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ABSTRACT

The study of relays with the scope of energy-harvesting (EH) looks interesting as a means of enabling sustainable,
wireless communication without the need to recharge or replace the battery driving the relays. However, reliability
of such communication systems becomes an important design challenge when such relays scavenge energy from the
information bearing RF signals received from the source, using the technique of simultaneous wireless information and
power transfer (SWIPT). To this aim, this work studies bidirectional communication in a decode-and-forward (DF) relay
assisted cooperative wireless network in presence of co-channel interference (CCI). In order to quantify the reliability of
the bidirectional communication systems, a closed form expression for the outage probability of the system is derived for
both power splitting (PS) and time switching (TS) mode of operation of the relay. Simulation results are used to validate
the accuracy of our analytical results and illustrate the dependence of the outage probability on various system parameters,
like PS factor, TS factor, and distance of the relay from both the users. Results of performance comparison between PS
relaying (PSR) and TS relaying (TSR) schemes are also presented. Besides, simulation results are also used to illustrate
the spectral-efficiency and the energy-efficiency of the proposed system. The results show that, both in terms of spectral-
efficiency and the energy-efficiency, the two-way communication system in presence of moderate CCI power, performs
better than the similar system without CCI. Additionally, it is also found that PSR is superior to TSR protocol in terms of
peak energy-efficiency. Copyright c© 2017 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Recently, relay assisted communication enjoys extensive
popularity in wireless networks in view of its ability
to improve network performance in terms of improving
its throughput, reliability, coverage, energy-efficiency,
interference mitigation etc. However, relay nodes are
mostly battery driven. It may not always be feasible to
drive the relays by grid power or recharge their batteries
whenever necessary. This poses a serious challenge in

†http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2161-3915

terms of network lifetime and flexibility of deployment.
Energy harvesting (EH) [1] technology is fast emerging
as a promising solution to the aforementioned problem,
where a low power node like a relay, equipped with
necessary hardware would be capable of harvesting
energy from various sources present in the surrounding
environment like solar, wind, radio frequency (RF) signals
[2] etc. Recently, EH from RF signal has attracted a lot
the attention of research community. Success of the RF-
EH technology would be a major boost to the growing
applications of Internet of Things (IoT) [3], in terms of
improving lifetime of the IOT devices without the need
of recharging or replacing their batteries. Recent literature
report that theoretical maximum power available for RF-
EH at a free space distance of 40 meters is 7 µW and
1 µW for 2.4 GHz and 900 MHz frequency, respectively
[4]. Two popular techniques, found in open literature, for
RF-EH in wireless networks are : (i) wireless powered
communication network (WPCN) [5] and (ii) simultaneous
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wireless information and power transfer (SWIPT) [6], [7].
While the former refers to the process of RF-EH from
base station in downlink to power the uplink information
transfer by the corresponding wireless device, the latter
describes a technique for RF-EH from the RF signal
originally meant for information transfer. In this paper, we
focus on the latter one.

Two different receiver architectures are proposed for
SWIPT; power-splitting (PS) and time-switching (TS) [6].
In PS protocol, receiver is capable to split the received
power from the RF signal into two parts: one to scavenge
energy and the remaining part to process information.
In TS scheme, in each transmission frame, EH and
information decoding (ID) are performed in two adjacent
and non-overlapping time slots.

RF-EH has an important role in cooperative relay
network. Based on the energy causality constraint, the
usable energy of relay cannot exceed the energy harvested
by it. This imposes major limitations on the system
performance at the end-to-end link. So, the efficient usage
of RF-EH relay in various forms of cooperative wireless
networks is studied in [8-16], [19]. Performances of these
networks are evaluated in terms of outage probability
and throughput in both one-way [8-12] and two-way [13-
15] communications. In [8], amplify-and-forward (AF)
relay assisted and in [9], decode-and-forward (DF) relay
assisted PS relaying (PSR) and TS relaying (TSR) schemes
are studied for delay-limited and delay-tolerant traffic,
respectively. The authors of [8] report that TSR performs
better than PSR in terms of throughput at low signal-to-
noise ratio (SNR) and high transmission rate in AF system.
On the other hand, the performance of PSR is better than
TSR in DF system for a wide range of SNR [9]. Sanjay
et al. [10] analyse an AF relay assisted model using TSR
scheme to show the impact of relay placement in cognitive
radio network. The work in [11] makes a comparative
study between AF and DF relays, in terms of outage
probability in PS protocol architecture. Furthermore, the
performance of both PSR and TSR schemes in two-hop
relay-assisted multi-input multi-output (MIMO) system
are analyzed in nakagami fading channel [12].

To enhance the spectrum efficiency, two-way commu-
nication using relaying scheme is more useful than two
parallel one-way communication. The relay placement
is one of the important aspect of research in two-way
communication for harvesting an useful amount of energy
from both of the users [15]. Two-way communications
using AF relay assisted architecture is discussed in [13],
[15]. In [13], finite expressions of outage probability and
ergodic capacity are presented for PSR scheme. In [14], a
closed form of outage probability is established in DF relay
assisted two-way communication with PSR technique. On
the other hand, power-time splitting based hybrid architec-
ture in two-slot and three-slot relaying protocols are dis-
cussed in [15]. The work reports the system performance
in terms of outage probability and throughput in delay-
limited and delay-tolerant transmissions.

Some studies on resource optimization in RF-EH
enabled one-way and two-way communications are also
reported in [14],[16-17]. In [16], outage minimization is
done with respect to harvesting power using classical
optimization technique. On the other hand, due to non-
convex nature of outage minimization problem in [14],
a meta heuristic approach like genetic algorithm (GA)
base complex search technique is used to solve the
optimization problem. Optimal policies of dynamic power
splitting technique is proposed in [17], based on the
available and unknown channel state information (CSI)
at the transmitter. In their work, maximization of ergodic
capacity of information transmission is shown for a given
harvesting energy constraint.

