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Performance Analysis of Compact Antenna Arrays
with MRC in Correlated Nakagami Fading Channels
Jianxia Luo, Student Member, IEEE, James R. Zeidler, Fellow, IEEE, and Stephen McLaughlin, Member, IEEE

Abstract—This paper presents the average error probability
performance of a compact space diversity receiver for the reception of binary coherent and noncoherent modulation signals
through a correlated Nakagami fading channel. Analytical expressions of the average bit error rate (BER) are derived as a
function of the covariance matrix of the multipath component
signals at the antenna elements. Closed-form expressions for the
spatial cross-correlation are obtained under a Gaussian angular
power profile assumption, taking account of the mutual coupling
between antenna elements. The effects of antenna array configuration (geometry and electromagnetic coupling) and the operating
environment (fading, angular spread, mean angle-of-arrival) on
the BER performance are illustrated.
Index Terms—Bit error rate (BER), compact antenna array, correlated Nakagami fading channels, mutual coupling, space diversity.

I. INTRODUCTION

S

PATIAL diversity techniques have been shown to provide
an effective means to combat multipath fading and to mitigate cochannel interference in mobile wireless communication
systems. However, the diversity gain is reduced by the correlation of the fading signals between the antenna branches. The
use of a compact space diversity receiver in handheld phones
and portable terminals ensures that the received signals will be
at least partially correlated, since the compact nature of the array
will place antenna elements with a separation of a fraction of a
wavelength. The performance of these compact receiver arrays
thus requires an analysis that addresses the effects of correlated
multipath arrivals at the elements of the receiver array.
The effect of correlated fading on the performance of a diversity combining receiver has received a great deal of research
interest. Many works [3]–[8], [27] used the Rayleigh distribution to model the fading statistics of the channel. Recently, there
has been a continued interest in modeling various propagation
channels with the Nakagami- distribution [1], which includes
. It is also a good approxRayleigh as a special case for
[2]. In the literature,
imation for Rice distribution when
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early studies on the performance of a maximal-ratio combiner
(MRC) in the correlated Nakagami environment concentrated
either on dual-branch diversity [12] or on arbitrary diversity
order with simple correlation models (such as equal correlation
and exponential correlation) [14].
In general, the cross-correlation between the signals received
by antenna elements can take on any arbitrary symmetrical
structure, since the cross-correlation depends not only on
the antenna array configuration but also on the operating
environment, e.g., the direction of incoming multipath waves
and their angular spread. Closed-form expressions for the error
probability in Nakagami fading channels with a general branch
correlations were obtained in [15], taking into account the
average branch signal-to-noise ratio (SNR) imbalance. Though
the results are general for any diversity order and arbitrary
branch correlation model (with the only limitation being the
identical branch fading), the effect of antenna spacing and the
operating environment on bit error rate (BER) performance can
not be evaluated from [15], due to the lack of general expression of the spatial cross-correlation coefficient. Moreover, the
average BER expression for coherent modulation contains an
integral with infinite limits, which usually is not preferred from
a computational standpoint [11].
More recently, [16] also addressed the same problem for
coherent binary phase-shift keying (PSK) and frequency-shift
keying (FSK) modulation. For the integer , the result is
expressed in the double summation form, but the coefficients in
the partial sum representation involve the calculation of higher
order differentiation of a product function. For the noninteger
, the solution is given in the form of a one-fold integral with
infinite limits. The general results were used to analyze two
antenna configurations commonly used in base stations with
specified branch covariance matrix, leading to many interesting
findings for system designs. The techniques developed in [15]
and [16] both required that the covariance matrix be known
before the average BER can be computed. This is convenient
for the analysis of experimental data where the covariance
matrix is explicitly measured from data, but it is not readily
applied to the theoretical description of the array performance.
This is because the correlation between the Nakagami faded
amplitudes of the branch signals is very difficult to obtain in
terms of the array configuration and the operating environment,
even with the simple scattering model assumption.
In this paper, the analytical expressions for the average BER
of an arbitrary order space diversity receiver are derived as functions of the covariance matrix of the multipath component signals at the antenna elements. We will show that the envelope of
the received signal at each branch of the antenna array can be
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expressed as the norm of an -dimensional complex random
vector, where is the fading parameter of the Nakagami- distribution. Each element of this -dimensional random vector is
orthogonal to the others and has a Rayleigh-distributed envelope. In this way, we can include the array configuration and
effects of the operating environment in the performance assessment, since only the correlation between Gaussian component
waves is required in the average BER expressions.
In addition, when antenna elements are placed very close (in
terms of wavelength), they will reradiate the incident electromagnetic field, causing electromagnetic coupling between antenna elements. We will apply the classical “pattern multiplication” approach to an omnidirectional dipole or monopole antenna. This allows the received signal to be considered as a
signal without mutual coupling multiplied by the array admittance matrix. Then, we can further extend the results of [7] and
[8] in the flat Rayleigh fading channel to the Nakagami fading
case.
The remainder of this paper is organized as follows. Section II describes the correlated Nakagami fading channel model
and then analyzes the error performance for coherent and noncoherent modulation schemes. Closed-form expressions of the
spatial cross-correlation of the underlying Rayleigh process are
derived in Section III. Section IV addresses the effect of mutual
coupling on spatial correlation. In Section V, we present numerical examples to illustrate the effects of various parameters on
the BER performance. We offer some concluding remarks in
Section VI.

