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ABSTRACT

The Equal Gain Combining (EGC) diversity tech-
nique is generally known 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
interest; however the implementation of EGC diver-
sity is cumbersome due to additional circuitry re-
quired for making a co-phase signal in each branch.
As a result, it is interesting to investigate whether
non co-phase EGC diversity is able to provide an
acceptable performance while keeping much greater
simplicity with only marginally inferior as compared
to co-phase method. This paper studies performance
of non co-phase EGC diversity through the problem
of limited space on WLAN terminal. This is because
the diversity technique in real application cannot de-
termine antenna spacing as large as required in the-
ory. Therefore, it is impossible to avoid the effect
of antenna correlation due to limited space. Also in
this paper, the measurements of WLAN signals are
undertaken in order to justify the use of proposed sys-
tem. The results reveal that non co-phase EGC diver-
sity provides a benefit on enhancing signal strengths
where its performance depends on number of anten-
nas and type of fading channels.

Keywords: Antenna Diversity, Equal Gain Combin-
ing (EGC), Correlation, AWGN and Rician Fading
Channels

1. INTRODUCTION

The Antenna diversity with multiple antennas is
a well known technique to improve performance in
fading channel for wireless systems. This technique
includes maximal ratio combining (MRC), equal gain
combining (EGC), and selection diversity (SC) [1].
Maximal ratio combining (MRC) is often referred to
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as optimum combining [2] because it yields the high-
est signal-to-noise ratio at the output when compared
to all other combining techniques. However, the EGC
receiver performance is superior to SC performance
and only marginally inferior as compared to MRC.
A great number of practical diversity systems can be
found in the literature [3-6] with appropriate descrip-
tion and analysis. In practice, EGC technique pro-
vides performance comparable to the MRC receiver
but with greater simplicity. Hence, it is interesting
to choose EGC diversity for implementing in wireless
systems.

EGC is the simplest diversity technique in which
the outputs of different diversity branches are first co-
phased and weighted equally before being summed to
give the resultant output [7-9]. The weights are all set
to one with the requirement that the channel gains
are approximately constant. This is usually achieved
by using an automatic gain controller (AGC) in the
system [10]. Some practical applications of EGC in-
clude the use of regenerative circuits to co-phase the
received carriers. However, implementation of EGC
diversity is cumbersome due to the additional cir-
cuitry required in order to co-phase the signal in each
branch. Consequently, it is interesting to reduce co-
phase method of EGC diversity for implementing this
technique. The literature on non co-phased antenna
diversity branches is meager despite its importance
from both practical and theoretical viewpoints which
this technique has never been reported. Therefore,
the first contribution of this paper is to analyze the
performance of non co-phase EGC diversity via an-
alytical and simulated results. Then the use of non
co-phase EGC diversity in real application has been
investigated. In this paper, the use of diversity in
an indoor WLAN system is on focus. One problem
on designing multiple antennas for WLAN terminal
is having a limited space as the dimension of wireless
terminal is bounded by the trend of smaller size. This
causes an undesired correlation to antenna branches
and degrades the theoretical performance. The lit-
erature on correlated diversity branches is quite a
few and amongst the initial works of gain combining
schemes, Pierce and Stein [11] studied the BER for
MRC and EGC for BPSK modulation in a correlated
Rayleigh fading channel and showed that an increase
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in correlation had adverse effects on the BER of the
system. The correlation between the signal branches
is a function of the spacing antennas. Therefore, the
problem to space multiple antennas on limited space
is necessary to be considered. This problem deals
with the correlation between each antenna which can
greatly affect the performance of wireless system re-
ported in the literatures [12-18]. In [13-14], the prac-
tical implementations of spatial diversity at the mo-
bile handsets are usually restricted to second order
diversity with closely spaced antennas that result in
correlation between the diversity branches. As ex-
plained in [15], the correlation between the branch en-
velopes in spatial diversity systems is a function of the
spacing between the antennas. However, assumption
avoiding correlations cannot be accepted in practice
because the size of user terminal is so small that mul-
tiple antennas on this limited space are unfortunately
correlated. Thus, performance of EGC diversity tech-
nique with multiple antennas on limited space is of
interest both practical and theoretical viewpoints. In
[19], the authors of this paper had been initially inves-
tigated the performance of EGC diversity technique
by considering the problem of multiple antennas on
limited space. The simulation results reveal the sig-
nificant differences observed if neglecting or includ-
ing the antenna correlations. From all simulation re-
sults, the effect of correlated signals due to limited
space is seriously significant in AWGN channel but
not Rayleigh channel. However, the real propagation
channel of indoor WLAN system is different from ei-
ther AWGN or Rayleigh fading channel. Thus, the
measuring observation is required to validate the use
of EGC diversity technique. This paper presents the
measurement results of non co-phase EGC diversity
applying on the same problem reported in [19]. This
is considered as another paper contribution to verify
the proposed system in use of real application.

