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Abstract—In this paper, we investigate the serial-search-based
initial code-acquisition performance of direct-sequence code division multiple access (DS-CDMA) employing multiple transmit/
multiple receive antennas when communicating over uncorrelated
Rayleigh channels. We characterize the associated performance
trends as a function of the number of antennas. It is demonstrated that, in contrast to our expectation, the achievable correctdetection probability degrades in our typical target operational
Ec /I0 range as the number of transmit antennas is increased.
When maintaining a given total transmit power, our findings
suggest that increasing the number of transmit antennas results
in the combination of the low-energy noise-contaminated signals
of the transmit antennas, which ultimately increases the mean
acquisition time (MAT). However, it is extremely undesirable to
increase the MAT when the system is capable of attaining its target
bit-error-ratio performance at reduced signal-power levels, as a
benefit of employing multiple transmit antennas.
Index Terms—Code acquisition, direct-sequence code division
multiple access (DS-CDMA), multiple transmit/multiple receive
antennas (MTMR), serial search.

I. I NTRODUCTION

T

HE APPLICATION of multiple antennas in the downlink (DL) of wireless systems constitutes an attractive
technique of reducing the detrimental effects of time-variant
multipath fading environments [1], [2]. In intercell synchronous
code-division-multiple-access (CDMA) systems, the mobile
station’s (MS) receiver must be capable of synchronizing a
locally generated pseudonoise (PN) code with the received
multiuser signals containing the desired user’s PN sequence.
Substantial research efforts have been devoted to the design
of code-acquisition techniques [3], [4]. However, most of
them have been designed for single-input single-output systems
[3]–[10]. A variety of serial-search [3], [5]–[7], parallelsearch [3], [4], [8], [11], as well as sequential-estimation
[9], [10]-based code-acquisition techniques have been proposed
in the literature.
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The initial processing stage of CDMA systems is the acquisition of the correct timing of the incoming signals received both
in the DL and the uplink (UL). Hence, our aim is to minimize
the mean acquisition time (MAT), which is proportional to both
the correct-detection probability and the time required by the
acquisition scheme to notice after the elapse of the code-phaseverification period that a false-locking event occurred and to
return to the search mode. In the DL, the uncertainty region
(or search-window width) corresponds to the full period of
the PN sequence, which tends to be quite wide, for example,
(215 − 1)-chip intervals in the DL of the intercell synchronous
CDMA-2000 system [5], [6]. Hence, the MAT is minimized
in the context of serial-search techniques by achieving the
best possible correct-detection probability, while maintaining
a value of the false-alarm probability and false-locking penalty
which is as low as possible. The effect of the aforementioned
high-uncertainty region of the DL could be potentially mitigated by testing the correct code-alignment hypotheses using
parallel-search techniques.1 However, given the wide uncertainty region of the DL, the implementation of the parallelsearch-based hardware often becomes impractical due to its
high complexity. On the other hand, in the UL code-acquisition
scenario, the MS transmits a short preamble in response to
the BS’s pilot signal. This preamble is short in order to avoid
consuming a high amount of energy. The MS’s preamble is then
aligned in time—using classic correlation techniques—with
the pilot signal transmitted by the base station (BS) after the
preceding code acquisition in the DL. Based upon the aforementioned procedure, the BS instructs the MS to advance its
transmission instant in order to precompensate the effect of the
propagation delay imposed on the code phase. Accordingly,
the uncertainty region in the UL corresponds to a fraction of
the full period of the (215 − 1)-chip PN sequence; for example,
it is less than 200 PN chip intervals in the UL of the intercell
synchronous CDMA-2000 system [11]. Hence, it is worth
emphasizing that in the context of the shorter UL uncertainty
period, the MAT is more critically dominated by achieving the
best possible correct-detection probability than by attaining the
lowest possible false-locking probability, since the effect of