mathematically it is closely related to the -distribution with
degrees of freedom. The pdf of the -distribution is given as
[22]

(3)
and
into (3), we obtain
Substituting
an expression of the same form as the Nakagami- pdf (2). It is
straightforward to prove that the -distribution pdf is unimodal
for
and at the origin
[22], and that the mode is at
(this can be easily verified from the -distribution
if
pdf curves [1, Fig. 2.2]). Therefore, Nakagami- distribution
) is equivalent to the central -distribution for
.
(
For being a half-integer or integer, we can view a Nakagami
random variable as the square root of the sum of squares of 2
independent Gaussian random variables. Then, has the same
increases, the
interpretation as the degrees of freedom: as
number of Gaussian random variables added together increases,
and the possibility of deep fades decreases.
In the mobile radio environment, it is reasonable to suppose
that the received signal on the th branch is superimposed by a
large number of multipath signals. All component signals can
be treated as independent groups: in each group, there are
(
) unresolvable “subpath” signals
, which
have almost identical amplitude and phase. The sum of these
“subpath” signals in each group forms the th “resolved” multipath component signal, i.e.,

II. CORRELATED NAKAGAMI CHANNEL
A. Channel Model
Consider an -branch diversity receiver. The received baseband signal on th branch can be written as
(1)
is the transmitted signal and
is independently
where
identically distributed white Gaussian noise with zero mean and
. The phase
is uniformly disone-side spectral density
is a Nakagami distributed
tributed over the range [0, 2 ).
signal envelope with a probability distribution function (pdf)
given in [1]

(4)
is large, then by invoking the
Assuming that the set of
and
can be well approxcentral limit theorem, both
imated by independent Gaussian distributed random variables
; thus the amplitude
is Rayleigh distributed. The
received signal power on th branch can be expressed as
(5)
where

(2)
where
Gamma function;
average power on th branch;
fading parameter, which must satisfy
,
describing the fading severity.
is, the more severe fading that occurs, with
The smaller that
and
corresponding to the
special cases
Rayleigh distribution and the one-sided Gaussian distribution,
respectively.
Although the Nakagami- distribution was originally developed in an empirical manner, based on field measurements,

;
the Euclidean norm;
from the independence of Gaussian components.
Assuming flat fading and perfect knowledge of the channel,
, and thus
the weighting factor in an MRC is
the instantaneous SNR at the output of the MRC is given by
[19]
(6)
is the ratio of the symbol energy to the Gaussian
where
noise spectral density. The instantaneous input SNR per symbol
.
for each branch is defined as
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follows the

In general, for
tion with covariance
[21]

