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Abstract—An analytical characterization of the ergodic ca-
pacity of interference-limited multihop wireless networks with
amplify-and forward (AF) relaying is presented. In our analysis,
we consider that transmissions are performed over Nakagami-
m fading where channel state information is only known at the
receiving terminals. We derive an exact expression for the ergodic
capacity by exploiting the moment generating function (MGF)
of the inverse signal-to-interference ratio (SIR). The result is
applicable for arbitrary numbers of interfering signals at the re-
ceiving terminals and can be efficiently evaluated. Furthermore,
considering the special case of dual-hop transmission, we propose
a more refined characterization where the high-SIR capacity
is expanded as an affine function. The zero-order term or the
power offset for which we find insightful closed-form expressions,
is shown to play a chief role in understanding the impact of
interference and power on the system’s capacity. Finally, some
simulation results sustaining our analysis are provided.

Index Terms—Amplify-and-forward (AF), cochannel interfer-
ence, ergodic capacity, high-SIR capacity, multihop wireless
networks, Lauricella hypergeometric functions.

I. INTRODUCTION

MULTIHOP communications have been an outstanding
topic of research in the last years due to their ability

to provide broader coverage and higher reliability for many
wireless communication systems (see e.g., [1] and [2] and
references therein). The key advantage of relaying is to enable
high capacity where traditional architectures are unsatisfactory
due to location constraints (e.g., cell-edge, shadowing, indoor),
leading to a more homogenous user experience. Depending
on the nature and complexity of the relaying technique,
relay nodes can be broadly categorized as either amplify and
forward (AF) or decode and forward (DF) [3]. While AF relays
act as repeaters, DF relays decode and recode the received
signal prior to forwarding it to the receiver, thereby implying
a larger delay than with a simple repeater.

In the open literature, several works investigating multihop
communications exist (cf. [1]- [5] and references therein).
Despite their importance, many of the existing results have
been based on the assumption that the system is thermal-noise
limited. However, relaying-access capacity is also affected by
strong co-channel interference (CCI) due to the aggressive
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frequency reuse in cellular networks. Cochannel interference,
which is an essential feature of wireless networks, can cause
more severe performance degradation than thermal noise in
many wireless networks.

Apart from the very recent works of [6] and [7], most of the
performance analysis of multihop systems in the presence of
interference has been restricted to dual-hop relay systems. In
this case, contributions range from the analysis of interference-
limited relay [8] or destination [9], [10] scenarios, to multiple
interferers at both sides [11]. In this context, multiple closed-
form expressions for the outage and error probabilities were
derived. As far as the multihop case is considered, [6] analyzed
the effect of co-channel interference assuming Rayleigh fading
interfering signals affecting the relays. Specifically, the outage
and error probabilities were investigated. An extension of [6]
to the Nakagami-m fading scenario has been carried out in [7].
From the aforementioned up-to-date technical literature, it is
fairly evident that this large number of contributions provide
either outage or bit error rate analysis and that the ergodic
capacity is almost unexplored from the analytical point of
view.

This paper goes toward filling this gap by deriving a new ex-
act analytical expression and insightful closed-form high-SIR
approximations for the ergodic capacity of channel-assisted
AF multihop relay systems in interference-limited Nakagami-
m fading. It turns out that the ergodic capacity belongs to
a special class of generalized hypergeometric series. These
are the first Lauricella’s multivariate hypergeometric functions
of N + 1 variables F

(N+1)
A [12], where N is the number of

multihop links. This result is subsequently employed to derive
simplified closed-form expressions for the ergodic capacity in
the high-SIR regime.

Based on our analytical expressions, we investigate the
impact of the prominent interference-relay channel features
on the ergodic capacity. In the high-SIR regime, we present
simple closed-form expressions for the key capacity parame-
ters; the high-SIR slope and the high-SIR power offset. Whilst
the former is fixed, the latter is a more intricate function
capturing all the interference-relay channel features, namely
the interferers number, the power gain and the fading severity.

The remainder of this paper is organized as follows: In
Section II, the basic definitions and background related to
multihop AF relaying suffering interference are provided.
In section III, a closed-form expression for the the ergodic
capacity of interference-limited multihop systems subject to
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Nakagami-m fading is derived. In Section VI, this general
closed-form expression is reduced in the dual-hop case to an
elegant and simple expression that is suitable for the high-
SIR regime. Section V assesses the performance analysis by
numerical examples. Finally, some concluding remarks are
presented in Section VI.

