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Summary

In this paper, a high data rate bidirectional relay network is proposed by

combining the merits of spatial modulation (SM) and physical layer network

coding. All nodes in the network are equipped with multiple antennas. Spatial

modulation technique is used to reduce hardware complexity and interchannel

interference by activating only one antenna at any time during transmission. In

the proposed bidirectional relay network, transmit antennas are selected at the

source nodes and relay node on the basis of the order statistics of channel

power. It increases received signal power and provides a significant improve-

ment in the outage performance. Also, the data rate of the proposed network

is improved by physical layer network coding at the relay node. A closed

form analytical expression for the outage probability of the network over

Nakagami‐m fading channel is derived and validated by Monte Carlo simula-

tions. In addition, asymptotic analysis is investigated at high signal‐to‐noise

ratio region.The outage performance of the proposed network is compared

with SM and physical layer network coding bidirectional relay network

without transmit antenna selection and point‐to‐point SM. With approximate

SNR≈1 dB difference between the two networks, the same data rate is

achieved.
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1 | INTRODUCTION

The demand for high data rate and better quality of service is of the utmost importance in next‐generation wireless

communication systems. The recently proposed spatial modulation (SM) has attracted a great deal of attention in the

past few years in 5G wireless networks.1 In SM, the information bits are partitioned into two streams of which one is

mapped to the symbol and the other is used to activate a particular antenna out of all transmit antennas.2 Therefore,

information is carried not only by the symbol but also by the antenna index. When the information bits are transmitted

solely through the transmit antenna index, SM is reduced to space shift keying (SSK).3 Spatial modulation eliminates

the synchronization between the transmit antennas and interchannel interference because only one antenna is active

during transmission. Hence, only one radio frequency (RF) chain is required in SM because of single antenna
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transmission at any transmission time slot. Besides these advantages, SM4 may be flexibly configured for diverse

transmit and receive antenna constellations. In multiple‐input multiple‐output (MIMO) systems, the error perfor-

mance is directly related to interantenna interference, synchronization, and a significant amount of power consumed

due to the number of transmitting RF chains. Studies on SM5,6 have shown that it is capable of outperforming MIMO

transmission techniques with practical implementation constraints. Spatial modulation in previous literatures7-9 has

been proved as an efficient low complexity and energy efficient transmission technique to improve the spectral

efficiency and bandwidth.

An optimal maximum likelihood (ML) detection algorithm10 was proposed for SM receiver in which the detector

carries out an exhaustive search for the global optimum in the entire signal space. To increase the robustness of SM‐

MIMO system under the limited feedback, Link Adaptation (LA) techniques have been proposed in Jeganathan et al11

and Wang et al.12 The SM‐MIMO link adaptation schemes including transmit antenna selection (TAS), the optimal cri-

terion is to design the link by maximizing the minimum Euclidean distance (ED) among the legitimate transmit vectors.

The ED‐based algorithms result in larger complexity because of exhaustive search. Therefore, to reduce the complexity of

ED‐based algorithms, TAS criteria were developed such as in previous studies.13-16 In Xiao et al17 and Wei et al,18 a low

complexity TAS for the SM was proposed to provide a more sophisticated trade‐off between the computational complex-

ity and system performance. In Sun et al,19 a novel Euclidean distance optimized antenna selection equivalent criterion,

relaying on matrix dimension reduction, is proposed to reduce complexity reduction and large‐scale MIMO applications.

In Kumbhani and Kshetrimayum,20 analytical frameworks evaluating the outage probability for SM‐MIMO were devel-

oped on the basis of the TAS with capacity optimized antenna selection. In Chen et al,21 exact outage probability and

error performances based on TAS and maximal ratio combining are analyzed for a MIMO scheme over Nakagami‐m

fading channels with an arbitrary value of m. In Di Renzo and Haas,22,23 the error performance of SM over fading

channels has been analyzed for various channel models and MIMO system models using moment generating functions.

In Di Renzo and Haas,24 the moment generating function framework is extended to analyze bit error rate (BER) perfor-

mance of SM‐MIMO systems over generalized fading channels. Recently, in Peppas et al,25 a new unified analytical

framework was proposed to analyze BER performance of multiple‐input single‐output and MIMO SSK over generalized

fading channels. In Peppas et al,26 the analytical framework for the computation of the diversity and coding gains of

SM over generalized channels was proposed.

