DEri=

== 02-21-12B-10

g A1815] = 5-%] °02-12 Vol.27 No.12B

Sensitivity of random phase error and frequency offset on uplink
performance of MC-CDMA

Dong-Kyun Cho*, Nam-Soo Kim*, Yoan-Ok Park** Regular Members

ABSTRACT

Performance degradation of MC-CDMA with frequency offset and random phase error is analyzed for the

uplink in frequency selective slowly Rayleigh fading channel. The frequency offset denotes the frequency

difference between oscillator of transmitter and oscillator of receiver, and random phase error means the phase

difference between received carrier and carrier estimated by PLL loop of receiver. In this research, the good

approximation methods(LLN, CLT) are adopted to derive the optimum average BER of system by means of

analytic approach, and linear approximation is also applied to estimate the statistic of random phase error. From

the analysis results, it is concluded that firstly, the smaller frequency offset, the greater degradation effect due to

random phase error. Secondly, if the average loop SNR of PLL system is much larger than £,n, the effect of

random phase error can be neglected regardless of combining techniques(EGC, MRC) and approximation methods

as well as frequency offset. Specially, it is shown that when an average loop SNR is 2048 larger than £,/ the

performance difference compared with case of perfect phase estimation is within 145 Thirdly, MRC method

outperforms EGC method in uplink.

1.ME

The high data rate is necessarily required to
achieve multimedia services and those applica-
tions. However, the high input data rate causes
the increase of chip rate to obtain the same
processing gain(PG) in direct sequence - code
division multiple access (DS-CDMA). Then, the
bandwidth of transmitted signal, which is greater
than the coherence bandwidth of channel, has a
wideband spectrum, and this signal experiences
frequency selective multipath fading. Generally,
since the frequency selective multipath fading
channel causes severe inter-chip interference (ICI)
as well as inter-symbol interference(ISI) in
DS-CDMA, the received signal is greatly
distorted. Therefore, a conventional DS-CDMA

scheme does not seem to be suitable for

multimedia services that require high data rate
transmission.

Recently, the multicarrier - CDMA
(MC-CDMA) systems of several kinds, which
combine OFDM modulation with CDMA multiple
access technique, have been proposed to solve
this problem[1-4]. These systems have robustness
against fading because each subcarrier dose not
experience time dispersion and high bandwidth
efficiency due to  orthogonality = betwcen
subcarriers.  Also, this scheme can naturally
achieve the frequency diversity with simple one
tap equalization. In [1], it is shown that
MC-CDMA outperforms conventional DS-CDMA,
which uses complex RAKE receiver, in multipath
fading channel.

However, the frequency offset, which is caused
by the Doppler effect of channel and the

non-identical oscillators property between trans-

*  Department of Information Communication, Chongju University

(dkcho @chongju.ac.kr, nskim@ chongju.ac kr)

** Department of Wireless Transmission Technology Research, ETRI(Electronics and Telecommunications Research Institute)

(parkyo @etri.re.kr)
= F 0 020294-0708, A=l 0 7Y 89

Copyright (C) 2003 NuriMedia Co., Ltd.

www.dbpia.co.kr



=~/ Sensitivity of random phase error and frequency offset on uplink performance of MC-CDMA

mitter and receiver, dramatically degrades the
performance of system. In [5-6], the bit error
rate(BER) of MC-CDMA with frequency offset is
analytically derived in downlink fading channel,
and the degradation of system due to frequency
offset is evaluated on downlink performance.
However, these papers are analyzed in which the
perfect  phase  synchronization is  assumed.
Generally, this assumption is not guaranteed in
real environment, since achieving perfect phase
synchronization is very difficult in multipath
fading channel. On the other hand, another
parameter yielding the performance degradation of
system is phase noise due to unstable local
oscillator in transmitter or receiver. The phase
noise is modeled as random process with zero
mean[7-8] and shifts the phase of carrier. The
impact of phase noise on MC-CDMA performance
is evaluated in [7], but this result is merely
analyzed in additive white Gaussian noise(AWGN)
in spite of the assumption that this derivation
procedure can be applied in fading channel by
semi-analytical approach. In [8], the effect of
phase jitter due to phase noise on the perfor-
mance of MC-CDMA is only studied under
AWGN environment. Then, the phase jitter is
represented as the phase difference between
carrier of transmitter and phase locked carrier of
receiver.

