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Abstract—Relay deployment performance, such as site planing
and dimensioning, highly depends on the capacity of the wireless
relay link. However, latter’s performance can be severely harmed
due to cochannel interference (CCI), particularly with the current
aggressive reuse of the available radio spectrum. In this paper, we
present an analytical framework for amplify-and-forward (AF)
relay capacity that can be used for the deployment of two-hop
cellular relay networks operating over generalized fading chan-
nels in the presence of cochannel interference. Nakagami-m and
generalized-/C distributions are used to model the relay and in-
terference links in multipath and composite multipath/shadowing
environments, respectively. Multiple antenna AF relaying systems
employing transmit beamforming and maximum ratio combining
(TB/MRC) are also investigated in the presence of CCI. The
derived analytical results provide an efficient mathematical tool
for the fast evaluation of the ergodic capacity of the system as
well as for the investigation of the impact of key parameters
such as fading, shadowing, number of antennas and CCI on the
system’s ergodic capacity.

Index Terms—Amplify and forward (AF) relaying, ergodic
capacity, cochannel interference.

I. INTRODUCTION

Recent proposals for new wireless standards such as IEEE
802.16j and 3GPP-LTE have adopted two-hop relay transmis-
sion for cellular communications [1]. The key advantage of
relaying is to enable high capacity where traditional archi-
tectures are unsatisfactory due to location constraints (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)
[2]. 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.

Despite the fact that the performance of two-hop relaying
systems have been extensively studied, most of the existing
results have been based on the assumption that the system is
thermal-noise limited. However, cochannel interference can be
a prevailing capacity-limiting factor due to the aggressive reuse
of the available radio spectrum 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.

Recently, many studies counting for the impact of CCI on
the two-hop relaying performance have been conducted (see,
e.g., [3]- [12] and references therein).

In a variable-gain relay scenario, existing contributions
range from the analysis of interference-limited relay [3], [5]
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or destination [4], to multiple interferers at both sides [6].
The focus of this work is to provide analytical results that
can quantify the average ergodic capacity of fixed gain AF
relaying systems. In a related work [7], the outage probability
of a fixed-gain AF relay system with interference-limited des-
tination has been derived assuming Rayleigh fading channels.
The analysis has been later extended in [8] to the case of
multiple interferers at both relay and destination.

While these works contributed to a better analytical under-
standing of relay performance, all of them focused on the
outage probability and error rate. To the best of the authors’
knowledge, the ergodic capacity of dual-hop AF relaying
systems in the presence of CCI is almost unexplored from the
analytical point of view. Only few contributions have been,
so far, proposed, notably [10], [11], and [12]. However, these
works only consider relaying systems with perfect channel
state information (CSI) at the relaying station. Besides, [10]
and [11] proposed some results that are only valid for integer
Nakagami-m fading on the desired and interfering links.

To fill this important gap, we develop a unified framework
for the ergodic capacity of two-hop fixed gain-AF relaying
in the presence of CCI and noise. The results are applicable
for arbitrary fading distributions pertaining to the desired and
interfering users. In this paper, exact capacity expressions
are obtained for arbitrary Nakagami-m as well as composite
generalized-C fading channels. The analysis also considers
the case of two-hop multiple-antenna AF relaying employ-
ing transmit beamforming and maximum ratio combining
(TB/MRC).

The remainder of this paper is organized as follows: First,
Section II briefly introduces the system model. Next, sec-
tion IIl presents our new integral relation for the ergodic
capacity evaluation which is subsequently particularized to
more compact forms under Nakagami-m and generalized-/iC
fading. Section V illustrates the results of our new performance
analysis framework by numerical examples, and Section IV
concludes the paper.

II. NETWORK AND CHANNEL MODELS

Consider a single-relay communication system where the
fading gains from the source-to-relay and relay-to-destination
are denoted by hgr and hrp, respectively. In the first time
slot, the relay node receives a faded noisy signal from the
source and a finite number of faded cochannel interfering
signals from L; external interferers. Thus, the signal received
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at the relay node is given by

Ly
ysr = V/Pshsrso + Y v/ahisi + ny, (1

=1

where sg denotes the unit-energy signal transmitted from the
source; and Ps indicates the transmit energy from the said
node. In the second term of the right-hand-side (RHS) of (1),
s; is the [-th cochannel interferer’s signal affecting the relay
with energy equal to «y, L; is the total number of interferers
that affect the relay, and h; is the fading coefficient of the
l-th interference channel. Finally, the third term of the RHS
of (1), i.e., n,, represents the additive white Gaussian noise
(AWGN) term at the relay, with zero mean and variance 012%.
In the second time slot, the relay forwards a scaled version of
the received signal ygsg to the destination

