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Abstract

In this paper, the average bit error probability (ABEP) performance of the
incremental-selective decode-and-forward (ISDF) relaying mobile-to-mobile (M2M)
cooperative networks over N-Nakagami fading channels is investigated. The exact ABEP
expressions are derived, and the power allocation problem is formulated.The derived ABEP
expressions are verified by Monte Carlo simulations. The simulation results showed that the
propagation parameters, such as the fading coefficient, and the power-allocation parameter,
have a significant influence on the ABEP performance.
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1. Introduction

In recent years, mobile-to-mobile (M2M) communication is widely employed in various

practical application[1, 2]. The emerging heterogeneous mobile network architecture is
designed for an increasing amount of traffic, quality requirements, and new mobile cloud
computing demands [3]. Due to both sides of the communication are moving, the classical
Rayleigh, Rician, or Nakagami fading channels are not applicable to M2M
communication.For M2M communication, cascaded fading channels can provide an accurate
statistical model by experimental results and theoretical analysis[4-6].The 2-Rayleigh and
2-Nakagami models are considered for the M2M channel in [7,8]. Meijer’s G-function is used
for the N-Nakagami distribution in [9]. The average symbol error probability (ASEP)
performance of M2M senor networks over N-Nakagami fading channels is investigated in [10].
In the double-antenna switched diversity combining (SDC) system, the ASEP performance
over N-Nakagami fading channels is investigated in [11].

As a promising solution, cooperative diversity has been employed in mobile M2M
communication networks. Using amplify-and-forward (AF) relaying, the bit error rate (BER)
of M2M cooperative systems over 2-Nakagami fading channels was investigated in [12]. The
end-to-end performance of AF relaying M2M system was investigated in [13]. With
incremental decode-and-forward (IDF) relaying, exact average bit error probability (ABEP)
expressions for mobile M2M cooperative networks were derived in [14]. Exact ABEP
expressions for threshold digital relaying M2M cooperative networks were derived in [15].
The exact closed-form outage probability (OP) expressions were derived for incremental
AF(IAF) relaying in [16,17]. The lower bound on OP of M2M cooperative networks was
derived for hybrid decode-amplify-forward (HDAF) relaying in [18]. The OP and ASEP
performance of M2M cooperative networks with DF relaying were investigated in [19]. The
OP performance of M2M cooperative networks with incremental hybrid
decode-amplify-forward (IHDAF) relaying were investigated in [20]. The exact closed-form
OP expressions were derived for selection incremental relaying in [21]. The lower bound on
OP of variable-gain AF relaying was investigated in [22]. The exact closed-form OP
expressions were derived for DF relaying in [23].

However, to the best of the authors’ knowledge, with incremental-selective
decode-and-forward (ISDF) relaying, the ABEP performance of mobile-relay-based M2M
cooperative networks over N-Nakagami fading channels has not yet been investigated. In [10,
11], we only consider the direct communication, without considering cooperative
communication. The performance of cooperative communication is better than that of direct
communication. In [14, 15], exact ABEP expressions for IDF relaying and threshold digital
relaying are derived. In [16,17,18,20,21,22,23], the OP performance of AF,DF, IAF, HDAF
and IHDAF relaying is investigated. In [19], the OP and ASEP performance of DF relaying is
investigated.In this paper, the ISDF relaying is considered, which is more complex than DF,
IDF, IAF , HDAF and threshold digital relaying. The ABEP analysis is more complex and
more valuable than OP and ASEP analysis.Exact ABEP expressions are derived for ISDF
relaying over N-Nakagami fading channels. The main contributions are listed as follows:

1. We derive exact ABEP expressions for M2M cooperative networks with ISDF
relaying.
2. Based on the derived ABEP expressions, the problem of power allocation is solved .
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3. Through Monte Carlo simulations,the theoretical analysis is verified. The Results
show that the propagation parameters, such as the power allocation parameter, and the
fading coefficient have a substantial effect on the ABEP performance.

The rest of the paper is organized as follows. The ISDF relaying M2M cooperative networks
model is presented in Section 2. Section 3 provides the exact ABEP expressions for ISDF
relaying. The theoretical results are verified by Monte Carlo simulations in Section 4. In
Section 5, we conclude the paper.

2. The System Model

The mobile M2M cooperative networks model is depicted in Fig. 1, where the mobile
source (MS) node communicates with mobile destination (MD) node with the help of the
mobile relay (MR) node.They employ a transmitter antenna and a receiver antenna.