1 In [11], the classic parallel-acquisition arrangement was referred to as the
maximum-likelihood technique.
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the latter is deweighted by the short duration of the UL uncertainty region [11].
The employment of multiple transmit/multiple receive
(MTMR) antennas has been intensely promoted in the DL
[1], [2], but ironically, there is a paucity of code-acquisition
techniques designed for transmit-diversity-aided systems [12].
To phrase it more explicitly, there are no in-depth studies representing the fundamental characteristics of code-acquisition
schemes using transmit diversity, although there have been numerous contributions on receive-diversity-aided systems [11],
[13]–[15] in the UL. The capacity of the MTMR-antennaassisted systems designed for maximizing either the achievable
multiplexing gain or the diversity gain was quantified in [16].
Numerous studies also quantified how well practical MTMR
designs approach these ultimate capacity limits under perfectly
synchronized conditions [16], [17], but again, there are no
in-depth journal papers on MTMR-aided-acquisition studies.
Against this background, in this treatise, we investigate a serialsearch-based technique designed for the MTMR-antenna-aided
systems. More explicitly, we quantify both the correct-detection
probability, as well as the false-alarm probability, as a function
of both the signal-to-interference-plus-noise ratio (SINR) per
chip (Ec /I0 ) and that of the number of antennas. Additionally,
we characterize the MAT, parameterized also by the Ec /I0
values and the number of antennas in the text of single-dwell
serial search (SDSS) [5].
This paper is organized as follows. Section II describes the
system investigated, whereas the correct-detection and falsealarm probabilities are analyzed in the context of uncorrelated
Rayleigh channels in Section III. The MAT expressions
of the code acquisition designed for MTMR-antenna-aided
DS-CDMA systems are introduced in Section IV. In Section V,
both our numerical and simulation results are discussed,
whereas our conclusions are offered in Section VI.

II. S YSTEM D ESCRIPTION
The transmitted signal at the nth chip sampling instant of the
kth user at the BS of a multiple-transmit-antenna-aided system
can be expressed as

xn (k)an (k)wn,p (k)

√
Ec (k)
h(t − nTc ) 2 cos(2πf0 t + φk )
P
(1)

where p = 1, . . . , P is the number of transmit antennas, xn (k)
represents the binary input data sequence assuming values of
+1 or −1, an (k) denotes a common PN sequence having a cellspecific code-phase offset, wn,p (k) identifies the specific Walsh
code assigned to the pth transmit antenna, Ec denotes the pilot
signal energy per PN code chip, h(t) is the impulse response
of the pulse-shaping filter, Tc is the chip duration, f0 is the
carrier frequency, and φk is the carrier phase of the kth user’s
modulator. The total allocated power is equally shared by the
P transmit antennas. The tapped-delay line channel model
generates q multipath signals arriving with a time delay of τi
[6], [7]. Therefore, the signal rk,l at each receive antenna is
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Fig. 1. Receiver structure.

a composite of q multipath signals having a time delay of τi
expressed in the form of
rk,l =

q 
P




Ec (k)
xn (k)an (k)wn,j (k)
P
i=1 j=1
√


× h(t − nTc − τi ) 2 cos 2πf0 t + φk(i,j,l)
αi,j,l

(2)

where l = 1, . . . , R is the number of receive antennas, and
αi,j,l represents the envelope of the ith path signal obeying the
Rayleigh distribution. f0 is the carrier frequency distorted by
the carrier-frequency mismatch and the Doppler shift. Furthermore, φk(i,j,l) denotes the signal phase of the ith path having
a uniform distribution over (0, 2π). In the case of the initial
synchronization of the DS-CDMA, the main goal is to acquire
coarse timing of the first arriving path at the receiver, because
this timing information is used as that of the reference finger
of the Rake receiver. Therefore, we focus our attention on the
performance analysis of the first received path and consider the
multipath interference effects within the reference cell.
Fig. 1 shows the block diagram of the noncoherent (NC) receiver designed for our code-acquisition scheme using MTMR
antennas. As shown in Fig. 1, we generate a decision variable
by accumulating P · R independently faded signals observed
over a time interval to improve the correct-detection probability
in the mobile channel imposing both fading and poor SINR
conditions, where the integral dwell time represents τD = N ·
Tc and N is defined as τD /Tc . For the sake of deriving the
likelihood function of the decision variable, let us now consider
the effects of both timing errors, τ and frequency mismatches,
∆ft on the received signal. The timing errors are imposed by
both the delay of the signal received from the mobile channel
and the sampling inaccuracy caused by having a finite search
step size of ∆ = Tc /2. The total frequency mismatch is the
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sum of the carrier-frequency mismatch ∆fm between the BS’s
transmitter and the MS’s receiver, as well as the effect of the
Doppler shift ∆fd .
Following the procedures outlined in [5], the mean values
(I)
of the I- and Q-channel outputs denoted as E[Ytot (k)] and
(Q)
E[Ytot (k)] are given by
P 
R




