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Abstract—Signal-to-interference-ratio (SIR)-based selection
diversity is an efficient technique to mitigate fading and cochannel
interference in wireless communications systems. In this paper,
an approach to the performance analysis of dual SIR-based
selection diversity over correlated Nakagami- fading channels
with arbitrary parameters is presented. Useful formulae for the
outage probability, the average output SIR, and the average error
probability for coherent, noncoherent, and multilevel modulation
schemes are derived. The main contribution of this paper is that,
for the first time, the proposed analysis is carried out assuming
correlated Nakagami- fading with arbitrary parameters for
both the desired signals and the cochannel interferers, which
is the real scenario in practical dual selection diversity systems
with insufficient antenna spacing. It is shown that the general
results presented in the paper reduce to the specific ones for the
independent fading case, previously published. Numerical and
simulation results are also presented to show the effects of various
parameters as the fading severity, input SIR unbalance, and level
of correlation to the system’s performance.

Index Terms—Cochannel interference, correlated fading, diver-
sity systems, Nakagami- fading, Rayleigh fading, selection com-
bining.

I. INTRODUCTION

SEVERAL techniques have been proposed to mitigate the
effects of fading and cochannel interference, in order to

increase the system’s capacity and to improve the offered
quality-of-service (QoS) in wireless communications systems.
Such techniques are diversity reception, dynamic channel
allocation, and power control. Among them, diversity reception
using multiple antennas at the receiver (space diversity) has
long been recognized as a very effective method to improve the
system’s QoS [1]. The most popular space-diversity techniques
are selection combining (SC), equal-gain combining (EGC),
maximal-ratio combining (MRC), or a combination of MRC
and SC called generalized selection combining (GSC) [1], [2].
Among these diversity schemes, SC is the least complicated,
since the processing is performed only on one of the diversity
branches and no channel information is required. Traditionally,
in SC the combiner chooses the branch with the highest
signal-to-noise ratio (SNR), which corresponds to the strongest
signal if equal noise power is assumed among the branches [2].
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Other researchers have proposed the selection of the branch
with the highest signal-plus-noise (SPN) [3]. However, in
interference-limited fading environments as in cellular commu-
nications systems where the level of the cochannel interference
is sufficiently high as compared to the thermal noise, the most
effective performance criterion is to select the highest signal-
to-interference ratio (SIR; SIR-based selection diversity) [4].
SIR can be measured in real time both in base stations (uplink)
and in mobile stations (downlink) using specific SIR estimators
as well as those for both analog [5]–[7] and digital wireless
systems (e.g., GSM, IS-54) [8], [9].

In order to study the effectiveness of any modulation scheme
and the type of diversity used, it is required to evaluate the
system’s performance over the channel conditions. Well-known
measures, commonly used in wireless communications systems,
are the outage probability, the average output SIR or SNR, and
the average probability of bit error. In the literature, the perfor-
mance analysis of diversity systems in the presence of cochannel
interference has been studied extensively for several diversity
schemes and by several researchers [10]–[19]. Most assume
independent fading between the diversity branches and/or be-
tween the cochannel interferers. However, independent fading
assumes antenna elements to be placed sufficiently apart, which
is not always realized in practice due to insufficient antenna
spacing when diversity is applied in small terminals. In such
terminals equipped with multiple antennas, correlation arises
between the diversity branches. A method for the evaluation
of the outage probability in dual SIR-based SC with correlated
fading, for both desired signals and interferers, has been pub-
lished in [4], where a formulation for the outage probability was
presented and, as mentioned above, the advantage of SIR-based
over desired power-based selection combining was confirmed.
However, this analysis is limited to the Rayleigh modeling for
the cochannel interferers. Moreover, to the best of the author’s
knowledge, no analytical study investigating the average output
SIR or the average probability of bit error of a dual SC re-
ceiver operating in correlative fading has been reported in the
literature.

In this paper, an approach to the performance analysis of dual
SIR-based SC over correlated Nakagami-fading channels
with arbitrary parameters is presented. Useful formulae for
the outage probability, average output SIR, and average error
probability in noncoherent [binary differentially phase-shift
keying (BDPSK) and binary frequency-shift keying (BFSK)],
coherent [binary phase-shift keying (BPSK), orthogonal
BFSK], quaternary differential phase-shift keying (DQPSK)
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with Gray coding and multilevel signaling [multiple phase-shift
keying (MPSK) and multiple differential phase-shift keying
(MDPSK)] are derived. The main contribution of this paper is
that the proposed analysis is carried out assuming, for the first
time, correlative Nakagami- fading with arbitrary parameters
for both the desired signals and the co-channel interferers,
which is the real scenario in practical dual SC systems with
insufficient antenna spacing. Numerical and simulation results
are also presented to show the effects of various system’s
parameters, such as the fading severity, input SIR unbalance,
and level of correlation to the system’s performance.

