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1. Introduction

In recent years, there has been increasing interest
in using direct-sequence spread-spectrum (DS-SS)
code division multiple access (CDMA) for various appli-
cations. DS-CDMA is described for cellular, indoor,
and satellite communications [1, 2]. Generally, the
performance of DS-CDMA degrades rapidly when
the number of users increase and in high data rate
application DS-SS may be subject to severe inter-
symbol-interference (ISI). Multicarrier CDMA systems
of various types have been proposed for high data
rate applications to reduce the effect of ISI [3]. In [4],
MC-CDMA systems were proposed to solve the
interchip-interference (ICI) problem by transmitting

the same data symbol over a large number of narrow
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orthogonal carriers. MC-DS-CDMA system introduced
in [5] ulilizes a small number of carriers to solve both
the ISI and ICI problems. ;

A wide variety of code acquisition methods have
been proposed, analyzed and applied in a wide range
of applications. Acquisition algorithms for DS-SS sys-
tem employing matched filters (MFs) are considered
[6, 7, 8]. An approach using a bank of N parallel I-Q
noncoherent PN matched filters (PNMFs) is pro-
posed in [6]. After suitable processing, the outputs of
these matched filters are compared to adjustable
thresholds to detect proper time alignment of the
synchronizing PN sequences. The threshold adap-
tation algorithms are designed to achieve fast and re-
liable acquisition. In [7, 8], which uses baseband
matched filter processing of the received PN code, the
threshold for the alignment decision is provided by a
reference matched filter. In these algorithms, the run-
ning average of the output of a reference MF is

estimated to be 20,2( , where Ulzt is the variance of the
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output of each of the MF correlators. The result mul-
tiplied by a weighting factor, 2K a3, is used as a de-
cision threshold.

This paper presents a statistical analysis of the
decision threshold of the acquisition of MC-CDMA
system described in [5]. The acquisition scheme
employs a reference filter to estimate the variance of
interference at the output of the MF. To examine the
performance of the parallel acquisition system with
reference filtering, an expression for the mean acqui-
sition time is derived in terms of the probabilities of
detetion and false alarm. These parameters are
analyzed for a multipath Rayleigh fading channel. It
is shown that DS-MC-CDMA parallel acquisition
system with reference filter gives better performance
and is a good candidate for MC-CDMA system than
other previous schemes [9] without reference filter.
Also, it is shown that the statistical evaluation of the
decision threshold seems more appropriate in the per-
formance analysis of the acquisition system with a
reference filter than the approximation of the decision
threshold adopted in other schemes [7, 8].

The MC system and the acquisiton system are
described in Section 2. Section 3 presents the channel
model. In Section 4, the probabilities of detection and
false alarm are derived and the mean acquisition time
is evaluated as a measure of the system performance
in multipath fading fading environments. Some nu-
merical results are presented in Section 5. Finally,

conclusions are discussed in Section 6.
[I. Acquisition System Description

The transmitter of the MC-CDMA system is
described in [5]. At the transmitting side, the bit
stream with symbol duration Ty, is serial-to-parallel
converted into P parallel streams with a symbol duration
Ts= PTy,. Each stream feeds § parallel streams such
that the same data stream exisists on the S branches.
All data streams are spread by the same PN code
PN, (1) of length N and chip duration T.. The trans-

mission bandwidth BW is assumed to be pass-
band null-to-null BW 2/T,,, where T, is the PN code
chip duration for the single carrier (SC) system and

the orthogonal frequencies w,, are related by

2
W=, +(m—1) = m=1, 2,---,S. )
T,
To maintain the same BW as the SC system for any
selection of P and S, the chip duration and the code
length must follow

PS +1 2P
=7y Taand N=" 1

N, (2)
where N, is the period of the PN code for the SC sys-
tem.

In evaluating the performance of the MC-CDMA
parallel acquisition system with reference filter, we
consider the acquisition system similar to [9]. The
functional block diagram of the parallel PN code
acquisition system with reference filter is shown in
Fig. 1. The search mode, as shown in Fig. 1, consists
of a bank of P-S parallel detecting I-Q passive
noncoherent PN matched filters and a reference 1-Q
PN matched filter. The structure of I-Q matched filter
is same to [9]. The number of taps on each delay line
is M/4 with AT, delay between successive taps,
where M is the MF length and 4 is a phase adjust-
ment parameter. For our analysis, a typical value for
4 is 1/2. The full period of the PN code of N chips is
divided into subcodes each having length N/(P-S). As
a reference input, each of the P-S detecting 1-Q
PNMF has the first M chips of these subcodes, re-
spectively, and the reference 1-Q PNMF is loaded
with a PN code orthogonal to the transmitted PN
code [7].