Physical layer network coding (PLNC) is a new paradigm for wireless relay networks introduced in Li et al 27 and

Zhang et al28 to improve the data rate and outage performance or spectral efficiency. In PLNC, the relay node receives

the signal from the source nodes and uses bitwise exclusive‐OR (XOR) to combine the signals and then broadcasts the

encoded PLNC mapped signal to the source nodes. It provides a significant improvement in the achievable data rates

compared with the traditional relay network. In previous studies,29-31 information theoretic studies on achievable rates

of PLNC‐based relay network have been discussed. The deployment of SM in a point‐to‐point wireless network is now

extended to relay‐aided and cooperative communication systems with different kinds of diversity protocols. Cooperative

communication using relays is an effective means to combat fading and shadowing and to improve coverage, capacity,

and transmit power.

In Xie et al,32 SM for a two‐way network coded channel has been studied and BER performance analysis is car-

ried out when the end nodes use SSK. Som and Chockalingam33 had analyzed the BER performance of cooperative

relay network with SSK and decode and forward (DF) protocol, considering multiple relays with threshold‐based best

relay selection, and selection combining of direct and relayed path at the destination. In Namboodiri et al,34 the

PLNC bidirectional relay network design modulation schemes have been studied. In Unnikrishnan and Rajan,35

the BER performance of the spatial modulated PLNC for bidirectional relay networks is improved by using coordi-

nate interleaved orthogonal design. In Laneman et al,36 the concept of SM in cooperative communication with dif-

ferent kinds of diversity protocols forms the virtual MIMO to combat fading and to increase the coverage. In

previous studies,37-41 SM technique is applied to various relay systems for achieving high throughput based on relay

selection information. In Mesleh and Ikki,42 SM network with multiple DF relay nodes is proposed in which the

relays detect the source signal and forward the decoded signal to the destination in predetermined orthogonal chan-

nels. However, the performance of SM is severely affected by the achieved diversity gain because of the small num-

ber of receive antennas.

In this paper, the merits of SM and PLNC are combined in bidirectional half‐duplex (HD) relay network with TAS

and are proposed by choosing a set of transmit antennas based on the order statistics of the channel power. From the

chosen set, transmit antenna is selected to transmit information of the modulated symbols. The major contributions of

this paper are as follows:
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• The advantage of SM and PLNC has been combined in the newly proposed bidirectional network with DF relay to

improve spectral efficiency. In addition, order statistics for TAS is used at both the source nodes and relay node of

the bidirectional relay network.

• A closed form analytical expression for outage probability of bidirectional relay network with SM and PLNC is

derived in Nakagami‐m fading environment. The Nakagami‐m fading model represents a wide variety of realistic

line of sight and non–line of sight fading channels encountered in practice. Also, the asymptotic analysis is evaluated

at high signal‐to‐noise ratio (SNR) region. Hence, the derived analytical expression of outage probability is used to

investigate the outage characteristics under different fading severity conditions of the proposed bidirectional relay

network.

• The outage performance of the proposed network is compared with the conventional SM and PLNC bidirectional

relay network without TAS and point‐to‐point SM network.

The rest of the paper is organized as follows: Section 2 describes the system model for the proposed SM and

PLNC–based bidirectional wireless relay network. In Section 3, analytical expression for the outage performance of

the proposed network is derived. Numerical and simulation results on the outage performance of the proposed network

are discussed in Section 4. Section 5 concludes the paper.

2 | SYSTEM MODEL

Consider SM and PLNC–based bidirectional HD relay network shown in Figure 1. Each source node is equipped Nt

antennas and the relay node R with Nr antennas. In the proposed network, on the basis of the channel impulse response

between the source nodes and relay node, only U≤Nt antennas are chosen. Both the source nodes exchange Gð Þ bits of

information in two time slots with the help of DF relay node. The Gð Þ bits of information are split into two groups with

length b1=log2 U and b2=G−b1. The first group of b1 bits are used for TAS from the best U ¼ 2b1 antennas among Nt

transmit antennas, and the second group of b2 bits are used for actual data transmission by the selected transmit antenna.

Now, the total number of bits Gð Þ that can be transmitted by the source nodes in each time slot is given by G=b1+b2.

