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Abstract— A new expression is given for the average =~ One of the meaningful diversity performance met-
signal-to-noise ratio (SNR) of a dual selection-combining rics is the average SNR diversity gain. An analytical
receiver where the antenna signals are correlated in a expression for it was determined under the statistical
Rayleigh fading multipath environment. This formulais  assumption that the received signals from different an-
based on a recently developed expression for the bivari- tennas are independent [4]. However, this assumption
ate Rayleigh cumulative distribution function by associ- generally (but not necessarily) requires that the anten-
ating the correlation parameter of the distribution with  nas be sufficiently well separated from each other and
the spatial correlation of the multipath field. By exam- this is not always feasible in practice. In fact, the case
ining various multipath and receiver antenna geometries of greater interest is when the antennas are brought into
we can determine the critical parameters which affect the close proximity because this matches the trend of mak-
average SNR performance. Our results are shown to gen- ing communication devices smaller and less intrusive.
eralize and subsume well-known expressions based on an Hence, the independence assumption needs to be revis-
independence assumption of the signals at the antennas. ited with the objective of determining average SNR di-
We relate the average SNR diversity gain to critical pa- versity gain in less trivial spatially correlated scattering
rameters such as the spatial correlation, beamwidth, an- environments.
gle of arrival and antenna separation. These results show  The broad goal here is to determine the geometric
the subtle interplay between these parameters and reveal parameters that characterize a multipath scattering en-
there is a reduction in performance relative to unrealistic  vironment which are most critical for the best average

models previously studied. SNR gain performance of a dual selection diversity re-
ceiver. Towards this end, the concept of spatial cor-
|. INTRODUCTION relation is crucial as this directly influences the gains

The presence of multipath scatterers in wireless con?at are possible (relative to a single antenna system)
munication channels generally significantly degradednd gives insightinto how antennas should be placed in
the performance of wireless systems [1]. With the us&Pace. .The cntlc_al geometric parameters of the scatter-
of multiple antennas, space diversity techniques cdfi9 €nvironmentin conjunction with the antenna arrays
combat this degradation [2]. In the most common fornfonsidered in this study are: the beamwidth of the scat-
of space diversity, signals from multiple receiver antent€"ing angle impinging the receiver, the angle of arrival
nas are combined to achieve a diversity performandéanging from broadside to endfire), the antenna sepa-
gain relative to a single receiving antenna. The mod@tion and the various interdependencies.

common combining methods are maximal ratio com- In this paper, we rely on a recently determined ex-
bining, equal gain combining and selection combinpression for the bivariate Rayleigh cumulative density
ing [1, 3]. The first two diversity schemes require cofunction (CDF) [5] to develop a novel analytical for-
phasing on each received signal before combining tH®ula for the average SNR of the correlated dual selec-
signals, while selection combining does not. This papgion combining system. Then we study the various geo-
focuses on the selection diversity problem but restrict@etric configurations of scattering using our expression
attention to the use of two antennas — dual selection dind corroborate the theoretical results with simulations.
versity.

The strategy in a dual selection diversity is to select
and only use the antenna that has the higher SNR, Afe assume here, as most papers do in the literature,
any time instant, and discard the signal from the othehat the superposition of the multipath signals is com-
antenna. Whilst this represents a loss of informatiorplex Gaussian distributed by applying (hon-rigorously)
this strategy has many benefits and the performance lage central limit theorem [1, 6, 7]. The correlated mul-
relative to more optimal strategies need not be grediplicative complex Gaussian processes on the two re-
That is, in a multipath fading environment this strategyceivers are also assumed to be jointly Gaussian [1, 3].
largely protects the receiver, in a probabilistic senselhis implies that the multipath environment is assumed
from deep fades. Further, selection diversity systents be sufficiently rich (this is difficult to precisely quan-
have a simplicity comparable to single antenna systentify) and that it is sufficient to only determine the (spa-
which makes them attractive from an implementatiorial) correlation and not higher order moments of var-
viewpoint. ious joint distributions to fully characterize the system

Il. PROBLEM FORMULATION



statistically. After some simplifications, the PDF will be equal to
Definez £ max{y?,y3}, wherey? = |s;|?/(2N;) is
the local mean SNR; is the received signal anl; is fol) = i{ |p|2Fyke—61(7)
additive while gaussian noise (AWGN). The joint PDF’~ (1— |p|2)k(kg)2gff+1
of y; andys at any instant [3, 7] can be expressed in ek Ea(y)
terms of the modified Bessel function as follows lp|*"y"e
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where); = E{y?}, p = E{s185}/E{s15}}, E{-} de-

notes the expectation operator, &ndenotes complex \nhere

conjugation. Furthermore, the probability that the out- -

put SNRz is below some valug (whichisthe sameas p o 1 / YR8 O) Gk + 1, £(7)) dy

the CDF) is defined as BTk
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With the use of infinite series representations as in [5], Ck = ot / FVHleme M Gk + 1,6 (7)) dy.
the CDF becomes 2 J0 (10)
_ 2 - |P|2k
Pr(z <) = (1— o) Z (kD)2 x We can further simplify (9) and (10) by using [8,
k=0 (6.455)],
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whereG(n,z) = [ t"te~'dt, n > 0, is the incom- F(l,u +uv+1; L)
plete Gamma function [8, (8.35)]. This expression con- o+ (11)

trasts with the classical results which are expressed in

terms of the Marcund)-function [1, 7]. With this new whereRe(a + ) > 0, Re(8) > 0, Re(u +v) > 0
expression, we can derive a novel expression for the ayz, F(-, ) is the éauss hyper,geometric function.

