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Performance of Polarization Diversity in Correlated
Nakagami-m Fading Channels

Jittra Jootar, Student Member, IEEE, Jean-Francois Diouris, Member, IEEE, and James R. Zeidler, Fellow, IEEE

Abstract—This paper analyzes the performance of systems with
dual-polarized antennas in correlated Nakagami-m fading chan-
nels as a function of envelope correlation and cross-polarization
discrimination by means of the characteristic function of the in-
stantaneous post-maximal ratio combining (MRC) signal-to-noise
ratio (SNR). Systems of interest include systems with receive polar-
ization diversity and systems with transmit and receive polarization
diversity employing Alamouti space-time code. The expressions for
the average symbol error probability as a function of SNR assum-
ing no power control, and the expressions for the average required
transmit power to achieve the constant desired post-MRC SNR as-
suming perfect fast power control, are derived. Finally, a compar-
ison between analytical and simulation results is used to validate
the analysis.

Index Terms—Fading, maximal radio combining (MRC), polar-
ization diversity, power control, transmit diversity.

1. INTRODUCTION

T IS well known that increasing the number of antennas in a
I wireless communication system can effectively improve the
system performance. However, the cost of increasing the spatial
dimensions at the base station and the handsets has been an
impediment to the deployment of spatial diversity in practical
systems. Polarization diversity provides an alternative means of
increasing the diversity order with little increase in the spatial
dimensions. The diversity is produced by the depolarization of
the transmitted signal by reflection, diffraction, and scattering
in the channel [1], [2]. Without polarization receive diversity,
the signal energy residing in the polarization orthogonal to the
polarization of the receive antenna cannot be utilized. Another
advantage of polarization diversity is the ability to recover from
a polarization mismatch, which occurs when the polarization
of the transmit antenna and the receive antenna are different.
In wireless communication systems where antennas at the mo-
bile units are randomly oriented, polarization receive diversity
collects signal energy from multiple polarizations, allowing im-
proved performance in a spatially compact array [3].

Manuscript received February 19, 2004. The material in this paper was pre-
sented in part at the IEEE Globecom Conference, San Francisco, CA, December,
2003. This work was supported by Core Grant 02-10109 sponsored by Ericsson
and the U.S. Army Research Office under Multi-University Research Initiative
(MURI) Grant W911NF-04-1-0224. The review of this paper was coordinated
by A. Annamalai.

J.Jootar and J. R. Zeidler are with the Department of Electrical and Computer
Engineering, University of California at San Diego, La Jolla, CA 92093-0407
USA (e-mail: jjootar@ucsd.edu; zeidler@ece.ucsd.edu).

J.-F. Diouris is with Institut de Recherche en Communication et Cyberné
tique de Nates, Ecole Polytechnique de 1’université de Nantes, BP 50609,
44306 Nantes Cedex 03, France (e-mail: jean-francois.diouris@polytech.univ-
nantes.fr).

Digital Object Identifier 10.1109/TVT.2005.861163

One limitation of polarization diversity is an intrinsic power
imbalance. The nature of electromagnetic wave propagation dic-
tates that the polarization orthogonal to the obstacle is attenuated
more than the polarization parallel to the obstacle [1], [2]. Con-
sidering that buildings are typical obstacles in wireless channels,
the horizontal polarization (HPol) is expected to be attenuated
more that the vertical polarization (VPol). This asymmetrical
attenuation can lead to a significant power imbalance, which
will further degrade the system performance [1], [2], [4], [5].

The characteristics of polarization diversity have been de-
scribed by envelope correlation (pe,y) and cross-polarization
discrimination (XPD or ). The envelope correlation represents
the correlation between the polarizations. The XPD represents
the power imbalance between the polarizations and is defined
as the ratio between the copolarized signal power and the cross-
polarized signal power. Given that the transmitted signal is verti-
cally polarized, the XPD is the ratio between the average signal
power received from the VPol and the average signal power
received from the HPol. These parameters strongly depend on
the specific channel characteristics, and extensive field mea-
surements have been conducted to determine realistic values of
Penv and x. Experimental data have shown that the envelope
correlation between the VPol and the HPol at the receiver is
generally less than 0.2 [2]-[6]. Furthermore, the XPD in the
urban environment, given that a vertically polarized signal is
transmitted, is normally between 1 and 10 dB, with an average
of 6 dB [2], [4], [5]. The XPD in the rural environment is usu-
ally more than 10 dB [2] due to the lack of obstacles that couple
the signal from the VPol into the HPol. The values of pe,, and
XPD measured from urban environments will be used as an ex-
ample of realistic channel characteristics. Note that this system
model may not represent some practical implementations, such
as the uplink of cellular systems, where the transmit antenna
is not vertically oriented, or a system with cross-polarization
antennas, which consists of £45° slanted antennas. However,
performance gain of these systems can be obtained by replacing
Penv and x used in this analysis with those of the system under
interest.