N




cos 2πn(∆ft )Tc +φk(i,j)

Ec
R(τ )
P
n=1
i=1 j=1

P
R



Ec
R(τ ) A · cos φk(i,j) −B · sin φk(i,j)
=
αi,j
P
i=1 j=1

P 
R


αi,j

is modeled by a uniform random variable, we represent the
unconditional likelihood function in the presence of the desired
signal by averaging (6) over φ, yielding
p1 (Y (I) , Y (Q) )
2π

1
p1 Y (I) , Y (Q) φ dφ
=
2π
0
 
2π
2
1
=
Y (I) + Y (Q)
exp −
2π
0

 

N



Ec
R(τ )
sin 2πn(∆ft )Tc +φk(i,j)
P
n=1
i=1 j=1

P 
R



Ec
R(τ ) B · cos φk(i,j) +A · sin φk(i,j)
αi,j
=
P
i=1 j=1

αi,j

(4)
respectively, where the autocorrelation function of the tim∞
ing error is given by R(τ ) = −∞ |H(f )2 | cos(2πf τ )df , and
the total frequency mismatch is defined as ∆ft = ∆fm +
∆fd , as well as A = N
n=1 cos[2πn(∆ft )Tc ], and B =
N
sin[2πn(∆f
)T
].
t
c
n=1
III. C ORRECT -D ETECTION AND
F ALSE -A LARM P ROBABILITIES

× exp 2

Ec
R(τ )
P


× Y
=

(I)

V

 

· C +Y

(Q)

·D

V

1
dφ
πV

(8)



(Y (IQ) )2
1
exp −
πV
V


N 2 Ec 2
2
R (τ )sinc (N ∆ft Tc )/V
× exp −
P


2
2 N PEc R2 (τ )sinc2(N ∆ft Tc )(Y (IQ) )2
 . (9)
× I0 
V

where I0 (x) ≡ 0 exp(x · cos φ)dφ/2π is the zeroth-order
modified Bessel function, and (Y (IQ) )2 = (Y (I) )2 + (Y (Q) )2 .
If we take into account a strictly band-limited filter [5], R(τ ) is
expressed as
R(τ ) =

sin(πτ /Tc )
≡ sinc(τ /Tc ).
(πτ /Tc )

(10)

Then, the output variable Z is expressed as



= exp − (Y (I) )2 + (Y (Q) )2 /V /πV

p1 Y (I) , Y (Q) φ
 
2 

E
c
= exp − Y (I) −
R(τ ) · C
V
P
 
2 

Ec
R(τ ) · D
×exp − Y (Q) −
V /πV
P

+

2π

For the sake of deriving the likelihood functions conditioned
on both the hypothesis of the desired signal being present and
absent, we introduce the likelihood functions of Y (I) and Y (Q)
at each branch, which may be expressed in the context of an
additive white Gaussian noise (AWGN) channel [5] as
p0 Y (I) , Y (Q)

N 2 Ec 2
R (τ )
P
 
2

× sinc2 (N ∆ft Tc )

(3)



(7)

(5)

Z = E Y (I)

=N

(6)

N
where A = N
n=1 cos[2πn(∆ft )Tc ] and B =
n=1 sin[2πn
(∆ft )Tc ], as well as C = A cos φ − B sin φ and D =
B cos φ + A sin φ. For simplicity, we omitted the subscripts
of φ. The variances of Y (I) and Y (Q) are given by VI =
VQ = V /2, where we have V = N I0 . The total amount of
channel-induced impairments in the DL is constituted by the
superposition of the background noise, plus the serving-cell
interference imposed by the multipath signals and the othercell interference. Further details on the calculation of the total
interference may be found in [5] and [6]. Since the carrier phase

2

Ec
P



2

+ E Y (Q)



sinc

2

τ
Tc



2


sinc2 (N ∆ft Tc ).

(11)

Hence, taking (11) into account, the square of the mean
values of Y (I) and Y (Q) , which were formulated in (11), is
given by
 
 
Ec
τ
2
2
2
M =N
(12)
sinc2 (N ∆ft Tc ).
sinc
P
Tc
Thus, the signal-energy reduction expressed as a function of
the frequency mismatch becomes
D(∆ft ) ≈ sinc2 (N ∆ft Tc ).