II. INTERFERENCE-LIMITED RELAYING: SYSTEM MODEL

Let us consider a communication system where several AF
relays {Rn, n = 1, N − 1} are employed to assist a generic
transmitter send an encoded message to a remote destination.
We assume that the relays and the destination are affected
by {Ln, n = 1, N} co-channel interferers (CCI). At the n-th
time slot, the n-th relay node Rn receives a faded signal from
the immediately preceding transmitting terminal Rn−1 and Ln

faded co-channel interfering signals written as

yn =
√
En−1hnxn−1 +

√
EIn

Ln∑
l=1

cl,ngl,n, (1)

where hn denotes the fading gain of the channel between
terminals Rn−1 and Rn, following a flat Nakagami-m fading
distribution; xn−1 denotes the unit-energy signal transmitted
from the (n − 1)th node; and En−1 indicates the transmit
energy from the said node. In the second term of the right-
hand-side (RHS) of (1), cl,n is the l-th cochannel interferer’s
signal affecting the nth relay with energy equal to EIn , and
gl,n is the flat Nakagami-m fading coefficient of the l-th
interference channel affecting the nth relay. In an interference-
limited wireless communication system, the effect of additive
white Gaussian noise can usually be neglected. Interference-
limited scenarios, in fact, are very relevant to modern cellular
systems, which tend to operate precisely in such conditions.

The amplification process at the nth relay consists of gen-
erating the signal xn = (1/

√
En−1|hn|2)yn and transmitting

it to the next node. In this case, a relay just amplifies the
incoming signal with the inverse of the channel of the previous
hop, regardless of the interference level of that hop.

By following the same procedure as in [6], the end-to-
end signal-to-interference ratio (SIR) at the destination can
be obtained as [7], [9]

γ =

[
N∑

n=1

∑Ln

l=1 Zl,n

Yn

]−1

=

[
N∑

n=1

1

γn

]−1

, (2)

with Yn = En−1|hn|2 being the fading amplitude of the
desired signal at the n-th node and Zl,n = EIn |gl,n|2; l =
1, . . . , Ln, n = 1, . . . , N being the instantaneous power of the
l-th interferer to the n-th node. Accordingly, γn represents the
instantaneous SIR at the n-th hop. Hereafter, we consider that
the cooperative links undergo independent and non-identically
distributed (i.n.i.d.) Nakagami-m fading with arbitrary fading
parameters and arbitrary average powers. Nonetheless, for the
sake of simplicity, we assume that the interference links are
subject to identically-distributed Nakagami-m fading. Thus,
Yn and Z̃n =

∑Ln

l=1 Zl,n, follow a Gamma distribution with

probability density functions given by

pYn(y) =
m

mr,n
r,n

Γ(mr,n)Ω
mr,n
r,n

ymr,n−1 exp

(
−mr,ny

Ωr,n

)

pZ̃n
(z) =

m
LnmI,n

I,n zLnmI,n−1

Γ(LnmI,n)Ω
LnmI,n

In

exp

(
−mI,nz

ΩI,n

)
, (3)

where Γ(·) is the Gamma function [16, Eq.(8.310.1)]. Further-
more in (3), mr,n and Ωr,n are, respectively, the Nakagami
fading parameter and the average power of the desired signal
at the n-th relay. Similarly, mI,n and ΩI,n are the Nakagami
fading parameter and the average power of each interfering
signal at the n-th relay, respectively. The total interference at
each hop Z̃n is the sum of Ln independent Gamma distributed
random variables with parameters LnmI,n and LnΩI,n. The
average SIR of each interferer at the n-th relay is defined as
Λn � Ωr,n/ΩI,n.

III. MULTIHOP PERFORMANCE

Capacity analysis is of extreme importance in the design of
wireless systems since it determines the maximum achievable
rates in the network. A reliable capacity performance study
has to take into account important issues such as co-channel
interference. In this context, we propose hereafter new closed-
form expressions for the ergodic capacity of multihop AF
systems suffering interference in Nakagami-m fading.

A. Ergodic Capacity

In a N -hop cooperative relaying system, the end-to-end
ergodic capacity can be expressed as

CE =
1

N
E [log2 (1 + γ)] , (4)

in which the factor 1/N accounts for the total number of
time slots required for the transmission and E[·] denotes
mathematical expectation.

Theorem 1: Let Z be an arbitrary non-negative random
variable. Then

E [ln (1 + Z)] =

∫ ∞

0

1− e−s

s
M 1

Z
(s)ds, (5)

where Mz(·) stands for the MGF of z.
Proof: In order to give a formal proof of (5), consider

the following Taylor series expansion of ln(1 + z) valid for
all z ≥ 0, [16, Eq. (4.1.25)]

ln(1 + Z) =
∞∑
n=1

1

n

(
Z

Z + 1

)n

, ∀Z ≥ 0. (6)

Then, by taking the expectation at both sides of (6), we obtain
(5) when we substitute

E

{(
1

1 + Z−1

)n}
=

1

(n− 1)!