According to [12], the distances of MS to MD, MS to MR, and MR to MD links are
represented by dsp, dsg, and drp, respectively. The relative gain of the link between MS to MD
is Ggp=1.For MS to MR link , and MR to MD link, GSR:(dSD/dSR)V , Grp = (dSD/dRD)V , Where v
is the path loss coefficient [24]. Due to MR is moving, we use the relative geometrical
gain p to indicate the location of MR with respect to MS and MD. We define x= Gsr/Grp (in
decibels) . When MR is midpoint between MS and MD, x is 1 (0 dB).

MR

Fig. 1. The system model

h=h,, ke {SD, SR, RD}, represents the complex channel coefficients of the links in the
M2M cooperative networks. h follows N-Nakagami distribution. During the first time slot, the
received signals rsp and rer are given as

Isp = VKEhgp X+ ngpy 1)

Isr = +/Gsr KEhgg X+ Ngp 2

where x denotes the transmitted signal, nsg and nsp are complex Gaussian variables,which
have mean 0 and variance Ny/2 . During the two time slots, E denotes the total energy. K is the
power allocation parameter.

During the second time slot, by comparing sp to a threshold y, the MR decides whether
to activate. ysp represents the signal-to-noise ratio (SNR) of the link between MS and MD.

If %p>x%, the MR will not participate in cooperation. The received SNR at MD is given
as

" = 7Vsp (©)

where
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If %p<p, by comparing s to a threshold j, the MR decides whether to use DF
cooperation protocol . g denotes the SNR of the link between MS and MR.
If 75r<pp, the MR will not participate in cooperation. The received SNR at the MD is
given as

Y2 =7Ysp (%)
If %r>7%, the MR uses DF cooperation protocol. MR forwards x; to the MD. The
received signal is given as
l'rp = /(1= K)GrpEhgpX; + Ngp (6)
where ngp is a complex Gaussian random variable.

To simplify the receiver structure, we use the selection combining (SC) scheme. The
received SNR is given as

Ysc = MaX(Ysp, Yrp) (7)
where
(1- K)Ggp |Nep|* E -
YrRD = IF\2|D| RD| =(1-K)Ggp |hRD| Y (8)
0
h is given by [9]
N
i=1

where N is the number of cascaded components, a; is a Nakagami variable. The probability
density function (PDF) of a; is given as

f(a)= 2m

Q"T(m)

m s the fading coefficient, T'(:) is the Gamma function,and (2 is a scaling factor.
The PDF of h is given as [9]

f(h)=N—Go”,'N{hzl_ﬂ[ﬂ - } ()

m

a2M 1 ey _maz 10
p( o ) (10)

We define y=|h,*. The cumulative density function (CDF) of yis [9]

1 N1 Nomo
F(y)= N Gl,N+l|:yHal‘n11 ...... mN,O} (12)
1—* _ i=1 i
H (m;)

The PDF of yis [9]

N
f(y) =N;GON,N°{VHE|_ ------ mw} )
YHF(mi) B
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3. The ABEP of the ISDF Relaying

The ABEP of the ISDF relaying is given as [25]
P(e) =Pr(ysp <7)xPr(ysr 2 7,) x Py (€) +
Pr(ysp <70) < Pr(ysg <7p) % Pirecu (€) + (14)
Pr(VSD 2 yt) X I:)directz (e)
where Pg,(e) is the error rate at MD after combining the signals from MR and MS given that
MR transmits its received signal. Pgici1(€) is the error rate at MD when MR is requested to
forward signal but decides not to forward due to the poor quality of its received signal. Pgirect2(€)

is the error rate when MR needn’t participate in cooperation.
The CDF of yspis given as

F,, (N= N;Gml {;ﬁﬂ‘l '''''' " 'O} (15)
H r'(m;)
i=1

where
¥sp = Ky (16)
The CDF of ysris given as
1 rooem;
F. (N=-—"0G\ {=HQ—J|}W ,,,,,, my ,0} 17
Hr(mj) Ysr j=1 j
j=1
where
Ysr = KGgry (18)
So we can obtain
1 P e m; |
Pr(ysp <n) = N—Gll,\‘r\'llﬂ {=tH5||}nl ...... my .0 (19)
1
i=1
1 Yo o m |
Pr(ysg < Vp) = N—Gil,\ll\]lﬂ {=pHat|%nl ...... my.0 (20)
Hr(mt) VsR t=1 24t |
t=1

