
Research Article
Performance Analysis of PN Code Acquisition with
MIMO Scheme for an UWB TH/CDMA System

Yu Min Hwang ,1 Eun Cheol Kim,2 and Jin Young Kim 1

1Department of Wireless Communications Engineering, Kwangwoon University, Seoul, Republic of Korea
2LG Electronics. Co. Ltd., Seoul, Republic of Korea

Correspondence should be addressed to Jin Young Kim; jinyoung@kw.ac.kr

Received 27 June 2018; Accepted 9 October 2018; Published 18 October 2018

Academic Editor: Dajana Cassioli

Copyright © 2018 YuMin Hwang et al.This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper presents performance and its simulation results of pseudonoise (PN) code acquisition scheme with MIMO scheme for
an ultra-wideband time-hopping/code-division-multiple-access (UWBTH/CDMA) system.The transmission channel is modelled
as a frequency selective lognormal fading channel. In almost practical PN code acquisition system, the existence of more than two
synchronous cells in the uncertainty region of the search process is possible due to multipath effect. Therefore, based on deriving
the detection probability, false alarm rate, miss detection probability, and mean acquisition time, the acquisition performance
is analyzed under the hypothesis of multiple synchronous states (cells) in the uncertainty region of the PN code. And the code
acquisition performance is evaluated when the correlator outputs are noncoherently combined by using equal gain combining
(EGC) scheme. In this procedure, the closed form for the conditional probability of decision variable is derived using the Gauss-
Hermite quadrature formula. The performance comparison of the scheme mentioned above shows that the code acquisition
performance with the diversity combining technique, especially when increasing the number of antenna, is more robust than that
using no diversity. And code acquisition performance comparison also shows that if the detection threshold is set inappropriately,
the performance might be degraded, even if an antenna diversity method is applied. It is also shown that Tx diversity can improve
the acquisition performance but not as much as Rx diversity does. And Rx diversity can be applied to the acquisition system for
additional diversity gain if the complexity of the receiver can be accepted.

1. Introduction

UWB (ultra-wideband) systems have been considered in
several commercial andmilitary communication applications
due to several advantageous features such as low trans-
mission power requirement, high data rate, robustness to
severe multipath, low probability of intercept, and fine delay
resolution property. One of the critical parts for successful
development of theUWB systems is synchronization between
transmitted and received signals because the UWB signal has
the extremely narrow time frames and high sampling rates.
In a typical approach, the encoded data symbols introduce a
time dither on generated pulses leading to the so-called time
hopping UWB (TH-UWB). Direct-sequence spread spec-
trum (DSSS) in the impulse radio version indicated as direct
sequence UWB (DS-UWB) has been known to be an attrac-
tive solution to implement the impulse radio signals [1, 2].

In an UWB TH/CDMA (time-hopping/code-division-
multiple-access) system, data demodulation is possible only
after a receiver accurately synchronizes the locally generated
pseudo noise (PN) code with the received one.The procedure
of the PN code synchronization is usually divided into two
steps: code acquisition (for coarse code alignment) and code
tracking (for fine alignment) [3]. The PN code acquisition
is the procedure to achieve synchronization between the
received PN code and the locally generated PN code within
one or half chip. After the PN code acquisition has been
achieved, code tracking loop starts its operation.ThePNcode
tracking is the procedure to make and keep the remaining
phase difference to be a minimum value (typically, zero).
Compared with PN code tracking, the PN code acquisition
is usually known to be a more difficult task and has a great
impact on the overall system performance [4]. In this paper,
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we focus on PN code acquisition of the UWB signals in the
UWB TH/CDMA systems.

Typical UWB systems use low signal power and very large
signal bandwidth. Moreover, the UWB channel is a dense
multipath channel without significant fading. Therefore, the
energy of the signal is spread over several paths and the
energy of each path is very low. This phenomenon has a bad
influence on code acquisition of the UWB signals. The paths
containing low power are difficult to acquire. Therefore, the
acquisition system for the UWB signals should properly use
the energy contained in the dense multipath. A practical way
to acquire the energies of the several paths is to perform equal
gain combining (EGC) [5].