, the central Wishart distribudegrees of freedom is defined as

and

(11)

(7)
is the average input SNR per symbol for the
where
th branch.
In the following derivation, we assume that each branch exfor
periences the same extent of fading, i.e.,
; thus s have the same dimension. Considering
that the elements are placed very close, this is a more valid assumption in the compact array case than in a well-separated antenna array case, such as in base stations. In addition, the average signal power and the noise power density are assumed to
has an identical marbe identical for each branch, so each
ginal probability density function given by (7).

and

has the following characteristic function [21]:
tr

(12)

, with
.
is the 2
where
2 identity matrix and
indicates the determinant of the
matrix .
Setting the nondiagonal elements of equal to zero and
,
, the multivariate gamma distribution is
viewed as a special case of Wishart distribution
tr

B. BER Performance
The average error probability in the presence of fading is obtained by averaging the conditional error probability over the
pdf of , i.e.,

(13)
(8)
In this paper, we will use some well-known conditional error
probability expressions for coherent and noncoherent modula, we follow the steps outlined in
tion schemes. To derive
[19]: first find the characteristic function of , , then perform
.
the inverse Fourier transform to obtain
be a 2 -dimensional Gaussian random vector to repLet
resent th component signal vector

Using the variable substitution
the property of the positive definite matrix [3]

(14)
we obtain the general expression for the characteristic function
of , i.e.,
(15)
and

where
where
are quadrature components received on the th
antenna branch.
has a joint 2 -variate Gaussian pdf [21] with zero-mean
and covariance matrix

and applying

..
.

..
.

..
.

..

.

..
.
(16)

..
.

..
.

..
.

..
.

..

.

..
.

..
.

(9)
where

,
(10a)
(10b)

and
and
cients.

are referred as component correlation coeffi-

and the asterisk indicates the complex
where
conjugate.
Equation (15) will be used to determine the BER performance
in Section II-C. It is worthwhile to mention that although the
characteristic function (15) has a very similar form as the moment generating function [15, eq. (11)]. Each element of is the
complex component correlation coefficient between the complex Gaussian component waves received at any two antennas,
instead of the square root of power correlation coefficients in
[15]. To be precise, the complex component correlation considered in this paper is the correlation between two field compoin [27]), which allows the component correlation to
nents (
be evaluated in terms of the antenna spacing, mean angle-of-arrival and angular spread, etc. The correlation utilized in [15]
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representing the correlation between the instantaneous power
in [27]) is more convenient for
of two received signals (
the analysis of experimental data, where the correlation of the
signal power can be easily measured from field data.
In the above derivations, we initially assume that is an integer, while in the Appendix, we will show that the characteristic
.
function (15) is also valid for any positive real value
C. Binary PSK/FSK Reception
In the following, we apply the general expression to several
coherent and noncoherent modulation schemes.
1) DBPSK and NBFSK: The conditional BER for differential binary phase-shift keying (DBPSK) and noncoherent binary
orthogonal frequency-shift keying (NBFSK) is given in [19] as

tools in Maple or Matlab software package to evaluate the results. By setting
, the average BER for the dual diversity
receiver can be obtained

(22)
and for the case of independent branches, (22) reduces to
(23)
It is noted that (23) is equivalent to that in [14], which is
expressed in terms of the Gaussian hypergeometric function
.

(17)
III. SPATIAL CORRELATION COEFFICIENTS
corresponds
where is the modulation constant, i.e.,
is for BDPSK.
to NBFSK and
Substituting (15) into (8), we readily obtain the average BER
expression, i.e.,

(18)
can easily be exThus, given the diversity order
pressed as the polynomial of the component correlation coefficients between antenna elements. For a dual diversity receiver,
, the
(18) agrees with the general expression in [14] for
noncoherent case.
2) CBPSK and CBFSK: The conditional error probability
for coherent binary phase-shift keying (CBPSK) and coherent
binary frequency-shift keying (CBFSK) is given by [19]
(19)
and
correspond to CBFSK and CBPSK,
where
is the Gaussian -function. Using the
respectively, and
given in [11]
alternate representation of
(20)
The average BER can then be written as

