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DIVERSITY / EQUAL GAIN COMBINING / CORRELATION

Diversity is a well-known technique to improve the performance of received
signals in Wireless Local Area Network (WLAN). This thesis focuses on Equal Gain
Combining (EGC) diversity because it provides a good performance close to Maximal
Ratio Combining (MRC) diversity which MRC is accepted as the best diversity
technique in both theoretical and practical viewpoints. In addition, EGC also offers a
less complexity for practical implementation than MRC. For EGC diversity,
the first step is to make all signals co-phased before being combined. Therefore, it is
better to delete this co-phase step in order to reduce hardware complexity. In this light,
this thesis introduces non co-phase EGC diversity by firstly investigating whether
non co-phase EGC diversity is able to provide an acceptable performance in
comparison with a co-phase method. After that, the issue of employing non co-phase
EGC into a limited area for WLAN terminals is on focus. As a result, this thesis
proposes the method to find a suitable antenna configuration of non co-phase EGC on
a limited area. Both simulation and measurement results confirm that signal strength in

WLAN systems is able to be enhanced by using an optimal antenna configuration.
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1. Abstract

In this paper, Equal Gain Combining (EGC) technique is considered because it provides
performance comparable to the optimal Maximal ratio combining (MRC) techmque but with greater
simplicity. Although, performance evaluation of EGC diversity 1s a much more difficult task m
comparison with other classical techniques but it has been presented several times in literature.
However, the problem concerming multiple antennas on linuted space has never been presented.
This is because the correlation between multiple antennas can be neglected if the antenna spacing is
large enough. In practice, the dimension of user termunal 1s fixed with the trend of small in size.
Therefore, 1t 15 1mpossible fo avoid the effect of antenna correlation due to limuted space. In this
paper, the performance mnvestigation of EGC diversity technique is presented by considering the
problem of multiple antennas on linuted space. The simmulation results reveal the sigmificant
differences observed if neglecting the antenna correlation.

2. Introduction

Space diversity with multiple antennas is a well known technique to improve performance
i fading channel for wireless systems. This techmque includes maximal ratio combining (MRC),
equal gain combining (EGC), and selection diversity [1]. The EGC receiver 1s generally known to
have a performance close to a MRC recerver while at the same time being less complex from the
implementation point of view. Hence, the performance analysis of this recerver 1s of interest.

In literature on EGC performance, there 1s surprisingly limited works in comparing with
popular diversity combiming methods. Most of them evaluate the EGC performance with the
assumption of neglecting the antenna correlation. However, this assumption cannot be accepted m
practice because the size of user ternunal 1s so small that multiple antennas on this limited space are
unavoldably correlated. The literature on correlated diversity branches is quite a few and all of them
studied on dual antenna diversity. In [2], the problem of correlated fading for a two branch selection
combining scheme was considered. Amongst the mitial works of gain combining schemes, Pierce
and Stein [3] studied the performance of MRC and EGC m a correlated Rayleigh fading channel
and showed that an increase in correlation had adverse effects on the system performance. In [4-6],
practical implementations of spatial diversity at the mobile handsets are usually restricted to
second order diversity with closely spaced antennas that result in correlation between the
diversity branches. As explamed in [7], the correlation between the branch envelopes in spatial
diversity systems 1s a function of the spacing between the antennas. The general trend is that
correlation decreases with increasing antenna spacing. The authors in [8] consider a procedure for
generating two equal power Rayleigh-fading envelopes with any desiwred cross-correlation
coefficient. These works in literature have been useful in analyze of the correlated signals to ground
the basis formula in this paper. However, the problem of multiple antennas on limited space has
never been addressed before. In this paper, the EGC performance 1s mvestigated by changing the
number of antennas on a limited space. Both uncorrelated and correlated signals for EGC diversity
with multiple branches in presence of Rayleigh fading and AWGN fading are considered.
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3. EGC diversity and antenna correlation

3.1 EGC model

EGC techniques are known to combine the signals from multiple diversity branches. The
signal output of the combiner 1s the direct sum of the received signals, which co-phase the signals
on each branch and then combines them with equal weighting g in each branch of receivers. The

signal plus noise 1 each branch 1s then multiplied by a voltage gain factor gz and then added mna
linear combmer which 1s subsequently demodulated through receiver. Thus the predetection
diversity signal output equal gain system can be written as
A
v =Y gk k() + nk ()} k=12 M ¢))
k=1
Where gk=e_“'f 9k

The EGC receiver performance is superior to other diversity performance and only
marginally inferior compared to MRC. EGC 1s often used m practice because of its reduced
complexity relative to the optimum MRC scheme.

