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Use of Multiple Antennas for DS/CDMA Code Acquisition
Oh-Soon ShipnStudent Member, IEEEBNd Kwang Bok (Ed) LeeMember, IEEE

Abstract—A generalized acquisition scheme is proposed for di- herently to achieve a diversity gain, as well as an antenna gain,
rect sequence code-division multiple-access systems with multiplewhere the antenna gain is defined as an increase in the signal-to-
antennas. The proposed scheme employs grouping of multiple an-jnterference ratio (SIR). Performance analysis has been con-

tennas as a means of a tradeoff between two important factors de- . : .
termining the mean acquisition time, combining gain and search ducted under the assumption that the received signals at mul-

time. The performance of the proposed acquisition scheme is ana- liPle antennas experience uncorrelated fading. Results in [8]
lyzed in frequency-selective Rayleigh-fading channels with consid- have shown significant acquisition performance improvement
eration of spatial correlations. Numerical results show that the use of a multiple antenna system compared with a single antenna
of the largest number of antenna groups is preferable to reducing system.

the mean acquisition time at low signal-to-interference ratio (SIR) In this paper, the effective use of multiple antennas is

values. At high SIR values, on the contrary, the mean acquisition . . . .
time is foundgto increase in proportion to t%e number of e?ntenna investigated for DS/CDMA syst.erln.s with multiple .ant(_annas.
groups. In a typical environment, the presence of spatial correla- e propose a generalized acquisition scheme, which includes
tion is shown to increase or decrease the mean acquisition time the scheme in [8] as a special case. The proposed acquisition
within 50% compared with the uncorrelated fading case. scheme provides means of a tradeoff between two important
Index Terms—Acquisition, antenna array, direct sequence code- factors that determines the mean acquisition time: combining
division multiple-access (DS/CDMA), multiple antennas, spatial gain and search time, where the combining gain represents di-
correlation. versity gain plus antenna gain of a noncoherent combining, and
the search time is the time required to determine an in-phase
cellin the first dwell. The performance of the proposed scheme
is analyzed in frequency-selective Rayleigh-fading channels.
R ECENTLY, the use of multiple antennas in direct seThe mean acquisition time performance is evaluated in various
quence code-division multiple-access (DS/CDMAgnvironments and the configuration of multiple antennas that
systems has come to receive considerable attention in mobdguces the mean acquisition time is investigated. The effects
radio communications. Multiple antennas, often called &g operating SIR and the number of resolvable paths on antenna
antenna arrays, with a spatial processing can enhance ¢Bffiguration are discussed. The effects of spatial correlation
desired signal and can suppress interfering signals, therefpy mean acquisition time performance are also investigated
improving performance and increasing the capacity of wirelegs this paper. In [8], the received signals at different antenna
systems [1]-{4]. A number of spatial processing techniqugfements are assumed to experience uncorrelated fading. In cer-
have been developed, which can be classified into beaggn environments, however, some degree of spatial correlation
forming or diversity combining techniques [2]. In DS/CDMAjs ynavoidable due to insufficient antenna spacing and small
systems, however, the attractive features of these techniqdfgular spread. Although the effects of spatial correlations
can be exploited only after code timing is acquired. Hencgp the bit-error rate performance and capacity have been
developments of effective code acquisition schemes in mU'“RIﬁ)roughly investigated in [4] and [9], the effects on acquisition
antenna systems are crucial for the successful deploymenpgfformance have not been reported so far. We consider the
multiple antennas. spatial correlations in the performance analysis, and investigate
The code acquisition problem has been extensively invese effects on mean acquisition time.
gated in a DS/CDMA system with a single antenna [5], [6]. This paper is organized as follows. Section Il describes
Recently, there have been a few works dealing with the acaiie proposed acquisition scheme with multiple antennas. In
sition problem for multiple antenna systems. In [7], the maXSection 11, performance analysis of the proposed acquisition
imum likelihood procedures for estimating the received codgheme is presented in correlated Rayleigh-fading channels. In
phase have been addressed in a static channel. However, thgsgion IV, the mean acquisition time performance is evaluated,
acquisition schemes are not suitable for systems with long cogigq the effects of antenna configuration and spatial correlation

length because of the large amount of computation. An exte$h mean acquisition time are discussed. Finally, conclusions
sion of the conventional noncoherent acquisition scheme to mgte drawn in Section V.