The spatial diversity gain of combating multipath fading of the
desired signal is reduced by the correlation of the received signal
between the antenna branches. However, studies reported in [4]
and [5] on the effect of fading correlations have shown that the
degradation in performance can be small even for correlations as
high as 0.7. To better understand the effect of physical configuration of the antenna array and operating environment parameters on the performance, and consequently help design suitable
compact arrays in different applications, it is important to provide
cross-correlation analyses with realistic assumptions for the different environments. In this section, we will extend the theoretical
analysis in [4] by assuming a Gaussian distributed spatial angle
of arrival (AOA). The measurement data [9] for GSM systems
in rural and suburban environment confirms that this is a more
realistic model than the uniform AOA distribution [4]. Previous
analyses in [5] and [8] also used the Gaussian AOA model.
In the following analysis, the receiver antenna array is modvertical omnidirectional antennas,
eled as a linear array of
e.g., dipoles or monopoles, with the horizontal separation between antenna elements. Fig. 1 shows the geometrical model of
is the mean direction of arrival and
the antenna array, where
is the angular spread.
The azimuthal AOA has a Gaussian pdf

where is the normalization factor to make
density function, i.e.,

(24)
a physical

(25)

(21)

is the error function. Note
where
that when the angular spread is small, is almost equal to unity.
For the BER expressions we obtained in Section II, we are
particularly interested in the complex cross-correlation [20] between the th complex Gaussian component signals received at
the th and th antenna

The above expression only requires an integral with finite
limits, and it is easy and accurate to use numerical integration

(26)
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(34)

Fig. 1. Geometry model of linear antenna array.

Assuming that the fading of the amplitude and phase are staare indepentistically independent, and that
dent of (from this point on, we will drop superscript for notational clarity), we obtain the normalized cross-correlation coefficient

is the real part of and
is the comwhere
plex-input error function [24], which can be numerically evaluated using Maple. Expressed in more compact form, (33) and
(34) are, in essence, very similar to expressions obtained in [10],
. For the nuwhich only integrates over
merical evaluation, the summation over 30 terms is enough for
accuracy to six digits after the decimal point.
In addition, the cross-correlation of the envelopes of two sigcan be approximated [3] by the squared modulus of
nals
, referred to as
the complex component cross-correlation
the power correlation coefficient, i.e.,

(27)
and
,
, are the normalized comwhere
ponent correlation coefficients defined as in (10a) and (10b),
is the average power of a component signal received on
and
the th branch, defined as

Assuming a plane wave arriving in the direction of
relative phase delay of the th antenna is given as

(28)
, the

(29)
Then
(30)
Letting

, we obtain
(31)

(35)
can be readily evaluated, given the component crossThus,
correlation expression.
IV. MUTUAL COUPLING EFFECT
In above analysis, it was assumed that the receiving antenna
array only passively sampled the incident fields spatially. But
the elements of the array, in reality, not only spatially sample
but also reradiate the incident fields causing the mutual coupling
between the array elements. Previous results in [26] and [8] in, the mutual
dicate that for small antenna spacing
coupling effect is significant, so mutual coupling (MC) should
be taken into account in the performance analysis of a compact
receiver.
1 terminal linear
Considering the -element array as an
bilateral network responding to an outside source, and assuming
that each antenna is terminated with a known load impedance
, [26] gives the following relationship between two sets of
and
with and without mutual coupling,
received voltage
respectively:

(32)
Following the same procedure outlined in [4, Appendix], we
obtain the following closed-form expressions for the component
correlation coefficients:

(33)

..
.

..
.

..
.

..

.

..
.

..
.

