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ABSTRACT

This paper proposes noncoherent PN acquisition
schemes that combine the hybrid structure, the
RAKE structure, and the double/multiple-dwell tech-
nique in order to improve the performance in a
frequency-selective fading channel. The hybrid struc-
ture reduces the acquisition time compared to a serial
scheme. The RAKE structure enhances the received
signal strength of a multipath faded signal, while the
multiple-dwell technique reduces the acquisition time.
The parallel paths of the hybrid structure are used as
the RAKE fingers as well, avoiding the need of ad-
ditional hardware for the RAKE fingers. To further
improve the performance, noise-only detection is used
in each RAKE finger to nullity the fingers containing
only noise in signal combining of the RAKE struc-
ture. These helps improve the signal-to-noise ratio at
the RAKE output. The performance is evaluated by
analysis and simulation. Results show that the pro-
posed schemes significantly outperform other nonco-
herent PN acquisition schemes with the similar hard-
ware.

Keywords: acquisition, frequency-selective, pseudo-
noise, Rayleigh fading, spread spectrum, synchroniza-
tion

1. INTRODUCTION

Direct-sequence spread-spectrum (DS/SS) tech-
nique has been used in many communication systems,
due to its advantages, such as interference suppres-
sion, energy density reduction, fine time resolution
and multiple access capability [1], as well as “soft
handoff” in cellular phone systems.

An important component of a SS system is pseudo-
noise (PN) which is used for spreading the bandwidth
of the message at the transmitter and for despread-
ing the received signal at the receiver. Despreading
is possible only if the local PN signal is synchronized
with the received PN signal. Therefore, one of the
major functions of the receiver is to generate a local
PN signal which is synchronous with the incoming
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Fig.1: Convention hybrid PN acquisition scheme.

PN signal. Traditionally such synchronization is per-
formed in two steps: acquisition (coarse phase align-
ment) and tracking (fine tuning). There are many
techniques of conventional PN acquisition [2, 3]. The
simplest technique is the serial search scheme, which
searches through all the phases, one at a time, in
a serial manner. It uses minimal hardware but the
acquisition time is long. On the other hand, the
fastest technique is the parallel search scheme, which
inspects all the phases simultaneously and picks out
the most likely one. However it requires a lot of hard-
ware, which can be prohibitive in some cases. Hybrid
schemes of serial and parallel searches provide com-
promises between acquisition time and hardware. A
block diagram of the conventional hybrid scheme is
shown in Fig. 1. It consists of M branches of nonco-
herent correlators, a maximum selector, a threshold
test, a PN generator, and a tapped-delay line. In this
study this hybrid PN acquisition scheme is used to
compare with the proposed scheme.

There are many reports on PN acquisition but
most of them assumed a non-fading channel with ad-
ditive white Gaussian noise (AWGN) [4–6]. If the
channel is actually a fading channel, the performances
of these schemes would dramatically decrease [7]. To
take care of fading, techniques such as using a post-
detector or diversity may be employed [8–10].

In cellular systems, the channel may be modeled
as a Rician or Rayleigh fading channel. In a Rician
fading channel, the received signal consists of a direct
path and multiple reflective paths, while the received
signal of a Rayleigh fading channel consists of multi-
ple reflective paths without a direct path. The char-
acteristics of fading channels have been explained in
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[11], which describes the fading channel in both time
and frequency domains. A suitable channel model for
DS/SS systems is frequency-selective Rayleigh fading
channel because the bandwidth of the DS/SS system
is larger than the coherence bandwidth. Frequency-
selective fading causes intersymbol interference (ISI),
which can be reduced by using a RAKE structure
[12]. A RAKE structure exploits the path diversity
to increase the signal strength.

In [13], the idea of RAKE structure was applied
to acquisition schemes with parallel search, which re-
quires a lot of hardware when the PN length is in-
creased. In [14], the RAKE structure was applied to
the serial search scheme. However, it was assumed
that the number of multipaths was known to the re-
ceiver before the PN acquisition, which is not realistic
as the number of multipath is known after PN syn-
chronization (acquisition and tracking). The amount
of phase to be updated depends on the number of
multipaths hence it was called nonconsecutive search.

In this paper we adapt the RAKE structure for
hybrid PN acquisition since it enhances the signal in
a multipath environment. The parallel correlators of
the hybrid structure are also utilized as the RAKE
fingers, so that no additional hardware is required
in employing the RAKE technique. In addition, by
recognizing that the same hardware can also be used
for double-dwell phase alignment test, we apply the
double-dwell technique to the RAKE structure to im-
prove the performance without additional hardware.
Performance analysis of the RAKE structure with
double-dwell test is presented. Further improvement
can be obtained by employing multiple-dwell test and
employing noise-only detection to exclude the paths
without a signal component in the RAKE combin-
ing. Results show significant improvement over the
conventional hybrid scheme with a similar amount of
hardware.

This paper is organized as follows. Section 2 de-
scribes the channel model, the proposed scheme and
2 additional modified techniques. Performance of the
proposed scheme is analyzed in Section 3. Section 4
presents numerical and simulation results and finally
Section 5 concludes this paper.

