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Abstract—In this paper, we investigate the issue of pseudo noise [7]-[15], respectively. A more general fading channel model,
(PN) code acquisition in single-carrier and multicarrier (MC) di-  which is often used in the literature for characterizing the fading

rect-sequence code-division multiple-access (DS-CDMA) systemsgatistics in a digital mobile-radio channel, is the Nakagami-

when the channel is modeled by frequency-selective Nakagami- distribution [16]. This model is versatile and often fits the
fading. The PN code acquisition performance of single-carrier and . : ) . . .
MC DS-CDMA systems is analyzed and compared when commu- experimental data generated in a variety of fading environ-

nicating over Nakagami-m fading channels under the hypothesis ments—including urban as well as indoor radio propagation
of multiple synchronous states H; cells) in the uncertainty re- channels at a higher confidence level—than the Rayleigh
gion of the PN code. In the context of MC DS-CDMA, the code and Rice distributions [17], [19]. Moreover, the Nakagami-

acquisition performance is evaluated, when the correlator outputs (istribution function models a continuous transition from a

of the subcarriers associated with the same phase of the local PN Rayleigh fading channel to a Gaussian channel by varying a
code replica are noncoherently combined by using equal gain com-

bining (EGC) or selection combining (SC) schemes. The perfor- single paramgter, _name;by, from one to infinity [161' Recently,
mance comparison of the above mentioned schemes shows that théhe Nakagami fading channel model has been widely employed
code acquisition performance of the MC DS-CDMA scheme, es- for the analysis of the error probability performance in wireless
pecially when using the EGC scheme, is more robust, than that of communication systems using different modulation schemes
single-carrier DS-CDMA schemes communicating over the mul- gnd with or without DS spreading [18]. However, in the
tipath Nakagami-m fading channels encountered. HOwever, our ., ot of initial synchronization, despite the above-mentioned
code acquisition performance comparison also shows that if the de- ) S

advantages provided by the Nakagami-distribution, the

tection threshold was set inappropriately, the performance might - ; .
be degraded, even if the channel fading becomes less severe. Nakagami fading channel model so far has not been invoked

. . _for the analysis of the initial synchronization performance of
Index Terms—Code acquisition, direct-sequence code-division y Y P

multiple-access, equal gain combining, multicarrier transmission, serial acqws_ltlon'-asasted CDMA sy;tems. .
Nakagami fading channel, selection combining. Our goal in t.hIS paper, thergf_o_re, is to quantify the perfqr-
mance of a serial search acquisition scheme over Nakagami-

fading channels, under the hypothesis that there are multiple
. INTRODUCTION synchronous stategi( cells) in the uncertainty region of the

SEUDO noise (PN) code synchronization is the necessdf! code [13]. Specifically, the acquisition performance of a
Pfirst step in the receiver of direct-sequence code divisigiftial search acquisition scheme is evaluated and compared
multiple-access (DS-CDMA) systems, since data demodufg! both single-carrier DS-CDMA systems and multicarrier
tion becomes possible only after code synchronization wis-CDMA (MC DS-CDMA) systems, since MC DS-CDMA
established. Code synchronization is usually achieved in tifgnsmission schemes have been proposed, in order to achieve
steps: code acquisition for coarse code alignment and cdHgher advantages in terms of bandwidth efficiency, frequency
phase tracking for fine alignment [1]. The focus of this paper fversity, reduced complexity parallel signal processing, and
on initial code acquisition. interference rejection capability in high data-rate transmissions

The code acquisition problem has attracted consideraf@l: [23]-[26]. The parallel code acquisition performance
research in recent years (see [2]-[15] and the referené¥sd MC DS-CDMA system has been investigated in [10],
therein). The performance of code acquisition systems H48en each subcarrier signal is modeled as nonfading or flat
been widely investigated over additive white Gaussian noi§&y!€igh fading, and with or without partial interference. In
(AWGN) channels [5]-[10] and frequency nonselective, # MC DS-CDMA system considered in [24], the transmitted

well as frequency-selective Rayleigh or Rician fading channél@ta bits are serial-to-parallel converted to a number of parallel
streams and each stream is transmitted on a separate subcatrrier,

as portrayed in Fig. 1. In contrast to the MC DS-CDMA
Manuscript received June 27, 2000; revised April 21, 2001 and February &heme considered in [10]—where each subcarrier's signal
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Symbol duration T, = UT; before serial-to-parallel conversion. The spreading sequence

o\ . cr(t) = D52 o cxjPr.(t — jTe) denotes the signature se-
gquence waveform of theth user, where;,; assumes values of
+1 or —1 with equal probability, whiler, (¢) is the rectangular
chip waveform, which is defined over the interjal T..).

b1

cos(27 fit + dr1)
Data

[

T, gg b ) 2 ) Let N = T,/T. be the spreading gain of the subcar-
L:J E . \r . 2> ? * rier signals in the generalized MC DS-CDMA system
3; 3 o cS2not + dis) @ and N; = T,/T.; be the spreading gain of a corresponding

A o . a(t) single-carrier DS-CDMA system, whelg; represents the chip
~ duration of the corresponding single-carrier DS-CDMA signal.

