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Performance Analysis of Mobile Radio Systems over
Composite Fading/Shadowing Channels with Co-located Interference

Imene Trigui, Amine Laourine, Sofiene Affes, and Alex Stéphenne

Abstract—This paper presents an analytical framework for
performance evaluation of mobile radio systems operating in
composite fading/shadowing channels in the presence of co-
located co-channel interference. The desired user and the inter-
ferers are subject to Nakagami fading superimposed on gamma
shadowing. The paper starts by presenting generic closed-form
expressions for the signal-to-interference ratio (SIR) probability
density function (pdf). From this pdf, closed-form expressions for
the outage probability, the average bit error rate and the channel
capacity are obtained in both cases of statistically identical
interferers and multiple interferers with different parameters.
The newly derived closed-form expressions of the aforementioned
metrics allow us to easily assess the effects of the different
channel and interference parameters. It turns out that the
system performance metrics are predominantly affected by the
fading parameters of the desired user, rather than by the fading
parameters of the interferers.

Index Terms—Average bit error rate, channel capacity, co-
located co-channel interference, outage probability, Nakagami
fading, shadowing.

I. INTRODUCTION

CCURATE system planning and performance evaluation

need to take into account the presence of channel propa-
gation impairments such as large-scale fading, which arises
from shadowing, and small-scale fading due to multipath
propagation [1]. In an interference-limited environment, co-
channel interference, which is due to the aggressive frequency
reuse in neighboring cells, should also be considered as a
corruptive effect. Each interfering signal is also subject to
multipath and shadow fading. To asses the impact of the
aforementioned impairments on system evaluation metrics
such as the outage probability, the bit error rate and the
channel capacity, closed-form and tractable expressions are
highly desirable. Nevertheless, difficulties arise when using
the conventional compound Nakagami-lognormal [2] channel
model, since its composite pdf is not in closed form. A
three-parameter compound pdf was recently proposed as a
substitute to the Nakagami-lognormal model, known as the
generalized K-distribution [3]. This model leads to a closed-
form solution for the density function of the desired signal
power, simplifying the performance analysis.
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The outage probability in the presence of co-channel in-
terference has been assessed several times. For fading-only
channels, a closed-form expression for the probability of
outage was recently presented in [4]. But so far, to the best
of our knowledge, no closed-from expressions for the outage
probability over composite channels have been obtained. In
[5], J. C. Lin et al. conducted an outage analysis for mi-
crocellular mobile radio systems that operate in shadowed
Rician/Nakagami fading environments. They provided closed-
form expressions for the outage probability in the absence of
shadowing for independent identically distributed Nakagami
faded interferers, but numerical integration was required to
solve the shadowed case. The compound Nakagami-m fading
gamma shadowing model was considered by I. M. Kostic in
[6]. Nevertheless, the latter did not provide a closed-form
expression for the probability of outage and its evaluation
was done numerically. The effect of co-channel interference
on the bit error rate of digital mobile radio systems in a
Nakagami-fading channel was studied in [7]. So far no closed-
form expression for the bit error rate has been proposed for
composite channels with co-channel interference. Recently, in
[8], the channel capacity of the Rayleigh lognormal channel
with co-channel interference has been assessed using different
lognormal approximation methods, but the final expression
was not in closed form.

Due to the high degree of difficulty in resolving the problem
it raises with respect to the current state of the art on
this topic, and in order to obtain easy-to-compute closed-
form expressions for the aforementioned system performance
metrics, the co-channel interferers are constrained to have
equal short-term mean power, typically the case of spatially
co-located interferers'. This is, unarguably, a non negligible
scenario since it can depict the meaningful case of a multi-
antenna terminal (e.g., a relay or a mobile in a cellular system)
or co-located cluster of single- or multiple-antenna terminals
[e.g., cluster of nodes in wireless sensor networks (WSN),
cluster of secondary users in a cognitive radio (CR) system,
etc.] that interferes on a given desired communication link.