tiple antenna systems has been presented in [8]. In this scheme,
the received signals at multiple antennas are combined nonco- Il. PROPOSEDACQUISITION SCHEME

WITH MULTIPLE ANTENNAS

. INTRODUCTION
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Fig. 1. Proposed acquisition scheme with multiple antennas.

local code sequence. The proposed acquisition scheme providtesnatched filters in each group to produce correlation results
means of a tradeoff between the combining gain and seaamdrresponding toM different code phases simultaneously,
time, and is depicted in Fig. 1. As shown in FigIX=M x N) which are separated byT in the uncertainty region. Hence, the
antenna elements are partitioned infalisjoint groups with\V  correlation results fot/ different code phases can be obtained
antenna elements in each group. TWematched filters in each during AT, resulting in a totalAT of search time, which is
group are used to get correlation results, which are associatiefined as the time required for collecting every decision
with all phases in the entire uncertainty region. Correlation rgariable to make a decision. The code phase corresponding
sults associated with the same phase frl¥ngroups are com- to the largest decision variable is tentatively assumed as the
bined to form a decision variable, producifgdegrees of com- in-phase cell. The decision variable for each code phase is
bining gain. obtained by combiningV matched filter outputs fromV
Specifically, thenth antenna group consists of antenndifferent groups. The decision variabt, is constructed by
elementd/(n—1)+m (m=1,2,..., M). TheM matched combiningN outputs of thenth matched filter in each group,
filters in each antenna group are loaded withdifferent sets and it is expressed as
of coefficients as represented byIF m” (m =1, 2, ..., M)

. . . . N
in Fig. 1. The detailed structures d¥/ different matched 2
g S=3 lzmonim|’s  m=12....M ()

n=1

filters are shown in Fig. 2. The coefficients oM¥ m”
and those of MF m + 1,” which are respectively denoted
aS {Cm-1)A Cm=1)A+1, - -1 Cm-D)A+Kk—-1} and {cma, Note thatM and N are design parameters that determine a
CmA+1s - - CmA+K—1} IN Fig. 2, have a phase difference oftradeoff between the combining gain and search time. The larger

AT 2 [U/M]T, where[z] denotes the smallest integer equalV Produces the greater combining gain and the longer search
to or greater tham: and 7" is the tap spacing. This allows thetime. A special case oF = L corresponds to the conventional
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Fig. 2. Detailed structures of matched filters in the proposed acquisition scheme.

scheme in [8]. The conventional scheme achieves the highesThe decision variable is compared with the decision threshold
combining gain, but requires the longest search time. With gnlf the decision variable exceeds the threshold, acquisition is
appropriate choice ot/ andV, we can reduce the mean acquideclared and the tracking system is enabled. Otherwise, the ac-
sition time compared with the conventional scheme. It shoudplisition system goes back to the search stage.

also be noted that the antenna elements associated with matched

filter outputs to be combined are separatedby, whereD is

the spacing between adjacent antenna elements. The separation IIl. PERFORMANCEANALYSIS

MD is the maximum uniform separation that can be achieved,, s section, the performance of the acquisition scheme

by N elements chosen froflinearly spaced antennaelementsdiscribed in Section Il is analyzed in frequency-selective

and itisM times greater than the separation for the conventior‘g leigh-fading channels with spatial correlations. The re-
scheme'. Wider antenna separation provides a gr'eate.r d“’efé&%ed signal model is given in Section IlI-A and equations
effect, since the signals become less correlated with wider SCRF the probabilities of detection and false alarm are derived in

ration. Consequently, the diversity effect is more substantial fgrection lII-B. An expression for the mean acquisition time is

the proposed scheme than for the conventional scheme, Compergéented in Section IlI-C
sating for the reduced degree of combining gain to some extelt '
In the verification stage, the matched filters are loaded with

coefficients corresponding to the phase selected in the seafchReceived Signal Model
stage, and they are advanced by the same rate as the incomingis assumed that a DS/CDMA signal is received without data
code, performing correlations for the selected phase. The degisgulation. The complex baseband equivalent of the received

sion variableV is constructgd by combining matched filter signal at the/th antenna element may be expressed as
outputs{zy, z», ..., 2z} as in the search stage