In NT./(P-S) seconds, N/4 samples are collected
from the P-S parallel detecting MF’s, the largest of
the resulting N/4 samples is chosen, and a running
average of the output of a reference I-Q MF is multi-
plied by a weighting factor K. If the largest of N/4

samples exceeds Ry, which is the running average
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multiplied by K, the corresponding phase is assumed
tentatively to be coarsely aligned with the received
PN code signal, and the acquisition system goes to

the verification mode; otherwise, no coarse alignment

is achieved.

Select W\ Decision
the largest —
sample »\ Comparator
in N/ A —g
seconds
fw |FQMFP S

Weighting
factor K4 |

Reference MF

oo

Fig. 1 Parallel acquisition system with reference filter

The verification mode employs a coincidence detector
similar to [6, 7]. All MF’s are loaded with the code
phase selected by the search mode and the receiver
runs with the same rate as the incoming PN code. In
MT, seconds, A < P-S samples are taken in parallel.
If at least B of A samples exceed Rg, which is the run-
hing average multiplied by K,, acquisition is declared
and the tracking system is initiated, otherwise the
acquisition process is reactivated after JMT, penalty

time.
. Statistical analysis of decision threshoid

3.1 Mutiti-path fading channel

The considered multipath fading channel is modeled
as consisting of a continuum of multipaths. Since a
SS system can resolve multipath signals with delay T,
> T, this channel model results in a fixed number of
resolvable Rayleigh faded paths. The low-pass impulse

response of the channel for user & is given by

L
h (2) =I; i1 O(t—1e ) 3

where L=[ T,,,/TCJ +1 is the number of resolvable
paths [10] and £, ;= —1)T, +{, ; is the delay of the
I-th path of the k-th user, assumed equal for all
carriers of the same user. g ;=@ ; exp(J7s, 1) is
assumed to be a Rayleigh random variable where ¢ ;
is the /-th path gain and 7, ; is the /-th path phase. { ,
is uniformly distributed in [0, 7).

The channel auto-covariance function can be given by
L

(8 212 Biot—t, ) @
=1

L
with 3 B =1.
=1

It is assumed that power control is applied such
that without fading, all user signals would arrive at
the intended receiver with equal power. Considering
the interference caused by the other Q —1 users, the

received signal takes the form

o

L Q PSs
r=Y L L ¥ [V2x'P aPcos(w,t +i1 1)

{=1k=1m=| i=~oC
=2y iR @ sin(w,t +¢; ;)] +0(), &)
ir.<t<(@+DT,

where 2®(t)= T a;k) pt—jT,), aﬁ»k)= +1 being the
a

s
PN code of the k-th user, the sets {@; , ,} are i.i.d.
uniformly distributed random variables that takes
values in [0, 2m), and n(f) represents AWGN with
double-sided power spectral density Ny/2 and zero
mean. p{f) is a real function of time, assumed a

square pulse from 0 to 7' seconds that take a value of 1.

3.2 Statistics of decision threshold

In our analysis we consider a Rayleigh fading channel
in [6], where the fading process is regarded as a constant
over successive chips and these successive groups of
chips are correlated. Under hypothesis H;:i=0, 1,
¢, and ¢; follow the zero-mean gaussian distribution
with variances ¢ =MT202 +¢2 and a2 =WT2g2 +

af,, respectively. Under hypothesis H,, W is given by
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M—1

W=M+2 Zl (M~7) p(GT.) (6)
P

where p(f) is the correlation coefficent. Referring to
[6], the pdf of szelz +eé under hypothesis H,; and
H, follows the X2 distribution with two degrees of

freedom:

SR H)= Py

(——z—ff?),i:o, 1. %

Referring to Fig. 1, the decision thresholds of the

search and verification modes, Ry, are expressed as

K;

1=1,2 (8

In [7, 8], the decision threshold for the code acqui-
sition defined as (8) is approximated as 2K;0] . It can
be readily shown thal under the assumption which
the reference code and the transmitled code arc
purely orthogonal, the variance of the outpul of each
of the MF correlators in the reference MF is given by

=0} [7]. From this assumption, the pdf of R, in (8)
follows the central X? distribution with two degrees of
freedom defined in (7).

