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Serial Acquisition of DS-CDMA Signals in Multipath
Fading Mobile Channels
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Abstract—This paper compares the mean acquisition time tion system with multiple/d; cells has received comparatively
(MAT) performance of two serial search acquisition schemes over |ittle attention in the literature.
frequency-selective multipath Rayleigh fading channels. Both the Hence, our goal in this paper is to quantify the performance

conventional cell-by-cell detection and the novel joint two-cell de- f ial h isiti i der the hvoothesis that
tection are characterized. In contrast to the majority of published o serial search acquisition Systems under the nypotnesis tha

results considering only one correct timing state I, cell) in the ~there are multipled; cells in the uncertainty region of the PN
uncertainty region of the pseudonoise (PN) sequence, this papersequence. Specifically, we assume that the search step size is

analyzes the MAT performance of the serial search acquisition 7. /2 whereT,. is the chip duration. Hence, each resolvable path
schemes with multiple timing states in the uncertainty region. -t tha received signal contributes tvi, cells. The acquisition

The MAT performance comparison between the conventional f h ial h d der th lEblecell
cell-by-cell detection and the joint two-cell detection shows that process of the serial search mode under the mulitplece

the latter can achieve an improved acquisition performance at hypothesis can be described using the so-called equivalent cir-
almost the same complexity. cular state diagram [2], [4], [17], which will be detailed in the

Index Terms—Acquisition, direct-sequence code-division mul- context Of, Fig. 2. By' extf-:-ndin.g the result of [],'7] in this paper,
tiple-access, mean acquisition time, multipath fading channel, @ generalized equation is derived for computing the MAT of a
pseudonoise. serial search system under the multiife-cell hypothesis. In
our analysis, two detection schemes are considered. The first is
the conventional cell-by-cell detection [5], in which each cell is
tested independently; the second is the novel joint two-cell de-

SEUDONOISE (PN) code synchronization is the neaection [15], [16], in which two adjacent cells are tested jointly.

essary first step in the receiver of direct-sequendehe MAT performance of the serial search scheme using both
code-division multiple-access (DS-CDMA) systems, since daté the above detection approaches is investigated over a fre-
demodulation becomes possible only after the code syncheprency-selective multipath Rayleigh fading medium. Note that
nization is performed. Code synchronization is usually achievétk analysis presented is applicable to the mobile-to-base station
in two steps: 1) acquisition for coarse code alignment and @)k of a DS-CDMA system utilizing binary phase-shift keying
tracking for fine alignment [1]. Acquisition methods can bgBPSK) spreading.
broadly classified as serial search methods [2]-[9] and parallelThe remainder of this paper is organized as follows. In Sec-
search methods [3], [10]-[14], which have been extensivelin II, we describe the search and detection modes proposed.
treated in the literature. In a serial search scheme, each possitiien, the asymptotic MAT is derived in Section IlI. The system
code phase of a given roster position in the uncertainty regiand channel models are given in Sections IV and V. In Sec-
is tested one at a time, while in a parallel search strategy, matiyn VI, the test statistics of the decision variables are analyzed,
if not all, of the possible code phases are tested simultaneousliile in Section VII we derive the overall miss probability and
The focus of this paper is on serial search acquisition. the false alarm probability, which are defined in Section IlI. Nu-

In a practical PN sequence acquisition system, usually thererical results are given in Section VIII. Our concluding re-
exist multiple in-phase state#f( cells) in the uncertainty re- marks are given in Section IX. Let us now consider the search
gion, since the search step size is usually lower than the chip did detection modes concerned in this paper.
ration and the dispersive fading-induced delay spread is higher
than the chip duration of the PN sequence. However, despite the [I. SEARCH AND DETECTION MODES

eX'St?r?C.e of multiple, cel!s n almost any practical PN COd? The block diagram of the serial search mode and the detection
acquisition system, the majority of published results concernin . - . . e
L . de is shown in Fig. 1. The received signal is first down-con-
the mean acquisition time (MAT) have been derived from the o
. . : verted into in-phasérl’) and quadraturé®) components. Two

assumption that there is one and only d@hecell in the uncer- .
tainty region [1][7], [9]-[14]. The performance of the ac uisiI'Q correlators perform correlation between the locally gener-

yreg ' ' P AUt ted PN code(t — iT./2) and the!l as well as th&) baseband

signals in Fig. 1. This product is integrated over the interval of

. . . _1p = MT,. s, whererp represents the integral dwell time and
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Fig. 1. Acquisition block diagram.
ventional cell-by-cell detection scheme [2], in which the cell Successful

in the uncertainty region are searched and tested cell by cell
dependently. The generation of the decision variablis indi-
cated by the continuous line in Fig. 1, which is expresséd as
V;. The second detection mode is the so-called joint two-cell d
tection scheme [15], in which the search and detection block
agram includes both the continuous and dashed lines in Fig
The statistics of the final decision variable are now given t
the sum of two adjacent output variables, expressel; as
Vi_1 + V;. However, if the search mode detects a false alar
during the detection df;_;, the termV;_ in the decision vari-
ableY; is set to zero. Leh in Fig. 1 be a decision threshold.

Ho(z) Bz

-
Then, the search and detection mode can be described as (a=%
lows. Whenever the decision varialile exceeds the threshold
h, the system assumes that the corresponding delay of the

. Hy(z)

cally generated PN sequence is the correct delay and proce
to the verification mode. Otherwise, ¥; does not exceed,
the relative phase of the locally generated PN sequence is re (g=xr-1)

justed in order to update the decision varialfjeand the above
process is repeated. Note that the verification mode is usue
used to confirm a stronger decision concerning the correctde._,
assumed by the search mode [10], an issue not analyzed in El;gs