erage SNR of the correlated dual selection combiningerefore, substituting (11) into (9) and (10), we obtain
system under slow Rayleigh fading, which is shown in

the next section. QO
Br.=D; F (172k+3;k+2;1> (12)

I1l. DERIVATION OF AVERAGE SNR 48,

Based on the CDF expression (3), we now derive the
expression for the average SNR of the correlated dual Cr = D
selection combining system. The expected value of thv?/here

SNR of the system is defined as

Qy
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wheref_ () is the PDF ofz. To simplify notation, let  Furthermore, from [8, (9.14)], we know that
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We can calculate the PDF by differentiating the CDF in n=0 () nl

(3) with respect toy, as follows where(-),, is the Pochhammer symbol which is defined
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Finally, we substitute (16) and (17) into (8); the ex-with the result in [1,4]. When two received signals are
pected value of the SNR becomes the more compatfttlly correlated,p = 1, we obtain, by taking the limit

expression p — 1in (21),1Q; (= 0 dB). That is, there is no
average SNR gain when the two received signals are
E{z}=(1- 2k (2k + 1 + 2 identical, as expected.
{z} = |p| ,;) nzo {|p| ) Let us now consider for all other spatial correlations

coefficients, the average SNR diversity gain is defined
as

(18) Gus(p) = 10log,, {Eéf}}

QF2OM2(Qr + Q8 (2k+n+1
(Q + Qg)2k+n+3 k

where
2
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Now we define ];) 2_% k 92k+n+2 :
m 2 Sk (19) (22)

977
' For the numerical calculations, we use only the first

then the expected value of the SNR becomes 1001 terms ofc andn as they are sufficient to bound

the error (caused by the truncation of the infinite series)

E{z}=(1- 1)) (21 Z Z { <2k TRt 1) X to below1071%. Using the truncated form of (22), in

k=0n=0 Fig. 1 we show relationship between the diversity gain
p|2F(2k + n + 2)mF2(1 + m™) and the correlation coefficients. Again, from Fig. 1, we
(1 + m)2Zk+n+s . can check that the standard cases: 0 andp = 1,

(20) both agree with the resultin [1,4].

The average SNR is a function of the absolute valu **
of correlation, |p|, and the local SNR average in the
two receivers{); and(),. In the context of this paper
the correlation is the spatial correlation which mean:
the signals are obtained by detecting them at physicallgl_z
separated points in space. By explicitly relating the spci“_é
tial correlation to distance we can then explicitly deter-
mine how diversity is affected by antenna separation.

141

Average SNR Dwer5|
o

'm -

T

o
o

IV. RESULTS

In previous section we described the novel formulatior o
of the expected value of the SNR for the dual selectiol 0
diversity system. Here we will use (20) to examine the

A e a— e

average SNR diversity gain of the system, relate it witt o555 o5 0s o o5 — oo

the spatial correlatiop, angle of arrival, beamwidth Spatalcoretaon

A, and antenna spacing; all analytically. Fig. 1. Average SNR diversity gain in dual selection combining
system under slow Rayleigh fadingn = Q2/1. Our analytical

A. Two Standard Results result agreed in both trivial casgs= 0 andp = 1. Notice that once

. 1, the di ity gain red .
Here we want to show that (20) will lead to two well m # 1 the diversity gain reduices

known results [1], when two received signals are un-
correlated,y = 0 or fully correlated,p = 1. Here we B. Branch Average SNR Imbalance

consider the case when each receiver antenna has38re we want to investigate the important question of
identical local average SNRy = 1 (21 = Q2), then 4y the local average SNR affects the diversity power
(20) reduces to gain. We consider seven different cases here, where

o\ 2 m = Qy/OQ = 0.125,0.25,0.5,1,2, 4, 8. We use (20)
Bie} = (1 — Il )  x to derive/ formulae similar to (21) and (22), each with
i i (Qk +n+ 1> Ip|?* (2K +n + 2) differentm. The average SNR diversity gain with dif-

k 22k+n+2 ' ferentm is plotted in Fig. 1. Notice that both, =
1) m&; andm$), = £y give the same power gain curves,

as expected. We also notice that once the two antennas
When both received signals are uncorrelated= 0, have different local average SNRs, the diversity gain re-
(21) simplifies to1.5€; (= 1.761 dB), which agrees duces. If the local SNR average of antennas is different,

k=0n=0



there will be a greater chance that the antenna with th
higher local SNR average will be selected, therefore, i I S I P
reduces the diversity of the system. From Fig. 1, we 1ef /
observed that when one local average SNR is the twic I S e
the other, the available diversity gain drops b8dB /