In this study, the random phase error is
introduced to investigate the sensitivity of
imperfect phase synchronization as well as
frequency offset in multipath fading channel. The
random phase error is caused by imperfect phase
estimation, which is called to partially coherent
reception and given as the phase difference
between received carrier and carrier estimated by
synchronizer of receiver. Then, the phase of
received carrier is composed of the sum of phase
shift due to phase noise, phase rotation due to
channel’s phase response and initial phase of
transmitter.  Generally, the probability density
function (pdf) of random phase error is derived
from the imperfect phase estimation of phase
locked loop (PLL) used for phase synchronization

and well known as Tikhonov distribution, when a
first(or second) order PLL loop is in lock[9-11].
The effect of partially coherent reception on
performance of DS-CDMA with RAKE receiver is
evaluated in [10], and the sensitivity of phase
error on PSK system with equal gain diversity is
studied by Prabhu[l1].

This paper analyzes the performance degradation
of MC-CDMA with frequency offset and random
phase error in uplink Rayleigh fading channel. The
remainder of this paper is organized as follows.
The system and channel model are described in
section II. In section III, the optimum average
BER of MC-CDMA with frequency offset and
phase error is approximately derived by analytic
approach. The numerical results are represented in
section IV and the conclusion about this research

is given in section V.

II. MC-CDMA system and channel
model

Fig. 1 MC-CDMA Transmitter and Receiver

In this research, the system model of reference
[2] is adopted to analyze the sensitivity of
frequency offset and random phase error. In fig.
I, the input symbols, b&,(n), are assumed to be
binary antipodal signal of nth bit interval in /ih
user and take on values of —1 and +1 with
equal probability. A single input data is copied
into [ parallel branches. Each subchannel of
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parallel stream is multiplied by one chip, a, (»n),
of orthogonal sequences that are considered as a
PN code or Hadamard-Walsh code with L length
and then BPSK modulated to a sub-carrier. It is
noted that the chip interval is the same as the bit
duration, 7, and the spacing between subcarriers
uses a reciprocal of chip interval,1/7,, to support
high  bandwidth efficiency by orthogonality.
Finally, the transmitted signal is composed of the
sum of these parallel branches and represented as

sl = nf‘__.m Z bu(n) ay, ) Pr(t— nt) x

1,01 T;
0, otherwise

(6]

cosQufit+ 0, + G D), Pr(d= {

where £, is ih subcarrier’s local frequency given
as f,+(i—1)/T, Also, the phase, 4, , for the &
th user’s sth subcarrier is uniformly distributed
over [0,2z] and is independent and identically
distributed (i.i.d) for all % and i ¢, ,(# denotes
phase shift due to phase noise at the transmitter
and is assumed to be i.i.d random process for all
k and i Specially, in this study, we may regard
¢, () as constant random variables over at least
one chip interval, ie., ¢, (#=¢,, although the
phase noise is modeled as time varying random
process[7].

The frequency selective slowly Rayleigh fading
channel is considered to analyze the performance
of system. Here, it is assumed that each
subcarrier is subject to flat fading, if the
reciprocal of chip interval is less than the
coherence bandwidth of channel. Also, the fading
characteristic of each subcarrier is assumed to be
i.i.d and nearly constant over at least one chip
interval by slow variation of channel. Under such
a condition, the amplitude responses of channel
are defined as Rayleigh random variables for all

k and ; as below

_ Bri _ B
ABi) =T ex| - Ozk"] @

and the phase responses, ¢, , are assumed to be

Copy]rg'(ght (C) 2003 NuriMedia Co., Ltd.

