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Abstract—A novel approximation for the end-to-end signal-to-
noise ratio (e2e SNR) of multi-hop (N ≥ 2) fixed-gain amplify-
and-forward (FG-AF) relay networks over independent and non-
identically distributed Nakagami-m fading channels is proposed.
Two types of FG-AF relays; (i) blind-AF, and (ii) semi-blind-AF
are treated. The cumulative distribution function and the moment
generating function of the proposed e2e SNR approximation are
derived in closed-form and used to derive the outage probability,
the average symbol error rate, and the generalized SNR moments.
The resulting performance metrics for the blind-AF relay case are
asymptotically exact and thus, the asymptotic outage probability,
the asymptotic average SER, the diversity order, and the coding
gain are derived. Numerical and simulation results are presented
to verify the comparative performance against the exact perfor-
mance metrics and existing bounds. Our results reveal that the
proposed performance approximations outperform the existing
bounds in most of the cases.

I. INTRODUCTION

Multi-hop relay networks have numerous advantages such
as broader coverage and enhanced-throughput over single-
hop networks, and have thus resulted a furry of research
activities and wireless standards [1]–[6]. Multi-hop relay net-
works can broadly be divided into two groups: (i) channel-
assisted amplify-and-forward (CA-AF) relays, and (ii) fixed-
gain amplify-and-forward (FG-AF) relays [3], [4]. In this
paper, we focus on the multi-hop FG-AF relay networks.

Prior related research: The dual-hop (N = 2) FG-AF re-
lay networks over independent and non-identically distributed
(i.n.i.d.) Rayleigh fading channels are studied in [3]. In [6],
a comprehensive performance analysis framework is proposed
for the system set-up in [3] over generalized fading channels.
Specifically, the analytical framework in [6] provides either
exact analysis or accurate bounding techniques to derive the
moment generating function (MGF) of the end-to-end signal-
to-noise ratio (e2e SNR).

Although the exact closed-form performance metrics for
the dual-hop FG-AF relay networks are available, the exact
analysis for a number of hops N ≥ 3 appears to be intractable.
Thus, the performance of the multi-hop FG-AF relay networks
have been studied by using a particular bounding technique on
the e2e SNR [4], [5]. Specifically, in [4], multi-hop e2e SNR
is upper bounded by using the well-known inequality between
the harmonic mean and the geometric mean. By using this
bounding technique, lower bounds for the outage probability
and the average symbol error rate (SER) are derived over
i.n.i.d. Nakagami-m fading. Reference [5] extends the analysis
in [4] by studying the performance of the system set-up in [4]
over generalized fading channels. In particular, [5] provides

the closed-form expressions for the generalized SNR moments
over various fading channels, and used to obtain accurate
approximations for the outage probability and the average SER
by using the moments-based approach in [7].

For the sake of completeness, we briefly discuss the prior
related research on multi-hop CA-AF relay networks. The
exact performance of dual-hop networks is studied in [8],
[9]. Similar to the FG-AF case, the exact analysis of CA-AF
relays for a number of hops N ≥ 3 appear to be intractable.
Thus, the prior related studies provide bounds on the e2e SNR
[4], [10] or asymptotic approximations and numerical meth-
ods [11], [12]. Recently, [13] proposed asymptotically exact
performance bounds for multi-hop CA-AF relay networks and
showed that the proposed bounds outperform both the bounds
in [4] and [10] at medium-to-high SNRs.

Motivation and our contribution: Although the elegant
SNR bounding technique in [4], [5] results in tight per-
formance bounds in low SNRs and for less severe fading
(m ≥ 5, where m is the Nakagami-m fading parameter), they
weaken for high SNRs and for severe fading environments
such as Rayleigh fading. The bounds in [4], [5] may thus
not provide an accurate assessment of system performance.
Specifically, the important system-design parameters such as
the diversity order and the coding gains derived by using the
bounds in [4], [5] deviate significantly from the exact ones.
Further, the multi-hop networks having FG-AF relays have
gained much attention than their counterparts, CA-AF relays,
because of the reduced system complexity of the former.
Thus, having an accurate analytical framework for the multi-
hop FG-AF relay networks as well is important. The above
mentioned gaps in the performance analysis of multi-hop FG-
AF relay networks, arising mainly due to the intractability
of the problem, motivated us to develop new performance
approximations.