bir X U . . . ..
\’/ In the following analysis—for the sake of simplicity—we as-
sume that there exists no spectral overlap between the spectral

cos(27 fut + o) main-lobes of two adjacent subcarriers in the MC DS-CDMA

system. Moreover, we assume that each subcarrier signal
Fig. 1. The kth user's transmitter schematic for the generalized M%ccupies an equa| bandwidth and the total system bandwidth
DS-CDMA system. is evenly divided among th& number of subcarriers. Hence,

. _ ) _ . ..we have2/T., = U x 2/T.orT. = UT.; andN; = N,
since in many CDMA systems the transmitter aids the initigince 7. — 77,. Based on the above assumption, we can
acquisition by transmitting the phase-coded carrier signaker that both the MC and the corresponding single-carrier
without data modulation, consequently, in a MC DS-CDMAys_cpMmA system have the same information rate £f; and

scenario, the outputs of the noncoherent subcarrier correlatpfs same system bandwidth2)f7.;, which allows their direct

associated with the same phase of the local PN code rep'&ﬁnparison in the forthcoming discourse.

can be combined, as shown in [10]. Hence, in our analysis,ye assume that the channel betweenitthetransmitter and

as in [10], noncoherent equal gain combining (EGC) anfle corresponding receiver is a multipath Nakagamiading

selection combining (SC) schemes are investigated and thgibnnel [16], that the system suppakisisers and that all users

performance is compared to that of the equivalent single-carigf,e the same number of subcarriers, narbeljloreover, we

DS-CDMA scheme over frequency-selective Nakagami- 5ssyme that the first user is the one that requires initial synchro-

fading channels. _ _ _ nization, while the other users are synchronized and reached the
The remainder of this paper is organized as follows. Wata transmission stage. Furthermore, we assume that all users

Section II, the MC DS-CDMA system is analyzed as welhaye the same average received power. Consequently, ihen

as the Nakagamin fading channel model are described injgnals obeying the form of (1) are transmitted over the mul-

more detail. Section IIl describes the serial search acquigjsath Nakagamin fading channels, the received signal at the
tion scheme as well as the equation quantifying the meghse station can be expressed as

acquisition time. In Section IV, we analyze the statistics of
the decision variables associated with both the EGC and K U L=l 55 k)
SC schemes, while in Section V, we derive the overall migét) = Z Z Z Tl breu(t — Tht,, ) er(t — Tha, )

probability and the false alarm probability. Our numerical k=1u=11,=0
results and comparisons are outlined in Section VI, and finally, oS (27rfut + (p(l;)) +nlt) @)
our conclusions are offered in Section VII. e

where QDEZZ is due to the carrier modulation and the fading

channel, n(t) represents the AWGN with zero mean and

The transmitter schematic of ttigh user is shown in Fig. 1 double-sided power spectral density &% /2. Moreover, the
for the MC DS-CDMA system considered, which can be viewemiultipath attenuation«safﬁ) }in (2) are independent Nakagami
as the simplified transmitter schematic of the MC DS-CDMAandom variables with a 6robabi|ity density function (PDF) of
schemes studied in [20], [23]-[26]. For the MC DS-CDMA16] and [18]
system using serial-to-parallel conversion [23], [24], the trans-

Il. SYSTEM DESCRIPTION

mitted signal of usek can be expressed as p (041(53,) =M (afﬁi:m: QSL]Z)
U mym 2R~ mR?
2P — (= ik _
w0 = X bt o) @ MEmO=(5) Ty (") @

u=1

where P represents the transmitted power of the M&vhere_ F(%) d|_s the gamma f“hr?l‘"““?k”) [27]m_|s r’:he Nak-d
DS-CDMA signal, while {bgu(t)}, cx(t), {fu}, and {Gpu} agamism fa |nkg parameter, whilé2,;’ in (3) is the secon
represent the data stream, the DS spreading waveform, taement of th(,,l'}))- We assume a negative exponentially de-
subcarrier frequency set and the phase angles introducedaying multipath intensity profile (MIP) distribution given by
the carrier modulation process. The data stream’s wavefoﬁfﬁ) = Q,(u%)e—"lan > 0, whereQ,(u'B) is the average signal
bru(t) = Yoo bruPr,(t — iT,) consists of a sequencestrepngth corresponding to the first resolvable path aimslthe