Lo
yrD = brhrpyse + Y v/ BpduCp, 2

p=1

where bp is the amplification coefficient aiming to guarantee
that the average transmitted power does not exceed the power
budget available at the relay node. As such, let P, be the
transmission power available at the relay, then the amplifica-
tion coefficient is chosen as

Ly
E |Pr/(Pslhsp> + Y _aillul> +03)|.  3)
=1

bp =

In the R.H.S of (2), ¢, is the p-th cochannel interferer’s signal
affecting the destination with energy equal to 3,, Lo is the
total number of interferers that affect the destination, and g,
is the flat fading coefficient of the p-th interference channel.
For the sake of simplicity, we consider the special case of Lo
independent identically distributed (i.i.d.) interfering signals
at the destination where AWGN is neglected. It is noteworthy
that this case is often encountered in real-world applications
especially when the destination is located at the cell-edge
where the received interference is dominant. By assuming
mutual independency between the different links, the end-
to-end signal-to-interference-plus-noise ratio (SINR) at the
destination can be obtained as
b2 Ps|hsrl?|hrp|?

7= - @
b3 hrp 2okt b2 hap 1D | hi 243702 B9 |2

After some manipulations, (4) can be further simplified to

Y172
Y2 (L+X) +Gpx’

v = ®)
where and 2 = P,|hgp|? indicate the instantaneous SNR
of the source-to-relay and the relay-to- destmatlon links, re-
spectively. Likewise, A\ = Zl Y and x = Z * | Zp denote
the total interference-to-noise ratios (INRs) at the relay and
the destination, respectively, whereby Y, = oy|h|?/0% and
Zp = Bplgp|*. Finally, Gp = P, /o%b%.

ITII. ERGODIC CAPACITY ANALYSIS

For the dual-hop relay with interference, the ergodic capac-
ity can be obtained as

1 Y12
Cp==-Ellog, (1 . (6
P73 {ng( +~y2(1+A)+GFx>} ©

Alternatively, we present the following expression for C'g:
Theorem : The ergodic capacity (bit/s/Hz) of dual-hop fixed
gain relaying systems suffering interference is given by

2111

[ o

where M, (-) stands for the moment generating function
(MGF) of z and E,(-) denotes the exponential integral func-
tion of order v [13, Eq. (8.485)].

Proof: : (6) can be further expanded as

o _E (1471 + A+ EE%)] —E[In (1 + A+ E22)] g
B 21n(2) - ®
Therefore, the key of the proof is to obtain the expectation of
the form E [In (1 + Z)], which can be computed by consider-
ing the following Taylor series expansion of In(1 + Z) valid
for all Z >0, [13, Eq. (1.512.3)]

n(1+2)=> n(Z+1> :
1

n=

Cp = {/ Eo (€) Mx(§)Msx (Gré) d

®A4«®A£@<GF@d5}, ™

VZ >0. (9

Accordingly, we can write

E[ln(1+ %) = E l - < ] (10)
n;l n \1+ %
oo X Sn—l
= / —e "My (s)ds
0 oyt n. Z
- /OO L (s)ds. ()
0 s z

Recalling the MGF-based relation between a random variable
Z and its inverse 1/Z

Mﬂ@—l—%@AwL@¢%M@1@%@, (12)

where J1(-) is the Bessel function of the first kind, it follows

that
[
0 S
oo o) 1—es
—zé A D2V My(€)dsde. (13)

b

Eln(l+2) =

where, using [13, Eq. (7.811.1)], we get

¥ = £Eo(€2). (14)
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Finally, substituting (14) into (13) and exploiting the mutual
independency between ;, y2, A and , we obtain

Grx . ©1—e" <
7 )] - /0 s ¢
=2 [ EBEM (@)MNEN (G (19)

In a similar fashion, the second expectation form in (8) can
be expressed as

E [m <1+/\+ GFX)] = /OO Loy
Y2 0 s
“2 [ €EE)MAEM (Gredi
0

Finally, substituting (15) and (16) into (8) and performing the
necessary mathematical manipulations, (7) is easily proven.

The result in (7) offers a flexible and simple MGF-based
approach for the computation of the ergodic capacity of fixed-
gain relaying systems suffering interference. (7) relies on the
knowledge of the MGFs of the first-hop SNR and INR ~; and
A, as well as the second-hop inverse SINR x/72. To the best
of our knowledge, closed-form and exact expressions for these
MGFs exist for most fading models.