∫ ∞

0

sn−1e−sMZ−1(s)ds.

(7)
The interchange of summation and integration is valid since
the series

∑∞
n=1 s

n−1/n! is uniformly convergent for s ≥ 0.
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Corollary 1: The ergodic capacity of an interference-limited
multi-hop AF relaying system in arbitrary Nakagami-m fading
is given by

CE=
1

N ln(2)

∑
η∈PN

Γ(Ω(η)+1)

N∏
n=1

⎛
⎝Γ(−mr,n)

(
mr,n

mI,nΛn

)mr,n

B(mr,n, LnmI,n)

⎞
⎠
1−ηn

F
(N+1)
A

(
Ω(η)+1;1,L1mI,1+(1−η1)mr,1, . . . ,LNmI,N+(1−ηN)

mr,N ;2,1−δη1mr,1, . . .,1−δηNmr,N ;1,
mr,1

mI,1Λ1
, . . .,

mr,N

mI,NΛN

)
,

(8)

where δηk
= sign(ηk − 1/2), k = 1, ..., N and F

(r)
A is the first

Lauricella hypergeometric function of r variables [12].
Proof: Recalling (4) and applying Theorem 1 yields

CE =
1

N ln(2)

∫ ∞

0

1− e−s

s
Mγ−1(s)ds. (9)

Since the cooperative links are statistically independent, the
MGF of γ−1 can be expressed by the product of the corre-
sponding marginal MGFs pertaining to the N hops as follows

Mγ−1(s) =

N∏
n=1

Mγ−1
n

(s)ds, (10)

where Mγ−1
n

can be expressed, using (3) and exploiting [16,
Eqs. (3.351.3) and (9.211.4)], as

Mγ−1
n

(s)=
Γ(mr,n+LnmI,n)

Γ(mr,n)
Ψ

(
LnmI,n;1−mr,n;

mr,n

mI,nΛn
s

)
,

(11)

with Ψ(a; b; z) being the Triconomi confluent hypergeometric
function [16, Eq. (9.211.1)]. Next, a closed-form expression
for (9) will be derived. Making use of [16, Eq. (9.210.2)],
we start by representing the Triconomi function in terms of
the confluent Hypergeometric function 1F1 (a; b; z) [16, Eq.
(9.210.1)]1, as

Ψ

(
LnmI,n; 1−mr,n;

mr,n

mI,nΛn
s

)
=

Γ(mr,n)

Γ(mr,n + LnmI,n)

1F1

(
LnmI,n;1−mr,n;

mr,n

mI,nΛn
s

)
+

Γ(−mr,n)

Γ(LnmI,n)

(
mr,n

mI,nΛn
s

)mr,n

1F1

(
mr,n + LnmI,n; 1 +mr,n;

mr,n

mI,nΛn
s

)
. (12)

Likewise, the function (1− e−s)/s can be expressed in terms
of 1F1 (a; b; z) as (1 − e−s)/s = e−s

1F1 (1; 2; s). Thus,
performing the necessary substitutions and simplifying leads

1Note that (12) is valid only for real-valued non-integer values of mr,n.
However, practically, very similar results are obtained for integer values of
mr,n and mr,n + ε for sufficiently small ε values.

to

CE=
1

N ln(2)

∫ ∞

0

e−s
1F1 (1; 2; s)

N∏
n=1

[
1F1

(
LnmI,n;1−mr,n;

mr,ns

mI,nΛn

)
+

Γ(−mr,n)
(

mr,ns
mI,nΛn

)mr,n

B(LnmI,n,mr,n)

1F1

(
mr,n+LnmI,n;1+mr,n;

mr,ns

mI,nΛn

)]
ds. (13)

Using the following alternate expression for the product in-
volved in (13) which is of the form

N∏
n=1

(Xn + Yn) =
∑

η∈PN

N∏
n=1

Xηn
n Y 1−ηn

n , (14)

where PN � {η = (η1, η2, ..., ηN ) : η ∈ {0, 1}}, (13) can be
rewritten, after some algebraic manipulations, as

CE=
1

N ln(2)

∑
η∈PN

N∏
n=1

⎛
⎝Γ(−mr,n)

(
mr,n

mI,nΛn

)mr,n

B(mr,n, LnmI,n)

⎞
⎠
1−ηn∫ ∞

0

sΩ(η)e−s

1F1 (1; 2; s)

