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The lower bound on outage probability (OP) of mobile-to-mobile (M2M) cooperative networks over N-Nakagami fading channels
is derived for SNR-based hybrid decode-amplify-forward (HDAF) relaying. The OP performance under different conditions is
evaluated through numerical simulation to verify the accuracy of the analysis. These results show that the fading coefficient, number
of cascaded components, relative geometric gain, and power-allocation are important parameters that influence this performance.

1. Introduction

Mobile-to-mobile (M2M) communications have attracted
significant research interest in recent years because they are
widely employed in many wireless communication systems,
such as mobile ad-hoc networks and vehicle-to-vehicle net-
works [1]. When both the transmitter and receiver are in
motion, the double-Rayleigh fading model has been found to
be suitable [2]. Extending this model by characterizing the
fading between each pair of transmit and receive antennas as
Nakagami, the double-Nakagami fading model has also been
considered [3]. The N-Nakagami distribution was introduced
in [4] as the product of N statistically independent, but
not necessarily identically distributed, Nakagami random
variables.

Cooperative diversity has been proposed for the high
data-rate coverage required in M2M communication net-
works. Using amplify-and-forward (AF) relaying, the pair-
wise error probability (PEP) was investigated in [5] for
cooperative intervehicular communication (IVC) systems
over double-Nakagami fading channels. In [6], the exact
symbol error rate (SER) and asymptotic SER expressions
were derived for a M2M system with decode-and-forward
(DF) relaying using the well-known moment generating
function (MGF) approach over double-Nakagami fading
channels. Symbol error probability (SEP) expressions were

obtained in [7] using this approach for multiple-mobile-relay
M2M systems employing adaptive DF (ADF) relaying and
fixed-gain AF (FAF) relaying over double-Nakagami fading
channels.

In [8], a novel cooperative diversity protocol called hybrid
decode-amplify-forward (HDAF) was proposed. This proto-
col combines AF and ADF relaying. When the quality of the
received signal is sufficient, the relay performs ADF relaying;
otherwise AF relaying is employed instead of remaining
silent. However, only the SEP performance was considered,
and the analysis is based on the assumption that the relay
can determine whether each received symbol is correctly
detected or not, which is not practical in real systems. To
provide a practical HDAF protocol, in [9] the forwarding
decisions at the relay were based on the signal-to-noise ratio
(SNR) of the received signal. An SNR-based HDAF relaying
scheme was also proposed. Further, closed-form expressions
for the bit error probability of SNR-based HDAF relaying over
independent nonidentical flat Rayleigh fading channels with
maximum ratio combining (MRC) were derived.

To the best of our knowledge, the outage probability (OP)
performance of SNR-based HDAF relaying M2M cooperative
networks over N-Nakagami fading channels has not been
considered in the literature. Thus in this paper, we present
the analysis for the N-Nakagami case which subsumes the
double-Nakagami results in [5-7] as special cases. Exact



OP expressions are derived for SNR-based HDAF relaying
over N-Nakagami fading channels. The influence of the
fading coefficient, number of cascaded components, relative
geometric gain, and power-allocation on the OP performance
is investigated.

The remainder of this paper is organized as follows. The
SNR-based HDAF relaying model is presented in Section 2.
Section 3 provides exact OP expressions for SNR-based
HDAF relaying. Monte Carlo simulation results are presented
in Section 4. Finally, some concluding remarks are given in
Section 5.

2. System Model

We consider a three node cooperation model with a mobile
source (MS), a mobile relay (MR), and a mobile destination
(MD). These nodes operate in half-duplex mode and are
equipped with a single pair of transmit and receive antennas.

According to [5], let dgp), dgg, and dyp, represent the MS to
MD, MS to MR, and MR to MD links, respectively. Assuming
the path loss between the MS and MD to be unity, the relative
gain of the MS to MR and MR to MD links is defined as
Gy = (dgp/dgr)” and Gypy = (dgp/dyp)’ respectively, where
v is the path loss coeflicient [10]. Further, define the relative
geometric gain 4 = Gg/Gygp (in dB), which is determined
by the location of the relay with respect to the source and
destination [5]. When the relay is close to the destination, the
value of p is negative. When the relay is close to the source, the
value of y is positive. When the relay has the same distance to
the source and destination nodes, y is 0 dB.