2. CHANNEL MODEL AND THE PRO-
POSED SCHEME

2.1 Channel Model

A frequency-selective fading channel for DS/SS
can be modeled as a tapped-delay line with a tap
spacing of one chip as shown in Fig. 2, where the
signal from each tap of the delay line represents a
resolvable path of the received signal. The number
of resolvable paths is Lp = bTm/Tcc + 1 [15], where
Tm is the delay spread and Tc is one chip duration.
The channel impulse response at time t due to a unit
impulse at time ζ is

h(t, ζ) =
Lp−1∑

l=0

αl(t)ejθl(t)δ (t− ζ − lTc), (1)

where αl(t) and θl(t) are the gain and phase of the
l-th path at time t, respectively. The gains αl(t),
l = 0, ..., Lp − 1, are assumed to be independent and
identically distributed (i.i.d.) Rayleigh random vari-
ables with a probability density function (pdf) given
by

fαl
(x) =

2x

Ω
exp

(
−x2

Ω

)
, x ≥ 0 (2)

where E[α2
l ] = Ω. For convenience, we normalize Ω

to 1. The phases θl(t), l = 0, ..., Lp − 1, are assumed
to be i.i.d. random variables uniformly distributed in
[0, 2π).

The transmitted signal is not only disturbed by
the channel characteristics but also by an additive
noise, which is assumed to be additive white Gaus-
sian noise (AWGN) with two-sided power spectrum
density (PSD) of N0/2 watts per Hertz. The equiv-
alent baseband representation of the received DS/SS
signal can be written as

r(t) =
√

2P

Lp−1∑

l=0

αl(t)c(t− lTc − τ)ejφl + z(t), (3)

where P is the average signal power of each path,
c(t) is the spreading PN signal, τ is the delay of the
first path, φl = −ωc(lTc + τ) + θl, ωc is the carrier
frequency, and z(t) represents the equivalent base-
band noise which is a complex white Gaussian noise
with two-sided power spectrum density (PSD) of 2N0

watts per Hertz [16]. The PN signal c(t) is given by

c(t) =
∞∑

k=−∞
ckPTc(t− kTc), (4)

where ck is the k-th chip of the PN sequence and PTc

is the unit-amplitude rectangular pulse in the interval
[0, Tc]. We wish to obtain an estimate τ̂ of the phase
(delay) τ .

A general term to represent the quality of the
received signal is the per-chip signal-to-noise ratio
(SNR). In the case of a multipath fading channel,
SNR should present the average SNR because the
power of the received signal fluctuates [17], defined as

SNR =
P̄ Tc

N0/2
=

2P̄ Tc

N0
, (5)

where P̄ is the average received total power. For each
resolvable path, we use P̄l to denote the average re-
ceived power in the l-th path. Then the average SNR
in the l-th path is
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SNRPl =
2P̄lTc

N0
, (6)

where l = 0, 1, 2, ..., Lp − 1. Under the assumption
of uniform multipath intensity profile (MIP), all re-
solvable paths have equal average received power. It
follows that SNRPl are equal for all l, i.e.,

SNRPl = SNRP =
SNR
Lp

(7)
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Fig.2: Frequency-selective fading channel model.

and

P̄l = P =
P̄

Lp
. (8)

In the followings, we first describe the proposed
hybrid acquisition scheme using RAKE structure and
double-dwell test in Subsection 2.2. Then, two mod-
ifications for further improvement are presented in
Subsections 2.3 and 2.4.

2.2 Proposed Hybrid Scheme using RAKE
Structure and Double Dwell Test

The proposed scheme is shown in Fig. 3. It con-
sists of M branches of noncoherent correlators, a de-
cision processing block, a tapped-delay line and a PN
generator. The noncoherent detector consists of a
multiplier, an integrate-and-dump circuit, real part
and imaginary part operators, two square operators
and an adder as shown in Fig. 4. There are two
integration durations for two operation modes, i.e.,
n1Tc and n2Tc for the first step (dwell) and the sec-
ond step (dwell), respectively. The decision process-
ing block performs four functions, which are summa-
tion, threshold test, integrate-and-dump control, and
phase update command.

The received signal is fed to the tapped-delay line.
The signals tapped from the delay line with spacing
of Tc seconds allow the system to capture and com-
bine the signals from the multipaths, as done by a
RAKE receiver. After that the signals from the M
taps are noncoherently correlated with the local PN
signal and the results are sent to the decision pro-
cessing block. In the first step (k = 1), the decision
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processing block sums up all the correlated signals
together and compares the summation result with a
threshold. If it is lower than the threshold, the local
PN signal phase, τ̂ , is updated by MTc, the correla-
tors are reset and re-started. On the other hand, if
it exceeds the threshold, the process continues in the
second step. In the second step (k = 2), results of
longer correlations are sent to the decision processing
block. All of the correlation results are summed to-
gether and then compared with the second threshold.
If it is lower than the threshold, τ̂ is updated by MTc

and the process goes back to first step. If it exceeds
the threshold, the delayed version of the received sig-
nal which gives the highest correlation value is sent
to the tracking circuit to initiate the fine adjustment
process.

The two steps are described in details as follows.