InUWB systems, multiple access interference (MAI)may
cause performance degradation so that the throughput of
systems is reduced. There are several techniques to enhance
the system performance. One of them is to use the selective
maximal ratio combiners (or S-RAKE receivers). But as the
number of RAKEfingers increases the performance enhance-
ment is insignificant and the complexity of the receiver grows
proportionally with the number of RAKE fingers. Other
effective methods are diversity combining techniques using
multiple antennas at a transmitter and a receiver, respectively,
which can improve signal to noise ratio (SNR) [6, 7]. Receive
antenna diversity (Rx diversity) schemes can improve the
code acquisition performance higher than transmit antenna
diversity (Tx diversity) schemes do. But in practical wireless
mobile environments, Rx diversity schemes are not appro-
priate choice. The reason is that according as the number
of antennas increases at the receiver, the receiver complexity
also increases. So the size of handheld device is enlarged, the
price of that is raised, and the power consumption of that
increases.Therefore, Tx diversity schemes have receivedmore
and more attention to improve the acquisition performance
and to reduce the receiver complexity in wireless communi-
cation systems [8].

In this paper, we analyze a PN code acquisition perfor-
mance for the UWB TH/CDMA system using Tx and Rx
diversity schemes which improve the signal quality at the
receiver. The proposed diversity technique is that the trans-
mitter sends the UWB signals from multiple transmitting
antennas using time delays. In order to investigate the effect
of multiple antennas at a receiver and to achieve additional
improvement in the performance with the combination of
Tx and Rx diversities, the conventional Rx diversity scheme
is adopted. Before code acquisition is achieved, the receiver
has no idea about any timing phase information on the
received signals. And non-coherent combining schemes can
be applied without timing phase information on the received
signals. So in our analysis, noncoherent equal gain combining
scheme is applied for collecting the energies available in
the multipath components. In almost practical PN code
acquisition systems, it is possible that there exist more than
two synchronous cells in the uncertainty region of the search
process due to multipath effects. So it is assumed that there
are multiple synchronous cells in the uncertainty region of
the PN code. In accordance with the number of Tx and
Rx antennas, the system performance is analyzed over the
frequency-selective lognormal fading channel. The closed

form formula for the conditional probability density function
(PDF) of decision variable is derived when the signal with
Gaussian distribution goes through the lognormal fading
channel. The performance is analyzed through deriving the
formulas for detection probability, false alarm rate, miss
detection probability, and mean acquisition time of the
proposed system.

The remainder of this paper is organized as follows.
Section 2 describes the signal and channel models. Then, the
proposed system is described in Section 3. In Section 4, the
proposed systemperformance is analyzed. In order to analyze
the performance, the statistics of the decision variables
associated with the EGC scheme and the expressions for
the detection probability, false alarm rate, miss detection
probability, and mean acquisition time are derived in the
lognormal fading channel. The simulation results for the
proposed system are presented in Section 5, and concluding
remarks are given in Section 6.

2. Signal and Channel Models

2.1. Transmitter Signal. We consider an array of 𝑀 identical
transmitting antennas, sufficiently separated in space to
eliminate correlation between antenna elements. For a UWB
TH/CDMA system using an impulse radio, the transmitted
signal of the 𝑢𝑡ℎ user from the 𝑚𝑡ℎ transmitter antenna can
be expressed as

𝑆𝑢𝑡𝑟,𝑚 (𝑡) = √ 𝑃𝑀 ∞∑
𝑗=−∞

𝑁𝑓−1∑
𝑘=0

𝑊𝑡𝑟 [𝑡 − (𝑗𝑁𝑓 + 𝑘)𝑇𝑓
− Ω (𝑢, 𝑘) 𝑇𝑐 − 𝛿𝐷𝑗 − 𝜏𝑢𝑚] ,

(1)

where P is the transmitted power, 𝑊𝑡𝑟 is transmitted signal
monocycle waveform, 𝑇𝑐 is the chip duration, and 𝛿 is
PPM (pulse position modulation) index chosen to optimize
performance. Each antenna’s transmit power is reduced to𝑃/𝑀 in order that the total transmit power is identical
regardless of the number of transmitter antennas. 𝑁𝑓 and𝑇𝑓 are the number of time frames per symbol period and
the frame length, respectively. Ω(𝑢, 𝑘) denotes the random
time hopping code matrix, in which 𝑢𝑡ℎ row represents the
time hopping pattern of the 𝑢𝑡ℎ user. 𝑢𝑡ℎ row is made up of a
randompermutation of integers.The data in the 𝑗𝑡ℎ bit period
is denoted by𝐷𝑗, which ismodeled as a wide-sense stationary
random process composed of equally likely binary symbols𝐷𝑗 ∈ {0, 1}. And 𝜏𝑢𝑚 is the intentional time delay of the 𝑚𝑡ℎ

antenna which is introduced before the transmission. It is
assumed that [𝜏𝑢𝑚/𝑇𝑐] is an integer.

