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e outage probability (OP) performance of multiple-relay-based selective decode-and-forward (SDF) relaying mobile-to-mobile
(M2M) networks with transmit antenna selection (TAS) over�-Nakagami fading channels is investigated. 
e exact closed-form
expressions for OP of the optimal and suboptimal TAS schemes are derived. 
e power allocation problem is formulated for
performance optimization. 
en, the OP performance under di�erent conditions is evaluated through numerical simulations to
verify the analysis. 
e simulation results showed that optimal TAS scheme has a better OP performance than suboptimal TAS
scheme. Further, the power allocation parameter has an important in�uence on the OP performance.

1. Introduction

In recent years, mobile application development is swily
expanding because users prefer to continue their social, enter-
tainment, and business activities while on the go. Analysts
predict explosive growth in tra�c demand on mobile broad-
band systems over the coming years due to the popularity
of streaming video, gaming, and other social media services
[1]. Mobile-to-mobile (M2M) communication has attracted
wide research interest. It is widely employed inmany popular
wireless communication systems, such as intervehicular com-
munications, intelligent highway applications, and mobile
ad hoc applications. However, the classical Rayleigh, Rician,
or Nakagami fading channels have been found not to be
applicable in M2M communication [2]. It has been observed
that the e�ects of fading may be far severe than what can
be modeled using the Nakagami distribution. Experimental
results and theoretical analysis demonstrate that cascaded
fading channels provide an accurate statistical model for
M2M communication [3]. 
e double-Rayleigh model and
double-Nakagami model are adopted to provide a realistic
description of the M2M channel in [4, 5]. Aerwards, using
Meijer’s �-function, the N-Nakagami model is introduced

and analyzed in [6]. Double-Nakagami is a special case of N-
Nakagami with� = 2. In [2], the authors provided a tutorial
survey on channel models for mobile-to-mobile (M2M)
cooperative communication systems. 
e N-Rayleigh and
N-Nakagami models were used to describe the analytical
modeling of M2M channels.

Cooperative communication has emerged as a core com-
ponent of future wireless networks. It has been actively stud-
ied and considered in the standardization process of next-
generation Broadband Wireless Access Networks (BWANs)
such as 
ird Generation Partnership Project (3GPP), Long
Term Evolution (LTE) Advanced, and IEEE 802.16m [7].
Using �xed-gain amplify-and-forward (FAF) relaying, the
pairwise error probability (PEP) of two relay-assisted vehic-
ular scenarios over double-Nakagami fading channels was
obtained in [8]. In [9], closed-form expressions for OP of
selective decode-and-forward (SDF) relaying M2M cooper-
ative networks with relay selection over N-Nakagami fading
channels were derived. By moment generating function
(MGF) approach, the authors derived the lower bound on
the exact average symbol error probability (ASEP) expres-
sions for AF relaying M2M system over N-Nakagami fading
channels in [10]. Exact average bit error probability (BEP)
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expressions for mobile-relay-based M2M cooperative net-
works with incremental DF (IDF) relaying overN-Nakagami
fading channels were derived in [11].

Multiple-input-multiple-output (MIMO) arises as a
promising tool to enhance the reliability and capacity of
wireless systems. When channel state information (CSI) is
available at the source and destination, MIMO beamforming
(BF) schemes are implemented by maximum-ratio-trans-
mission (MRT) or maximum-ratio-combining (MRC) at
the transmitter and receiver, respectively [12]. 
e beam-
forming and combining scheme was analyzed in DF MIMO
cooperative systems over Nakagami-� fading channels,
and the closed-form expressions for ASEP were derived
in [13]. However, multiple radio frequency chains must
be implemented in MIMO-BF systems, and it brings a
corresponding increase in hardware complexity. Transmit
antenna selection (TAS) arises as a practical way of reducing
the system complexity while achieving the full diversity
order. A new source TAS was proposed based on both
channel state information and transmission scheme for the
MIMO DF relay networks in [14]. A uni�ed asymptotic
framework for TAS in MIMO multirelay networks over
Rician, Nakagami-�, Weibull, and generalized-� fading
channels was proposed in [15], and closed-form expressions
for the OP and symbol error rate (SER) of AF relaying were
derived.

