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ABSTRACT — Performance evaluation of equal-gain com-
bining (EGC) diversity receivers are known to be a much
more difficult task in comparison with other diversity com-
bining techniques such as the selection diversity or the maxi-
mal-ratio combining method. The difficulty of the above
mathematical problem is compounded when the diversity
branches are correlated. This paper presents a novel mathe-
matical framework for analyzing a dual-branch EGC
receiver performance over nonidentical Rayleigh and Nak-
agami-m fading channels when the diversity branches are
correlated. It is also shown that the average bit error rate
(ABER) formula for coherent BPSK and BFSK schemes
reduces to the familiar expressions in the literature for the
limiting case of independent diversity paths by setting the
correlation coefficient to zero. Selected numerical plots
that illustrate the effect of branch correction on the ABER
performance are also provided.

I. INTRODUCTION

One of the fundamental limitations of achieving reliable
communications over wireless links is the time-varying
nature of the wireless channels (due to user mobility and
muitipath fading). The detrimental effects of deep fades in
radio channels can be mitigated through use of diversity
mechanisms. EGC is of practical interest because it pro-
vides performance comparable to the optimal maximal
ratio combining receiver but with greater simplicity. Sur-
prisingly perhaps is that the literature on EGC receiver per-
formance in fading channels is barren compared to that of
other popular diversity combining methods. This lack may
have stemmed from the difficulty of finding the pdf of the
EGC output SNR (conventionally, the average bit error
probability is evaluated by averaging the conditional error
probability over the pdf of the EGC combiner output).
Obviously, the above problem will be compounded when
the diversity branches are correlated. To the best of the
authors’ knowledge, neither analytical nor simulation
results for the coherent EGC receiver performance over
Nakagami-m channels has been reported thus far when the
fading statistics of the diversity branches are correlated. In
this paper, we attempt to provide a partial solution to the
problem at-hand by deriving simple-to-evaluate average bit
error rate (ABER) expressions for two different binary dig-
ital modulation schemes in conjunction with a dual-diver-
sity coherent EGC receiver.

In the following, we will summarize the important develop-
ments and previous related studies on the EGC diversity
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systems. In [1], Altman and Sichak have found the pdf of
the sum of two independent Rayleigh fading amplitudes.
For higher order of diversity, Jakes [2] has made use of a
small argument approximation for the pdf suggested by
Schwartz et. al [3]. In [4], Beaulieu devised an approximate
infinite series technique to compute the pdf for the sum of
independent Rayleigh random variables. Applying this
technique, [5] and [6] analyze the performance of EGC
receiver for coherent and differential binary signaling
schemes in Nakagami-m and Rician fading channels, while
[7] examines various six 16-ary signal constellations.
While the convergent infinite series technique suggested in
[5]-[7] is accurate, the solution is still an approximation. A
simple method for bounding the aliasing and truncation
errors resulting from the use of the convergent infinite
series [4] is discussed in [8]. In [9]-[11], a powerful fre-
quency-domain technique is developed for the EGC
receiver analysis in a variety of fading environments and
for different modulation schemes. The final “exact” expres-
sion requires an evaluation of a finite-range integral whose
integrand is composed of a product of the characteristic
function of each of the fading amplitudes and also the Fou-
rier transform of the conditional error probability. Some
closed-form expressions for the exact average bit error rate
of a variety of binary modulation schemes in Nakagami-m
fading channels (restricted to second-order diversity for
noncoherent detection and third-order diversity for coher-
ent detection) are also derived in [10]. For the special case
of Rayleigh fading, these results are in agreement with
those provided in [12]. Building on our previous work, [13]
derived exact average error probability expressions for a
broad class of modulation schemes with EGC diversity in
different multipath fading channel models without impos-
ing any restriction on the diversity order. The key to these
results is the reformulation of the error probability expres-
sion in the frequency domain [11] and the solution to a
Laplace transform integral involving the product of Kum-
mer functions [10]. Finally, some approximate but simple
closed-form expressions for the EGC receiver performance
in Nakagami-m fading channel were obtained in [14].

It should be emphasized, however, that in all of the above
studies, the fading statistics across the diversity branches
are assumed to be independent. This assumption is violated
in a number of real-life scenarios. For instance, if there is
insufficient antenna separation in small mobile units
equipped with either space or polarization diversity, the
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fading statistic in the distinct diversity branches will still be
highly correlated. Experimental.results carried out by Turin
[15] and Bajwa [16] also reveal that the correlation coeffi-
cient between adjacent multipaths in frequency-selective
channels may be as high as 0.6. In real base-stations, corre-
lation coefficients usually vary between 0.3 to 0.7. As a
result, the maximum theoretical diversity gain that can be
realized via multipath or spatial diversity cannot be
achieved. Hence, any performance analysis must be
revamped to account for the effect of correlation between
the combined signals.

However, only [17] and [18] have studied the performance
of correlated dual-diversity EGC for BPSK in Rayleigh
fading. In [17], the authors exploited the joint characteristic
function (chf) given in [19, pp. 409] along with the hypoth-
esis testing technique suggested by [12] for computing the
ABER. In [18], the authors derived the chf of EGC output
SNR and utilized an infinite series representation for the
complementary error function to obtain the ABER. Differ-
ent from the above two approaches, in this paper we utilize
an integral representation for the Gaussian probability inte-
gral [20][10, Eq. (18)] to derive the ABER. Even for the
special case of Rayleigh fading. our derivation is very con-
cise in comparison with [17]. A by-product of this study is
the derivation of closed-form formulas for the Appell’s
hypergeometric function of the form

rlbgenr-d b

when & is a non-negative integer or an half-odd positive

integer (i.e., k = 0. % 1. _—E ).