In this paper, a simple and accurate approximation is
proposed for the e2e SNR of the N -hop (N ≥ 2) FG-AF
relay networks over i.n.i.d. Nakagami-m fading. By using
the proposed SNR approximation, the cumulative distribution
function (CDF) and the MGF are derived and used to obtain
the outage probability, the average symbol error rate (SER),
and the generalized SNR moments. Two types of FG-AF relays
are treated: (i) blind-AF relays, and (ii) semi-blind-AF relays.
The different between these two types is that the former uses
an arbitrary fixed gain whereas the latter uses a gain having the
knowledge of statistical CSI, in particular, the average SNR
of the previous hop. The resulting performance metrics for
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the blind-AF relays are asymptotically exact, however, the
same does not hold for the semi-blind-AF relays. Thus, to
obtain valuable system-design insights, the asymptotic outage
probability, the average SNR, the diversity order and the
coding gain are derived for the blind-AF case. Numerical
results are provided to compare the proposed approximations
with the exact metrics and the existing bounds [4], [5].

Notations: Kν (z) is the Modified Bessel function of the
second kind of order ν [14, Eq. (8.407.1)]. Wν,μ(z) is the
Whittaker-W function [14, Eq. (9.222.1)]. EΛ{.} denotes the
expected value over the random variable Λ.

II. SYSTEM AND CHANNEL MODELS

Consider a multi-hop relay network with N hops, source
(S), destination (D) and N − 1 FG-AF relays. The gain of
the n-th FG-AF relay is given by Gn|N−1

n=1 =
√

1
CnN0,n

[3],
[4], where Cn is a constant, and N0,n is the variance of the
zero-mean additive white Gaussian noise at the n-th relay’s
receiver. The e2e SNR γe2e of a N -hop FG-AF relay network
is given by [4], [5]

γe2e =

[
N∑
n=1

1
βn

]−1

, (1)

where βn =
∏n
j=1

γj
Cj−1

with C0 = 1, and γn =
Pn|hn|2/N0,n is the n-th hop SNR. Further, hn is the i.n.i.d.
Nakagami-m fading channel gain of the n-th hop.

In practice, multi-hop FG-AF relay networks can be divided
into two distinct groups; (i) blind-AF relay networks and
(ii) semi-blind-AF relay networks [3], [4]. In blind-AF relay
networks, each relay does not have access to any channel
state information (CSI) and they just amplify the previous
hop signal by an arbitrary constant gain regardless of the
previous hop’s fading state. On the other hand, the semi-blind
relays have the knowledge of the statistical (long-term) CSI
of the previous hop’s fading state, in particular the average
SNR. The gain of the n-th semi-blind-AF relay over i.n.i.d.
Nakagami-m fading is given by G2

n = E
{

1
Pn|hn|2+No,n

}
=

mmnn
N0,nΓ(mn)(γ̄n)mn e

mn
γ̄n Γ(mn)Γ(1 − mn,

mn
γ̄n

) [5, Eq. (19)],
where mn and γ̄n are the Nakagami-m fading parameter and
the average SNR of the n-th hop.

The probability distribution of (1) is not mathematically
tractable, particularly for N ≥ 3. The exact closed-form per-
formance metrics of multi-hop FG-AF relay networks having
more than three relays are not yet available in the literature.
In order to develop a more accurate and simpler performance
analysis framework, we propose a new approximation for (1)
as follows:

γe2e ≈ γap
e2e =

Γ1Γ2

Γ2 + Ceq
, (2)

where Γ1 = γ1, and Γ2 = min
2≤n≤N

(γn). Further, for blind-AF

relays, Ceq is given by Ceq = 1
N

∑N
n=1 Cn and for semi-blind-

AF relays, Ceq = 1
N2

∑N
n=1mn

∑N
n=1 Cn, where mn|Nn=1 are

the Nakagami-m fading parameters.

Interestingly, when N = 2, (2) reduces to the exact e2e
SNR of dual-hop dual-hop FG-AF relay networks given in [3,
Eq. (6)].

III. PERFORMANCE ANALYSIS

This section presents the performance analysis of multi-hop
FG-AF relay networks by using (2). First, the CDF and the
MGF of the proposed e2e SNR are derived and then used
to obtain the outage probability, average SER and ergodic
capacity approximations.