However, to the best knowledge of the author, the OP
performance of SDF relaying M2M networks with TAS and
power allocation over N-Nakagami fading channels has not
been investigated in the literature. Moreover, most results
mentioned above do not take the power allocation into
account. 
is is an important issue and will be discussed
in this paper as it a�ects the OP performance. 
e main
contributions are listed as follows:

(1) Closed-form expressions are provided for the proba-
bility density function (PDF) and cumulative density
functions (CDF) of the signal-to-noise ratio (SNR)
over N-Nakagami fading channels. 
ese are used
to derive exact closed-form OP expressions for the
optimal and suboptimal TAS schemes.

(2) A power allocation minimization problem is formu-
lated to determine the optimum power distribution
between the broadcasting and relaying phases.

(3) 
e accuracy of the analytical results under di�erent
conditions is veri�ed through numerical simulations.
Results are presented which show that the optimal
TAS scheme has a better OP performance than sub-
optimal TAS scheme. It is further shown that power
allocation parameter has an important in�uence on
the OP performance.

(4) 
e derived OP expressions can be used to evaluate
the OP performance of the vehicular communication
networks employed in intervehicular communica-
tions, intelligent highway applications and mobile ad
hoc applications.


e rest of the paper is organized as follows: the multiple-
mobile-relay-based M2M system model is presented in
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Figure 1: 
e system model.

Section 2. Section 3 provides the exact closed-form OP
expressions for optimal TAS scheme. 
e exact closed-form
OP expressions for suboptimal TAS scheme are derived in
Section 4. Monte Carlo results are presented in Section 5 to
verify the analytical results. Concluding remarks are given in
Section 6.

2. The System and Channel Model

2.1. SystemModel. 
e cooperationmodel consists of a single
mobile source (MS) node, �mobile relay (MR) nodes, and a
single mobile destination (MD) node, as shown in Figure 1.

e nodes operate in half-duplex mode, MS is equipped with�� antennas, andMD is equipped with�� antennas, whereas
MR is equipped with a single antenna. It is assumed that the
perfect channel state information (CSI) is available at theMS,
MR, and MD nodes. 
e MR nodes utilize their individual
uplink CSI to select the best MR that yields the maximum
received SNR. 
e best MR sends �ag packets to the MD,
announcing that it is ready to cooperate. 
e MD utilizes
the downlink CSI to calculate the received SNR from the
best MR. 
e MD orders the received SNR from �� source
antennas and then feeds back the index of the selected source
antenna that yields the maximum received SNR to MS.

We assume that �� antennas at MS and �� antennas at
MD have the same distance to the relay nodes. Using the
approach in [8], the relative gain of the MS to MD link is�SD = 1, the relative gain of the MS to MR� link is �SR� =(�SD/�SR�)V, and the relative gain of the MR� to MD link
is �RD� = (�SD/�RD�)V, where V is the path loss coe�cient
and �SD, �SR�, and �RD� represent the distances of the MS
to MD, MS to MR�, and MR� to MD links, respectively [16].
To indicate the location of MR� with respect to MS and MD,
the relative geometrical gain �� = �SR�/�RD� (in decibels) is
de�ned. When MR� has the same distance to MS and MD, ��
is 1 (0 dB). When MR� is close to MD, �� has negative values.
When MR� is close to MS, �� has positive values.

Let MS� denote the 	th transmit antenna at MS and let
MD� denote the 
th receive antenna at MD, so ℎ = ℎ�, � ∈{SD	
, SR	�,RD�
} represent the complex channel coe�cients
of MS� → MD�, MS� → MR�, and MR� → MD� links,
respectively. Assuming that the 	th antenna at MS is used to
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transmit the signal, during the �rst time slot, the received
signal �SD�� at MD� can be written as

�SD�� = √��ℎSD��� + �SD��. (1)


e received signal �SR�� at MR� can be written as

�SR�� = √�SR����ℎSR��� + �SR��, (2)

where � denotes the transmitted signal with zero mean
and unit variance and �SR�� and �SD�� are the zero-mean
complex Gaussian random variables with variance �0/2 per
dimension. During two time slots, the total energy used by
MS and MR is �. � is the power allocation parameter (0 ≤� ≤ 1).