Interference is traditionally considered to be one of
the major challenges in wireless communications due
to its adversing effect on throughput. The impact of
co-channel interference (CCI) in two-hop, multiple AF
relay assisted system is studied in [18] to compare
the optimum combining and maximal ratio combining
performance. The presence of CCI in SWIPT enabled
wireless communication is expected to have an intriguing
impact on the system performance. On one hand, it can be
considered as a useful source to scavenge additional energy
through RF-EH technique, on the other hand, it acts as a
deterrent to information decoding process at the receiver.
This dual yet conflicting role of CCI is investigated in
[19]. The authors report SWIPT enabled, single DF relay
assisted one-way communications system’s performance
in terms of its outage probability and ergodic capacity for
both PSR and TSR schemes. To the best of knowledge, the
impact of CCI in two-way DF relay assisted network is not
yet explored and this is the motivation of our current study.

In this paper, bi-directional DF relay assisted commu-
nication is considered for PSR (TSR) with frame structure
consists of a three slots (four slots). The users (data and
power transmission nodes) are driven by their individual
unlimited energy resources, whereas due to lack of any
steady energy resource, the relay node is harvesting energy
only from the RF signals received from the users by
means of SWIPT technique. The harvested energy is used
to support data transfer between two users. Additionally,
the presence of CCI is considered as a source of EH. A
closed form expression of outage probability is derived
for PSR and TSR schemes. Numerical results are used
to compare the system performance between two relaying
protocols of SWIPT. Further, their performance results are
also compared with a similar network architecture without
considering the presence of CCI. This would help to gain
insight the relative contributions of CCI in such networks.

A list of symbols and their definitions are shown in
Table I for better readability. Remaining part of this paper
is organized as follows. System model is described in
Section II. Outage analysis for the two way relaying
protocol is presented in Section III and the performance
evaluation is reported in Section IV. Finally, the paper is
concluded in Section V.
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Table I. Symbols and definitions

Symbols Definitions

sPSk Signal of Userk in PSR
sTSk Signal of Userk in TSR
sPSj Signal of interferer in PSR
sTSj Signal of interferer in TSR
nr,atk Antenna noise
nr,sc RF to baseband signal conversion noise
PTk Transmission power Userk → EHR
PRk Receive power at EHR
p CCI power
dk Distance between Userk and EHR
η Energy conversion efficiency
ν Path loss exponent
hk Channel gain of link Userk → EHR
gk Channel gain of link EHR→ Userk
βc Channel gain of link Interferer→ EHR
αk(k ∈ 1, 2) Power splitting factor
ρk(k ∈ 1, 2) Time switching factor
RPSk,r Data rate Userk → EHR in PSR
RTSk,r Data rate Userk → EHR in TSR
RPSrsk Data rate EHR→ Userk in PSR
RTSrsk Data rate EHR→ Userk in TSR
RPSbcrs Relay broadcast rate in PSR
RTSbcrs Relay broadcast rate in TSR
PPSout,UkR Outage probability of link Userk →

EHR in PSR
PTSout,UkR Outage probability of link Userk →

EHR in TSR
PPSout,BC Outage probability due to relay broad-

cast in PSR
PTSout,BC Outage probability due to relay broad-

cast in TSR
PPSout Outage probability of proposed system

in PSR
PTSout Outage probability of proposed system

in TSR
γPShk SNR of link Userk → EHR in PSR
γTShk SNR of link Userk → EHR in TSR
IPSRk Interference to noise ratio in PSR
ITSRk Interference to noise ratio in TSR

2. SYSTEM MODEL AND PROTOCOL
DESCRIPTION

This section describes the system model in the framework
of PSR and TSR protocols.

2.1. System Model

System model considered in this work as illustrated in
Figure 1, consists of half-duplex, two-way, cooperative
DF relaying system, where two users - User1 and
User2 can communicate with each other through an

Figure 1. System Model

intermediate EH relay (EHR) node. Data transmission
from each user is done in two adjacent, non-overlapping
time slots. Both the users and the relay use single antenna.
The users are powered by conventional power resources
which are assumed to be unlimited. However, the relay
is assumed to be driven solely by the harvested energy
from the received RF signals of the users, following the
principle of SWIPT. The links between Userk and EHR
is considered to be Quasi-static fading to characterize all
the independent channel coefficients, which are complex
circularly symmetric Gaussian random variables and
remain fixed over the interval of two way transmission time
T. The channel coefficients of the links between Userk
to EHR and EHR to Userk (k ∈ 1, 2) are represented
by hk and gk, respectively. Additional impact of CCI
is also considered due to inherent frequency reuse for
efficient utilization of the spectrum resource. The link
between interferer and EHR is assumed to be slow-fading
[18], so the channel gain βc remains constant during
single time frame. Further, their individual distributions
are described as hk ∼ CN (0,Ωhk ), gk ∼ CN (0,Ωgk )
and βc ∼ CN (0,Ωβc) (k ∈ 1, 2), where 0 is the mean
value and Ωhk ,Ωgk ,Ωβc are the variances of channel
coefficients hk, gk, βc, respectively.

Following [18], it is assumed that the necessary channel
state information (CSI) is available for the given system
model in CCI environment. The signal received at EHR
from Userk can be expressed as

PRk =
PTk |hk|

2

(dk)
ν , k ∈ 1, 2 (1)

where, the symbols PTk , ν and dk are represented as the
transmission power, path loss exponent and the distance
between Userk to EHR, respectively.