Leth = hy, k € {SD, SR, RD}, represent the complex chan-
nel coeflicients of the MS to MD, MS to MR, and MR to MD
links, respectively, which follow an N-Nakagami distribution.
Therefore h is the product of N statistically independent, but
not necessarily identically distributed, independent random
variables:

N
h=]]a (1)
i=1

where N is the number of cascaded components and g; is
a Nakagami distributed random variable with probability
density function (PDF):

m

P m
f@= er( )Y eXp(“ﬁa ) @

where I'(-) is the Gamma function, m is the fading coefficient,
and Q is the scaling factor.
The PDF of h is given by [4]:

fn(h) =

2 GNo 2N@

where G[-] is Meijer’s G-function.
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Let y = | /% k € {SD,SR,RD}, so that ysp = |hepl?,
yor = lherl® and ypp = |hpp|®. The corresponding cumula-
tive density function (CDF) of y can be derived as [4]

N

1
m;
HE ..... m ,O} . (4)

i=1

E,(y) =

I—L 11_,( ) 1N+1

By taking the first derivative of (4) with respect to y, the
corresponding PDF can be obtained as [4]:

I 1r< ) [yﬂ@

Communication in an SNR-based hybrid decode-
amplify-forward (HDAF) relaying system can be described
as follows. During the first time slot, the MS broadcasts to
the MD and relay. The received signals g, and rgy at the MD
and MR can then be written as

rsp = VKEhgpx + np,

rsr = \|Gsr KEhggx + ngg,

where x denotes the transmitted signal and np, and ngy are
zero-mean complex Gaussian random variables with variance
Ny/2 per dimension. Here, E is the total energy used by
both the source and the relay during the two time slots. K
is the power-allocation parameter that controls the fraction
of power reserved for the broadcast phase. If K = 0.5, equal
power allocation (EPA) is used.

During the second time slot, by comparing ye; with a
threshold y, the MR decides whether DF or AF cooperation
is utilized to forward the received signal. y¢; denotes the
instantaneous SNR of the MS to MR link. If ysg > 7, the MR
decodes the received signal and generates a signal x; which
is forwarded to the MD. With DF cooperation, the received
signal at the MD is given by

rrp = \|(1 = K) GrpEhgpx; + figp, (7)

where ngpy is a conditionally zero-mean complex Gaussian
random variable with variance N, /2 per dimension.

If selection combining (SC) is used at the MD, the output
SNR is

f(y) =

(6)

Ysc = max (ysp, Yrp) » (8)
where
K |he |  E B
Ysp = |Ii7—D| = K|h5D|2Y
0
) 9
(1-K)Ggp |k E _
YrD = o /o) =(1-K)Ggp |hRD|2

Ny

If yr < yr> the MR amplifies and forwards the signal to
the MD. Based on the AF cooperation protocol, the received
signal at the MD is then given by

rrp = VeEhgphppx + yp, (10)
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where
. K (1 - K) GxGrpE/N,
1+ KGeg |se|” E/Ny + (1 = K) Ggp |ro|” E/N,

- (11)

If selection combining (SC) is employed at the MD, the
output SNR at the MD is

Ysce = max (Ysps Ysrp) » (12)
where
Yorp = YsrYrRD
L+ ysr + YrD

KGgy |hse|* E )

2_

Ysr = SRN—SR = KGSR|hSR| Y-

0

3. OP of M2M Cooperative Networks

In this section, the OP for M2M cooperative networks is
evaluated. The output SNR at the MD is

Py = Pr(ysg > Y1 ¥sc < V) + Pr(¥sg < ¥ ¥sce < Van)
=1, +1,
(14)

where yy, is the threshold.