(from 1.761dB to 0.6695dB), compared to the balance
average SNR.
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C. Diversity Gain versus Antenna Separation

In this section we want to relate the average SNR divel
sity gain to the antenna separation. This is particularl
interesting when the separations are close as this cort
sponds to the case when there is limited real estate or o2
mobile terminal for example. We will also corroborate o
our analytical results with simulation results. It is well Antenna Separaion (Wavelengs)

known that if the scatters form a 2D Omni-directionalrig 2. The relationship between average SNR diversity gain and

diffuse field, the spatial correlation is given by [1] antenna separation for a 2D diffuse field. The simulation result is
plotted to demonstrate the correctness of our analytical expression.
p(d) =Jy (27Td/)\)7 (23) Notice that only0.25X of antenna separation is required in order to
achieved0% of the available diversity gain.

where Jy(+) is the zero order Bessel function of the
first kind, andd is the antenna separation. Far =
05/ = 1, we can simply substitute (23) into (22) to
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relate diversity gain and antenna separation, which is o0 in(mA)

shown in Fig. 2. The simulation curves is also plotted p(d) = Z eim<”/2*")wlm(27r d/\).

in Fig. 2 to corroborate the correctness of our analytical m=—o0 mA

expression. Our simulation method is reported in [11] (24)

and is summarized in four steps here:

Step 1) Generatel0 randomly directed multipaths with
Gaussian distributed amplitud®’(0,1) and
uniformly distributed phase)f to 360°).

Step 2) Randomly locate two antennas at a distadce
apart to each other.

Step 3) Record the received signal power from the an-
tenna with the higher SNR.

Step 4) Repeat step (1) through (3], 000 times.

Step 5) Estimate the gain by averaging these samples.

From the analytical plot, it is noticed that the diver-
sity gain approximately increases at a rate7dB/\
from 0\ to 0.2)\. In order to achiev®0% of the avail-
able diversity gain {.584dB in this example), the re- o ——

guirement of antenna separation is o025\, under a d

2D Omni-directional diffuse field.

Multipath Scatters

. . . . Fig. 3. The typical scenario where all signals arrive at the receivers
D. Diversity Gain versus Beamwidth and Angle of Arwi?hin +A atttm angle. 9

rival

The diversity of the system is also depending on the Substitute (24) into (20), we can relate the diversity
beamwidthA and the angle of arrivad of the multi- gain to the antenna separation, given a particular com-
path scatters. Fig. 3 shows a scenario where all signddation of A and®.

arrive at the receivers withie A at the angled. The

diversity of the system reduces when the beamwidth r&=- Minimum Antenna Separation

duces. The idea becomes clear if we consider an edYe have shown that the diversity average SNR gain
treme case that no multipath and only direct path (linés related to the beamwidth, the angle of arrivab

of sight) is received (i.e.A = 0); it is obvious that as well as the antenna separati@n In this section

no matter how many receiving antennas are employedie would like to use our analytical expression (20) to
there will be no diversity gain. With the help of the find out the minimum antenna separation, in order to
analytical expression (20), we can investigate those rechieved0% of the available diversity gain, given a par-
lationships in more details. For a 2D uniform limitedticular value ofA andd. We choose the local average
azimuth field with certain beamwidt® & A, 0 + A), SNR, such thaf2; = Q, here. A similar result can be
the spatial correlation is given by [9, 10] plotted by changing the local average SNR ratioln



Fig. 4, we keep the angle of arrivdktonstant and relate V. CONCLUSION

the minimum antenna separation to the beamwilith \ve gerived an analytical expression of the average SNR
Then in Fig. 5, we keep the beamwidthconstant and  gjyersity gain in a dual selection combining system un-
relate the minimum antenna separation to the angle gt sjow Rayleigh fading and related this to the spatial
arrival 0. Notice that both Fig. 4 and Fig. 5 are gener¢qyelation of the multipath field. This expression en-
ated analytically by the use of (20), not by simulationgpeq us to analytically relate the diversity gain to criti-
Those plqts are useful to design th@T antenna separatigg) system parameters such as beamwidth, angle of ar-
of a practical system. For example, if we know both thg;5| ‘and antenna separation. The new analytical ap-
beamwidthA of the scatters and the angle of arridal rq4ch should generalize well to correlated Nakagami-
are greater thag0”, then1.3) of antenna separation is ,, fading channels. This is the subject of current inves-
sufficient for providing90% of the available diversity tigations and we will report it shortly.
gain.
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