2.2. PS relaying scheme

The bi-directional communication process takes place on
a frame-by-frame basis. Duration of any such frame is

considered T , splits into three time slots :
T

4
,
T

4
and

T

2
as shown in Figure 2. During the first two slots, User1
and User2 send their individual information to EHR in
their corresponding slots, where total received power from
each user is split into two parts using PS protocol. The
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Figure 2. Transmission Framework for PSR

Figure 3. Transmission Framework for TSR

splitting ratio of the received power Prk is αk:(1− αk),
where 0 < αk < 1. First part of received power αkPrk is
used for information decoding and the rest (1− αk)Pr,k is
used for EH. Finally in Slot 3, after successful information
decoding from the messages of both the users, EHR re-
encodes them and broadcasts signals to User1 and User2.
In this stage of encoding, EHR applies the digital network
coding (NC) (like, XOR operation) to mix the received
information of User1 and User2. Finally, User1 and
User2 can decode the desired information from the mixed
information using the standard principle followed in NC-
based relaying protocol [20].

2.3. TS Relaying scheme

Similar to PS in the section 2.2, the bidirectional
communication is held on a frame-by-frame basis. As
shown in Figure 3, total frame duration T is split into

four different slots : ρ1
T

2
, ρ2

T

2
, (1− ρ1 − ρ2)

T

2
and

T

2
;

where ρ1, ρ2 are time splitting factors and 0<ρ1 + ρ2 <1.

During the first slot of time frame (1− ρ1 − ρ2)
T

2
, EHR

harvests energy from User1 and User2. In the second slot

ρ1
T

2
,User1 transmits its information to EHR. Similar task

is performed by User2 in the third slot ρ2
T

2
. Similar to PS

protocol, in the final slot
T

2
, after successful information

decoding from the message of Userk, EHR broadcasts a
signal to User1 and User2. After reception, User1 and
User2 decode the desired information from the mixed
information as mentioned in 2.2.

3. OUTAGE ANALYSIS

This section desires mathematical expressions of outage
probability for PSR and TSR scheme one after another.

3.1. Outage analysis of PSR

The received signal at EHR, used to decode the information
in kth slot, is given by

yPSk,r =

√
αkPTk hks

PS
k√

dνk︸ ︷︷ ︸
Signal

+

√
αkpβcs

PS
j√

dνj︸ ︷︷ ︸
Interference

+ nr,atk + nr,sc︸ ︷︷ ︸
Noise

, (k ∈ 1, 2) (2)

where, sPSk represents the signal of Userk (k ∈ 1, 2) with
zero mean and variance E[|sPSk |2]=1; sPSj indicates the
signal from the interferer with zero mean and E[|sPSj |2]=1;
p and dj represent CCI power and distance between
interferer and EHR, respectively; nr,atk and nr,sc are
used to indicate received antenna noise and RF to
baseband signal conversion noise, respectively. In both
the cases, noise is assumed to be additive white Gaussian
noise (AWGN) with average power of σ2

r,atk and σ2
r,sc,

respectively. Accordingly, the data rate of the link from
Userk to EHR can be expressed as

RPSk,r =
(T/4)

T
log2

(
1 +

αkP
T
k |hk|2

dνk

{
σ2
k,r +

αkp|βc|2

dνj

}), (k ∈ 1, 2)

(3)
where, σ2

k,r = σ2
r,atk + σ2

r,sc. It is considered that RF
energy circuit of the given system is incapable of
harvesting energy from noise signal. Here, noise power
of the signal available to the relay for decoding the
information from Userk is assumed σ2

k,r .
Now the energy harvested at EHR from the transmis-

sions in corresponding slots (in Figure 2) can be expressed
as

EPSk,r = η(1− αk)
(
PRk +

p|βc|2

dνj

)
T

4

= η(1− αk)
(
PTk |hk|2

dνk
+
p|βc|2

dνj

)
T

4
, (k ∈ 1, 2) (4)

where, 0 < η ≤ 1 defines the energy conversion efficiency,
the value of which depends on the harvesting circuitry.

Based on the first two slots of transmission, harvested
energy at EHR can be obtained as

∑2
k=1E

PS
k,r . In time
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slot-3, this harvested energy is used to broadcast the coded
information from EHR to the users. The received signal at
destination node Userk can be written as

yPSrsk =

√
PPSr gk s

PS√
dνk

+ ns,k + ns,ck , (k ∈ 1, 2) (5)

where, sPS is the coded version of sPS1 and sPS2 ; ns,k
indicates AWGN between the path EHR to Userk with
an average power of σ2

s,k and ns,ck indicates the RF to
baseband signal conversion noise with variance of σ2

s,ck .
Assuming EHR broadcasts using power PPSr , during T/2
interval, PPSr can be expressed as follows

PPSr =
∑2
k=1E

PS
k,r

T

2

= η
∑2
k=1

PTk (1− αk)|hk|2

2dνk
+
ηp|βc|2(2− α1 − α2)

2dνj

= a|h1|2 + b|h2|2 + c|βc|2 = X(say), (6)

where, a = ηPT1 (1− α1)

2dν1
, b = ηPT2 (1− α2)

2dν2
and c =

ηp(2− α1 − α2)

2dνj
.

