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Abstract—Space diversity is an effective method to combat fad-
ing and cochannel interference (CCI) in wireless systems. In this
work, outage performances of several diversity schemes, including
a practical variation of maximal-ratio combining (MRC) tha t does
not require signal-to-noise ratios at different antennas,equal-gain
combining (EGC) and selection combining (SC), are comparedan-
alytically for an interference-limited environment in a Rayleigh
fading channel. Our analysis provides insight into performance
of diversity schemes in the presence of CCI, as well as assesses the
impact of cochannel interferer power distributions.

I. I NTRODUCTION

In space diversity, the received signals at antenna branches
are combined to combat fading and cochannel interference
(CCI). The common diversity schemes are maximal-ratio com-
bining (MRC), equal gain combining (EGC), and selection
combining (SC) [1]. A number of papers have studied outage
performance of these diversity systems in fading and CCI [2]-
[8]. However, to the authors’ knowledge, a comparative analy-
sis of relative outage performance for these combining schemes
in fading and CCI has not been attempted. Such knowledge can
be useful to better understand the design tradeoffs in practical
cellular systems. The outage comparison for MRC, EGC and
SC with fading and additive white Gaussian noise was treatedin
Brennan’s classical paper [1]. In this work, we provide a com-
parison study, both analytically and numerically, on the outage
probability of diversity systems with CCI and flat Rayleigh fad-
ing. Our analysis considers an arbitrary number of interferers,
as well as arbitrary interferer power distributions.

We assume that CCI is the dominant source of system degra-
dation. Therefore, for simplicity, we ignore thermal noisein
our analysis and consider an interference-limited environment
[3],[7]-[9]. The outage is defined as the event when the signal-
to-interference ratio (SIR) at the combiner output drops below a
thresholdβ, i.e.,POUT(β) = Pr {SIR < β}. In an interference-
limited environment, MRC, which maximizes output signal-to-
noise ratio (SNR) and whose weights depend on noise powers
on antenna branches [1], becomes invalid. Therefore, we con-
sider a variation of MRC, we denote as channel-matched com-
bining (CMC), whose weights are given as the desired user’s
channel response vector1. In practical systems where diversity
branches are usually assumed to have the same noise powers,
MRC is reduced to CMC [10].

Yi Song and Steven D. Blostein are with the Department of Electrical and
Computer Engineering, Queen’s University, Kingston, Ontario, Canada K7L
3N6, E-mail: {songy,sdb}@ee.queensu.ca; Julian Cheng is with the Depart-
ment of Electrical and Computer Engineering, University ofAlberta, Edmon-
ton, Alberta, Canada T6G 2V4, E-mail: jcheng@ee.ualberta.ca.

1In [7], the combining scheme the authors called MRC is reallyCMC since
an interference-limited environment was assumed.

II. SYSTEM MODEL

We consider a system where the desired signal is corrupted
by L interfering signals, all transmitting data at rate1/T . As-
suming perfect synchronization for the desired user and sam-
pling the output of the receiver matched filter at timet = nT ,
we obtain the baseband signal vector at anM -element receiver
as [7]

r[n] =
√

Pscsas[n]

+
L∑

i=1

√

Pici

(
∞∑

m=−∞

ai[m]h(nT − mT − τi)

)

︸ ︷︷ ︸

zi[n]

(1)

wherePs andPi are, respectively, the transmitting powers of
the desired and theith interfering signals. Data symbolsas[n]
andai[m] are mutually independent with zero-mean and unit
variance. The delay of theith interfering signal relative to the
desired signal,τi, is assumed to be uniformly distributed over
the interval[0, T ). The combined transmitter and receiver im-
pulse response,h(t), is a Nyquist pulse with a raised cosine
spectrum and roll-off factorρ, where0 ≤ ρ ≤ 1. The channel
vectors of the desired and the interfering signals,cs andci’s,
are mutually independent. All channel vectors are assumed to
be quasi-static (constant over a time frame [7]) and to have un-
correlated realizations in different frames. We further assume
independent Rayleigh fading among diversity branches, i.e., the
elements ofcs andci are independent identically distributed
(i.i.d.) circularly symmetric complex Gaussian random vari-
ables (RV’s) with zero-mean and unit variance. In (1),zi[n]
denotes the signal inter-symbol interference from theith inter-

ferer. It can be shown [11] thatE [zi[n]] = 0, E

[

|zi[n]|2
]

=

1 − ρ/4, andE
[
zi[n]z∗j [n]

]
= 0 for i 6= j. The channel vec-

tors of the desired user and theith interferer can be expressed,

component-wise, ascs =
[
αs,1e

jθs,1 · · ·αs,Mejθs,M
]T

and

ci =
[
αi,1e

jθi,1 · · ·αi,Mejθi,M
]T

, respectively, whereθs,j and
θi,j are uniformly distributed over[0, 2π). The fading ampli-
tudesαs,j andαi,j are Rayleigh distributed with PDFfα(α) =

2αe−α2

, α ≥ 0.