uniform random variables for all % and i Here,
it is noted that the local mean power for the #h
user’s ith channel, P, ,, is 0.5E[4%.,]=q%,; where
El «] is expectation operator, and the local mean
powers of all subchannels are equal because of
i.i.d fading characteristic of subchannel. Therefore,
P, ; is rewritten to P, and the total mean power
of #h user is defined as P, ,=LP, . Also, the
average bit energy, £, of each wuser can be
written as P, ,T, Assuming K active
synchronous MC-CDMA users in uplink, the
received signal is given as

KD= 3 3% 58, b ay () x
Py (t—nd) cos Qrfit+ ¢y )+ n(d),
Gri=Op it Cnit i (3)

where #n(#) denotes AWGN with zero mean and
two-sided power spectral density, N,/2, and each

element of ¢, , is mutually independent.

. Performance analysis

When the received signal passes demodulation
and integral block, respectively, the decision
variable for Ith user’s (th data is given as

00="2 [0 Far 0

cos (2afit+ 2o ft+ ¢y i+ &1 i(D)a, dt,
¢l.t:¢l.i+xl.l (4)

where ¢, is diversity gain, and o/ denotes
frequency offset. Also, ¢, (#) denotes phase shift,
which is caused by phase noise on the 1th user’s
i#h PLL loop, at the receiver. Here, when uplink
is considered, the phase shift, ¢, (#, may be
neglected because the oscillator of base station is
usually more stable than that of mobile[7]. The
imperfectly estimated phase, ¢, , is divided into
two terms, i.e., a desired phase,4,; , and a
random phase error, x, ; . The random phase error,
x,.» i1s composed of initial phase offset (2 4, ),

phase rotation offset (4 ¢, ;) and phase shift offset
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(st ), and each element of x,, is mutually

independent.
x1,i= @i b1
=(0,,i— 61,0+ i— )+ (&= 1)
=420+ +A08; (5

where x,; assumed to be ii.d for all PLL loops
and treated as being constant value over at least
one chip interval. Then, its pdf is referred as
Tikhonov distribution[9-11].

exp | 7, cos8(x; ) !
27y (7y.4) ’

Rxy,0= for|x; |<z  (6)

where [,(e) is zeroth-order modified Bessel
function of the first kind. Also, y,; denotes

instantaneous loop SNR on the 1th user’s ih

PLL system, and its pdf[10] is given as

)

1 o YA
Arn- o exp[ _mL]

where m,; is an average loop SNR commonly
applied for all PLL loops and is proportional to
E,/N,, i.e., m; (dB)=E,/Ny(dB)+x(dB) where x
is zero or positive integer.

The decision variable can be divided into the
five independent terms due to frequency offset

and random phase error.
01(0) =D+ Iyar+ Licn + Licp + 7 (8)

e Desired component is

D=5,(0) [%]x

2/31,,01,,[ cos mecosx; ;— sinzesinx; ;].
“

e Interference components are
Iyar= 2; lgﬁk. ay,bi(0)ay,(0)a, ;(0) x

[%]COS(HE-WL;— b,

Len= 3} 8, B biOa,, (0, (0)

[% cos(me+ ¢y ;— #1.,).

Iien= 62_7 [ijﬁrkjﬁk,/al,fbk(o) ar(0)a, (0)x

% cos(ne+, i — dr)).

e Noise component is

T
”z% fo n(1) ‘gal.ial,i(o) X

cos 2rfit+2xA ft+ ¢, Ddt.

where ¢ denotes frequency offset normalized by
bit duration and has the range of —(.5<e<(.5.
In (8), the interference and noise components is
considered as mutually independent Gaussian
random variables with zero mean[5-6]. Hence, the

total variance of these terms is given as

o= var(Iyap) + var( Licp) + var(Licy) + var(I1,) (9)

* var(Iyay) 2_% ‘ggE[ (Bk,ia’l.i)z] &

[ sin ze/ 7el?,

* var(Iicp) Z—% Z‘l_:}’:,ﬂE[ (Bya1,)%] %

[ sinze/n(i—j+e)]?,

[ sinze/n(i—j+€&)]%,

 varn = 3 E ()]