As seen from (6), this harvesting power is a random
variable, which is a linear weighted sum of three
independent exponential functions. Hence, its pdf is
expressed as follows [21] :

fX(x) =
Ωh1Ωh2Ωβc

abc

[
e
−
(

Ωh1

x

a

)
(

Ωh2

b
− Ωh1

a

)(
Ωβc
c
− Ωh1

a

)+

e
−
(

Ωh2

x

b

)
(

Ωh1

a
− Ωh2

b

)(
Ωβc
c
− Ωh2

b

) +
e
−
(

Ωβc
x

c

)
(

Ωh2

b
− Ωβc

c

)(
Ωh1

a
− Ωβc

c

)
]

=
1

M

[
e
−
(

Ωh1

x

a

)
m

+
e
−
(

Ωh2

x

b

)
n

+
e
−
(

Ωβc
x

c

)
q

]
(7)

where, m =

(
Ωh2
b
− Ωh1

a

)(
Ωβc
c
− Ωh1

a

)
,

n =

(
Ωh1

a
− Ωh2

b

)(
Ωβc
c
− Ωh2

b

)
and

q =

(
Ωh2

b
− Ωβc

c

)(
Ωh1

a
− Ωβc

c

)
; M =

abc

Ωh1Ωh2Ωβc
.

The received data rate at Userk from EHR can be given
as

RPSrsk =
1

2
log2

(
1 +

PPSr |gk|2

dνkσ
2
sc,k

)
, (k ∈ 1, 2) (8)

where, σ2
sc,k = σ2

s,k + σ2
s,ck , (k ∈ 1, 2).

Due to the usage of digital NC, broadcast data rate
is bounded by the performance of the weaken channel
between g1 and g2, so real data rate of transmission in third

slot is

RPSbcrs = min
(
RPSrsk

)
=

1

2
log2

(
1 + SNRPSbcrs

)
=

1

2
log2(1 + PPSr L) (9)

where, L = min

(
|g1|2

dν1σ
2
sc,1

,
|g2|2

dν2σ
2
sc,2

)
. The complemen-

tary cumulative distribution function (CCDF) of L can be
written as FL(l) = e−(dν1σ

2
sc,1Ωg1 + dν2σ

2
sc,2Ωg2)l [22, Sec-

tion 5.6].
As seen from Figure 1. this SWIPT-enabled NC based

two-way EHR transmission network has three different
transmission links, i.e., transmission between the links
User1 to EHR, User2 to EHR and broadcast link of EHR.
An outage is defined as the failure of any one of these links.
Thus it is equivalent to complement of the event when
transmission over all of these links meet their individual
target rates. Hence, outage can be given as [23]
PPSout = 1− (Pr[RPS1,r ≥ R1]× Pr[RPS2,r ≥ R1]Pr[RPSbcrs ≥ R1])

= 1− (1− PPSout,U1R)(1− PPSout,U2R)(1− PPSout,BC)
(10)

where, R1 is the target rate of transmission in all the three
different links.

Now, using (3), the outage probability between Userk
to EHR is defined as follows,

PPSout,UkR = 1− Pr
[

γPShk
1 + IPSRk

≥ uPSk
]
, (k ∈ 1, 2) (11)

where, uPSk = 2(4R1) − 1. The symbol γPShk =
αkP

T
k

dνkσ
2
k,r

|hk|2

indicates the received SNR at relay from the transmission
of Userk, while IPSRk =

αkp

σ2
k,rd

ν
j

|βc|2 indicates interference

to noise ratio due to the CCI. Clearly, the distribution of
γPShk is exponential in nature and it’s probability density
function (PDF) is given as

fγPS
hk

(v) =
1

γPShk
exp

(
− v

γPShk

)
, (v ≥ 0) (12)

The distribution of IPSRk is also exponential in nature and
it’s probability density function (PDF) is given as

fIPS
Rk

(w) =
1

µPSk
exp

(
− w

µPSk

)
, (w ≥ 0) (13)

where, γPShk =
αkP

T
k

dνkσ
2
k,r

Ωhk and µPSk =
αkp

σ2
k,rd

ν
j

Ωβc . The

symbols Ωhk and Ωβc are the parameters of random
variables hk and βc, respectively.

Now (11) can be rewritten as

PPSout,UkR =

exp

(
1

µPSk

)
γPShk

(
1

γPShk
+

1

uPSk µPSk

) (14)

Trans. Emerging Tel. Tech. 2017; 00:1–12 c© 2017 John Wiley & Sons, Ltd. 5
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Appendix A provides the detail derivation of PPSout,UkR.
On the other hand, using (9) outage probability between

EHR to Userk is

PPSout,BC = 1− Pr
[
RPSbcrs ≥ R1

]
= 1− Pr

[
1

2
log2(1 + SNRPSbcrs) ≥ R1

]
= 1− Pr[SNRPSbcrs ≥ 2(2R1) − 1]

= 1− Pr[SNRPSbcrs ≥ u
′
b]

= 1− Pr[PPSr L ≥ u
′
b] = 1− Pr[XL ≥ u

′
b] (15)

where, u
′
b = 2(2R1) − 1, X and L are given in (6) and (9),

respectively.
Now using (6) and (7), Pr[RPSbcrs ≥ R1] can be

expressed as follows,

Pr[RPSbcrs ≥ R1] =
2

M

{√
bou
′
ba

m
√

Ωh1

K1

(
2

√
bou
′
bΩh1

a

)

+

√
bou
′
bb

n
√

Ωh2

K1

(
2

√
bou
′
bΩh2

b

)
+

√
bou
′
bc

q
√

Ωβc
K1

(
2

√
bou
′
bΩβc
c

)}
(16)

where, bo = (dν1σ
2
sc,1Ωg1 + dν2σ

2
sc,2Ωg2)

Detail derivation of this given mathematical expression
of Pr[RPSbcrs ≥ R1] is shown in Appendix B.