2.2...1 The First Step (First Dwell): Preliminary De-
tection of Phase Alignment

In the first step, various delayed versions of the
received signal r(t) are multiplied with the local PN
signal and integrated from 0 to n1Tc. The value of
integration at the m-th branch is

v1,m(τ, τ̂) =
n1Tc∫

0

(√
2P

Lp−1∑

l=0

αl(t)c(t− lTc − (m− 1)Tc − τ)

ejφl + z(t− (m− 1)Tc)

)
c(t− τ̂)dt, (9)
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for m ∈ {1, 2, ...,M}, where z(t) is defined in (3).
The integration result consists of real and imagi-
nary terms, which are extracted by using real and
imaginary extractors. The two resulting signals are
squared and summed together. Finally, the output of
the m-th noncoherent detector is

y1,m(τ, τ̂) = v2
i,1,m(τ, τ̂) + v2

q,1,m(τ, τ̂), (10)

where vi,1,m(τ, τ̂) and vq,1,m(τ, τ̂) are the real and
imaginary parts of v1,m(τ, τ̂), given by

vi,1,m(τ, τ̂) =
Lp−1∑

l=0

cos(φl)sl,1,m(τ, τ̂) + ηi,1,m, (11)

vq,1,m(τ, τ̂) =
Lp−1∑

l=0

sin(φl)sl,1,m(τ, τ̂) + ηq,1,m. (12)

The signal sl,1,m(τ, τ̂) is

sl,1,m(τ, τ̂) =
√

2P

∫ n1Tc

0

αl(t)c (t− τ̂)

c(t− lTc − (m− 1)Tc − τ)dt. (13)

The terms ηi,1,m and ηq,1,m are the noise parts of
vi,1,m and vq,1,m, respectively. They are given by

ηi,1,m =
∫ n1Tc

0

zR(t− (m− 1)Tc)c (t− τ̂)dt, (14)

ηq,1,m =
∫ n1Tc

0

zI(t− (m− 1)Tc)c (t− τ̂)dt, (15)

where zR(t) and zI(t) are the real and the imaginary
parts of z(t). Each of them is a white Gaussian noise
with a two-sided PSD of N0 watts per Hertz [16]. It
can be shown that the noises ηq,1,m and ηi,1,m are
independent zero mean Gaussian random variables
with the same variance of

σ2
n,1 = n1N0Tc. (16)

Inside the decision processing block, the correlator
outputs are summed and compared with the thresh-
old Γ1. The summation signal is

y1(τ, τ̂) =
M∑

m=1

y1,m(τ, τ̂). (17)

If it exceeds Γ1, the correlator goes on to the second
step. On the other hand if it is lower than Γ1, the
phase is updated by MTc and the correlation is reset.

Note that when the chip timing in a branch is
not synchronized, the value of the correlation result
is small. Under the situation that there is at least
one branch having phase alignment with the local
PN signal to within ±Tc/2, the correlation results
of those branches will be high. The correlation gives
the smallest result under phase alignment when the

phase difference is Tc/2, in which case the correlation
value is half of the maximum value (since the auto-
correlation function has a triangular shape). The sig-
nal component of the summation signal y1(τ, τ̂) has
the smallest value under phase alignment when there
is only one branch having phase within ±Tc/2 of the
local PN signal and the phase difference is Tc/2 or
−Tc/2. With proper setting of the threshold, the
phase alignment can be detected.

2.2...2 The Second Step (Second Dwell) : Verifica-
tion of Phase Alignment

In the second step, we verify the phase alignment
selected by the first step. The value of correlation at
the m-th branch is

v2,m(τ, τ̂) =
(n1+n2)Tc∫

0

(√
2P

Lp−1∑

l=0

αl(t)c(t− lTc − (m− 1)Tc

−τ)ejφ + z(t− (m− 1)Tc)

)
c(t− τ̂)dt. (18)

Similarly to the first step, the integrated signal is
separated into the real and imaginary paths. They
are squared and summed to obtain the output. The
output of the m-th noncoherent correlator is

y2,m(τ, τ̂) = [vi,1,m(τ, τ̂) + vi,2,m(τ, τ̂)]2

+ [vq,1,m(τ, τ̂) + vq,2,m(τ, τ̂)]2 , (19)

where vi,1,m and vq,1,m are the correlation results in
the first step, given by (11) and (12), while vi,2,m and
vq,2,m are additional correlation results given by

vi,2,m(τ, τ̂) =
Lp−1∑

l=0

cos(φl)sl,2,m(τ, τ̂) + ηi,2,m, (20)

vq,2,m(τ, τ̂) =
Lp−1∑

l=0

sin(φl)sl,2,m(τ, τ̂) + ηq,2,m. (21)

Here sl,2,m(τ, τ̂), ηi,2,m and ηq,2,m are similar to (13),
(14) and (15), respectively, except that the integra-
tion duration (0, n1Tc) is changed to (n1Tc, (n1 +
n2)Tc). It can be shown that the noises ηq,2,m

and ηi,2,m are independent zero mean Gaussian ran-
dom variables with variance n2N0Tc and the noises
ηi,1,m+ηi,2,m and ηq,1,m+ηq,2,m are also independent
zero mean Gaussian random variables with variance

σ2
n,2 = (n1 + n2)N0Tc. (22)

Similarly to the first step, within the decision pro-
cessing block, the correlated signals are summed and
compared with the threshold Γ2. The summation sig-
nal is

y2(τ, τ̂) =
M∑

m=1

y2,m(τ, τ̂). (23)
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If the summation signal is lower than Γ2, all the cor-
relators are reset and the process goes back to the the
first step. On the other hand, if the summation signal
is higher than Γ2, it has a high probability that one or
more of the noncoherent correlators are in-phase with
one of the signal paths. We select the phase of the
branch with the highest correlation result for track-
ing. However there is a chance that a wrong phase
is selected for tracking (false alarm). The tracking
circuit initially sets a time period, during which it
tries to track the incoming PN phase. If the time ex-
pires and it still cannot track, the tracking is aborted
and the process goes back to the first step. This time
wasted in an attempt to track the phase due to a false
alarm is called “penalty time.”