During the second time slot, only the best MR decides
whether to decode and forward the signal to the MD� by
comparing the instantaneous SNR �SR� to a threshold ��,
where �SR� represents the SNR of the link between MS� and
the best MR. 
e best MR is selected based on the following
criterion: �SR� = max

1≤�≤

(�SR��) , (3)

where �SR�� represents the SNR of MS� → MR� link and�SR�� = ��SR��
����ℎSR������2 �,

� = ��0 .
(4)

If �SR� < ��, the MS� will transmit the next message, and
the best MR remains silent. 
e output SNR at the MD� can
then be calculated as �0�� = �SD��, (5)

where

�SD�� = � �����ℎSD�������2 �. (6)

If �SR� > ��, the best MR then decodes the signal from the
MS� and generates a signal �� that is forwarded to the MD�.
Based on the DF cooperation protocol, the received signal at
the MD� is given by

�RD� = √(1 − �)�RD��ℎRD��� + �RD�, (7)

where �RD� is a conditionally zero-mean complex Gaussian
random variable with variance�0/2 per dimension.

Maximum-ratio-combining (MRC) and equal gain com-
bining (EGC) have better performance compared with selec-
tion combining (SC) but they require higher receiver com-
plexity. MRC and EGC need all or some of the channel state
information, such as fading amplitude and phase from all
the received signals. SC only selects one diversity branch
with maximum instantaneous SNR. To simplify the receiver
structure, we use the SC scheme. If SCmethod is used atMD�,
the output SNR can then be calculated as

�SC�� = max (�SD��, �RD�) , (8)

where �RD� represents the SNR of the link between the best
MR and MD�.

Using SC method at MD, the output SNR can then be
calculated as

�SC� = max
1≤�≤��

(���) , (9)

where

��� = {{{
�0��, �SR� < ���SC��, �SR� > ��. (10)


e optimal TAS scheme should select the transmit
antenna  that maximizes the output SNR at MD, namely,

 = max
1≤�≤��

(�SC�) = max
1≤�≤�� , 1≤�≤��

(���) . (11)


e suboptimal TAS scheme is to select the transmit
antenna that only maximizes the instantaneous SNR of the
direct link MS� → MD�, namely,

! = max
1≤�≤�� , 1≤�≤��

(�SD��) . (12)

2.2. Channel Model. We assume that the links in the system
are subject to independently and identically distributed
(i.n.i.d)N-Nakagami fading. ℎ followsN-Nakagami distribu-
tion, which is given as [4]

ℎ = �∏
�=1
#�, (13)

where � is the number of cascaded components and #� is a
Nakagami-� distributed random variable with PDF as

$ (#) = 2��Ω�Γ (�)#2�−1exp (−�Ω#2) ; (14)

Γ(⋅) is the Gamma function, � is the fading coe�cient, andΩ is a scaling factor.
Using the approach in [4], the PDF of ℎ is given by

$ (ℎ) = 2ℎ∏��=1Γ (��)��,00,�[[ℎ2
�∏
�=1

��Ω�
����������
−

�1,...,��

]] , (15)

where �[⋅] is Meijer’s �-function.
Let 8 = |ℎ�|2 represent the square of the amplitude of ℎ�.


e corresponding CDF and PDF of 8 can be given as [4]

9 (8) = 1∏��=1Γ (��)��,11,�+1 [[8
�∏
�=1

��Ω�
����������
1

�1 ,...,��,0

]] ,
$ (8) = 18∏��=1Γ (��)��,00,�[[8

�∏
�=1

��Ω�
����������
−

�1 ,...,��

]] .
(16)
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3. The OP of Optimal TAS Scheme


e OP of optimal TAS scheme can be expressed as

9optimal = Pr( max
1≤�≤�� , 1≤�≤��

(���) < �th)
= (Pr (�SR�� < ��, �0�� < �th)
+ Pr (�SR�� > ��, �SC�� < �th))��×�� = (�1
+ �2)��×�� ,