2. Equivalent circular state diagram for a serial search code-acquisition
paper. _ - system with multiple timing hypotheses.
Since each cell is classified as one of the two states—cor-

rect phase (in-phase) éf; and incorrect phase dfo, the first  sjze and due to receiving multiple delayed replicas of the trans-
SeaI’Ch mode W|th ConVentional Ce||-by—Ce|| deteCtiOI’l can be dfﬁ'r[ted PN Sequences in a dispersive mu|t|path fad|ng environ_
scribed as a two-state Markov process [5] owing to each degient, the actual situation is that there may exist more than two
sion variable being decided by one cell. The second search mggites, hence satisfying the multig& -cell hypothesis. There-
with joint two-cell detection can be described as a four-stafgre . in this section, we extend the result of [17] in order to de-
random Markov process [15] owing to the final decision varkjye a generalized asymptotic equation for the MAT, which in-
able now being decided by two cells. Let us now derive a gen@udes the asymptotic expressions of [2], [5] as special cases.
alized equation for computing the MAT of the above schemes. The equivalent circular state diagram of [17] can be adapted
for a serial search code acquisition system relying on the mul-
tiple H,-cell hypothesis, which is redrawn in Fig. Bp, is re-
placed by %5, for notational convenience, whefd,, andgj;
Holmes and Chen [5], as well as Polydoros and Weber [2Epresent the detection and miss probabilities ofithedetec-
have given the equations for computing the MAT of a serigibn, leading to3; = 1 — Pp,. In Fig. 2, nodes represent states,
search code acquisition system in both exact and asymptdéibeled branches between two nodes represent state transitions,
forms under the singléf; -cell and doubleH; -cell hypotheses = indicates the unit-delay operator, and the powerr@presents
in the uncertainty region. However, due to the finite search stéye time delay. Let us assume that there are a totalstétes,

I1l. A SYMPTOTIC MEAN ACQUISITION TIME
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which includes\ H; cells and ¢ — X) H, cells. Lete represent and secondi; cells, respectively. Upon substituting these con-
the false-alarm probability associated with Hg cell, i.e., the ditions into (4), the asymptotic MAT for a serial search acquisi-
probability that arH, cell provides a correlator output in excession system having twdi; cells can be expressed as

of h, hence resulting in an incorrect hypothesis and leading to

an unsynchronized condition. Lé&f7p represent the “penalty — Theq ~ 2= Fp, — (1= Pp,) Pp,] (1 + Ka) (grp)  (5)
time” associated with noticing that there is a false alarm and 2[Pp, + (1~ Pp,) Pp.]

with reentering the search mode. Then, following the philogrhich represents the asymptotic result given in [2, eq. (20)],
ophy of [17] and assuming that we commence the search amyren uniform distribution of the twdi; cells over the entire
where outside the correct states, the transfer function assumimgertainty region is assumed.

equal prior probability of each state can be expressed as

IV. THE TRANSMITTED SIGNALS

=X The communication model under consideration consists of
. Z Hi(z) (1) U simultaneous transmitters, which includés- 1 data trans-
i=1 mission users (who have finished acquisition) and one initial
synchronization user [whose PN sequence is being acquired by
whereH (z) andH () include all paths leading to successfuthe base station (BS)]. We assume that the first user is the ini-
detection or miss, respectively. In (Hp(z) andHy(z) can be tial synchronization user, whose performance is to be evalu-
expressed as ated. Each user is assigned a unique CDMA sequence, which
spreads the data sequence. Again, in this contribution, random
sequences having a common chip rate gf, lare considered.

Hp(z)
(4= N [1 = Hu()H; ()]

U(z) =

A Jj—1 0 . o .
Hp(z) = (1— )2 ] Bz with Biz =1 The processing gain is given Wy = T/T,, and YT is the
]Z::I ’ E 2131 information bit rate. Let{c§k)} denote a binaryf+1,—1} se-
Ho(z) = (1 — a)z + az+ guence, whereﬁk) assumes values ef1 and—1 with equal
probability, and letx (t) = 372 c}k)PTF (t — jT.) denote

Let Py (M) = Hﬁ:l 3;, which represents the overall miss probthe spreading sequence of thth user, whereP.(t) = 1 for

ability of a search over the full uncertainty region. T, () 0 < t < 7 and zero otherwise. The data wavefobp{t) =

in (1) is given byHy;(2) = Pyp()\)2*. The MAT can be ex- 3°°° bg’“)PT(t — ¢T) consists of a sequence of mutually in-

pressed as (2) [5], shown at the bottom of the page. dependent rectangular pulses of duratidmnd of amplitudes
In order to obtain the asymptotic form of the MAT fgrs>> 1, +1 or —1 with equal probability.

we divide both sides of (2) by the total number of stajesd The transmitted signal for thieth user is expressed as

then compute its limit with respect tp— oo, yielding
Sk (t) =/ 2Pkbk(t)ck (t) COS(27cht + <Pk) (6)

- Taeq _ 1+ PuN](1+ Ka) where
qh_{go qa 2L — Py(V)] D- ©) P, transmitted power of théth signal;
f.  common carrier frequency;

Consequently, if the total number of states significantly wr~ phase introduced by thigh modulator, which is mod-
higher than the number df; cells, i.e.,q 3> A, then the MAT eled as a random variable uniformly distributed over
can be approximated by [0,27).

In many DS-CDMA systems [2]-[10], the transmitter aids the
initial synchronization by transmitting the phase-coded carrier
(4) signal without data modulation at the beginning of each trans-
mission. Hence, in our analysis, we assume for simplicity that
data modulation is imposed on the initial synchronization

A N[l“l‘PJ\l(/\)](l"i_Ka)(T )
TS MO

Equation (4) is a generalized expression for computing the
asymptotic MAT of the serial search acquisition system witﬁ'gnals'
single or multiple adjacent{; cells. For example, when there
are twoH; cells in the uncertainty region, then the overall miss
probability of Pa(2) = 5152 = (1 — Pp,)(1 — Pp,), where A widely accepted model for a frequency-selective multipath
Pp, and Pp, represent the detection probabilities of the firstading channel is a finite-length tapped delay line with a tap

V. THE CHANNEL MODEL

— [dU(»)
2 A TEL B+ (0= A+ DML — Pur(VIA + Ka) +2(g = N Pur(V (1 + Ka) X
- o1 = Pu(V] > @)
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the context of the noncoherent acquisition system over a fre-
guency-selective multipath Rayleigh fading channel. In deriving
the expressions of the statistics, we adopt the following assump-
tions.

1) The search step sizeTs/2.

2) All samples are independent.

3) M > 1 such that the mean value of the correlation
between the received and the locally generated PN se-
quences is zero when they are out of phase.

4) The self-interference of the desired signal due to multi-
path transmission and the multiple-access interference in-
flicted by theUU —1 data transmission users can be mod-
eled as additive Gaussian noise.

Referring to Fig. 1, the correlator output of the in-phase

branchV; gives the desired signal component, the multiple-ac-

spacing of one chip [18], as shown in Fig. 3, where th@p  cesq interference, and the Gaussian noise gt of (8). Vi;
weights{as,; } are assumed to be independent identically digz, pe expressed as

tributed (i.i.d.) Rayleigh random variables with a probability
density function (pdf) given by [18]

Fig. 3. Tapped delay line model of the frequency-selective channel.

