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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].The𝑁-Nakagami distributionwas 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-basedHDAF 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-basedHDAF relayingM2Mcooperative
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
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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 theOPperformance
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], let𝑑SD,𝑑SR, and𝑑RD represent theMS to
MD,MS toMR, andMR toMD links, respectively. Assuming
the path loss between theMS andMD to be unity, the relative
gain of the MS to MR and MR to MD links is defined as
𝐺SR = (𝑑SD/𝑑SR)

V and 𝐺RD = (𝑑SD/𝑑RD)
V, respectively, where

V is the path loss coefficient [10]. Further, define the relative
geometric gain 𝜇 = 𝐺SR/𝐺RD (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 of𝜇 is negative.When the relay is close to the source, the
value of 𝜇 is positive.When the relay has the same distance to
the source and destination nodes, 𝜇 is 0 dB.

Let ℎ = ℎ𝑘, 𝑘 ∈ {SD, SR,RD}, represent the complex chan-
nel coefficients of the MS to MD, MS to MR, and MR to MD
links, respectively, which follow an𝑁-Nakagami distribution.
Therefore ℎ is the product of𝑁 statistically independent, but
not necessarily identically distributed, independent random
variables:

ℎ =

𝑁

∏

𝑖=1

𝑎𝑖, (1)

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

𝑓 (𝑎) =
2𝑚
𝑚

Ω𝑚Γ (𝑚)
𝑎
2𝑚−1 exp(−𝑚

Ω
𝑎
2
) , (2)

where Γ(⋅) is the Gamma function,𝑚 is the fading coefficient,
andΩ is the scaling factor.

The PDF of ℎ is given by [4]:

𝑓ℎ (ℎ) =
2

ℎ∏
𝑁

𝑖=1
Γ (𝑚𝑖)

𝐺
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, (3)

where 𝐺[⋅] is Meijer’s 𝐺-function.

Let 𝑦 = |ℎ𝑘|
2, 𝑘 ∈ {SD, SR,RD}, so that 𝑦SD = |ℎSD|

2,
𝑦SR = |ℎSR|

2, and 𝑦RD = |ℎRD|
2. The corresponding cumula-

tive density function (CDF) of 𝑦 can be derived as [4]

𝐹𝑦 (𝑦) =
1

∏
𝑁
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. (4)

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

𝑓𝑦 (𝑦) =
1

𝑦∏
𝑁

𝑖=1
Γ (𝑚𝑖)

𝐺
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. (5)

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 𝑟SD and 𝑟SR at the MD
and MR can then be written as

𝑟SD = √𝐾𝐸ℎSD𝑥 + 𝑛𝐷,

𝑟SR = √𝐺SR𝐾𝐸ℎSR𝑥 + 𝑛SR,
(6)

where 𝑥 denotes the transmitted signal and 𝑛𝐷 and 𝑛SR are
zero-mean complexGaussian randomvariableswith variance
𝑁0/2 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 𝛾SR with a
threshold 𝛾𝑇, the MR decides whether DF or AF cooperation
is utilized to forward the received signal. 𝛾SR denotes the
instantaneous SNR of the MS toMR link. If 𝛾SR > 𝛾𝑇, the MR
decodes the received signal and generates a signal 𝑥1 which
is forwarded to the MD. With DF cooperation, the received
signal at the MD is given by

𝑟RD = √(1 − 𝐾)𝐺RD𝐸ℎRD𝑥1 + 𝑛RD, (7)

where 𝑛RD is a conditionally zero-mean complex Gaussian
random variable with variance𝑁0/2 per dimension.

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

𝛾SC = max (𝛾SD, 𝛾RD) , (8)

where

𝛾SD =
𝐾
󵄨󵄨󵄨󵄨ℎSD
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2
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2
𝐸
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󵄨󵄨󵄨󵄨

2
𝛾.

(9)

If 𝛾SR < 𝛾𝑇, 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

𝑟RD = √𝑐𝐸ℎSRℎRD𝑥 + 𝑛RD, (10)
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where

𝑐 =
𝐾 (1 − 𝐾)𝐺SR𝐺RD𝐸/𝑁0

1 + 𝐾𝐺SR
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2
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2
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. (11)

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

𝛾SCC = max (𝛾SD, 𝛾SRD) , (12)

where

𝛾SRD =
𝛾SR𝛾RD

1 + 𝛾SR + 𝛾RD
,

𝛾SR =
𝐾𝐺SR
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2
𝛾.