The remainder of this paper is organized as follows. The
next section describes in more details our propagation and
co-channel interference models. In Section III, the statistical
properties of the SIR are assessed and are used to derive
closed-form expressions for the aforementioned performance
metrics. The effects of a combined shadowing/fading channel
and co-channel interference are analyzed subsequently in

'Note that the identical local mean power interferers assumption has been
adopted in previous woks [9-11], but without our constraint that interferers
are spatially co-located. The derived results are bounds on the performance
of an interference-limited cellular system in the presence of both fading and
shadowing.
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Section IV. There, we show that the number of interferers
and the shadowing spread have the most significant effect on
the system performance, and that the latter is predominantly
affected by the fading parameter of the desired user rather than
by the fading parameters of the interferers. The final section
summarizes our main results and concludes this paper.

II. CHANNEL AND SYSTEM MODELS

In this section, we first outline the models for the different
propagation impairments and co-channel interference affecting
the studied cellular system.

A. Channel Model

In slowly-varying flat fading multipath channels, the en-
velope Z of the received signal is commonly modeled by a
Nakagmi-m distribution [12]

200)™ om-1 (-ms)

I(m) ’
denoted by Z ~ N(m,Q), where Q = E(Z?) is the local
mean received power, m is the fading severity parameter (m >
1/2), and T'(:) is the gamma function. In urban macrocell
systems, the link quality also suffers from shadowing caused
by the variability associated with large-scale environmental
obstacles. This induces a fluctuation of the mean power (2
about a constant area mean power P. Empirical studies have
shown that €2 has a lognormal distribution. However, the
lognormal pdf is often difficult to exploit when further analysis
is required. Therefore, as an approximation to the lognormal
pdf, and as was done in [3], we propose to use the gamma
pdf, denoted by G(\, €)s) and defined by

ﬁ(%))‘x)‘le_ﬂlsx, >0, A>0. (2)
In (2), the parameter A inversely reflects the shadowing
severity and {2 is the gamma shadow mean power. Relations
between the parameters of the lognormal pdf and the gamma
pdf can be obtained by a moment-matching technique. In [6],
the authors obtained

A=1/(e —1) and Q, =P/A+1/A.  (3)

where P is related to the path loss and o is the lognormal
shadow standard deviation.

pz(z) = z 20, ey

psz(I) =

B. Interference and System Model

We consider a radio system in which the desired and
interfering signals are subject to slowly-varying flat Nakagami
type fading and gamma-distributed shadowing. For analytical
tractability and in order to obtain easy-to-compute closed-
form expressions which provide useful insights, we adopt the
two following assumptions: 1) equal short-term average power
interferers, which is valid in the case where these interferers
are approximately at the same distance from the receiver such
as a single multi-antenna interferer or an interfering cluster
of co-located terminals; and 2) the effect of thermal noise
is neglected [8], which is reasonable for interference-limited
systems. Note that the identical local mean power interferers
assumption has been adopted by many other authors, without
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our constraint that interferers are co-located, e.g., M.S. Alouini
et al. in [9-11]. Indeed, the latter claimed that the equal
local mean power interferers assumption is suitable for the
two limiting cases that can bound the performance of an
interference-limited cellular system in the presence of fading
and shadowing. These two limiting cases correspond to the
case when the interferers are on the cell edges closest to the
desired user cell (worst-case interference scenario) or when
they are at the farthest edges (best-case interference scenario).

Under the assumptions that the system is interference
limited and the co-channel interferers have equal short-term
average power, the received SIR can be written as

Zgwd

Sa

I wr Zz]i1 z; 7 @
where wy and w; are the short-term average signal powers of
the desired user and interferers. In (4), Z; and Z; denote the
channels’ gains of the desired user and the ¢-th interfering
signal, respectively. For a Nakagami fading type, we have
Zg ~ N(m,wq) and Z; ~ N(m;,wr). When multipath
fading is superimposed on shadowing, typically the scenario
in congested downtown areas with a high number of slow-
moving pedestrians and vehicles, wy; and w; are random
variables assumed in this paper to be gamma distributed with
Wq ~ G()\, Qd) and Wy ~ G()\[, Q[)