In the first time slot, on the basis of channel impulse response between jth source nodes Sj, j=1,2, and relay node R,

source nodes Sj, j=1,2, select U antennas from Nt transmit antennas to maximize the received SNR at the relay node R.

Let h
SjR

i;k , j=1,2, i=1,2,…,Nr, and k=1,2,…,Nt, be the channel impulse response coefficients between jth source nodes Sj,

j=1,2, and relay node R. The channel coefficients are modeled as independent and identically distributed Nakagami‐m

random variables with shape parameter m and scale parameter Ω. The scale and shape parameters are defined

as Ω ¼ E h
SjR

i;k

�

�

�

�

�

�

2
� �

and m ¼
Ω

2

E X2
−Ω

2
� �� �, respectively. The probability density function (PDF) of Nakagami‐m

distribution43 is given by

f
h
SjR

i;k

�

�

�

�

ðxÞ ¼
2

Γ mð Þ

m

Ω

	 
m

x 2m−1e −
m
Ω
x2ð Þ

; j ¼ 1; 2; (1)

where Γ :ð Þ is the Gamma function. Let zS1 and zS2 be the Nt×1 vectors that contain the sum of the squared magnitude of

the channel coefficients between the links S1 and R, and S2 and R, respectively. The elements zS1 and zS2 are defined as

FIGURE 1 System model for spatial modulation and physical layer network coding–based bidirectional half‐duplex relay network with

transmit antenna selection
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zS1k ¼ ∑
N r

i¼1

hS1Ri;k

�

�

�

�

�

�

2

; k ¼ 1; 2; ⋯;N t; (2)

zS2k ¼ ∑
N r

i¼1

hS2Ri;k

�

�

�

�

�

�

2

; k ¼ 1; 2; ⋯;N t: (3)

The elements z
Sj
k , j=1,2, are independent and identically distributed chi‐squared random variables with 2mNr degrees

of freedom. The PDF of z
Sj
k , j=1,2, is given by43

f
z
Sj

k

ðxÞ ¼
1

2mN rΓ mN rð Þ Ω

2m

� �mN r
xmN r−1e−

mx
Ω

; x ≥ 0; j ¼ 1; 2; and k ¼ 1; 2; ⋯;N t: (4)

The cumulative distribution function (CDF) of z
Sj
k , j=1,2, is given by43

F
z
Sj

k

ðxÞ ¼ 1−e−mx ∑
mNr−1

ℓk¼0

mxð Þk

ℓk!
; x ≥ 0; j ¼ 1; 2; andk ¼ 1; 2; ⋯;N t: (5)

The antennas correspond to the index of the U largest values in vectors zS1 , and zS2 are chosen for transmission at

source nodes S1 and S2, respectively. By arranging the elements of z
Sj
k , in ascending order z

Sj
ð1Þ≤ z

Sj
ð2Þ≤ ⋯z

Sj
ðcÞ≤ ⋯z

Sj
ðN tÞ

,

according to the order statistics,44 the PDF of U×1 vector z
Sj
cð Þ is written as

f
z
Sj
c

ðxÞ ¼
1

B c;N t−cþ 1ð Þ
F
z
Sj

k

ðxÞ

� �c−1

1−F
z
Sj

k

ðxÞ

� �N t−c

f
z
Sj

k

ðxÞ; (6)

where c=Nt−U+1 and B :; :ð Þ is the beta function.45

In the first time slot, on the basis of the first b1 bits of data with the length of G bits, antenna qj is selected from the U

chosen antennas at jth source node. The symbol xj with the length of b2 bits is transmitted by the selected antenna qj.

This phase is known as multiple access channel phase. The Nr×1 receive signal vector at the relay node R is given by

yR ¼ h
q1
S1R

x1 þ h
q2
S2R

x2 þwR; (7)

where h
qj
SjR

, j=1,2, is the column corresponding to the antenna index of the selected antennas in the Nr×U channel

matrix HU
SjR

, j=1,2, between the jth source node and relay node R. wR is modeled as circularly symmetric complex

Gaussian noise vector at the relay node R with zero mean and variance N0IN r
. The PDF of the received SNR obtained

from the signals of the selected transmit antennas is given by

f
γSj ;R

ðxÞ ¼
1

N t−cþ 1
∑
N t

i¼c

1

B i;N t−iþ 1ð Þ
F
z
Sj

k

ðxÞ

� �i−1

1−F
z
Sj

k

ðxÞ

� �N t−i

f
z
Sj

cð Þ

ðxÞ; j ¼ 1; 2: (8)