Previous results which quantify various aspects of the perfor-
mance gains of polarization diversity are discussed in [1]-[4]
and [11]. In [2], the gain is defined as the increase in the mea-
sured combined signal power from the VPol and the HPol, com-
pared to the VPol only, corresponding to a certain percentile of
the power. Lotse et al. used simulations based on the XPD and
the envelope correlation measurement to find the performance
gain [4]. Turkmani et al. used measured fading coefficients to
find the gain as a function of XPD and envelope correlation for
selection, equal gain, and maximal ratio combining techniques
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and used curve fitting to produce expressions for the polarization
diversity gain at 90% signal reliability [3]. Visoz and Bejjani de-
rived an analytical expression for the matched filter bound error
probability for the binary phase-shift keying (BPSK) modula-
tion in correlated Rayleigh fading channels assuming no power
control [1]. Nabar et al. used the Chernoff bound to derive the
performance gain for transmit and receive polarization diversity
using Alamouti space-time code [11]. The goal of this paper is
to analytically derive the performance of polarization diversity
systems as a function of the measured channel characteristic in a
more general form by using the characteristic function of the in-
stantaneous SNR at the receiver. Although this paper focuses on
polarization diversity, the same analytical approach can also be
applied to other correlated fading systems with unequal average
receive signal power between diversity branches.

In this paper, we extend the study presented in [7], which
derived the performance of polarization receive diversity sys-
tems in correlated Rayleigh fading channels, where maximal
ratio combining (MRC) is used at the receiver, to correlated
Nakagami-m fading channels [8]. The characteristic function
of the instantaneous SNR at the output of the MRC suggested
in [9] is used to derive the system performance as a function
of peny and x. Systems studied in this paper include systems
with polarization receive diversity, and systems with both po-
larization transmit diversity and polarization receive diversity
employing Alamouti space-time code [10]. Two types of power
control assumptions are investigated, namely, no power control
and perfect fast power control. We derive expressions for the av-
erage symbol error probability as a function of SNR assuming
no power control. For the perfect fast power control assumption,
we derive expressions for the average transmit power required
to achieve the constant desired post-MRC SNR. To appreciate
the simplicity and flexibility of this approach, we extend the re-
sult of the system with Alamouti space-time code, assuming no
power control to 16-QAM, and compare our analytical results
to the results derived from the Chernoff bound approach [11]
and our simulation results.

The paper is organized as follows. Section II describes the
system model. Section III discusses the system performance
assuming no power control or perfect fast power control.
Section IV discusses the analytical results. Finally, the con-
clusion is presented in Section V.

II. SYSTEM MODEL

Although the analysis can be applied to any number of anten-
nas, this paper focuses on three practical systems. Two types of
antenna configurations are used in these systems, namely, the
single-polarized antenna, which consists of a VPol antenna, and
the dual-polarized antenna, which consists of collocated VPol
and HPol antennas. The systems of interest are the following.

1) System A: One Vpol transmit antenna and one dual-

polarized receive antenna. This system can be viewed as
a supoptimal two-branch receive diversity system. When
the space constraint prevents spatial diversity from being
deployed, diversity is added to the system via polarization
diversity.

| T

System A
System B
System C

Fig. 1. Tllustrations of system A, B, and C.

2) System B: One Vpol transmit antenna and two dual-
polarized receive antennas. System B is the system in
which the space constraint allows two spatially separated
VPol antennas to be deployed. Instead of using two VPol
receive antennas, the system performance can be improved
by adding an HPol antenna to each of the existing VPol
antennas, making this system a spatial and polarization
receive diversity system.

