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In this paper, the error rate performance of coherent square M- ary quadrature amplitude modulation (CSMQAM)
over fading channels under switched combining (SWC) space diversity reception is obtained and analyzed. The
fading channels are modelled as frequency nonselective slowly Nakagami-m fading channels corrupted by additive
white Gaussian noise (AWGN). Two branch switched diversity receiver based on discrete-time model is considered.
Exact and closed form expressions are derived for the symbol error rate (SER) of CSMQAM over Nakagami-m
fading channels under dual SWC diversity reception. The results are obtained for both independent and correlated
fading branch signals. The numerical results are plotted as average SER versus average signal to noise ratio (SNR)
per symbol per channel for various values of Nakagami fading parameter m, number of distinct symbols M and
branch correlation coefficient r in order to examine the effects of fading severity and branch correlation on the
performance of CSMQAM. The results are also compared with the SER results of CSMQAM with no diversity in
order to investigate the diversity gain due to SWC. Closed form expressions that can be used for numerical
computation of adaptive switching threshold are also derived and analyzed. The results presented in this paper are
sufficiently simple and therefore can be computed numerically without any approximations. Also the results
presented are general enough to include Rayleigh fading and AWGN as special cases. The analytical results
presented in this paper are expected to provide a convenient analytical tool for design and analysis of a radio system
in fading environment under SWC diversity reception.
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INTRODUCTION

Quadrature amplitude modulation (QAM) is a widely used modu-
lation scheme due to its high spectral efficiency. 16QAM is a
promising modulation scheme for third generation wireless sys-
tems for high rate data transmission. With the development in
high power amplifier design and successful linearization of trav-
elling wave tube amplifier characteristics1 potential application
of 16QAM or even 64QAM for satellite systems are now becom-
ing more recognizable2. 64QAM may be the preferred modulation
scheme for future wireless systems.
Performance of QAM over wireless channels is severely degraded
due to channel fading. Use of diversity reception is one of the
effective techniques to combat the detrimental effects of channel
fading on digital transmissions3. The most commonly used diver-
sity combining techniques are maximal ratio combining (MRC),
equal gain combining (EGC) and selection combining (SC). A
thorough treatment of these diversity combining techniques can
be found in book by M Schwartz et al4. The different forms of
switched combining (SWC) receivers can be viewed as subop-
timum (and simpler) implementations of SC receiver which is an
optimum form of SWC5 − 7.
The symbol error rate (SER) of coherent square M-ary quadrature

amplitude modulation (CSMQAM) with Lth order MRC diversity
reception over independent Nakagami-m fading channels and
Rician fading channels have been previously reported8 − 9. MRC

and EGC diversity receivers for MQAM over Nakagami-m fading
are analyzed by A Annamalai et al10. Bit error rate (BER) of
MQAM in AWGN is derived and analyzed by D Yoon et al11

while the BER of MQAM with dual MRC diversity reception
over Rayleigh fading is presented by T Sunaga and S Sampei12.
Lu et al13 obtained and analyzed the symbol error probability of

MQAM under Lth order MRC diversity reception in Rayleigh
fading environment.
It is well known that the improvement in performance of any
space diversity combining system increases with the increase in
the number of diversity branches. However, the system complex-
ity increases for practical systems and due to the availability of
limited space, large number of diversity branches is not feasible.
However, since the marginal improvement of an additional
branch in a diversity system is inversely proportional to the
number of existing branches in the diversity system14, hence, dual
branch diversity combining systems are more popular.
This paper presents the SER performance of CSMQAM in Nak-
agami- m fading environment under dual SWC diversity recep-
tion. Results are obtained for both independent and correlated
fading branch signals. The effects of fading severity and the
branch correlation coefficient on both the SER and adaptive
switching threshold are investigated. Nakagami-m distribution
considered here is the best fit for data signals received in urban
radio multipath fading channels15 − 16. The results of many propa-
gation studies17 − 23 have shown that there is a close agreement
between the Nakagami-m distribution and variety of propagation
paths spanning nearly all frequency bands. Moreover, Nakagami-
m distribution is also a two parameter distribution, that provides
more flexibility and accuracy in matching the signal statistics
received over fading channels.
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COMMUNICATION LINK

Two diversity channels carrying the same information bearing
signal are assumed. Each channel is modelled as frequency non-
selective slowly Nakagami-m fading channel corrupted by
AWGN process. The noise processes in the diversity channels are
assumed to be mutually statistically independent, with identical
autocorrelation functions. The SWC diversity receiver considered
is based on a discrete time model5 ie, one switches only at discrete
instants of time t  =  n T where n is an integer and T is the interval
between switching instants. If it is assumed that antenna 1 is used
at t  =  (n − 1)T, then one switches to antenna 2 at t  =  n T, if a
local signal to noise ratio (SNR) measurement for antenna 1 at
t  =  n T is below a predetermined threshold value, regardless of
the local SNR measurement for antenna 2 at t  =  n T. Switching
from antenna 2 to antenna 1 is done in a similar manner.