Therefore, assuming ’+1’ data bit is transmitted,
the conditional BER in AWGN can be
represented as

) = _% erfc( J&ﬂ;@]z_qﬂ_ )
total

r= 2,6’1‘,111_,'[ cos recos x| ;— sinzesinx, ;] (10)
“=

where  erfc( o) denotes complementary error
function. In (10), in order to obtain the optimum
BER of system for multipath fading channel, the
random variables, ie., §,; and x,, should be
exactly evaluated. We will start from the
estimation of random phase error to achieve it.
As discussed in section I, the several papers have
provided good analysis methods to evaluate the
effect of random phase error[9-11]. Specially, in
[10], the estimation method, called to linear
approximation, is proposed to evaluate the
performance of partially coherent DS-CDMA with
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rake receiver. Then, the probability of error
obtained by this method provides very exact error
bound in frequency selective multipath fading
channel. Therefore, this method is used to
evaluate performance degradation of MC-CDMA
with random phase error. When the linear
approximation, by replacing each term( cosx,
sinx, Jwith its expectation value, is applied in

(10), ¥ can be rewritten as [appendix A]

117=c057r5§[81,,~a1,,-]1(yl,,-) (11)

where  I(y, )=1,(y,)/I(7,;) denotes the loss
factor of system caused by random phase error
and is converged to value of one with increasing
7.~ Here, the threshold value,y,, which is
minimum loop SNR commonly required for all
PLL loops, is introduced to obtain optimum
BER[10]. From this parameter, a conditional
average BER in AWGN is easily derived as
follows [appendix B].

5
Ot | L=

P(8, rw)= ,g'O.Serfo(\/ [ sin 7e/ ne] [ cos nel"B° I (yuy
X Py vm)s PB, 7w | p=0=0.5Py () (12)

where g and P,(y,) denote the sum of Rayleigh
amplitudes and the event probability with binomial
distribution, respectively. Next, the pdf of random
variable, 3, will be estimated to obtain the
probability of error in fading channel as follows.

Py = [ P(B.yABd8 (13)

Historically, Finding pdf of g has been
regarded a difficult problem. Hence, the law of
large number (LLN) and central limit theorem
(CLT) methods [2], providing very exact
approximation on a large number of L, are
applied to determine pdf of B where the gain
factor, a,; , is 1 for equal gain combining
(EGC) and B, , for maximal ratio combining
(MRC).

Copxggght (C) 2003 NuriMedia Co., Ltd.

A. Error probability for EGC

When the variable, 3, is approximated as
pE(B; ) by LLN method or as Gaussian random
variable with mean, V0.57zp°P;,, and variance,
pP(2—0.57), by CLT method, the conditional

average BER in multipath fading channel is given

as

0.57Q,[ cos 7el*F(r4)

P oik7u)
= 2,0.5erfc =
A V LB p g+ 1+ (K- P10+
P b

X Py(vu) (14)

PE.(‘LT( Yu)

= 20.50:’1’(
~

‘r 0.57Q,[ cos 7e)* Fzu)
\ it%éﬂ+iﬁﬁlllpg:.#[l +(K—1P,1Q., I,:i',

X P/;(ylh) (15)

where P,=P, /P, , is the power ratio of

interference user to desired user, Q,=/ sinxe/ne]’

and Q,= ,ﬁl;—ga[ sinze/7(i—j+€)]% In eqn. (14)
and (15), since the error probability is only the
function of y,, a conditional average BER greatly
depends on y,. Therefore, by calculating (14) and
(15) for various values of y, and selecting

minimum value, an optimum average BER is

finally obtained as follows.
Py g ronv=min[Pg 1 a(74)] (16)

Poy e cLT= min[ Py, cpr(7u)] a7

B. Error probability for MRC

If an identical process is applied as the
subsection A, the optimum average BER for
MRC is given as