E[1n<1+’}/1+/\+

(16)

A. Arbitrary Nakagami-m Fading

For Nakagami-m fading channels, we assume that 71, 2
and Y;,l = 1,...,L; are independent and non identically
Gamma distributed with fading severity parameters m; , mo
and my, , and channel powers ¥ , 72 and Y, , respectively.
Nonetheless, for the sake of simplicity, we assume that the
interference links at the destination are subject to identically-
distributed Nakagami-m fading with mz, = ... = mgz,, =
mr and Zl =..= ZL2 = Z]

In this case, the ergodic capacity of the two-hop fixed gain
relay system is shown to be given by

F(m2 + LQ’ITL[) > Ly Y/l L
2mmwm[;%@ﬂﬁﬂw§

=1

< - (Hls)_ 1)@(L2m1; 1= m; GFL‘Z_Z%) d(17)
m mrirvy2

Crg =

1

where U(a;b; z) is the Triconomi confluent hypergeometric
function [13, Eq. (9.211.4)].

Proof: Under Nakagami-m fading, the MGFs of the SNR
v1 (or v2) and individual INR Y; (or Z,)) are given by

— —m1
My (s) = (1+ 2s)
My(s) = (14 75) 7,
1

my;

(18)

On the other hand, the MGF of the combined INR A\ (or ),
which is the sum of independent Gamma-distributed random
variables Y; (or Z,), is equal to the product of the individual
MGFs, yielding

L }7l 7myl
My(s) = [[ Mw(s) = (1 = s) .
=1 l

19)

To solve (7), the MGF of the ratio ,Y—X2 is required. For
convenience, let U = %, then the MGF of U can be obtained
by exploiting [13, Egs. (3.351.3) and (9.211.4)] as

. \m2
F(mg + LQmI) (TiIZ’YIZS)
I(my) )
ngI
U (mg+ Lomy;ma +1;, ——s |, (20)
mrvy2

Then, substituting (18), (19) and (20) into (7) yields the end-
to-end ergodic capacity expression under Nakagami-m fading
as given in (17). Nevertheless, to compute (17), an analytical
expression of G is required. The latter is shown to be given

by
YLml mq
Tmy, 71’ T
2

My(s) =

Yimy

—, ...
my;7

-1_M : -
GF = ")7 @2(1,my1,...,my“m1,
1

where @5 (a;by,...,bk;2;21,...,xK,y) is the second-kind
confluent hypergeometric function of multiple variables given
by [14]

(1)2 (a’;bla"'7bK;Z;I17"'7:CKay) =
K

1 00 - o .
m/o exp(—yt)t* " (1 +1) kl;[l(l + x;t) " dt. (22)

Proof: Recalling the definition of G in section II, this
constant can be calculated in view of [15] as

_ 1 -
GFlZ E{W} :A exp(—f)M»h(é)MA({)dé,

—mq L1 % —my;
B 00 i 1 }/l 1
= /0 exp(—¢) <1+m1§> H<1+m §> d¢. (23)

=1 l

By performing the change of variable z = %{ in (23),
one can recognize that the latter can be expressed in terms
of @5 (a;by,...,bK;2;21,...,2K,Yy) as shown in (21). Note
that in the absence of interference, G'r reduces to the already
known expression in the literature [15], given by

—1
%_ﬁwonwmmﬂ.
Y1 Y1

1) Multiple Antenna Relay Channels: Capitalizing on
(7), dual-hop multiple antenna AF relaying systems using
TB/MRC (Transmit Beamforming/Maximal Ratio Combining)
is also of interest. Indeed, consider that the source and the
destination are equipped with N; and NN, antennas, respec-
tively. The TB vector at the source is w = hgr/||hsr||r
where hgr is the N; x 1 channel vector for the source-
relay link, and its entries are independent non-identically
Nakagami-m distributed. Hence, the MGF of the first hop SNR
7 = Pi|[hsrl[%/0% is given by

Ny — —Mmyy
Yt
=1+ 5)

=1

(24)

(25)

At the destination, hgp is the N,. x 1 channel vector for the
relay-destination link, and its entries are i.i.d. Nakagami-m
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distributed. Using the fact that 75 = P.||hrpl|%, we show
that the MGF of U = x/v2 is given by

. N,.m
T(N,msp + Lamy) (M) ’

mrvy2

F(Nrmg)

MU(S) =

maZr s> (26)

mry2

v <Nrm2 + Lomyp; Nymo + 1;

Finally, substituting (19), (25), and (26) into (7), the exact
ergodic capacity can be efficiently evaluated with a single
numerical integration. In this case, the constant G can be
expressed, by following the same rationale leading to (21), as

1M Y2mi
GF: — (1)2 1;mt27"'7thtamY17"'7mYL;mt1; —
Vi1 me27t1
ViN, M1 Y1 Yimy my 7
— ) e ) p— — . ( )
MmN, Y1 My, Vel my; Y1 Yt