3) System C: One dual-polarized transmit antenna and one
dual-polarized receive antenna. This system is an im-
provement from system A because of the added space-
time code, which utilizes transmit diversity from the dual-
polarized antenna at the transmitter.

Fig. 1 shows illustrations of systems A, B, and C. Note that
antennas on the left are transmit antennas, and antennas on the
right are receive antennas.

The channel is assumed to be a multilink channel, where the
transmitted signal is received over M slowly-varying flat fading
channels. The envelope of the complex fading coefficient is as-
sumed to be Nakagami-m distributed with the dominant branch
having a unit average power [8]. The phase of the complex fad-
ing coefficient is assumed to be uniformly distributed ranging
from O to 2 7. The signals received from collocated antennas are
assumed to be correlated, while the signals received from spa-
tially separated antennas are assumed to be uncorrelated. The
transmitter and the receiver are assumed to have perfect knowl-
edge of the channel state information. At the receiver, MRC is
used to combine the received signals.

A. System A and System B

The baseband equivalent of the signal received at the kth
receive antenna of the system with M receive antennas is

zp =\ Eyos +ny e

where Ej, is the transmit energy per bit; oy is the complex
fading coefficient at the kth antenna; s is the data symbol, £1
for BPSK, +14j for quadrature phase-shift keying (QPSK);
and ny, is the noise at the kth antenna.

Note that ny, is the baseband equivalent of the AWGN noise,
i.e., a circularly symmetric, zero-mean Gaussian random pro-
cess with E[ngn}] = 20 = n,. Noise components from dif-
ferent receiver branches are assumed to be independent and
identically distributed.
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Signals received from multiple antennas are combined using
the MRC diversity receiver. The received signal, multiplied by
the conjugate of the channel estimate, can be expressed as

Yr =/ Ey|ar|?s + ajng 2)

where o denotes the complex conjugate of a.
The post-MRC SNR per bit () can be expressed as

M
Eb o 2
=3 Bt~ m
k=1 o
M

_ o Jon]?
where v = Z 3)

k=1 "o

The characteristic function of v for an M-branch MRC di-
versity receiver in Nakagami-m distribution channels [9] is

. (s) = ‘IM —js%A‘im @)

where I, is an M-by-M identity matrix; 7y is the mean of v; m
is the Nakagami-m distribution parameter, where the channels
with m = (1/2), 1, and oo corresponds to the one-sided Gaus-
sian channel, the Rayleigh channel, and the AWGN channel,
respectively; A is an M-by-M correlation matrix; and |A| is the
determinant of matrix A.

The correlation matrix A, described in [9], can be summarized
as follows:

AkgE[akak] = E[akal] +jE[akb1] = Aka[agal] (5a)
E[akak] = E[ala;] (Sb)
E[akbl] = —E[albk] (SC)

where oy, = ay, + jby, and Ay, is the element corresponding to
the kth row and the /th column of A.

Because of the power imbalance of polarization diversity sys-
tems, the equal average power assumption in [9] is invalid;
therefore, some modifications are necessary in order to proceed
with the analysis. First, we assume that the system has /V dual-
polarized receive antennas, where V;, and H}; represent the VPol
antenna and the HPol antenna of the kth dual-polarized antenna,
respectively. Second, we assume equal average receive signal
power on all VPol antennas, equal average receive signal power
on all HPol antennas, and the ratio between the average receive
signal power of VPol antennas and the average receive signal
power of HPol antennas is . Using the vertical branches as the
reference branch, elements in the new correlation matrix can be
described as

Av.v, = xAgg, =1, forl>k>N (6a)

Aviz, =0 whenl# k (6b)

Avon, =~ o) 2o (6c)
X

Note that the approximation in (6¢) is from the observation that
the correlation coefficient of the two polarization components
in Rayleigh fading channels can be approximated as the square

VPol

HPol Tig

VPol

Toy

HPol

time index = 2

Fig. 2. Block diagram for system C.

root of the envelope correlation [12]. Due to lack of experimen-
tal result on polarization characteristics of Nakagami-m fading
channels, we will assume that this approximation is valid for
Nakagami-m fading channels as well.