MT,
Vo= / r(t)er(t — T /2)V/2 cos(2r fut) dt
0

2x z?
= — —_— >
fouw (@) Q exp< Q ) ;o220 @) L1 U L-1
=/ PrMT. Sr(h)+ Mp(k,l)+n
where E[a2,] = ©, and the phase&/,;} are assumed i.i.d. " ; ) kzﬁ ; kD) +ar
random variables uniformly distributed in [G;2 Furthermore, (9)

we assume that the fading amplitude is constant during an ob-
servation interval but changes from one interval to another inde- S (D) is the signal q h .
pendently. Then, when signals in the form of (6) are transmitt ereSr(l) is the signal component due to the user-of-interest,

over the multipath Rayleigh fading channels of Fig. 3, the v ich represents the desired signal component or the self-in-
ceived signal can be expressed as ’ terference depending on whether the received and the locally

generated PN sequences are in-phase or out of phiagd¢can

L-1 be expressed as
r(t) =Y V/2Pravei(t — 71 — IT.) cos(2r fut + 617)
IZOU r—1 Sr()
+° D7 V2Prabi(t - 7 - IT.) = L (3N 4 1) 4 (T — 1) B (V)]
X ’;:(Qtljom —IT.) cos(2m fot + Or1) + n(t) (8) ) (10)

where 7, is the relative time delay associated with an asyne _—

chronous transmission schemig; = i — 9y —2m fo(7.+110) andr! is a random variable uniformly distributed if,[Z.]. In

represents the i.i.d. random variabl_e_s unifqrm|y distr_ibuted_ t'lo), Ry (i, N) represents the partial autocorrelation function
[0,27); andn(t) represents the additive white Gaussian NOISE fined as

(AWGN) with a double-sided power spectral densityaf/2.
Note that since thé&/—1 interfering users are engaged in data M1
transmission, we assume that their signals are ideally power- Ry (i 1 @

' iWN) = C L 11
controlled and the average received power of each interfering (6 ) 2::0 vt vt N (1)
signal is expressed &% . However, for the initial synchroniza-
tion user, itis unrealistic t°.'r?V.°ke near-ideal power control be- Note that since a noncoherent acquisition system can acquire
fore successful code acquisition. It can only rely on open—loogo

e

(I —1/2)T. = NT, + 71, wherer; was defined in (8)

ower control according to the estimation of the channel stal [y one path of the multipath signal atany time, the otfed
b 9 L . _pdath signals of the reference user inflict self-interference to the
Hence, the average received power of the initial synchronizatign ; )
. . In-phase path. Moreover, if the locally generated sequence is
user at the BS is usually different from that of the data transmis- . .
; . . . out of phase with any of thé path signals of the reference
sion users. This power is expressed in (8Fas

user, allL path signals of the user-of-interest constitute self-
interference.
Since random sequences are assigned for all users of the
In this section, we derive the statistics of the decision vagystem, random data modulation does not change the statis-
ables for the serial search acquisition system using either ctins of the random sequences. Consequently, assuming that
ventional cell-by-cell detection or joint two-cell detection in, + (I — ¢/2)T. = NT, + 7, wherer, is a uniformly

VI. TEST STATISTICS OF THEDECISION VARIABLE
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distributed random variable over [0,), the multiple-access Finally, the thermal noise termy given by (14) is a Gaussian

interference termd/;(%,1) can be expressed as random variable with zero mean and variance
_y/paggcos 011 Var _ 1 18
Ml(k,l)— TCTC 31[771]— 2M’7(1 ( )

/ k). / k),.
% [T’“REW)(Z’NJF )+ (T _T’“)REW)(Z’N)} where 5. = PgrT./Ny represents the signal-to-noise ratio
(12) (SNR) per chip, that is, the SNR/chip.

Consequently, assuming that &h cell is being tested, ac-
wherep = P;/Pr and R\ (i, N) represents the partial crosscording to (9) the normalized variance & can be expressed
correlation between the sequence ofttieuser and the locally as
generated sequence, which is defined as
(L-1)Q 4 (U - 1)LpQ 1

- Var|V| = —. 19
oy = 0w Vel = =537 3M o, 19
Ry/(i,N)= E Coti " CoditN- (13)
v=0 If we assume that af, cell is being tested, all paths from the

due to the presence of the AWG,\luser—of—interest constitute interference, and consequently, the
variance ofi’;; can be computed by (19) if we replace tlie{(1)
term by L. However, we assume for simplicity that the variance
1 MT. . of V; under theH,, hypothesis is the same as that given by (19).
M= T /0 n(t)ey (t — iT./2)V2 cos(2r fot) dt. The statistics of the quadrature-phase compohigman also
’ (14) be obtained according to the above method, resulting in

Finally, the noise term(z)
can be expressed as

The correlator output of the quadrature brari¢h can be E[S.(D]n=0 = E[S:(D]n=—1 = §cm(—sin 611) (20)
obtained from the in-phase component if we replac€ ) by 4
—sin() in (10) and (12) and replages( ) by sin() in (14). and the normalized variance uf; is Var[V.;] = Var[V,].

A. Gaussian Approximation B. Conditional Probability Density Function

Recall that the spreading sequences of the system are mOql'Ve have derived the statistics of the correlator’'s outputs,

eled as random binary sequences of equiprobafils. There- V.1 andVy, for the in-phase branch and the quadrature branch,

Ig:.i ,alltl Cér;bss's;noévnet?:irﬁi;irt?;ﬁfr;'ta?hde‘cjs;e?r:(a[ gs]yr[ggi arespectively, which are approximately Gaussian random pro-
\cally \oaussl u imi ' esses. Hence, for the conventional cell-by-cell detection, the

the number of users increases. In our analysis, we employ the

G ian approximation and model the self.interference d gcision variabld; = V; = V2 4 V2 represents either aH;
aussian approximation a odel e sefl-interierence ues{gte or arH, state. Given the Gaussian naturelgf and V;;,

multipath dispersion of the user-of-interest, the muItipIe-accegﬁd assuming tha¥; constitutes ant; sample, thert’;, for
. . [ 1 ’ 71
interference due to th& -1 data transmission users, and th ivenay,, obeys the noncentral chi-square distribution with

thermal noise as additive Gaussian noise. Consequently, in ( .
if N = 0andr{ is uniformly distributed in [0]../2] as well as if [1§ dEqur(ezeicifoln;,]e:;)m. Its pdf can be expressed according to