A. Statistical characterization of the SNR

The CDF of the proposed e2e SNR (2) of multi-hop FG-AF
relay networks over i.n.i.d. Nakagami-m (integer m) fading
channels is given by (see Appendix for the proof)

Fγape2e(x) = 1 −
∑

k1,k2···kN
2

N∏
n=1

[
1

(kn)!

(
mn

γ̄n

)kn](m1−1
k1

)

× C
2
∑N
n=2kn+ψ

2
eq

[(
γ̄1

m1

)2
ω

]ψ
2

xηe−
m1x
γ̄1 Kψ

(
2
√
ωCeqx

)
, (3)

where ψ = 1 + k1 − ∑N
n=2 kn, ω = m1

γ̄1

∑N
n=2

mn
γ̄n

, η =
m1 − ψ

2 , and
∑
k1,k2···kN =

∑m1−1
k1=0

∑m2−1
k2=0 · · ·∑mN−1

kN=0 .

The MGF of γape2e can be derived by substituting (3) into
Mγape2e

(s) = 1 − ∫∞
0
s
(
1 − Fγeq(x)

)
e−sxdx and evaluating

the integral by using [14, Eq. (6.643.3)] as follows:

Mγape2e
(s) = 1−

∑
k1,k2···kN

2
N∏
n=1

[
1

(kn)!

(
mn

γ̄n

)kn](m1−1
k1

)

× C
2
∑N
n=2kn+ψ

2
eq

[(
γ̄1

m1

)2

ω

]ψ
2

s J(μ, ν, α, β), (4)

where

J(μ, ν, α, β) =
Γ
(
μ+ν+1

2

)
Γ
(
μ−ν+1

2

)
ψ−μe

ω2
2ψ

2ω
W−μ,ν

(
ω2

ψ

)
.(5)

Here, μ = 2m1−k1+
∑N
n=2 kn , ν = 1

2

(
k1 −

∑N
n=2 kn + 1

)
,

α = s+ m1
γ̄1

, and β =
√

m1Ceq
γ̄1

∑N
n=2

mn
γ̄n

.

Remark II.1: The CDF and MGF of γape2e given in (3)
and (4) can readily be simplified for i.n.i.d Rayleigh and i.i.d.
Nakagami-m fading as follows:

1) The CDF and MGF of γape2e over i.n.i.d. Rayleigh fading:
The CDF of γape2e over i.n.i.d Rayleigh fading is given by

Fγape2e(x) = 1 − 2
√
λx

1
2 e−

x
γ̄1 K1

(
2
√
λx
)
, (6)

where λ = Ceq
γ̄1

∑N
n=2

1
γ̄n

. Similarly, the MGF of γape2e over
i.n.i.d Rayleigh fading is given by

Mγape2e
(s) = 1 − 2

√
λ s J

(
1,

1
2
, s+

1
γ̄1
,
√
λ

)
. (7)

2) The CDF and MGF of γape2e over i.i.d.Nakagami-m
fading: The CDF of γape2e over i.i.d.Nakagami-m fading is
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given by

Fγape2e(x) = 1−
(N−1)(m−1)∑

i=0

m−1∑
j=0

2φi,N−1C
i+j+1

2
eq (N−1)

i−j+1
2
(
m−1
j

)
Γ(m)

×
(
m

γ̄

)m+i

x
i−j+2m−1

2 e−
mx
γ̄ Kj−i+1

(
2β

√
x
)
, (8)

where β = m
γ̄

√
Ceq(N − 1) and φk,N =∑k

i=k−m+1
φi,N−1
(k−i)! I[0,(N−1)(m−1)](i), φ0,0 = φ0,N = 1,

φk,1 = 1/ k!, φ1,N = N , and I[a,c](b) =

{
1, a ≤ b ≤ c

0, otherwise.
The MGF of γape2e over i.i.d.Nakagami-m fading is given by

Mγape2e
(s) = 1 −

(N−1)(m−1)∑
i=0

m−1∑
j=0

2φi,N−1C
i+j+1

2
eq (N−1)

i−j+1
2

Γ(m)

×
(
m− 1
j

)(
m

γ̄

)m+i

s J(μ, ν, α, β), (9)

where μ = i−j+2m
2 , ν = j−i+1

2 , α = s+ m
γ̄ , and β is defined

in (4).
The PDF of γape2e can readily be derived by differentiating

the CDF by using [14, 8.486.12]. However, the PDF results
are omitted, for the sake of brevity.