L Ly
V=S|l ) re(t) = VP> au(p; ) et — ) +me(t)  (3)
=1 p=1
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where P denotes the average total received signal poyieis The matched filter output, at the/th antenna element may
the frequency offset between the transmitter and recei(er, be expressed as
is the pseudonoise (PN) code waveform with durafion, KT
is the received code phase for thi resolvable path, and, 1 / : re(t)e(t — ¢) dt (6)
0

zZy =
is the number of resolvable paths(¢) is a complex additive ‘ VKT, .

white Gaussian noise (AWGN) process with one-sided IOowvevhere[( T. is the correlation interval, andl is the local code

;Snegffgiégsensnwo’ and trepresents noise plus mulnple—accespshase of the matched filter. Under the hypothesis corresponding

S . to ¢ = 7,, which is denoted agf?, the local code phase is
In (3), the multiplicative fadlng channel for theh reso!vaple aligned to thepth path signal. In this case, the matched filter
path at the/th antenna element is denotedaasp; ¢), which is )
i . omﬂput in (6) may be expressed as
a complex Gaussian random process. Assuming that each pa
experiences independent Rayleigh fading, the correlation func-  |/p KT. P
tion of «(p; ¢) may be expressed as U= e /O ae(p; t)e’* et dt

KT,

Elou(p; t)ag(g; s)]=2(p)élp—q] - Jo (27 fp(t—s))-Cp(k, £) ne(t)e(t — ¢)dt,  underH?. (7)

1
@) +VK%-A
whereE[-j deno.tes the.statis'tical expectatidr(p) denotes the Using (4) and (7), the correlatioR” (k, £) betweenz; and
multipath intensity profilef), is the Doppler spread, anf(-)  , \which are obtained at the same time from matched filters
represents the zeroth-order Bessel function of the firstkind. Agiiy the same coefficients. under the hypothe&i® may be
suming that the angle of arrival of theh path signal is uni- cgicyjated as (8), shown at the bottom of the page, where
formly distributed overd, — A, ¢, + Ap){ the spatial correla- Elnu(t)ns(s)] = Nos[k — £)5[t — 5], ands[n] denotes the delta
tion € (k, ¢) in (4) between theth path signals at theth and  ¢ction, defined as 1 fon = 0 and O otherwise. Note that
¢th antenna elements is calculated as [3] PT. /Ny is defined as SIR/chip. The matched filter output under
the hypothesis corresponding¢o# 7, forp =1, 2, ..., L,,
Spt+A, e Shd P e
1 exp <JM> 49 Which is denoted agl,, may be expressed as

() 1
where) ?s the car_rierwavelenthh. In (4), note ghat the power of  #¢ ~ VKT, .
ay(p; t) is normalized so thay_ 7, Ela(p; t)|7] = 1.

Cpk, £) = 51— A
p P =p

KT,
/ ne(t)e(t — ¢)dt, underHy, (9)
0

and the correlatio®, (k, ¢) betweenz;, andz,, which are ob-
tained at the same time from matched filters with the same co-

efficients, under the hypothesl, is calculated as
The receiver is assumed to be chip synchronized to the re-

ceived signal, and the tap spacifiign Fig. 2 is set to the chip Ro(k, ¢) EY Elzi2} | Ho] = Nob[k — 4]. (10)
durationT.. Thus, the number of code phase uncertainties

is equal to the PN code length. Acquisition is assumed if any Since the distribution of,, in (1) is independent of: for a

of the L, resolvable paths is acquired, which implies that thegiven hypothesis, we omit the subscripthereafter. Since,s
exist L, in-phase cells. To calculate the probabilities of dete¢4 = 1, 2, ..., L) are complex Gaussian random variables, the
tion and false alarm, the probability density function (pdf) angdf and cdf ofS can be calculated using the partial fraction ex-
cumulative distribution function (cdf) of the decision variablepansion of the characteristic function [10]. Under the hypothesis
S,, andV are required to be found for a given hypothesis. Frof}, the characteristic function df is expressed as
(1) and (2), note that decision variables are noncoherent combi- N

nations of matched filter outputs. We first derive the covariance Bs(jw|HP) = H 1

matrices of the matched filter outputs to be combined, and then SUWIEL) = 1 — jwy,(n)
derive the pdf and cdf equations of the decision variables. Using

the pdf and cdf equations, the probabilities of detection and falsdere~, (n)s are the eigenvalues of the covariance maefx
alarm are calculated. whose elements can be calculated fré¥(%, ¢) given in (8).