(17)

where �th is a given threshold for correct detection at theMD.�1 is evaluated as

�1 = 1∏�=1Γ (�)��,11,�+1 [[
�th�SD
�∏
=1

�Ω
����������
1

�1 ,...,��,0

]]
⋅ ( 1∏��=1Γ (��)��,11,�+1 [[

���SR
�∏
�=1

��Ω�
����������
1

�1 ,...,��,0

]])

 ,

�SD = ��,�SR = ��SR�.

(18)

Next, �2 is evaluated:
�2 = 1∏�=1Γ (�)��,11,�+1 [[

�th�SD
�∏
=1

�Ω
����������
1

�1 ,...,��,0

]]
⋅ 1∏���=1Γ (���)��,11,�+1 [[

�th�RD
�∏
��=1

���Ω��
����������
1

�1 ,...,��,0

]](1
− ( 1∏��=1Γ (��)��,11,�+1 [[

���SR
�∏
�=1

��Ω�
����������
1

�1,...,��,0

]])

),

�RD = (1 − �)�RD�.

(19)

4. The OP of Suboptimal TAS Scheme


e OP of suboptimal TAS scheme can be expressed as

9suboptimal = Pr (�SR < ��, �0 < �th)+ Pr (�SR > ��, �SC < �th)= Pr (�SR < ��, �SD� < �th)+ Pr (�SR > ��, �SC < �th)= ��1 + ��2.
(20)

��1 can be given as

��1 = Pr (�SR < ��, �SD� < �th) = ( 1∏�=1Γ (�)
⋅ ��,11,�+1 [[

�th�SD
�∏
=1

�Ω
����������
1

�1,...,��,0

]])
��×��

⋅ ( 1∏��=1Γ (��)��,11,�+1 [[
���SR
�∏
�=1

��Ω�
����������
1

�1,...,��,0

]])

 .

(21)

��2 can be given as

��2 = Pr (�SR > ��,max (�SD�, �RD) < �th)
= ( 1∏�=1Γ (�)��,11,�+1 [[

�th�SD
�∏
=1

�Ω
����������
1

�1 ,...,��,0

]])
��×��

⋅ 1∏���=1Γ (���)��,11,�+1 [[
�th�RD
�∏
��=1

���Ω��
����������
1

�1,...,��,0

]](1
− ( 1∏��=1Γ (��)��,11,�+1 [[

���SR
�∏
�=1

��Ω�
����������
1

�1 ,...,��,0

]])

).

(22)

5. Numerical Results

In this section, we present Monte Carlo simulations to
con�rm the derived analytical results. Additionally, random
number simulation was done to con�rm the validity of
the analytical approach. All the computations were done in
MATLAB and some of the integrals were veri�ed through
MAPLE. 
e links between MS to MD, MS to MR, and MR
to MD are modeled as �-Nakagami distribution. 
e total
energy is � = 1. 
e fading coe�cient is � = 1, 2, 3, the
number of cascaded components is � = 2, 3, 4, and the
number of transmit antennas is�� = 1, 2, 3, respectively.

Figure 2 presents the OP performance of optimal TAS
scheme. Figure 3 presents the OP performance of suboptimal
TAS scheme. 
e number of cascaded components is � =2. 
e fading coe�cient is � = 2. 
e power allocation
parameter is � = 0.5. 
e number of transmit antennas
is �� = 1, 2, 3. 
e number of mobile relays is � = 2.

e number of receive antennas is �� = 1. 
e relative
geometrical gain is � = 0 dB. 
e given threshold is �th =5 dB, �� = 2 dB. In order to verify the analytical results,
we have also plotted Monte Carlo results. It shows that
the analytical results match perfectly with the Monte Carlo
results. As expected, the OP performance is improved as the
number of transmit antennas increased. For example, when
optimal TAS scheme is used, SNR= 10 dB, theOP is 2.6× 10−1
when �� = 1, 6.9 × 10−2 when �� = 2, and 1.8 × 10−2 when�� = 3. With �� �xed, an increase in the SNR decreases the
OP.
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Figure 2: 
e OP performance of optimal TAS scheme.
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Figure 3: 
e OP performance of suboptimal TAS scheme.