B. Outage probability

The outage is the probability that the instantaneous SNR
γeq falls below a pre-defined threshold SNR γth. Thus, the
tight approximations for the outage probability Pout can
immediately be obtained by using the CDF results given in
(3), (6) and (8) as: Pout = Pr(γap

e2e ≤ γth) = Fγape2e(γth).
C. Average symbol error rate

The average SER rate (P̄e) can be derived by averaging
the conditional error probability (CEP) Pe|γ over the PDF
of the e2e SNR. For a wide range of modulation schemes,
the CEP can be expressed as Pe|γ = aQ(

√
bγ), where

a and b are modulation-dependent constants. The average
SER can be simplified by using integration by parts as

P̄e = a
2 − a

2

√
b

2π

∫∞
0
x−

1
2 exp

(− bx
2

)(
1−Fγape2e(x)

)
dx. By

substituting (3) into P̄e and by using [14, Eq. (6.643.3)], the
average SER over i.n.i.d. Nakagami-m can be derived as

P̄e =
a

2
− a

2

√
b

2π

∑
k1,k2···kN

2
N∏
n=1

[
1

(kn)!

(
mn

γ̄n

)kn](m− 1
j

)

×
(
m1−1
k1

)
C

2
∑N
n=2kn+ψ

2
eq

[(
γ̄1

m1

)2
ω

]ψ
2

J(μ, ν, α, β), (10)

where μ = m1 − 1
2 (1 + k1 −∑N

n=2 kn), ν = 1
2 (1 + k1 −∑N

n=2 kn), α = b
2 + m1

γ̄1
, and β is defined in (4).

As per Remark II.1, the average SER over i.n.i.d. Rayleigh
fading is given by

P̄e =
a

2
− a

2

√
bλ

2π
J

(
1
2
,
1
2
,
b

2
+

1
γ̄1
,
√
λ

)
, (11)

where λ is defined in (6). Similarly, the average SER over
i.i.d. Nakagami-m fading is given by

P̄e =
a

2
− a

√
b

2π

(N−1)(m−1)∑
i=0

m−1∑
j=0

2φi,N−1C
i+j+1

2
eq (N−1)

i−j+1
2

Γ(m)

×
(
m− 1
j

)(
m

γ̄

)m+i

J(μ, ν, α, β), (12)

where μ = 1
2 (i− j + 2m− 1), ν = 1

2 (j − i+ 1), α = b
2 + m

γ̄ ,

and β = m
γ̄

√
((N − 1)Ceq).

D. Generalized SNR moments

Generalized SNR moments (γle2e) are useful statistics and
can be used to obtain performance metrics such as the amount
of fading and ergodic capacity. By substituting (3) into γle2e =∫∞
0
lxl−1 (1 − Fγe2e(x)) dx and by using [14, Eq. (6.643.3)],

γle2e can be derived as

γle2e =
∑

k1,k2···kN
2

N∏
n=1

[
1

(kn)!

(
mn

γ̄n

)kn](m1−1
k1

)
C

2
∑N
n=2kn+ψ

2
eq

×
[(

γ̄1

m1

)2

ω

]ψ
2

l J(μ, ν, α, β), (13)

where μ = l + m1 − 1 − 1
2 (k1 − ∑N

n=2 kn), ν = 1
2 (1 +

k1 −∑N
n=2 kn), α = m1

γ̄1
, and β is defined in (4). As per

Remark II.1, by using (13), simplified expressions for γle2e
over i.n.i.d. Rayleigh and i.i.d. Nakagami-m fading can be
obtained. However, for the sake of brevity, these results are
omitted. In order to demonstrate the usefulness of the moment
analysis, (13) can readily be used to obtain the capacity
approximation as [15, Eq. (9)]

C ≈ 1
N ln(2)

(
ln(1 + γ̄e2e) − γ2

e2e − (γ̄e2e)
2

2 (1 + γ̄e2e)
2

)
. (14)

Remark II.2: The outage probability and the average SER
for multi-hop blind-AF relay networks derived by using the
proposed SNR approximation (2) are asymptotically exact.
However, the corresponding performance metrics for the multi-
hop semi-blind relay networks do not hold this asymptotically
exactness.

E. High SNR analysis

In order to obtain direct insights from our analysis, the
asymptotic performance metrics for the multi-hop blind-AF
relay networks are derived. Specifically, valuable system-
design parameters such as the diversity order and the coding
gain are derived.