For a digital receiver24 which makes its decision based on the
output of a linear filter operating on an undistorted symbol
waveform, it is well known that the probability of symbol error
caused by stationary AWGN depends only on the instantaneous
signal to noise ratio (SNR) associated with each symbol. In
fading, instantaneous SNR (γs) associated with each symbol
becomes a random variable and for independent Nakagami-m
fading channels, the probability density function (PDF) of γs at

the output of dual SWC diversity receiver can be written as5
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where Γ(.), is the gamma function; m, the Nakagami fading pa-
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For correlated Nakagami-m fading channels, the PDF of γs at the

output of dual SWC diversity receiver can be written as5.
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where A (γs) is defined for convenience as
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where r, is the branch correlation coefficient; and Iv (.), is the

modified Bessel function of the first kind order v.

PERFORMANCE ANALYSIS

Once the PDF of γs is known, the average SER, Ps in fading can

be calculated by averaging the conditional (on γs) SER Ps (γs)
over the PDF of γs, ie.

Ps  =  ∫ 
0

∞

 Ps (γs) p (γs) dγs (5)

where Ps (γs) is the conditional (on γs) SER in non-fading envi-
ronment corrupted by AWGN.

Independent Fading Channels

The expression for the conditional (on γs) SER of CSMQAM is

given by25
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where g  =  3 ⁄  2 (M − 1) and B  =  1 − 1 ⁄ √M . Substitution of

equation (6) and also equation (1) into equation (5) yields the
following expression for average SER of CSMQAM with dual
SWC diversity reception in frequency non-selective slowly Nak-
agami-m fading environment.
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where f (θ)  =  g ⁄ sin2  θ
Substitution  of  m = 1  into  equation  (7) gives the SER in
Rayleigh fading environment and m  =  ∞  yields the SER in
AWGN.

The value of ξ  that minimizes the error rate in equation (7) is
defined as the optimum adaptive switching threshold ξopt which
can be obtained easily by numerical computation, but its analyti-
cal derivation is difficult. Applying standard differentiation tech-
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niques on the first term in equation (7) gives the sub-optimum
adaptive switching threshold ξa as

ξa  =  
log e (1  +  γ

_
s g ⁄ m)m

g
(8)

Although ξa is not an optimum adaptive switching threshold yet

its value is close to the optimum value. Also the expression for
ξa is so simple that it can be numerically computed without any

approximation. For example, the value of switching threshold
obtained from equation (8), for 16QAM at γ

_
s  =  10 dB and m =

2, is 9.0898 dB and Ps at this value, obtained from equation (7),

is 10 − 0.6560 and the optimum value of switching threshold obtained
numerically from equation (7) is 8.8649 dB and Ps at this value

is 10 − 0.6567. At γ
_

s  =   30 dB and m = 2, the value of switching

threshold obtained from equation (8), for 16QAM is 18.9562 dB
and Ps at this value, obtained from equation (7), is 10 − 5.5902 and

the optimum value of switching threshold obtained numerically
from equation (7) is 18.5794 dB and Ps at this value is 10 − 5.6090.

CORRELATED FADING CHANNELS

In case of practical space diversity systems, the correlation among
the diversity branches is normally non-zero because in practical
systems antennas are closely spaced. Thus, one is always inter-
ested to know the effect of branch correlation on the error rate
performance of the diversity systems. Substitution of equation (6)
and equation (3) into eqation (5) and using relations of Grad-
shteyn and Ryzhik26 yields the following expression for SER of
CSMQAM with dual SWC diversity reception over correlated
frequency non-selective slowly Nakagami-m fading channels. 
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where S, W and ψ are respectively defined as
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Substitution of m = 1 in equation (9) yields the SER in Rayleigh
fading environment and substitution of m  =  ∞  yields the SER
in AWGN. Also substitution of r = 0 into equation (9) yields
equation (7).

The adaptive switching threshold, ξa, for CSMQAM over corre-

lated Nakagami-m fading channels can be obtained using the
same technique used for independent fading channels. After some
mathematical manipulations ξa for correlated fading can be writ-

ten as

ξa  =  log e (1 + γ
_

s (1  −  r) g ⁄ m)m /  




m
γ
_

s
  +  g  −  Wg





(10)

where Wg is defined as

Wg  =  
m

γ
_

s (1 − r)
 

1  −  

m r
γ
_

s (1 − r) g + m)




As in case of independent fading channels, the expression for ξa

in equation (10) for correlated fading channels is also simple and
gives values close to optimum one.

NUMERICAL RESULTS

The final expression derived for the average SER of CSMQAM
with dual SWC space diversity reception over independent Nak-
agami- m fading channels is computed numerically using opti-
mum adaptive switching threshold and results are plotted as
average SER against average SNR per symbol per channel as
shown in Figure 1 and Figure 2 for m = 1 and m = 4 respectively.
The results for no diversity are also shown for comparison. The
Figures show that the improvement in performance  due  to
diversity  is more in case of severe fading ie m = 1 as  compared

Figure 1  The average SER of CSMQAM with dual SWC over
                independent Nakagami-m fading channels with m = 1
                (Rayleigh fading). An adaptive switching threshold ξa is used
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