of mutually independent rectangular pulses of duratioate of average power decay. For more detailed information
T, = UT, and of amplitude+1 or —1 with equal proba- concerning the Nakagami distribution, readers are referred to
bility, where T}, represents the bit duration of the binary datthe excellent contribution by Simon and Alouini [18].
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Non-coherent correlator for subcarrier f, | 21/7 whereq represents the total number of states in the uncertainty
region of the PN sequencEg, represents the false alarm prob-
. ability of an asynchronous staté/{ cell), while Jrp repre-
- Zo : : sents the “penalty time” associated with noticing that there is
——ﬂi)_—"{“”()”' H o }'— veification @ false alarm and with re-entering the search mode. Further-
SBeos(2mfut) ) Boe v more, Py () represents the overall miss probability of the search
rt | alt = iTe/2) Gl se 1AL mode, i.e., that of the event, when none of the correctly synchro-
V2sin(2nfut) N nized phases have been found during the tests over the whole un-
! Y L 7 J‘ . certainty region. Let us assume that fthere/m‘él cellls in the .
. total ofg number of states and that their corresponding detection
[__ _ , '/UQ probabilities are expressed@p, , Pp,. ..., Pp, }. Assuming
Non-coherent correlator for subcarrier fy |~/ —¢ that the test of each cell is an independent event, the overall miss
probability is defined as
L Local PN Synchroniza-
ii?;::f:‘_ tion logic A
Py(N) =[]0 - Po)). (5)
Fig. 2. Block diagram of generating the decision variaBle for the MC =1
DS-CDMA code-acquisition system. . . .
Having described the search and detection mode as well as
having given the equation quantifying the mean acquisition
[l. SERIAL SEARCH ACQUISITION time, let us now derive the statistics of the decision variables.
The block diagram of the serial search mode and the detec-
tion mode designed for the MC DS-CDMA system is shown in IV. DECISION VARIABLE STATISTICS

Fig. 2. The received signal is first down converted into in-phase 4 output variable of Fig. 2 matched to the subcarfiezan
() and quadrature (Q) components associated with each SHQ'expressed as

carrier. Let us assume that the search step siZg/is For each
subcarrier a pair of I-Q correlators perform correlation between 7. =72 1+ 72
the locally generated PN sequent¢e—iT,./2) and the | as well s em T s
as the Q baseband signals in Fig. 2, while integration takes place
over the interval dwell time ofp seconds. The outputs of the
I-Q correlators are then squared and summed, in order to gen-
erate the output variablg;,,, v = 1,2,...,U in Fig. 2.

We assume that the transmitter aids the initial synchroniza- +
tion by transmitting the phase-coded carrier signal without data
modulation at the commencement of each transmission. In the ©)
MC DS-CDMA acquisition scheme of Fig. 2, since all sub-

carriers employ the same spreading code, as shown in FigWﬂere": =1,2,3,...andv = 1,2,...,U, while M =7/
n integer. Let us assume that the pull-in range of the

and since we have assumed that no data modulation is impo?e 4 )
during the acquisition stage, the outputs of theoncoherent code tracking loop used i§-T./2,7./2). We assume that

subcarrier correlators seenin Fig. 2 and associatedWiththesaﬂ'ﬁgu'fs't'ozn h%S.tOCle{."ed'. V\/The;evgfp t%f th? t_referhe_ncef
phase of the local despreading code can be combined. Againlfﬁ?r in (2) and its estimatg,1./2 obey the relationship o

this contribution two noncoherent combining schemes—naméf U _"“StT“/.2| < T“./.Q’ while the PN sequence is not acquwec_i,
EGC and SC—uwill be investigated. L&t,i — 1,2, ... be the enever this condition does not hold. Then, upon assuming

output of the combiner of Fig. 2, which represents the decisict)tf'falt the Gaussian approximation of the multipath interference
variable. Let, in Fig. 2 be adecis,ion threshold. Then. the sear d that of the multiple access interference can be invoked, and

and detection mode can be described as follows. Whenever 'JeOW'”g the analysis OT [15], it can be shown that bdm‘?
decision variableZ; exceeds the threshold, the system as- and Z,,; can be approximated by Gaussian random variables

sumes that the corresponding delay of the locally generated BRYING means given by/(P/U)MT.[(3/4)au, €08 @ur, ]
sequence is the correct delay and proceeds to the verificatfii (P/UYMT[(3/4) o, (—sinpu, )] [15]—where
mode. Otherwise, iZ; does not exceel, the relative phase of the superscript ok = 1 is deleted—if af, cell is being
the locally generated PN sequence is readjusted, in order to Ifst€d, and zero, if @, cell is bgl)ng tested. Assuming that
date the decision variablé;, and the above process is repeatede MIP distribution given byQ2,,” is independent of the
Note that, the verification mode is usually used to confirm gubcarrier index: and of the user index, then, it can be
stronger decision concerning the correct delay assumed by 8f@wn that the variance for both..; and Z,,; can be ex-
search mode [1], an issue not analyzed in this paper. pressed as; = (PM?T?)/(U)[([a(Lp,n) —1]Q)/(3M) +
The generalized asymptotic equation for the mean acquisitiodd — 1)q(Ly,n)0)/(3M) + (1)/(2M~.)], whereg(Ly,,n)
time of serial search acquisition schemes has been given in [£3[1 — ¢ "%»)/(1 — e~ "), 7. = E./Nj is the signal-to-noise

and [15], which can be expressed as ratio (SNR) per chip (SNR/chip), and. = (PT.)/(U) =
PT,., is the chip energy, which remains constant for MC

— [14 Pyr(MN)](1+ JPra) DS-CDMA schemes using different values @f but having
Taca ™ 2[1 — Py (N)] (a7p) “) the same transmission rate
— Py .