III. O UTAGE PROBABILITIES UNDER CCI

A. CMC

Using weight vectorwCMC = cs, the output of CMC becomes

w
H
CMCr[n] =

√

Ps(c
H
s cs)as[n] +

L∑

i=1

√

Pi(c
H
s ci)zi[n].



The output SIR can be written as

SIRCMC =
Ps

∣
∣c
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∣
∣
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i=1 Pi |cH
s ci|

2

=
|cs|

2

(1 − ρ/4)
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i=1
1
Λi
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s ci|
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2

=

∑M
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s,j

(1 − ρ/4)
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i=1 ηi/Λi
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whereΛi
△
= Ps/Pi is the power ratio of the desired signal to

theith interfering signal, andηi
△
=
∣
∣c

H
s ci

∣
∣
2
/ |cs|

2. It has been
shown in [7] thatcH

s ci/ |cs| is a circularly symmetric complex
Gaussian RV with zero-mean and unit variance, and is inde-
pendent ofcs. Hence,ηi is exponentially distributed with unit
mean.

It can be shown [12] that the outage probability of CMC for
both equal (Λ1 = · · · = ΛL = Λ) and distinct (Λi 6= Λj for
i 6= j) interferer powers can be expressed as

POUT, CMC(β) =






(
β0

β0+Λ

)M ∑L−1
k=0

(k+M−1)!
k!(M−1)!

(
Λ

β0+Λ

)k

equal powers
∑L

i=1 πi

(
β0

β0+Λi

)M

distinct powers

(3)

whereβ0 = (1 − ρ/4)β andπk =
∏L

i=1
i6=k

Λi

Λi−Λk
. It can be veri-

fied that (3) is numerically equivalent to the outage expressions
in [6, (13)-(14)] and [7, (43)]. However, as shown in Section
IV, (3) are more suitable for analytical comparison.

B. EGC

Using combining weight vectorwEGC =
[
ejθs,1 · · · ejθs,M

]T
,

the EGC output is

w
H
EGCr[n] =

√

Ps

(
∑M

j=1
αs,j

)
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+
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i=1

√

Pi






∑M

j=1
αi,je

j(θi,j−θs,j)

︸ ︷︷ ︸

gi,j




 zi[n]

wheregi,j is a circularly symmetric complex Gaussian RV with
zero-mean and unit variance. The SIR can be expressed as

SIREGC =
Ps

(
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j=1 αs,j

)2
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∣
∣
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∣
∣
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where µi
△
=
∣
∣
∣
∑M

j=1 gi,j

∣
∣
∣

2

is exponentially distributed with

meanM . An exact outage analysis for EGC in Rayleigh fading
and CCI can be found in [8, (4)-(7)].

C. SC

The outage event occurs when the branch with maximum SIR
value drops below a pre-defined threshold. That is,POUT,SC(β) =
Pr {SIRSC,1 < β, · · · , SIRSC,M < β}, where SIRSC,i is the SIR
at theith receiving antenna. The outage probability expressions
of SC can be obtained from [2]-[4] as

POUT,SC(β) =







[

1 −
(

Λ
β0+Λ

)L
]M

equal powers
[
∑L

k=1 πk
β0

β0+Λk

]M

distinct powers.

(5)

IV. A NALYTICAL OUTAGE PROBABILITY COMPARISONS

A. Outage Probability Comparison for CMC and EGC

We rewrite the output SIR expression of CMC in (2) as

SIRCMC =
M
∑M

j=1 α2
s,j

(1 − ρ/4)
∑L

i=1 Mηi/Λi

=
M
∑M

j=1 α2
s,j

(1 − ρ/4)
∑L

i=1 νi/Λi

(6)

whereνi
△
= Mηi is exponentially distributed with meanM .