Next, I, and I, are evaluated. First, consider I,. As yqp,
Ysr»> and ypp are mutually independent random variables, I,
can be simplified as follows:

I = Pr(ysg > yr>¥sc < Van)

= Pr(ysr > vr) Pr(¥sp < ¥i) Pr (Vrp < Van)

(1 P = 1) PO < 1) PO <)
= (1-Fy, (yr)) By, () By, () -
The CDF of yg, can be expressed as
1 N1 r m; l
Fy, () = T 0m) (mi)Gl,Nﬂ { oL, mN)J , (16)
where
Ysp = Ky 17)
The CDF of yqy is then
1 N1 r my 1
Fy () = mGl,Nﬂ l ﬁga . MN)J , (18)
where
Ysk = KGgry- 19)

3
The CDF of ygp is given by
N 1
Fy, (1) = _nglli(mtt)Gi]I’\lH—l I: %tt:lg_z - mN’0:| J
(20)
where
Yro = (1= K) Grpy- (21)

As yg and yerp are not mutually independent random
variables, I, can be expressed as

L = Pr(ysp < ¥i) Pr(¥sr < V> Ysro < Vi) - (22)

It is difficult to obtain the OP using ygzp, but a lower
bound can be obtained. This provides a lower bound on the
OP of a M2M cooperative network.

Using the well-known inequality in [I1], yszp can be
approximated as

Ysrp < Vup = min (Ysr> Vo) - (23)

This approximation is used in the OP derivation instead
of yerp since it is more tractable analytically. I, can be
approximated as

1T, = Pr (ysp < Yun) Pr (Ysr < Vo Vup < Yin)
= Pr(¥sp < Yu) Pr (ysr < yp> min (Ysp, Yrp) < ¥in) -
(24)

Case 1. Tt is obvious that min(ysg, Yrp) < Ysrs> 80 if Ysp < V1>

then min(ysg, Yrp) < vr- Iy, > yr» then min(ysg, Yrp) < Vin-
Therefore, (24) can be expressed as

I, = Pr (ysp < yun) Pr(ysr < yr) = F,, (vn) F (v1) -
(25)

Substituting (15) and (25) into (14), the lower bound on
the OP of the M2M cooperative network is

Plower = (1 - FySR (VT)) FySD (yth) FyRD (Yth)

+ FYSD (yth) F)/SR (VT) .



Case 2. If yy, < yr» using the Total Probability Theorem [12,
Equation (2.36)], we have

Q = Pr(ysr < yr>min (Vs> Yro) < ¥in)
= Pr (ysr < V1> Ysr > Yros Yo < Yin)
+Pr (Ysp < Y1 Vsr < Yroo Vor < Vin)
= Pr(yrp < Y& < V1> Yro < Vin)

+Pr(Ysr < Yros sk < Yin)

- Lm JVT fro W) Ay, (2)dz

YrD

" Jom J " F () o, (2)dz

Vsr
J‘ Yth <
0

A e Gy [ ) £ @

0
(27)

J-YT Fra )y - JOYRD fro ) dy) frp (2)dz

0

From the Appendix, (24) can be simplified as
I, = By, () Q (28)

Substituting (15) and (28) into (14), the lower bound on
the OP of the M2M cooperative network is

- F)/SR (yT)) FySD (Yth) FyRD (Yth) + FySD (Yth) Q.
(29)

Plower = (1

4. Numerical Results

In this section, numerical results are presented to illustrate
and verify the OP analysis given in the previous sections.

Figure 1 presents the OP performance of a M2M cooper-
ative network when y,, > yr. The relative geometric gain is
p = 0dB, the power-allocation parameter is K = 0.5, and the
thresholds are y,;, = 4dB and y = 2 dB. The following cases
are considered based on the number of cascaded components
N and the fading coefficient .

Scenario 1. mgpy, = 1, mgg = 1, mpp = 1 and Ny = 2, Ngg =
Ngp = 2.

Scenario 2. mgp, = 2, mgy = 2, Mpp = 2 and Ngpy = 2, Ngp =
Npp = 2.