3.2 Antenna correlation on limited space
Figure 1 shows the multiple antennas on limited space. The linear array with M antenna
elements 1s configured on a fixed length D.

Figure 1: Configuration of multiple antennas

The relation between power correlation coefficient /2 and antenna separation d derived by
Clarke [9] can be expressed by

p=73 2 @

Where Jy(.) 1s the zero order Bessel function of first kind, and A is the carrier wavelength.

This relationship 1s used to deternune the correlation properties of the signal on each branch which
1s expressed as

Py()—-p=0 (3)
Where p,(¥) is the least squares H degree polynomual given in [8]. The parameter ¥ has been
vseful in analyze of the correlation signals. In [9], the authors found the special case of the
correlation matrix given by

o, 0
%ma"'f) G'xﬁlll_f (4)

b

—

Where & 1s an abseolute desired signal power. Now, the correlated signals between two branches
can be easily generated. Figure 2 shows the uncorrelated and correlated signals in a Rayleigh fading
channel For the correlated signals, the power correlation coefficient 1s 0.9. Figure 2(a) and 2(b)
present the uncorrelated and correlated signals for two branches while Figure 2(c) and 2(d) present
for four branches. It 1s clearly noticed the difference between correlated and uncorrelated signals.
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Figure 2: The uncorrelated and correlated signals in a Rayleigh fading channel, (a) two uncorrelated
signals, (b) two correlated signals. (c) four uncorrelated signals and (d) four correlated signals.

For the problem on linuted space, the total length D 1s a fixed distance and the correlation
coefficient 1s changed by number of antennas with an equal spacing.

4. Simulation Results

For sake of saving space i the paper, only output SNR performance of EGC diversity
technique 1s presented here. This 15 because BER performance is sunply predicted as a direct
proportional function of SNR. The comparison between probability density function of the
uncorrelated and correlated signals 1s provided. For all sumulations, the limited distance D is set to
30 cm as the average length of notebook.

Figure 3 shows the output SNR of EGC diversity technique as a function of number of
antennas in Rayleigh and AWGN fading channels. The results show that the increase of output SNR
depends on the number of antennas. The significant differences between uncorrelated and correlated
signals are noticed n AWGN fading but this finding 1s not pronounced for Rayleigh fading. This 1s
because under a rich multipath the fluctuation of signals due to fading plays a major role on EGC
performance whether antenna correlation 1s existed or not.

Figure 4 shows the probability density function of output SNR for uncorrelated and
correlated signals in Rayleigh and AWGN fading channels. It can be noticed that the vanance of
signal 1s smaller when applying more antennas. In addition, the probability density functions of
uncorrelated and correlated signals are more diverse if the number of anfennas increase.

From all simulation results, the effect of correlated signals due to limited space 1s seriously
significant in AWGN channel but not Rayleigh channel. However, the real propagation channel 1s
in between AWGN and Rayleigh. Thus, these results are helpful for any researchers using EGC
diversity technique to design the available margin due to antenna correlations in practice.

5. Conclusion

In this paper, the performance investigation of EGC diversity technique 1s presented by
considering the problem of multiple antennas on himited space. The simulation results reveal the
significant differences observed if neglecting or including the antenna correlations. In future work,
the measurement of EGC diversity techmque will be undertaken to verify the simulation results in
this paper.
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Figure 3: Output SNR of EGC diversity techmque as a function of number of antennas in Rayleigh
and AWGN fading, (a) Average SNR, (b) Peak SNR
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Figure 4: Probability density function of uncorrelated and correlated signals in fading channels
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Abstraci- The Equal Gain Combining (EGC) diversity
technique is generally kmown to have a performance close to an
optimal Maximal Ratio Combining (MRC) technique while being
less complex for realization. Hence, the implementation of EGC in
practice is of inferest. As the dimension constraint on WLAN
terminal, the problem of how to configure multiple antennas on
such a limited area arises. In this paper, the study of correlarion
between each antenna signal under restricted area is presented to
evaluate the performance of EGC diversity technique. The
measurements of WLAN signals are also undertaken in order to
justify the simulation results. The investigations reveal that the
antenna configuradons provide the different performance
depending on the tvpe of fading channels.

I INTRODUCTION

In practice, EGC techniqgue provides performance
comparable to the MRC fecetver but with greater simplicity.
However, performance evaluation of EGC diversity 15 known
to be a much more difficult task i comparmg with other
techniques [1]. Hence, it is interesting to choose EGC diversity
for implementing in wireless systems. Generally, the
dimenston of wireless devices 1s limited by the trend of smaller
size. Therefore, the problem to configure multiple antennas on
area constraint 1s necessary to be mvestigated. This problem
deals with the correlation between each antenna which can
greatly affect the performance of wireless system. Thus.
performance analysis of antenna configuration on limited area
1s of interest both practical and theoretical.