2

/ O e Ben(t — T /23 cos(2m fut) dt}
0

2

MT.
/ r(t)er (t — iT./2)V/2 sin(2m £, t) dt]
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LetY;, = Z;./o2,u = 1,2,...,U be the normalized output where; F; () is the confluent hypergeometric function, which
of the uth subcarrier associated with tlith phase. It can be is defined as;Fi(a;b;z) =Y 7, ((a)ez®)/((b)kk!),b #
readily shown that conditioned en,;,, Y;,, becomes chi-square 0, -1, -2, ..., and(a), = a(a+1)(a+2) - - - (a+k—1),(a)o =
distributed [27] with two degrees of freedom, and its PDF can[28]. However,, Fi (a; b; ) for z >> 0 anda > b > 0 has

be expressed as a very high value—the case in our analysis—which may result
1 Y+ Yut in an overflow in the corresponding numerical computations,
fyiw (Y H1, Yat,) =5 exp <—' 7 > hence it is usually difficult to achieve sufficient accuracy for the
estimation of (13). This predicament can be resolved by sub-
+Io (V7,9),  y>0 (7)) stituting the relationship of Fy (a; b; ) = eZFy (b — a3 b; —x)
if a H, cell is being tested, where (8) and (9), shown 4£8] into (13), yielding
the bottom of the page hold. Note that, for single-carrier yU =1 exp (_ my )
DS-CDMA, M in the above equation should be replaced by f, (y|H,) = 2mtvee 1Y -
M; = MU, since in this caséf; = 7p/T.; = MU is the 2U(U — 1)1 (1 +7,.e~ e /2m)" ™
number of chips within the integral dwell time,. If a H, cell 5 el
is being tested x 1By (U1 =m); U ——< Y
g tested, then [27] " T i+ 29,07l
i) = e (<Y), w20 (o) y20 (5

which, for the cases considered in this paper, can be readily esti-
Since{a.u, } are independent random variables obeying thfiated using numerical approachdaurthermore, if a multipath

Nakagamim distribution of (3), then, with the aid of (3) it can Ray|e|gh fadmg channel model associated with= 1 is con-

be shown that the PDF of,;, defined in (8) can be expressedidered, theny F1(0; b; ) = 1 and (15) is reduced to

- fz.(ulHy) : v-1
m m—1 Z. y 1) = ry
m Yu MYul, ‘ 1\ = o—nlp\U
f(’Yul,,) = <_ —l > b €xXp <— %) s ’yulp Z 0. (U 1) (2 + Y€ ! )
e ) T xexp (———2 > 0. (16)
(11) exp 2+ Vce—"lp , y=0.
A. Equal Gain Combining B. Selection Combining

For the MC DS-CDMA system usinfy number of subcar- Fora MC DS-CDMA scheme using number of subcarriers
riers and EGC thé/ branches associated with the same phasad SC—where the subcarrier signal having the largest ampli-
of the local PN sequence are equally weighted and then addedle is selected for detection—the decision variable is defined
in order to form the decision variable. As shown in Fig. 2, as

Z,; can be expressed as Z; = max{Yi1, Vo, ..., Yir} (17)
o : L where{Y;,,u = 1,2,...,U} are independent identically dis-
Zi = Z Yiw, =12, (12) tributed (i.i.d.) random variables with the PDF characterized by

(7), ifa H, cell hypothesis is being tested, while by (10), iflg
The PDF ofZ; associated with &f; cell or a Hy cell can be cell hypothesis is being tested. Hence, fdi@cell the PDF of
readily derived following the philosophy of [22], which can beZ; in (17) can be expressed after a number of manipulations as

expressed as: U
fz.(y [/ fyv.. (z[Ho) dl’}
HY) = y" " exp (—y/2)
fZ'( | )_ U — Um y Yy v-1
2V(U = D1 +7.e 1 /2m) :EGXP( 2) [l—exp(—g)} , y>0.
Jee My
. e > (18)
X 1F1 <Um7 Ua 4m+ 2766_nlp> ) y =z 0

(13) 1Since(—n),,4+1 = 0, if n is a positive integer, therF,; (—n, b, z) isthe sum
of only a limited number of terms, which can be expressedas—n, b, z) =

_ 1 U-1 Y Sor_o ((—=n)rx®)/((b)k!). Therefore, ifm is a positive integer, (15) consists
fZ’ (y|H0) B 2U(U — 1)ly exp (_5) v y20 (14) of@ﬁg sum o;llmlted terms
2 . 2
PM?1? [%aulp cos cpulp] /U + PM*T1? [%aulp (—sin (pulp)] / U
Yul, = o2
_ ailp
=T Q—o 8
and