N∏
n=1

[
1F1

(
LnmI,n; 1−mr,n;

mr,ns

mI,nΛn

)]ηn

[
1F1

(
LnmI,n+mr,n; 1+mr,n;

mr,ns

mI,nΛn

)]1−ηn

ds, (15)

where Ω(η) =
∑N

n=1mr,n −∑N
n=1mr,nηn and B(a, b) =

Γ(a)Γ(b)/Γ(a + b) is the Beta function [16, Eq. (8.380.1)].
A careful inspection of (15) reveals that the modified version
of the first Lauricella hypergeometric function, which is given
by [12, Eq. (2.4.2)]

F
(r)
A

(
a; b1, . . . , br; c1, . . . , cr;

x1
ν
, . . . ,

xr
ν

)
=

νa

Γ(a)∫ ∞

0

e−νtta−1

(
r∏

k=1

1F1(bk; ck, xkt)

)
dt;

(Re(a) > 0) , (16)

can be applied to solve the integrals involved in (15). There-
fore, with the help of (16) and after some manipulations, a
closed-form expression for the ergodic capacity is obtained as
in (8). To the best of the authors’ knowledge, this result is
new. In addition, it is worthwhile to mention that, even in the
Rayleigh case, such closed-form expression was not proposed
in the technical literature before.

Reminiscent that the outage probability of this system has
recently been expressed in terms of the second Lauricella
function of r variables F

(r)
B (·) in [7]. In an interference-free

environment, the authors of [2] have shown that the error
probability of the multihop AF system can be described by
the Lauricella function of the third type F

(r)
C (·).

B. One-Term Continuation Relation for F
(r)
A

The multivariable Lauricella function F
(r)
A is usually defined

via its series representation given by [12, Eq. (2.1.1)], and its
convergence is assured whenever

∑r
i=1 |xi| < 1. Under its
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Laplace-type integral representation (16), the F
(r)
A is conver-

gent whenever Re (
∑r

i=1 xi) < 1 [17, Eq.(2)]. Nevertheless,
the convergence of F

(r)
A may often be improved by the use

of analytic continuations formulas. In this section, a one-
term continuation relation is obtained for the Lauricella F

(r)
A

by making use of its Barnes integral representation. In what
follows, let us assume that only one argument of the Lauricella
function is greater that one (say xr) and the remaining are less
than one with Re

(∑r−1
i=1 xi

)
< 1. We shall obtain one-term

continuation relation for the FA function by using the Barnes
integral representation given by [12, Eq. (2.5.3)]

Γ(a)Γ(br)

Γ(cr)
F
(r)
A (a; b1, . . . , br; c1, . . . , cr;x1, . . . , xr) =

1

2πi∫ i∞

−i∞
F
(r−1)
A (a+t; b1, . . . , br−1; c1, . . . , cr−1;x1, . . . , xr−1)

×Γ(a+ t)Γ(br + t)

Γ(cr + t)
Γ(−t)(−xr)tdt. (17)

Apart from the numerical integration of (16), the integrand
F
(r−1)
A in (17), which converges uniformly, can readily be

computed via Gauss-Laguerre quadrature (GLQ)2, as sug-
gested in [14, Eq. (44)], according to

F
(r−1)
A (a+ t; b1, . . . , br−1; c1, . . . , cr−1;x1, . . . , xr−1) ≈

Np∑
k=0

wkξ
a+t−1
k

r−1∏
i=1

1F1(bi; ci;xiξk), (18)

where tk and wk are, respectively, the k−th zero and weight
of the Laguerre polynomial of order Np [18]. Then, after
plugging (18) into (17) and using [12, Eq. (1.21.7)], we obtain

F
(r)
A (a; b1, . . . , br; c1, . . . , cr;x1, . . . , xr) ≈

Np∑
k=0

wkξ
a−1
k

(
r−1∏
i=1

1F1(bi; ci;xiξk)

)
2F1(a, br; cr, xrξk),

(xr ≥ 1,Re

(
r−1∑
i=1

xi

)
< 1), (19)

which is the the continuation of F(r)
A to a different region of its

arguments xr. Note that one can always modify the arguments
xi in (17) in order for the convergence of the integrand F

(r−1)
A

to be satisfied, by making use of the following Euler integral
transformation [12, Eq. (4.2.2)]

F
(r−1)
A (a; b1, . . . , br−1, c1, . . . , cr−1;x1, . . . , xr−1) =

(1− xj)
−aF

(r−1)
A

(
a; b1, . . . , cj − bj , br−1; c1, . . . , cr−1;

x1
1− xj

, . . . ,
xj

xj − 1
,
xr−1

xj − 1

)
. (20)

Note that an r-fold repetition of the preceding operations can
leads to the continuation of the Lauricella function outside its
region of convergence. Nevertheless, the result is not necessar-
ily convenient in form. Finally, the new continuation formula
obtained in (19) can be used for calculating the Lauricella F

(r)
A

2Note that one could also use the semi-infinite GLQ method presented in
[13] for higher accuracy.

function occurring in the analysis of the ergodic capacity of
interference-limited multihop AF network, as shown in (8).

