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Abstract—The use of polarization antenna diversity techniques
in mobile communications can improve system robustness amest
multipath fading. However, when used in asynchronous CDMA
transmission, an increase in the carrier to noise ratio (CNR
does not automatically imply an increase in the received siwl to
noise ratio (SNR), due to the possibility of an increase in mitiple
access interference (MAI). We present a derivation of the gnal
to interference plus noise ratio (SINR) and calculate the asrage
bit error rate (BER) of an uplink MC-CDMA system using
polarization diversity reception at the base station. The esults
show that even though the use of polarization diversity intoduces
additional MAI, the resulting increase in the signal power was
able to give an overall improvement in the performance of the
SNR and average BER.

I. INTRODUCTION
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The use of antenna polarization diversity is seen as a better
alternative because it allows antenna elements to be eteldc
5], [6].

In polarization diversity, signal redundancy is achieved b
the reception of orthogonally polarized electromagnetoes
that have uncorrelated signal envelopes [5], [6], [7]. Resu
in the published literature have shown that the envelope
correlation of polarization diversity branches are clasedro,
and the performance is comparable to that of space diversity
[4].

Polarization diversity has traditionally utilized lineaerti-
cally (Vpol) and horizontally (Hpol) polarized antennaseD
limitation of this configuration is the intrinsic power imlace
between diversity branches [8]. Asymmetric attenuation in

A microwave radio signal in a mobile communicationshe Vpol and Hpol may lead to significant power imbalance

channel typically exhibits extreme amplitude variatiorssaa

and degrade diversity performance [5], [7]. To overcoms,thi

result of multipath propagation [1]. Fades which are 40dEhear polarized antenna elements which are aligned at gle an
below the mean signal level are common and makes this typey relative to the vertical, have been proposed to equalize the
of communications difficult [2]. The use of antenna diversitpower imbalance [6]. This diversity antenna configuratisn i
schemes directly mitigates the effects of the mobile chbnnesed in our discussion.

without the consumption of additional spectra, at the espen MC-CDMA has been proposed as one of the candidate

of additional RF equipment [3].

multiple access schemes in 4G systems. The main idea of

Antenna diversity introduces signal redundancy across mMC-CDMA is to transmit a single data stream over a number

tiple antennas to improve system robustness against ratfitipof lower rate subcarriers that have been uniquely coded
fading by increasing the carrier to noise ratio (CNR) [4]r Fdoy a spreading sequence across the frequency domain [9].
asynchronous CDMA systems, an improvement in the CN&Rdvantages of MC-CDMA include the ability to counter
post recombination does not automatically imply an inceeathe frequency selective nature of the channel, which was a
in system performance. Antenna diversity does not compensproblem for Direct Sequence (DS) CDMA. Extended sym-
for asynchronous transmission, which causes user codeshtd durations allow for quasi synchronization, giving more
lose orthogonality and introduce multiple access interiee robustness against inter symbol interference (ISI) andrint
(MAI). chip interference (ICI) [10]. Further, if orthogonal subdars

In this paper, we analyze the additional MAI introduced aswith overlapping sidebands are used, spectral efficiency is
result of using antenna polarization diversity in a multiriex  facilitated [11]. However, because spreading is done in the
(MC) CDMA system. The resulting expressions for the signélequency domain, MC-CDMA does not inherently introduce
to interference plus noise ratio (SINR) and average bitrerrfsequency diversity [12], calling the need to use other feirh
rate (BER) are derived. diversity. One of the motivations of this paper is to introdu

Signaling and antenna based diversity techniques have baeatenna polarization diversity in MC-CDMA.
well documented in the literature [1]. In typical system#igs  Our development considers an uplink MC-CDMA system
spatial diversity, an antenna separation in the order of 88ing at« receiver antenna configuration. MAI analysis is
wavelengths is required to achieve sufficient decorraiaftis  central to this investigation since synchronous transonsis
diversity action at the base station [5]. Due to space availet guaranteed in the uplink. The effect of the additionalIMA
ability, this type of diversity may be difficult to implement from diversity is incorporated into the study and we showvt tha



this case, the power is assumed to be the same acros all
subcarriers.