The remainder of this paper is organized as follows. In Sec-
tion II, the channel and system model are presented and the
probability distribution function (pdf) and cumulative distribu-
tion function (cdf) of the SC output SIR are extracted in useful
forms. In Section III, a formula for the outage probability is pre-
sented in the form of a convergent double sum. In Section IV, a
useful formulation for the average output SIR is extracted in the
form of a triple sum. Finally, in Section V, useful expressions
are derived for the average error probability in several modu-
lation schemes, since some concluding remarks are offered in
Section VI. Sections II–V also include numerical results, simu-
lations, and discussions to illustrate the proposed mathematical
analysis.

II. STATISTICS OF THESC OUTPUT SIR

A. Channel and System Model

In the last years, there has been a continuing interest in
modeling various propagation channels with the Nakagami-
model, which describes multipath scattering with relatively
large delay-time spreads, with different clusters of reflected
waves [20]. It provides good fits to collected data in indoor
and outdoor mobile-radio environments and is used in many
wireless communications applications [21], [22]. In this paper,
a wireless communication system with dual SIR-based SC
diversity is considered. The desired signal received by theth
antenna, , can be written as [19]

(1)

with being the carrier frequency, the desired informa-
tion signal, a Nakagami- distributed random amplitude
process, and the random phase uniformly distributed in

. The resultant interfering signal received by theth an-
tenna is

(2)

where is also a Nakagami- distributed random amplitude
process, is the random phase, and is the information
signal. This model refers to the case of a single cochannel in-
terferer. However, the general case of multiple interferers can
be also approximately modeled with (1) and (2), taking into
account that the sum of independent identically distributed
(i..i.d.) Nakagami- random variables (RV) can be accurately

approximated by another Nakagami-distribution with a pa-
rameter and mean power given by [20, p. 22]

(3)

The case of i.i.d. interferers is not unreasonable in practical
applications, since interferers originated from approximately
the same distance from the receiver can be assumed to have the
same average powers. Moreover, the performance of the SC
can be carried out by considering, as Winters in [18], the effect
of only the strongest interferer, assuming that the remaining
interferers are combined and considered as lumped interference
that is uncorrelated between antennas. Furthermore, ,

, , and are assumed to be mutually independent
and the level of the interference is sufficiently high for the effect
of thermal noise on system performance to be negligible (in-
terference-limited environment) [13]. Now, due to insufficient
antennae spacing, both desired and interfering signal envelopes
experience correlative Nakagami-fading with joint pdfs [20]

(4)

and

(5)

whereas is the Gamma function, being the first kind
and th order modified Bessel function,the correlation coef-
ficient, and the average signal desired and
interference powers at theth branch, and , the fading
severity parameters for the desired and interference signal, cor-
respondingly. Let and be the instanta-
neous SIRs at the input diversity branches. The selection com-
biner chooses and outputs the branch with the largest SIR1

(6)

1The proposed in this paper analysis can be modified to include the effect
of thermal noise on system performance, when it cannot be ignored. In this
case, the selection is based on the signal-to-interference-plus-noise ratio (SINR),
instead of SIR. The combiner chooses the branch with the largest instantaneous
SINR between� = R =(r + � ) and� = R =(r + � ), with � being
the noise power, equal for the two diversity paths.
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TABLE I
TERMS NEED TO BE SUMMED IN (7) TO ACHIEVE ACCURACY AT THE

SIGNIFICANT DIGIT PRESENTED IN THEBRACKETS

B. PDF and CDF of the SC Output SIR

If , are the average SIRs at
the two input branches of the SC, then the dual SIR-based SC
output cdf can be expressed as (see Appendix I)

(7)

with

and being the Gaussian hypergeometric
function [23, (9.100)]. The nested double infinite sum in (7)
converges for any value of the parameters, , , , and

. In Table I, the terms need to be summed to achieve a desired
accuracy are depicted. As is shown in this table, the values of
these terms are strongly related to the correlation coefficient
and increase as the correlation increases. For the special case
of , (Rayleigh-desired signal and cochannel
interference), (7) gives the same results with [4, eq. (6)]. The
pdf of the SC output SIR can be found using Appendix II and
is depicted in (8) at the bottom of the page.

