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Abstract

Multicarrier code-division multiple access (MC-CDMA) is one of the promising technique for high capacity

wireless communication. However the carrier phase error and frequency offset cause the performance degradation

of MC-CDMA due to the inter-carrier interference.

In this work, downlink performance of the partially coherent MC-CDMA is analytically derived in Rayleigh

fading channels. The bit error rate sensitivity by combining method, Maximal ratio combining (MRC) and Equal

gain combining (EGC), is compared as functions of phase errors, multi-user interference, and received signal-to-

noise ratio.

The results show that the susceptibility for the effect of the phase errors of MC-CDMA with MRC is more
robust than that with EGC. However, it is also noticed that the performance degradation of EGC and MRC is
negligible for loop SNR's of above 15 dB and above 10 dB, respectively.

I. INTRODUCTION

In recent days, a lot of attention has been paid to
the Multicarrier code division multiple access (MC-
CDMA) scheme for high bit rate application, because
at the same processing gain its required chip rate is
much lower than that of a corresponding DS-CDMA
system!"™Pl And MC-CDMA provides resistance
against frequency selective fading due to the fact that
each subcarrier will be narrow bandwidth respect to
the coherence bandwidth. Compared with wideband
transmission based on the DS-CDMA, the MC-CD-
MA will not need to employ the RAKE receiver as
each subcarrier is subject to flat fading. However,
similar to OFDM, the carrier phase error and the
frequency offset cause the performance degradation
of MC-CDMA because the lost of the subcarrier's

orthogonality generates inter carrier interferencel™.

Most of the coherent receiver adopts phase locked
loop (PLL) for the carrier synchronization. In that
case the output of PLL is not perfectly synchronized
to the carrier phase and may contain random errors.
These phase errors, which are not only from the pha-
se noise of an oscillator but from the multi-user inte-
rference, and AWGN noise, affect the system perfo-
rmance. Generally, the phase errors from PLL are
assumed to have been derived from second-order
PLL's and follow the Tikhonov distribution when the
PLL's are in lock™.

The effect of phase noise on communication
system performance has been of interest up to now.
Viterbi” ™! derived the probability density function
(pdf) of the phase error caused from a first-order
PLL. This pdf , which is often referred to as the
Tikhonov distribution, can be applied for a second-

order PLL when the loop signal-to-noise ratio is
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largem.

In [9], Eng and Milstein analyzed the effect of the
phase errors from PLL on DS-CDMA in frequency
selective fading. For the multi-user performance of
cdma in the presence of phase noise was is detailed
in [10] where a differential modulation at the chip
level was adapted to improve system performance.
On MC-CDMA, the effect of phase noise of an osci-
lator and frequency offset has been presented ana-
lytically and semi-analytically (both analysis and
simulation) for the additive white Gaussian noise
channe! and for the multipath fading channels, re-
spectively. And the sensitivity of multicarrier
transmission over multipath channel was presented in
1996, but it does not include combining effect’’. To
analyze the phase error sensitivity on MC-CDMA,

¥, And we focuse on

we adopt the Linnartz's mode
the downlink performance because a subscriber unit,
which has stringent power consumption and size,
may have much unstable local oscillator than that of
a base station. Downlink performance of partially
coherent MC-CDMA is analytically derived in Ra-
yleigh fading channels. The bit error rate sensitivity
of MC-CDMA with Maximal ratio combining
(MRC) and with Equal gain combining (EGC) is
compared as functions of phase errors, multi-user
interference, and received signal-to-noise ratio.

The organization of this paper is as follows: In
section [I the MC-CDMA system and channel mo-
del is described and the pdf of the phase error is
introduced. Phase error for EGC and MRC is
investigated in section [I. In section IV, we derived
the bit error rate caused by the phase error on
MC-CDMA system with EGC and with MRC, respe-
ctively. Degradations of the performance of the two
systems to this phase error are compared and re-
viewed in section V by numerical results. Section VI
concluding remarks are provided.