B. Probabilities of Detection and False Alarm

11)

n=1

RE(k, £) = Elzy2f | HY)

p KT. KT. o (ts)
Elo(p; t)ak(p; s)] - 2™ 0=9) gt ds +
7 L[ Pleainai )

KlTC ./0 C_ 0 CE[nk(t)”;(S)] ce(t—()c*(s—C) dt ds

K-1
= PT,®(p)C, (k, {) <1 +2>" Jo (2rmfpT.) cos (2rmf,T.) (1 —m /K)) + Nob[k — €] 8)

m=1
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1.2

When all of the eigenvalues are distinct, the pdf and cdf equ
tions can be calculated as [10]
= ay(n)
fs(r|HY) = e/ 12) 3
! ; Yp(n) %
N §
Fs(r[H}) =" ay(n) (1= e7/6() 13 §
n=1 g
where ®
N 3
apm)= I 1/0=%0) /mm). 14 8
i=1,i%#n S
When multiple poles exist in (11), partial fraction expansion iE 0o}
also possible and the corresponding pdf and cdf equations «

be derived. Under the hypothedig, the pdf and cdf equations .,
are calculated as [10] 0

Antenna Spacing (D/A)

N-1
fs(r|Hop) :m e~/ No (15) Fig. 3. Magnitude of the correlation coefficient.
N-1 1
Fs(r|Ho) =1 —¢ /N0 3" — (r/No)™. (16) Ly
n:
n=0 Pp = Z Pp1(p)Pp2(p),
Note that the pdf and cdf equationsiéf denoted agy (r|-) and p=1
Fy(r]-) hereafter, are the same as thosé& afith the substitu- Pr =Pp1 Prs. (24)

tions of M and N by 1 andL, respectively.
Using the pdf and cdf equations, the probability of detectidft (22) and (23), note thatU/M|T. and KT are, respec-

Pp1(p) for thepth resolvable path and that of false alaftp tively, the time required to col!edt/.deci_sion variqples_in the
in the search stage may be calculated as search stage and the correlation time in the verification stage,

and JT. is the penalty time due to a false alarm. In (28);

o0 » Ly : and Pr denote the overall probability of detection and that of
Ppi(p) = /0 fs(r|HY) H Fs(r|Hj) false alarm, respectively. Using (21)—(24), the mean acquisition
i=1,i#p time E[T'acq] can be calculated as
U-L,
- (Fs(r|Ho)) dr 17 dH (%) [U/M] + K + JPr
L E[Tacql = y = . (25)
P 4 =1 PD
Pri=1-Y Ppi(p). (18)
p=1

- . : IV. NUMERICAL RESULTS
Similarly, the probability of detectioPps(p) for thepth resolv-

able path and that of false alaf- in the verification stage are N this section, the performance of the proposed acquisition
calculated as scheme analyzed in Section lll is evaluated. The code péfiod

and the correlation lengtik” are set to 1024 and 256, respec-
Pps(p) =1 — Fy(n|HY) (19) tively, and the penalty timd is assumed to be ¥@hips. The
Prs =1 — Fy (5| Ho) (20) nor.malized Dopp_ler spreaﬂDTc. and freql_Jency offsef,T.,
which are normalized by the chip rat¢T., is set to 16° and
wheren is the decision threshold. zero, respectively. The multipath intensity profilép) is as-
sumed to be uniform, i.e®(p) =1/L,forp=1,2, ..., L,.
The decision thresholg in the verification stage is numeri-
The mean acquisition time can be calculated using the flavally determined to minimize the mean acquisition time for each
graph method. The transfer functidii(z) to the acquisition condition.

C. Mean Acquisition Time

state can be calculated as [11] Fig. 3 shows how the magnitude of the correlation coefficient
Hp(2) in (5) between adjacent antenna elements varies with the an-
H(z) = T iy () (21) tenna spacingD, angular sprea@A, and mean angle of ar-

rival ¢. The magnitude of correlation coefficient is observed
to decrease as the antenna spacing and/or angular spread in-
Hp(z) = PpzIU/MI+E)T. (22) creases. Also, the correlation is higher tor= 90° than for
P . ¢ = 0 (broadside). Note that the correlation is higher than 0.9
Ha(2)=(1=Pp— Pp) [TMIHET: 4 pp (IWMIFEFDT gy A/2, whenA is smaller than 19 which is typical at a
(23) base station [9].

where
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Fig. 4. Effects of the antenna spacing and angular spread on mean acquisifiign 5. Mean acquisition time performance for= 8 andD = 10\ (¢ = 0,
timE(L =4,M=1,N=4,L, =1,and¢ = 0). A = 3° for L,=1, and(d;h bs, B3) = (_4507 0, 45°), (AlyAz, As) =
(3°,5°,10°) for L, = 3).