The length of penalty time depends on the tracking
circuit. If the tracking circuit has fast tracking, low
jitter and low probability to lose lock, the penalty
time is short. However, the penalty time does not
depend on the acquisition process. Therefore, most
works on PN acquisition treat the penalty time as a
parameter, set at some multiple value of the correla-
tion length [3, 8].

2.3 The Proposed Scheme with Noise-Only
Detection

The proposed scheme in Subsection 2.2 exploits
the advantage of the RAKE structure to its full capa-
bility when all fingers of the RAKE structure contain
an in-phase PN signal, i.e., each branch has one sig-
nal path which is in-phase with the local PN signal.
An in-phase signal produces a signal component in
addition to noise at the correlator output of a finger,
whereas an out-of-phase signal produces only noise at
the correlator output of a finger. A finger with signal
plus noise enhances the SNR of the combined signal
at the RAKE output, whereas a finger with only noise
degrades the SNR at the RAKE output.

Therefore, to improve the performance of the pro-
posed scheme, we should exclude noise-only fingers
from the RAKE combining. To do so, we use a thresh-
old test to decide whether a finger should or should
not be used in the RAKE combining. In each fin-
ger, the correlation result is compared to a threshold
Γf . If the threshold is exceeded, the signal from that
finger will be included in the RAKE combining. Oth-
erwise, it is excluded. The use of noise-only detection
has been applied to data detection in [18] but we use
it for acquisition in this work.

The choice of the threshold Γf affects the mean
acquisition time (MAT). Simulation is used in deter-
mining Γf which gives the minimum MAT. However
MAT depends on all thresholds, i.e., noise detection
threshold and decision thresholds in both the first and
second steps. Before picking the value of the noise de-
tection threshold, the decision thresholds of the pro-
posed scheme are found first, using simulation. After
that the noise detection threshold is selected from

simulation results.

2.4 The Proposed Scheme with Multiple-
Dwell Technique

Another technique to improve the performance of
the proposed scheme is to use multiple-dwell test.
Note that double-dwell search is a special case of
multiple dwell search scheme. It is straightforward
to modify the proposed scheme to one using RAKE
structure and multiple-dwell technique.

Figure 5 is a typical structure of a K-dwell test,
where nk, k = 1, ..., K, is additional integration
length in the k-th dwell. Let yk be the correlation
result after

Noncoherent

correlator

Threshold test,

k

, 1...kn k K

ky

PN generator
Search and lock

strategy

k

( )r t

To tracking circuit

Update phase by
cT

Fig.5: Multiple-Dwell Test.

the k-th dwell with integration length

n(k)Tc =
k∑

i=1

niTc. (24)

The strategy of immediate rejection is employed for
the search. Specifically, if yk for some k ∈ {1, ..., K}
fails to exceed the threshold Γk, then the PN phase
will be rejected immediately, whereas phase align-
ment will be accepted only if yk exceeds the corre-
sponding threshold Γk for all k. This algorithm is
applied to the proposed scheme inside the decision
processing block in Fig. 3.

One design difficulty of the multiple-dwell tech-
nique is how to set the integration lengths, i.e., nk,
and thresholds Γk. To simplify this problem, we
use the same integration length for all dwells, i.e.,
n1 = n2 = ... = nK , and then find the thresholds, Γk.

Note that the noise-only detection technique in
Section 2.3 can be used with the proposed scheme
with multiple-dwell test in this section.

2.5 Hardware and Computation Complexity

If we consider the required hardware in the im-
plementation of various schemes, the major portion
of the hardware is that of the noncoherent correla-
tors, with some minor portions being those of the PN
code generator and delay units. Functions like thresh-
old comparison, accumulation of data, and maximum
value selection are implemented by software. Based
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on these facts, we can see that the proposed scheme
in Fig. 3 has approximately the same hardware as
the conventional hybrid scheme in Fig. 1. This is
true for all the schemes described in Sections 2.2-2.4
because the noise-only detection and multiple-dwell
test are performed by software.

For the computation complexity, the conventional
hybrid scheme in Fig. 1 requires a maximum value
selection and a threshold comparison. The proposed
double-dwell scheme requires a summation of the
data from various branches, followed by threshold
test, which are repeated if the second dwell is called
for. Therefore, in comparison with the conventional
scheme, the proposed double-dwell scheme needs the
summation operation and one more threshold test.
The schemes with noise-only detection and multiple-
dwell test need more threshold comparisons and more
summation operations. These additional computa-
tions are not at all intensive. Therefore, for practical
purpose all the proposed schemes require only minor
increase in computational complexity.

3. PERFORMANCE ANALYSIS

In this section, performance of the proposed
scheme in Subsection 2.2 is analyzed, while the addi-
tional techniques in Subsections 2.3 and 2.4 are eval-
uated by simulation. For PN acquisition, there are
several quantities that indicate the performance, e.g.,
MAT, variance of acquisition time (VAT) and prob-
ability density function (pdf) of the acquisition time
[19]. In this work MAT and VAT is used for showing
the performance.

3.1 Mean Acquisition Time

The PN acquisition can be modeled as a discrete
time Markov process. By using the flow graph tech-
nique, we can map the state transition diagram of a
Markov process to a flow graph and obtain the gener-
ating function which contains statistical information.
The MAT can be obtained from the derivative of the
generating function.