IV. DUAL-HOP PERFORMANCE

Due to their practical merits, dual-hop AF relaying schemes
have been adopted for cellular communications by next gener-
ation wireless standards, namely IEEE 802.16j and 3GPP-LTE
[15]. In subsection IV.A, we analyze dual-hop performance in
the general case of SIR values while in subsection IV.B, we
restrict it to the high-SIR regime.

A. General case of SIR values

Assuming a dual-hop cooperative system (N = 2) and
using (8) yields the ergodic capacity expression given by

CE=
1

2 ln(2)

∑
η∈P2

Γ(Ω(η)+1)
2∏

n=1

⎛
⎝Γ(−mr,n)

(
mr,n

mI,nΛn

)mr,n

B(mr,n, LnmI,n)

⎞
⎠
1−ηn

F
(3)
A

(
Ω(η) + 1; 1, L1mI,1+(1− η1)mr,1, L2mI,2 +

(1−η2)mr,2; 2, 1−δη1mr,1, 1−δη2mr,2;1, X1, X2

)
, (21)

where X1 =
mr,1

mI,1Λ1
and X2 =

mr,2

mI,2Λ2
. By virtue of the

decomposition formulas of the Lauricella function of three
variables F (3)

A in [17], we obtain an alternative expression for
the ergodic capacity in (21) given by

CE=
1

2 ln(2)

∑
η∈P2

Γ(Ω(η)+1)

(1−X2)
Ω(η)+1

2∏
n=1

(
Γ(−mr,n)X

mr,n
n

B(mr,n, LnmI,n)

)1−ηn

∞∑
i=0

Aη,i

(
X2

X2 − 1

)i

F2

(
Ω(η) + 1 + i; 1, L1mI,1 +

(1− η1)mr,1, ; 2, 1− δη1mr,1;
1

1−X2
,

X1

1−X2

)
, (22)

where Aη,i = (Ω(n) + 1)i (1 − δη2mr,2 − L2mI,2 − (1 −
η2)mr,2)i/ (1− δη2mr,2)i i!, with (a)n being the Pochham-
mer symbol. Moreover, in (22), F2 is the Appell hypergeo-
metric function of the second type [12]. In turn, the Appell’s
hypergeometric function F2 in (22) verifies some reduction
formulas involving series of simpler hypergeometric functions
[19, Theorem 1]. Nevertheless, applying these reduction for-
mulas requires separate treatment in the cases η = {1, 1} and
η ∈ P2\{1, 1}. Therefore, in order to proceed, it is adequate
to rewrite (22) as

CE=
1

2 ln(2)

∑
η∈P2

Ψη=
1

2 ln(2)

{
Ψη={1,1} +

∑
η∈P2\{1,1}

Ψη

}
, (23)

where Ψη can be easily identified from (22). Now, by the help
of [19, Theorem 1], and after several manipulations, we show
that Ψη={1,1} and Ψη∈P2\{1,1} can be expressed as in (24)
and (25) at the top of the next page, where 2F1(a, b; c; z) and
3F2(a, b, c; d; z) denote the Gauss hypergeometric function
and the generalized hypergeometric function, respectively.
Plugging (24) and (25) into (23) yields an alternative expres-
sion for the ergodic capacity of interference-limited dual-hop
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Ψη={1,1} = − ln(
X2

X2 − 1
)− L1mI1

1−mr,1

{
X1

X2
3F2

(
L1mI,1, 1, 1; 2−mr,1, 2;−X1

X2

)
+

X1

1−X2

3F2

(
L1mI,1, 1, 1; 2−mr,1, 2;

X1

1−X2

)}
+

∞∑
i=1

Aη={1,1},i
i

{
2F1

(
i, L1mI,1; 1−mr,1;−X1

X2

)

−
(

X2

X2 − 1

)i

2F1

(
i, L1mI,1; 1−mr,1;

X1

1−X2

)}
. (24)

Ψη∈P2\{1,1} = Γ(Ω(η) + 1)(−1)Ω(η)

(
X1

X2

)mr,1(1−η1) 2∏
n=1

(
Γ(−mr,n)

B(mr,n, LnmI,n)

)1−ηn ∞∑
i=0

Aη,i

(Ω(η) + i){
2F1

(
Ω(η) + i, L1mI,1 + (1− η1)mr,1; 1− δη1mr,1;−X1

X2

)
−
(

X2

X2 − 1

)Ω(η)+i

2F1

(
Ω(η) + i,

L1mI,1 + (1 − η1)mr,1; 1− δη1mr,1;
X1

1−X2

)}
. (25)

relay channels. The latter involves common simple functions
and thus has the advantage of being directly computable
using mathematical software packages. Most importantly, in
contrast to (8) and (21), the result in (23) allows for high-SIR
performance analysis and hence gives more insights into the
effect of the system parameters on the ergodic capacity.