Next, the Pgiec2(€) is evaluated. The Pgieco(€) IS given as

Pdirectz (e) = J’;O P(e|r) f«/SD (I" |ySD 2 J}t)dr (21)
where
P(e|r) = axerfc(vbr) (22)

ForBPSK:a=05andb=1,QPSK:a=0.5and b =0.5.
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fySD (r |VSD 29,)=

[Trm)
i=1
0, r<y
1 NO{ roem - }
“OoN [ =11~ M.
= r VSDgQi|ml ™ F>n
. (23)
7
Hr(m) GlNN1+1|: t Halhﬂl ...... mN,o}
Ysp =1
Combining (22) and (23), the Pgirect2(€) is given as
a
dlrectz(e) N X
r(m)-Gy { S }
H Hi ySD]iZI[Qi e
© 1 N r N
I erfc(\/ﬁ)—Goy* H—‘ ......
M r Ysp i 2
a X
Hr(m) G1N+1|: lﬁ[ﬁ%ni....m,qo
Yoo i &N

[erfe(ybr)= GN{;
Y

J; erteybr) =Gl F

(24)

With the help of [26], the G, is given as
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Next, the G, is given as

G, = erfc(\/_) G ;Nﬁ’_“_m dr
H My, My

Ysp i=1 Qi

. G (br

AL

rogem
et LITR o fr

2

We can rewritten the Meijer’s G-function as [27]

.
1 F(“) T

1 Py
=TE)LROL5i-br)+ r(l) 2_(br)2, R L-bn)

Gy {br

r(- )i( B (D 0) 7
- Okt X
Fo(00, 05,0003 By Bavees By 2)

_ & (@) (9)i(ap) *
0 (B (B (B k!

k-1
(X) = H(XJFt)a(X)o =1
t=0

The G,is given as

5135

(25)

(26)

(27)

(28)

(29)
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Ysp i=1 =%

n Ao Ty M-
GZ:j0 rGon | = [ =-m.m, @

1 1 N
+F(—Z)Xi(z)k(—l) (b)

TR O

X

1 N
n k= nol T m. |-
r ZGON[= — }dr
IO [ 780 li:!Qi‘ml' ™
1
N I'(-7)
1N m; |1 2
= GlNN1 l [: -_ . O} + X
Wl g e
1 k+1

o (D)(-D"(b) 2 N om |
>~ : Gixs [LH%

3 9 _
k=0 (2) (k! VsD =1 =4
(k) 0
Next, the Pgieca(€) IS given as
Pireca () = [, PN T, (rlysp <7dr (31)
where
fySD (r |ySD <N =
1 roem
FG(;\,INO {_H.Ql|ml ...... my :|
ySD l\llil 1 ’ r S ]}t (32)
GlNr\]l 1{y—t i o}
o ’sD 1i:!Qi |ml m
0, r>y,

Combining (22) and (32), the Pgirect1(€) is expressed as
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Pireca(€) = " erfe(Nbr)f, (rlysp <7)dr

a
= N X
m:
GlNN'll{y—t F o}
o Ysb I;!igzi M
I (33)
T 1 nol © rm
jo erfc(x/b_r)FGoyN THH ______ mN}dr
L /SD i=1 i
a
= X Ty G,
GlNNl{—t =SF o}
Next, the Py (e) is given as
I:)div (e) = PSR (e) I:)x (e) + (1_ PSR (e)) I:)com (e) (34)

where Pgsr(e) is the error rate at MR, Py(e) is the error rate at MD given that MR decoded
unsuccessfully, and P.m(€) is the error rate at MD given that MR decoded correctly.
The Psg(e) is given as

P (€)= [ PN, (e >)dr (35)

where

g (" [rsr >75) =

0, r<y,
1 nol T em
=Gyn {_ o } (36)
= r- VSREQJ%’ ™ ' T>%
N N
Y m
Hr(mt)_Gll,\lN1+1 |:_th %“1 ...... my 0}
t=1 SR t=1

Combining (22) and (36), the Psr(e) is expressed as
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(37)

where

2y (38)

D) [

o [ e

Ysr t=1 Q

o0
~N1
Z YN+

SO0k

When MR makes an incorrect detection and forwards an erroneous signal to MD, with
reference to [28], the P, () can be derived as