To analyze the performance, we define H1 as the
hypothesis that the local PN phase is within ±Tc/2
of at least one of the PN phases in the incoming Lp

paths. Also let H0 be the hypothesis that the local
PN phase is more than ±Tc/2 away from all the PN
phases in the incoming Lp paths. Therefore,

H1 : −Tc

2 < ξl ≤ Tc

2 ,
for some l ∈ {1, 2, ..., Lp}, (25)

H0 :
(|ξ1| > Tc

2

) ∩ (|ξ2| > Tc

2

) ∩ · · ·
∩ (∣∣ξLp

∣∣ > Tc

2

)
,

(26)

where ξl is the phase difference defined by ξl = τ̂−τl,
with τl = lTc + τ being the phase of the l-th path of
the received PN signal.
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Fig.6: Circular diagram of the proposed scheme.
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The circular state diagram of the proposed scheme
can be shown as in Fig. 6. The details inside area
H1 and H0 are shown in Figs. 7 and 8, respectively,
where the parameters are defined as follows.

Pd = Pr {(A) ∩ (y1 ≥ Γ1) ∩ (y2 ≥ Γ2) |H1 } ,
Pfa = Pr {(y1 ≥ Γ1) ∩ (y2 ≥ Γ2) |H0 } ,
Pd,1 = Pr {(y1 ≥ Γ1) |H1 } ,
Pfa,1 = Pr {(y1 ≥ Γ1) |H0 } ,
Pd,2 = Pr {(y2 ≥ Γ2) |(H1, (y1 ≥ Γ1))} ,
Pfa,2 = Pr {(y2 ≥ Γ2) |(H0, (y1 ≥ Γ1))} ,
Pd,M = Pr {A |(H1, (y1 ≥ Γ1) , (y2 ≥ Γ2))} ,

(27)

where A is the event that the branch with the high-
est correlated signal in the second step is a correct
branch, i.e., the difference between local PN phase
and the phase of the selected branch is within ±Tc/2.

From the circular diagram and state transition of
Figs. 7 and 8, we can draw a simplified flow graph as
shown in Fig.9, where
- S is the start state, which can be any of the uncer-
tainty phases,
- F is the finish state,
- A is the first state of area H1,
- B is the first state of area H0,
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- HS,F (z) is transition gain from S to F when the
initial phase differences are in H1,
- HS,B(z) is transition gain from S to B when the
initial phase differences are in H1,
- HS,A(z) is transition gain from S to A when the
initial phase differences are in H0,
- HA,B(z) is transition gain from A to B,
- HB,A(z) is transition gain from B to A,
- HA,F (z) is transition gain from A to F .

Expression of the transition gains are

HB,A(z) =
[
Pfa,1(1− Pfa,2)zKr+1

+Pfa,1Pfa,2z
Kp+Kr+1

+ (1− Pfa,1)z]d N
M e−

⌈
Lp−1

M

⌉
−1

,(28)

HS,A(z) =

d N
M e−

⌈
Lp−1

M

⌉
−1∑

n=1

Ps

[
Pfa,1Pfa,2z

Kp+Kr+1

+Pfa,1(1− Pfa,2)zKr+1

+ (1− Pfa,1)z]n , (29)

HA,B(z) =
[
Pd,1Pd,2(1− Pd,M )zKp+Kr+1

+Pd,1(1− Pd,2)zKr+1

+ (1− Pd,1)z]
⌈

Lp−1
M

⌉
+1

, (30)

HA,F (z) = zKr+1Pd,1Pd,2Pd,M
⌈

Lp−1
M

⌉
+1∑

i=1

[
Pd,1Pd,2(1− Pd,M )zKp+Kr+1

+ Pd,1(1− Pd,2)zKr+1 + (1− Pd,1)z
]i−1

,

(31)

HS,F (z) =

⌈
Lp−1

M

⌉
∑

k=0

Ps

k∑

i=0

[(1− Pd,1)z

+Pd,1Pd,2(1− Pd,M )zKp+Kr+1

+ Pd,1(1− Pd,2)zKr+1
]i

Pd,1Pd,2Pd,MzKr+1, (32)

HS,B(z) =

⌈
Lp−1

M

⌉
+1∑

i=1

[(1− Pd,1)z

+Pd,1Pd,2(1− Pd,M )zKP +Kr+1

+ Pd,1(1− Pd,2)zKr+1
]i

, (33)

where

Ps =
⌈

N

M

⌉
, (34)

Kr =
n2

n1
(35)

and
Kp =

Penalty time
n1

. (36)

The transfer function U(z) from the Start node to
the Finish node obtained from Fig. 9 is

U(z) =
HA,F (z)(HS,A(z) + HB,A(z)HS,B(z))

1−HB,A(z)HA,B(z)
+HS,F (z). (37)

The first derivative of the transfer function can be
used to determine the MAT. Specifically, the MAT is

MAT =
dU(z)

dz

∣∣∣∣
z=1

n1Tc. (38)

Substituting (37) in (38), we obtain

MAT = nTc

(
H ′

A,F (1)(HS,A(1) + HS,B(1))
1−HM (1)

+
HA,F (1)(H ′

A,B(1) + HA,B(1)H ′
B,A(1))