As the concept of PLNC is used at relay node, the average received SNR at relay node is the minimum of γS1;R ¼
h
q1
S1R













2

N0IN r

and γS2;R ¼
h
q2
S2R













2

N0INr

for the derivation of lower bound outage probability.46 By substituting Equations 5 and 6 in

Equation 8, the PDFs of the received SNR at the source nodes Sj, j=1,2, can be written as20

f i
γSj ;R

ðxÞ ¼
1

N t−cþ 1ð ÞΓ mN rð Þ
∑
N t

i¼c

1

B i;N t−iþ 1ð Þ
∑
i−1

b¼0

i−1

b

� �

−1ð Þb

×∑
Mr

t¼0

Ct b;mN rð ÞxmN rþt−1e−mx N t−iþbþ1ð Þ
; j ¼ 1; 2;

(9)
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where Mr=(mNr− 1)(Nt− i+ b) and Ct(b,mNr) is the coefficient of x
t in the expansion of ∑mN r−1

i¼0
ðmxÞi

i!

	 
N t−iþb

. Given the

channel state information at the DF relay node R, the antenna indices and symbols qj, xj, j=1,2, are detected using the

ML method as given by

q̂1; q̂2; x̂1; x̂2ð Þ ¼ arg min
q̂1; q̂2; x̂1; x̂2

yR−∑
2

j¼1

h
qj
SjR

xj

�

�

�

�

�

�

�

�

�

�

2

:
(10)

In Equation 10, q̂1 and q̂2 are the detected symbols corresponding to the antenna indices of source nodes S1 and S2,

respectively. Similarly, x̂1 and x̂2 are the detected symbols corresponding to the data transmitted from the selected

transmit antenna indices of source nodes S1 and S2, respectively. Let the bitwise XOR operation qr ¼ q̂1⊕q̂2 based

on the concept of PLNC be used to select the antenna indices at relay node R and the corresponding data bits

xr ¼ x̂1⊕x̂2. In the second time slot, the number of bits transmitted by relay node R is given by G= log2U+ b2 . Let

zR be Nr×1 vectors that contain the sum of the squared magnitude of the channel coefficients between the links R

and Sj, j=1,2. The elements of the vector zR are defined as

zRk ¼ ∑
N t

i¼1

h
RSj
i;k

�

�

�

�

�

�

2

; k ¼ 1; 2; ⋯;N r; j ¼ 1; 2 (11)

In the second time slot, antennas that correspond to the index of the U largest values in vectors zR are chosen for

transmission at the relay node R. The Nt×1 receive signal vectors at the source nodes Sj, j=1,2, are given by

ySj ¼ h
qr
RSj

xr þþwSj ; j ¼ 1; 2; (12)

where h
qr
RSj

is the column correspond to the antenna index of the selected antenna in the Nt×U channel matrix HU
RSj

,

j=1,2, between the relay node R and jth source node.wSj , j=1,2, is modeled as circularly symmetric complex Gaussian

noise vector at the source nodes Sj, j=1,2, with zero mean and variance N0IN t
. Given channel state information at the

source nodes, the parameters qr,xr are detected using ML method given by

q̂r; x̂ rð Þ ¼ arg min
qr ;xr

ySj−h
qr
RSj

xr

�

�

�

�

�

�

2

; j ¼ 1; 2: (13)

On the basis of the concept of PLNC, the b1 bits corresponding to q̂r and qj and b2 bits of the detected data symbols x̂ r and

xj are bitwise XORed in the source node to detect the (G) bits of information from the other source node. According to

order statistics, the PDF of the instantaneous received SNR at relay node obtained from the signals of selected transmit

antennas is given by

f i
γR;Sj

ðxÞ ¼
1

N r−r þ 1ð ÞΓ mN tð Þ
∑
N r

i¼c

1

B i;N r−iþ 1ð Þ
∑
i−1

b¼0

i−1

b

� �

−1ð Þb

×∑
Ms

t¼0

Ct b;mN tð ÞxmN tþt−1e−mx N r−iþbþ1ð Þ
; j ¼ 1; 2;

(14)

where Ms ¼ mNt−1ð Þ N r−iþ bð Þ, r=Nr−U+1, and Ct b;mN tð Þ is the coefficient of xt in the expansion of

∑mN t−1
i¼0

mxð Þi

i!