1) Asymptotic outage probability: At high SNRs, the out-
age probability of multi-hop blind-AF relay networks over
i.n.i.d. Nakagami-m fading can be approximated as

P∞
out ≈

m1

Γ(m1 + 1)km1
1

(
γth
γ̄

)m1

+ o
(
γ̄−(m1+1)

)
, (15)

where γ̄n|Nn=1 = knγ̄.
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(2)  m=[2.0, 3.0, 2.0, 2.0, 3.0, 2.0], 
      C=[1.2, 1.5, 2.1, 3.5, 0.3, 1.0]

(4)  m=[5.0, 5.0, 5.0, 5.0, 5.0, 5.0], 
      C=[1.2, 1.2, 1.2, 1.2, 1.2, 1.2]

(3)
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      C=[1.7, 1.7, 1.7, 1.7, 1.7, 1.7]

(2)

Fig. 1. The outage probability of multi-hop blind-AF relay networks
over i.n.i.d. Nakagami-m fading. The number of hops N = 6, k =
[0.2, 0.1, 0.2, 0.3, 0.1, 0.1], and the path-loss exponent ϕ = 2.5.

2) Asymptotic average SER: As γ̄n → ∞, the asymptotic
average SER (P̄∞

e ) can be approximated by P̄∞
e = (Gcγ̄)−Gd ,

where Gd and Gc are referred to as the diversity order and
the array gain [12]. Then, P̄∞

e can be derived as

P̄∞
e ≈ amm1

1 2m1−1Γ(m1 + 1
2 )√

πΓ(m1 + 1)(bk1γ̄)m1
+ o

(
γ̄−(m1+1)

)
. (16)

By using (16), the diversity order and the coding gain can be

obtained as Gd = m1 and Gc =
(
am

m1
1 2m1−1Γ(m1+

1
2 )√

πΓ(m1+1)(bk1)m1

)− 1
m1 ,

respectively.
Interestingly, both the asymptotic outage probability (15)

and average SER (16) of multi-hop blind-AF relay networks
depend solely on the first hop fading parameters.

IV. NUMERICAL RESULTS

This section provides the numerical and simulation results
to show the tightness of the proposed performance approxi-
mations, in particular, they are compared against those in [4]1.
To capture the network geometry, the average SNR of the n-th

hop is modeled by γ̄n = knγ̄, where kn =
(
dSD
dn

)ϕ
, γ̄ and

ϕ are the average transmit SNR and path-loss exponent. The
distance between the source-destination pair is dSD and that
between Rn and Rn+1 is dn. Further, the coefficients kn|Nn=1,
the Nakagami-m fading parameters mn|Nn=1 and the gain-
related parameter Cn|Nn=1 = 1

G2
nN0,n

are denoted by 1 × N
vectors k, m, and C, respectively.

Fig. 1 shows the outage probability of six-hop blind-AF
relay network over i.n.i.d. Nakagami-m fading channels. The
exact outage curves are plotted by using Monte-Carlo sim-
ulations. Specifically, the proposed outage approximation (3)
is compared against the existing outage bound obtained by
using geometric mean bounding technique in [4, Eq. (21)].
For the sake of notational simplicity, we name the bound in
[4] as “GM” bound. Fig. 1 shows clearly that the proposed
outage approximation outperforms the GM bound in entire

1Reference [5] uses the same geometric mean bounding technique of [4].
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Fig. 2. The average BER of multi-hop blind-AF relay networks over
i.i.d. Nakagami-m fading channels. The path-loss exponent ϕ = 2.5 and
Cn|Nn=1 = 1.5.

SNR regime; specifically, our outage approximation is asymp-
totically exact whereas the GM bound deviates significantly
compared to the exact outage. The asymptotic outage curves
plotted by using (15) also confirm this observation.

In Fig. 2, the average bit error rate (BER) of binary
phase shift keying (BPSK) is plotted for multi-hop blind-AF
relay networks over i.i.d. Nakagami-m fading. Three networks
having (i) 2-hops, (ii) 4-hops, and (iii) 6-hops are treated.
Again, the average BER obtained by using the GM bound
of [4, Eq. (25)] is plotted for comparison purposes. Fig. 2
reveals that the proposed BER approximation outperforms the
GM bound in low-to-high SNR regime. In fact, our BER
approximation is asymptotically exact and on the contrary,
the GM bound deviates approximately 6 dB from the exact
BER at a BER of 10−6. Thus, the GM bound can not be used
to obtain valuable system-design insights such as the diversity
order and the coding gain. Furthermore, Fig. 2 verifies that the
proposed BER approximation is exact for dual-hop (N = 2)
blind-AF relay networks. The asymptotic BER curves reveal
that the diversity order of the system is governed solely by
the first hop fading parameters.