B. Generalized-K Fading

This is a generic composite model that emerges when a
mixture of multi-path fading and shadowing affect the relay
communication. Herein, we assume that only the relay desired
links are subject to independent and non identically distributed
generalized-KC fading. Nevertheless, for the sake of simplicity,
all interfering links are assumed to undergo i.i.d Nakagami-m
fading. In this case, we show that the MGFs of the SNR v,
and the inverse SINR U can be expressed as follows

2,1 Alml 1
M, (s) = S ( e | A ) (282)
" - L'(m1)T' (A1) ’
Q23 Azimzrve L1=mg 1=
3,2 Z}A2m25 AI,LQmI
My(s) = 7

I‘(Lng)I‘(AI)I‘(mg)I‘()\g)
(28b)

where mj,mg and Aj, Ao are the shaping parameters of the
distributions pertaining on the first and second hops, and
GZ)’db() denotes the Meijer’s G function [13, Eq. (9.301)].
Substituting (19), (28a), and (28b) into (7) yields the er-
godic capacity of interference-impaired two-hop relaying un-
der generalized-/C fading, which can be efficiently evaluated
with a single numerical integration.

IV. NUMERICAL RESULTS

The aim of this section is to illustrate the expressions
derived in Sections III using numerical examples and examine
the detrimental effects of interference, multipath and shadow-
ing on the system’s capacity.

Fig. 1 shows the ergodic capacity performance in
Nakagami-m fading when the number of interferers at both
the relay and the destination increases from 1 to 4, and
the average strength of the interfering links varies between
10 and 20 dB lower than that of the useful link so that
Yi(or Z;) = 1 (or 72) — {10,20} dB. We can see that as the
number of interferers increases, the ergodic capacity relatively

3.0

o L=1,7=7-20B
ysl | B L=2, 7=7-20dB
0 L=3,7=7-20dB M
< || o L=47=7208
%2-0' % L=1,7=7-10dB
Q *  L=2, y=7-10dB
%‘ 1.5 + L:3, VlzyilodB M
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O —— Simulation e
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)
]

o
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Fig. 1. Ergodic capacity for different numbers of interferers at the relay
and the destination when Ly = Lz = L, m; = mz = 1.5, my = 1, and
Yi=Zr=yrandy1 =72 =%

improves very slowly with increasing SNR. Moreover, the
ergodic capacity attains a saturation level which is more
noticeable when the difference between the received powers
of the useful and interfering signals decreases. Hence, inter-
ference imposes severe constraints on the system’s capacity,
thereby highlighting the significance of using interference
cancelation techniques in interference-impaired relay systems
in order to attain the beneficial effects of relaying.

Fig. 2 illustrates the ergodic capacity of the TB/MRC system
in the presence of one and four i.i.d interferers with v; =
v — 10dB at the relay and the destination, respectively. Large
improvement of performance can be observed by using the
multi-antenna techniques. Besides, it is interesting to notice
that increasing antennas at the source side can achieve more
gains than at the destination side at the low and medium SNR
regions. Fig. 2 also shows that, the capacity loss due to the
increased interference remains almost the same for different
antenna numbers; which suggests that the impact of CCI on
the ergodic capacity is not sensitive to the number of antennas.

Fig. 3 plots the ergodic capacity of composite generalized-
K fading against the average SNR per hop. With the increase
of the interference power, we observe that the impact of the
channel fading parameter A on the ergodic capacity decreases
gradually. Fig. 3 also shows that better performance is attained
when severe fading conditions (small \) characterize the R-D
link. This is because the gain applied to the signal depends on
the statistics of the first hop only.
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Fig. 2. Ergodic capacity versus the average per hop SNR for different

numbers of interferers and antennas. L1 = Lo = L, m¢; = ma = 1.5,

mry=1,and Y; = Z; =7 — 10 dB.

V. CONCLUSION

A unified capacity analysis framework of fixed-gain two-
hop AF relaying when the relay and the destination nodes
undergo independent sources of CCI was developed and shown
to be able to encompass most of the existent fading models. In-
deed, this analysis framework considered the Nakagami-m and
generalized-/C distributions to model the relay and interference
links in multipath and composite multipath/shadowing envi-
ronments, respectively, with non identically distributed hops.
The derived exact expressions stemming from this new unified
analysis framework allow for fast and accurate computation of
capacity and insight into its behavior with respect to various
key environments parameters. The new capacity expressions
are applicable with arbitrary numbers of interfering users at
the two nodes, asymmetric fading conditions [16], and over
multi-antenna relay channels using beamforming.
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