B. High-SIR Regime

In the high-SIR regime, we consider two important scenar-
ios; namely, one where the relay and destination SIRs grow
large but in the same proportion, and one where the relay SIR
grows large but the destination SIR is kept fixed.

1) Large per Hop SIR: Here, we have Λ1 → ∞ , Λ2 → ∞
with β = Λ2/Λ1 for some fixed β. In this case, the ergodic
capacity can be expressed according to the affine expansion
[20]

C∞
E = S∞

(
Λ1|dB
3 dB

− L∞

)
+ o(1), (26)

with S∞ denoting the high-SIR slope in bits/s/Hz/ (3 dB)
given by

S∞ = lim
Λ1→∞

CE |Λ2→∞,Λ2/Λ1=β

log2(Λ1)
, (27)

and L∞ representing the high-SIR power offset in 3 dB units
given by

L∞ = lim
Λ1→∞

(
log2(Λ1)−

CE |Λ2→∞,Λ2/Λ1=β

S∞

)
. (28)

From (24) and (25), we can evaluate S∞ and L∞ in closed-
form as follows.

Theorem 2: When Λ1 → ∞ and Λ2 → ∞ with β = Λ2/Λ1,
the high-SIR slope S∞ and the high-SIR power offset L∞ of
interference-limited AF dual-hop systems are given by

S∞ =
1

2
b/s/Hz (3 dB), (29)

and

L∞(L1, L2) = log2

(
mr,2

mI,2β

)
+

1

ln(2)
Υ, (30)

where Υ is given in (31) at the top of the next page with
Δ = mr,2mI,1/mr,1mI,2.

Proof: We start by applying the following identity to (24)

ln

(
X2

X2 − 1

)
= ln

(
mr,2

mI,2β

)
− ln

(
mr,2

mI,2β
− Λ1

)

�
Λ1−→∞

ln

(
mr,2

mI,2β

)
− ln (Λ1) . (32)

By performing the limit operations on the right hand side
(R.H.S) of (24) and (25) and exploiting the result in (32),
we obtain the ergodic capacity, in the high-SIR regime, as

lim
Λ1,Λ2→∞,β=Λ2/Λ1

CE =
1

2

{
log2(Λ1)− log2

(
mr,2

mI,2β

)

− 1

ln(2)
Υ

}
. (33)

Finally, by invoking (27) and (28), the claimed expressions of
the high-SIR slope and the high-SIR power offset are found.

It is important to note that (29) and (30) allow an exact char-
acterization of the key high-SIR ergodic capacity for arbitrary
numbers of interferers at the relay and the destination and for
an arbitrary Nakagami-m distribution of the interference-relay
channel. In particular, (29) reveals the intuitive result that the
multiplexing gain of dual-hop AF networks is unsensitive to
the presence of interference. Indeed, the authors of [5] proved
that the multiplexing gain of an interference-free dual-hop
relaying system is also equal to 1/2. On the other hand, the
power offset in (30) is a more intricate function capturing all
the interference and relay channels parameters.

For a fixed β, adding K interferers at the first hop and P
interferers at the second hop, while not altering S∞, would
induce a high-SIR power offset shift given by

δL∞(P,K) � L∞(L1 +K,L2 + P )− L∞(L1, L2). (34)

Since the the computation of a closed-form expression of the
high-SIR power offset shift in (34) is quite complicated, the
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Υ=
L1mI1

1−mr,1

β

Δ
3F2

(
L1mI,1, 1, 1; 2−mr,1, 2;− β

Δ

)
−

∞∑
i=1

Aη={1,1},i
i

2F1

(
i, L1mI,1; 1−mr,1;− β

Δ

)
−
∑

η∈P2\{1,1}
Γ(Ω(η)+1)

(−1)Ω(η)
∏2

n=1 Γ(−mr,n)
1−ηn∏2

n=1 B(mr,n, LnmI,n)1−ηn

(
β

Δ

)mr,1(1−η1) ∞∑
i=0

Aη,i

(Ω(η) + i)
2F1

(
Ω(η)+i, L1mI,1+(1−η1)mr,1; 1−δη1mr,1;− β

Δ

)
. (31)

effect of adding more interferers at each hop will be illustrated
numerically in the next section.