From [13], the pdf of the desired signal power Sy is given

7y

by
o 2(1;712_:\)7”;)\ m4+A—2 m>\.’1/'
de(x) - F(m)F()\) x K)\—m 2 Qd ) (5)

where K, (-) is the modified Bessel function of the second
kind and order « [14]. The pdf of the interfering signal I can
be obtained as

Fily) = /0 " o oy (90) f (), ©)

where f7,,, is the pdf of the interference I given the
shadowing w;. From (6), f1,,, is equal to the pdf of N
squared Nakagami random variables. In our study, we will
distinguish two scenarios, namely, statistically identical and
statistically non-identical mutually independent interferers.

1) Multiple i.i.d. interferers: When the interfering signals
are subject to statistically identical fading processes, typically
the case of a multi-antenna interferer with closely spaced
antennas, Z;s are i.i.d. with m; = my;, i=1,2,...,N and,
fr(y) is given by [13]

s\ NmpAT
2(#) 2 Nmp+Ar—2 (2

miAry
Q

7)
This comes from the fact that the sum of N gamma distributed
RVs of fading parameter m; and average power w is a gamma-
distributed RV with fading parameter Nm and average power
Nw. By averaging over the gamma shadowing distribution, we
get the interference pdf in (7).

2) Multiple non-i.i.d. interferers: When the antennas of
the multi-antenna interferer are sufficiently distant (e.g., a
cluster of co-located nodes in a WSN or cluster of secondary
users in a CR system, etc.), the interfering signals will travel

f1(y)= W@/ 2 Ky, —Nm;
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through statistically non-identical fading channels Z; each
with a fading severity parameter m;. Recently a closed-form
expression of the sum of squared non i.i.d. Nakagami RVs
has been derived by G. Karagiannidis et al. in [15]. Using the
proposed pdf, the conditional probability of the interference
with respect to the shadowing w can be written as

fI/w(y/w) valz"”
( k {mq}q 17{ o }q 17{lq (]]V:_lz)fyz(y7kamﬂq)a
@)
where S
_ vy (=)
fyi(y7m27772) - nzml(mz — 1)|6 o, 9

is the Erlang distribution and EL is a function given in [15].
After some manipulations we find

BL(i,k, {mg}ply, {510l la}g5?) = w™
EL(Z k {mq}q 17{15(1 }q 17{lq (]]V:_12)7
where d; = m; — Zf\;l m; + Zs:_l My (s—iy and U(+) is

the well known unit step function defined as U(z > 0) = 1
and zero otherwise. It can be easily shown that d; = 0 for

(10)

i =1,...,N. Consequently, f;,, (y/w) reduces to
N m,i
g (/) = S, S .
m ymg
EL(/L k {mq}q 17{72(1}(1 17{lq} )me( w )7
(1D

The interference pdf is obtained by averaging (11) over the
pdf of the shadowing w; given by G(Ar, Q) in (2)

ey BL ik {mq bl A 1 Al

fr(y)= T(h) Z 1Zk1 L )kr(k)
0OO Ar—helen mi_‘%wdw.

12)
Using [14, eq. 3.471.9], the pdf of the interfering signal in the
non i.i.d. case is shown to be given by

f ( ) QI m; EL(ik, {m'q}N 1 {1/mq} —1:{lq }é\] 12
I\Yy)= F(/\I) i= 1 k=1 (,il)_L(/\I) (k)
A +k 2 m;
y— 7 Ky, k( \/y’\é—l).
(13)

Finally, it should be noted that the pdf in (13) is only
applicable for integer values of m;. To simplify the notation,
we will omit later on the argument of the function E'L.

III. PERFORMANCE ANALYSIS

In this section, the statistical properties of the desired
and interfering signals, analyzed in the previous section, will
facilitate the performance analysis that follows.