II. SYSTEM AND CHANNEL MODEL

e ] cos(2aft)

a, K (0

]
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N =1 cos(ufut +2zF(N 1)/ Th)

Fig. 1. Transmitter model.

The input information sequence from an user is
replicated into N parallel branches. We assume input
data symbols, «,(%), are binary antipodal where £
and s denote % th bit interval and smth user re-
spectively. Each branch of the parallel stream is
multiplied by a chip from a spreading code of length
N. After multiplication, each branch is binary phase
shift keying modulated to a subcarrier spaced apart
from its neighboring subcarriers by F/ T, Hz where
F is an integer number and 7, is data bit dura-
tion™. The transmitted signal is the sum of the ou-
tput of these branches. Fig. 1 shows the transmitter
model™!'?

We assumed frequency selective Rayleigh fading
channel, and the channel delay spread is much
shorter than the data bit duration such that each
subcarrier signal is assumed to be flat fading during
a bit period. Moreover we also assume independent
fading for each subcarrier. With these assumptions,
the transmitted signal corresponding of the m th
user is [2]

sm(8)= 1210 cm(%) am(k) cos (27rfct+ 2m‘% t)
- Pr(t—kTy) Q)

where ¢, (i) is ¢ th chip of the m th user's

spreading code. And Py (z) is rectangular pulse
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defined on [0, T,]).

Applying the receiver model of Fig. 2 to the
received signal, the received signal for M active

users can be written as

Ad="33"S on caDdanh)
cos (27rfct+ 2m‘% 46, ,-)Pn( t— ET,) + n(f)

@

where o, and 4, , is the received amplitude
and phase of the 4 branch of the m th user, respe-
ctively. wn(f) denotes additive white Gaussian
noise(AWGN) with zero mean and double sided
power spectral density Ny/2. The local mean power
at the 4th subcarrier is Z:—%E{p?]. And assu
ming that the local mean powers of the subcarriers
are equal, the total local mean power of the s th
user is p= Np;. To obtain the decision variables,
demodulated and combined subcarrier signals are

integrated and sampled [2]. The decision variable of
k th data symbol of 0" user is obtained as

Vg = Azo Izlopmz Cm(i)d(),i am(k) 72‘b
(k+1) . F

S, Tocos(2afat2mi140,,.)
.4 Tb

T

: cos(Zﬂch— Zm'% t+ ﬁo,i) dit+7 3)

where the phase estimation of the ; th subcarrier

2 -
—cos{2nf 1 +60,0) Co [0
U3 doi
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—

r—lhcm(:n/rn%fi+60_|) Cf)[l :

d

: : ON-}
; La[fv -1

2 (w Lt
-cos| Zafue 4 =
T ‘ 3

’S‘D.N—l]

Fig. 2. Receiver model.
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of the 0" user, @, ; is given as

o~

0 i =0yt 40, ; )

where 44, ; is the phase errors. This phase errors
are random variable and assumed to have been deri-
ved from second order PLL's. Its pdf has Tikhonov
distribution [6];

exp (7g.;c08 46, ;)
2nL( 7.5

D(Ae(),): ,_7T<Ago_,’<7f

)
where [,( ¢ )is the zeroth-order modified Bessel
function of the first kind. y,; is the loop signal-

to-noise ratio of the PLL. At a large loop signal-
to-noise ratio (i.e. y>5 dB), the variance of the pha-

se estimator error becomes

5= ©)

<k

With this assumption, which implies the phase
estimates have small variances conditioned on +, the
random variable cos(46) may be replaced by its
expected value®.

