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Serial Acquisition of DS-CDMA Signals in Multipath
Fading Mobile Channels
Lie-Liang Yang, Member, IEEE, and Lajos Hanzo, Senior Member, IEEE

Abstract—This paper compares the mean acquisition time
(MAT) performance of two serial search acquisition schemes over
frequency-selective multipath Rayleigh fading channels. Both the
conventional cell-by-cell detection and the novel joint two-cell detection are characterized. In contrast to the majority of published
results considering only one correct timing state ( 1 cell) in the
uncertainty region of the pseudonoise (PN) sequence, this paper
analyzes the MAT performance of the serial search acquisition
schemes with multiple timing states in the uncertainty region.
The MAT performance comparison between the conventional
cell-by-cell detection and the joint two-cell detection shows that
the latter can achieve an improved acquisition performance at
almost the same complexity.
Index Terms—Acquisition, direct-sequence code-division multiple-access, mean acquisition time, multipath fading channel,
pseudonoise.

I. INTRODUCTION

P

SEUDONOISE (PN) code synchronization is the necessary first step in the receiver of direct-sequence
code-division multiple-access (DS-CDMA) systems, since data
demodulation becomes possible only after the code synchronization is performed. Code synchronization is usually achieved
in two steps: 1) acquisition for coarse code alignment and 2)
tracking for fine alignment [1]. Acquisition methods can be
broadly classified as serial search methods [2]–[9] and parallel
search methods [3], [10]–[14], which have been extensively
treated in the literature. In a serial search scheme, each possible
code phase of a given roster position in the uncertainty region
is tested one at a time, while in a parallel search strategy, many,
if not all, of the possible code phases are tested simultaneously.
The focus of this paper is on serial search acquisition.
In a practical PN sequence acquisition system, usually there
cells) in the uncertainty reexist multiple in-phase states (
gion, since the search step size is usually lower than the chip duration and the dispersive fading-induced delay spread is higher
than the chip duration of the PN sequence. However, despite the
cells in almost any practical PN code
existence of multiple
acquisition system, the majority of published results concerning
the mean acquisition time (MAT) have been derived from the
cell in the uncerassumption that there is one and only one
tainty region [1]–[7], [9]–[14]. The performance of the acquisi-
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tion system with multiple
cells has received comparatively
little attention in the literature.
Hence, our goal in this paper is to quantify the performance
of serial search acquisition systems under the hypothesis that
cells in the uncertainty region of the PN
there are multiple
sequence. Specifically, we assume that the search step size is
2, where is the chip duration. Hence, each resolvable path
cells. The acquisition
of the received signal contributes two
-cell
process of the serial search mode under the multiple
hypothesis can be described using the so-called equivalent circular state diagram [2], [4], [17], which will be detailed in the
context of Fig. 2. By extending the result of [17] in this paper,
a generalized equation is derived for computing the MAT of a
-cell hypothesis. In
serial search system under the multiple
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 detection [15], [16], in which two adjacent cells are tested jointly.
The MAT performance of the serial search scheme using both
of the above detection approaches is investigated over a frequency-selective multipath Rayleigh fading medium. Note that
the analysis presented is applicable to the mobile-to-base station
link of a DS-CDMA system utilizing binary phase-shift keying
(BPSK) spreading.
The remainder of this paper is organized as follows. In Section II, we describe the search and detection modes proposed.
Then, the asymptotic MAT is derived in Section III. The system
and channel models are given in Sections IV and V. In Section VI, the test statistics of the decision variables are analyzed,
while in Section VII we derive the overall miss probability and
the false alarm probability, which are defined in Section III. Numerical results are given in Section VIII. Our concluding remarks are given in Section IX. Let us now consider the search
and detection modes concerned in this paper.
II. SEARCH AND DETECTION MODES
The block diagram of the serial search mode and the detection
mode is shown in Fig. 1. The received signal is first down-conand quadrature
components. Two
verted into in-phase
- correlators perform correlation between the locally gener2 and the as well as the baseband
ated PN code
signals in Fig. 1. This product is integrated over the interval of
s, where
represents the integral dwell time and
is an integer. The outputs of the - correlators are then
squared and summed to give an output variable, which is dein Fig. 1.
noted by
In this paper, two detection modes having a similar implementation complexity will be characterized. The first is the con-
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Fig. 1.
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Acquisition block diagram.