9 /1 1 -t
%—E<W[KQ(Lp:77)—1]+m> . 9
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By contrast, if aH; cell hypothesis is being tested, the PDF ofe associated withf{, cells. It can be readily shown that
Z,; of (17) can be expressed after a number of manipulationsexsch resolvable path will contribute twf; cells: if one
p y U occurred atry;, — (iestTc)/(2)] < (1c)/(2), then the other
fz,(y|H)=FE {d_ [/ Ty (x|H1,’yulp)dx} } one occurred afruy, — (iestTe)/(2) + (Te)/(2)] < (Te)/(2)
v Lo or at |ru, — (ienT2)/(2) — (T.)/(2)] < (T.)/(2). Let
U the number of cells corresponding to the transmitted PN
[/ E{fy..(x[Hy, v, } dl} sequence beg and the number of resolvable paths associated
y  With each subcarrier bé,,. Then, the total number of cells
Sy @ Hy, var, ) f (Yu, ) dva, dx] _ to be searched in thd,-tap dispersive fading channel is
U / (4(T.)/(2) + (L, — DVT.)/(T)/(2) = g+ 2(L, — 1), and
(19) the number ofH; cells is LpT./(T.)/(2) = 2L,, where
Upon substituting the PDFs of (7) and (11) into the above equaLP —1)T. represents the maximum delay-spread offiheap
tion, we obtain fading channels Bearing these in mind, let us now derive the
overall miss probability and the false alarm probability in the

d
T dy
d
T dy

Uexp|—5——2L—> context of both the EGC and SC schemes.
2mA45 e P U-1
fz.(y| Hy) = 2 (L1 7. 12m)" [1 —H(y)]
Ve m A. EGC
x 1 F (1 —m;1; _47662—_347”) , y >0, In order to derive the overall miss probability, the detection
m+2yee 20 probability of eachH; cell must be first obtained. For EGC the
(20) detection probability of & cell can be expressed as
where oo
m— my PDPZ/ pr(y|H1)dy7l :012>L -1 (23)
H(y) =2 ! eXP<—m> ' Jh l P P
oo n 7o\ " whereh represents the decision threshoRj) represents the
X Z Z (— CQm ) detection probability of thé/; cell associated with thith re-

solvable path, andz, (y|H1) is given by (13) or alternatively

m mAh=1 (1 —m)ny* 1) by (15). Upon substituting (15) into the above equation, it can
“\am + 7,7 nlk! be shown that
Furthermore, ifm = 1, it can be shown that{(y) = exp(_ mh__ )

exp(—(y)/(2+7.¢7"")), and (20) is reduced to Pp, = 2t
T (L4 F.e " 2m)

U y
) H = - _ oo U+n—1
Ja i) = o5 m eXp( 2+76e—’ﬂp> x> D ( %5 nl>

U-1
Y n=0 k=0
X 1—exp<—_—):| . y=20.
[ 24767 m (U - Um),h*
(22) 2m + 7 e~ nlk!
In this section, we have derived the statistics of the decision vaI

m IS a positive integer, we ha\& — Um)ym-v+1 = 0 and,
ables associated with both the EGC and SC schemes. With e X
aid of the PDFs derived in this section, in Section V, we derlve&efore (24) represents the sum of limit terms, which can be

the overall miss probability and the false alarm probability. expressed as

U(m—1)

(24)

mh
GXP(_ 2mt7,e 1 )
V. PROBABILITIES OF DETECTION AND FALSE ALARM Pp, = o
p

(1 +7 e~y /2m)V ")

The overall miss probability is given by (5), wher,,

represents the detection probability offf cell, which will (m DUgn-1 F,.e~me \ "

be derived in our forthcoming discourse, represents the X Z Z ( >

number of H; cells in the uncertainty region to be searched. ‘

We have assumed that the pull-in range of a code tracking-loop y < m > (U = Um),h* @5
is [-T./2,T./2) and the search step sizels/2. We further 2m + 7y, e~ n!k!

assume that &/; hit occurred, whenever the phase d'ﬁerencﬁurthermore ifn — 1, (25) can be further simplified to
between the incoming PN sequence and the locally gener-

ated PN sequence is within the pull-in range of the code h
tracking-loop. However, any other phase difference betwedr:, = eXp< 247, e—nz ) Z o p( 2+ 7.e nzp> .
the incoming PN sequence and the locally generated PN

sequence not following the above condition is assumed to (26)

2The average in (19), which is given by[™ f,. (2|Hi, v.1,) Since each resolvable path contributes tiip cells, as we
f(Yui, )dvur,, can be derived from (15) by settifi§ =S discussed previously [15], and since the average detection prob-
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ability in the context of these twH cells is the same, according Finally, the mean acquisition time of the serial search mode
to (5) the overall miss probability of EGC can be expressed dsr the MC DS-CDMA system using SC can be evaluated by
substituting (27) associated with (30), and (32) as well as the

L,—-1
9 B 2 other related parameters into (4).
Pri(2Ly) = IUO (1 PDIP) (27) So far, we have derived the equations required for computing

the mean acquisition time of the MC DS-CDMA scheme as-
wherePp, is given by (24), (25), or (26). sociated with EGC and SC. For the single-carrier DS-CDMA
Accordilﬁg to the search and detection mode, the falbenchmarker scheme, the mean acquisition time can also be
alarm probability associated with & cell is defined as computed from the corresponding equations of EGC or SC by
the probability of the event that the output decision variabkettingU = 1. Specifically, by settind/ = 1 in (24) or (30), it
corresponding to thél, cell exceeds the decision threshald, can be shown that the detection probability with respect to the