Pan M. LLN= min[P.uA il 7'117)] (18)
Pow.m,cor=min[ Py cr7(74)] (19)
where
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Py, Loi7u)
= 20.501’/{‘ v 2Q[ cos el *I*(7,)
o MP.Q1+_1~I[I+(K*1)P,]Q._,+JY'_>
) P E
xP(ru) (20)
and
Py, cor{ru)

-

= 2 l).Scrf('w
f =)

2Qi[ cos el F(yu)
24 E=D p g+ Lo (14 (K- 1DPIQu+ 5
» 4 b E,

<Py ru) 2n

IV. Numerical results

The system with L=128, K=16,P,=0 is
considered to evaluate the sensitivity of frequency
offset and random phase error. Also, BER curve
(no asterisk line) for perfect phase estimation is

given in order to compare the performance of

system.
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Fig. 2 BER vs. Frequency Offset ( £,/N,= 10dB, m,=10dB)

EGC:LLNSCLT

MRCALNECLT

Fig. 3 BER vs. Frequency Offset( £,/N, = 10dB, m,=20dB)

Fig. 2 shows BER versus frequency offset for
Ey/Ny=10dB and m;=104B. From this figure, it
is clear that MRC performs better than EGC, and
the performance difference of BER obtained by
LLN and CLT is very slight. Also, the
performance of system is sharply degraded by
increasing e However, fig. 3 shows that the
performance degradation is improved, if the
average loop SNR is increased by 20dB.
Therefore, if an average loop SNR is approaching
oo, the performance curve will be identical to
BER curve obtained by assuming perfect phase
synchronization. From fig. 2 and 3, it is noted
that the smaller frequency offset, the greater
degradation effect due to random phase error.
Also, the improvement effect being obtained by
increasing average loop SNR is almost neglected,
if >0.35.

Fig. 4 BER vs. Frequency Offset( £,/N,=10dB, ¢=0)

|

&
essenie,

No Phase Brror

Fig. 5 BER vs. Frequency Offset( £,/N,=10dB, e=0.2)
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Fig. 4 and 5 show BER versus average loop
SNR above E,/N,=10dB for e=( and &e=0.2.

From this figures, it is seen that the effect of
random phase error can be almost neglected
regardless  of  combining  techniques  and
approximation methods as well as frequency
offset, if an average loop SNR is 354B larger
than E,/N,=104B. This means the fact that

MC-CDMA system is more affected by frequency
offset than random phase error, assuming that an
average loop SNR is sufficiently larger than
Ey/ Ny

o e
- ...
4
1 ie e |
X o i
ok e
2 ~ e
10 X
o~
& s e ‘.
10 ss ™ .
- \\‘ 1008 * .
10° EGCLLNSCLT < 208 *
.y
4
i o’ A
& * R
10 | 3
MNophase error 4
A0’

Fig. 6 BER vs. Frequency Offset(e=0, m, above
E;/Ny=0, 10, 20dB)
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Fig. 7 BER vs. Frequency Offset(¢=0, m, above
Ey/Ny=0, 10, 20dB)

The probability of error versus E,/N, for the
average loop SNR of (4B, 10dB and 20dB above
Eu/N, is shown in fig. 6, 7, 8 and 9. Then, the
both EGC and MRC are considered, and & is
fixed at (0 and (.3. If an average loop SNR is

20dB larger than E,/N,, the performance
difference compared with case of perfect phase
estimation is within 14B regardless of combining
techniques and approximation methods as well as
frequency offset. Also, if an average loop SNR

equals FE,/N,, the performance difference is some
3dB.