Also of interest is the effect of the power gain β on the
ergodic capacity. While the high-SIR slope is invariant to
β, the power offset captures the sensitivity of the high-SIR
capacity to the power gain. Indeed, asymptotically, the optimal
power gain is the one that minimizes the power offset.

2) Large First-Hop SIR and Fixed Second-Hop SIR: : In
this case, we have Λ1 → ∞ and Λ2 is fixed. Considering
the alternative expression for the ergodic capacity obtained in
(23), then as Λ1 → ∞, we obtain

lim
Λ1→∞

CE =
1

2 ln(2)

{
lim

X1→0
Ψη={1,1}+

∑
η∈P2\{1,1}

lim
X1→0

Ψη

}
. (35)

Recalling the fact that 2F1 (a, b; c; 0) = 1 and
3F1 (a, b, c; e, f ; 0) = 1 yields

lim
X1→0

Ψη={1,1} = − log2

(
X2

X2 − 1

)
+

∞∑
i=1

Aη={1,1},i
i

(
1−

(
X2

X2 − 1

)i
)
, (36)

and

lim
X1→0

Ψη∈P2\{1,1} =
(−1)mr,2Γ(mr,2 + 1)Γ(−mr,2)

B(L2mI,2,mr,2)
∞∑
i=0

Aη={1,0},i
(mr,2 + i)

(
1−

(
X2

X2 − 1

)mr,2+i
)
. (37)

Substituting (36) and (37) into (35), and performing some
algebraic manipulations leads to the closed-form expression in
(38) for the ergodic capacity of interference-limited AF dual-
hop systems as the first hop SIR grows large for fixed relay
and destination interference powers, where ψ(·) stands for the
Digamma function [16, Eq. (8.361)]. The obtained result in
(38) shows that if we fix Λ2 and take large Λ1, then the ergodic
capacity of interference-limited AF dual-hop systems remains
bounded (as a function of Λ2). This confirms the intuitive
notion that the capacity is restricted by the weakest link in
the relay network; namely the relay-destination link in this
case.

V. ILLUSTRATIVE NUMERICAL RESULTS

The aim of this section is to illustrate the expressions
derived in Sections III and IV using numerical examples and
examine the effect of interference on the system’s capacity.
All the results shown here have been analytically obtained
by the direct evaluation of the expressions developed in this
paper: either (8) for an arbitrary number of hops N or (23),
(26) and (38) for exact and asymptotic capacity of the dual-
hop case. For the evaluation of (8) and (21), we exploit the

Fig. 1. Ergodic capacity of multihop AF relaying in the presence of cochannel
interference for different numbers of hops N .

Fig. 2. Ergodic capacity of an interference-limited four-hop AF relay system
against the number of interferers in each hop. Results are shown for i.i.d
Nakagami-m faded links with mr,n = 1.5, n = 1, . . . , 4.

algorithm proposed in Section III-B for the implementation
of the Lauricella hypergeometric function FA. Moreover, the
accuracy of the proposed formulas have been verified by
Monte Carlo simulations.

Fig. 1 shows the ergodic capacity of N = {2, 3, 4, 5}-hop
AF relaying system in an interference-impaired Nakagami-
m fading channel with Ln = {1, 3}, n = 1, .., N . The
results are obtained in the case of i.i.d. channel gains and
interfering signals between the relay links with mr,n = 1.5
and mI,n = 2.5. As observed, increasing N does not improve
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lim
Λ1→∞

CE = −1

2
log2

(
X2

X2 − 1

)
+

1

2 log(2)

{
ψ(1−mr,2)− ψ(L2mI,2)− X2

X2 − 1

(
1− L2mI,2

1−mr,2

)

3F2

(
1, 1, 2− L2mI,2 −mr,2; 2, 2−mr,2;

X2

X2 − 1

)
+ (−1)mr,2+1Γ(mr,2 + 1)Γ(−mr,2)

(
1−

(
X2

X2−1

)mr,2

mr,2B(mr,2, L2mI,2)
2F1

(
mr,2, 1− L2mI,2; 1 +mr,2;

X2

X2 − 1

))}
. (38)

Fig. 3. Ergodic capacity of three-hop AF relaying in the presence of balanced
and unbalanced cochannel interference for Ln = {1, 4}, n = {1, 2, 3}.
Unbalanced (a): ΩI,n = (0.45, 0.45, 0.1)ΩI . Unbalanced (b): ΩI,n =
(0.9, 0.05, 0.05)ΩI .