Therefore, the pdf of Ry, follows the X* distribution
with 2M degrees of freedom [10]

M

—_— 7 a2
T KoM

i=1,2. ©

For the output of user one’s MF of carrier ¢ and »n-th
path, the interference analysis can be divided into two
parts [5]:1) the interference only caused by the paths
of the same carrier and 2) the interference caused by
different carriers and different pahts. Since all the
samples are collected and compared as shown in Fig.
1, we can assume the first to be the strongest path
without losing generality, which causes the real H,
cell. In the considered multipath fading channel with
L paths, there is one H, cell, (L—1) H, , cells, and
(2N — L) Hy cells where H, , are matched cells caused

by the other (L —1) paths but are not denoting the
correct phase. For hypothesis H, and H, ,, the
matching path can be treated the same way as the H,
cell in one-path Rayleigh fading. The output of the
in-phase branch can be given by [9]

ML g2T? L

“WTllp 4+ Y T[S ¢

o =1 {=1 6 k1w

1#n k=1 v#n
(ﬁ?(v(k)+ 3 g Z _~_I__)] (10)
v n’ mo1 (m—q)?
m#q
(k) _ () )

Whu‘c ( 4+Cl u+n(a: v+n +l+at v+n— I) and C(k)
=@®, ., . (,k)uﬂ )% Under hypothesis H; the

variance can be writlen as

QMT2a? 25
s (m—g)?
m¥#*q

o, =QMT2al +a2+

(an

V. Noncoherent Detector Analysis

In our analysis, we assume uniform multipath
power profile (87 =1/L). In deriving the probability
expressions, the same assumptions used in [6] are
adopled. The detection probability of the search
mode is the probability that the H, cell exceeds all the
(@N—L) Hy cells, (L—1) H, , cells and threshold R,
which is given by

Pps= [:2—'; exp (~—2—%~) [l —exp(_ 23;0 )]2N~L

12

Yy
1- - 12
T-ew(~5) 12
My (M My \s
Jr—exp(-—22) ¥ — (Ve
’ exP( K Fy ) Z (K,FO) ] Y
If we denote SNR /chip asI" =27 02 /Ny L, then
r 1 4] L
F, v——r+1 R —
M ,Z| /Z[ 6 k§| ug:l
{#n k=1, vén
3 1
W oy
(cor o Z T ) 13

m#q

and
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QLF PS 1
= ' : 14
R=QLl +1+—— m; —r (14)
m#q

The (L —1) product term of (12) may be expressed in

the form

fiji-on(-52)]=1 A5t - £ 1l

L

exp(——z—;—)—l+2(~l)"z }:exp( Y )

i 1,=2 =2 2Fsk

(15)

®
where 7, <1, < --- <7, and Fs;‘zz F,.J_“. Substituting
1=1

(15) into (12) and integrating, P,y can be divided into
four terms

2N-L M-
SNy [2N-L K
Fs= Z( 1)( ) F0+nF, M S

( 2MF, >k+|
K, Fo +nKF, +2MF,

FOFsk
+3 (—=D*
Z x,‘;z x,‘Lj‘Z FoFg tnF Fg +FF

Z(—l)’*g2 (16)

i WZ“' 2MF, Fy ),ﬂ
i=2 120 \ K, FyFg +K\ FoF, +nK F Fy +2MF, Fy

The missing probability of the search mode is the

probability that all samples are less than Rk, which is

given by
© M M-t My
Pus= (K, Fy T M) exp KlFo)
Y \RN-L
’] exp( >F, )] an

-"II:I2 [1 —exp(

2r, M-l )]av

Similarly, substituting (15) into (17) and integrating,

Pys can be divided into four terms

Pus "ZNZL( - (ZNn L) [( . 2+MZM )W

2MF, W
( nK, F| +2MF‘ +KF|) )
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2MF,,

+ — 1)k :

Z( )1,‘;2 IEZ(nKIFSk+2MFSk+K|F0)

L—}
L (=D* (18)
k=1

i i( IMF Fy )1+|]
im2 =2 \ K FoFg ¥ K\ FyFy +0K\ F Fg +2MF Fy

The false alarm probability of the search mode can be
given by Ppg=1~Ppg— Pys,

In a coincidence detection (CD), the probability of
a successful CD at each test is the probability that an

H, cell exceeds Rg,, which is given by

PC=1_

K,F, M7 AMF, E+
24 ) ( 1 ) 1 (19)

2MF, K, Fy +2MF,

For N/4>» L, the probability of a successful CD is
given by

A
AN g _
Pen=1 () P& (1=P* ™. (20)
n=4
When a false acquisition decision occurs, the pro-
bability of a false CD at each test is the probability
that H, cells exceed Ry, which is gfiven by

M-
IM R+
Po=
re=1- 2_: ( K2+2M) @n
Then the probability of a false CD is given by
A
Prep= Z ( )Prc(l Pre)" (22)

For the considered acquisition scheme with a parallel
search, the mean acqusition time E[T,,] can be modi-
fied as [6)

N(P-S)"" +M(1~Py5) +IMP;
Pp

BTl = | T, (23)

where Pp= Pps © Pcp and Pp= Pgg + Prep denote the

overall detection and false alarm probabilities, respe-

ctively.
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V. Detection Performance Results

As an application for the MC-CDMA parallel
acquisition system, we used the following parameters,
namely: 1)a PN code with rate 10M chip/sec and length
N=1023 is considered, 2)matched filter lengths (A1)
of 64 and 128 chips are taken, while the number of
carriers is chosen P-S=2-4,3) A=4 and B=2, 4) the
correlation coefficient p(f) for the fading processis
taken as p{m [6], and 5)J = 1000 chips. For simplicity,
the same weighting factors for the search and
verifiaction modes is used, i.e., K, =K,=K.