The remainder of paper is organized as follows.
Section 2 provides the details of EGC diversity and its
antenna correlation. The analytical attempt of non
co-phase EGC is given in Section 3. In Section 4, the
differences between non co-phase and co-phase EGC
techniques are examined and then the performance
comparison of both EGC techniques in presence of
Rician and AWGN fading channels is presented in
Section 5. Afterward, the performance investigation
of non co-phase EGC diversity technique is presented
by considering the problem of multiple antennas on
limited space. The effect of correlated fading on the
non co-phase EGC diversity of antenna systems where
more than two antennas are used is now discussed. In
addition, the measured results are undertaken to jus-
tify the simulation results. Finally, Section 6 presents
the conclusions of this paper.

2. SYSTEM MODEL

2.1 EGC diversity

Fig.1: EGC diversity technique

EGC diversity is known to combine the signals
from multiple diversity branches. The signal output
of the combiner is the direct sum of the received sig-
nals, which a co-phase signal on each branch is per-
formed and then it is combined with equal weighting
in each branch of receivers. Fig. 1 illustrates a con-
figuration of EGC diversity technique.

The signal output of the combiner is the direct sum
of the received signals with weighting gi = aie

−jθ on
the i th antenna branch. For EGC diversity, the am-
plitude of weighting is equally set to 1 for all branches.
Hence, the combined signal is expressed as

r =
M∑

i=1

ri (1)

where M is the total number of diversity antenna
branches. Assuming a mean noise power equal to
N for each branch, the total noise power N at the
combiner’s output is written by

N = N

M∑

i=1

a2
i (2)

Consequently, the output Signal to Noise Ratio (SNR
: γ) is given as

γ =
r2/2
N

=
r2

2NM
(3)

The combined output r is a sum of M Rayleigh
variables. Let P (r) be the probability density func-
tion of r. Therefore, the probability density function
PEGC(γ) of output EGC SNR γ can be found as

PEGC(γ)|dγ| = p(r)|d(r)| (4)

By replacing (3) into (4), then

PEGC(γ) = NM
P (r)

r

= NM
P (
√

2γNM)√
2γNM

(5)
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The problem of finding this distribution is a classi-
cally old one, going back even to Lord Rayleigh, but
has never been solved in terms of tabulated functions
for M ≥ 3. The question is how to find p(r). For the
case where M = 2, the problem can be easily tack-
led as follows. The joint distribution of two signals is
derived [1, 4.37] as

p(r1, r2)=
r1r2

σ4(1− ρ2)
exp

[
− r2

1 + r2
2

2σ2(1− ρ2)

]
I0

(
r1r2ρ

σ2(1− ρ2)

)

(6)
where I0(x) is the modified Bessel function of zero
order.
and

ρ2 =
µ2

1 + µ2
2

σ2
(7)

where µ1, µ2 are the mean signals of two branches and
σ2 is the variance of two signals. If both signals are
independent,then µ1 = µ2 = ρ = 0and I0(0) = 1

p(r1, r2) =
r1r2

σ4
exp

[
−r2

1 + r2
2

2σ2

]
(8)

Assuming r = r1 + r2 or r2 = r − r1. Then

p(r) =
∫ r

0

p(r1, r2)|r2=r−r1dr1

=
∫ r

0

p(r1, r − r1)dr1 (9)

Such an integral can be solved in term of p(r) and
using this result into (9), the final probability density
function is given by

PEGA(γ) =
1
γ

e−
2γ
γ +

√
π
− γ

γ

(
1

2
√

γγ̄
− 1

γ

√
γ

γ

)

×
(

1 + 2Q

(√
2
γ

γ

))
(10)

where Q(.) is the Q-function and γ̄ = σ2/N

2.2 Antenna Correlation

Fig. 2 shows an antenna configuration on limited
space. The linear array with M antenna elements is
configured on a fixed length D.