After some manipulation we can rewrite the
decision variable,

-1 g
vy = ];ZO Epm,icm(i)%(i)do,idm(k)
. COS{Hm','_(g()',‘+A00,i)}+77 (7)
and it can be divided into three terms,
vy = ao(k) 11210 0. i 2y, ; cos (46, ;)

+'SL S o senidan e s an(B cos (D,

+7 ®
where
G o i=00,iT 60— 0, )

And the mean and the variance of 7 is zero and

%E[d%,,-], respectively. Where E[ « ] means
b

expected value.
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1. PHASE ERROR ANALYSIS FOR EGC
AND MRC

Because of the orthogonality of the spreading

.. . . 2
codes, the decision variables can be written as™

Vo= do(k) 1\20 po'idov,' Ccos (Aa(),)

N N
= H-1 Koy
+ :2:1 am(k){ }20 00,0, — 120 polb,]cos(deo’,»)

+7
=Ugst+ U+7 (10)

where Ug and U, denotes desired signal com-

ponent and interfering component, respectively. The
decision variable can be obtained from (10) by
replacing 4 ; with one for EGC and p; ; for MRC.

3-1 Equal Gain Combining

Variance of the desired signal component is

var (Us) = var[lzopo,,»l(ro,f)]
=(2-F )P () (1)

where  I(y, ), the expectation of the rv. of
(46, ;), can be obtained from linear approximation

to derive bit error rate with closed form'.
The average of the interfering component is zero
and the variance is given by

N_,y

var(u,>=E[('§=: end| Z, o0
ﬂi ]1(701 ﬂ

=(M—1)N& o I*(7.5)
= (M—1) NI*(yy. X EL0} - E* 0,1}

=M= D21~F )0 )P (12)

And the mean and the variance of 7 is zero and

Nﬂ , respectively.
T,

3-2 MRC
Variance of the desired signal component is

var (U) = var[ IZ) pZO,iI(ro.,-)]

V% .
=42 (0 (13)

The average of the interfering component is zero

and the variance is given by

var[ U= (M- 1) NI¥( 0. i){E[Pg,i] - EZ[P(),{]}

=L P (0 ) (14
The mean and the variance of 5 is zero and
Z%E, respectively.
b

IV. PERFORMANCE ANALYSIS

The probability of decision error conditioned on
the amplitudes of the desired signal, 1210 g, i» and
the local mean interference power, var { U}, given

ao[k]=_ 1 is

Pr(em»{ 1210 ©q,i» var{ UI})

=P,<IZ; Po,iI(Yo,i)<U1+77) (15)

4-1 Equal Gain Combining

Because of the interference component and noise
component are independent and Gaussian, the sum to
the right of the inequality has a zero mean Gaussian
distribution with a variance equal to the sum of their
variances. Therefore the probability of decision error

can be written as

P,(error| 12:) 0,i» var{ UI})
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1 _%Lﬁ POiI(TOi)}Z

= erfc

(- 12(1-F )1, ,)P0+N—]¥—
(16)

where the complementary error function is defined
to be
erfc(x)=*\72- fwexp(—tz)dt 17
V(1
To drive an expression for the average probability
of error, (16) should be averaged over the distri-
bution of the instantaneous amplitudes IS; oo, If

we apply the Central limit theorem, ‘then (16) can be
represented by,

P, (error | ?0)

= f_:-?lz- erfc

il
=021 E) (o i) + N

1 _ (po— pep)?
% mo‘ng CXD[ 20' 2o ]dp

(18)

where g, = &; po.; and average of pq, g, (N
=

times of average of o, ,) can be given as

woo=| Eo=\{ZE\NF; = (NP (19
The variance of p, is

2, fo_E\_

Upo—(Z 2)P0 (20)

If we replace those values, average and variance
of gy, the bit error rate becomes

P, (error | Py )= erfc
& Top; I'(r0)
M2 (1=-E) 5= I )+ N
N 4 PO 0,1 0

@n
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4-2 MRC

Apply to the same method, the error probability
can be written by

P, (error | B )=—%—erfc

T,,—E Iz(ro' )

T, — (22)
ZM—N-——E I* (7 1)+ Ny

V. NUMERICAL RESULTS

Fig. 3 shows the bit error probability versus loop
signal-to-noise ratio, which is the inverse of the
phase error variance, for N=128 and M=15 in the
downlink Rayleigh fading channel. The performance
of EGC and that of MRC are compared for the