ventional cell-by-cell detection scheme [2], in which the cells
in the uncertainty region are searched and tested cell by cell independently. The generation of the decision variable is indicated by the continuous line in Fig. 1, which is expressed as
. The second detection mode is the so-called joint two-cell detection scheme [15], in which the search and detection block diagram includes both the continuous and dashed lines in Fig. 1.
The statistics of the final decision variable are now given by
the sum of two adjacent output variables, expressed as
. However, if the search mode detects a false alarm
, the term
in the decision variduring the detection of
is set to zero. Let in Fig. 1 be a decision threshold.
able
Then, the search and detection mode can be described as follows. Whenever the decision variable exceeds the threshold
, the system assumes that the corresponding delay of the locally generated PN sequence is the correct delay and proceeds
does not exceed ,
to the verification mode. Otherwise, if
the relative phase of the locally generated PN sequence is readjusted in order to update the decision variable , and the above
process is repeated. Note that the verification mode is usually
used to confirm a stronger decision concerning the correct delay
assumed by the search mode [10], an issue not analyzed in this
paper.
Since each cell is classified as one of the two states—corand incorrect phase of
, the first
rect phase (in-phase) of
search mode with conventional cell-by-cell detection can be described as a two-state Markov process [5] owing to each decision variable being decided by one cell. The second search mode
with joint two-cell detection can be described as a four-state
random Markov process [15] owing to the final decision variable now being decided by two cells. Let us now derive a generalized equation for computing the MAT of the above schemes.
III. ASYMPTOTIC MEAN ACQUISITION TIME
Holmes and Chen [5], as well as Polydoros and Weber [2],
have given the equations for computing the MAT of a serial
search code acquisition system in both exact and asymptotic
-cell and double
-cell hypotheses
forms under the single
in the uncertainty region. However, due to the finite search step

Fig. 2. Equivalent circular state diagram for a serial search code-acquisition
system with multiple timing hypotheses.

size and due to receiving multiple delayed replicas of the transmitted PN sequences in a dispersive multipath fading environment, the actual situation is that there may exist more than two
-cell hypothesis. Therestates, hence satisfying the multiple
fore, in this section, we extend the result of [17] in order to derive a generalized asymptotic equation for the MAT, which includes the asymptotic expressions of [2], [5] as special cases.
The equivalent circular state diagram of [17] can be adapted
for a serial search code acquisition system relying on the mul-cell hypothesis, which is redrawn in Fig. 2.
is retiple
for notational convenience, where
and
placed by 1
represent the detection and miss probabilities of the th detec. In Fig. 2, nodes represent states,
tion, leading to
labeled branches between two nodes represent state transitions,
indicates the unit-delay operator, and the power of represents
the time delay. Let us assume that there are a total of states,
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which includes
cells and
cells. Let represent
cell, i.e., the
the false-alarm probability associated with an
cell provides a correlator output in excess
probability that an
of , hence resulting in an incorrect hypothesis and leading to
represent the “penalty
an unsynchronized condition. Let
time” associated with noticing that there is a false alarm and
with reentering the search mode. Then, following the philosophy of [17] and assuming that we commence the search anywhere outside the correct states, the transfer function assuming
equal prior probability of each state can be expressed as

and second
cells, respectively. Upon substituting these conditions into (4), the asymptotic MAT for a serial search acquisicells can be expressed as
tion system having two
(5)
which represents the asymptotic result given in [2, eq. (20)],
cells over the entire
when uniform distribution of the two
uncertainty region is assumed.
IV. THE TRANSMITTED SIGNALS