(13)

As a result of the above formulation, the effects of both the
timing errors and the frequency mismatches are encapsulated
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by the definition of the squared mean M 2 , which was formulated in (12). This means that the effects of both of these
detrimental factors are directly involved in the measured energy
value. The other parameters remain the same, as in the case
of considering either timing or frequency errors in isolation.
By using the Jacobian transformation [18], we arrive at the
likelihood functions conditioned on both the hypothesis p0 (Z)
and p1 (Z) of the desired signal being absent and present,
respectively, in the context of an AWGN channel as follows:
p0 (Z) = exp[−Z/V ]/V,

Z>0



  √
exp −(Z + M 2 )/V
2 M 2Z
p1 (Z) =
I0
.
V
V

(14)
(15)

For the sake of expressing the likelihood function conditioned on the presence of the desired signal in p1 (Z) derived
for transmission over an uncorrelated Rayleigh channel, first,
the likelihood function p1 (Z, β) corresponding to the SINR β
conditioned on the hypothesis of the desired signal being transmitted over an AWGN channel is weighted by the probability
of occurrence p(β) of encountering the SINR β, as quantified
by the likelihood function and then averaged over its range of
−∞ ∼ ∞, yielding
∞
p1 (Z) =

p(β)p1 (Z, β)dβ
∞ 

e−β/σ
σ2

=

·



exp (−Z + βM 2 )/V
V


exp −Z/(V + M σ )
=
(V + M 2 σ 2 )

exp −Z/ V + M 2
≡
V + M2

Z P RL−1 e−Z/V
(P RL − 1)!V P RL

(22)

p1 (Z) =

Z P RL−1 e−Z/VF
.
(P RL − 1)!VFP RL

(23)

∞


 P RL−1
 (θ/VF )k
θ
.
p1 (Z)dZ = exp −
VF
k!

(24)

k=0

θ

Similarly, the probability of false alarm is expressed as

0


 #
2 βM 2 Z
dβ
× I0
V

p0 (Z) =

Using the procedures outlined above, the probability of a correct detection is obtained as follows:
PD =


2



which improves the correct-detection probability in a mobile
channel imposing both the fading and poor SINR conditions
[5], [6], [12]. Nonetheless, we will briefly highlight the beneficial effects of additionally using MTMR antennas in conjunction with PDI. Here, we assume that the signals collected in
multiple time intervals are independent in both the spatial and
the time domains, which leads to a straightforward extension
of the formulas to the more general scenarios of invoking
MTMR antennas. Since the final decision variable is constituted
by the sum of (P · R · L) number of independent variables
R
L
(Ztot = P
i=1
j=1
k=1 Zi,j,k ), each of which has a likelihood function given by (20) or (21), we can determine the
Laplace transform of each by raising them to the (P · R · L)th
power and then carrying out the inverse transform for the sake
of generating the desired likelihood function [5].
Assuming that the number of PDI stages is L, in the case of
the MTMR antennas using PDI, we arrive at

(16)

−∞
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∞
(17)

PF =


 P RL−1
 (θ/V )k
θ
p0 (Z)dZ = exp −
V
k!

θ

2 2

(18)

(25)

k=0

where θ is a threshold value.
IV. MAT A NALYSIS OF C ODE A CQUISITION

(19)

where we have M 2 ≡ M 2 σ 2 = N 2 Ec . Upon defining VF =
V + M 2 = N (I0 + N Ec ), and Ec = σ 2 (Ec /P )sinc2 (τ /Tc )
sinc2 (N ∆ft Tc ), we arrive at
p0 (Z) =

1 −Z/V
e
V

(20)

p1 (Z) =

1 −Z/VF
e
.
VF

(21)

In this paper, we essentially limit ourselves to considering
MTMR antennas without postdetection integration (PDI), noting that PDI is capable of improving the achievable performance upon generating the decision variable by accumulating
L consecutive signals observed over multiple time intervals,