Figure 1 shows that the numerical simulation results coin-
cide with the theoretical results, which verifies the accuracy
of the analysis. As the SNR increases, the OP performance is
improved. For example, in Case 2, when SNR =16 dB, the OP
is 3 x 107, and when SNR = 20 dB, the OP is decreased to
2 x 107*. The OP performance is also improved with a larger
fading coefficient m. When SNR =12dB and m = 1, the OP
is1.8 x 107, and when m = 2, the OP is 3 x 107>,
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FIGURE 1: The OP performance over N-Nakagami fading channels
when py, > vy

Figure 2 presents the OP performance of the M2M coop-
erative network when y,;, < yr. The relative geometric gain is
p = 0dB, the power-allocation parameter is K = 0.5, and the
thresholds are y;, = 2dB and y; = 4 dB. The following cases
are considered based on the number of cascaded components
N and the fading coefficient m.

Scenario 1. mgpy, = 1, mgg = 1, mppy = 1 and Ny = 2, Ngp
Nip = 2.

Scenario 2. mgp, = 2, mgg = 2, myp = 2 and Ngpy = 2, Negg
Nip = 2.

Scenario 3. mgp, = 3, mgg = 3, mpp = 3 and Ngpy = 2, Ngg =
Ngp = 2.

Figure 2 shows that the numerical simulation results
coincide with the theoretical results, which verifies the anal-
ysis. As the SNR increases, the OP performance improves, as
expected. For example, in Case 2, when SNR = 12 dB, the OP
is 1.5 x 1072, but when SNR = 16 dB, the OP is 1 x 10~>. The
OP performance also improves if the fading coeflicient m is
increased. For example, when SNR =12dB and m = 1, the
OPis1x 107", but when m = 2, the OP is 1.5 x 10”2, and when
m =3, the OPis2x 107"

Figure 3 presents the effect of the power-allocation
parameter K on the OP performance of the M2M cooperative
network over N-Nakagami fading channels versus the SNR.
The number of cascaded componentsis N = 2, and the fading
coeflicient is m = 2. The relative geometric gain is 4 = 0dB,
and the thresholds are yy, = 4 dB and y = 2 dB. These results
show that the OP performance is improved when the SNR is
increased. For example, when K = 0.6 and SNR = 10 dB, the
OP is 1.8 x 10, when SNR = 15dB, the OP is 9 x 10, and
when SNR = 20 dB, the OP is 2.5 x 10~°. For SNR =10 dB, the
optimal value of K is approximately 0.5, for SNR = 15dB, the
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FIGURE 2: The OP performance over N-Nakagami fading channels
when yy, < yr.

10°

—— SNR=10dB
— SNR=15dB
—— SNR=20dB

FIGURE 3: The effect of the power-allocation parameter K on the OP
performance.

optimal value of K is approximately 0.6, and for SNR =20 dB,
the optimal value of K is also approximately 0.6.

Figure 4 presents the effect of the relative geometric gain
p on the OP performance of the M2M cooperative network
over N-Nakagami fading channels. The number of cascaded
components is N = 2, and the fading coefficient is m = 2.
The relative geometric gains considered are 4 = 10dB, 0dB,
and -10 dB. The thresholds are y;, = 4dB and y; = 2dB,
and the power-allocation parameter is K = 0.5. These results
show that the OP performance is improved as y is reduced.
For example, when SNR =12dB and ¢ = 10 dB, the OP is 2 x
107", when ¢ = 0 dB the OP is 3 x 10~%, and when y = —10 dB,

SNR (dB)

—— u=10dB
-8 u=0dB
—— u=-10dB

FIGURE 4: The effect of the relative geometric gain y on the OP
performance.

10—4 L L L L L L L L
2 4 6 8 10 12 14 16 18 20
SNR (dB)
—— N=2
-2 N=3
- N=4

F1GURE 5: The effect of the number of cascaded components N on
the OP performance.

the OP is 1 x 107>, As the SNR increases, the OP gradually
reduces.