Using the results from (6a)—(6c¢), the correlation matrix for
system A and system B can be obtained as

[ 1 Penv.
M= — v )
LV X
I Y £ 0
X
= x 0 0
Ap = ' — |- (8)
0 0 1 N
0 0 [ Penv. 1
L X X

Notice that with 0 < peny < 1and x > 1, both A4 and Ap are
positive semi-definite.

B. System C

In addition to the assumptions made for system A and sys-
tem B, the analysis for system C also assumes that the channel
changes slowly, such that the fading coefficients between two
consecutive symbols are the same. For consistency, the transmit
power for system C refers to the total transmit power, which
is equal to twice the power transmitted from each antenna.
Fig. 2 shows the signal sequence and the fading coefficients
of system C. The signals at each of the receive antenna can be
expressed as

[ E ,

Tiv = Tb(aVVSO —agys]) +niv (9a)
Ey .

Tig = ?(OKVHSO —apps)) +mu (9b)
E, B

Ty = 7(Oévv81 + apvsy) + nov (9c)
E, .

Tog = 7(%/}181 + apmsy) + nom- 9d)

Because of the orthogonality between the sequences transmit-
ted from the VPol antenna and the HPol antenna, the original
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symbol can be recovered completely. The signals after MRC
becomes

E, .
Y1 = s14/ 7(|0évv|2 +lavu|® +lanv|® + lagu|?) +

(10a)

_ @ 2 2 2 2 -
y2 = s2\/ 5 (lavv[® +lava " + lanv[* + o [7) + fiz
(10b)

where n; and n, represent the noise after com-

bining, and E[l’fL1|2] = EH’fLQP] = 202(|avv|2 + |aVH|2 +
lany [+ lomm?).
The post-MRC SNR is

E,
21,

Eyy
—~

(1)

(lovv ? + v e |* + lomy I + laga|?) =

Yo =

The characteristic function of ~ can also be represented with
the characteristic function shown in (4). The correlation matrix

for system C can be written as
1 0 x/iii
AC _ ?(1 X1 X1
JE 0 L e /e
X2 X2 X2
0 g e
where t1,to,71, and ro are the envelope correlation be-
tween {Oévv and Oé\/H}, {OéHvOéHH}, {Oévv and OéHv}, and
{ay g and oy g }, respectively. x; is the ratio between the sig-
nal power received from the VPol receive antenna and the signal
power received from the HPol receive antenna, given that the
VPol signal is transmitted. xo is the ratio between the signal
power received from the HPol receive antenna and the signal
power received from the VPol receive antenna, given that the
HPol signal is transmitted. ¢ is the ratio between the signal power
received from the HPol antenna, given the HPol signal is trans-
mitted and the signal power received from the VPol antenna,
given the VPol signal, is transmitted.

Experimental data have shown that the correlation between
fading coefficients that originate from different transmit an-
tennas and arrive at different antennas ({cvyy and ay gy} or
{ayy and agy }) are very small [6]. With the assumption
that these values are negligible, we can approximate the anti-
diagonal elements of A¢ to be zero.

Note that with 0 < tq,t9,71,70 < 1, and x1,x2 > 1, A¢ is
positive semi-definite.

12)

III. PERFORMANCE ANALYSIS

This paper focuses on two power control scenarios: no power
control and perfect fast power control.

A. No Power Control

The signal power in this mode does not change with time. The
performance is measured by the average symbol error probabil-
ity corresponding to the SNR. From [9], the average symbol
error probability of a coherent BPSK system is given by

_ 1 /2
pe:f/
™ Jo

where Iy;,m, and A are as previously defined, and ¢ is the
expectation of ¢ and is equal to E,7 for system A, B and is
equal to E,7/2 for system C.

Since the symbol error which dominates the system perfor-
mance at high SNR is the error between the transmitted sym-
bol and its nearest neighbors, the average symbol error can be
approximated by considering only the nearest neighbor error
events [13]

[]W + LQA dv
msin” v

13)

Nsym d ( g )
p e N P Si Ne Sz Smint2i) 14

;TU ()Q( 20) (14)
where Ngypm is the number of symbols in the constellation,
Pr(S;) is the probability of the symbol S; being transmit-
ted, N, (S;) is the number of the nearest neighbors of symbol
Si, dmin(S;) is the minimum distance to the nearest neighbors
of symbol S;, and aﬁ is the noise variance [13]. Therefore, the
average symbol error probability of a coherent QPSK system,
assuming equally likely transmit symbols, can be approximated

as
_ 2 %

P~ —
™ Jo

The symbol error probability of systems A, B, and C can be
found by substituting A with the correlation matrix shown in
(7), (8), and (12). The expressions for the average symbol error
probability can be simplified as