which can be expressed as l,th resolvable path can be expressed as
P, = exp (—Tih,l)
TA = fZi (y|H0)d’lJ (28) PD _ 2m+7 e nlp
Jh ip (1 +7 e_"]l /2m)m71
wherefz. (y|Hy) is given by (14). Upon substituting (14) into o=l
(28), the false alarm probability of EGC can be expressed as Z Z < Te )
U—1 L n=0 k=0 2m
R\ <= (h/2) k k
Pea = exp <__) (/2)" (29) m (L= m)uh
2 kZ:o i “\2m + 7y, e n!lk! (33)
Finally, the mean acquisition time of the serial search moa¢herel, = 0,1,..., L1 — 1, andL, represents the number of

for the MC DS-CDMA using EGC can be evaluated by substiesolvable paths of the single-carrier DS-CDMA signalsnlf
tuting (27) and (28) and the other related parameters into (4)is a positive integer, we have

mh
B. Selection Combining P exp (—m)
D pro
For SC the detection probability of&; cell can be also ex- Y (14 .e e f2m)"
pressed by (23) witlfz, (y|H:1) given by (20). Upon substi- m-1 n 5 e\ "
tuting (20) into (23), the detection probability @y, i, = Xy oy (— T )
0,1,...,L, — 1 can be expressed as n=0 k=0
k k
m ( Ynh
my . (34
_/oo Uexp (—m) X <2m _|_7ce—nlp> nk! ( )
Py 2(L 4 y.ee 2m)" Furthermore, ifin. = 1, we have
C= H) ™ (1o Y Y g Py = h 35
T dm o+ 2y D, = €Xp —m . (35)
(30)

The overall miss probability of single-carrier DS-CDMA is

However, it seems that there exists no closed-form formula faiven by (27) withPp, given by (33), (34), or (35), and with
the detection probability of (30), which can only be estimatel, in (27) replaced by.,. The false alarm probability of the
hence re|ying upon a numerical approach_ However, if= 1, Single—carrier DS-CDMA benchmarker scheme can be derived

with the aid of (22), we have from (29) or (32) by setting/ = 1, yielding

Pp, =1- [1 — exp <_+>] : Ppa = exp (—g) : (36)

2+7.e7
U . Finally, the mean acquisition time of the serial search mode for
1)k+1 , k. 31) the single-carrier DS-CDMA benchmarker can be evaluated by
exp o . (31)

k:l Fee substituting (27) associated with (33), and (36) as well as the

er related parameters into (4).
The overall miss probability for SC can be expressed as in (ZOH]Note that, for the same system bandwidth and the same trans-
with Pp,, given by (30) or (31) forn = 1.

The false alarm probability associated with the SC can be nitted energy per chip, since the bandwidth of the single-car-

. . . ~ fier DS-CDMA signal is a factor of/ higher, than that of the
furgr‘:‘;e((i;sir']rgo(%gz)g’)wxjgzé(bytﬁ%h%;/en by (18). Upon substi- subcarrier signals in the MC DS-CDMA system usirigsub-

carriers, the PN sequence chip duration of the single-carrier

1Y DS-CDMA signals,T.;, is a factor ofU lower, than that of
Ppa=1- [1 - &Xp ( )} the MC DS-CDMA signals, i.eJ.; = T./U. Hence, for a
U fading channel having a delay spreadi®f > T., the number

=3 (e <U> exp (_@) . (32) Ofresolvable pathd,,, of the single-carrier DS-CDMA signals

1 k 2 is at least a factor o/ higher, than the number of resolvable
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paths,L,, of the MC DS-CDMA signals. However, for a con- ~ L1=4, M=128, 7=0, K=1, h=10.
stant integral dwell timerp, as shown in Fig. 2, the energy ¢’ g7+
collected by the single-carrier DS-CDMA detector during the ; B

integral dwell time ofrp is a factor ofU higher, than that col- 10" E vy >l ,
lected by the MC DS-CDMA correlators, since the numbero_ | R
chips within the integral dwell time afp, for the single-carrier
DS-CDMA is a factor o/ higher, than that for MC DS-CDMA.
Bearing these relationships between the MC and single—carrig Uu=2 N
DS-CDMA systems in mind, let us now estimate and comparg 10* ¢ K
the code acquisition performance of the MC and single-carri¢E | U=4 |
DS-CDMA systems. E

bability
a
LL

Overal

VI. NUMERICAL RESULTS F \

In this section, the code acquisition performance of the single b
carrier and MC DS-CDMA systems were evaluated and con 10 5= o 6
pared in conjunction with EGC and SC. The performance con SNR/chip, 7., (dB)
parison between the single-carrier DS-CDMA system and the ()

MC DS-CDMA systems using different number of subcarriers L,=4, M,=128, n=0, K=1, h=10.

is based on the assumptions that these systems support the s
data rate and use the same total transmitted energy. In otl 2 _
words, the same data block is transmitted by the above CDM B
systems within the same time duration using the same amot 3
of energy. As an application for the serial search considered, vz 10? .
used a PN sequence of length 1023. Consequemntiyhich de- F
termined the length of the uncertainty region, was 2046, sin¢g 10” £
the search step size was assumed to be half of the chip durati & f
We have assumed that the integral dwell timg, was the same
for both the single-carrier and MC DS-CDMA systems, henc
itis convenient for us to consider the normalized mean acquiss ¢
tion time, which was derived from (4) divided by, . Allresults  © 10° ¢
were evaluated from (4), (25), (27), and (29) for EGC and fron B -
(4), (25), (30), and (32) for SC, while from (4), (25), (34), and '© F
(36) for single-carrier DS-CDMA. Note that, the system param i