A. Outage Probability

The outage probability is defined as the probability that the
output SIR falls below a given threshold y;, i.e.,

Yth
Pyt :/0 f’y(y)dyv

where f,(y) is the pdf of the SIR given by v = Sg/I. The
pdf of the SIR can be deriyed as

fHy) = f1(2) fs,(yz)zdz.

0

(14)

(15)
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1) Multiple i.i.d. interferers: Substituting (5) and (7) into
(15) and changing the variable of integration to z = /z, the
integral in (15) will be given by

m4A—2 _
Joly) = Ay [ 2Nt A

K-y (2¢/28202) Koo (222

z) dz,

(16)
mA Nmp+Ap
Qi)\ 2 m1>\1 2
— d
where A = I‘(m)I‘()\)I‘(NmI)I‘()\I) . By the help of [14, Eq.

6.576.4] and after some manipulations, (15) can be expressed

in closed form as
A
_ A A—1_B(NmHAmAr)
f’)’(y)_(m”?)\[p) ) B()\I7§\r;IB(NWL[,{YTL)

2F1()\—|-)\1,Nm1+)\; Ar+Nmr+m—+XA1 —

mA\y )
mrArp/’

a7
where 2F(a,b;c;2) is the Gauss Hypergeometric function
[16] and p = Q—d is the average SIR.

Using [14 eq 7.811.4], one can easily verify that
fo f+4(y)dy = 1. Using the same formulas, the nth moment
of the SIR ~ is derived as

= [y [y (y)dy
— (NmI)\I )n T'(n+M)T(n+m)T'( A\ —n)T'(Nmj—n)
mx P Tm)CVT(Nm)ID()

(18)
From (14), and using the transformation [14, Eq. 9.131.2], and
the integration formulas given by

/zaflgFl(a,b; c;2)dz = Z—gFg(a,b,a;c,oz +1;2), (19)
o
the outage probability is obtained after several manipulations
as
P _ mA A T(Nmi+X)y(m—2X)
out =\ miiip yth/\F(Nm1+m) B\ A1)B(Nmp,m)

3F2(/\—|—>\1,Nm1—|—)\ )\ )\]—m )\—|—1; %yth)
mx " L(m+A)T(A—m)
+ (mzhp) X

ythmF()\IJr)\)B()\)\I)B(NmI, )
sFa(Nmp+mm~+ A r,mym —A+1, m+1’m1)\1pyth)7
(20)
where 3Fb(a, b, ¢; a1, by; z) is the Generalized Hypergeometric
function [16]
Let ¢ = /\ If ey, < 1, which is usually the case,
miArp’
3Fo(y 50y cyth) — 1. To corroborate this assumption, let us
consider the special case where A = A\; = oo (no shadowing).
In this case, we have ¢ = mlm, and upon taking the limit
(A — ), the first term of (20) evaluates to zero, while the
second term, using the asymptotic expression of the gamma
function [16], ['(z) ~ V212" 2e¢~* /(x — oo) yields
(rpyen)™
mB(Nmy,m)’

Pout ~ p/yth > 1.

2D
As a check on (21), the special case of Rayleigh fading (m =
my = 1) would result in P,,; = y;/p, which agrees with
[17, eq. 29 ] for p/ym > 1.

2) Multiple non-i.i.d. interferers: Substituting (5) and (13)
into (15), and making the same calculus steps performed in
the case of i.i.d. interferers, we obtain the SIR pdf for the
non-i.i.d. case as

A=A — 0,

(&2)* ;. ELT(m+A1) BO+Ar,m+k
F2(0) =k v Y EE) B PR :

SFL A AL A+ him o+ A+ A+ ki1 —

Ay).
o (22)
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Using [14, eq. 7.811.4], we find that the nth moment of the
output SIR, in the presence of N non i.i.d interferers, is given

by
nl _ ( Aip n T'(m+n)L(A+n)
Eqy"] = (m) TOOT (M) (23)
N m; nI(k—n)I'(A\r—n
Dim1 2okey ELm; %