The comparision between the approximation of the
decision threshold adopted in [7, 8] and the statistical
analysis of the decision threshold is given for the
multipath fading channel in terms of the mean acqui-
sition time performance. Tables 1 shows the mean
acquisition time versus SNR/chip for various values
of p; and M =128. The value of a weighting factor K;
is chosen to ensure the false alarm probability of the
verification mode Prcp <2 X 107* for each value of
SNR/chip. From Table I, it is observed that the ap-
proximation of the decision threshold is reasonable
for SNR/chip) —15dB and is considerably different
from the exact cvaluation for SNR/chip { —15dB.

Fig. 2 shows the mean acquisition time of the MC
parallel acquisition in proposed in [9] and the MC
parallel acquisition with reference filter in a multipath

fading channel. For the acquisiton system without

refernce filter, the threshold value is selected nume-
rically to minimize the mean acquisition time for each
value of SNR/chip. In the considered multipath
fading channel, MC parallel acquisition system with
reference filtering provides the desision threshold to
give a sub-optimal mean acquisition time performance
about the threoretical optimum mean acquisition time
of the MC parallel acquisition system without refe-
rence filtering. Also, it is shown that for K=4, the
mean acquisition time of the acquisition system with
reference is approximately same the the optimum
mean acquisition time of the acquisition system with-

out a reference filter.

code rate 10 M chip/sec  M=128

1E+04
P=2 5=4

1E+03
8
@
E
=
@
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© 1E+02
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3 1E+D1
E

1 ©) Optimum (without reference filter) T
K=3 ({with reference fitter) T

——-—=- K=4 (with reference filter)

1E+00
-30 -25 -20 -15 -10 -5

SNR/chip in dB

Fig. 2. Mean acqusition time for MC-CDMA parallel
acquisition system (L=4, Q=4)

Table 1. Mean acquistion time versus SNR /chip for various values of p; and Q(L = 4)

approximation (msec) exace analysis (msec)
SNR /chip p=06 | p=09 =06 | p=09
Q=4 Q=8 Q=4 Q=% Q=4 | Q=8 Q=4 Q=%
-10 23.97 23.10 VV 2;6 5.20 24.05 23.20 2.89 5.65
- 15 138.24 78.63 19.69 20.24 127] 9 74.25 20.03 20.50
-20 862.87 448.96 2542“3 170.03 727.60 390.16 228.08 155.24
=25 2562.44 1780.68 ) 'Ml}97,58 1096.39 2055.08 1449.94 1234.16 914.98
-30 4004.89 3474.73 3303.99 28é6.62 3138.41 2744.03 2614.63 2301.08
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code rate 10 M chip/sec M=128
1£+04

1403
1E+02
1E+01

1E+00

mean acquisition time in msec

1E-01 —s— SC ; BMF's Paraliel p1 =09

—— MC:P=2 S5=4

1E-02

-25 -20 -15 -10 -5 0
SNR/chip in dB

Fig. 3. Mean acquisition time for the SC and MC parallel
acquisition systems (L. =4, Q=4)

Fig. 3 presents the mean acquisition time perfo-
rmance for the various system and channel parameters.
The weighting factor is selected numerically to minimize
the mean acquisition time for each value of SNR/
chip. A significant improvement of performance over
the SC-CDMA system can be obtained by using the
frequency diversity of the MC system. As expected,
for faster fade rate (lower p,), the mean acquisition

time increases, i.e., the system is slower.

VI. Conclusions

This paper describes the statistical analysis of the
decision threshold of multi-carrier CDMA parallel
acquistion system with reference filtering in a multi-
path fading channel. MC-CDMA parallel acquisition
system with reference filter has been compared with
the conventional MS-CDMA parallel acquisition sys-
tem in terms of the mean acquisition time perfo-
rmance. From the results, it is obserbed that: 1) With
approximately the same degree of structuring com-
plexity, the mean acquisition time of the MC-CDMA
parallel system with reference filtering is comparable

to the optimum mean acquisition time of the conven-

www.dbpia.co.kr

tional MS-CDMA parallel system;2)The statistical
analysis of the desision threshold is more reasonable
in the performance analysis of the parallel acquisition
scheme withe reference filter than the approximation
of the decision threshold adopted in other previous
schemes [7, 8];3)Acquisition performance can be
improved by making use of the frequency diversity of
the MC system.
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