N = —1and{ is uniformly distributed if7. /2, T.], two adja-

centH; cells associated with one resolvable path are obtained. 1 m? 4 /i
The mean value corresponding to these fiocells interms of  fy. (v | H1) = exp<— 557 y) 0 < 5 ) . y>0
] can be expressed as [15] 9o 9o %o
(21)
3
E[S[(l)]]\r:o = E[S[(l)]]\r:_l = Zall COS 911. (15) Where
OtherW|s_e, itV #0,—1, the_nS,(l) represents t_he self—lnterfer? o2 = Var[Va] = Var[Vy]
ence, which can be approximated as a Gaussian random variable ° I 10 U~ DLo 1
with zero mean and variance expressed as = (L-1 + U -1)Lp + . (22)
3M 3M 2M7,
Q
Var[Si(1)] = 3M (18)  1,() is the zeroth-order modified Bessel function of the first
kind defined in [18], andm? is the normalized noncentral
whereQ = Ela3;]. metric, given by
The multiple-access interference term, due toitteinter-
g user gven by (12), canbe approimaled a5 & GAUSSAN 1,2 (515D + (EIS Do
= (E[S1(D]n=-1)* + (B[S: (D]n=-1)*
e = P2 _ 2
Var[M;(k,1)] = SA a7 = 1g%u- (23)
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WhenV; constitutes ar{, sample,Y; is central chi-square  Above, we have derived the statistics of the decision variables
distributed with two degrees of freedom. Its pdf can be exmnder different hypotheses. Let us now derive the overall miss
pressed according to [18, eq. (2-1-110)] as probability and the false-alarm probability.

1 VII. MISSPROBABILITY AND FALSE-ALARM PROBABILITY
fy(y|Ho>=—2exp<— y ) y0.  (24)

2
205 205 In this section, we first derive the overall miss probability for

a\z%e serial search in conjunction with conventional cell-by-cell

Y= Vi 4+ Vi=V2_ +V2_ 4 V21V2 Hencel; étection or10|nttyvo—celldetept|on under.the cqnd|t|on of given

has four states naﬁﬁ%lx]}[ Hs(i; {}I Hi} {Hy, Hob, and instantaneous fading attenuation of the dispersive paths, namely,
’ O LS ULy S S ULy 20 for ay;,l = 1,2,..., L. Then, the average probabilities are de-

{Ho, Ho}. Consequently, whe;_; and V; constitute two . ; : .

. : rived by averaging the corresponding conditional probabilities

independenid; samples from the same multipath component . .
X o . dver the dynamic range of;;,/ = 1,2,..., L. Let us first con-

Y; obeys the noncentral chi-square distribution with four.

degrees of freedom. Its pdf can be expressed accordingst((j)er the conventional cell-by-cell detection.
[18, eq. (2-1-121)] as

For the search mode using joint two-cell detection, we h

A. Conventional Cell-by-Cell Detection

71 (y| Hi, Hy) For the conventional cell-by-cell detection, eddh cell as-
rAY [, 4 ) sociated with different propagation paths has the same statis-
_ 1 (L)m exp<_w) I, <m\/@> tics, and similarly, eactil, cell related to different paths has
202 \2m? 202 o7 the same statistics. Their statistics can be described by (21) and

y 20 (25) (24), respectively. Hence, the detection probability offrcell
for a certain value ofy;; is formulated as
wherel () is the first-order modified Bessel function of the first -
kind and the noncentral parameter2 is contributed by two Pr(S) = (y| H) dy = O(S. VI 30
H; samples from the same path, whend is given by (23). n(S) h frly| Ha)dy = Q(S. ) (30)
If V;_1 andV; constitute two independeri; samples from

o )

two different propagation paths, the pdfsfcan be expressed Wherefvi(v| #1) is given by (21). Furthermordy’ = h/o7

according to ?18pqu (2_1?121)] as pdfxy P is the normalized thresholdy(a,b) = Q1(a,b) represents
T Marcum’s@ function as defined in [18, eq. (2-1-122)], and

J#.(y| Hy, Hy) [
1 y \1/2 m'? +y m'\/y S= m =50 L (31)
_ _ 2
- 202 (m’Q) exp< 202 )Il < o2 ) 7o va
y20 (26) yith 52 being the conditional SNR per path over thé-chip

) ) . integration dwell time conditioned on the instantaneous fading
where the noncentral parametef” is contributed by two inde- parameteny;, whereS, is expressed as

pendent paths and given by

3/L—1 (U=1L 1 —1/2
o _ 9 So = < 4+ W=Dle ) (32)

m' = o (ofi, +o,,). (27) 4\ 3M 3M 2M Q.

5. .
WhenV,_; constitutes at{, sample and’; an H,; sample, or andsj is the average SNR per path ovafr chips.

converselyy;_, anH, sample and’; anH, sample, the pdf of The detection probability’ (S) given in (30) is conditioned

2 i i -
Y; can be computed by straightforward convolution of the pdf’sn the SNR oi5™ per path mt_e_grated ovev! ch|p_s, a_nd con
of V._, andV;, which results in sequently through (31) conditioned on the distributiomef,

representing théth fading diversity path amplitude. The (un-
conditional) average detection probability of Ba sample can

Fri(y| Ho, Hy) be computed by averaging (30) over the rangé oSincecqy;
= fv:(y[ Hy, Ho) is Rayleigh-distributed with its pdf given by (7), the pdf$in
1 ( Yy )1/2 m? +y my/y (31) can be readily expressed with the aid of (7) as
= — (L) exp( - I

202 \m? 202 o2
>0. (28) 2s 52
y=u fs(s) = mexp|l—%5 ), s2>0. (33)
52 52

Finally, assuming that;_; andV; constitute twoH, sam-
ples, the pdf ofY; is the central chi-square distribution with
four degrees of freedom, which can be expressed accordin
[18, Eq. (2-1-110)] as

Finally, using the result of the Appendix, we can obtain the
a oerage detection probability of &, sample by setting: =
99 =102 = S2/2 andb? = b’ in (65), resulting in

Y ')~ exp(—h'/2)
_ Y Yy Pp = — a1 (34)
fv:(y| Ho, Ho) = = eXP<— 202) ;o y20. (29 b ;; (i =201 §2(142/82)"!