(HA,B(1)− 1)2

·(HS,A(1) + HS,B(1)) + H ′
S,F (1) + HA,F (1)

· (H
′
S,A(1) + H ′

B,A(1)HS,B(1) + H ′
S,B(1))

1−HA,B(1)

)
,

(39)
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where

H ′
S,B(1) =

1
P 2

d,1P
2
d,2P

2
d,M

[(
(1− Pd,1Pd,2Pd,M )

⌈
Lp−1

M

⌉
+1

(( d(Lp − 1)/Me+ 1
)
Pd,1Pd,2Pd,M + 1

)

−1
)
(−KrPd,1 + KP Pd,2(Pd,M − 1)Pd,1

+(Kr + 1)Pd,2Pd,MPd,1 − 1)
]
, (40)

HS,B(1) =

(
(1− Pd,1Pd,2Pd,M )

⌈
Lp−1

M

⌉
+1 − 1

)

Pd,1Pd,2Pd,M

(Pd,1Pd,2Pd,M − 1), (41)

H ′
B,A(1) =

(⌈
N

M

⌉
−

⌈
Lp − 1

M

⌉
− 1

)
(KrPfa,1

+KpPfa,2Pfa,1 + 1), (42)

H ′
A,B(1) = (1− Pd,1Pd,2Pd,M )

⌈
Lp−1

M

⌉

(1 + KpPd,1Pd,2(1− Pd,M )− Pd,1

Pd,2Pd,M + KrPd,1(Pd,21− Pd,M ))(⌈
Lp − 1

M

⌉
+ 1

)
, (43)

HA,B(1) = (1− Pd,1Pd,2Pd,M )
⌈

Lp−1
M

⌉
+1

, (44)

H ′
S,A(1) =

d N
M e−dLp−1

M e−1∑
n=1

Psn(KrPfa,1

+KpPfa,2Pfa,1 + 1), (45)

HS,A(1) = Ps

(⌈
N

M

⌉
−

⌈
Lp − 1

M

⌉
− 1

)
, (46)

H ′
A,F (1) =

⌈
Lp−1

M

⌉
∑

i=0

Pd,1Pd,2Pd,M

(1− Pd,1Pd,2Pd,M )i−1

((Kr + 1)(1− Pd,1Pd,2Pd,M )
+(1 + KpPd,1Pd,2(1− Pd,M )
−Pd,1Pd,2Pd,M

+KrPd,1(1− Pd,2Pd,M ))), (47)

HA,F (1) =

⌈
Lp−1

M

⌉
+1∑

i=1

Pd,1Pd,2((1− Pd,2)Pd,1

+Pd,2(1− Pd,M )Pd,1

−Pd,1 + 1)i−1Pd,M , (48)

H ′
S,F (1) =

⌈
Lp−1

M

⌉
∑

k=0

Ps

k∑

i=0

iPd,1Pd,2Pd,M

(1− Pd,1Pd,2Pd,M )i−1

(KpPd,1Pd,2(1− Pd,M )− Pd,1Pd,2Pd,M

+KrPd,1(1− Pd,2Pd,M ) + 1), (49)

and

HS,F (1) =

⌈
Lp−1

M

⌉
∑

k=0

Ps

k∑

i=0

Pd,1Pd,2

((1− Pd,2)Pd,1 + Pd,2(1− Pd,M )Pd,1

−Pd,1 + 1)iPd,M . (50)

3.2 Probabilities of Detection and False
Alarm

Detection probability (Pd) is the probability of ac-
cepting phase alignment when H1 is true, while false
alarm probability (Pfa) is the probability of accept-
ing phase alignment when H0 is true. Probabilities of
detection and false alarm are important parameters
affecting MAT. These two values can be obtained as
follow.

Because of the double-dwell technique, Pd and Pfa

depend on both steps of the detection process. As
defined in (27), we can show that

Pd = Pd,1Pd,2Pd,M , (51)

Pfa = Pfa,1Pfa,2. (52)

These parameters are controlled by the integration
lengths n1Tc and n2Tc, and the thresholds, Γ1 and
Γ2.

Probability density functions (pdf) of a noncoher-
ent correlator output y1,m under H0 and H1 in the
first dwell can be shown to be [9]

fy1,m (y|H0) =





1
2σ2

1,H0

exp
(
− y

2σ2
1,H0

)
, y ≥ 0

0 otherwise
(53)

and

fy1,m (y|H1) =





1
2σ2

1,H1

exp
(
− y

2σ2
1,H1

)
, y ≥ 0

0 otherwise
(54)
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respectively. The variances are given by

σ2
1,H0

= n1PTc + σ2
n,1, (55)

σ2
1,H1

= PTc

(
n1 + 2

n1−1∑

i=1

(n1 − i)ρi

)
+ σ2

n,1, (56)

where ρi is the autocorrelation of the fading process
given by [17]

ρi = J0(2πfdTci). (57)

Here, J0 is the zeroth-order Bessel’s function and fd

is the maximum Doppler frequency shift.
In the second dwell, the outputs of the noncoherent

correlators depend on the values in the first dwell.
Therefore the pdf of the output of the noncoherent
correlator in the second dwell can be obtained from
the conditional pdf’s given the value of the first dwell
under H0 and H1. The conditional pdf’s are [20]

fy2,m|y1,m
(y2|y1,H0) =

1
2σ2

2,H0

exp

{
−y1 + y2

2σ2
2,H0

}
I0

(√
y1y2

σ2
2,H0

)
, y1, y2 ≥ 0,

(58)

and

fy2,m|y1,m
(y2|y1, H1) =

1
2σ2

2,H1
(1− ρ2)

exp

{
y2σ

2
1,H1

+ y1

(
σ1,H1 + ρσ2,H1

)2

2(ρ2 − 1)σ2
1,H1

σ2
2,H1

}

I0

(√
y1y2

(
σ1,H1 + ρσ2,H1

)