_ N 5 — 725 -m
P~ 7‘/ <1+ AT Rl ) dv
e 0 msinn” v m*e s v

@ -m
I]\,] + 72/\ dv.
msm- v

15)

(16a)
_ N, (= 5 525 —2m
P.p~— <1+ (ei - ;0, T ) dv

T Jo msin“v  m?sin*v

(16b)
B N T 4 4,5)\ —-m
Po~—= 14+ — d 16¢

© T /0 71;[1 ( * 2m sin? l/) v (16e)

where § = Mxﬁ,g =1+ ¢, and NV, is the average number of
nearest neighbors of the constellation (one for BPSK and two
for QPSK). Note that the approximations in (16a)—(16c) become
exact for the BPSK case.

B. Perfect Fast Power Control

When the transmitter and the receiver have perfect knowledge
of the channel state information, the transmitter can perfectly
cancel the effect of fading by controlling the transmit signal
power such that a constant desired post-MRC SNR (@sarget) 18
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achieved at the receiver. This process is referred to as the perfect
fast power control algorithm.
To achieve the desired post-MRC SNR per bit, the following

condition needs to be satisfied:
E, = Prarget o system A,B
Y

or

Eb _ 2Sotarge‘c

for system C. (17)

The average transmit energy per bit for systems A, B, and C
can be calculated using a Fourier transform identity as follows:

1 0
E[Eb] = (Q)WtargetE |:’Y:| = (2)§0target/ jCI),Y (S)ds (18)

Closed-form expressions for the average transmit energy per
bit for systems A, B, and C can be obtained by substituting the
correlation matrix associated with the system and solving the

integral.
1) System A
Case 1: Ay = I,
@targ‘etm
EE)] = —=——. 19

Case 2: A4 # I, where the expression is shown in (20)
at the bottom of the page.

2) System B
Case l: Ap =1,

Ptarget 1T

3(m—1) @D

EE,] =
Case 2: Ap # 14, where the expression is shown in (22)
at the bottom of the page.
3) System C
Case I: A\¢c = 14

@targctm

BB = 5y am 1)

(23)
Case 2: A¢ # Iy

Ptarget 4 k; B
E[E,] = (v"/g) 2im1 N tln(Ai), when m = 1
no closed-form solution, otherwise

(24)

where K(z,y) =[[/_,(2z — 2i - 1); ZZ 1 1—‘fr)\ = H?zl
1+a)\) o= \/52 +46; and 0 and £ are as previously
defined.

IV. ANALYTICAL RESULTS

Previously, we have presented polarization diversity as an ad-
ditional dimension in lieu of, or combined with, spatial diversity.
Consequently, the results that follow provide the comparative
performance of polarization diversity with and without spatial
diversity. Since power consumption is a very important factor
in cellular systems, the required transmit power is used as the
performance baseline. All systems are compared to the refer-
ence system, which is defined as a two-branch receive diversity
system wherein the two receiver branches have the same av-
erage receive signal power and are uncorrelated. This system
can be viewed as a perfect spatial diversity system wherein the
two VPol antennas are far enough from each other that they are
uncorrelated. Otherwise, it can also be viewed as a polarization
diversity system where pe,, = 0 and y = 0 dB. It is important
to note that such a system is an ideal system and is unlikely to
be found in a practical wireless system.

The ratio between the required transmit power of the reference
system and the required transmit power of the system of interest
is called the performance gain and is used to define the system
performance relative to the reference system. Positive gain indi-
cates that, relative to the reference system, the system requires
less transmit power to achieve the same system performance.

A. No Power Control

Figs. 3 and 4 plot P, versus ¢ for systems A and B with BPSK
modulation in Rayleigh fading channels for specified values of
Penv and x. As expected, the best performance occurs when
Penv = 0 and x = 0 dB. Other curves quantify the degradation
in system performance as pey, and/or x increase.