In Figure 4, we compare OP performance of optimal and
suboptimal TAS schemes for di�erent numbers of antennas��. 
e number of cascaded components is � = 2. 
e
fading coe�cient is � = 2. 
e power allocation parameter
is � = 0.5. 
e relative geometrical gain is � = 0 dB. 
e
number of transmit antennas is �� = 2, 3. 
e number of
mobile relays is � = 2. 
e number of receive antennas is�� = 1. 
e given threshold is �th = 5 dB, �� = 2 dB. To avoid
clutter, we have not plotted the simulation based results. In all
cases, as expected, when�� is �xed, optimal TAS scheme has
a better OP performance than suboptimal TAS scheme in all
SNR regimes. As predicted by our analysis, the performance
gap between two TAS schemes decreases as �� is increased.

e OP performance gap between optimal TAS scheme with�� = 2 and suboptimal TAS scheme with�� = 3 is negligible.
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Figure 4: 
e OP performance comparison of two TAS schemes.

Table 1: OPA parameters �.
SNR � = 5 dB � = 0 dB � = −5 dB
0 0.99 0.46 0.57

5 0.99 0.45 0.55

10 0.52 0.44 0.51

15 0.50 0.45 0.48

20 0.50 0.47 0.46

Figure 5 presents the e�ect of the power allocation param-
eter � on the OP performance. 
e number of cascaded
components is � = 2. 
e fading coe�cient is � = 2. 
e
relative geometrical gain is � = 0 dB.
e number of transmit
antennas is�� = 2.
e number of mobile relays is � = 2.
e
number of receive antennas is �� = 2. 
e given threshold
is �th = 5 dB, �� = 3 dB. Simulation results show that the
OP performance is improved with the SNR increased. For
example, when � = 0.7, the OP is 3.3 × 10−1 with SNR =
5 dB, 4.9 × 10−3 with SNR = 10 dB, and 1.1 × 10−6 with SNR =
15 dB. When SNR = 5 dB, the optimum value of � is 0.99;
SNR = 10 dB, the optimum value of � is 0.63; SNR = 15 dB,
the optimum value of� is 0. 54. 
is indicates that the equal
power allocation (EPA) scheme is not the best scheme.

Unfortunately, an analytical solution for power allocation
values � in the general case is very di�cult. We resort to
numerical methods to solve this optimization problem. 
e
optimum power allocation (OPA) values can be obtained a
priori for given values of operating SNR and propagation
parameters.
e OPA values can be stored for use as a lookup
table in practical implementation.

In Table 1, we present optimum values of � with the
relative geometrical gain �. We assume that the number of
cascaded components is � = 2, the fading coe�cient is� = 2, the relative geometrical gain is � = 5 dB, 0 dB, −5 dB,
the number of transmit antennas is �� = 2, the number of
mobile relays is � = 2, the number of receive antennas is
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Figure 5:
e e�ect of the power allocation parameter� on the OP
performance.

�� = 2, and the given threshold is �th = 5 dB, �� = 3 dB. For
example, when � = 5 dB, the SNR is low, nearly all the power
should be used in broadcast phase. As the SNR increased, the
optimum values of� are reduced, and more than 50% of the
power should be used in broadcast phase.

6. Conclusions


e exact closed-form OP expressions for SDF relaying
M2M networks with TAS over N-Nakagami fading channels
are derived in this paper. 
e simulation results show that
optimal TAS scheme has a better OP performance than
suboptimal TAS scheme. It was also shown that the power
allocation parameter � has an important in�uence on the
OP performance. 
e given expressions can be used to
evaluate the OP performance of vehicular communication
networks employed in intervehicular, intelligent highway,
and mobile ad hoc applications. In the future, we will
consider the impact of correlated channels on the OP
performance.
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