0

abil

P

G110 F

all mis
=)
il

Y

107

eters were shown at the top of each figure. -15 -12 SN—%/ o -(61B 3 0
Fig. 3 shows the influence of the fading parameteand the chip, 7, (dB)
number of subcarrier§ on the overall miss probability for both (®)

the EGC [Fig. 3(a)] and the SC [Fig. 3(b)] schemes, where tﬁ]‘@. 3. |Overa_ll miss plrobabigty ver_SU_ts ége S1NR pg; ci'rtiﬁ,p&rf0£tnan§e4f0r
. : . - g — ey

;’;‘c;‘ijne; g:\”; n:e;F ?&V‘\"/‘gd,\‘l’oc;z%rfjlimr;?;z%zlf}‘/"‘dl':r:g*mR,lﬁ';"r;gg-sc”gMeAcscrﬂggqsees“svzﬁﬁng?# Ilflla(kagam?fggingozhainecl:é using: )

- ) . -2, and50..
sults, we observe that for both the EGC scheme of Fig. 3(a) and
for the SC arrangement of Fig. 3(b) assuming a sufficiently high . ) )
signal-to-noise ratio (SNR)/chip value, the overall miss prob&eSPect toU andm, in Fig. 4 there exists a crossover point
bility decreases, whem or U increases. However, the reducfor the curves associated with = 1,2, and50 for any given
tion of the overall miss probability for the EGC scheme due {u€ 0fU. It can be shown that for the threshold values to
increasingl/ is more significant, than that for the SC schemdhe left of the crossover point, the overall miss probability
As seen in Fig. 3(b), it is difficult to distinguish the curves fof€creases, when the channel fading becomes less severe, i.e.,
U = 1,2,4, when the SNR/chip is lower than8 dB. By con- when increasing the value of. However, for threshold values

trast, for the EGC scheme of Fig. 3(a), we can obtain at ledgithe right of the crossover point, the overall miss probability
2-dB gain over the whole range considered, wiida increased increases, when the channel fading becomes less severe. From
from one to two, or from two to four, respectively. the results we notice furthermore that, for the EGC scheme, the

In Fig. 4, we evaluated and compared the overall miS&0SSOVer point moves to the right, when increasing the number
probability versus the threshold performance of both tf Subcarriers combined, while for the SC scheme the crossover
single-carrier and MC DS-CDMA systems for the Rayleigﬁ'o'nt cr_langes |n_S|gn|f|cantIy, when changing the number of
fading, Rician fading and near-AWGN channels. As expectegiocarriers combined.
the overall miss probability of both EGC and SC increases forFig. 5 shows the mean acquisition time performance versus
a given value ot/ and for a given value of., as the threshold, the threshold~. and the SNR/chip for the EGC scheme
h, increases. In addition to our observations in Fig. 3 witfirig. 5(a)] and for the SC scheme [Fig. 5(b)], respectively.
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. . . Fig. 5. Mean acquisition time versus the SNR per chig, and versus the
Fig. 4. Overall miss probability versus the threshdidperformance for the threshold,h, performance for the serial search acquisition of MIC = 4)

single-carrier serial search acquisititii = 1) and for the MC(U = 2,4)  pg.cDMA over multipath Rayleighim = 1) fading channels.
DS-CDMA schemes over multipath Nakagamifading channels using: =

1,2, and50.
for a given value ofn, there is an optimal choice of the threshold

It is clear from Fig. 5(a) and Fig. 5(b) that an inappropriat&, which leads to the minimum mean acquisition time. At the
choice of the detection threshold can lead to severe in- optimal value ofh, we notice that for the EGC scheme using
crease of the mean acquisition time, but the sensitivity 6f = 1 the mean acquisition time performance is degraded,
the mean acquisition time to the threshold decreases, as wien increasing the value af, while for the EGC scheme
SNR/chip increases. For any given SNR/chip value there existsing U = 2,4 and the optimum threshold, the mean acqui-
an optimal choice of the threshold, which minimizes the sition time performance is slightly improved, when increasing
mean acquisition time. In addition, for any given thresholthe value ofm. However, for the SC scheme and for any given
h, the mean acquisition time decreases, as the SNR/cbipthe mean acquisition time performance at the optimal value
increases, and finally can reach a residual value, which déh is degraded slightly, when increasing the valuerofFur-
essentially due to the “penalty time” associated with switchirthermore, if the value of the threshold is set inappropriately, the
back to the search mode after a false alarm. This value aaean acquisition time will significantly increase, which is fur-
be computed from (4) by setting,;(A\) = 0, resulting in ther aggravated upon increasing the valuendfor h-values in
Tocqg = (L+JPrpa)/(2) - (¢7D)- excess of the optimum. Taking the EGC scheme of Fig. 6(a) as