© oy
R@) =, [ fp 0o <7, ()b,

s [erte(ybn) f, (o <20 Ty Gy, (39)
=G;+aG,

Next, the Gsis given as
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G3 F (V J.yt .[yz ’sD (yl) 7RD (72 )dyldJ}Z
(y I ,[ " f 75D () f JRD (7,)dydy,
: d
y (y )J. ¥sD (r2) f 7RD (72)dy, +
1-F RD ()
- ;65 +(1- yRD (7))
¥sb (yt
where
N
1 N Hr(mj _mg)r(mg)
% . 2 r@+m,)
HF(m )H I'(my) o= g
tt=1

1Nk L k+mg
i -1 (VSDHQ) (Mg )i
=@

1

+my —my), (L+my —my),...(I+my )kﬁ

N
k+m, N1 1-k-my
g
x(7) G, N+1|: I | Q ...... mN —k- mg}
RD tt=1

1 N1 | Y Nomy
FySD(Vt)=N—Gl,N+1 =IH_I My eeesMy .0

Hr(mi) | VsD i= Qi
i=1

1 N1 V 1
yRD(Vt) ~Cina == l_[Qn|m1 ...... my.0
tt

Hr(mtt) | YRD tt=1

tt=1

E = (1— K)GRD;

Next, the G4is given as

5139

(40)

(41)

(42)

(43)

(44)



5140 Xu et al.: ABEP Performance of ISDF Relaying M2M Cooperative Networks

4=

Fyso(y)
ySD (Vt)Hr(m )H I'(my)
1 1 ke
I(=2) = Gh(D"(b) 2
GzF«,RD(Vt)_Gs_ 2 Z 2 k3 Ges
Tkl () (kY
2
N
\ 1—[1“(mj —my)I'(m,)
G55: =
o @+m,)
Nk k+mg
5 (-1 (EHQ) )
koo L+ my —my), L+my —m,),....L+my), k!

N
k G b2 m
X(yt) e 1NN1+1[ . I | .

er

g k

My ..My ,—K=Mg
YRD tt=1 Qy

Pon(®) =a[ "erfe(Vbr)f, _(rfysp <7)dr

The Pgm(e) is given as

where

e (Flrsp <) =

FVSD (yt)
f,o (), r>y,

Combining (47) and (48), the Pcom(€) is given as

Pan €)== a(y ; x( [[ferfe(br)f, (F,  (r)dr+

jerfc (br)F,_ (Nf, r)dr)+aj erfe(vbr)f,

- a[ﬁ(% +G7)+(38]

rt fyt erfc(\/_yl ) 00 f, (7,)dndy,

- ( VSD( )FVRD(r)+F (r) fJ’RD(r))’rS

(45)

(46)

(47)

(48)

(49)
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Next, the Ggis evaluated.

1 w] No| T 17 M-
Gg :—.[o FerfC(\/E)GO]N [=H_tt‘m1v----vmw }dr

VRD tt=1 Qtt

my,...
VRD tt= 1Q

Nt N _
e %erfc(ﬁ G [ R ]dr (50)
)

{O|__

I T I P ﬁ
lﬂlf(mn) i e Do 4

tt=1

N1 | W ﬁ My |1
Gy =Ginu| == |m.mo [T
o YrD tt=1 Qy N

RN Y
w (), (- 1

2’k ~N1 Yt N My 37
z Y1 N+ __H_Q 1

tt K

k=0 (:23)k (k1) 7RD tt=1

Ge, G7 can be evaluated by using common mathematical software packages, such as
MATHEMATICA or MAPLE.

4. Experimental Results and Analysis

In this section, through Monte Carlo simulations, we confirm the derived theoretical results.
BPSK modulation is used to obtain the simulation results.

Table 1. The parameters for different scenarios

Scenario 1 Scenario 2 Scenario 3
Msp 1 1 2
Msr 1 1 2
Mgp 1 1 2
Nsp 3 2 2
Nsr 2 2 2
Nrp 2 2 2
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1]
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Fig. 2. The ABEP performance over N-Nakagami fading channels

In Fig. 2, we compare the simulation and theoretical results. The parameters are y=0 dB,
K=0.5. The given threshold is y =4 dB, =2 dB. In Table 1, we present the combinations
of N and m.From Fig. 2, it shows that the simulation results coincide with the theoretical
results well. It verifies the accuracy of the theoretical results. The ABEP performance is
improved with the SNR increased. For example, in Scenario 2, when SNR=10 dB, the ABEP
is 1x10, SNR=12 dB, the ABEP is 7.5x107,