B. Receiver

At the base station receiver, the modeling of polarization
diversity reception is based on thex configuration outlined
in [6]. The transmitted signal is assumed to be principady v
tically polarized. Due to multipath signal propagation hirit
the transmission medium, rotation of the polarizationestat
are induced [6], [8], and causes the signal received at the
base station to have both vertical and horizontally podatiz
componentsry, ,, (t) andry p, (t) respectively.

N
Thw () = Z V2P v, ibrcr i
=1

-cos 27 fi (t — k) + Pri () + Or0ii]  (2)

Channel

N
Fig. 1. Block Diagram of the MC-CDMA transmitter rin () = Z V2P b,ibrcCr,i
i=1
. . . . o rcos 2 f; (t — 7k) + Gni (8) + Okni]  (3)
despite an increase in MAI, the increase in signal power due t .
polarization diversity was able to give an overall improestn 0k,0,i and 6y »; represent the random phase induced by the

in system performance. channel in the vertical and horizontal polarizations, anel a
assumed to be uniformly distributed betwef@n2r). G ,.;
Il. SYSTEM MODEL and f.; are the channel attenuation coefficients in the
This section presents a mathematical model of the uplivpol and Hpol, respectively. They are modeled as Rayleigh
MC-CDMA using polarization diversity at the receiver. random variables, and are assumed to be independent between

polarizations [6], [7], and independent between users.[13]
. ] ] The relationship betweefi; , ; and 3; 5; is defined by the
Fig. 1 illustrates the block diagram of a MC-CDMA transzyoss polarization discrimination (XPD),, which is the ratio

mitter. The data bits of théth user,b;, is assumed to be apepyeen the received power in the Vpol and the received power
BPSK modulated waveform and is first replicated in parallg} the Hpol [6],

over N subcarriers. The number of subcarriers is dictated

A. Transmitter

by the spreading gain of the pseudo-random (PN) spreading I — B [53,1;,1'] (4)
sequencecy;. The PN code is applied in the frequency E[ 2 } ’

domain across theV orthogonal subcarriers, with théh
chip being assigned to thé&h subcarrier. In other words, whereFE [] is the expectation operator. These assumptions are
given a spreading sequence of lendth{c[1], ¢[2], ..., c[N]}, verified with the experimental results presented in [5] &1d [
subcarrier branclfi, ; is assigned|1], while subcarrier branch  Due to the asynchronous nature in uplink transmission, a
fr,2 assigned withc[2] and so forth for theV subcarriers. It time delayr; is introduced and is assumed to be uniformly
is important to note that in MC-CDMA, the resulting symbodistributed betweer0, Ts). The time delay for the reference
duration T is equal to the chip duration, and thus, givemser,r,. is defined to be zero.

the appropriate choice in the number of carriers occupyingA polarization diversity antenna composed of two elements
the available bandwidth, it is reasonable to assume thdt edG andV, which form an angle oft« relative to the vertical
subcarrier signal is experiencing frequency flat fading 9  axis is used. Azimuthal dependence of fith mobile user is
also assumed that channel conditions remain unchanged am&noduced by the}; parameter. The geometry of the system
two consecutive symbols. After spreading is done across tisdllustrated in Fig. 2. Upon reception, signals of the et
frequency domain, each carrier is modulated to its assignadd horizontal polarizations are projected onto Yheand V5
subcarrier frequencyf, ;, combined, and transmitted throughantenna components [6].

the transmission medium.