The explicit MAT formula derived for a single-antennaassisted serial-search-based code-acquisition arrangement were
provided in [5]. There is no difference between a singleantenna- and a multiple-antenna-aided DS-CDMA system in
terms of characterizing their MAT performance, except for the
derivation of the correct-detection and the false-alarm probabilities as a function of both the number of MTMR antennas.
We will continue our discourse here by characterizing the
MAT performance of the NC scheme employing SDSS [5]. We
postulate that in each chip duration Tc , l number of correcttiming hypotheses are examined, which are spaced by Tc /l.
Hence, the number of intervals in the uncertainty region is
increased l-fold. All the resultant (ν − 2l) number of the states
that may lead to a false alarm are expected to increase the
MAT proportionately to the corresponding penalty time. The
2l legitimate locking states within a lag of one chip duration
of the correct-timing instant are taken into account in the
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MAT analysis. Combining all these 2l legitimate locking states
into the correct-detection transfer function, encompassing all
the branches of the relevant state diagram in [5, Fig. 3.4],
leads to the correct-detection transfer function, which is expressed as
HD (z) =

2l


PDj z

j=1

j−1
$

[(1 − PDi )z]

(26)

i=1

where PDj represents the correct-detection probability associated with the jth correct detection, following (j − 1) trials,
each resulting in a miss and where each probability of a miss
in the corresponding total miss transfer function is given by
(1 − PDi ). Furthermore, z indicates the unit-delay operator,
and the exponent of z represents the time delay, whereas
H0 (z) in [5, Fig. 3.3] denotes the absence of the desired
user’s signal at the output of the acquisition scheme, which is
expressed as
H0 (z) = (1 − PF )z + PF z K+1

(27)

where PF represents the false-alarm probability, and K is the
false-locking-penalty factor [5]. Finally, HM (z) represents the
overall miss probability of a search run carried out across
the entire uncertainty region, which may be formulated as the
product of the individual miss probabilities, since these may be
considered independent events, yielding
HM (z) = z 2l

2l
$

(1 − PDj ).

(28)

j=1

Then, it may be shown that the generalized expression formulated for calculating the MAT of the serial-search-based codeacquisition scheme is given by [5]

1


E[TACQ ] =
(1) + HM
(1)
HD
HD (1)

(
'
HD (1)
1

+ (ν − 2l) 1 −
+ HD (1) H0 (1) · τD
2
2
%

TABLE I
SYSTEM PARAMETERS

&

(29)

where Hx (z)|x=D,M,or 0 represents a derivative of
Hx (z)|x=D,M,or 0 , and τD represents the integral dwell
time. In the following section, we will evaluate the achievable
system performance based on both the numerical analysis and
the simulations.
V. P ERFORMANCE A NALYSIS
In this section, we will characterize the code-acquisition
performance of the MTMR-antenna-aided CDMA systems.
The system parameters are summarized in Table I. In Table II,
we outlined the maximum SINR degradation imposed by both
the Doppler shift and the frequency mismatch between the
transmitter and the receiver in conjunction with a coherent

TABLE II
MAXIMUM SINR DEGRADATION INFLICTED BY BOTH THE DOPPLER
SHIFT AND A 1000-Hz FREQUENCY MISMATCH IN CONJUNCTION
WITH THE COHERENT INTEGRATION INTERVAL OF N CHIP
DURATIONS AT A CARRIER FREQUENCY OF 1.9 GHz

integration interval of N chip durations. The length of the PN
sequence in our system was assumed to be 215 − 1(65534) · Tc ,
where the chip duration is Tc = 1/1.2288 µs. It may be deemed
sufficient at this point to integrate the detector output shown in
Fig. 1 over N = 256 chips, which is equivalent to two 128-chip
modulated symbols used for coherent accumulation. This value
was calculated by using (13) provided for determining the
performance degradation owing to both the Doppler shift and
the frequency mismatch. The spreading factor of the Walsh
code to be acquired was selected to be 128. The frequency
mismatch was assumed to be 1000 Hz [5], whereas the carrier
frequency was 1.9 GHz. As a worst case mobile speed, it
is reasonable to postulate 160 km/h. We also assumed that
the sampling inaccuracy caused by having a finite search step
size of ∆ = Tc /2 was −0.91 dB, which is a typical value
of the search step size [5], [6]. Accordingly, we considered
three performance-degradation factors, which encompassed the
frequency mismatch, the Doppler shift, and the effects of the
finite sampling distance. All these imperfections were taken
into account when calculating the correct-detection probability.
Finally, two additional parameters have to be stipulated for the
analysis of the SDSS. Specifically, the total uncertainty region
was assumed to entail 65 534 hypotheses, and in the spirit of [6],
the false-locking-penalty factor was assumed to be 1000 chip
durations.
Fig. 2 shows the correct-detection probability versus the
false-alarm probability, parameterized by both the number of
transmit antennas for P = 1, 2, as well as 4, and the Ec /I0
value. In the case of Ec /I0 = −10 dB, the achievable performance enhancement gradually saturates as the transmit diversity order is increased from P = 1 to 4. By contrast, PD
decreases as the number of transmit antennas P increases,
when the MS experiences a relatively low Ec /I0 value of
−19 dB, as evidenced by the three curves corresponding to
lower PD values in Fig. 2. Figs. 3 and 4 characterize the
correct-detection probability versus the false-alarm probability,
parameterized by both the number of transmit antennas for
P = 1, 2, as well as 4, in conjunction with both R = 2 (Fig. 3)
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Fig. 2. Correct-detection probability versus false-alarm probability for
P = 1, 2, and 4 transmit antennas in conjunction with R = 1 receive antenna.