Comparing (6) with (4), we recognize thatξ1
△
=
∑L

i=1 νi/Λi in

(6) andξ2
△
=
∑L

i=1 µi/Λi in (4) have the same distribution. In
(4) and (6), the denominator is independent of the numerator.
Thus, we have

POUT,CMC(β) = Pr

{

M
∑M

j=1
α2

s,j

/
ξ1 < β0

}

=

∫

Pr

{

M
∑M

j=1
α2

s,j < β0ξ

}

fξ1
(ξ)dξ

and

POUT,EGC(β) = Pr

{(
∑M

j=1
αs,j

)2/

ξ2 < β0

}

=

∫

Pr
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j=1
αs,j

)2

< β0ξ

}

fξ2
(ξ)dξ.

Since PDF fξ1
(ξ) = fξ2

(ξ) and
(
∑M

j=1 αs,j

)2

≤

M
∑M

j=1 α2
s,j due to the Cauchy-Schwarz inequality, we have

POUT,CMC(β) ≤ POUT,EGC(β), where equality is achieved when
M = 1 (single antenna). WhenM > 1, the outage proba-
bility for CMC is strictly lower than that for EGC. The above
conclusion holds for arbitrary interferer power distributions.

B. Outage Probability Comparison for CMC and SC

For the case of one interferer, by settingL = 1 in (3) and
(5), it is easy to see that the outage probabilities for CMC and
SC are identical forL = 1. For L > 1, it can be proved that
[12], for the special case of equal interferer powers, the outage
probabilities for CMC are smaller than those of SC. For distinct
interferer powers andL > 1, our numerical results presented in
Section V suggest that CMC still outperforms SC.



C. Outage Probability Comparison for EGC and SC

As shown in Section V, the relative outage performance of
EGC and SC depends on factors such as the number of interfer-
ers and the interferer power distribution. More interestingly, SC
can have better outage performance than EGC in the presence
of one dominant interferer. An exact analytical outage compar-
ison for EGC and SC in CCI is difficult.

V. NUMERICAL RESULTS

In obtaining the numerical results, we setρ = 0. Fig. 1 plots
the outage probabilities versus the outage thresholdβ with four
diversity branches and equal interferer powers (Λ = 10 dB)
for L = 1, 2, and6 interferers. Fig. 1 confirms that the outage
probabilities for CMC are smaller than those of EGC in all cases
considered. Fig. 1 also indicates that SC and CMC have the
same outage performance when the system has one interferer.

Fig. 2 studies the effect of interferer power distribution on
the outage probabilities. We first define the ratio of the desired
signal power to average interference power asΛavg(dB) =
10 log10

Ps

(1/L)
P

L
i=1

Pi
. Denoting the normalized interference

power vector byq = [q1, q2, . . . , qL], where
∑L

i=1 qi = 1,
we can calculate the power ratioΛi(dB) = Ps/Pi(dB) =
Λavg(dB) − 10 log10(Lqi). With four diversity branches, Fig.
2 compares the outage probabilities for two interferers with
a highly unbalanced interference power vector[0.1, 0.9] and
for six interferers with a more evenly-distributed interference
power vector[0.05, 0.1, 0.15, 0.22, 0.23, 0.25]. In both cases,
as expected, CMC outperforms both EGC and SC. The rela-
tive performance for EGC and SC, however, depends on the
interferer power distribution. With six interferers, Fig.2 shows
that EGC outperforms SC in a scenario which approximates the
equal interferer power case studied in Fig. 1. For two interfer-
ers, however, EGC is inferior to SC. This can be explained by
noting that the interference power vector[0.1, 0.9] represents
the case of a strong dominant interferer, a scenario where the
outage performance of SC is almost equivalent to that of CMC.

In the presence of noise, we used Monte-Carlo simulation to
evaluate the outage probabilities. Assuming all antennas have
the same noise power, for the case of four antennas andΛ = 10
dB, our results show that for one interferer, SC outperforms
EGC at high SNRs such as 20dB and is inferior to EGC at lower
SNRs such as 10dB.

VI. CONCLUSION

We have analytically compared the outage performance of
CMC, EGC, and SC for an interference-limited environment in
flat Rayleigh fading. We have shown that CMC has a lower out-
age probability than that of EGC, and that CMC has no greater
outage probability than that of SC. The relative outage perfor-
mance between EGC and SC, however, depends on the number
of interferers and interferer power distribution. For finite SNRs,
the simulation results show that the relative performance be-
tween EGC and SC is SNR-dependent.
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