(1)

and
include all paths leading to successful
where
and
can be
detection or miss, respectively. In (1),
expressed as

with

Let
, which represents the overall miss probability of a search over the full uncertainty region. Then
in (1) is given by
. The MAT can be expressed as (2) [5], shown at the bottom of the page.
,
In order to obtain the asymptotic form of the MAT for
we divide both sides of (2) by the total number of states and
, yielding
then compute its limit with respect to

(3)
Consequently, if the total number of states is significantly
cells, i.e.,
, then the MAT
higher than the number of
can be approximated by

(4)
Equation (4) is a generalized expression for computing the
asymptotic MAT of the serial search acquisition system with
cells. For example, when there
single or multiple adjacent
cells in the uncertainty region, then the overall miss
are two
, where
probability of
and
represent the detection probabilities of the first

The communication model under consideration consists of
simultaneous transmitters, which includes
data transmission users (who have finished acquisition) and one initial
synchronization user [whose PN sequence is being acquired by
the base station (BS)]. We assume that the first user is the initial synchronization user, whose performance is to be evaluated. Each user is assigned a unique CDMA sequence, which
spreads the data sequence. Again, in this contribution, random
are considered.
sequences having a common chip rate of 1
, and 1
is the
The processing gain is given by
denote a binary
seinformation bit rate. Let
assumes values of 1 and 1 with equal
quence, where
denote
probability, and let
for
the spreading sequence of the th user, where
and zero otherwise. The data waveform
consists of a sequence of mutually independent rectangular pulses of duration and of amplitudes
1 or 1 with equal probability.
The transmitted signal for the th user is expressed as
(6)
where
transmitted power of the th signal;
common carrier frequency;
phase introduced by the th modulator, which is modeled as a random variable uniformly distributed over
[0,2 ).
In many DS-CDMA systems [2]–[10], the transmitter aids the
initial synchronization by transmitting the phase-coded carrier
signal without data modulation at the beginning of each transmission. Hence, in our analysis, we assume for simplicity that
no data modulation is imposed on the initial synchronization
signals.
V. THE CHANNEL MODEL
A widely accepted model for a frequency-selective multipath
fading channel is a finite-length tapped delay line with a tap

(2)
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Fig. 3. Tapped delay line model of the frequency-selective channel.

spacing of one chip [18], as shown in Fig. 3, where the tap
are assumed to be independent identically disweights
tributed (i.i.d.) Rayleigh random variables with a probability
density function (pdf) given by [18]

the context of the noncoherent acquisition system over a frequency-selective multipath Rayleigh fading channel. In deriving
the expressions of the statistics, we adopt the following assumptions.
1) The search step size is
2.
2) All samples are independent.
such that the mean value of the correlation
3)
between the received and the locally generated PN sequences is zero when they are out of phase.
4) The self-interference of the desired signal due to multipath transmission and the multiple-access interference in1 data transmission users can be modflicted by the
eled as additive Gaussian noise.
Referring to Fig. 1, the correlator output of the in-phase
gives the desired signal component, the multiple-acbranch
of (8).
cess interference, and the Gaussian noise from
can be expressed as

(7)
, and the phases
are assumed i.i.d.
where
random variables uniformly distributed in [0,2 ). Furthermore,
we assume that the fading amplitude is constant during an observation interval but changes from one interval to another independently. Then, when signals in the form of (6) are transmitted
over the multipath Rayleigh fading channels of Fig. 3, the received signal can be expressed as

(9)
is the signal component due to the user-of-interest,
where
which represents the desired signal component or the self-interference depending on whether the received and the locally
can
generated PN sequences are in-phase or out of phase.
be expressed as

(8)

(10)

is the relative time delay associated with an asynwhere
chronous transmission scheme;
represents the i.i.d. random variables uniformly distributed in
represents the additive white Gaussian noise
[0,2 ); and
2.
(AWGN) with a double-sided power spectral density of
1 interfering users are engaged in data
Note that since the
transmission, we assume that their signals are ideally powercontrolled and the average received power of each interfering
signal is expressed as . However, for the initial synchronization user, it is unrealistic to invoke near-ideal power control before successful code acquisition. It can only rely on open-loop
power control according to the estimation of the channel state.
Hence, the average received power of the initial synchronization
user at the BS is usually different from that of the data transmis.
sion users. This power is expressed in (8) as