	 
N r−iþb

, γR;Sj
¼

h
qr
RSj



















2

N0IN t

is the average receive SNR at the source nodes Sj, j=1,2.

3 | OUTAGE PERFORMANCE

In this section, analytical expression for outage probability is derived for the proposed SM and PLNC based bidirectional

HD relay network over Nakagami‐m fading channel.
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3.1 | Outage probability at the relay node in the first time slot

The relay node R receives information from both source nodes S1 and S2 in the first time slot; the outage probability at

the relay node R for a data rate of Rd bits/s/Hz is written as

PR
out Rdð Þ ¼ Pr log2 1þmin γ

i
S1R

; γ
i
S2R

	 
	 


< Rd

h i

: (15)

Let χR ¼ min γ
i
S1R

; γ
i
S2R

	 


and γth ¼
2Rd
−1

γSj;R

, and then the outage probability can be rewritten as

PR
out γthð Þ ¼ Pr χR ≤ γth½ �: (16)

The outage probability at relay node R is written in terms of CDF denoted by FχR
γthð Þ given by

FχR
γthð Þ ¼ 1− 1−Fγi

S1 ;R
γthð Þ

	 


1−Fγi
S2 ;R

γthð Þ
	 
h i

: (17)

The CDF at the source nodes Sj; j ¼ 1; 2f g, is defined as

Fγ
i
Sj ;R

γthð Þ ¼ Pr γ
i
Sj;R

≤ γth

h i

; j ¼ 1; 2: (18)

By using Equation 9, the CDF FγSj ;R
γthð Þ can be rewritten as20

FγSj ;R
γthð Þ ¼

1

N t−cþ 1Γ mN rð Þ
∑
N t

i¼c

1

B i;N t−iþ 1ð Þ

×∑
i−1

b¼0

i−1

b

� �

−1ð Þb∑
Mr

t¼0

Ct b;mN rð Þ

×

Z

γth

0

xmN rþt−1e−mx N t−iþbþ1ð Þdx; j ¼ 1; 2:

(19)

Using table of integrals,45 the CDF FγSj ;R
γthð Þ expression is derived as

FγSj ;R
γthð Þ ¼

1

N t−cþ 1ð ÞΓ mN rð Þ
∑
N t

i¼c

1

B i;N t−iþ 1ð Þ

×∑
i−1

b¼0

i−1

b

� �

−1ð Þb ∑
Mr

t¼0

Ct b;mN rð Þ

×
γ mN r þ t;mγth N t−iþ bþ 1ð Þð Þ

N t−iþ bþ 1ð ÞmNrþt
; j ¼ 1; 2:

(20)

Substituting Equation 20 in Equation 17, the outage probability proposed SM and PLNC–based bidirectional HD relay

network at the relay node R is written as

PR
out Rdð Þ ¼ 1−∏

2

j¼1

1−
1

N t−cþ 1ð ÞΓ mN rð Þ
∑
N t

i¼c

1

B i;N t−iþ 1ð Þ

��

×∑
i−1

b¼0

i−1

b

 !

−1ð Þb∑
Mr

t¼0

Ct b;mN rð Þ

×
γ mN r þ t;mγth N t−iþ bþ 1ð Þð Þ

N t−iþ bþ 1ð ÞmNrþt

!#

:

(21)
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3.2 | Outage probability at the source nodes in the second time slot

The source nodes Sj, j=1,2, receive information from relay node R in the second time slot; the outage probability at

source nodes for a data rate of Rd bits/s/Hz is defined as

P
Sj
out Rdð Þ ¼ Pr log2 1þ γ

i
R;Sj

	 


< Rd

h i

; j ¼ 1; 2: (22)

The outage probability at source nodes Sj, j=1,2, can be rewritten as

P
Sj
out Rdð Þ ¼ Pr γ

i

R;Sj

<γth

" #

; j ¼ 1; 2: (23)

By using Equation 14, the outage probability at the source nodes can be expressed as