1. ASER ANALYSIS
In EGC combiner, the output of different diversity branches
are first co-phased and weighted equally before being
summed to give the resultant output. The instantaneous
SNR at the output of a dual-branch EGC combiner is

Yoo = %(v; Y+ 2 = %(R, +R,)? (1

where vy, and y, are the SNRs on individual diversity
branches, while R, and R, denote the signal amplitudes nor-
malized by the noise voltage.

Next, we show our derivation for the ABER of coherently
detected binary signals in a Rayleigh multipath fading
channel that employs a dual-branch EGC receiver, so as to
highlight our methodology.

The average bit error rate (ABER) of coherent BPSK and
coherent BFSK is given by

P, = E{Q(J28¥e)} = E{Q(J2(R, +R:))} 2
where g = 1 for BPSK and g = 1/2 for BFSK.

From [11], we know that the chf of R, + R,=o is needed

for the exact analysis of EGC. It is not very difficult to
show that the chf of a dual-branch EGC output in corre-
lated Rayleigh fading is given by [18]
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where Q = E{R}} = E{R3}, p is the correlation coefficient,
and D_(.) denotes the parabolic cylinder function.
Using an alternative exponential integral representation for
the Gaussian probability integral [10, Eq. (18)], (2) may be
conveniently expressed as
1

P, = 5 2 1mag{¢ (J2g0) Ydr @

Taking the trapezoidal sum approximation of (4), we obtain
a convergent infinite series for the ABER, viz.,

& Fwps2

P,= Imag{du(nmg)} Q)

N[

5 =
P15
n odd
where ©, is a suitably small constant.
Substituting the D (.) terms in (3) with its equivalent

Kummer functions and then utilizing identity [10, Eq. (C.1)],
(4) may be simplified as
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Fig. 1. ABER performance of coherently detected BFSK in

conjunction with dual-diversity EGC over Rayleigh fading for
different correlation coefficients p € {0,0.3,0.5,0.7,0.8,0.9, 1} .
It is assumed that Q, = Q,.
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It should be further noted that the Appell’s hypergeometric
function in (6) may be replaced by a finite polynomial, viz.,
1] 13 k-1 ko
ekl —km 2 x| = 1—
FZ(Z’Z k1 A’Z’ Z’X X) Z( n )(1 +2n)( X

)y _(krv=102" "
Xz(j[vj(k—l)!(h—])!!( x) M

For the special case of p = 0 (i.e., independent fading), (6)
reduces into

p.=1_dgQ(eQ+2) (8)
37 21 tg)

which agrees with [12, Eq. (23)] and [10, Eq. (32)].

A generalization of (6) which takes into account of the
effect of dissimilar signal strengths across the diversity
branches is also quite straight-forward [21]. In this case, we
need to slightly modify (3)as

-mz(’—je)m,uzz) -

(@) = (1-ple zp[zr(—%}

%D~ (1= p) D0, [S11-p)) ©)

Then, the ABER of BPSK and BFSK can be shown to be

% i A/%—g‘Z o p)s/z[%Jz/[r(k)r(k + %ﬂ
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= lyex

P, =

where 4 = g(1-p)/2 and ¥ = 1 +A(Q, +Q,).

Average Bit Error Rate

Fig. 2. Investigation on the effects of dissimilar signal strengths and
branch correlation on ABER performance of coherently detected
BFSK with dual-diversity EGC receiver over Rayleigh fading:

(a) Q, 2dB, Q, = 10dB (b) ©, 5dB, Q, = 10dB

(c) Q, = 8dB, Q, = 10dB (d) Q, 11dB, Q, = 10dB

(e) Q, = 14dB, Q, = 10dB
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It is further pointed out that the hypergeometric function of
two variables can be evaluated in closed-form as

11, .13 /D =Ryt
FZ(E’E""I k3% Y) = (3/2),n! (1=
x vy, Ch: e (11

/)

v=0

where (a), = T'(a+n)/T(a) is the Pochhammer symbol.
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Fig. 3. ABER performance of BPSK with dual-diversity EGC over
Rayleigh fading. It is assumed that Q, = €Q, .
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Fig. 4. Investigation on the effects of dissimilar signal strengths and
branch correlation on the ABER performance of coherently
detected BFSK with dual-diversity EGC receiver over Nakagami-m
fading (fading severity index m = 3):

(2) Q, = 2dB, Q, = 10dB  (b) Q, = 5dB, Q, = 10dB
(¢) Q, = 8dB, Q, = 10dB  (d) Q, = 11dB, Q, = 10dB
(e) Q, = 12dB, Q, = 10dB (f) Q, = 13dB, Q, = 10dB
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Using the above approach, it is not very difficult to show that
the ABER performance of BPSK and BFSK in a Nakag-
ami-m fading environment is given by

- %i Xyﬂ/[r(m +h- %)F(H m— 1)]

k=1

F=1

1249, 40.)
Y (12)

X Iz %FZ(%;%~k¢m,2—k‘m

v=lyrey

kAm-1
where X = (1—;9] TR2Gk+m=-1)], T = 1+4(Q,+Q,),

4pk~l(l _ p)lflk»m

A =gll-p2and ¥ = o T i)

To the best of our knowledge, the above result is new.
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Fig. 5. ABER performance of BPSK in conjunction with
dual-diversity EGC receiver over Nakagami-m fading (m = 2) for
different correlation coefficients p € {0,0.3,0.5,0.7,0.8, 1} . Itis
assumed that Q, = Q.

It is also possible to extend the above results to include dif-
ferent digital modulation schemes, including M-ary PSK.
Details are provided in [21].
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