The performance gain is defined as the reduction in the re-
quired transmit power, compared to the reference system, to
achieve the desired P,. It is observed from Figs. 3 and 4 that
the gain increases as P, decreases. For a desired P, of 1073
and BPSK modulation, the gain of system A and system B for
Rayleigh fading channels (solid lines), and Nakagami-m fading
channels with m = 2 (dotted lines) are shown in Figs. 5 and 6,
respectively.

Ptarget f4w
‘ﬁﬁr‘l“'(er)a

m—2

whenm =1

m mé(26) (m — 2 — ) K (m, i

BlE) - £ . £(20)"( 2_)2 (m, 1) 20)
(pti/rgit (m — 1w i=1 (m — 1l , otherwise
' m(26)" 1K (m,m — 1) ftw
+ (m—1)lw2m -1 In (Q)
_ m& 2m 2 mé&(20) (2m —2—i)!K (2m i)

E[E ] (ptargct @m-1)w? + Z (2m—1)lw2+2 22)

b +m(2(5)2"’ 1K(2'm 2m — l)l (m)

(2m—1)lw4m -1 E—w
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System A: No power control (m = 1, Rayleigh)
10 T T T T T

[-h
10’7 L L L 1 L
0 5 10 15 20 25 30
E/N_(dB)
Fig. 3. Average symbol error probability of system A assuming no power

control and BPSK.

System B: No power control (m = 1, Rayleigh)

30

Eb/N0 (dB)

Fig. 4. Average symbol error probability of system B assuming no power
control and BPSK.

It can be seen from Fig. 6 that when Yy is large and peyy is
equal to one, the polarization diversity is no longer efficient, and
the system is equivalent to a perfect two-branch space diversity
system (or the reference system). The performance gain in a
realistic channel can be estimated by using the measurement
data from the urban environment. The data show that the en-
velope correlation is generally less than 0.2 and the XPD has
an average of 6 dB. It can be deduced from Figs. 5 and 6 that
the loss from using system A compared to the reference system
is 3-3.4 dB for Rayleigh fading channels, and 2.9-3.1 dB for
Nakagami-m fading channels with m = 2, and the gain from
using system B compared to the reference system is 4-4.3 dB
for Rayleigh fading channels and 2.1-2.3 dB for Nakagami-m
fading channels with m = 2.

In order to appreciate the simplicity and the accuracy of the
analysis presented in this paper, we extend (16c) to 16-QAM

System A: No power control for m = 1 (solid) and m = 2 (dotted)

X (dB)

Fig. 5. Performance gain of system A compared to the reference system (no
power control, BPSK).

System B: No power control for m = 1 (solid) and m = 2 (dotted)

10 . . SRR : ‘

X (dB)

Fig. 6. Performance gain of system B compared to the reference system (no
power control, BPSK).

modulation and compare the results with the results from [11],
which was derived using the Chernoff bound approach, and with
our simulation results. The extended analysis uses the nearest
neighbors approximation [13], and the expression for the bit
error probability corresponding to 16-QAM can be expressed as

4
— 3 Pl
P..c16gam = ;/0 H (1 +

i=1

v\
: dv (25

10 - 2sin? ,,) (25)
where 7 is the SNR as defined in [11], three is the number of the
average nearest neighbors, and ten is the scaling factor used to
maintain the same average transmit power between the QPSK
and 16-QAM.

The comparison between (25), the result from [11], and
the simulation result when \/t; = \/t; = 0.7, /r1 = \/r2 =

0.1,x1 = x2 = 5, and § = 1 is shown in Fig. 7. It is clear that
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Average symbol error probability for 16QAM with Alamouti Space—Time code

0
[0 —
ok iw

....... . s Analyucal eqi.(25i)n B
X '@+ Analytical: Chernoff bound
| — Simulation
10"1 i T 4
2
S 107 ¢ E
&
s
5
3 107 e
o
5
)
2
107k 5
0 5 10 15 20 25 30

SNR (dB)

Fig. 7. Comparison between the simulation result, the analytical result from
[11] and the analytical result from (25) for Rayleigh fading channels.

System A: Perfect fast power control for m = 1 (solid) and m = 2 (dotted)
10 L

6

X (dB)
W

Fig. 8. Performance gain of system A compared to the reference system (per-
fect fast power control).

(25) accurately predicts the system performance at high SNR.
However, as a result of the nearest neighbors approximation, the
prediction is not accurate at low SNR.