Fig. 4. Comparison of exact analytical, high-SIR analytical, and Monte Carlo
simulation results for the ergodic capacity of interference-limited AF dual-
hop systems with different interference and fading configurations. Results are
shown for Rayleigh-faded interferers, Λ2/Λ1 = 2, (a): m1 = m2 = 1.75
and (b): m1 = m2 = 0.75.

the channel capacity, due to the fact that the number of
orthogonal channels needed increases as the number of hops
increases, thus decreasing the channel capacity by a factor of
N . Nevertheless, increasing N reduces the effect of interfer-
ence. Indeed, the capacity loss is halved when considering the

five-hop scenario instead of the dual-hop scenario.
Fig. 2 shows the ergodic capacity of four-hop AF relaying

systems versus the number of interferers for i.i.d. Nakagami-
m fading channels with mr,n = 1.5, n = 1, ..4, mI,n = mI =
{1, 2.5} and ΛI,n = Λ = {20, 25, 30} dB. As can be seen, the
analytical and simulation results are in excellent agreement.
Moreover, we can quantify the performance degradation that
occurs as the number of interferers increases. On the other
hand, for a given interference power limit, it is seen that
the ergodic capacity varies very slightly with the fading
parameters of the interference channels.

Fig. 3 investigates the impact of interference power un-
balance on the ergodic capacity of a three-hop AF relaying
system. Different per hop interference power configurations
have been considered while maintaining the overall interfer-
ence power constant. The results are shown for Ln = {1, 4},
mr,n = 1.5, and mI,n = 1, n = 1, 2, 3. As can be seen,
the ergodic capacity decreases as the links become highly
unbalanced in terms of their perceived interference power,
thereby highlighting the significance of the joint optimization
of power allocation and relay location for AF network to
enhance the system performance. It can also be seen that un-
balanced interferers have less impact on the system’s ergodic
capacity as the interferers number increases.

Fig. 4 depicts the analytical high-SIR capacity approxima-
tions for interference-limited AF dual-hop systems, based on
(29) and (30). The results are shown as a function of the first-
hop SIR Λ1 with β = Λ2/Λ1 = 2. These approximations are
seen to converge to their respective exact capacity curves for
quite moderate SIR levels (e.g., Λ1 ≈ 15 dB ). We also see
that when the number of interferers at the relay and/or the
destination increases, the high-SIR power offset is increased,
thereby yielding an overall deterioration of the ergodic capac-
ity. Again, the analytical results match the simulation results
perfectly. Fig. 4 also investigates the effect of the fading
severity on every relay link which, in contrast to the fading
severity of the interfering link, turns out to be considerable.
Fig. 5 illustrates the relationship in (34) where the high-SIR
power offset shift is plotted against L1, for K = {1, 2, 4}. It
is clear that the excess power offset induced by interference
is positive, thereby confirming the intuitive notion that the
presence of more interferers has the effect of deteriorating the
ergodic capacity. Moreover, for a fixed value of K , the high-
SIR power offset shift is a decreasing function of L1. We see
that when L1 (resp. L2) is small, then a small increase in L1

(resp. L2) yields an important decrease in terms of the high-
SIR power offset. However, in agreement with Fig. 5, as L1

goes large, the impact of interference on the overall system’s
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Fig. 5. High-SIR power offset shift, in decibels, obtaining by adding either
(a) one interferer at the first hop (K = 1), (b) two interferers at the first hop
(K = 2), or (c) four interferers at the first hop (K = 4). Results are shown
for Rayleigh faded interferers with L2 = 1, mr,1 = mr,2 = 1.5 and β = 2.

Fig. 6. Comparison of the high-SIR Λ1 approximation and the exact
analytical results for different numbers of interferers at the second hop. Results
are shown for L1 = 1, Λ2 = 10 dB, mr,1 = mr,2 = 1.5, mI,1 = 2, and
mI,2 = 1.5.

capacity approaches a limit.
Fig. 6 plots the closed-form high-SIR regime ergodic ca-

pacity based on (35) and the exact analytical ergodic capacity
based on (21), for an AF dual-hop system suffering inter-
ference for different values of L2. The results are presented
as a function of the first-hop SIR Λ1. It can be seen that
the asymptotic approximations converge to their respective
exact capacity curves for moderate values of λ1 (e.g., within
λ1 ≈ 20 dB).

VI. CONSLUSION

In this paper we presented an analytical characterization
of the ergodic capacity of multihop AF relay channels with
interference in Nakagami-m fading. The derived expression
for the ergodic capacity provides a good match with the
simulation results. Furthermore, exploiting recent advances in
the hypergeometric functions theory, we derive simple and
informative closed-form expressions for the high-SIR regime
where the capacity is expanded as an affine function of the

per hop SIR| dB. The zero-order term or power offset for
which we find insightful closed-form expressions, is shown to
play a chief role in understanding the impact of interference
and power on the system’s capacity. Finally, it is worth
remarking that the expressions presented in this paper have
direct operational significance in ergodic interference-limited
multihop channels.
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