Figure 5 presents the effect of the number of cascaded
components N on the OP performance of the M2M coopera-
tive network over N-Nakagami fading channels. The number
of cascaded components is N = 2, 3, 4, which denote 2-
Nakagami, 3-Nakagami, and 4-Nakagami fading channels,
respectively. The fading coefficient is m = 2, the relative
geometric gain is 4 = 0dB, and the thresholds are y,;,, = 4dB



and y; = 2 dB. The power-allocation parameter is K = 0.5.
These results show that the OP performance is degraded as N
is increased. For example, when SNR =12dB and N = 2, the
OPis3x107%, when N = 3the OPis8 x 107>, and when N = 4
the OP is 1.5 x 10", This is because the fading severity for the
cascaded channels increases as N is increased. For fixed N,
an increase in the SNR reduces the OP gradually.

5. Conclusion

A lower bound on the outage probability (OP) of SNR-
based HDAF M2M cooperative network over N-Nakagami
fading channels was derived. Performance results were pre-
sented which show that the fading coefficient m, number
of cascaded components N, relative geometric gain y, and
power-allocation parameter K have a significant influence
on the OP. The expressions derived in this paper are simple
to compute and thus complete and accurate performance
results can easily be obtained with minimal computational
effort. In the future, the impact of correlated channels on
the OP performance of M2M cooperative networks can be
considered.

Appendix

Equation (27) can be simplified as follows:

Q- Jom (Lﬁ fra )y - JOVRD fre ) dy) £, (2)dz
A e 0= [ s 1) @
- Lm LVT Sy D) yfy, (2)dz
} J . J " f D)y, @) dz
" J . I " ) dyfy, (2)dz

S
- J YrD (y) dnySR (Z) dZ
0

=A-B+C-D

(A1)
First consider part A, which is given by
Yr
JO Sy () dy
r 1 vo | v |
= —— Gy | =| | = dy
JO )’Hf\ilr(”"t) o [ VSRth M5y

(A2)
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To evaluate the integral in (A.2), the following integral
function can be employed [13]:

y
—1 X Ay,
J- x“ Gm"[wx|b1 b”]dx
0 JEREIM

pq
(A3)
a ~m,n+1 Apernslyys 1 =0s05...50
= Gp+1,q+1 [wylbl,...,bm,—a,bm+1 ..... Z q] :
Equation (A.2) can then be expressed as
| )y = =
Yo VOV = 2N
o T [1:5,T (my)
N ) (A.4)
X GN’I Y_T @
LN+ [ =117 >
Vsr p=1 22 Pgpeostiing0
so that A is given by
1
A=—g N
[T.5T (me) [Ty T ()
- v 0
m
X G?TI’\ITH y_TH_t
. . A5
i YsR =1 Qt My ey, 0 ( )
r 1
N,1 Yin N My
XGinn | =— . :
| VRD #r=1 * 2t st ,0

Next, consider part B. Following a procedure similar to that
for (A.2) yields

YrD 1
fra W) dy = ———
jo ¥ Hilr (mt)
. (A.6)
« GV YrD = m
LN+l | —5— QO ’
VSR =1 2% |y 0
so that B is given by

Yt [ YRD
b= Jo Jo fVSR (») dyfyw (2)dz

1
[T, T () [T, T (1)
1
Yo 1 N1 z N m, (A7)
X ~Gi N :HE
0z VSR =1 % |y 0
N -
z m
xG(I,\)]I’S S y e 73 dz.
YRD =1 Qtt M,y

Next, consider part C. Since

L Jyo (V) dy = E, (00) =1 (A.8)
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C can be expressed as

1
N
1 N,1 Yoo 77

Hfilr(mt) b Vor 11

Finally, consider part D. Following a procedure similar to that
for (A.2) yields

LVSR Frw ) dy

(A9)

My,esttn,0

1
nglr (mtt)

1

N
% GN1 Ysr My
1,N+1

>

3 Q
YRD =1 4t My peenstipg 0

(A.10)
so that D is given by
Y (VSR
D= L L Frw V) Sy, (2)dz

1
B Hilr (m,) nglr (myy)

N

1
Al
o JVth 1GN’1 z my, ( )

0 z 1,N+1

Q
yRDtt:l tt 11 5eeot1g,0

z N my
Ysr t=1 Qt

N0
x Gy N dz.

My sy
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