Using [14, Eq. 9.131.2] and the integration formulas in (19),
we find that the probability of outage in the presence of N
non-i.i.d. interferers is
() mi EL T(AAN)T (m—\
Pout—mythzz 1Zk I'm2 W)
sFo( A+ AL, A+HE AN —m + LA+1, 2% pyth)

(WM) m; EL I'(m4+A)T'(A—m)
+mF(/\1)F(_/\)yth21 12 ket mie — B(mk)

sFa(m+k,m~+Ar,m,m— )\—|—1 m+1, 2= pyth)
(24)

the asymptotic

in the absence

As done in the case of i.i.d. interferers,

representation of the outage probability [i.e.,

of shadowing (A = A\; = 00)], is given by
( yth m N m;

2SS T

i=1k=1

s A=A — 00, p/ym> 1.
(25)

out—

B. Average Bit Error Probability

The average bit error probability constitutes probably the
most important performance measure of a digital communica-
tion system and is given by

Foe = /OOO Pe(y) f+(y)dy,

where P, (y) is the conditional error probability (CEP) having
generic expressions for different sets of modulation schemes.
For binary modulations, the CEP is given by [1]

Puly) = )

2I'(b) -’
where T'(o, z) = [° 2 1e~*dz denotes the complementary
incomplete Gamma function, and (a,b) = (1,0.5) for binary
shift keying (BPSK), (a,b) = (0.5,0.5) for coherent fre-
quency shift keying (BFSK) and (a,b) = (1, 1) for differential

BPSK (DBPSK). Recognizing that,

P.0) = 5% (7‘ ob )

where GZ"; is the Meijer-G function [16], we obtain the
average bit error probability expressions in the following
cases.

1) Multiple i.i.d. interferers: By inserting (17) and (28) in
(26), the hypergeometric function is firstly transformed using

(26)

27)

(28)

. _ (e
2F1(a,bye;1 —2) = r(a)r(b)r(cla)r(c—b)
G2’2 1-— a, 1-0b (29)
2,2 l,ce—a—b

Then using [14, eq. 7.813.1], the average bit error probability
in the case of multiple i.i.d. interfering signals is found to be
given by

472 mrA )\ 1 m 1
. G374<77111a ’Ob}q,Nm[ ) »
" = ST (Nm TOT0) O
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2 =4=10 (0,5=2.7dB)

4 interferers

probability density, f (y)
Y
w

~
S~ oo

0 = = =
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y
Fig. 1. SIR pdf for different values of the number of non i.i.d. co-channel

interferers, for a severely faded desired user (m = 1: solid lines) and for a
lightly faded desired user (m = 4: dashed lines), c4p = 8.686 o.

2) Multiple non-i.i.d. interferers: After substituting (22)
and (28) into (26) and using the same calculus steps performed
in the i.i.d. interferers case, we find that

Poe = PN OINEY: Zz 12kt F(k a0
4,2 mi)\I )\ 1-— m, 1
0374 mx 4P 07 b> >\17 k ) '

C. Channel Capacity

We consider an adaptive transmission scheme where opti-
mal rate adaptation with constant transmit power is applied.
This scheme entails variable-rate transmission relative to the
channel, but is rather practical since the transmit power
remains constant. The channel capacity is known to be given

by [18] as i
C= /O Ing (1 4+ y) £+ (y)dy,

where f,(-) is the pdf of the SIR.
1) Multiple i.i.d. interferers: After inserting (17) in (32),
the logarithm function is firstly transformed as

1,2 1,1
In(1+2) = Gy, (z 10 ) .
After using the classical Meijer’s integral from two G func-

tions [16], the channel capacity in the presence of N i.i.d
interferers is shown to be given by

G4’3( mr | L=An,1=Nmr—Ar+X0,1 )
4,4\ mrip

A,m,0,0
In(2)T(m)T(Nmp)T(MT(Ar)

(32)

(33)

C:

(34)