Fig. 3. Correct-detection probability versus false-alarm probability for
P = 1, 2, and 4 transmit antennas in conjunction with R = 2 receive antennas.

and R = 4 (Fig. 4) receive antennas and as a function of the
Ec /I0 value.
When having R = 2 receive antennas, as shown in Fig. 3, the
results show similar trends to those of Fig. 2. By contrast, in
the scenario of R = 4 receive antennas as shown in Fig. 4,
there is a sufficiently high spatial diversity gain, which has
beneficial effects on the achievable acquisition performance
PD . However, as shown in Fig. 4, increasing the transmit
diversity order imposes a degradation of the achievable PD
performance. The specific Ec /I0 abscissa values in Figs. 2–4
were chosen to exemplify the typical achievable values. In all
the remaining figures, we will assume an operation in the range
of “finger locking,” which may be considered to be the range
between Ec /I0 = −17 and −13 dB, as suggested in [19] and
[20]. Therefore, in Figs. 5 and 6, we will investigate in more
detail the somewhat unexpected phenomenon of experiencing
a degraded acquisition performance in the presence of multiple
transmit antennas. The correct-detection probabilities shown in
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Fig. 4. Correct-detection probability versus false-alarm probability for
P = 1, 2, and 4 transmit antennas in conjunction with R = 4 receive antennas.

Fig. 5. Correct-detection probability versus the number of transmit antennas
for P = 1, 2, 4, 6, 8, and 10, parameterized by the pilot channel’s Ec /I0
value.

Figs. 5 and 6 were obtained assuming a false-locking probability of PF = 0.1 for all the scenarios considered, where  S 
denotes the simulation results, whereas  A presents the numerical analysis results calculated from both (24) and (25). The
simulations always represent a slightly better correct-detection
probability than the analysis at the same false-alarm probability.
This is because, in the analysis, a constant Doppler-shift value
calculated for the worst-case scenario was added to the total
frequency mismatch in (13). However, in a practical scenario,
the Doppler shift has either a positive or a negative impact on
the PD performance, depending upon the specific conditions
encountered.
In Figs. 5 and 6, the relationship between PD and the number
of transmit antennas is portrayed both with and without multiple receive antennas for different values of Ec /I0 , respectively.
More explicitly, Fig. 5 shows the correct-detection probability
versus the number of transmit antennas, parameterized by the
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Fig. 6. Correct-detection probability versus the number of transmit antennas
for P = 1, 2, as well as 4, and the number of receive antennas for both (left)
R = 2 and (right) R = 4, parameterized by the pilot channel’s Ec /I0 value.