In Fig. 1, the pdf of the SC output SIR is plotted for balanced
and unbalanced SIRs at the input branches. In this figure, the
densities obtained by both the theory, using (8), and simula-
tions are compared. Simulations were performed using the
programming language with the use of an algorithm included

in [24]. For the generation of the correlated Nakagami-en-
velopes, over a million samples were used. A very good match
between the theory and simulations is evident from Fig. 1.

III. OUTAGE PROBABILITY

Outage probability is a measure of the system’s performance,
used to control the cochannel interference level, helping the
designers of wireless communications systems to readjust the
system’s operating parameters in order to meet the QoS and
grade-of-service (GoS) demands. The term outage is related to
the criterion used for the assessment of the satisfactory recep-
tion. In an interference-limited environment, the outage proba-
bility is defined as the probability of failing to achieve an SIR
sufficient to give a radio reception over a level QoS, which is
determined by a protection ratio [11], [25], [26]. Ifis the pro-
tection ratio, defined as the ratio of the desired signal power to
the interference power at the output of the combiner, the outage
probability can be expressed as

Probability

(9)

The protection ratio depends upon the used modulation tech-
nique as well as on the desired QoS. Note that in the case of
independent branches , only the term , of
the summation over , in (7) is nonzero. In this case, (7) is
simplified to

(10)

Also using [27, eq. (26.5.23)], [27, eq. (26.5.24)], and [27, eq.
(6.2.2)] for and for integer , (10)
is reduced to a useful previous published result by Abu-Dayya
and Beaulieu [19, eq. (37)].

In Fig. 2, the outage probability is plotted versus, normal-
ized by the protection ratio for several values of and
and for a fixed correlation coefficient. Balanced
and unbalanced SIRs are assumed at the two
input branches. For and (Rayleigh-desired
and cochannel interference), the results are similar with those
corresponding in [4]. It is very interesting to observe here
that for low values of dB , the outage performance
deteriorates when the fading severity of the interferers decreases
( increases), due to the superiority of the interference to the
desired signal. But, for higher values of (dominance of
the desired signal), the fading severity of the interferers acts

(8)
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Fig. 1. SIR-based dual SC output pdfs (m = 1:3, m = 3:1).

Fig. 2. Outage probability versus theS normalized by the protection ratio� for � = 0:5.

inversely, leading to a decrease of the outage probability. In
Fig. 3, the outage probability is plotted versus the correlation
coefficient , for several values of , , and . Balanced

; and unbalanced SIRs. It is evident that,
for dB (strong interference) the outage probability
increases slowly as the correlation coefficient increases, while a
small increase in does not have a significant effect on .
For higher values of , as in the case of ,
the influence of and on becomes stronger.

IV. A VERAGE- OUTPUT SIR

Average-output SIR is another important performance crite-
rion for SIR-based wireless communications systems operating
in a cocannel interference environment. The average SIRat
the output of SC can be derived by averaging the instantaneous

output SIR over the pdf of [2]. Hence, taking into account (8),
can be written as

(11)
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Fig. 3. Outage probability versus the correlation coefficient�.

Using the hypergeometric series form of
[23, (9.100)] with the

Pochhammer symbols, defined as , (11)
can be written after some manipulations as

(12)

with

The integral in (12) has the form and
can be solved using [23, (3.194/3)]. Hence, (12) can be finally
expressed as

(13)

with and is the Beta
function [23, (8.38)]. It must be noted here that, due to the form
of and the Beta function in (13), should not take integer
values. But this is not a serious trouble in our analysis, since in
practical applications, never takes integer values. For ,
(13) is simplified to

(14)

Into the following, numerical results are presented to illus-
trate the formulation presented above. More specifically, the ef-
fect of the cochannel interference and the fading correlation to

the output average SIR is investigated. In Fig. 4, the first branch-
normalized output SIR versus the correlation coefficientis de-
picted for equal and unequal branch
input mean SIRs and for several values of the fading severities

and . It is observed here that, with constant, the ef-
fect of to the diversity gain performance is small. More-
over, diversity gain decreases with an increase of the correla-
tion, as expected. Finally, the output-average SIR decreases as
the parameter increases. Similar behavior is also observed
in [28], where the average output SNR of a dual SC was studied.
It is interesting to note here that diversity gain changes rapidly
with a small change of . This is evident in Fig. 5, where the
first branch-normalized output SIR versus the cochannel fading
severity parameter is depicted. A significant improvement at
the diversity gain is observed for lower values of .
From the mathematical point of view, this behavior is due to
the widespread of the output SIR pdf, (37), for small values of

. From the physical point of view, lower values of mean
deep fading behavior for the cochannel interferers that lead to an
increase of the average SIR at the output of the SC. The fading
severity of the interference plays the main role to output SIR per-
formance. It must be noted here that for , the computed
values of are exactly the same with the corresponding ones
produced after processing of the formulae presented in [4].