Finally, using (10), the equation of system outage
probability in PSR (17) can be expressed as shown at
the top of the next page (Page 7). where, K1 indicates
the first order modified Bessel function of second kind

and it is defined as [24],
∫∞
0
exp

(
− λ

4t
− γt

)
dt =√

λ

γ
K1(
√
λγ)

3.2. Outage analysis of TS Relaying scheme

In TSR, the received signal at EHR from Userk to decode
the information of (k + 1)th slot is given by

yTSk,r =

√
PTk hks

TS
k√

dνk︸ ︷︷ ︸
Signal

+

√
pβc√
dνj
sTSj︸ ︷︷ ︸

Interference

+ nr,atk + nr,sc︸ ︷︷ ︸
Noise

, (k ∈ 1, 2) (18)

where, sTSk represents the signal of Userk (k ∈ 1, 2) with
zero mean and variance E[|sTSk |2]=1; sTSj indicates the
signal from the interferer with zero mean and E[|sTSj |2]=1.
Similar to (3), the received data rate from Userk to EHR
can be expressed as

RTSk,r =
ρl
T

2
T

log2

(
1 +

PTk |hk|2

dνk

{
σ2
k,r +

p|βc|2

dνj

}),
(k ∈ 1, 2; l ∈ 1, 2) (19)

Applying TSR scheme, energy harvested at EHR from
the transmissions of User1 and User2 can be expressed as

ETSk,r = η

(
PRk +

p|βc|2

dνj

)(
1−

2∑
l=1

ρl

)
T

2

= η

(
PTk |hk|2

dνk
+

p|βc|2

dνj

)(
1−

2∑
l=1

ρl

)
T

2
, (k ∈ 1, 2)

(20)

The total energy harvested at the EHR can be obtained
as
∑2
k=1E

TS
k,r . This harvesting energy is used to broadcast

the coded information of EHR to Userk. Similar to (5), the
received signal at destination nodeUserk can be written as

yTSrsk =

√
PTSr gk s

TS√
(dk)ν

+ ns,k + ns,ck , (k ∈ 1, 2) (21)

where, sTS is the coded version of sTS1 and sTS2 .
Transmission power (PTSr ) of EHR in fourth slot can be
expressed as

PTSr =
∑2
k=1E

TS
k,r

T

2

= η
(1−

∑2
l=1 ρl)

∑2
k=1 P

T
k |hk|2

dνk
+

(1−
∑2
l=1 ρl)ηp|βc|

2

dνj

= a
′
h2
1 + b

′
h2
2 + c

′
β2
c = Z(say), (22)

where, a
′

=
(1−

∑2
l=1 ρl)ηP

T
1

dν1
, b
′

=
(1−

∑2
l=1 ρl)ηP

T
2

dν2
and

c
′

=
(1−

∑2
l=1 ρl)ηp

dνj
.

Received data rate at Userk from EHR can be given as

RTSrsk =
T

2T
log2

(
1 +

PTSr |gk|2

dνkσ
2
sc,k

)
=

1

2
log2

(
1 +

PTSr |gk|2

dνkσ
2
sc,k

)
,

(23)

Similar to the argument mentioned in (9), the data rate
in third slot is expressed as

RTSbcrs = min
(
RTSrsk

)
=

1

2
log2

(
1 + PTSr L

′)
, (24)

where, L
′

= min
(
|g1|2

dν1σ
2
sc,1

,
|g2|2

dν2σ
2
sc,2

)
.
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PPSout = 1−

[{
1−

exp

(
1

µPS1

)
γPSh1

(
1

γPSh1

+
1

uPS1 µPS1

)}×{1−
exp

(
1

µPS2

)
γPSh2

(
1

γPSh2

+
1

uPS2 µPS2

)}× 2

M

{√
bou
′
ba

m
√

Ωh1

K1

(
2

√
bou
′
bΩh1

a

)

+

√
bou
′
bb

n
√

Ωh2

K1

(
2

√
bou
′
bΩh2

b

)
+

√
bou
′
bc

q
√

Ωβc
K1

(
2

√
bou
′
bΩβc
c

)}]
(17)

Similar to (10), the total outage probability can be
written as

PTSout = 1− (Pr[RTS1,r ≥ R1]× Pr[RTS2,r ≥ R1]× Pr[RTSbcrs ≥ R1])

= 1− (1− PTSout,U1R)(1− PTSout,U2R)(1− PTSout,BC)
(25)

Now, using (19), Outage probability between Userk to
EHR is

PTSout,UkR = 1− Pr
[

γTShk
1 + ITSRk

≥ uTSk
]

(26)

where, uTSk =
{

2

(
2R1

ρl

)
− 1

}
, R1 is the target rate of

transmission; γTShk =
PTk

σ2
k,r(dk)ν

|hk|2 indicates the received

SNR at relay due to the transmission of Userk. Here,
ITSRk =

p

σ2
k,r(dj)

ν
|βc|2 indicates the interference to noise

ratio (INR) due to the CCI. Both SNR and INR are
random variables and follow exponential distribution with
parameter γTShk and µTSk . The distribution of γTShk and ITSRk
are similar to the distribution of (12) and (13), respectively;

where, γTShk =
PTk

dνkσ
2
k,r

Ωhk , µTSk =
p

σ2
k,rd

ν
j

Ωβc .

Similar to (14), now (26) can be rewritten as

PTSout,UkR =

exp

(
1

µTSk

)
γTShk

(
1

γTShk
+

1

uTSk µTSk

) , (k ∈ 1, 2) (27)

Outage probability between EHR to Userk using (25)
is expressed as

PTSout,BC = 1− Pr
[
RTSbcrs ≥ R1

]
= 1− Pr

[
L
′
Z ≥ u

′
t

]
(28)

where, u
′
t = 2(2R1) − 1.