0
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We have assumed that the statistics of different propagatiéiy,, > h) = «. ReplacingP(Y,,_» > h) by « in the above
paths of the desired signal are independent and that thefe amqguation, we obtain
paths, where each path is associated with Hyacells. Hence,
tth—path sequences of the user—of—intere;t presented to thg re%(zvn S B) 4+ P(Vis < Iy Yoy < 1, Va < 1, Yy > B)
ceiver can be modeled as a sequence with a total uncertainty TPV V. <hY < h
region ofq 4+ 2(L—1), whereq is the uncertainty region of the Va1 <h Ve <h. Y > 1)
transmitted sequence, while thel2{1) term is a consequence (38)
of the L-path channel spreading due to the multipath fadingshere P(V;, > h) is given by (36). The second term in the
Furthermore, since each of tiiepaths is associated with twonumerator of (38) can be expressed as
H, cells, there is a total of 2 H; cells. Therefore, the overall

miss probability defined in Section Il can be expressed as P(Via <h Yo <V <h Yo >h)
-h h—y
Pun(2L) = (1 - Pp)** (35) = / fv. . (w| Ho) / fvi_s(z | Ho) dw]
0 0
where Pp, is given by (34). -
The false-alarm probability is defined the probability that the X fv, (x| Ho)dz| dy. (39)
output decision variabl¥; under the hypothesH, exceeds the h—y
thresholdh. This can be expressed as Upon using the corresponding pdfs in the above equation, we
0o B can simplify it to
Pra = . in (y | HO) dy = exp<_5> (36) P(Vn,Q < h,Yn,1 < h, V, < h,Yn > h)
! ! !
With the aid of our results generated so far, we can now eval- = <% - 2) exp<—%) + <% + 2) exp(—h'). (40)

uate the MAT performancg,., of the serial search mode using
conventional cell-by-cell detection by substituting the overallhe second term in the denominator of (38) can be expressed as
miss probability of (35) as well as the false-alarm probability of

(36) and the other related parameters into (4). P(Vaoy <h Vo <hy Yo > 1)

1B 1B
B. Joint Two-Cell Detection =/ fv._(y| Ho) l - fv.(z | Ho) dﬂ?] dy
Since theith sample is eitherd; or Hy, for the joint R L ,
two-cell detection the decision variablE;, which is de- = <5 —1) eXP(-;) + exp(—h"). (41)

rived from {V,_,,V;}, has four possible phase states, i'eU bstituting (36). (40 d(41) into (38). finallv. the fal
D, = {Ho, Hi},Dy = {Hi Ho},Ds = {H:, H,}, and pon substituting (36), (40), and (41) into (38), finally, the false

F = {Hy, Ho}. Furthermore, the two adjace} /2-spaced &larm probability can be expressed as

samplesV;_; and% in Fig. 1 can bg the samples from the (% _ 1) exp(_%) + (% +2) exp(—1)
same propagation path or from two different paths. o= . . . (42)
Let statesD,, D>, and D3 represent the correct states, while 1- (% - ) eXP(—%) — exp(—h’)

F represent the incorrect state. We assume that the acquisitiopet ;s assume that there aferesolvable paths at the base
process terminates and successfully proceeds to the trackibgion. As we discussed in the context of the conventional
process if the two adjacent samples belondXtq D>, or Dy ce|l-py-cell detection scenario, the frequency-selective faded

and the corresponding output decision varidhle= V;_1 + Vi sequence of the user-of-interest presents itself to the BS as a
exceeds the threshotdin Fig. 1. Similarly, a false alarm occursgequence with a total of + 2(L—1) cells in the uncertainty

if the two adjacent samples belong#oand the corresponding region. For joint two-cell detection, the frequency-selective
output decision variabl; = V;_, + V; exceeds the detectionfaged sequence can be approximated as a sequence with a total
thresholdh. of ¢ + 2(L—1) number of states and.2-1 correct states. The

For the joint two-cell detection scenario, we commence By, 4 1 number of correct states include ofély, H1}, one
considering the false-alarm probability. Assuming that the CUrH,, Hy}, L number of{H;, H;} states associated with two
rent detection is only influenced by the previous two cells, ang samples from the same path, abel 1 number of{ H, H }
that the correlation with the other cells can be neglected, therihtes associated with twi, samples from two different paths.
can be shown that the false-alarm probability atiileincor- - consequently, the overall miss probability of the serial search

rect state can be written as mode can be expressed as
OéIP(Yn>h) P]\4(2L+1)
=PV >h)+PYn2> WPV <h,V, <h, =E{P(Yi=(Vo+V}) <hYo=(V}+V))<h
Y,>h+P(V,o<hY,1 <hV,<hY,>h). Y= (Vi + V&) < h,Yy= (Vi+V])
(37) <h ... Yo 1=V 5 +Vh ) <h

| | Yor = (Vii_y + Vi) <
Let us assume that the serial search acquisition process is a sta- 2% 2L—1 2L
tionary stochastic process. Then, we ha&@,_, > h) = Yory1 = (Vi + Vo) <h)} (43)
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whereV), represents ai/y sample, while the othe{rVij} vari-  where fy1 (y| Hi, Hy) is given by (25), whileS is given by
ables in the above equation represéht samplesY»;_; = (31). The unconditional detection probability can be similarly
VZ , + V4, _, represents the sum of twi; samples from the computed from (65) of the Appendix by settipg= 2,p =
(i—1)th andith paths,Ys; = V4, | + V3, represents twdd; 1,02 = S3 andb* = &', which results in

samples from théth path, andZ[ - ] represents the average over oo matl (hym=nti
the fading parameters. Pp, = Z Z
However, for the search mode using joint two-cell detection, b (m— - 1)l2m et
due to the correlation between two adjacent decision vari- exp(—h'/2) )
ables, i.e., betweel; ; andYs;, it is arduous to derive the : S (1+1/52)" % i=12,...,L. (48)

closed-form expression of the overall miss probability. Hence,

here we aim to derive its lower and upper bound. The lowerIf V3; and V5% are two H; samples from two different
bound of the overall miss probability is derived by ignoringpaths, a scenario that corresponds to the third term of (44), then
the dependence between the two adjacent decision variabigg, detection probability conditioned en;, anda;;, can be

yielding expressed as
PJW(2L+1) PD2j+1(S/):/ fY22j+l(y|H17Hl)dy:QQ(Slv\/H)
>E{P(Y1=(Vo+ V) <h)} h
L (49)
X HE {P(Yoi = (Va,_1 + V3;) < h)} wherefyz (y|Hy, Hi)is given by (25), whileS” is given by
=1
L1 . o?, +af
. . +1 ’_ . 1l 1l
AT (o= (2 052) <) cos T e
= . . . .
x E{P (Yor41= (Vi1 + Vo) <h)} (44) Sinceay;, anday;, are two i.i.d. Rayleigh random variables,

the pdf of S’ can be derived using (63) of the Appendix with
where the terms taking the form @#[P(Y; < h)] represent ; — 2, which can be expressed as

the related average miss probabilities of the correct states. The 03 9

relevantterms in (44) can be obtained by determining the related Fi(s) = = eXp( 52> Cs>o0. (51)
detection probabilities first as follows. ¥, is anHy sample and S0 S5