The transmitted signal of uséf, s, is written as follows: Vi =i () sinacos Ok + 7k, (1) cos ()
N Vo =—rpn (t)sinacos ¥y + 10 (t) cos o (6)
sk (t) =Y V2Pbgcy,;cos (2 frit+dri (1), (1) The receiver structure takes advantage of the two diversity
i=1 branches provided through thex antenna elements, and uses

where P is the power transmitted in each subcarrier angost detection combining. The general MC-CDMA receiver
¢r,i (t) is the random phase introduced by the modulator. lock diagram is illustrated in Fig. 3. The received signal
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b,(1)

The test statistics; and Zy can be written as the sum of the
desired signalD; the MAI component; and the additive white
Gaussian noise (AWGNY);. The desired signal i; and V5
are calculated as follows:

N
P
Dl _\/;br,o ; i [ﬂr,h,iAr + ﬂr,v,iq/] (9)

N
P
D, :\/;br,o Z; pi [=Brn,iAr + Broa®] . (10)

We defined;, = sinacos,, and¥ = cos . Because we are

dealing with the reference usér=r, A, = sina cos?,. We

also defineb, o as the current data bit of the reference user.
The noise interference termg, andr, are the result of the

AWGN channel with a noise power spectral density/\df.

In general, the statistics of; and 7, will not be the same,

and depends on the combining gajns; andps ;. Since EGC

is used across the subcarriers, the statisticg,cdnd 7, are

assumed to be the same and have zero mean with a variance

of:

NOTs al
var (i) =var (1p) = — ;u?- (11)
The MAI term is the undesired term as a result of mul-

tiple access interference. The MAI term can be separated
and analyzed in two partd, and J [13]. I represents the
contribution of MAI from the otherK — 1 users using the
same subcarrier frequencies, whileis the contribution of
MAI from other users with different subcarrier frequenciés
and J for antennad/; andV; are calculated as:

P K
L =\/5 T, ; (b, 17k 4 bro (Ts — 1))

k;r

in each of the subcarriers of both antennas are despread, 4

demodulated, weighted and combined, before being passed
into the correlation receivers. The two correlator testisttas

: Z Ch,iCrifbi [Bk,v,i €08 Cow iU + B, h,i €08 Cho i Ak)
=1

are then weighted, combined and input through a decision (12)

device to determine the transmitted bit.

The output test statistics of the correlation receivérsand K
i | P
Z5 for antenna branchdg andV; respectively are calculated I = 5 T, Z [k 175 + bro (Ts — 71)]
k=1

as:

T, N
Zy :/ Vi Z Cr,i €08 (27 frit) pun i dlt
0 i=1
=D; + MAIL +m
T, N
Zy :/ Va Z Cr,i €OS (2 frit) piai dt
0 i=1

=D + MAL +15.

u1,; and po; are the combining gain parameters used to ]13;:&71« i
weight each of the individual subcarriers in anteiaand
V4 respectively. Equal gain combining (EGC) is used across
the subcarriers such that, ; = pe; = p; fori = 1...N.

k;:ér
N
] Z ChiCrifki [Bk.ﬂj,’i CcoS Ck.,v,’illl - Bk,h,i COS Ck,h,iAk] ’
i=1
) -
and,
K N a C,5C
. _ o N Skt

. Br,v,; ¥ [sin (A Tk + Cryo,j) — S0 Cryo, 5] (14)
+Bk,h,j Ak [8In (Ag Tk + Crj) — Sin Gy
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B, ¥ [sin (Ag ;7 + Cy,j) — Sin Cro,j] Ni:lj: (i =) 23)
. Rl k] Rl Rl . (15) j#

— B, Ak [$i0 (B jTh + Cron,g) — SIn G . , "
) The calculation of the SINRy,;, incorporates the additional
bg,—1 @andby o are used to represent the previous and currea from polarization diversity as a source of interference

data bits of usek respectively. The, parameters have beenthe SINR s derived by taking the ratio between the desired
introduced to account for the total combined phase, Whegpgnm and the sum of all interference terms.

Chwi = Ok,i(t) + Opvi(t) — 27 fr ;7. Further, the spectral

S

. . . X 2
distance between th#h andjth subcarrier is defined to be: V2 = D (24)
27 (i — ) PY parar +var(n)el | + var(ng)e?
Rij = T, ' (16) We assume that channel conditions are known exactly at the

Maximal ratio combining (MRC) is employed to combindeceiver and evaluate the instantaneous BER conditional to
the signals across the two antennas. The combining g#i¢ State of the channel. Because both type of MAI has been
parameters,.; ande,., are used to weight the two branchegpproxmated to be mdependent.Gaussmn random variables
according to their signal to noise power ratios and the#ith zero mean, we evaluate the instantaneous BER as:

summed [1]. P2 Brgs Bro = Q (1) - (25)
Er1 :Br,hAr + B’I‘,qu (17)