, where was defined in (8)
if
]. In
and is a random variable uniformly distributed in [
represents the partial autocorrelation function
(10),
defined as

VI. TEST STATISTICS OF THE DECISION VARIABLE
In this section, we derive the statistics of the decision variables for the serial search acquisition system using either conventional cell-by-cell detection or joint two-cell detection in

(11)

Note that since a noncoherent acquisition system can acquire
1
only one path of the multipath signal at any time, the other
path signals of the reference user inflict self-interference to the
in-phase path. Moreover, if the locally generated sequence is
out of phase with any of the path signals of the reference
user, all path signals of the user-of-interest constitute selfinterference.
Since random sequences are assigned for all users of the
system, random data modulation does not change the statistics of the random sequences. Consequently, assuming that
, where
is a uniformly
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distributed random variable over [0, ), the multiple-access
can be expressed as
interference term

Finally, the thermal noise term given by (14) is a Gaussian
random variable with zero mean and variance
(18)

(12)
and
represents the partial cross
where
correlation between the sequence of the th user and the locally
generated sequence, which is defined as

represents the signal-to-noise ratio
where
(SNR) per chip, that is, the SNR/chip.
cell is being tested, acConsequently, assuming that an
can be expressed
cording to (9) the normalized variance of
as
(19)

Var
(13)
Finally, the noise term
can be expressed as

due to the presence of the AWGN

(14)
can be
The correlator output of the quadrature branch
by
obtained from the in-phase component if we replace
in (10) and (12) and replace
by
in (14).
A. Gaussian Approximation

cell is being tested, all paths from the
If we assume that an
user-of-interest constitute interference, and consequently, the
can be computed by (19) if we replace the ( 1)
variance of
term by . However, we assume for simplicity that the variance
under the
hypothesis is the same as that given by (19).
of
can also
The statistics of the quadrature-phase component
be obtained according to the above method, resulting in
(20)
and the normalized variance of

is Var

Var

.

B. Conditional Probability Density Function

Recall that the spreading sequences of the system are modeled as random binary sequences of equiprobable 1 s. Thereand
are asympfore, it can be shown that the terms of
totically Gaussian due to the central limit theorem [19], [20] as
the number of users increases. In our analysis, we employ the
Gaussian approximation and model the self-interference due to
multipath dispersion of the user-of-interest, the multiple-access
1 data transmission users, and the
interference due to the
thermal noise as additive Gaussian noise. Consequently, in (10),
and is uniformly distributed in [0, 2] as well as if
if
and is uniformly distributed in
2
, two adjacells associated with one resolvable path are obtained.
cent
cells in terms of
The mean value corresponding to these two
can be expressed as [15]
(15)
, then
represents the self-interferOtherwise, if
ence, which can be approximated as a Gaussian random variable
with zero mean and variance expressed as
(16)
.
where
The multiple-access interference term, due to the th interfering user given by (12), can be approximated as a Gaussian
random variable with zero mean and variance of
(17)

We have derived the statistics of the correlator’s outputs,
and , for the in-phase branch and the quadrature branch,
respectively, which are approximately Gaussian random processes. Hence, for the conventional cell-by-cell detection, the
represents either an
decision variable
state or an
state. Given the Gaussian nature of
and ,
constitutes an
sample, then , for
and assuming that
, obeys the noncentral chi-square distribution with
a given
two degrees of freedom. Its pdf can be expressed according to
[18, Eq. (2-1-121)] as

(21)
where

(22)
is the zeroth-order modified Bessel function of the first
is the normalized noncentral
kind defined in [18], and
metric, given by

(23)
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When
constitutes an
sample,
is central chi-square
distributed with two degrees of freedom. Its pdf can be expressed according to [18, eq. (2-1-110)] as
(24)
For the search mode using joint two-cell detection, we have
. Hence,
has four states, namely,
and
. Consequently, when
and
constitute two
samples from the same multipath component,
independent
obeys the noncentral chi-square distribution with four
degrees of freedom. Its pdf can be expressed according to
[18, eq. (2-1-121)] as