Fig. 3 shows the average BER of BPSK for 4-hop semi-
blind-AF relay network over i.n.i.d. Nakagami-m fading.
The proposed BER approximation for semi-blind-AF relays
outperforms the GM bound at low-to-high SNRs for severe
fading environments (m ≤ 4). However, GM bound is tighter
than our approximation in low-to-moderate SNRs for less
severe fading (m ≥ 5). It is also important to note that
the asymptotically exactness of our approximations does not
hold for semi-blind-AF relays. Still, our BER approximation is
useful as a benchmark for practical multi-hop relay networks.

In Fig. 4, the ergodic capacity of five-hop FG-AF relay
network over i.i.d. Rayleigh fading is plotted. Both the semi-
blind-AF and blind-AF relay networks are treated. The exact
ergodic capacity is obtained by using Monte-Carlo simulations
and the GM bound is obtained by using the geometric mean

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE ICC 2011 proceedings



−5 0 5 10 15 20 25 30 35 40
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

 First Hop Average SNR (dB)

A
ve

ra
ge

 B
E

R

 

 

Exact (Simulation)
Proposed Approximation
GM Bound

m=[4.0, 2.0, 1.0, 4.0]

m=[4.0, 4.0, 4.0, 4.0]

m=[5.0, 2.0, 3.0, 6.0]

m=[6.0, 5.0, 5.0, 5.0]

m=[1.0, 1.0, 1.0, 1.0]

Fig. 3. The average BER of 4-hop (N = 4) semi-blind-AF relay networks
over i.n.i.d. Nakagami-m fading channels. The number of hops N = 4, the
path-loss exponent ϕ = 2.5 and kn|Nn=1 = 0.25.

bound in [4, Eq. (19)]. Further, the ergodic capacity approxi-
mation is obtained by using (13) and (14). Fig. 4 reveals that
our capacity approximations for both the blind-AF and semi-
blind-AF cases are significantly tighter than the GM capacity
bounds. Moreover, the GM bound is looser for blind-AF relays
than that for semi-blind-AF relays. Thus, our performance
metrics can be used to obtain accurate system-design insights.

V. CONCLUSION

A new e2e SNR approximation for the multi-hop FG-AF
relay networks over i.n.i.d Nakagami-m fading channels was
proposed and used to derive performance metrics. First, the
CDF and the MGF of the e2e SNR approximation were
derived and used to derive the outage probability, average SER
and generalized SNR moments. In order to obtain valuable
system-designing insights, the high SNR approximations; the
asymptotic outage probability, average SER, diversity order
and the coding gain were derived for the multi-hop blind-AF
relay networks. The tightness of the proposed performance
approximations are compared against the exact metrics and
the existing bounds in [4]. The proposed approximations can
be used as benchmarks for practical system designing.

VI. APPENDIX

The CDF of the e2e SNR approximation γape2e can be
expressed as

Fγape2e(x) = 1 −
∫ ∞

0

fΓ1(x+ z)
[
1−FΓ2

(
Ceqx

z

)]
dz, (17)

where Γ1 = γ1, and Γ2 = min
2≤n≤N

(γn). Now,

by substituting the PDF of Γ1, fΓ1(x) =
m
m1
1

Γ(m1)(γ̄1)m1 x
m1−1e−

m1x
γ̄1 , and the CDF of Γ2, FΓ2(x) =∑m2−1

k2=0

∑m3−1
k3=0 · · ·∑mN−1

kN=0

∏N
n=2

[(
mn
γ̄n

)kn
1

(kn)!

]
x
∑N
n=2 kn

× e−(∑N
n=2

mn
γ̄n

)x, into (17), and evaluating the resulting
integral by using [14, 3.471.9], the desired result given in (3)
can be derived.
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Fig. 4. The ergodic capacity of 5-hop (N = 5) FG-AF relay network over
i.i.d. Rayleigh fading. The coefficients kn|Nn=1 = 0.2, Cn|Nn=1 = 2.6, and
the path-loss exponent ϕ = 2.5.
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