(1− ρ2)σ1,H1σ
2
2,H1

)
, y1, y2 ≥ 0,(59)

where

ρ =
PTc

σ1,H1σ2,H1

(
min(n1, n2)

max(n1,n2)∑

i=min(n1,n2)

ρi

+
n1+n2−1∑

i=max(n1,n2)

(n1 + n2 − i)ρi

+
min(n1,n2)−1∑

i=1

iρi

)
, (60)

σ2
2,H0

= n2PTc + σ2
n,2 (61)

and

σ2
2,H1

= PTc

(
n2 + 2

n2−1∑

i=1

(n2 − i)ρi

)
+ σ2

n,2. (62)

Derivations of the variances σ2
1,H0

, σ2
2,H0

, σ2
1,H1

and
σ2

2,H1
, and correlation coefficient ρ can be found in [7,

20]. Joint pdf’s of the outputs in the first and second

dwells are obtained by multiplying (53) and (54) with
(58) and (59), respectively, yielding

fy2,m,y1,m(y2, y1|H0) =
1

4σ2
1,H0

σ2
2,H0

I0

(√
y1y2

σ2
2,H0

)

exp

{
− y1

2σ2
1,H0

− y1 + y2

2σ2
2,H0

}
, y1, y2 ≥ 0, (63)

and

fy2,m,y1,m
(y2, y1|H1) =

1
4σ2

1,H1
σ2

2,H1
(1− ρ2)

I0




√
y1y2

(
ρσ2,H1
σ1,H1

+ 1
)

(1− ρ2)σ2
2,H1




exp





(
y1

(
ρσ2,H1
σ1,H1

+ 1
)2

+ y2

)

2(ρ2 − 1)σ2
2,H1

− y1

2σ2
1,H1





,

y1, y2 ≥ 0. (64)
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Figures 10 and 11 show examples of (63) and (64),
which are normalized by σ2

1,H1
, where n1 = 40,
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Fig.12: Detection probability by varying threshold
in second dwell (Γ2).

n2 = 60, SNR = -5 dB and fd = 10 Hz. Figure 10 is
the joint pdf of y1,m and y2,m given H0, from which we
can see that most of the mass is concentrated around
the origin. The joint pdf y1,m and y2,m given H1 is
shown in Fig. 11, which shows distribution of the
mass away from the origin, as compared to the joint
pdf given H0. This is because of the signal compo-
nent.

For detecting the in-phase condition, y1,m or y2,m,
m = 1, ..., M , are summed together and compared
with the threshold. One way to find Pd and Pfa is
to evaluate the pdf of the summation signal, which
is difficult to obtain because of the multiple variables
and the dependence of the first and second dwells.
Alternatively, we can compute the probability of de-
tection by using the joint pdf of all branches and find
the integration over the appropriate area.

Because all paths of the received signal are inde-
pendent, it follows that the outputs of all branches are
independent. Therefore, the joint pdf of all branches
is

fy1,1,...,y1,M ,y2,1,...,y2,M (y1,1, ..., y1,M ,

y2,1, ..., y2,M ) =
M∏

m=1

fy1,m,y2,m(y1,m, y2,m).

(65)

Then, the detection probability is

Pd =
∫

. . .

∫

{∑M
m=1 y2,m≥Γ2,

∫
. . .

∫

∑M
m=1 y1,m≥Γ1}

M∏
m=1

fy1,m,y2,m(y1,m, y2,m|H1)dy1,1 . . . dy1,M

dy2,1 . . . dy2,M (66)
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Fig.13: False alarm probability by varying threshold
in second dwell (Γ2).
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Fig.14: Simulation and analytical result of the pro-
posed scheme.

and the false alarm probability is

Pfa =
∫

. . .

∫

{∑M
m=1 y2,m≥Γ2,

∫
. . .

∫

∑M
m=1 y1,m≥Γ1}

M∏
m=1

fy1,m,y2,m(y1,m, y2,m|H0)dy1,1 . . . dy1,M

dy2,1 . . . dy2,M . (67)

Note that evaluations of (66) and (67) can be done
numerically, but they are computationally intensive.

Due to the formidable analysis of the modified
schemes in Subsections 2.3 and 2.4, we will use sim-
ulation to demonstrate their performance in Section
4..

4. NUMERICAL AND SIMULATION RE-
SULTS

First we show examples on computing Pd and Pfa

from (66) and (67) using numerical computation. To
reduce the computation to a manageable level, we
present results with M = 2, Lp = 4, SNR = −5
dB, n1 = 50, n2 = 40, Γ1 = 0.7, fd = 10 Hz, and
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Table 1: The best setting values of n1, n2, n3, n4, Γ1, Γ2, Γ3, Γ4 and Γf for each scheme.