(25)
is the first-order modified Bessel function of the first
where
is contributed by two
kind and the noncentral parameter 2
samples from the same path, where
is given by (23).
and
constitute two independent
samples from
If
two different propagation paths, the pdf of can be expressed
according to [18, Eq. (2-1-121)] as

Above, we have derived the statistics of the decision variables
under different hypotheses. Let us now derive the overall miss
probability and the false-alarm probability.
VII. MISS PROBABILITY AND FALSE-ALARM PROBABILITY
In this section, we first derive the overall miss probability for
the serial search in conjunction with conventional cell-by-cell
detection or joint two-cell detection under the condition of given
instantaneous fading attenuation of the dispersive paths, namely,
. Then, the average probabilities are defor
rived by averaging the corresponding conditional probabilities
. Let us first conover the dynamic range of
sider the conventional cell-by-cell detection.
A. Conventional Cell-by-Cell Detection
cell asFor the conventional cell-by-cell detection, each
sociated with different propagation paths has the same statiscell related to different paths has
tics, and similarly, each
the same statistics. Their statistics can be described by (21) and
cell
(24), respectively. Hence, the detection probability of an
is formulated as
for a certain value of
(30)
is given by (21). Furthermore,
where
is the normalized threshold,
represents
Marcum’s function as defined in [18, eq. (2-1-122)], and
(31)

(26)
where the noncentral parameter
pendent paths and given by

is contributed by two inde-

(27)
constitutes an
sample and an
sample, or
When
an
sample and an
sample, the pdf of
conversely,
can be computed by straightforward convolution of the pdfs
and , which results in
of

being the conditional SNR per path over the -chip
with
integration dwell time conditioned on the instantaneous fading
, where
is expressed as
parameter
(32)
is the average SNR per path over
chips.
and
given in (30) is conditioned
The detection probability
per path integrated over
chips, and conon the SNR of
,
sequently through (31) conditioned on the distribution of
representing the th fading diversity path amplitude. The (unsample can
conditional) average detection probability of an
be computed by averaging (30) over the range of . Since
is Rayleigh-distributed with its pdf given by (7), the pdf of in
(31) can be readily expressed with the aid of (7) as

(28)

(33)

and
constitute two
samFinally, assuming that
is the central chi-square distribution with
ples, the pdf of
four degrees of freedom, which can be expressed according to
[18, Eq. (2-1-110)] as

Finally, using the result of the Appendix, we can obtain the
sample by setting
average detection probability of an
and
in (65), resulting in

(29)

(34)
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We have assumed that the statistics of different propagation
paths of the desired signal are independent and that there are
paths, where each path is associated with two
cells. Hence,
the -path sequences of the user-of-interest presented to the receiver can be modeled as a sequence with a total uncertainty
2( 1), where is the uncertainty region of the
region of
transmitted sequence, while the 2( 1) term is a consequence
of the -path channel spreading due to the multipath fading.
Furthermore, since each of the paths is associated with two
cells, there is a total of 2
cells. Therefore, the overall
miss probability defined in Section III can be expressed as

. Replacing
equation, we obtain

by

in the above

(38)
is given by (36). The second term in the
where
numerator of (38) can be expressed as

(35)
is given by (34).
where
The false-alarm probability is defined the probability that the
exceeds the
output decision variable under the hypothesis
threshold . This can be expressed as

(39)
Upon using the corresponding pdfs in the above equation, we
can simplify it to

(36)
With the aid of our results generated so far, we can now evalof the serial search mode using
uate the MAT performance
conventional cell-by-cell detection by substituting the overall
miss probability of (35) as well as the false-alarm probability of
(36) and the other related parameters into (4).