Vit is anH; sample, which corresponds to the first term of (44), The unconditional detection probability can be obtained by
or converselyV; is an H; sample and/, is an Hy sample, averaging (49) using (51) in the valid rangestf which can also
which corresponds to the last term of (44), then the detectibm obtained from (65) of the Appendix by setting= 2,p =
probability conditioned on the fading amplitude; of path! 2,02 = S2/2, andb? = #’, yielding

can be expressed as o Ly
Pp,(S) = Pp,, . (5) Py, = nzonzo T
= | fv(y|Hy, Ho)dy = QS V) (45) o)
h . . S§(1+2/Sg)rn+27 gLy eeay .
where fy,(y| Hi, Ho) is given by (28), Q(a,b) repre- (52)
sents Marcum’s@ function defined by [18, Eq. (2-1-122)
1, ¥ = h/s? is the normalized threshold as we defined Consequently, with the aid of (46), (48), and (52), the overall
previously, ands is defined in (31). miss probability of the serial search mode using joint two-cell

The unconditional detection probability of stdbg or D2y y;  detection obeys

can be obtained by averaging (45) over the rang® afhich can > (1 B B L
be inferred from (65) of the Appendix by setting= 2,p = Pu(2L+1) 2 (1= Pp) (1~ Fp,,..) (1= Pp,)

1,0% = SZ/2, andb? = I/, yielding x (1= Pp,,,) S (33)
Pp, =Pp,, The upper bound of the overall miss probability for the joint
. . . 7—1
oo m+l (7 ym=n+1 exp(—=1'/2) two-cell detection can be ach|eved if we %t andV;._, in
= Z Z . Y51 of (43) equal to zero foi = 2,3,..., L, i.e.,

—n+ ]_ 1om—n SQ (1 + 2/52)m+1
(46)

m=0 n=0

Puy(2L+1) < E{P (V! <hYo=V{ + V5 <k

T ‘ VE<hY,=VE+VE<h. ..
Similarly, if V;. _, andV. are twoH,; samples from the same °. =V ; .
path, a situation that corresponds to the second term of (44), then Var 1 <h,Yar =Vap 3 + V51 < h)} :
the conditional detection probability for= 1,2, ..., L can be (54)

expressed as Note that (54) corresponds to the overall miss probability of the

p _ -~ (| He H ) dy — 55 /I search mode, where we assume that the delayed sample is set
D P (v | oy By dy QQ(\/_ ’\/T) to zero, when the “present” sample is due to different path of
(47) the delayed sample. Since on the right-hand side of (54) the

h
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(Vi | < h,Yo; =Vi, | + Vi, < h)termsfori=1,2,... L

. . IOglo(Tacq/ GT
are mutually independent, (54) can be written as

4=2046

2
7%
Py (2L +1) 75 1 G=128
7 4 Vo i
L Wi M=64
G
6.5 4 e
7 7 7 : N,
< E{P([/? 1<h,Y2i:([/2 1+[/2<)<h)} 6 K=10
—_ — T— T

=1 5.5 4 =3
P 5 : U=10
= [[ B{P(va < )} (55) ] pel
=1 3.5 A
where P(Y>; < h) is the probability that the decision variable ]l
Y2; does not exceed the thresholdoBinceYs; = Vi, +V5;, 24
whereVy, , andVy, represent twdd; samples from the same s, 0
2¢—1 2t S/\}O‘IS 2 k!
path, P(Y2; < h) can be expressed as R/c,;’? o 1520
D0 s s 10 cead
h @g)” 100 * rpres

1
P(Yo <h)= [ fy, (y|Hi,H)dy
0 Fig. 4. MAT versus SNR/chip and normalized threshbidpoerformance for

—1— 25 VH 56) the serial search scheme using conventional cell-by-cell detection computed
Q2(V2S,VI) (56)  from (4), (35), and (36).

wheref%zz_ (v| Hi, Hy) is given by (25), whileS is given by
(31). The corresponding unconditional detection miss proba-

- . . . . 10810(Tee/GT,
bility can be computed with the aid of (65) in the Appendix by 810(Tacy 0%
. . . i =
settingy = 2,p = 1,02 = 3, andb? = 1/, which results in 8 1 ) (t
7.5 A Y 1, K G=128
R
(m —n4+ ]_)lznl n4 6 - ey =
—0 n=0 : R,
m=un= 5.5 SIS L=3
; KSR
exp(—h'/2)
p 51 U=10
. (57) s
2 2ym+1 4.5 4 SIS =1
g — 35 A
for: =1,2,..., L. ]
Substituting (57) into (55), finally, the overall miss proba- 25 |
bility of the serial search scheme using joint two-cell detection 2 4
. . ~3
is given by O?Aﬁ" e
AR 20
R0 15
U (wym i g s S )
Py(L+1) < |1- E E [B)” 100 ypres
(= (m—n+1)l2mntt
m= n=

Fig. 5. MAT versus SNR/chip and normalized threshbidpoerformance for
(58) the serial search scheme using joint two-cell detection computed from (4), (42),
and (53).

exp(—h'/2)
S2(141/82)"*
Finally, the lower bound and upper bound MAT of the seri , Lo .
search mode using joint two-cell detection can be evaluated NR/chip, SNR pens chips, i.e., the energy over the integral

substituting (42) and (53) as well as (58) and the other relate\y;%II time (rp = M. s) to noise ratio, and the SNR/bit.

