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Abstract—In this letter, an approach to the evaluation of the
error performance in dual predetection equal-gain combining
(EGC) systems over correlated Nakagami- fading channels
is presented. Deriving an infinite series representation for
the characteristic function of the sum of two correlated Nak-
agami- variables, a closed-form formula is extracted for binary
phase-shift keying and coherent binary frequency-shift keying,
while several other modulation schemes are studied, capitalizing
on a Parsevals’s theorem-based approach, previously published.
Numerical results and simulations are also presented to illustrate
the proposed mathematical analysis and to point out the effect of
the input signal-to-noise ratio unbalancing, the fading severity,
and the fading correlation on the system’s error performance.

Index Terms—Correlated fading, diversity, equal-gain com-
biners (EGCs), Nakagami- fading channels.

I. INTRODUCTION

S IGNALS FROM multiple antennas, or “spatial diversity,”
can be used to reduce the effects of fading in wireless com-

munications systems and to improve received signal strength.
The most popular linear diversity techniques are selection com-
bining (SC), equal-gain combining (EGC), and maximal-ratio
combining (MRC). Among these types of diversity combining,
EGC provides an intermediate solution as far as the perfor-
mance and the implementation complexity are concerned. The
performance analysis of predetection EGC, assuming indepen-
dent channel fading, has been studied extensively in the litera-
ture. A comprehensive summary with most of the related work is
included in [1]. However, independent fading assumes antenna
elements be placed sufficiently apart, which is not always real-
ized in practice due to insufficient antenna spacing, when diver-
sity is applied in compact terminals. In this kind of terminal, the
fading among the channels is correlated, resulting in a degra-
dation of the diversity gain obtained. Therefore, it is important
to understand how the correlation between received signals af-
fects the offered diversity gain. From reviewing the literature,
there are few approaches for the performance evaluation of pre-
detection EGC over correlated fading channels. In [2], a for-
mula for the error probability of EGC with orthogonal binary
frequency-shift keying (BFSK) operating in correlative Rician
time-selective fading is proposed. Recently, Mallik et al. in [3]
presented a useful approach to the performance analysis for co-
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herent detection of binary signals with dual EGC over correlated
Rayleigh channels.

In this letter, extracting an infinite series representation for
the characteristic function (CHF) of the sum of two correlated
Nakagami- variables, the error performance of dual predetec-
tion EGC systems over correlated Nakagami- fading channels
is studied. More specifically, a closed-form formula is presented
for binary phase-shift keying (BPSK) and coherent BFSK, while
several other modulation schemes, such as quadrature phase-
shift keying (QPSK), -ary quadrature amplitude modulation
( -QAM), binary differential phase-shift keying (DPSK), and
noncoherent BFSK, are studied using the Annamalai et al. [4]
approach, where the average error-rate integral is transformed
into the frequency domain using the Parseval’s theorem. Sim-
ulations are performed to check the accuracy of the proposed
mathematical analysis. The effect of the input signal-to-noise
ratio (SNR) imbalance, as well as the fading correlation and the
fading severity on the average error probability, is pointed out.

The remainder of this letter is organized as follows. In Sec-
tion II, a broad range of modulation schemes employing dual
EGC are studied. Simulations and numerical results are pre-
sented in Section III to illustrate the proposed mathematical
analysis. Finally, some concluding remarks are offered in Sec-
tion IV.

II. AVERAGE ERROR ANALYSIS

In a dual predetection EGC system, the instantaneous output
SNR is , where is given by [1, eq. (9.46)]

(1)

with , being the correlated Nakagami- envelopes of the
input signals [5], is the energy per symbol, and is the
additive white Gaussian noise (AWGN) power spectral density
(PSD), assumed equal for both branches. The joint probability
density function (PDF) of , is [5]

(2)

with being the Gamma function, being the first kind
and th-order modified Bessel function, with
being the average signal power at the th branch, is a param-
eter describing the fading severity, and is the correlation coef-
ficient between the two short-term powers defined as

(3)
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The CHF of is, by definition [6]

(4)
where and the CHF of is given by [6]

(5)

Substituting (2) in (5) and using the infinite series representation
for the Bessel function [7, eq. (9.6.10)], the CHF of can
be written as

(6)

The integrals in (6) can be expressed in terms of the parabolic
cylinder function using [8, eq. (3.462/1)], which gives

(7)

where is the parabolic cylinder function of order and
argument . Finally, using [8, eq. (9.240)] and [7, eq. (6.118)]
and after some algebraic manipulations, the CHF of can
be restated in terms of the more familiar confluent hypergeo-
metric function of the first kind [8, eq. (9.210)] as

(8)

with

(9)

Taking into account that [6]
and that the input average SNRs are

, the CHF of can be finally written as

(10)

A. DPSK, Noncoherent BFSK, Multilevel Signaling ( -PSK,
-QAM)

Using the Parseval’s theorem approach, presented in [4], the
average symbol-error probability (ASEP) can be evaluated for
several coherent and noncoherent modulation schemes as

(11)

where the notation denotes the real-part operator and
the complex conjugate of the Fourier transform of the

conditional error probability. For binary DPSK and nonco-
herent BFSK, is given by [4, eq. (10)]

(12)

where , for DPSK, , for
BFSK, and denotes the Dawson’s integral

(13)

since for QPSK or -QAM, is given by [4, eq. (13)]

(14)

where , , for QPSK and
, , for -QAM.