The relation between power correlation coefficient
ρ and antenna spacing d is derived by Clarke [21] as

ρ = J2
0

(
2πd

λ

)
(11)

where J0(.) is the zero order Bessel function of first
kind, and λ is the carrier wavelength. From [20] we
will use this relationship to determine the correlation
properties of the signal on each branch, expressed as

pn(λc)− ρ = 0 (12)

Fig.2: Antennas configuration on limited space

where pn(λc)is the least squares n degree polynomial
given in [20]. The parameter λc has been useful in
analyze of the correlation signals. In [20] the authors
found the special case of the correlation matrix given
by

L =

[
σx 0

1√
2
λcσx(1 + j) σx

√
1− λc

2

]
(13)

where σx is absolute desired signal power. By assum-
ing that r1 and r2 are samples of two uncorrelated
signals, the correlated signals are easily determined
by

X = Lr (14)

where r = [r1 r2]T . Hence, the correlated signals
between two branches can be easily generated

Fig. 3 and Fig. 4 show the examples of uncor-
related and correlated signals in a Rayleigh fading
channel. For the correlated signals, the power cor-
relation coefficient is 0.9. Fig. 3(a) and Fig. 3(b)
present the uncorrelated and correlated signals for
two branches while Fig. 4(a) and Fig. 4(b) present
for four branches. It is clearly noticed the difference
between correlated and uncorrelated signals. These
figures are performed to confirm the concept of using
correlation matrix in (13) for simulations.

For problem on limited space, the total length D
is a fixed distance and the correlation coefficient is
changed by number of antennas with an equal spac-
ing. Thus, we will consider the effect of signal cor-
relations via a changed spacing on the limited space
instead.

3. NON CO-PHASE EGC ANALYSIS

Considering a block diagram of EGC diversity
shown in Fig. 1, the signal output requires a co-
phase operation before directly combining. It costs
an unattractive complexity for implementation. In
this light, the paper proposes the deletion of co-phase
operation for EGC system, so called as non co-phase
EGC diversity technique. Then the system as non co-
phase operation only requires the combiner to directly
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Fig.3: Example of two signals in a Rayleigh fad-
ing channel, (a) uncorrelated signals, (b) correlated
signals.

Fig.4: Example of four signals in a Rayleigh fad-
ing channel, (a) uncorrelated signals, (b) correlated
signals.

sum all signals from antenna branches. No weight-
ing procedure including phase estimator and phase
shifter is necessarily used. Although the implemen-
tation of non co-phase is very easy but the trade-
offs between complexity and performance of co-phase
and non co-phase systems have definitely expected.
In this section, the analytical attempt of two-branch
non co-phase EGC diversity is described.

For non co-phase EGC diversity, the combined sig-
nal is expressed by

rejθ =
M∑

i=1

rejθi (15)

The joint distribution p(r1, r2, θ1, θ2)of two signals
has already been determined in [1], which the joint
density has a phase and envelope of signal as

p(r1, r2, θ1, θ2) =
r1r2

4π2σ4(1− ρ2)
×exp

{
− 1

2σ8(1− ρ2)2

[σ2(r2
1+r2

2)−2r1r2µ1 cos(θ2−θ1)−2r1r2µ2 cos(θ2−θ1)]
}

(16)

Also, if both signals are independent, then µ1 =
µ2 = ρ = 0 .Therefore

p(r1, r2, θ1, θ2) =
r1r2

4π2σ4
exp

[
−r2

1 + r2
2

2σ6

]
(17)

For M = 2, assuming

rejθ = r1e
jθ1 + r2e

jθ2

or

rejθ = r1e
jθ1 + r2e

jθ2

Consequently,

r2 =
√

(r cos θ − r1 cos θ1)2(r sin θ − r1 sin θ1)2 (18)

Replacing (18) into (17), yields

p(r,θ)=
∫ r

0

∫ θ

0

p(r1,r2,θ1,θ2)|r2=
√

(rcosθ−r1cosθ1)2+(rsinθ−r1sinθ1)2
dθ1dr1

(19)
The integral of (19) does not appear to lend itself

to a close-form evaluation, but it has been evaluated
numerically by using Simpson’s rule [22]. This tech-
nique is a method for numerical integration which
is simply programmed by using MATLAB. In order
to compare the probability density functions between
co-phase and non co-phase systems, then result in
(19) has to be independent from phase. Assuming
combined output having phase with uniform distri-
bution, then the probability density function of non
co-phase amplitude is given by

p(r) =
1
2π

∫ 2π

0

p(r, θ)dθ (20)

The above integral is able to use the similar nu-
merical method as (19), and thus the probability den-
sity function for non co-phase EGC diversity could be
solved.