The literature on comrelated diversity branches is meager
despite its importance from both practical and theoretical
viewpotnts. The general trend 1s that correlation decrease with
wereasing antenna spacing between antennas. The correlation
between the signal branches 1s a function of the spacing
antennas. The study of the relative effects of correlation
between signals arriving at different array elements dates back
to the early [2]. Amongst the initial works of gain combining
schemes, Pierce and Stein [3] studied the BER for MRC and
EGC for BPSK modulation in a correlated Rayleigh fading
channel and showed that an increase in correlation had adverse
effects on the BER of the system. As explamed m [4], the
correlation between the branch envelopes m spatial diversity
systems 15 a function of the spacing between the antennas. For
[5] consider procedure for generating two equal power
Rayleigh-fading envelopes with any desired cross-correlation
coefficient 15 grven This literature has been useful m analyze
of the correlation signals for this paper. For indoor wireless
system. the author in [6] has presented the measured and
simulated performance of dual-antenna diversity on prototype

transcetver handsets 1n an indoor environment. However, the
problem of multiple antennas amranging with the different
configurations has never been reported.

In this paper, the different configurations of four antennas on
notebook operating in WLAN system are investigated. The
performance comparison of EGC signals for each case of
antenna configuration in presence of Rayleigh and AWGN
fading channels is presented. In addition. the measured results
of those configurations are undertaken to justify the simulation
results. The remamnder of paper 1s orgamzed as follows.
Section IT provides the details of EGC diversity and 1ts antenna
correlation. The measurement of EGC on WLAN terminal is
given in Section III. Section IV describes the results and finally
Section V presents the conclusions of this paper and comments
for future work.

II. SYSTEM MODELS

A. EGC diversity

EGC diwversity is known to combine the signals from
multiple diversity branches. The signal output of the combiner
1s the direct sum of the received signals, which a co-phase
signal on each branch 1s performed and then 1t 1s combined
with equal weighting in each branch of receivers. Figure 1
tllustrates a configuration of EGC diversity technique.

The signal output of the combiner 1s the direct sum of the

received signals with weighting g, =al.e'ﬁl " on the ith
antenna branch. For EGC diversity, the amplitude of weighting
1s equally set to 1 for all branches. Hence, the combined signal

1s expressed as
M

r=yr 5

Where M 15 the total number of diversity antenna branches.
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Figure 1. Equal gam combining diversity.
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B Antenna correlation
The relation between power correlation coefficient 2 and
antenna spacing d is derived by Clarke [7] as
), 2ml
p=h(5) @

Where J;() is the zero order Bessel function of first kind,

and Ais the carrier wavelength. From (2) we will use this
relationship to determine the correlation properties of the
signal on each branch, expressed as

p,(A)-p=0 ©)
Where p, (ﬂ) s the least squares N degree polynomial given

1 [5]. The parameter A has been useful m analyze of the
correlation signals. In [5] the authors found the special case of
the correlation matrix given by

a, 0

= 1 ” 2 +3
ﬁA{;rI(H 7 JIJI—A'

Where @, 1s absolute desired signal power. By assunung that

@

i and 73 are samples of two uncorrelated signals, the
correlated signals are easily determined by

X=Lr ()

T :
Where l‘=[}‘1 ?‘2] . Hence, the correlated signals between

two branches can be easily generated.

Figure 2 and Figure 4 show the examples of uncorrelated and
correlated signals in a Ravleigh fading channel For the
correlated signals, the power correlation coefficient 15 0.9.
Figure 2(a) and 2(b) present the uncorrelated and correlated
signals for two branches while Figure 4(a) and 4(b) present for
four branches. It 1s clearly noticed the difference between
correlated and uncorrelated signals. These figures are performed
to confirm the concept of usmg correlation matrx m (4) for
stmulations.
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Figure 2. Example of two signals in a Rayleigh fading channel. (a)
uncorrelated signals, (b) correlated siznals
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Figure 3. Antenna configurations of EGC diversity on notebook.

C  Avemage probability of bit errar
The average probability of bit error 1 fading channel can be
written as [8]

o

B, = [B(nps, Ny ©
L]

Where P, (y)1s the probability of bit error with SNR ¥ and
b5, (y)1s the conditional probability density function of the
output ¥ for a given I and the combining of diversity signals.