. BPSK
10 F

—B— m=1]]
—o— m=2]
—%— m=3 ]

ABEP

SNR(dB)
Fig. 3. The ABEP performance versus m

Fig. 3 presents the ABEP performance versus m . The parameters are N=2, m=1, 2, 3,
=0 dB,x=4 dB, =2 dB, K=0.6. In Fig. 3, with m increased, we can obtain that the ABEP
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performance is improved . For example, when SNR=10 dB, m=1, the ABEP is 3.5x102 m=2,
the ABEP is 7x10°, m=3, the ABEP is 3.8x107, Increasing m means that the fading
severity of the cascaded channels decreases. With m fixed, increasing the SNR reduces
the ABEP gradually.

BPSK

100 F L L ]

F —8— u=20dB [}
—&— u=0dB
—#%— y=-20dB |4

10"

8
o 10°E
@ 7t
10°}
10'4 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16
SNR(dB)
Fig. 4. The ABEP performance versus u
. BPSK
10 F T 3
F —8— N=2|]
—0— N=3|]

ABEP

10'4 1 1 1
0 5 10 15 20 25

SNR(dB)
Fig. 5. The ABEP performance versus N

Fig. 4 presents the ABEP performance versus u .The parameters are N=2, m=2, y=20
dB, 0 dB,~20 dB,»=4 dB, =2 dB,K=0.6. From Fig. 4, we can obtain that the ABEP
performance for a lower uy outperforms the one for a higher y. For example, when
SNR=10 dB, y=20 dB, the ABEP is 4x10?% u=0 dB, the ABEP is 8x10°, y=-20 dB, the
ABEP is 5107, We can obtain that the best location for MR is near the MD. With the increase
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of SNR, the ABEP between them is reduced gradually.

. BPSK
10° . . : :
E —FB— SNR=10dB
[ —o6— SNR=20dB
100k —%— SNR=30dB

5 I
3 :\S\S\S\S_\H_B/e/u

10 3 i
A

ABEP

Fig. 6. The ABEP performance versus K

Fig. 5 presents the ABEP performance versus N. The parameters are N=2, 3, 4, m=2,
=0 dB, =4 dB, %»=2 dB, K=0.9.From Fig. 5, we can obtain that the ABEP performance for
a lower N outperforms the one for a higher N. For example, when SNR=15 dB, N=2, the ABEP
is 1x10°%, N=3, the ABEP is 3x10°, N=4, the ABEP is 7.5x10° Increasing N means that
the fading severity of the cascaded channels increases. With N fixed, increasing the SNR
reduces ABEP gradually.

Fig. 6 presents the ABEP performance versus K . The parameters are N=2, m=2, y=0
dB, n=4 dB, %=2 dB. As SNR increased, we can obtain that the ABEP performance is
improved. For example, when K=0.6, the ABEP is 6x10° with SNR=10 dB, 2x10* with
SNR=20 dB, 3.5x10° with SNR=30 dB. When SNR=10 dB, K =0.69; SNR=20dB, K =0.87;
SNR=30dB, K=0.97. We can conclude that K=0.5,namely equal power allocation (EPA)
scheme, is not the best scheme.

In Table 2, we present optimum values of K with BPSK and QPSK modulations. The
parameters are N=2, m=2, u=-5 dB,x=2 dB, %=0 dB.

Fig. 7 presents the ABEP performance versus EPA and optimum power allocation (OPA).
For OPA, the values of K are used in Table 1 for BPSK modulation. For EPA, K=0.5. These
results show that the ABEP performance of OPA is better than that of EPA. For example, with
SNR=15 dB, the ABEP is 1.7x10° for OPA, while 3x10° for EPA.

Table 2. OPA parameters K

SNR BPSK QPSK
5 0.79 0.84
10 0.84 0.86
15 0.85 0.86
20 0.78 0.88
25 0.90 0.90
30 0.87 0.87
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. BPSK
10 T T T T

—H—EPA |
—&— OPA |

ABEP

1076 1 1 1 1
5 10 15 20 25 30

SNR(dB)
Fig. 7. The ABEP performance versus EPA and OPA

5. Conclusion

In this paper, we derive the exact ABEP expressions for M2M cooperative networks with the
ISDF relaying.The simulation results show that the ABEP performance is affected by the
parameters m, N, u, and K. The expressions were derived which can be used to evaluate the
ABEP performance of various practical application scenarios.
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