(36)
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Substituting the expression of

Written in the matrix form

into (28), we obtain

where
is the self-impedance and
is the mutual
impedance between the th and th antennas. Note that
from the reciprocity theorem [25].
Since is always nonsingular, the element output voltages
(which will be used as the input signals to the MRC combiner)
can be obtained as
(37)
is also referred to as the array admittance matrix,
where
depending only on the self-impedance and mutual impedance
normalized by the load impedance. It acts like a transforming
matrix, transforming the open circuit element voltages to the
terminal voltages.
In this paper, as a simple example for illustration, we will
apply the classical “pattern multiplication” method to a dualbranch uniform linear array with each element as a half-wave
dipole or monopole, for which [25] provides the closed-form
expressions of the self-impedance and mutual impedance. For
this case, the relative pattern attributable to the individual elements can be assumed to be identical; the “element pattern”
often closely matches that of an isolated element located in free
space, and then can be factored out of the complete array pattern
expression. For a two-element linear dipole or monopole array,
this implies that the coupling matrix is

(38)

and the source vector obtained without coupling can be written
as
(39)
and
are the azimuthual and elevation angle,
where
is a vector function proportional to
respectively;
the electrical field and represents the radiation pattern of the
identical antenna element. We restrict our interest to the horionly, and for omnidirectional antennas,
zontal plane
. With coupling, the corresponding source
vector is
(40)
Let

; then we have

(41)

(42)
Noticing that two integral terms in (42) are the same as in (30)
, we obtain
with
(43a)
Similarly, we have
(43b)
into (35), the normalized power correlation
Substituting
can be written as

(44)
The theoretical calculation results in the next section show
that this effect reduces the spatial correlation and improves BER
performance, which provides additional motivation for applying
the spatial diversity in compact handheld terminals.
V. NUMERICAL RESULTS
In this section, we present a series of numerical examples to
illustrate the effects of the antenna configuration and the operating environment (i.e., fading, nominal AOA, angular spread,
and mutual coupling) on spatial correlation coefficients and on
the BER performance of the compact receiver in different Nakagami- fading channels.
From (33) and (34), we know that the spatial correlation is a
function of the antenna spacing, mean incident angle of multipath signal, and angular spread. Fig. 2 shows the power correlation coefficient versus antenna spacing for mean angle-of-arwith various angular spreads. The plots obrival
and end-fire
tained for the broadside
cases are similar to those in [10] and are not repeated here. It
is apparent that increasing antenna separation between the antenna elements always reduces their correlation, and that the
separation required for a given correlation coefficient decreases
quickly as the angular spread increases.
Substituting the component correlation coefficients into
the average BER expression (18) and (21), we will see how
those parameters affect BER performance in a correlated Nakagami- fading channel. In addition, we will use the diversity
gain [18] (defined as the reduction in the average SNR of a
diversity system that maintains the same BER at the receiver as
a system without diversity) in the performance comparisons.
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Fig. 4. Effect of diversity order in m = 1 and m = 4 fading channels,
DBPSK, broadside, antenna spacing d = (1=4), angular spread  = 45 .

B. The Diversity Order
Fig. 4 shows the average BER of DBPSK for
branches, broadside receiving, antenna spacing 1/4 , and fixed
in
and
fading channels.
angular spread
We can see that the diversity gain obtained by increasing from
to
is dominant, which agrees with the conclusion
for the Rayleigh fading channel [18]. It also shows that at large
values of SNR, the BER curves become linear with the input
versus
branch SNR, and the asymptotic slope of
(input branch SNR) is
[28]. As shown in Fig. 4, the
,
has the same slope as that for
,
curve for
. This means that the BER performance improvement for
a small diversity order receiver in the severe fading channels is
the most significant. However, the use of a large diversity order
to improve the system performance is often restricted by the
implementation complexity. In particular, for a compact receiver
design, the dimension of the array is an extremely important
constraint.
Fig. 3. BER comparison of dual diversity and no diversity in different m
fading channels for CBPSK, with d = (1=4), broadside, angular spread
 = 60 .