(40)
The second term in the denominator of (38) can be expressed as

B. Joint Two-Cell Detection
or
, for the joint
Since the th sample is either
, which is detwo-cell detection the decision variable
, has four possible phase states, i.e.,
rived from
and
. Furthermore, the two adjacent
2-spaced
and
in Fig. 1 can be the samples from the
samples
same propagation path or from two different paths.
and
represent the correct states, while
Let states
represent the incorrect state. We assume that the acquisition
process terminates and successfully proceeds to the tracking
or
process if the two adjacent samples belong to
and the corresponding output decision variable
exceeds the threshold in Fig. 1. Similarly, a false alarm occurs
if the two adjacent samples belong to and the corresponding
exceeds the detection
output decision variable
threshold .
For the joint two-cell detection scenario, we commence by
considering the false-alarm probability. Assuming that the current detection is only influenced by the previous two cells, and
that the correlation with the other cells can be neglected, then it
can be shown that the false-alarm probability at the th incorrect state can be written as

(41)
Upon substituting (36), (40), and (41) into (38), finally, the false
alarm probability can be expressed as
(42)
Let us assume that there are resolvable paths at the base
station. As we discussed in the context of the conventional
cell-by-cell detection scenario, the frequency-selective faded
sequence of the user-of-interest presents itself to the BS as a
2( 1) cells in the uncertainty
sequence with a total of
region. For joint two-cell detection, the frequency-selective
faded sequence can be approximated as a sequence with a total
2( 1) number of states and 2 1 correct states. The
of
, one
2 1 number of correct states include one
number of
states associated with two
samples from the same path, and
1 number of
states associated with two
samples from two different paths.
Consequently, the overall miss probability of the serial search
mode can be expressed as

(37)
Let us assume that the serial search acquisition process is a stationary stochastic process. Then, we have

(43)
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where
represents an
sample, while the other
varisamples.
ables in the above equation represent
represents the sum of two
samples from the
represents two
( 1)th and th paths,
samples from the th path, and
represents the average over
the fading parameters.
However, for the search mode using joint two-cell detection,
due to the correlation between two adjacent decision variand
, it is arduous to derive the
ables, i.e., between
closed-form expression of the overall miss probability. Hence,
here we aim to derive its lower and upper bound. The lower
bound of the overall miss probability is derived by ignoring
the dependence between the two adjacent decision variables,
yielding

where
is given by (25), while is given by
(31). The unconditional detection probability can be similarly
computed from (65) of the Appendix by setting
and
, which results in

(48)
and
are two
samples from two different
If
paths, a scenario that corresponds to the third term of (44), then
and
can be
the detection probability conditioned on
expressed as

(49)
where

is given by (25), while

is given by
(50)

(44)
represent
where the terms taking the form of
the related average miss probabilities of the correct states. The
relevant terms in (44) can be obtained by determining the related
sample and
detection probabilities first as follows. If is an
is an
sample, which corresponds to the first term of (44),
is an
sample and
is an
sample,
or conversely,
which corresponds to the last term of (44), then the detection
of path
probability conditioned on the fading amplitude
can be expressed as

and
are two i.i.d. Rayleigh random variables,
Since
can be derived using (63) of the Appendix with
the pdf of
, which can be expressed as
(51)
The unconditional detection probability can be obtained by
averaging (49) using (51) in the valid range of , which can also
be obtained from (65) of the Appendix by setting
and
, yielding

(45)
is given by (28),
reprewhere
function defined by [18, Eq. (2-1-122)
sents Marcum’s
is the normalized threshold as we defined
],
previously, and is defined in (31).
or
The unconditional detection probability of state
can be obtained by averaging (45) over the range of , which can
be inferred from (65) of the Appendix by setting
and
, yielding

(52)
Consequently, with the aid of (46), (48), and (52), the overall
miss probability of the serial search mode using joint two-cell
detection obeys

(53)
The upper bound of the overall miss probability for the joint
and
in
two-cell detection can be achieved if we set
of (43) equal to zero for
, i.e.,

(46)
and
are two
samples from the same
Similarly, if
path, a situation that corresponds to the second term of (44), then
can be
the conditional detection probability for
expressed as

(47)

(54)
Note that (54) corresponds to the overall miss probability of the
search mode, where we assume that the delayed sample is set
to zero, when the “present” sample is due to different path of
the delayed sample. Since on the right-hand side of (54) the
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terms for
are mutually independent, (54) can be written as