The effects of antenna spacing and angular spread on mean

acquisition time are depicted in Fig. 4, when the number ofa  10° T

tenna elementd = 4, the number of antenna groups = 4, - - i: :Zi’:}f;
the number of resolvable patils, = 1, and the mean angle X —— 1«::=':M=211N=4
of arrival ¢ = 0. The mean acquisition time is calculated usin el v L=L,M=1,N=8 |

(15)-(20), (24), and (25). For SIR/chip values equal to or great
than—20 dB, the mean acquisition time is found to decrease
the antenna spacing and/or angular spreati\ increases, or
as the spatial correlation decreases. The reason for this is 1.
diversity gains achieved in the noncoherent combining in (i
and (2) are greater for a smaller correlation value. Wheis
as large as 10, the mean acquisition time is almost indistin-
guishable for different values of angular spread, since the wi
antenna spacing makes the correlation among antenna elem
sufficiently small. On the other hand, whénexceeds 45 al-
most no performance improvementis achieved by increasing1i 442 . - - - . - - - s s s
. . .. . 24 22 -20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0

antenna spacing wider thay2. This is because the magnitude SIR/chip [dB]
of the correlation coefficient between adjacent antenna elements
is lower than 0.4 even d = A/2 andA = 45° in Fig. 3. The Fig. 6. Mean acquisition time performance for= 8 andD = A/2(¢ = 0,
mean acquisition time fak = 3° is about 50% greater than that® = 3° for L, = 1, and(é1, é2, ¢a) = (=45°, 0. 45%), (A, Az, Az) =
for A greater than 45 whenD = /2 and SIR/chip= —15dB. (3%, 5%, 10°) for L, = 3).
In Fig. 4, it is interesting to see that the mean acquisition time
increases to 20% as antenna spacing and/or angular spreadigle of arrivalp and the angular spreax\ are set to 0 and
creases for SIR/chig= —25 dB, which is an opposite trend to6°, respectively. For the frequency-selective fading channel, the
higher SIR/chip values. This implies that the presence of spatiaéan angles of arrival§p:, ¢2, ¢3) and the angular spreads
correlation can be beneficial to acquisition performance at Iof2A,, 2A,, 2A3) are, respectively, assumed to be46°, 0,
SIR/chip values. 45°) and (6, 10, 20°). In Figs. 5 and 6, it is observed that

Figs. 5 and 6 show how the mean acquisition time varies withe largerN provides the shorter mean acquisition time at low
the number of antenna groups for antenna spacin = 10\  SIR values, while the smalle¥ provides the shorter mean ac-
andD = \/2, respectively. Wide antenna spacinglof\ guar- quisition time at high SIR values for both frequency-nonselec-
antees low spatial correlation even for small angular spredide and frequency-selective fading channels. This can be ex-
while narrow antenna spacing 8f2 provides high spatial cor- plained as follows. AsV increases, the decision variables be-
relation for small angular spread. These two values of antentme more reliable due to increased combining gain, while the
spacing represent the situations where multiple antennas search time[U/M|T. increases. The effect of the former on
used for diversity combining and beamforming, respectivelnean acquisition time is more significant at low SIR values,
Both a frequency-nonselective fading channel wiith= 1 and  while that of the latter is more significant at high SIR values.
a frequency-selective fading channel with = 3 are consid- In particular, at SIR values high enough for the probability of
ered. For the frequency-nonselective fading channel, the matatection to be close to unity irrespective &f the effect of

ition Time [chips]

cquisi

Mean A
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the latter becomes dominant and the mean acquisition time bpatial correlation at low SIR values, while the opposite trend
comes proportional tav. These results indicate that the mulholds at high SIR values. In a typical environment, the change in
tiple antennas should be configured with an appropriate choitean acquisition time due to spatial correlation has been within
of N to reduce mean acquisition time. The valueNdfassoci- 50% compared with the uncorrelated fading case.

ated with the best choice becomes smaller for higher operating
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