5 10 15 20
loop snr (dB)

Fig. 3. Bit error probability versus loop signal-to-
noise ratio with N=128, M=15; (1) EGC
without phase errors (Ex/No=20 dB), (2)
EGC with phase errors (Ex/No=20 dB), (3)
EGC without phase errors (E:/No=10 dB),
(4) EGC with phase errors (Ex/Ny=10 dB),
(5) MRC without phase errors (Es/No=20
dB), (6) MRC with phase errors (Ey/No=
20 dB), (7) MRC without phase errors
(Es/Ne=10 dB), (8) MRC with phase erro-
rs (E»/No=10dB).
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perfect and partial coherent cases. In the case of no
phase errors, it is seen that the performance of
MC-CDMA with EGC is befter than that with MRC
under the same conditions; this means that the
orthogonality loss for EGC is less serious than that
of MRC. However the susceptibility for the effect of
the phase errors of MRC is more robust than that of
EGC.

Also, it is noticed that the performance degra-
dation of EGC and MRC is negligible for loop
SNR's of above 15 dB and above 10 dB, respe-
ctively.

Fig. 4 illustrates the behavior of the bit error
probability as a function of the number of simulta-
neous users M when N=128, E,/N,=20 dB, and
loop signal-to-noise ratio=10 dB. It is noticed the
effect of the phase error decreases as the number of
simultaneous users increases. The performance de-
gradation can be neglected when the number of the
simultaneous users is larger than 30 for EGC, while

o
g
—
e
—

0 5 10 15 20 25 30 35 40
Userno. M

Fig. 4. Bit error probability versus user number
with N=128, E;/N¢=20 dB, and loop si-
gnal-to-noise ratio=10 dB; (1) EGC wi-
thout phase errors, (2) EGC with phase
errors, (3) MRC without phase errors, (4)
MRC with phase errors.

o 1 2 3 4 5 & 7
average EbiNo (dB)

Fig. 5. Bit error probability versus average Ey/Ny
with N=128, M=15; (1) EGC without
phase errors, (2) EGC with phase errors-
linear approx., (3) EGC with phase erro-
rs-exact, (4) MRC without phase errors,
(5) MRC with phase errors- linear app-
rox., (6) MRC with phase errors-exact.

9 for MRC.

The bit error probability as a function of average
E,/N, when N=128, M=10, and loop signal-to-
noise ratio 2 dB above the average E,/N, is shown
in Fig. 5. In this figure the “linear approx.” and
“exact” curve obtained from the linear approximation
and from the expectation of I(y, ;), the expectation
of the r.v. of cos(48, ), respectively”. The differ-
ences between the linear approximation and stati-
stical average are within 0.5 dB regardless of the
combining method. Also we concluded that the effect
of phase error on system performance is less as the
loop SNR increases.

VI. CONCLUSIONS

In this work, we evaluate the impact of the phase
errors on the system performance of MC-CDMA
scheme in Rayleigh fading. The phase errors are
caused by various reasons; phase noise of an osci-
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lator, multi-user interference, and white noise, etc. It
is high possibility that an oscillator of a subscriber
unit has more phase noise than that of a base station.
Therefore we focus on the downlink performance.

With given loop SNR, inverse of the variance of
phase errors, we notice the performance of MC-
CDMA with EGC is more sensitive than with MRC.
However, it is also noticed that the performance
degradation with EGC and with MRC is negligible
for loop SNR's of above 15 dB and above 10 dB,
respectively.

Similar conclusions hold for the multi-users. The
effect of the phase error can be neglected when the
number of the simultaneous users is larger than 30
for EGC and 9 for MRC with the processing gain
N=128, E,/N,=20 dB, and loop signal-to-noise
ratio=10 dB.

As the received signal-to-noise ratio increases, the
bit error rate is rapidly decreased. Also we concluded
that the effect of phase error on system performance
is less as the loop SNR increases.
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