(55)
is the probability that the decision variable
where
does not exceed the threshold of . Since
,
and
represent two
samples from the same
where
can be expressed as
path,

(56)

Fig. 4. MAT versus SNR/chip and normalized threshold h performance for
the serial search scheme using conventional cell-by-cell detection computed
from (4), (35), and (36).

is given by (25), while is given by
where
(31). The corresponding unconditional detection miss probability can be computed with the aid of (65) in the Appendix by
and
, which results in
setting

(57)
.
for
Substituting (57) into (55), finally, the overall miss probability of the serial search scheme using joint two-cell detection
is given by

(58)
Finally, the lower bound and upper bound MAT of the serial
search mode using joint two-cell detection can be evaluated by
substituting (42) and (53) as well as (58) and the other related
parameters in (4). Let us now evaluate the performance of the
schemes studied.
VIII. NUMERICAL RESULTS AND COMPARISONS
In this section, the MAT performance of the serial search
scheme using conventional cell-by-cell detection and joint
two-cell detection was evaluated and compared. As an application for the serial search using the above two detection
schemes, we consider a periodic PN sequence of length 1023.
Consequently, , which determines the length of the uncertainty
region for the serial search mode, is 2046, since the search
2. For convenience, we consider the normalized
step size is
MAT, which is derived from the MAT given by (4) divided by
, when different overall miss probthe bit duration of
abilities and different false alarm probabilities are considered.
The associated parameters are shown at the top of the figures.
Note that three different SNRs are used in our analysis, namely,

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

SNR/chip, SNR per
chips, i.e., the energy over the integral
s) to noise ratio, and the SNR/bit.
dwell time (
Figs. 4 and 5 show the normalized MAT performance
and the SNR/chip for the
versus the normalized threshold
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
choice of the detection threshold can lead to severe increase
of the MAT, but the sensitivity of the MAT to the threshold
decreases as the SNR/chip increases. For any given SNR/chip
value, there exists an optimal choice of the threshold , which
minimizes the MAT. In addition, for any given normalized
threshold , the MAT decreases as the SNR/chip increases,
and finally reaches a residual value, which is essentially due to
the false-alarm probability and the associated “penalty” time
incurred before reverting back to the search mode. This value
, resulting in
can be computed from (4) by setting
.
In Fig. 6, we evaluate and compare the MAT versus SNR/chip
performance of both conventional cell-by-cell detection and
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= GT

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

joint two-cell detection parameterized with the number of
resolvable paths. From the results we notice that for low
SNR/chip values, an increased number of resolvable paths
can decrease the MAT. However, for high SNR/chip values,
a high number of resolvable paths increases the MAT above
the crossover zone near 17 dB. If we assume that a practical
acquisition system operates at an average SNR/bit in the range
of 5–20 dB, which implies that the average SNR/chip is in the
range of 16 to 1 dB, then it can be concluded that for this
type of acquisition system a high number of resolvable paths
associated with severe dispersion will degrade the MAT performance. From the results, we find that the MAT performance
of the joint two-cell detection is about an order of magnitude
better than that of the conventional cell-by-cell detection.
Moreover, the MAT performance of joint two-cell detection is
more robust to the variation in the number of resolvable paths
for a given threshold and for a given SNR/chip than that of the
conventional cell-by-cell detection.
Fig. 7 presents the MAT performance of the above two detection methods against the normalized threshold . For any given
number of resolvable paths at the BS, and for a given SNR/chip,
there is an optimal choice of the threshold , which leads to the
minimum MAT. At the optimal value of , we notice that for the
conventional cell-by-cell detection or joint two-cell detection
the MAT performance is improved, although not dramatically,
when the number of resolvable paths increases. However, if the
value of the threshold is set inappropriately, especially when it
is set above its optimum value, the MAT will significantly increase, as the number of resolvable paths increases. However,
as we noticed in Fig. 6, the MAT performance of joint two-cell
detection improves more significantly and becomes also more
robust to the number of resolvable paths in a wide range of the
normalized threshold from about 7 to 25 than that of conventional cell-by-cell detection assuming a given number of resolvable paths at the BS.