Scheme n1 Γ1 n2 Γ2 n3 Γ3 n4 Γ4 Γf

H 220 5.43× 104 - - - - - - -
HR 72 2.42× 104 56 1.08× 105 - - - - -

HRN 72 2.42× 104 56 1.08× 105 - - - - 2.16× 104

HRM 32 6.20× 103 32 2.12× 104 32 4.40× 104 32 7.28× 104 -
HRMN 32 6.20× 103 32 2.12× 104 32 4.40× 104 32 7.28× 104 2.16× 104

NCSTC 128 6.50× 104 - - - - - - -
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Fig.15: MAT of the conventional hybrid scheme and
the proposed schemes versus penalty time.

Tc = 10−6 s, while varying Γ2. Note that the pdf is
normalized by σ2

1,H1
. The results are shown in Figs.

12 and 13.
The results in Figs. 12 and 13 are used to compute

the MAT by using (39) at Pd = 0.45 and Pfa = 0.02,
and the result is shown in Fig. 14. In the same fig-
ure, we also present the results from simulation for
comparison purpose. We can see that analytical and
simulation results agree reasonably well.

For performance comparison, we evaluate the
MAT of the conventional hybrid scheme (H) and the
proposed double-dwell hybrid-RAKE scheme (HR)
with the same number of branches. We set the num-
ber of branches to M = 4 and the number of paths
Lp = 4. For the conventional hybrid scheme, the
phase of the PN signal fed to each correlator branch
is delayed by NTc/4 relative to the previous correla-
tion branch (see Fig. 1). It means that 4 different
phases are checked at a time. The maximum among
them is compared with a threshold. If it exceeds the
threshold, the tracking circuit is initiated. On the
other hand, if it is lower than the threshold, the phase
of the local PN signal is updated by Tc. According to
this scheme, acquisition means identifying correctly
the signal path having its phase aligned with the local
PN phase.

We also simulate the performances of the pro-
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Fig.16: Ratio of the MAT of the conventional hybrid
scheme to the proposed schemes versus penalty time.

posed double-dwell hybrid-RAKE scheme with noise-
only detection (HRN) described in Subsection 2.3, the
proposed hybrid-RAKE scheme with multiple-dwell
(HRM) described in Subsection 2.4, and the proposed
hybrid-RAKE scheme with both noise-only detection
and multiple-dwell test (HRMN). We use 4 dwells
for the HRM and HRMN schemes. In addition, the
nonconsecutive search and joint triple-cell detection
(NCSTC) proposed by [14] is also simulated under
the same condition.

The PN sequence in the simulation is an m-
sequence with polynomial 1 + x4 + x9, so that the
period is 511 chips and SNR = -5 dB. To obtain
a fair comparison, we choose the integration length
and threshold that give the minimum MAT in each
scheme, by varying the integration length and thresh-
old until a minimum is found for the penalty time of
5000Tc. The minimum MAT occurs at parameter val-
ues shown in Table 1.

The first simulation results using the values in Ta-
ble 1 are shown in Fig. 15, which plots the MAT (nor-
malized by the chip duration Tc) versus the penalty
time (also normalized by the chip duration). We can
see that all the proposed schemes outperform the con-
ventional hybrid scheme and the NCSTC scheme at
any value of penalty time. As expected, the fastest
proposed scheme is the proposed scheme with noise-
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Fig.17: VAT of the conventional hybrid scheme and
the proposed schemes versus penalty time.
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Fig.18: Ratio of the VAT of the conventional hybrid
scheme to the proposed schemes versus penalty time.

only detection and multiple dwells. When the penalty
time is short, all four of the proposed schemes have
similar performance. Figure 16 shows the ratio of
the MAT of the conventional hybrid scheme over the
MAT of all the proposed schemes. We can see that
the proposed schemes acquire the PN phase faster
than the conventional hybrid scheme by about 2 -
9 times, depending on the penalty time. VAT are
shown in Fig. 17 and their ratios are shown in Fig.
18. We can see that the variances of the proposed
schemes are reduced, compared to the conventional
hybrid scheme

The last simulation results show the effect of SNR.
The setting parameters in Table 1 are used. The sim-
ulation is run by varying SNR and the results are
shown in Figs. 19 and 20. Figure 19 depicts the
MAT versus SNR.
We can see that when the SNR decreases the MAT
increases, as expected. Figure 20 shows that all the
proposed schemes perform better than the conven-
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Fig.19: MAT of the conventional hybrid scheme and
the proposed schemes versus SNR.
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Fig.20: Ratio of the MAT of the conventional hybrid
scheme to the proposed schemes versus SNR.

tional hybrid scheme at any SNR. At high SNR, all of
the four proposed schemes have similar performance.

From all simulation results, we can see that HRMN
scheme gives the best performance with the highest
complexity. However at small penalty time or large
SNR, all of the four proposed schemes have similar
performance. Therefore, to select a suitable scheme
for a system, the penalty time and SNR are key pa-
rameters.

5. CONCLUSION

We proposed PN acquisition schemes for frequency-
selective Rayleigh fading channel using RAKE struc-
ture and multiple-dwell technique. The RAKE struc-
ture provides robustness against the effect of multi-
path fading in the channel, while the multiple-dwell
technique provides an improved acquisition time.
Performance is verified by simulations which show
that the proposed scheme acquires the phase faster
than the conventional hybrid scheme and a previous
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scheme that also used the RAKE structure, all with
a similar amount of hardware.

Among the proposed schemes, adding noise-only
detection and/or using multiple dwell technique help
improve the performance when the penalty time is
large or the SNR is small. However, the computation
complexity also increases.
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