Similar to (16), Pr[RTSbcrs ≥ R1] can be written as

Pr
[
RTSbcrs ≥ R1

]
= Pr

[
L
′
Z ≥ u

′
t

]
=

2

M ′

{√
bou
′
ta
′

m′
√

Ωh1

K1

(
2

√
bou
′
tΩh1

a′

)
+

√
bou
′
tb
′

n′
√

Ωh2

K1

(
2

√
bou
′
tΩh2

b′

)
+
√
bou
′
tc
′

q′
√

Ωβc
K1

(
2

√
bou
′
tΩβc
c′

)}
(29)

where, M ′ =
a
′
b
′
c
′

Ωh1Ωh2Ωβc
, m′ =

(
Ωh2

b′
− Ωh1

a′

)(
Ωβc
c′
− Ωh1

a′

)
,

n
′

=

(
Ωh1

a′
− Ωh2

b′

)(
Ωβc
c′
− Ωh2

b′

)
, q′ =

(
Ωh2

b′
− Ωβc

c′

)(
Ωh1

a′
− Ωβc

c′

)
.

Finally, outage expression of TSR (30) can be obtained
as shown at the top of the next page (Page 8).

3.3. Spectrum Efficiency and Energy Efficiency

Results of the outage analysis is used to evaluate spectrum-
efficiency (or throughput) and energy-efficiency of the
proposed system in presence of CCI and performance
comparison is done over the similar system without CCI.
These two metrics can be defined as follows :

ηPSSE = (1− PPSout ) ∗R1 ∗ 2 ∗ T

2T
, (forPSR)

ηTSSE = (1− PTSout) ∗R1 ∗ 2 ∗ T

2T
, (forTSR)

(31)

ηPSEE =
ηPSSE

Transmit power
, (forPSR)

ηTSEE =
ηTSSE

Transmit power
, (forTSR)

(32)

Evaluation of the performance of proposed system using
these metrics is discussed in the next section.

4. SIMULATION RESULTS

In this section, first we present the performance results of
simulation study to validate our analytical results derived
in the previous section. Further, the results are also shown
to illustrate the variation in system outage probability

Trans. Emerging Tel. Tech. 2017; 00:1–12 c© 2017 John Wiley & Sons, Ltd. 7
DOI: 10.1002/ett
Prepared using ettauth.cls



Outage analysis in two-way communication with RF energy harvesting .. S. Ghosh et. al.

PTSout = 1−

[{
1−

exp

(
1

µTS1

)
γTSh1

(
1

γTSh1

+
1

uTS1 µTS1

)}×{1−
exp

(
1

µTS2

)
γTSh2

(
1

γTSh2

+
1

uTS2 µTS2

)}× 2

M ′

{√
bou
′
ta
′

m′
√

Ωh1

K1

(
2

√
bou
′
tΩh1
a′

)
+

√
bou
′
tb
′

n′
√

Ωh2

K1

(
2

√
bou
′
tΩh2

b′

)
+

√
bou
′
tc
′

q′
√

Ωβc
K1

(
2

√
bou
′
tΩβc
c′

)}]
(30)

Table II. List of necessary parameters

Name Value
Target rate of transmission (R1) 0.9 bps/Hz
Path loss exponent (ν) 2.7 (for

urban area)
Noise components,

σ2
1,r = σ2

2,r = σ2
sc,1 = σ2

sc,2 1 µW
Time switching factor, ρ1 = ρ2 = ρ 0.32
Power splitting factor, α1 = α2 = α 0.14
Energy conversion efficiency, η 0.8

for the bidirectional communication with the key system
parameters; (i) power splitting ratio, (ii) time switching
factors and (iii) transmitted signal power. Here, normalized
transmitted signal power is considered as the ratio of
transmitted power to noise power. Due to low noise power,
the value of this normalized transmitted signal power in
dB is very high. Performance of PSR and TSR schemes
are compared with that of a similar system without CCI
[14]. Results of comparative system model without CCI is
generated considering PSR scheme with three equal time
slot durations. Values of necessary system parameters are
listed in Table II. Additionally, the distance between two
users is considered as 14 m.

Figure 4.a. depicts the system outage performance
versus power splitting factor (α), assuming only PSR based
SWIPT operation in the system. It is clearly seen that the
theoretical result shown in (17), closely matches with the
simulation results. The outage performance is very poor
when α is very high, almost close to 1 and the outage
probability decreases with decrease in the value of α. This
may be explained as follows: as α increases, more power is
allocated for user information transmission and less power
is used for energy harvesting, following (3) and (4). Due to
this insufficient harvesting energy, relay broadcasting rate
is more likely to fail to meet the target rate of information
transmission. With the decrease in α, the system outage
probability decreases till the optimal value of αopt is
reached. When α = αopt = 0.14, the harvesting power at
EHR is found to be sufficient. Thus the achievable rate of
the broadcast link; more likely satisfies the target rate of
information transmission. For 0 < α < αopt, inadequate
power allocation for information decoding in presence of
noise (poor SNR), increases the system outage probability.

Figure 4.b. shows the system’s outage probability versus
time switching factor (ρ), assuming only TSR based
SWIPT operation in the system. When ρ is very small, the
time allocation for information transmission is less and the
time allocation for energy harvesting is more, following
(19) and (20). Due to this insufficient slot duration, the
average achievable rate is poor (19) and thus it is more
likely to fail to meet the target rate of transmission.
This results in high outage of links from Userk to EHR
(k ∈ 1, 2), as shown in figure. With the increase in ρ
value, the system outage probability decreases due to
SNR improvement of the links from Userk to EHR,
following (19), (27), (30) and reaches the minimum value
at the optimal value of ρopt = 0.32. However, when ρ
value exceeds the optimal value, inadequate harvesting
energy fails to meet the target SNR of relay broadcast
and effectively the system outage probability is gradually
increased with the increasing value of ρ.