) igs. 4 and 5 show the normalized MAT performance
Egrr\ir:gsersstl;gi((jj). Let us now evaluate the performance of t\peersus the normalized threshold and the SNR/chip for the

serial search modes using conventional cell-by-cell detection
(Fig. 4) and joint two-cell detection (Fig. 5) (lower bound),
respectively. It is clear from Figs. 4 and 5 that an inappropriate
In this section, the MAT performance of the serial searathoice of the detection threshold can lead to severe increase
scheme using conventional cell-by-cell detection and joiof the MAT, but the sensitivity of the MAT to the threshold
two-cell detection was evaluated and compared. As an ajecreases as the SNR/chip increases. For any given SNR/chip
plication for the serial search using the above two detectionlue, there exists an optimal choice of the threshd]dvhich
schemes, we consider a periodic PN sequence of length 10@2&imizes the MAT. In addition, for any given normalized
Consequentlyy, which determines the length of the uncertaintthreshold’’, the MAT decreases as the SNR/chip increases,
region for the serial search mode, is 2046, since the seagsid finally reaches a residual value, which is essentially due to
step size ig../2. For convenience, we consider the normalizetthe false-alarm probability and the associated “penalty” time
MAT, which is derived from the MAT given by (4) divided by incurred before reverting back to the search mode. This value
the bit duration ofl’ = GT., when different overall miss prob- can be computed from (4) by settidgy,(\) = 0, resulting in
abilities and different false alarm probabilities are considerefi,., ~ (1 + K«)/2 - (g7p).
The associated parameters are shown at the top of the figuresn Fig. 6, we evaluate and compare the MAT versus SNR/chip
Note that three different SNRs are used in our analysis, namedgrformance of both conventional cell-by-cell detection and

VIII. N UMERICAL RESULTS AND COMPARISONS
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G=128; U=10; p=1; h’=15; q=2046; K=10; M=64 ; G=128;U=10;p=1;SNR/chip=-10dB;q=2046;K=10;M=64
1()6 LA L L N O Y O B = 10 A I L R ',‘ [‘:\:‘ I
sk Cell-by-cell - e
S N — L=1 o 5[ — L=t -
2N = e 1L=3
o IR N, e e L=3 (&} I L=5
0 En e L5 | & -
g ° )
e ] 210 E
o 2 %) C =
2 o S f :
g 10 E 7 & [ ]
= S A N R 18 ]
¢ I Lowerbound 1 B o 1
z L OWET boun 7] > 2
S 10E = = 10° F - Lower bound |
sE Upper bound ] - Joint two-cell ~ Upper bound ]
L _ 5 oo b by e L]
o 1 0 5 10 15 20 25
l02 v b v e b e b e e by threshold (h’)
-30 -25 -20 -15 . -10 -5 0 5
SNR/Chlp (dB) Fig. 7. MAT expressed in bit durations, i.&,= GT. versus the normalized

thresholdh’ performance for the serial search scheme using conventional
Fig. 6. MAT expressed in bit durations, i., = GT. versus SNR/chip cell-by-cell detection and joint two-cell detection computed from (4), (35),
performance for the serial search scheme using conventional cell-by-qgi), (42), (53), and (58).
detection and joint two-cell detection computed from (4), (35), (36), (42), (53),

and (58).
s G=128;p=1;h’=10;q=2046;K=10;M=64;L=3
10 F {I!K!ll[lil\lll!ll’lilz
s L[| —— SNR/chip=-15dB 1
joint two-cell detection parameterized with the number q_¢ I SNR/chip=-10dB i

T
i

resolvable paths. From the results we notice that for 100 2 r| ---- SNR/chip=-8dB Cell-by-cell
SNR/chip values, an increased number of resolvable patg 10° & i
can decrease the MAT. However, for high SNR/chip value -

a high number of resolvable paths increases the MAT abo £ >

the crossover zone nearl7 dB. If we assume that a practical ¥ 5 L g T o S
. s .. o B A B el

acquisition system operates at an average SNR/bit in the rar .

of 5-20 dB, which implies that the average SNR/chip is in th © 10

range of—16 to —1 dB, then it can be concluded that for this<¢ s

type of acquisition system a high number of resolvable patIE

Joint two-cell

T

Ltaaald

Lower bound

associated with severe dispersion will degrade the MAT pe 2r Upper bound ]
formance_Fromtheresu|t5,wefindthattheMATperformanc 102 N FEEES ENEWE FWEEE RS RS R NN NS R
of the joint two-cell detection is about an order of magnitud: 0 10 20 30 40 50 60 70 80 90 100

better than that of the conventional cell-by-cell detectior.. Number of users (U)

Moreover, the MAT performance of joint two-cell detection i%ig. 8. MAT expressed in bit durations, i.&, = GT. versus the number
more robust to the variation in the number of resolvable patbSuserst performance for the serial search scheme using conventional
for a given threshold and for a given SNR/chip than that of tisell-by-cell detection and joint two-cell detection computed from (4), (35),
: . (36), (42), (53), and (58).

conventional cell-by-cell detection.