The corresponding formula for -PSK is given in [4, eq. (17)]
in a more complex form with a definite integral.

Some points about the evaluation of the integral in (11) are
necessary to discuss here. Let

(15)

It can be easily verified that, as , the limit of is

for DPSK, noncoh. BFSK
for QPSK, -QAM

(16)
while as , it is obvious through observation that
for both cases. Hence, if numerical integration is performed, it is
only needed to integrate over a finite interval . How-
ever, although is continuous in , it oscillates between
peaks and valleys near to zero, making difficult its approxima-
tion with a single polynomial, as, e.g., Chebyshev. In this case,
it is suitable, instead of using a single polynomial for the whole
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range , to use piecewise Gaussian quadrature numerical in-
tegration. Such a technique was used in [9] for the evaluation of
the outage probability in cellular systems.

B. BPSK and Coherent BFSK

In the case of coherent binary signaling schemes with EGC,
an expression for the ASEP performance is given in [4, eq. (19)]

(17)

where the notation denotes the imagine-part operator,
for BPSK, and for coherent BFSK. After some alge-

braic manipulations, it can be shown that

(18)

where

(19)

and . Applying Kummer’s transformation for-
mula [7, eq. (13.1/27)] for the confluent hypergeometric func-
tions in (18), the integrals produced in (17) have the following
form:

(20)

and can be solved using [4, App. C]. Finally, combining (17),
(18), and (20), we obtain the final expression for the ASEP per-
formance of BPSK and coherent BFSK, given in (21) at the
bottom of the page. is the hypergeometric func-
tion of two variables [8, Eq. 9.180/2]. A brief study for the rate
of convergence of the infinite sum in (21) at the sixth significant
figure, is as follows. For and dB, nine
terms are needed for , 22 for , 52 for ,
and 124 for .

For , (21) gives the same results as in [3, eq. (15)].
The differences in the final formulas are due to the use of the
Hermite representation for in [3]. For in (21),
only the term of the summation over is nonzero, which
leads to the same formulation as in [4, eq. (29)].

Fig. 1. Error performance of BPSK for � = � .

III. NUMERICAL RESULTS AND DISCUSSION

Simulations were performed and the results were compared
with the corresponding proposed mathematical analysis in order
to check the accuracy of the derived formulas. The computer
simulation was written in programming language, and
over correlated Nakagami- fading samples are generated
using the algorithm presented in [10]. In order to simulate the
error performance, we consider a digital transmitter in which a
number of complex symbols are generated, using Gray encoding
and then passed through a root raised cosine (RRC) filter, which
satisfies the first Nyquist’s criterion. Also, it is assumed that the
channel corrupts the signal by multiplicative nonselective fading
as well as AWGN, having two-sided PSD . At the receiver,
assuming perfect channel estimation of the random phases, the
output of the EGC combiner is passed through a RRC filter,
which is matched to the premodulation filter in the transmitter.
The signal is sampled every seconds, where is the dura-
tion of the complex symbols.

Figs. 1 and 2 plot the error performance of BPSK employing
EGC versus the average SNR per branch, , for
equal average SNRs , and for unequal branch SNRs

, respectively, and for several values of the parame-
ters and . Furthermore, Figs. 3 and 4 depict the performance
of QPSK and 16-quadrature amplitude modulation (QAM),
respectively, for several values of the parameters and . As
it was expected, for a given SNR per branch, the bit-error rate
(BER) performance deteriorates with an increase of , while it

(21)



IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 52, NO. 1, JANUARY 2004 53

Fig. 2. Error performance of BPSK for � = � =5.

Fig. 3. Error performance of QPSK for � = � .

Fig. 4. Error performance of 16-QAM for � = � .

improves with an increase of . Moreover, from Figs. 1 and 2,
it is observed that a system with equal branch SNRs performs

better than that with unequal branch SNRs, which is to be
expected, since in EGC, all the diversity branches are treated
equally. Finally, it is evident that the proposed mathematical
analysis gives exact results compared with simulations.

IV. CONCLUSION

In this letter, deriving a useful expression for the CHF of the
sum of two correlated Nakagami- envelopes, an approach to
the error performance of a dual predetection EGC system in
correlative Nakagami- fading is presented. A broad class of
modulation schemes are studied and numerical results depict
clearly the effect of fading correlation, fading severity, and input
SNRs unbalancing on the EGC error performance. Simulations
show the accuracy of the proposed mathematical analysis.

Just before the time of publication, it came to our attention
that other in dependent contributions dealing with the error per-
formance of dual EGC over correlated fading channels have
been published [11]–[13]. The material preseented in this letter
differs from that of [11] and [12] in the methodology used, since
in [13], the analysis is also based on the CHF of the sum of two
correlated fading envelopes.
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