A. Influence of the Fading Parameter
Fig. 3 plots the average BER of a dual-diversity
MRC receiver versus the average input SNR per branch for
CBPSK, with broadside receiving, antenna spacing 1/4 , and
, in different fading channels.
fixed angular spread
are shown for comparThe cases for no diversity
ison and to calculate the diversity gain. As expected, the average
BER performance improves with increased fading parameter ;
and in more severe fading channels, a larger diversity gain is obtained, making it possible to maintain reasonable system performance with a space diversity receiver, even in deep fades. For
, the diversity gain is 16 dB for
;
example, at
.
it decreases to 7.4 dB for

C. Effect of Antenna Spacing
Fig. 5 gives the variation of the BER versus the antenna
spacing for dual diversity with broadside receiving, two typical
and
, and fixed branch SNR
angular spreads
20 dB in
and
fading channels. A larger
antenna spacing is needed to give better performance for a
smaller angular spread, which can be explained by the very
slow reduction of the spatial correlation for a small angular
spread. Regardless of the angular spread, once the antenna
spacing is increased beyond 2 , the BER performance starts
approaching its maximum achievable fading gain without
further improvement. Thus, the lack of high angular spread
(as in an outdoor rural environment) can be compensated for
by increasing antenna separation. It should be noted that when
the antenna spacing is decreased from 0.5 to 0.1 , the BER
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m

Fig. 5. Effect of antenna spacing, dual diversity, broadside, in
= 0:8 and
m = 1:5 fading channels, with angular spread  = 6 and 60 , respectively.

increases by approximately five-fold and ten-fold for
and
, respectively. However, to be more realistic,
the effect of mutual coupling must be included for very small
antenna separation. This will be addressed in Section V-F.

Fig. 6. BER versus angular spread with 1/4 antenna separation in
Nakagami fading channel (Rayleigh).

m=1

TABLE I
DIVERSITY GAIN (dB) FOR DIFFERENT ANGULAR SPREAD

D. Sensitivity to the Angular Spread
Fig. 6 shows the BER versus the angular spread at fixed SNR
fading channel.
and two extreme mean AOA cases in an
For broadside, the average BER has a noticeable degradation
when the angular spread is decreased below 25 ; while for endfire, there is a fast degradation as the angular spread decreases
from 60 . Table I lists the dual-diversity gain at BER
and
for typical angular spreads in different fading channels.
and fixed mean AOA,
We notice that for a given
the smallest decrease in diversity occurs in going from
to
, and the largest gain decrease occurs in
to
. This indicates that for small to
going from
, much of the
medium correlation coefficients
diversity improvement can still be obtained [13]. Also, as the
decreases), the diversity gain
average SNR increases (the
increases and the deleterious effects of the correlation decrease.
E. Sensitivity to the Mean AOA
Fig. 7 illustrates the sensitivity of BER performance to the
mean AOA in different fading channels, with fixed branch SNR
dB. We can see the gradual degradation when the mean
AOA deviates from the broadside direction, but the degradation
is relatively small in the whole range [0, 2] compared with
the angular spread. Regardless of the angular spread, less severe
fading channels create a large variation when the mean AOA
changes from broadside to end-fire. For a severe fading channel,
the large angular spread case is less sensitive to AOA, while for
, small angular spread cases
less severe fading channels
are less sensitive to AOA. Table II gives specific BER values at
two extreme mean AOAs for different fading parameters and
angular spreads, respectively. But since large angular spreads

Fig. 7. Effect of AOA on average BER for different angular spread  = 10
and 60 and in different fading channels.

reduce the correlation more dramatically, sensitivity to the AOA
in general will not cause much degradation.
A comparison among DBPSK, NBFSK, CBPSK, and
CBFSK modulation is shown in Fig. 8 for a three-element
, broadside
linear antenna array with spacing
at 20-dB fixed SNR
receiving, and angular spread
and
fading channels. It is observed that
in
the conventional 3-dB difference still exists for CBPSK and
DBPSK over CBFSK and NBFSK, respectively. Fig. 8 also
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TABLE II
VARIATION OF AVERAGE BER VERSUS FADING ENVIRONMENT

Fig. 9. Spatial correlation versus angular spread with different mean AOA and
antenna spacing d = 0:1, with and without the presence of mutual coupling.