(13)

3. OP of M2M Cooperative Networks

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

𝑃out = Pr (𝛾SR > 𝛾𝑇, 𝛾SC < 𝛾th) + Pr (𝛾SR < 𝛾𝑇, 𝛾SCC < 𝛾th)

= 𝐼1 + 𝐼2,

(14)

where 𝛾th is the threshold.
Next, 𝐼1 and 𝐼2 are evaluated. First, consider 𝐼1. As 𝛾SD,

𝛾SR, and 𝛾RD are mutually independent random variables, 𝐼1
can be simplified as follows:

𝐼1 = Pr (𝛾SR > 𝛾𝑇, 𝛾SC < 𝛾th)

= Pr (𝛾SR > 𝛾𝑇)Pr (𝛾SD < 𝛾th)Pr (𝛾RD < 𝛾th)

= (1 − Pr (𝛾SR ≤ 𝛾𝑇))Pr (𝛾SD < 𝛾th)Pr (𝛾RD < 𝛾th)

= (1 − 𝐹𝛾SR
(𝛾𝑇)) 𝐹𝛾SD

(𝛾th) 𝐹𝛾RD (𝛾th) .

(15)

The CDF of 𝛾SD can be expressed as
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where

𝛾SD = 𝐾𝛾. (17)

The CDF of 𝛾SR is then
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where

𝛾SR = 𝐾𝐺SR𝛾. (19)

The CDF of 𝛾RD is given by
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(20)

where

𝛾RD = (1 − 𝐾)𝐺RD𝛾. (21)

As 𝛾SR and 𝛾SRD are not mutually independent random
variables, 𝐼2 can be expressed as

𝐼2 = Pr (𝛾SD < 𝛾th)Pr (𝛾SR < 𝛾𝑇, 𝛾SRD < 𝛾th) . (22)

It is difficult to obtain the OP using 𝛾SRD, 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 [11], 𝛾SRD can be
approximated as

𝛾SRD < 𝛾𝑢𝑝 = min (𝛾SR, 𝛾RD) . (23)

This approximation is used in the OP derivation instead
of 𝛾SRD since it is more tractable analytically. 𝐼2 can be
approximated as

𝐼𝐼2 = Pr (𝛾SD < 𝛾th)Pr (𝛾SR < 𝛾T, 𝛾𝑢𝑝 < 𝛾th)

= Pr (𝛾SD < 𝛾th)Pr (𝛾SR < 𝛾T,min (𝛾SR, 𝛾RD) < 𝛾th) .

(24)

Case 1. It is obvious that min(𝛾SR, 𝛾RD) ≤ 𝛾SR, so if 𝛾SR < 𝛾𝑇,
thenmin(𝛾SR, 𝛾RD) < 𝛾𝑇. If 𝛾th > 𝛾𝑇, thenmin(𝛾SR, 𝛾RD) < 𝛾th.
Therefore, (24) can be expressed as

𝐼𝐼2 = Pr (𝛾SD < 𝛾th)Pr (𝛾SR < 𝛾𝑇) = 𝐹𝛾SD
(𝛾th) 𝐹𝛾SR (𝛾𝑇) .

(25)

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

𝑃lower = (1 − 𝐹𝛾SR
(𝛾𝑇)) 𝐹𝛾SD

(𝛾th) 𝐹𝛾RD (𝛾th)

+ 𝐹𝛾SD
(𝛾th) 𝐹𝛾SR (𝛾𝑇) .

(26)
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Case 2. If 𝛾th < 𝛾𝑇, using the Total Probability Theorem [12,
Equation (2.36)], we have

𝑄 = Pr (𝛾SR < 𝛾𝑇,min (𝛾SR, 𝛾RD) < 𝛾th)

= Pr (𝛾SR < 𝛾𝑇, 𝛾SR > 𝛾RD, 𝛾RD < 𝛾th)

+ Pr (𝛾SR < 𝛾𝑇, 𝛾SR < 𝛾RD, 𝛾SR < 𝛾th)

= Pr (𝛾RD < 𝛾SR < 𝛾𝑇, 𝛾RD < 𝛾th)

+ Pr (𝛾SR < 𝛾RD, 𝛾SR < 𝛾th)

= ∫

𝛾th

0

∫

𝛾
𝑇
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(𝑧) 𝑑𝑧.

(27)

From the Appendix, (24) can be simplified as

𝐼𝐼2 = 𝐹𝛾SD
(𝛾th) 𝑄. (28)

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

𝑃lower = (1 − 𝐹𝛾SR
(𝛾𝑇)) 𝐹𝛾SD

(𝛾th) 𝐹𝛾RD (𝛾th) + 𝐹𝛾SD (𝛾th) 𝑄.

(29)

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 𝛾th > 𝛾𝑇. The relative geometric gain is
𝜇 = 0 dB, the power-allocation parameter is𝐾 = 0.5, and the
thresholds are 𝛾th = 4 dB and 𝛾𝑇 = 2 dB. The following cases
are considered based on the number of cascaded components
𝑁 and the fading coefficient𝑚.

Scenario 1. 𝑚SD = 1, 𝑚SR = 1, 𝑚RD = 1 and𝑁SD = 2, 𝑁SR =

𝑁RD = 2.