4. MEASUREMENT SETUP

The multiple antennas are located on the specific
29.5 cm length which is the approximate dimension
of typical notebook. This paper only focuses on
the uniformly-linearly spaced array antennas due to
the ease of practical manufacturing. For the set of
measuring equipments shown in Fig. 5, there are
three parts including array antennas, combiner and
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WLAN receiving module. For monitoring and record-
ing WLAN signal strength, a freeware named Wire-
lessMon 3.0 has been employed. For array antennas,
the commercial monopole type with 5 dBi gain has
been chosen. The paper also uses the commercial
combiner manufactured by Minicircuit Company.

In order to justify simulation results, the measure-
ments of non co-phase EGC diversity are necessarily
undertaken. The measurements are performed at 4th

floor of C Building, Suranaree University of Technol-
ogy in which there are four Access Points (AP) serv-
ing for a whole coverage area. The signal strengths
of WLAN signals are measured under the normally
operating environments. The map of measurement
area is illustrated in Fig. 6 where black spots indi-
cate the measurement position. The total positions
of measurements are 30 points. In each position, the
repeated measurements are performed by 10 times for
each antenna configuration

Fig.5: Measurement hardware of non co-phase EGC
diversity technique.

Fig.6: Map of measurement area

5. RESULTS AND DISCUSSIONS

In this section, the results are able to be considered
into three groups. At first, the comparison between
co-phase and non co-phase EGC diversity techniques
are presented. Both analytical and simulated results
have been provided to distinguish the actual perfor-
mance between them. For second group, the simu-
lation results of non co-phase EGC diversity on the
problem of limited space are presented. The num-
ber of antennas and the type of fading channels are
the main parameters to be investigated. In the last
group, the results of measurements are given in order
to validate the previous simulations.

The following plots in Fig. 7 are obtained as γ̄
is 10 dB for co-phase and non co-phase techniques.
It can be seen that both probability density func-
tions are similar with the larger variance for non co-
phase. To emphasize on numerical values, Table 1
provides details of peak and average values includ-
ing their probabilities. As noticed in Table 1, both
co-phase and non co-phase EGC diversity techniques
provide all parameters close to each other. Hence, at
this initial investigation, the non co-phase seems to be
more attractive due to its low complexity. However,
the previous analysis is limited by two specific condi-
tions. One is the number of diversity branches set at
two and the other is the AWGN fading channel. The
reason why analytical solution does not support for
other number of antennas and fading types is because
it is hardly solved in terms of tabulated functions for
M ≥ 3.

Fig.7: Comparison of probability density functions
of non co-phase and co-phase EGC diversity tech-
niques.

Therefore, the next task is to verify the use of
non co-phase EGC diversity through simulations by
changing other number of antennas and fading types.
Fig. 8 shows the probability density function of out-
put SNR for AWGN and Rician fading channels ( )
with 2 and 8 diversity branches. It can be noticed
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Table 1: Performance comparisons in term of peak
and average values

that the average power of signals is greater when ap-
plying more antennas. The significant differences be-
tween co-phased and non co-phased signals can be
now noticed for Rician channel but not for AWGN
channel. This is because under a rich multipath the
fluctuation of signals due to Rician fading plays a ma-
jor role on non co-phase signals. Hence, the variation
of EGC output is more diverse for non co-phase di-
versity. These results strongly indicate that the very
careful consideration is required to employ non co-
phase EGC diversity under a fading condition.

Next, the issue of employing non co-phase EGC
diversity technique into a limited space is on focus.
Fig. 9 shows the probability density functions of out-
put SNR for

Fig.8: Comparison of probability density functions
of non co-phase and co-phase EGC diversity tech-
niques by simulations.

uncorrelated and correlated signals in AWGN fading
channel. It can be observed that the average sig-
nal power is greater when applying more antennas.
Also the differences between uncorrelated and cor-
related signals are more pronounced when applying
more antennas. For Rician fading channel, the re-
sults are depicted in Fig. 10. It is interesting to
notice that effect of limited space examining through
antenna correlation provides a significant notice on
both fading types and this effect increases as a func-
tion of number of antennas. Therefore, the design of
multiple antennas on limited space is of important to

Fig.9: Probability density functions of non co-phase
EGC diversity technique in AWGN fading channel.

deal with its correlation when implementing EGC di-
versity technique. Fig. 11 presents an average SNR
versus number of antennas for co-phase and non co-
phase as well as correlated and uncorrelated signals.
As expected, the average SNR increases as a function
of number of antennas for all conditions. By using the
the results in this figure, the enhancements of WLAN
signal strength can be predicted

Fig.10: Probability density functions of non co-
phase EGC diversity technique in Rician fading chan-
nel.

