, (36) can be approximated as

g(y) ≈ γth

(ζj − C1γth)

(
C2 + C3y +

C5

y

)
. (37)
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Hence, (35) can be evaluated as

ψri (γth) ≈
∫ ∞

0

∫ γth(C2+C3y+
C5
y )

(ζj−C1γth)

0

fY (y)fZ(z)dzdy. (38)

By substituting the PDFs of fY (y) and fZ(z) in (38), and
applying [33, Eq. (3.471.9)], we obtain (20).
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