P
Sj
out Rdð Þ ¼

1

N r−r þ 1Γ mN tð Þ
∑
Nr

i¼r

1

B i;N r−iþ 1ð Þ

×∑
i−1

b¼0

i−1

b

� �

−1ð Þb ∑
Ms

t¼0

Ct b;mN tð Þ

×
γ mN t þ t;mγth N r−iþ bþ 1ð Þð Þ

N r−iþ bþ 1ð ÞmNtþt
; j ¼ 1; 2:

(24)

The end‐to‐end outage probability of the proposed SM and PLNC–based bidirectional HD relay network is obtained by

PSM&PLNC
out ¼ PR

out Rdð Þ þ 1−PR
out Rdð Þ

� �

× P
Sj
out Rdð Þ

	 
h i

: (25)

Substituting Equations 21 and 24 in Equation 25, the end‐to‐end outage probability of the proposed SM and

PLNC–based bidirectional relay network with TAS is expressed as

PSM&PLNC
out ¼ 1−∏

2

j¼1

1−
1

N t−cþ 1Γ mN rð Þ
∑
N t

i¼c

1

B i;N t−iþ 1ð Þ
∑
i−1

b¼0

i−1

b

 !

ð−1Þb
 "

× ∑
Mr

t¼0

Ct b;mN rð Þ
γ mN r þ t;mγth N t−iþ bþ 1ð Þð Þ

N t−iþ bþ 1ð ÞmNrþt

!#

þ ∏
2

j¼1

1−
1

N t−cþ 1Γ mN rð Þ
∑
N t

i¼c

1

B i;N t−iþ 1ð Þ

��

"

× ∑
i−1

b¼0

i−1

b

 !

−1ð Þb ∑
Mr

t¼0

Ct b;mN rð Þ
γ mN r þ t;mγth N t−iþ bþ 1ð Þð Þ

N t−iþ bþ 1ð ÞmNrþt

!#

×
1

N r−r þ 1Γ mN tð Þ
∑
N r

i¼r

1

B i;N r−iþ 1ð Þ
∑
i−1

b¼0

i−1

b

 !

−1ð Þb ∑
Ms

t¼0

Ct b;mN tð Þ

"

×
γ mN t þ t;mγth N r−iþ bþ 1ð Þð Þ

N r−iþ bþ 1ð ÞmNtþt

##

; j ¼ 1; 2:

(26)

To evaluate the asymptotic outage probability of the proposed bidirectional HD relay network at high SNR, let i= c,

b=0, and t=0 for PR
out Rdð Þ and let i= r, b=0, and t=0 for P

Sj
out Rdð Þ in Equation 25. After simple manipulations, the

outage probability of SM and PLNC Equation 26 is similar to outage expression derived in previous studies.21,47 The

asymptotic outage probability is expressed as
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P
Asymp
out ≈1−∏

2

j¼1

1−
γ
cmN r

th

N t−cþ 1ð ÞB c;N t−cþ 1ð Þc

1

Γ N r þ 1ð Þ

� �c
 !" #

þ ∏
2

j¼1

1−
γ
cmN r

th

N t−cþ 1ð ÞB c;N t−cþ 1ð Þc

1

Γ N r þ 1ð Þ

� �c
 !" #"

×
γ
cmN t

th

N r−r þ 1ð ÞB r;N r−cþ 1ð Þr

1

Γ N t þ 1ð Þ

� �c
 !#

; j ¼ 1; 2:

(27)

The asymptotic outage probability P
Asymp
out in the closed form is expressed as

P
Asymp
out ≈1−∏

2

j¼1

1−
2Rd
−1ð Þ

cmN r

N t−cþ 1ð ÞB c;N t−cþ 1ð Þc

1

Γ N r þ 1ð Þ

� �c

γSj;R

	 


−cmN r

þ O γSj;R

	 


−cmN r

� �

 !" #

þ ∏
2

j¼1

1−
2Rd
−1ð Þ

cmN r

N t−cþ 1ð ÞB c;N t−cþ 1ð Þc

1

Γ N r þ 1ð Þ

� �c

γSj;R

	 


−cmN r

þ O γSj;R

	 


−cmN r

� �

 !" #"

×
2Rd
−1ð Þ

cmN t

N r−r þ 1ð ÞB c;N r−r þ 1ð Þc

1

Γ N t þ 1ð Þ

� �c

γR;Sj

	 


−cmN t

þ O γR;Sj

	 


−cmN t

� �

 !#

:

(28)

4 | NUMERICAL RESULTS AND DISCUSSIONS

In this section, the outage performance of the proposed SM and PLNC–based bidirectional relay network over

Nakagami‐m fading channel is analyzed using the analytical expressions and validated by Monte Carlo simulation.