10’ i
[ 2 {
4 * .
{ o s |
-3 i
.. + |
= } » 1
;1 . * + "B ‘
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o® < 10d8 T
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3 {
MGt ‘
.r * *
2 b2 *
10 i !
R <
No Phase Error 1
0l —

Fig. 8 BER vs. Frequency Offset(e=0.3, m,; above
Ey/Ny=0, 10, 20dB)
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Fig. 9 BER vs. Frequency Offset(e=0.3, m, above
Ey/Ny=0, 10, 20dB)

V. Conclusion

The frequency offset is well known to degrade
the performance of MC-CDMA system, and its
effect is  analyzed under perfect phase
synchronization in many papers. However, this
assumption is not guaranteed in practice, since
achieving perfect phase synchronization is very
difficult in multipath fading channel. Hence, the

random phase error due to imperfect phase
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estimation is introduced in this research.

This paper evaluates the effects of two
parameters on uplink performance of MC-CDMA
system with frequency offset and random phase
error. Then, a frequency selective slowly Rayleigh
fading is considered to be the channel condition
of uplink.

To analysis system, the frequency offset is
represented as the value normalized by bit
duration, and impact of random phase error is
given as the function of average loop SNR which
is proportional to E,/N, Numerical results
indicate that firstly, when the frequency offset is
small, the random phase error greatly affects the
performance of system. However, the larger
frequency offset, the smaller degradation effect
due to random phase error. Secondly, if the
average loop SNR of PLL system is much larger
than E,/N,, the effect of random phase error can
be neglected regardless of combining techniques
(EGC, MRC) and approximation methods(LLN,
CLT) as well as frequency offset. Thirdly, the
system using MRC has lower error floor than the
system using EGC, and the BER derived by LLN
nearly equals the BER derived by CLT.

APPENDIX A

Proof of (11)
When applying linear approximation to (10),
the parameter, ¥, is given as

7= lgﬁl,ial.x( cosmeFl cosx, ;] —sinmeElsinx, ;1}  (Al)

Here, the second term, sinzeE[sinx, ], may be

neglected, since El cosx, ;J> Elsinx, ,]. Hence,

assuming Efcosx; ;= Iy, )[10], the parameter, ¥,
is rewritten as cosneg[ﬂl_,a,,,]l( 7...)- From table

1, we can easily verify this simplicity.

Table 1. Comparison of Efcosx, ;] and Efsinx, ]

7.1dB] 1 5 10 15 20

E[cosxyi]| 0.5307 0.8213 0.9486 0.9841 0.9950

E[sinx, ;] |-0.2250%10"| 0.3578x10™ [-0.0903x10"° | 0.0634x10"° | 0.0221x10"

APPENDIX B

Proof of (12)
To derive (12), let us define the bound
parameter, I(y,), as follows.

>
K ={ g3y T2 L 0B <y dB) <m,(dB)
(B1)
If all PLL loop SNRs, 7, ;| -, ., are larger

than threshold value, y,, the conditional BER of

(10), after applying linear approximation and
bound condition, is simply given as

P(B, 71}.)
i 2 2 272
=0.5erfc(\/ [ sin 7e/ €] [co§7re] (BL)I(ru) ,
Tiotal
forB.= 2[51..‘0’1.,‘] (B2)

However, this assumption is not guaranteed in
practical, since one or more PLL loop SNRs can
be below threshold value. Hence, we will consider
the following all cases.

i) Case 1 : threshold value < all PLL loop SNR’s

( 71 l rjl.i...l,)

ii) Case 2 : threshold value > one or more PLL

loop SNR’s( 7, )

iii) Case 3 : threshold value > all PLL loop SNR’s

(71,.’| i=].2...L)
From these conditions, the event probability
occurring by each case is represented as the

binomial distribution with index value, p.

I

p=0,1,2...,L (B3)

where ( ]I;) is  binomial coefficient.  Also,

[exp(—yu/m;)] denotes the event probability
when 7y, ; is larger than threshold value and is
obtained by integrating (7) from y, to oo,
Therefore, the conditional average BER in AWGN
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can be represented as the sum of these values
after multiplying the error probability by the event
probability of each case.

P(/?- 71/1)
: 2 2272
_ 20'5”}(((\/ [snnne/zre]“[cosne] BT (yw) X P 7).
»=0 Ototat | L=p
8= 28] (B4)
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