V. AVERAGE ERRORPROBABILITY

The average error probability at the output of the SCcan
be derived by averaging the conditional error probability
over the pdf of the SC output SIR, i.e.,

(15)

A. Noncoherent Binary Signaling

For BDPSK and non-coherent BFSK is given by [1]

(16)
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Fig. 4. First branch-normalized output SIR versus the corelation coefficient�.

Fig. 5. First branch-normalized output SIR versus the cochannel fading parameterm .

Using (15) and (16) and following the same procedure as in
Section IV, can be written as

(17)

The integral in (17) has the form
and can be solved using [23, (3.383/5)], resulting finally in

(18)

with being a type of the confluent hypergeometric
function defined in [23, eqs. (9.210/2), (9.211/4)]. For ,
(18) is simplified to

(19)
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Fig. 6. Average BER versusS in noncoherent BDPSK and BFSK form = 1:5, m = 2:9.

Fig. 7. Average BER versusS in coherent BPSK and orthogonal BFSK form = 1:5,m = 2:9.

In Fig. 6, is plotted versus the , for ,
and several values for the correlation coefficient, assuming
BDPSK modulation. Balanced and unbalanced

SIRs are assumed at the two input branches. In the
same figure, is depicted for noncoherent BFSK, assuming
the same values for the system’s parameters as in BDPSK.

B. Coherent Binary Signaling

In the case of BPSK and orthogonal BFSK, the conditional
error probability can be written using an alternate representation
of the Gaussian -function as [29], [30]

(20)

Now, working as in [29], it can be easily recognized that there
is a similarity between (16) and (20), which allows us to write

directly as

(21)

with . In Fig. 7, is plotted versus the ,
for , and several values for the correlation
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coefficient , assuming BPSK and coherent BFSK modulation
schemes. Balanced and unbalanced
SIRs are also assumed here, at the two input branches.

C. Quadrature Signaling

In DQPSK with Gray coding, the conditional BER can be
written as

(22)

Again capitalizing on the similarity between (16) and (22) and
changing the order between summations and integration,can
be extracted as

(23)

with .

D. Multilevel Signaling

MPSK: In MPSK, the conditional BER is

(24)

Working again as in Sections V-A–C, in MPSK can be
written as

(25)

with .
MDPSK: In MDPSK, the conditional BER is

(26)

Hence, MDPSK can be calculated as

(27)

with .

VI. CONCLUSION

In this paper, the performance of a dual SIR-based selection-
combining system, operating over correlative Nakagami-
fading channels with arbitrary parameters, was studied. Useful
analytical formulae for the pdf and cdf at the output of SC
were presented. Useful analytical formulae for the SIR pdf
and cdf at the outcome of SC were presented. Using these new
formulae, the outage probability, the average output SIR and the
average error probability for several modulation schemes were
efficiently evaluated. The effects of various parameters, such as
the fading severity, the input SIR unbalance, and the level of
correlation to the system’s performance, were also presented.

APPENDIX I
cdf OF THE SC OUTPUT SIR

The joint pdf of the instantaneous SIRs at the two input
branches of SC , is given by [4], [31] as

(28)

Substituting (4) and (5) in (28) and after some algebraic ma-
nipulations, can be written as in (29), shown at the
bottom of the page. Using the infinite series representation of
the modified Bessel function [23, eq. (8.445)]

(30)

and changing the order of summation and integration (since the
quantity in the produced double sum is Riemann integrable and

(29)
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converges uniformly in the range ), the joint pdf of ,
can be written, after some algebraic manipulations, as

(31)

where and are shown at the bottom of the page. The
integrals and can be solved as [23, eq. (3.326/2)]

(32)

and (31) can finally be written as

(33)

where

and

The bivariate (joint) cdf of , is derived as

(34)

and using (33)

(35)

The cdf of the dual SIR-based SC output could be derived
from (35), equating the two arguments and using
[23, (3.194/1)] as

(36)

From [23, (9.131/1)] and after some manipulations, (7) is de-
rived.

APPENDIX II
pdf OF THE SC OUTPUT SIR

The pdf at the output of the SC can be found as

(37)
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The integral in (37) can be solved using [23, (3.194/1)], resulting
in

(38)

or again using [23, eq. (9.131/1)], (8) is derived.
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