Scenario 2. 𝑚SD = 2, 𝑚SR = 2, 𝑚RD = 2 and𝑁SD = 2,𝑁SR =

𝑁RD = 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 × 10−3, and when SNR = 20 dB, the OP is decreased to
2 × 10−4. The OP performance is also improved with a larger
fading coefficient 𝑚. When SNR = 12 dB and 𝑚 = 1, the OP
is 1.8 × 10−1, and when𝑚 = 2, the OP is 3 × 10−2.

4 6 8 10 12 14 16 18 20 22 24
SNR (dB)

O
P

Simulation
Analytical

Scenario 1

Scenario 2

10
−4

10
−3

10
−2

10
−1

10
0

Figure 1: The OP performance over 𝑁-Nakagami fading channels
when 𝛾th > 𝛾𝑇.

Figure 2 presents the OP performance of the M2M coop-
erative network when 𝛾th < 𝛾𝑇. The relative geometric gain is
𝜇 = 0 dB, the power-allocation parameter is𝐾 = 0.5, and the
thresholds are 𝛾th = 2 dB and 𝛾𝑇 = 4 dB. The following cases
are considered based on the number of cascaded components
𝑁 and the fading coefficient𝑚.

Scenario 1. 𝑚SD = 1, 𝑚SR = 1, 𝑚RD = 1 and 𝑁SD = 2, 𝑁SR =

𝑁RD = 2.

Scenario 2. 𝑚SD = 2, 𝑚SR = 2, 𝑚RD = 2 and𝑁SD = 2,𝑁SR =

𝑁RD = 2.

Scenario 3. 𝑚SD = 3, 𝑚SR = 3, 𝑚RD = 3 and𝑁SD = 2,𝑁SR =

𝑁RD = 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 × 10−2, but when SNR = 16 dB, the OP is 1 × 10−3. The
OP performance also improves if the fading coefficient 𝑚 is
increased. For example, when SNR = 12 dB and 𝑚 = 1, the
OP is 1 × 10−1, but when𝑚 = 2, the OP is 1.5 × 10−2, and when
𝑚 = 3, the OP is 2 × 10−3.

Figure 3 presents the effect of the power-allocation
parameter𝐾 on theOP performance of theM2M cooperative
network over 𝑁-Nakagami fading channels versus the SNR.
Thenumber of cascaded components is𝑁 = 2, and the fading
coefficient is 𝑚 = 2. The relative geometric gain is 𝜇 = 0 dB,
and the thresholds are 𝛾th = 4 dB and 𝛾𝑇 = 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 × 10−2, when SNR = 15 dB, the OP is 9 × 10−4, and
when SNR = 20 dB, the OP is 2.5 × 10−5. For SNR = 10 dB, the
optimal value of𝐾 is approximately 0.5, for SNR = 15 dB, the
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Figure 2: The OP performance over 𝑁-Nakagami fading channels
when 𝛾th < 𝛾𝑇.
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Figure 3:The effect of the power-allocation parameter𝐾 on the OP
performance.

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

Figure 4 presents the effect of the relative geometric gain
𝜇 on the OP performance of the M2M cooperative network
over𝑁-Nakagami fading channels. The number of cascaded
components is 𝑁 = 2, and the fading coefficient is 𝑚 = 2.
The relative geometric gains considered are 𝜇 = 10 dB, 0 dB,
and −10 dB. The thresholds are 𝛾th = 4 dB and 𝛾𝑇 = 2 dB,
and the power-allocation parameter is 𝐾 = 0.5. These results
show that the OP performance is improved as 𝜇 is reduced.
For example, when SNR = 12 dB and 𝜇 = 10 dB, the OP is 2 ×
10−1, when 𝜇 = 0 dB the OP is 3 × 10−2, and when 𝜇 = −10 dB,
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Figure 4: The effect of the relative geometric gain 𝜇 on the OP
performance.
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Figure 5: The effect of the number of cascaded components 𝑁 on
the OP performance.

the OP is 1 × 10−2. As the SNR increases, the OP gradually
reduces.

Figure 5 presents the effect of the number of cascaded
components𝑁 on the OP performance of theM2M coopera-
tive network over𝑁-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 𝜇 = 0 dB, and the thresholds are 𝛾th = 4 dB
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and 𝛾𝑇 = 2 dB. The power-allocation parameter is 𝐾 = 0.5.
These results show that the OP performance is degraded as𝑁
is increased. For example, when SNR = 12 dB and𝑁 = 2, the
OP is 3× 10−2, when𝑁 = 3 theOP is 8× 10−2, andwhen𝑁 = 4

the OP is 1.5 × 10−1. 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 𝜇, 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:
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First consider part 𝐴, which is given by
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To evaluate the integral in (A.2), the following integral
function can be employed [13]:
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Equation (A.2) can then be expressed as
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so that 𝐴 is given by
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Next, consider part 𝐵. Following a procedure similar to that
for (A.2) yields
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so that 𝐵 is given by
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Finally, consider part𝐷. Following a procedure similar to that
for (A.2) yields
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