T = GT

Fig. 7. MAT expressed in bit durations, i.e.,
versus the normalized
threshold
performance for the serial search scheme using conventional
cell-by-cell detection and joint two-cell detection computed from (4), (35),
(36), (42), (53), and (58).

h

T = GT

Fig. 8. MAT expressed in bit durations, i.e.,
versus the number
of users
performance for the serial search scheme using conventional
cell-by-cell detection and joint two-cell detection computed from (4), (35),
(36), (42), (53), and (58).

U

The effect of the number of active users on the MAT performance of both conventional cell-by-cell detection and joint
two-cell detection is shown in Fig. 8. As expected, the MAT
using both detection schemes increases when the number of active users increases.
Finally, in Figs. 9 and 10, we evaluate the effect of varying
the received power of the user-of-interest on the MAT performance for both the conventional cell-by-cell detection and the
joint two-cell detection schemes. The curves of Fig. 9 were computed against the SNR/chip value, while the curves of Fig. 10
were computed against the number of active users . From
the results, we observe that in the SNR/chip range from 16
to 1 dB, the MAT performance of both detection schemes
was explicitly improved when we increased the power of the
user-of-interest. Moreover, it can be seen that the MAT performance of the joint two-cell detection is more robust to the
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=

Fig. 9. MAT expressed in bit durations, i.e., T
GT versus SNR/chip
performance for the serial search scheme using conventional cell-by-cell
detection and joint two-cell detection computed from (4), (35), (36), (42), (53),
and (58).
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miss probability and the false-alarm probability has been
derived. The MAT performance of the serial search system
using conventional cell-by-cell detection and that of using joint
two-cell detection has been estimated and compared when a
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 synchronization user have been investigated. From the results,
we conclude that the MAT performance of the serial search
acquisition system using joint two-cell detection is more robust
to multiple-access interference, to the detection threshold, to
the number of resolvable paths, and to the received power of the
user-of-interest than that of conventional cell-by-cell detection.
Moreover, the MAT performance of joint two-cell detection
is found to be better than that of conventional cell-by-cell
detection. This is because joint two-cell detection is capable of
efficiently combine the energy of two adjacent correct phase
samples for making decisions. Our approach can be extended
to using the sum of the adjacent 2 samples for detection if we
assume that resolvable paths can be obtained at the receiver,
which is the subject of our future research.
APPENDIX
In this Appendix, we evaluate the integral
(59)
which is often invoked in the main body of this paper.
is the generalized Marcum -function, which is defined as [18]

(60)

=

Fig. 10. MAT expressed in bit durations, i.e., T
GT versus the number
of users U performance for the serial search scheme using conventional
cell-by-cell detection and joint two-cell detection computed from (4), (35),
(36), (42), and (53) parameterized by , the ratio of the interfering user’s power
to that of the user-of-interest.

change of the power of the user-of-interest than that of the conventional cell-by-cell detection. However, from a system capacity point of view, increasing the power of the initial synchronization users implies increasing the interference inflicted upon
the data transmission users, which consequently decreases the
capacity of the system. Hence, in DS-CDMA systems, an increase in the initial synchronization user’s transmitted power in
order to aid acquisition should consider the tradeoffs between
the MAT and the system capacity.
IX. CONCLUDING REMARKS
A DS-CDMA serial search acquisition system using conventional cell-by-cell detection or joint two-cell detection has
been proposed and characterized. A generalized asymptotic
expression for computing the MAT in terms of the overall

is the th order modified Bassel function of the
where
first kind defined as [18]
(61)

In (59)

is a random variable, which is defined as

(62)

are statistically independent,
where the
identically distributed zero-mean Gaussian random variables.
The pdf of is given by [18]
(63)
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Assuming that is a positive integer and substituting (60),
(61), and (63) into (59), we obtain the integral in the form of

(64)
Upon evaluating the integrals of (64), we finally simplify the
integral of (59) to

(65)
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