)

where(@ (-) is one minus the cumulative distribution function
€r2 =— BrnAp + By, ¥ (18)  of the standardized normal random variable. For the sake of

For ease in representatioEfil Byns and Zﬁil Br.v.i have simplicity in the calculations to follow, the EGC parameter

been replaced by, ; and B,., respectively. pui are all set to be unity.
In the derivation for the expression of the SINR, we start To calculate the average BER, we have to take the expecta-

with the power of the desired signal, post MRC, calculated 4N over all of the variables involved, namef;., and B;..,.

+oo +oo
D? =(Diye,q + D25r,2)2

N 2 E [pgl} = / / Q (Vp1) - prob (Brp Bry) dByp dB;,
p ) <ArBr,h ; Hl) (57“,1 - 57“.,2) s (26)
2 bro (19) Since it was assumed that the fading in the Vpol and Hpol are

N
+ (QTBT,U ZMZ’) (er1+er2) independent of each other, the joint distribution can béteri
i=1 as the product of their respective distributiopsed (B, ;) and
The total MAI powerpyar is calculated by the summationprob (B ).
of the power from/ and.J. We represent these ag andp

. E [ppl] =
respectively. €
p Yy oo 4o
PMAL =PI+ P (20) / /Q (vp1) - prob (By.p) - prob (Byy) dByp dBr
pr andp; are calculated by taking the second order moment _*,
of I andJ. The central limit theorem allows the treatment of (27)

I andJ as independent Gaussian random variables with z81 o B

. ~n and B,., represent a sum oV Rayleigh random
mean and variance?® [13]. oh v Iep ylelg

variables. It is of interest to note at this point that the IR

pr =E [12} distribution is a special case of the Nakagamiistribution,
PT252 with m being equal to unity. Thus, an interpretation . ,,
=(K-1) TS and B,.,, is that we have a sum af-variables. When the
72 N branches are assumed to have independent fading, the proba-
e (er1 —er2)’ U (g1 + )’ Z 42 (21) bility density functions ofB,., and B,., can be approximated
r im1 with the Nakagamin distribution [14],
2 m
p;r=E [JQ] prob (Brp) ==———~ m Bzf_l exp —ﬂth
PT20%C o T A 7
=(K-1)———

272
—2

2 m\" m
N 2m—1 2
A prOb(BT,U) = <_) Brv exp (__Brv) ’
—<6m—sr,z>2+w2<sr,1+er,z>2]Zu%, (22) T \2,/) " Q, "
i=1

r (29)



0.25
XPD =B

0.2~ XPD=6dB
XPD =348

0.15- XPD=0dB

XPD=94B

XPD = 6dB

Bit Error Rate (BER)
Bit Error Rate (BER)

XPD=3dB

5
&
XPD—tap ——

L
0.35 0.4 045

I I I
| L L L 0.15 0.2 0.25 0.3
0010 5 10 15 20 25 30 Antenna Angle () in units of ©
E /N, (dB)

Fig. 5. BER for asynchronous MC-CDMA using polarization edisity with
Fig. 4. BER for asynchronous MC-CDMA using polarizationedisity with  different values ofe. (N = K = 16, E,/No = 10dB andd; = 0)
different values of the XPD.N = K = 16, « = w/4 and ¢, = 0)

o dud
with the parameters of the distribution given as:

0.071-
N2 2 . .
Q,=FE|[B.,] ~ 8 50 (30) ] xPp_uip

8N20.2 g 0.045

Qh =F I:B’I%,h} ~ 5T (31) g
Q7 02
m= h = v ~ N. (32)
Var [Bz h} Var [B?,]

I 1 I |
o 020 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Antenna Angle (a) in units of ©