When the recerver employs the QPSK modulation, the
conditional probability of error 15 then given by [8]

B(1)=0(2y)
Where 0(.)is Q-function.
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Figure 4. Example of four simals n a Rayleigh fading channel, (a)
uncorrelated signals, (b) comelated signals
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I MEASUREMENT SETUP

A Anterna configurations

Each configuration is located on fixed area of notebook with
dimension of 19.5 cm x 29.5 cm shown in Figure 3(A). The
antenna configurations investigated mn this paper are illustrated
in Figure 3(B). Figure 3(C). Figure 3(D) and Figure 3(E). Both
simulations and measurements are performed by using these
configurations.

B, Measurement scenarios

In order to justify the simulation results, the measurements
of EGC diversity signals based on antenna configurations
shown in Figure 3 are undertaken. The measurements are
performed at 4" floor of C Building, Suranaree University of
Technology. The signal strength of WLAN signal 15 measured
under the normally operating system.

The map of measurement area 1s tllustrated m Figure 5 m
which black spots mdicate the measurement position. The total
posttions of measurements are 30 pomts. In each position the
repeated measurements are performed by 5 times for each
antenna configuration.
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Figure 5. Map of measurement area

IV. RESULTS AND DISCUSSIONS

With area constraint on computer notebook, the relation
between antennas can be found by calculating the antenna

spacing d according to each configuration shown in Figure 3.

Then the power correlation coefficient of each signal receivers
15 determmned by using (2). Consequently. the cormelation
matrix is available to perform the correlated signals by using
(5).

For simulations, two fading channels (Rayleigh and AWGN)
are considered here because both are often used as a reference
for mdoor wireless system. The simulation results present the

probability density function of EGC signals to noise ratio as
well as the probability of bit emor for each antenna
configuration illustrated 1 Figure 3. For measurements. the
monopole antennas with 5 dB1 gain are configured by using
power combiner of Minicircuit Company to operate EGC
diversity on notebook.

Figure 6 shows probability density function of SNR for all
configurations in AWGN fading channel It 15 clearly noticed
that the different configurations provide the different
distributions even all configurations use the same number of
antenna. In AWGN fading channel, configuration D offers the
best SNR distribution while configuration B gives the worst
SNR distribution. The deviation of average SNR is range from
22.8 dB to 234 dB. Although the average SNR 1s changed by
antenna configuration but the variances of all configurations
are similar. In contrast to Rayleigh fading channel shown in
Figure 7. the probability density functions are vared i both
average and variance values. In Rayleigh fading channel
configuration B offers the best SNR distribution while
configuration D gives the worst SNR distnibution.
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Figure 6. Probability density functions of EGC diversity in AWGN fading
channel.
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For measurement results, the probability density function of
SNR 15 presented i Figure 8. It 15 obvious that the SNR
distribution of each configuration 1s totally different mn both
average and vaniance values. These vartations are not stmlar to
etther AWGN or Rayleigh fading channels. It means that the
propagation of WLAN signals in an indoor environment cannot
be modeled by using simple mathematic models. In Figure 8,
the measurement of one antenna operating no diversity 15 also
undertaken. The results show the benefit of using four antennas
as EGC diversity over one antenna with average gain of 583
dB. This gain is close to ideal achievement of EGC diversity
with four antennas (around 6 dB). Therefore to use EGC
diversity 1n WLAN system efficiently improves the quality of
signals.

Figure 9 and Figure 10 show the average probability of bat
error 1n AWGN and Rayleigh fading channels, respectively.
These results indicate the same finding as Figure 6 and Figure
7. However, it is interesting to observe that performances m
AWGN channel are much better than Rayleigh channel For
measured results shown 1n Figure 11, the probabilities of bit
errors are between AWGN and Rayleigh channels This
implies that the propagation of indoor scenarios consists of
multipath signals which more diverse than AWGN channel but
less number of paths than Rayleigh channel Also in Figure 11,
configuration D provides the best performance with 1.2 dB
over configuration B at 10°. In summary, the results reveal that
the choice of antenna configuration can greaily affect the
performance of wireless system.

V. CONCLUSION

This paper presents both simulation and measurement results
of EGC diversity techmque with four antennas on limited
dimension of WLAN terminal like notebook. Both AWGN
and Rayleigh fading channels are considered. The results show
that effect of correlated signals due to antenna configuration is
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Figure 9. Average probability of bit error in AWGN fading chanmel
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Figure 10. Average probability of bit error in Rayleigh fading channel.
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seriously significant. Therefore, the good quality of WLAN
signals can be aclueved if the night antenna configuration 15
properly designed. In future work, the stdy focuses on
analytic solution of correlated signals based on area constraint.
A mathematical framework 1s useful to determune the best
antenna configuration for EGC diversity performance
practice.
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