As CCI increases (from INR 10 dB to 20 dB) the outage
performance of the system becomes worse. This may be
observed both in Figure 4.a. and 4.b. This is due to the
fact that SNR of the links from Userk to EHR (k ∈ 1, 2)
become worse due to high interference power. As a result
these two together make overall outage probability high.

Figure 4.c. displays the system outage performance
vs normalized transmitted signal power for PSR and
TSR schemes in presence of CCI to have a comparison
with that of a similar system without CCI. Initially, the
outage falls rapidly as the normalized transmitted signal
power increases in the range of 54-65 dB (55-63 dB)
for PSR (TSR) scheme. About 82% and 75% less power
are required to achieve the outage probability 0.2 for
PSR and TSR schemes, respectively in presence of CCI
as compared to the system without CCI. Similarly, the
amount of less power is observed as 82.5% and 76% for
outage probability 0.01. The reason of this nature can be
explained as follows: when transmitted power is less, low
power allocation for information transmission as well as
for energy harvesting could not satisfy the target rate of
the links between Userk (k ∈ 1, 2) and the EHR. With the
increase in normalized transmitted signal power, SNR is
improved and the outage probability drops.

Figure 5. illustrates the variation in the outage
probability of both PSR and TSR, respectively, with
respect to the distance of the EHR from user1. This
figure shows the importance of relay placement on the
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Figure 4. (a) Graphical plot of outage probability versus power
splitting factor (α) with transmitted power 1.5 Watt, (b) Graphical
plot of outage probability versus time switching factor (ρ)
with transmitted power 1.5 Watt, (c) Outage probability versus
normalized transmitted signal power with α = 0.14 and ρ = 0.32

Figure 5. Graphical plot of outage probability and harvesting
power versus relay position with transmitted power 1.5 Watt,

INR=10 dB, α = 0.14 and ρ = 0.32

Figure 6. (a) Spectrum efficiency versus normalized transmitted
signal power with α = 0.14 and ρ = 0.32, (b) Energy efficiency
versus normalized transmitted signal power with α = 0.14 and

ρ = 0.32
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outage performance for both PSR and TSR schemes. When
relay moves away from user1 or, user2, outage increases
initially but then it remains flat for a certain range of relay
position. The flat outage probability is observed in the
range of 5.5-8.5 m (5.8-8.2 m) distant from user1, for TSR
(PSR). To explain this nature, the variation of harvesting
power in two-way relaying protocol is also shown in the
same figure. When relay is placed closer to user, it can
harvest more power for broadcast as compared to the relay
placement at the middle of user1 and user2, as shown
in figure. On the other hand, the product of two outage
probabilities between the links Userk (k ∈ 1, 2) and EHR
are comparatively less when the EHR is placed closer
to one of the users as compared to the relay position at
the middle of user1 and user2, following (14) or, (27).
About 22% improved outage is observed for the worst case
performance at PSR as compared to TSR scheme.

Figure 6.a. presents the results of spectrum efficiency in
PSR and TSR schemes for CCI = 10 dB and performance
comparison is done with that of a similar system without
CCI. The nature of this plot of spectrum efficiency is just
opposite of the graphical plot of outage probability as
shown in Figure 4.c. The rapid enhancement of spectrum
efficiency is observed in the range of 52-61 dB and
54-60 dB normalized signal power for PSR and TSR
schemes, respectively. As the normalized signal power
increases beyond the critical value (75 dB is observed),
the improvement of spectrum efficiency is negligible as
compared to the two-way relaying scheme without CCI.
About 86% and 80% less power are required to achieve
the spectrum efficiency 0.2 bps/Hz for PSR and TSR
schemes, respectively in presence of CCI as compared
to the system without CCI. Similarly, the amount of less
power is observed as 95% and 93% to achieve the spectrum
efficiency 0.5 bps/Hz.

Figure 6.b. depicts the energy efficiency in PSR and
TSR schemes with CCI and performance comparison is
done with that of a similar system without CCI. As seen
from the figure, if the transmitted power increases the
energy efficiency also increases accordingly. This is due
to the fact that the transmitted signal power increases till
an optimal value (55.3 dB for PSR and 57 dB for TSR),
the non-linear change of the spectrum efficiency is more
as compared to the linear change of signal power which
increases the energy efficiency. Since the harvested energy
proportionally increases with the transmitted power, this
harvesting energy can improve the relaying ability in
broadcast phase. Eventually, outage probability drops
for increasing value of the transmitted signal power till
the optimal value. Effectively, the spectrum efficiency
increases due to better outage performance and the energy
efficiency improves. The energy efficiency reaches its peak
at an optimal value of signal power. Further if the signal
power increases beyond the optimal value, the change
in the spectrum efficiency value is less than the change
in signal power which decreases the energy efficiency.
PSR (TSR) scheme is about 87% (81%) more energy

efficient as compared to the system without CCI in two-
way communication.

5. CONCLUSIONS

In this paper, an analytical study of outage performance
is carried out for two-way communication in a SWIPT
enabled DF relay assisted network in presence of CCI.
Closed form expressions of outage probability are derived
for both PSR and TSR schemes in terms of system
parameters like relay positioning, time switching factor,
power splitting factor. Simulation results highlight the
closeness to the analytical results. It is shown that in terms
of outage probability, spectrum and energy efficiency, two-
way RF-EH in presence of CCI is found to be more
efficient than the system operates without CCI. The present
system model may be extended as a outage minimization
problem on multiple antenna cognitive radio network
in fully energy causality system with an interference
constraint.

APPENDIX

Derivation of PPSout,UkR

This appendix provides the detailed derivation of PPSout,UkR
for PSR scheme. The PTSout,UkR for TSR scheme follows
the same procedure as provided below.