The double integral for the average BER can not be

evaluated analytlca”y’ howev_er’ beca‘_‘m}b (Br,h) and, Fig. 6. BER for asynchronous MC-CDMA using polarization edisity with
prob (B,,) have been approximated with the Nakagami- different values ofx. (N = K = 16, E, /Ny = 20dB and;, = 0)
distribution, numerical methods may be applied. Our calcul

tion follows the same approach as the one that was used in

[13], and we employ the Monte Carlo integration technique Based on the interpretation of [6] on the effects of varying
using the traditional algorithm [15]. o, we can conclude that manual adjustment of the antenna
alignment may be used to further weight the contributions
in diversity of the Vpol and Hpol. This angle dependency is

Monte Carlo simulations are used to verify the validity oftudied in the second part of our discussion.
the development. A full user systen = 16, is assumed Fig. 5 and Fig. 6 present the effect of the antenna angle
and the Rayleigh parameter for the channel is sétfoOne « with different values ofF, /N, upon average BER perfor-
million realizations were used in the simulation. Thesailtss mance. Both of the figures indicate that under the influence of
have been presented with different values of the XPD. For t#&D, the use ofx = 7, a value that has been widely applied
ease of comparison, the performance of the basic asynalsonie the literature [16], [17], [18], does not guarantee thstbe
MC-CDMA system is also shown. performance for MC-CDMA with polarization diversity.

Fig. 4 verifies that the use of polarization diversity for This is especially evident in Fig. 6, where we see that the
asynchronous MC-CDMA does not always guarantee an imse ofa = 7 is suboptimal when there is power imbalance
provement in the average BER performance. For the scendigiween the Vpol and Hpol. Further, the results show that
with XPD of 9dB, o« = § andd;, = 0, polarization diversity performance may be optimized by increasing the anghdth
does not offer an improvement in the average BER until thiespect to they axis. The interpretation for this is that we
value of E, /Ny exceeds 10dB. Under optimal conditions wittare projecting more of the Hpol component onto antennas
equal reception power across the Vpol and Hpol such thidt and Vs, while reducing the Vpol component contributions
I' = 0dB, MC-CDMA using polarization diversity does notin an attempt to provide artificial power equalization. This
start to out perform basic MC-CDMA until the threshold atnterpretation remains consistent with the antenna weight
5dB. contribution concept outlined in [6].

These results also emphasize that performance increaset first glance, the results presented in Fig. 5 appear to
when power imbalance is equalized. This remains consisteontradict the explanations, where optimal valuesxoliave
with the results in [6]. In practice the absence of poweatecreased. The explanation for this is that Fig. 5 preséets t
imbalance rarely exists, particularly in suburban envinents performance at &/N, = 10dB value that is close to the
where the XPD can exceed values greater than 10dB [8]. performance threshold. In essence, the results indicateth

IIl. RESULTS ANDDISCUSSIONS



interference due to the MAI in the Vpol and Hpol dominatego]
the benefits gained from power equalization, causing perfor
mance to degrade. [11]

Even though the results do predict a deterioration in perfor
mance for values o, /Ny close to the threshold. It is impor- 12]
tant to note that for values greater than the 10dB threshitd vv[
moderate values of the XPD, the use of antenna polarization
diversity is capable of providing significant reductionstire (13
average BER.

Both figures also verifies the fact that while the powdt4]
between the Vpol and Hpol are balanced, optimal antenna
alignment is given atv = 7. [15]

IV. CONCLUSION [16]

An asynchronous MC-CDMA system using base station
polarization diversity was discussed. We showed that the
introduction of polarization diversity to overcome theeeffs of 17
fading was outperformed by the basic MC-CDMA system for
low values of E,/Ny. The results verify our hypothesis that
the introduction of signal diversity can introduce sigrafit [1g
additional MAI that adversely effects system performance.
This result emphasizes the need to consider antenna dyversi
as a source of MAI. In the general scenario though, the gains
provided by polarization diversity was able to overcome the
additional interference due to MAI, to give overall impreve
ment in average BER.

In our discussions, we also verified that excess power
imbalance between Vpol and Hpol can have significant adverse
effects on the average BER. Adjustments in the antenna
configuration by varyingx is shown to be able to further
optimally weight the signals received through the vertamad
horizontal polarizations.
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