Fig. 8. Comparison among four modulation schemes with three-element
antenna array, broadside receiving, and angular spread  = 45 in m = 0:8
and m = 4 fading channels.

serves as a validation of the BER expressions of various
modulation schemes for a noninteger fading parameter .
F. Mutual Coupling’s Effect
Figs. 9 and 10 plot the power correlation versus the angular
spread at different mean AOAs for the antenna spacing of 0.1
and 0.5 by numerically evaluating (44). It is evident that the effect of coupling can be neglected for antenna separation larger
than half a wavelength. Fig. 11 shows the BER versus the antenna spacing for coherent BPSK, with fixed input branch SNR
20 dB, broadside receiving, and angular spread
in
,
, and
Nakagami fading channels, respectively. It is clear that even for antenna separation
, the BER performance degradation is very
small for large angular spreads. Therefore, applying spatial diversity on mobile terminals is feasible and can act as an important complement to adaptive arrays at the base stations, where
the downlink currently constitutes the limit to potential capacity
gains.
As shown in [8], these favorable results can be explained by
the fact that the mutual coupling effect causes a pattern distortion and provides some pattern diversity. Thus, when the antenna spacing is extremely small, as in compact receiver cases,
the pattern diversity effect dominates over the effect of the space
diversity.

Fig. 10. Spatial correlation versus angular spread with different mean AOA
and antenna spacing d = 0:5, with and without the presence of mutual
coupling.

VI. CONCLUSION
This paper extends previous work [7], [8] investigating
the effect of the spatial correlation on the average BER performance of a compact antenna array in Rayleigh fading to
the Nakagami fading environment. The formulation does not
require the knowledge of the spatial covariance matrices as
in [15] and [16]. A new approach of viewing a Nakagami
random variable as the norm of an -dimension complex
random vector was presented. Thus, the characteristic function of instantaneous SNR at the combiner’s output can be
expressed in terms of the cross-correlation matrix of the
underlying Rayleigh processes. In the case of noncoherent
binary PSK/FSK, the BER expression can be represented as
a polynomial of the cross-correlation of Gaussian component
signals, given the diversity order; for coherent reception, only
a single finite-interval integration is required to evaluate the
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Then

is a characteristic function for all integers
. That is to
say, if is rational, the derived characteristic function is valid.
Finally, from the continuity theorem [23], the conclusion can be
extended to all positive values .
It should be noted that in the mathematical expression
,
can be any positive,
of the characteristic function
is due to the
real number, and the restriction for
Nakagami- distribution’s communication application background.
ACKNOWLEDGMENT
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Fig. 11. BER versus antenna spacing in different fading channels, CBPSK,
broadside receiving, and angular spread  = 60 , with and without the
presence of mutual coupling.

BER performance. A more realistic angular power profile, the
Gaussian AOA distribution, is assumed in calculating spatial
correlation coefficients. The numerical results clearly illustrate
the sensitivity of the compact array to the fading parameter,
diversity order, antenna spacing, mean AOA, and angular
, broadside reception, there is negligible
spread. For
, while for the
degradation as long as angular spread
is needed. In
end-fire case, a larger angular spread
a severe fading channel, larger diversity gain is obtained for the
same antenna spacing and angular spread.
In addition, mutual coupling was taken into account. Using
simple dipole or monopole antennas as array elements in the
,
analysis, the correlation coefficients decreased for
which is a favorable result for applying a spatial diversity receiver in handheld terminals.
APPENDIX
Recapitulating the proof in [17, Lemma 3], we can extend the
characteristic function of (15) to the noninteger . Since is a
normalized covariance matrix, it is at least positive semidefinite.
be the characteristic root of ,
Letting
clearly is nonnegative. Then

where
.
be the characteristic funcLet
Gamma distribution and
be
tion of the convolution of
the product of a 2 such characteristic function, each of which
has the arithmetic mean, is infinitely divisible [17], and hence
never vanishes. Therefore, the following operation is valid:
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