B. Perfect Fast Power Control

The performance gain in the case of perfect fast power con-
trol is defined as the reduction in the required transmit power to
achieve the desired post-MRC SNR compared to the reference
system. Figs. 8 and 9 show the gain of system A and system B in
Rayleigh fading channels (solid lines), and Nakagami-m fading
channels with m = 2 (dotted lines), as a function of pe,, and ¥,
respectively. The performance in a realistic urban environment
can be approximated using the values of pe,, and x measured
from the actual channel. With pe,. less than 0.2 and the average
x of 6 dB, system A experiences a loss of 2.6—3 dB for Rayleigh

System B: Perfect fast power control for m = 1 (solid) and m = 2 (dotted)

10 T T T T T \l T T T
9 - <

8 Rl v _

X (dB)

env

Fig. 9. Performance gain of system B compared to the reference system (per-
fect fast power control).

Gain from using system B compared to system A when Py = 0.2 and XPD =6 dB
6 T T T T T T

Gain (dB)

0 10 20 30 40 50 60 70

Parameter m in Nakagami—m distribution

Fig. 10. Gain from using system B compared to system A when peny = 0.2
and x = 6 dB as a function of m (Nakagami-m distribution parameter).

fading channels and a loss of 2.3-2.5 dB for Nakagami-m
fading channels with m = 2, while system B experiences a
gain of 2.2-2.4 dB for Rayleigh fading channels and a gain
of 1.4-1.5 dB.

The value of m in Nakagami-m distribution determines the
severity of fading. The smaller m is, the more severe the fading
condition is. Fig. 10 shows the performance gain of system B
compared to system A when pe,, is 0.2 and x is 6 dB. The
channel approaches an AWGN channel when m approaches
infinity, and we can see from Fig. 10 that the gain approaches
3 dB, which represents the gain from doubling the number of
antennas in an AWGN channel, as expected.

Unlike systems A and B, system C is a function of more pa-
rameters, and a simple contour plot similar to Figs. 8 and 9 does
not exist. We have chosen a simple channel characteristic where
X1 = X2,t1 = ta = 0.2,and r; = ry as an example to illustrate
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Perfect fast power control, system C (X 1=X2, t 1=t2=0.2, r 1=r2)
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Fig. 11. Performance gain of system C for the sample channel compared to

the reference system (perfect fast power control, Rayleigh).

the effect of the channel characteristic on system performance.
Fig. 11 shows the gain of system C under this particular channel
characteristic. The 0-dB line determines the channel condition
where system C performs as well as the reference system, and
the area on the left side of the O dB line represents the scenario
wherein system C outperforms the reference system. It is inter-
esting to point out that even though system C needs only slightly
more space than a SISO system, under this particular channel
characteristic, this compact system can achieve similar (or even
better) performance compared to the perfect two-branch receive
diversity system by use of space-time code and polarization
receive diversity. We can also see from Fig. 11 that as 71, 7 in-
creases (the channel gets worse), the 0-dB line moves to the left,
and the area where system C outperforms the reference system
gets smaller.

V. CONCLUSION

It has been shown that polarization diversity systems can pro-
vide significant performance enhancements either in lieu of, or
in combination with, spatial diversity systems, despite the in-
herent power imbalance between polarizations. We have derived
the relationship between the polarization characteristic, which
is represented by the envelope correlation and the power imbal-
ance, and the system performance in correlated Nakagami-m
fading channels with the MRC diversity receiver. More specif-
ically, the average symbol error probability as a function of
SNR and the polarization characteristic (assuming no power
control), and the average transmit power as a function of post-
MRC SNR and the polarization characteristic (assuming perfect
fast power control), are derived.

We have shown that the performance of polarization diversity
in a realistic channel can easily be obtained by substituting the
envelope correlation and the cross-polarization discrimination
measured from the actual channel into the analytical expressions
provided. The power imbalance does limit system performance,
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as expected. Nevertheless, it is shown that the gain achieved
with polarization diversity can be significant. The advantage
of polarization diversity ultimately depends on the particular
channel characteristic.

It has also been shown that the analysis can easily be ex-
tended to a more complex system. The extension of sys-
tem C to 16-QAM with the nearest neighbors approximation
has been shown to match the simulation result, especially at
high SNR.
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