2) Multiple non-i.i.d. interferers: By inserting (17) in (32),

the same calculus steps, performed in the case of i.i.d. inter-

ferers, allow us to derive the channel capacity in the non i.i.d.
case as

C= 1n(2)F(/\1)F(m)F(/\) Zz DI 1F )

ot (ma | 1= A1k, O 1 (35)
4,4 A,m,0,0 ’

mi\rp
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Fig. 2. Outage probability versus the inverse normalized threshold STR/y.p
for different shadowing scenarios in severely faded channel in the presence
of N =1and N = 6 i.i.d. co-channel interferers.
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Fig. 3. Outage probability versus the inverse normalized threshold STR/y;p
for different shadowing scenarios in severely faded channel in the presence
of N =4 and N = 6 non i.i.d. co-channel interferers.

IV. NUMERICAL RESULTS

To gain a better understanding as to how the fading, shadow-
ing and co-channel interference affect the outage probability,
some plots are presented in this section for both i.i.d and
non i.i.d. interferers. Without loss of generality, we assume
identical shadowing statistics for both desired and interfering
signals, which is a quite reasonable assumption [5]. In Fig.
1, we plot the SIR pdf for different numbers of co-channel
interferers and for different levels of the desired user fading
severity. As one can see from these numerical results, the num-
ber of co-channel interferers and the desired fading severity are
dominant factors in determining the outage probability. Fig. 2
illustrates the effect of shadowing and co-channel interference
on the probability of outage in severely faded microcellular
environments (m > my). To gain more insight into the
effects of shadowing, the curve without a marker reports the
outage performance without shadowing (A — o0). A general
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Fig. 4. Average bit error probability versus the average SIR for DPSK and
noncoherent FSK in frequent heavy-shadowed and faded environment in the
presence of different numbers of i.i.d. co-channel interferers.
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Fig. 5. Average bit error probability versus the average SIR in the presence
of different numbers of non-i.i.d. co-channel interferers.

observation is that shadowing degrades the probability of
outage. Nevertheless, an important phenomenon to be noticed,
for low SIR/ysp, is that more severe shadowing can cause
lower outage probability. A similar observation has been noted
for lognormal shadowing in [5]. In Fig. 3, we show plots
of the outage probability in the case of non i.i.d interferers
(only integer values of the fading parameter are considered).
The observations made before, in the case of i.i.d. co-channel
interferers, are also valid in this case.

The average bit error probability for DPSK and FSK
modulations, in the presence of different numbers of i.i.d co-
channel interferers, is illustrated in Fig. 4. We notice that the
BEP performance highly degrades as N increases. Fig. 5 also
depicts the bit error rate performance this time in the presence
of non i.i.d. co-channel interferers and for different shadowing
spread values. As expected, shadowing deteriorates the BEP.

Fig. 6 depicts the capacity versus the SIR for different
values of the shadowing spread, the fading severity of the
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Fig. 6. Channel capacity versus the average SIR in the presence of

different numbers of i.i.d. co-channel interferers for different desired user
and interfering users fading scenarios in severely shadowed environment.

desired user and the number of i.i.d. interferers as a function of
the SIR. As expected, the channel capacity deteriorates as the
shadowing, the fading severity and the number of interferers
increase. Observe that the system performance is insensitive
to changes in the fading severity of interfering signals. This
phenomenon demonstrates that the number of interferers and
the shadowing spread have the most significant effect on
the channel capacity. Therefore, the system performance is
predominantly affected by the fading parameter of the desired
user rather than by the fading parameters of the interferers.

V. CONCLUSION

We analyzed the performances of interference-limited radio
mobile systems that operate in composite channels. The anal-
ysis is sufficiently general to include the combined effects
of Nakagami fading, gamma shadowing, identical and non-
identical co-located co-channel interference. Based on the
SIR pdf preliminarily obtained in this work, we then derived
closed-form expressions for the outage probability, the average
bit error rate and the channel capacity. It turns out that these
metrics are predominantly affected by the fading parameters
of the desired user, rather than by the fading parameters of
the interferers.
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