Fig. 6 presents the mean acquisition time performance af example, this observation can be explained with the aid of (4),
the EGC [Fig. 6(a)] and SC [Fig. 6(b)] schemes against tt{29), and Fig. 4(a) as follows. According to (29), the false alarm
thresholdh. For any given number of subcarriers combined amatobability is a constant for a given value fofand for a given
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(b) Fig. 7. Mean acquisition time versus the threshadldperformance for the

serial search acquisiton M/ = 2) DS-CDMA schemes over multipath
Fig. 6. Mean acquisition time versus the threshdidperformance for the Nakagamim fading channels using. = 1, 5 and the MIP decaying parameters
single-carrier serial search acquisitigii = 1) and for the MC(U = 2,4) of#y = 0,0.2,0.4,0.6,0.8,1.
DS-CDMA schemes over multipath Nakagamifading channels using: =
1,5.

the overall miss probability appears in the form(oft- Py, (\))
value ofU. Moreover, for the given values df Pp 4, q, andrp, and(1 — Py())), the reduction ofPy,(A) due to increasing
it can be shown from (4) that the mean acquisition time depenashas little influence on these terms. Hence, the improvement
only on the overall miss probability?,, (). The mean acqui- of the mean acquisition time performance due to increasing
sition time increases, as the overall miss probability increases.is insignificant, as shown in Fig. 6(a). However, threshold
According to Fig. 4(a), for any given value 6f, there exists values higher than the crossover point may have significant in-
a crossover point, above which the overall miss probability ifluence on the terms dft + Py (X)) and(1 — Py (X)), since
creases, when increasing the valuergfand below which the in this range the overall miss probability is higher thiar?!.
overall miss probability decreases upon increasingespec- Consequently, in thig-range, we observe that the mean acqui-
tively. Consequently, for a given value bf, if the threshold is sition time increases significantly, when increasing the value
set lower than the crossover point, the mean acquisition tirmeém. However, as we noticed in the context of Fig. 6(a), the
will decrease, when the value of increases. Conversely, if themean acquisition time performance of the EGC scheme is im-
threshold is set higher than the crossover point, the mean acquioved significantly and becomes more robust to the threshold
sition time will increase, when the valuesefincreases. Further- for values in excess of the optimum, when more subcarrier sig-
more, according to Fig. 4(a), since the crossover point occurneals are combined. However, in contrast to the EGC scheme, for
at around the overall miss probability ad~' and since in (4) the SC scheme the improvement of the mean acquisition time
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L=4, M=128, n=0, h=10, SNR/chip=0dB. Again, as shown in Fig. 3 for MC DS-CDMA using the EGC
10° fr—————————————————————————  SCheme, which is characterized in Fig. 8(a), the overall miss

3 1  probability decreases significantly upon increasing the number
of subcarrier signals combined. However, for MC DS-CDMA
using the SC scheme, which is characterized in Fig. 8(b), the
improvement due to increasifigis much less significant, than
that for the EGC scheme.

VII. CONCLUSION

In summary, in this contribution the code acquisition perfor-
mance of single-carrier and MC DS-CDMA systems has been
investigated and compared with various Nakagaifading
channels under the hypothesis of multiple synchronous states
F e (H; cells) inthe uncertainty region of the PN code. The acquisi-
P I O Y S T R L e e tion performance of the MC DS-CDMA system was evaluated,

0 10 N 20 30 40 >0 when the correlator outputs of the subcarriers associated with

umber of users (K) .
the same phase of the local PN code replica were noncoherently
@) combined using both EGC and SC schemes. We have studied the
L;=4, M;=128, n=0, h=10, SNR/chip=0dB. effects of the threshold, the SNR per chip, that of the fading pa-
T —— rametenn, the number of subcarriers, the average power decay

3 ] rate as well as that of the multiuser interference on the code ac-
) quisition performance of single-carrier DS-CDMA and that of
10 7 MC DS-CDMA systems associated with EGC and SC. From

' 1 theresults we conclude that, if the detection threshold is set in-
4 appropriately, the code acquisition performance might be de-
i graded significantly, as the channel quality quantified in terms
of m becomes better. In Nakagamifading channels, the code
m=1 i acquisition performance of aMC DS-CDMA system using EGC
improves significantly, as the number of subcarrier signals com-
bined increases. By contrast, the code acquisition performance
U=l |1 of the equivalent MC DS-CDMA system using SC improves
--------- U=2 |4 only insignificantly and becomes similar to that of the corre-
U=4 |1 sponding single-carrier DS-CDMA system, when increasing the
e v v —T———>1 number of subcarriers. Furthermore, the code acquisition per-
10 Nué?ber of ugeri(’(K) 40 50 formance of a MC DS-CDMA system using EGC is better than
e that of a MC DS-CDMA system using SC. It was found that
() the code acquisition performance of a MC DS-CDMA system

Fig. 8. Overall miss probability versus the number( of active uséfs, using EGC becomes more robust to the detection threshold, as
performance for the single-carrier serial search acquisitién= 1) and for ; ;

the MC(U = 2,4) DS-CDMA schemes over multipath Nakagamifading the number of subcarriers increases.

channels usingn = 1,2, 50.

Overall miss probability

&~
[
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m=2

Overall miss probability
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