Fig. 7 presents the MAT performance of the above two detec-
tion methods against the normalized threshidld=or any given  The effect of the number of active users on the MAT per-
number of resolvable paths at the BS, and for a given SNR/chiprmance of both conventional cell-by-cell detection and joint
there is an optimal choice of the threshaldwhich leads to the two-cell detection is shown in Fig. 8. As expected, the MAT
minimum MAT. At the optimal value of’, we notice that for the using both detection schemes increases when the number of ac-
conventional cell-by-cell detection or joint two-cell detectiornive users increases.
the MAT performance is improved, although not dramatically, Finally, in Figs. 9 and 10, we evaluate the effect of varying
when the number of resolvable paths increases. However, if the received power of the user-of-interest on the MAT perfor-
value of the threshold is set inappropriately, especially whennitance for both the conventional cell-by-cell detection and the
is set above its optimum value, the MAT will significantly in-joint two-cell detection schemes. The curves of Fig. 9 were com-
crease, as the number of resolvable paths increases. Howgweted against the SNR/chip value, while the curves of Fig. 10
as we noticed in Fig. 6, the MAT performance of joint two-cellvere computed against the number of active ugérg-rom
detection improves more significantly and becomes also madhe results, we observe that in the SNR/chip range froh®
robust to the number of resolvable paths in a wide range of ttee—1 dB, the MAT performance of both detection schemes
normalized threshold’ from about 7 to 25 than that of conven-was explicitly improved when we increased the power of the
tional cell-by-cell detection assuming a given number of resoluser-of-interest. Moreover, it can be seen that the MAT per-
able paths at the BS. formance of the joint two-cell detection is more robust to the
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s G=128; U=10; h’=10; q=2046; K=10; M=64; L=5 ~ 1yjss probability and the false-alarm probability has been
ST rEren e derived. The MAT performance of the serial search system
— p=10 using conventional cell-by-cell detection and that of using joint
"""""" p=l two-cell detection has been estimated and compared when a
- p=01 frequency-selective multipath fading channel is considered.
The analysis presented has utilized practical assumptions and
is applicable to the mobile-to-base-station link of a mobile
] DS-CDMA communication system using BPSK modulation.
The effects of multiple-access interference, the number of
resolvable paths, and the received power of the initial syn-
chronization user have been investigated. From the results,
we conclude that the MAT performance of the serial search
Upper bound Lower bound acquisition system using joint two-cell detection is more robust
to multiple-access interference, to the detection threshold, to
et bbb b b b L the number of resolvable paths, and to the received power of the
3025 20 Sl\_IiQS/chip_(lgB) -5 0 5 user-of-interest than that of conventionql cell-by-cell detec_tion.
Moreover, the MAT performance of joint two-cell detection
Fig. 9. MAT expressed in bit durations, i.€, = GT. versus SNR/chip 1S found to be better than that of conventional cell-by-cell
performance for the serial search scheme using conventional cell-by-ad#tection. This is because joint two-cell detection is capable of
de;ecggn and joint two-cell detection computed from (4), (35), (36), (42), (53éfficiently combine the energy of two adjacent correct phase
and (39). samples for making decisions. Our approach can be extended
; G=128:SNR /chip=-8dB;h’=15;q=2046:K=10;M=64;L=3 to using the sum of the adjacent Zamples f(_)r detection if we
L B L L B R UL L BULIULE assume thak resolvable paths can be obtained at the receiver,
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=10 which is the subject of our future research.
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In this Appendix, we evaluate the integral

O(0,b) = /0 0, Bpr(r) dr (59)

which is often invoked in the main body of this pap@r,(r, b)
is the generalized Marcu@-function, which is defined as [18]

MAT expressed in GT,
S

T T TTTTI

— Cell-by-cell
———- Joint two-cell | ]

2 PSR U U A O S T SIS B B VI S A B AT R A A

10 00 —1 2 .2

10 20 30 40 50 60 70 80 90 100 ) — (E)” A )
Number of users (U) Qu(r,b) /b A\ xp 2 Ly—a(re) de

60
Fig. 10. MAT expressed in bit durations, i.&, = GT. versus the number (60)
of usersU performance for the serial search scheme using conventional

cell-by-cell detection and joint two-cell detection computed from (4), (35)yherel, (x) is the ath order modified Bassel function of the
(36), (42), and (53) parameterized pythe ratio of the interfering user’'s power first kind defined as [18]

to that of the user-of-interest.

change of the power of the user-of-interest than that of the con- In(z) = Z ‘ ($/2)".+27, o 61)
ventional cell-by-cell detection. However, from a system ca- —ill(a+i+1) -

pacity point of view, increasing the power of the initial synchro-

nization users implies increasing the interference inflicted up@f (59) R is a random variable, which is defined as

the data transmission users, which consequently decreases the

capacity of the system. Hence, in DS-CDMA systems, an in- .

crease in the initial synchronization user’s transmitted power in R— Z X2 (62)
order to aid acquisition should consider the tradeoffs between m
the MAT and the system capacity.

m=1

where theX,,,m = 1,2,...,2p are statistically independent,
IX. CONCLUDING REMARKS identically distributed zero-mean Gaussian random variables.
A DS-CDMA serial search acquisition system using confFhe pdf of R is given by [18]
ventional cell-by-cell detection or joint two-cell detection has
been proposed and characterized. A generalized asymptotic r2p—L r?
. . . pR(T) = 5 S €XPl| —=— 5 r > 0 (63)
expression for computing the MAT in terms of the overall 20=152p(p — 1)! 202
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Assuming thaty is a positive integer and substituting (60), [11] U. Cheng, “Performance of a class of parallel spread-spectrum code
(61), and (63) into (59), we obtain the integral in the form of acquisition schemes in the presence of data modulatl&EE Trans.
Commun,.vol. 36, pp. 596-604, May 1988.
oo [12] E. S. Sourour and S. C. Gupta, “Direct-sequence spread-spectrum par-
o X N T allel acquisition in a fading mobile channelEEE Trans. Commun.
(o, ) —/ Qu(r, b)pr(r) di vol. 38, pp. 992-998, July 1990.
[13] ——, “Direct-sequence spread-spectrum parallel acquisition in nonse-
_ 1 lective and frequency-selective Rician fading chann@EE J. Select.
= u . 1) ( — 1)!22i+u+p*202p Areas (__‘,ommun.vol. 1_0, pp. ?35—544, Apr._l_9_92._ )
i=0 [14] R.R.RickandL.B. Milstein, “Parallel acquisition in mobile DS-CDMA
(02 + 1)7,2 systems,'IEEE Trans. Communvol. 45, pp. 1466-1476, Nov. 1997.
/ 2(Z+p) 1 p<—2—2> d [15] L. L. Yang and J. Simsa, “Performance evaluation of spread-spectrum
o

code acquisition system using four-state Markov proces®tas. IEEE
22 Symp. ISSSTA'9&un City, South Africa, Sept. 1998, pp. 848-852.
2(”'#) 1 exp< ) dz (64) [16] L.L.Yangand L. Hanzo, “Serial acquisition techniques for DS-CDMA
signals in frequency-selective multi-user mobile channels,Piac.
IEEE VTC'99 May 1999, pp. 2398-2402.

Upon evaluating the integrals of (64), we finally simplify the [17] A. J. Viterbi, CDMA: Principles of Spread Spectrum Communica-
tion. Reading, MA: Addison-Wesley, 1995.

'ntegral of (59) to [18] J. G. ProakisPigital Communications3rd ed. New York: McGraw-
Hill, 1995.
oo itp—1 b2)i+/i*j*1 [19] V. M. Jovanovic and E. S. Sousa, “Analysis of noncoherent correlation
Z Z in DS/BPSK spread spectrum acquisitiofFEE Trans. Communvol.
L Ty 1) itp—j—1 43, no. 2/3/4, pp. 565-573, Feb./Mar./Apr. 1995.
=0 j=0 [20] L. B. Milstein, T. S. Rappaport, and R. Barghouti, “Performance evalu-
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