The parameters for the outage analysis are listed in Table 1.

In Figure 2, the proposed network model was simulated for various number of transmit antennas at the source

nodes Nt=4,6,8, at relay node Nr=4, set of antennas selected for transmission is U=2 , shape parameter m=1

(Rayleigh fading environment) with binary phase shift keying modulation at a fixed data rate of Rd=3 bps/Hz. When

Nt=6 and Nr=4, the minimum SNR requirement to achieve at 10−2 outage probability is approximately 4 dB, whereas

in SM and PLNC–based bidirectional relay network without TAS, the SNR required is 10 dB. A significant improvement

in the outage probability is observed for the proposed system over conventional SM and PLNC–based bidirectional relay

network without TAS by increasing the number of antennas at the source nodes and hence provides transmit diversity.

In the proposed network, the number of transmit antenna at the source nodes is increased by the factor of 2 without

changing the number of active antennas. This in turn implies the number of RF chains remains the same and hence

is energy efficient. When compared with a single source to destination communication,20 the proposed bidirectional

relay network achieve same data rate with SNR compensation of approximately 1 dB.

In Figure 3, the outage performance of the proposed SM and PLNC–based bidirectional relay network with TAS for

different values of m in Nakagami‐m fading channel is shown. It is observed that outage performance of the proposed

network works well as we decrease the fading severity of the channel. Even for high fading environment m=0.5 , the

SNR requirement to achieve 10−1 outage is approximately 6 dB in the proposed network, whereas the network without

TAS requires 13 dB.

TABLE 1 List of parameters

S. No Parameters Values

1 Data rate Rdð Þ 1‐6 bps/Hz

2 Number of transmit antennas at source nodes N tð Þ 4, 6, 8

3 Number of transmit antennas at relay nodes N rð Þ 4

4 Number of transmit antennas selection at source nodes Uð Þ 2

5 SNR at source nodes 0‐20 dB
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In Figure 4, the outage performance of the proposed SM and PLNC–based bidirectional relay network with

antenna selection is plotted by varying data rate Rd from 1 to 6 bps/Hz. The number of antennas at the source nodes

is assumed Nt=4,6 and 8 , at relay node Nr=4, and set of antennas selected is U=2 for a fixed SNR of 5 dB. It is

observed for Nt=6 and Nr=4 the data rate supported by the proposed network is 3.1 bps/Hz for an outage

probability of 10−2 whereas SM without TAS can support data rate of 1.7 bps/Hz at the same outage probability.

When the number of antennas at the source nodes is increased to Nt=8, the data rate supported by the proposed

network is increased to 3.5 bps/Hz at the same outage probability. It is observed that the increase in the number

of antennas at the source nodes increases the data rate significantly for the proposed system compared with SM

without TAS. Figure 5 illustrates the asymptotic outage analysis of the proposed bidirectional relay network. It is

observed that the asymptotic expression in Equation 28 approaches to the exact end‐to‐end outage probability given

in Equation 26 at high SNR.
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FIGURE 2 Outage performance of the proposed SM and physical layer network coding–based bidirectional relay network over Nakagami‐

m fading channel with Rd= 3 bps/Hz, Nt=4,6,8,U=2, and Nr=4. SM, spatial modulation; SNR, signal‐to‐noise ratio; TAS, transmit antenna
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ratio; TAS, transmit antenna selection

R ET AL. 9 of 12



5 | CONCLUSION

In this paper, the outage performance of SM and PLNC–based bidirectional HD relay network with TAS over

Nakagami‐m fading is analyzed. Set of transmit antennas at source nodes and relay node is selected on the basis of

the order statistics of the channel power. A closed form analytical expression is derived for the end‐to‐end outage

probability of the proposed bidirectional relay network in Nakagami‐m fading channel environment. In addition,

asymptotic analysis is evaluated at the high SNR region. The outage performance of the proposed system model shows

a significant improvement over the conventional SM without TAS at the rate of increase in number of antennas at the

source nodes. It has been proved that the proposed bidirectional relay network with SM and PLNC provides high data

rate when compared with point‐to‐point network using SM. The analytical results are validated by using Monte Carlo

simulation.
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