pilot channel’s Ec /I0 value. At Ec /I0 = −10 dB, a slight
PD improvement is observed upon increasing the number of
transmit antennas, although, again, at typically low Ec /I0
values, the opposite is true. Fig. 6 characterizes the correctdetection probability versus both the number of MTMR antennas, parameterized by the pilot channel’s Ec /I0 value. The left
illustration of Fig. 6 characterizes the scenario of R = 2 receive
antennas, whereas the one at the right was valid for R = 4
receive antennas. The curve recorded for Ec /I0 = −10 dB at
the right of Fig. 6 overlapped with that plotted for Ec /I0 =
−13 dB because all the achievable detection probabilities were
PD = 1. Both Figs. 5 and 6 show that PD tends to decrease
as the number of transmit antennas increases, particularly when
the MS experiences a low Ec /I0 value. We can observe in both
Figs. 5 and 6 that the highest detection probabilities marked by
circles were achieved, when the per-branch Ec /I0 value was
−19 dB for a given total Ec /I0 value in the range of “finger
locking.” Owing to the aforementioned facts, the range of the
minimum Ec /I0 values required for reaching “finger locking”
may vary, depending upon the number of transmit antennas.
Let us now proceed by defining the MAT gain as the quotient
of the MAT achieved by a particular MTMR-antenna configuration and that attained by the conventional P 1R1 scheme. However, the transmit power reduction imposed by using multiple
transmit antennas can be partially compensated for with the aid
of multiple receive antennas. In this case, it is more appropriate
to use the MAT of the P 1R2 or P 1R4 scheme. Fig. 7 characterizes the MAT gain/degradation as a function of the Ec /I0
values considered. Here, the MAT gain/degradation recorded
for the different scenarios was presented by defining the MAT
ratios of the scenarios (P 1R1/P xR1), (P 1R2/P xR2), and
(P 1R4/P xR4), where we have x = 2 or 4. To elaborate a little
further, there would have been some benefit in using the same
normalization factor, such as the MAT of the single-receiver
system R1 for all the different scenarios, but we found that

Fig. 7.

MAT ratio versus Ec /I0 value.

the aforementioned definitions were more suitable for explicitly
demonstrating the impact of the number of transmit antennas.
As shown in Fig. 7, for example, the P 2R1 and P 2R2 scenarios
exhibit a modest MAT gain for Ec /I0 values between −11 and
−8 dB and between −12 and −9 dB, respectively, but in the
rest of the SINR region, a MAT degradation is experienced.
Here, all the performance curves have been generated at the
threshold value of Ec /I0 = −13 dB, which was considered as
the minimum value required for reliable finger locking. More
quantatively, observe in Fig. 7 that in order to achieve the MAT
ratio of unity, corresponding to no transmit-antenna-induced
MAT loss, we need about 2 dB more power for the P 2R1
scenario. Alternatively, the cell radius would have to be reduced
by an appropriate path-loss-dependent factor, if no transmitantenna-induced MAT degradation can be tolerated. Therefore,
the employment of MTMR antennas may lead to the reduction
of the attainable cell size, since no communications are possible
until code acquisition has been completed.
In summary, multiple transmit antennas constitute an efficient means of improving the attainable diversity gain, and/or
system throughput, when communicating over mobile channels. However, for the sake of fair comparisons, the total signal
power transmitted from the multiple transmit antennas must
be fixed, regardless of their number. In other words, the total
transmit power must be equally shared by all the transmit
antennas. This implies that an excessively low level of per
branch received signal strength would lead to a low acquisition
performance, even if the transmit multiplexing/diversity gain is
high. In other words, a high-diversity order effectively results
in an acquisition performance loss, as a consequence of the
insufficiently high transmit signal strength per branch. In the
case of employing both multiple transmit and receive antennas,
this trend is still observable, although using two or four receive
antennas has the potential of mitigating the associated acquisition performance degradation imposed by the low per branch
Ec /I0 values encountered.
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VI. C ONCLUSION
In this paper, we analyzed the MTMR-antenna-aided initial
acquisition performance of the intercell synchronous CDMA
DL. The probabilities of a correct detection and a false alarm
have been derived analytically, and both numerical and simulation results were provided. Ironically, our findings suggest that increasing the number of transmit antennas results
in combining the low-energy noise-contaminated signals of
the transmit antennas, which ultimately reduces the correctdetection probability. However, it is extremely undesirable to
degrade the achievable acquisition performance, when the system is capable of attaining its target bit-error-rate performance
at reduced SINR values, as a benefit of employing multiple
transmit antennas. It may be concluded that the achievable cell
coverage determined by the received pilot channel power may
be reduced as the number of transmit antennas is increased,
which is a highly undesirable phenomenon since it has grave
repercussions in terms of having to tolerate a high number of
handovers per cell. Our future research will focus on the study
of iterative turbo-like acquisition schemes [4], [10] specifically
designed for multiple-input multiple-output systems.
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