PPSout,UkR = 1− Pr
[

γPShk
1 + IPSRk

≥ uPSk
]
, (k ∈ 1, 2)

= 1−
∫ ∞
0

Pr
[
IPSRk ≤

γPShk
uPSk
− 1
]
fγPS
hk

(v)dv

= 1−
∫ ∞
0

[
1

µPSk

∫ ( v

uPSk
− 1
)

0

exp
(
− w

µPSk

)
dw

]
fγPS
hk

(v)dv

= 1 +
1

γPShk

∫ ∞
0

[
exp

(
−

v

uPSk
− 1

µPSk

)
− 1

]
exp

(
− v

γPShk

)
dv

=

exp

(
1

µPSk

)
γPShk

(
1

γPShk
+

1

uPSk µPSk

) (33)
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Derivation of 16

Same mathematical steps are followed in (29).

Pr[RPSbcrs ≥ R1] = Pr[XL ≥ u
′
b]

=

∫ ∞
0

Pr
[
L ≥ u

′
b

X

]
.fX(x)dx

=

∫ ∞
0

e
−(dν1σ

2
sc,1Ωg1 + dν2σ

2
sc,2Ωg2)

u
′
b

x .fX(x)dx

=
2

M

{√
bou
′
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m
√

Ωh1
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(
2

√
bou
′
bΩh1

a

)
+

√
bou
′
bb

n
√

Ωh2
K1

(
2
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bou
′
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)
+
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bou
′
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√
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(
2

√
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)}
(34)
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wireless systems over Nakagami-m fading channels,”
Wiley Transactions Emerging Telecom Technologies,
Available online: https://doi.org/10.1002/ett.3160,
2017.

13. Z. Chen, B. Xia, and H. Liu, “Wireless Information
and Power Transfer in Two-way Amplify-and-Forward
Relaying Channels,” Proceedings of IEEE Global
Conference on Signal and Information Processing
(GlobalSIP), pp. 168-172, Atlanta, GA, Dec. 2014.

14. R. Jiang, K. Xiong, P. Fan, and Z. Zhong, “Outage
Performance of SWIPT-enabled Two-way Relay
Networks,” Proceedings of IEEE Workshop on High
Mobility Wireless Communications (HWMC), pp. 106-
110, Xi’an, China, Oct. 2015.

15. H. S. Nguyen, D. T. Do, and M. Voznak, “Two-
way Relaying Networks in Green Communications
for 5G: Optimal Throughput and Tradeoff Between
Relay Distance on Power Splitting-based and Time
Switching-based Relaying SWIPT,” Elsevier Journal
of AEU, vol. 70, no. 12, pp. 1637-1644, Dec. 2016.

16. F. Wang, W. Xu, S. Li, Z. Feng, and J. Lin, “Outage
Probability Analysis of DF Relay Networks with
RF Energy Harvesting,” Proceedings of IEEE Global
Communications Conference (GLOBECOM), pp. 1-5,
San Diego, CA, Dec. 2015.

17. L. Hu, C. Zhang, and J. Xu, “Simultaneous Wireless
Information and Power Transfer with Co-channel
Interference,” Proceedings of IEEE symposium on
Personal, Indoor and Mobile Radio Communications
(PIMRC), pp. 2125-2129, Washington, DC, Sep. 2014.

18. N. Suraweera, and N. C. Beaulieu, “Performance
Analysis of Amplify-and-Forward Relaying with Opti-
mum Combining in the Presence of Co-channel Inter-
ference,” Proceedings of IEEE Global Communica-
tions Conference, Globecom 2013, pp. 3670-3675,
Atlanta, Dec. 2013.

19. Y. Gu, and S. Aissa, “RF-Based Energy Harvesting in

Trans. Emerging Tel. Tech. 2017; 00:1–12 c© 2017 John Wiley & Sons, Ltd. 11
DOI: 10.1002/ett
Prepared using ettauth.cls



Outage analysis in two-way communication with RF energy harvesting .. S. Ghosh et. al.

Decode-and-Forward Relaying Systems: Ergodic and
Outage Capacities,” IEEE Transactions on Wireless
Communications, vol. 14, no. 11, pp. 6425-6434, Nov.
2015.

20. C. Fragouli, J. Y. L. Boudec, and J. Widmer, “Network
Coding : An Instant Primer,” ACM SIGCOMM
Computer Communication Review, vol. 36, no. 1, pp.
63-68, Jan. 2006.

21. M. Bibinger, “Notes on the Sum and Maximum
of Independent Exponentially Distributed Random

Variables with Different Scale Parameters,” available
at: [http://arxiv.org/abs/1307.3945] .

22. S. M. Ross, “Introduction to Probability Models,” 8th
Edition, Amsterdam: Academic Press, 2003 .

23. D. Tse, and P. Viswanath, “Fundamentals of wireless
communication,” Cambridge University press, 2005.

24. M. Abramowitz, and I. A. Stegun, “Handbook of
Mathematical Functions with Formulas, Graphs and
Mathematical Tables,” Dover Publications, Inc., New
York, 1972.

12 Trans. Emerging Tel. Tech. 2017; 00:1–12 c© 2017 John Wiley & Sons, Ltd.
DOI: 10.1002/ett

Prepared using ettauth.cls


	1 Introduction
	2 System Model and Protocol Description
	2.1 System Model
	2.2 PS relaying scheme
	2.3 TS Relaying scheme

	3 Outage Analysis
	3.1 Outage analysis of PSR 
	3.2 Outage analysis of TS Relaying scheme
	3.3 Spectrum Efficiency and Energy Efficiency

	4 Simulation Results
	5 Conclusions