For measurement results, the probability density
function of signal strength is presented in Fig. 12.
It is obvious that the average power and variance of
each case gradually increases as a function of number
of antennas. These variations are not similar to either
AWGN or Rician fading channels. It means that the
propagation of WLAN signals in an indoor environ-
ment cannot be modeled by using simple mathematic
models. Also, Fig 13 shows the output signal strength
of non co-phase EGC diversity as a function of num-
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Fig.11: Output SNR of non co-phase EGC diver-
sity technique as a function of number of antennas in
fading channels.

Fig.12: Measured probability density function of
non co-phase EGC diversity technique.

ber antennas in measurements. It can be seen that
improvement is accomplished when the non co-phase
EGC technique is used.

It is interesting that the average signal strength
gradually increases from 2 to 8 branches while it
rapidly increases from 1 to 2 branches. In practice,
the use of more than 2 branches at receiver is not
feasible due to cost of antenna installment and lay-
out complexity. These results emphasize that only 2
branches already provide a substantial improvement
in the received signal by using non co-phase EGC di-
versity for WLAN systems.

6. CONCLUSION

In this paper, the performance investigation of
EGC diversity technique is presented by compar-
ing between co-phased and non co-phased signals in
fading channels. The numerical and simulation re-
sults reveal the significant differences of performance

only if the fading is not AWGN channel. Moreover,
this paper presents both simulation and measurement
results of using non co-phase EGC diversity tech-
nique with increased antennas on limited dimension
of WLAN terminal like notebook. The effect of cor-
related signals due to limited space is seriously signif-
icant in AWGN and Rician fading channel. However,
the real propagation channel does not behave like ei-
ther AWGN or Rician channels. It was shown that
the larger the number of branches, the better the sys-
tem performance. However, for non co-phase EGC
diversity technique, two branches already provide a
substantial improvement.

Fig.13: Measured signal strength of non co-phase
EGC diversity technique as a function of number of
antennas.
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[22] Süli, Endre and Mayers, David, An Introduc-
tion to Numerical Analysis, Cambridge Univer-
sity Press, 2003.

Tanongsak Ngamjaroen
received B.Eng degree from Suranaree
University of Technology, Thailand, in
2008 and he received M.Eng degree
school of Telecommunication Engineer-
ing, Faculty of Engineering, Suranaree
Unviersity of Technology, Thailand. His
current research interests include diver-
sity techniques and practical hardware
on WLAN system. He currently works
research and development engineer at

Testtool (Thailand) Limited

Peerapong Uthansakul
received B.Eng and M.Eng degrees from
Chulalongkorn University, Thailand in
1996 and 1998, respectively. In 1998-
2000, he worked as Telecommunication
Engineer with Telephone Organization
of Thailand (TOT) and then he has
joined Suranaree University of Technol-
ogy since 2000. During 2003-2007, he
studied PhD at University of Queens-
land, Australia, in the area of wireless

communications especially MIMO technology. He currently
works as Assistant Professor in school of Telecommunication
Engineering, Faculty of Engineering, Suranaree Unviersity of
Technology, Thailand. He wrote 1 book entitled Adaptive
MIMO Systems: Explorations for Indoor Wireless Communi-
cations (also available on amazon.com) and he has published
more than 60 referee journal and conference papers. His cur-
rent research interests include MIMO, OFDM, WiMAX, Di-
versity and Wireless Mesh Network. Dr. Uthansakul received
2005 Best Student Presentation Prize winner at the 9th Aus-
tralian Symposium on Antennas, Sydney, 16-17 February 2005,
Australia and 2004 Young Scientist Travel Grant winner at the
2004 International Symposium on Antenna and Propagation,
17-21 August 2004, Japan.

Monthippa Uthansakul
received B.Eng degree from Suranaree
University of Technology, Thailand, in
1997 and M.Eng degrees from Chula-
longkorn University, Thailand in 1999.
She has joined Suranaree University of
Technology since 1999. During 2003-
2007, she studied PhD at University
of Queensland, Australia, in the area
of smart antenna especially wideband
beamforming. She currently works as

Assistant Professor in school of Telecommunication Engineer-
ing, Faculty of Engineering, Suranaree Unviersity of Technol-
ogy, Thailand. She wrote 1 book chapter entitled Wideband
smart antenna avoiding tapped-delay lines and filters in Hand-
book on Advancements in Smart Antenna Technologies for
Wireless Networks, Idea Group Publishing, USA, 2008 and
she has published more than 50 referee journal and conference
papers. Her current research interests include antenna array
processing, compact switched beam antenna and body com-
munications. Dr. Uthansakul received Young Scientist Con-
test 2nd Prize at 16th International Conference on Microwaves,
Radar and Wireless Communications, Krakow, Poland, 22-24
May 2006.