2.2. ChannelModel. Weassume that the propagation channel
is modeled by the UWB indoor channel model described in
[3]. This model gives a statistical distribution for the path
gains based on a UWB propagation experiment. Because
of the frequency sensitivity of the UWB channel, the pulse
shapes with different excess delays are path-dependent [9].
Also, it is assumed that the pulse shapes associatedwith all the
propagation paths are identical. Then, the channel impulse
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Figure 1: Tapped-delay-linemodel of the frequency selective fading
channel.

response (CIR) can be modeled as a tapped-delay-line (TDL)
structure, which is shown in Figure 1.

Assuming 𝑈 active transmitters, the CIR of the signal
transmitted from the 𝑚𝑡ℎ antenna of the 𝑢𝑡ℎ user (𝑢 =0, 1 . . . , 𝑈−1) and received by the 𝑙𝑡ℎ antenna can be expressed
as

ℎ𝑢𝑚𝑙 (𝑡) = 𝐺−1∑
𝑔=0

𝛼𝑢𝑚𝑙,𝑔𝛿 (𝑡 − 𝑔𝑇𝑠) , (2)

where G is the number of resolve multipath components,𝛼𝑢𝑚𝑙,𝑔 is the complex channel fading coefficient for the𝑔𝑡ℎ path
at excess delay (𝑔−1)𝑇𝑠 , 𝛿(𝑡) is theDirac delta function, and𝑇𝑠
is theminimummultipath resolvable interval, which depends
on the bandwidth of the transmitted signal monocycle
waveform𝑊𝑡𝑟(𝑡).

In this paper, it is suggested the CIR for the UWB
signal in an indoor environment be modelled as a TDL
structure with lognormal distributed coefficients [10, 11].
Though some other possible fading models, such as Rayleigh,
Rice, Nakagami, and Suzuki (or mixed) distributions, can be
applicable to the UWB indoor channel, the lognormal fading
model is known to have passed goodness-of-fit tests based
on the Kolmogorov-Smirnov procedure [12] and proved
the supremacy of lognormal distribution in describing the
amplitudes over different local areas as well as indoor areas
with 90% confidence.

2.3. Receiver Signal. It is assumed that the combining scheme
is non-coherent equal gain combining and the propagation
time delay of the signal from the 𝑚𝑡ℎ antenna of the 𝑢𝑡ℎ
transmitter to the 𝑙𝑡ℎ receiver antenna is 𝜏𝑢𝑚𝑙,𝑔, which is
an independent random variable uniformly distributed in[0, 𝑇𝑠). And we consider an array of L identical receiving
antennas, sufficiently separated in space to eliminate corre-
lation between antenna elements. The input signal to each
receiver antenna is corrupted by additive white Gaussian
noise (AWGN) with two-sided power spectral density of𝑁0/2.The received signal in themultiuser multipath environ-
ment at the 𝑙𝑡ℎ receiver antenna, 𝑟𝑙(𝑡), is given by

𝑟𝑙 (𝑡) = 𝑀−1∑
𝑚=0

𝑈−1∑
𝑢=0

𝐺−1∑
𝑔=0

𝛼𝑢𝑚𝑙,𝑔𝑆𝑢𝑡𝑟,𝑚 (𝑡 − 𝜏𝑔) + 𝑛𝑙 (𝑡) , (3)

where 𝜏𝑔 is the total path delay of the 𝑔𝑡ℎ path which includes𝜏𝑢𝑚𝑙,𝑔. The last term of the equation, 𝑛𝑙(𝑡), represents AWGN
with zero mean and variance 𝜎2𝑛𝑙. The minimum multipath
resolvable interval, 𝑇𝑠, is not explicitly represented in (3);
however it affects the distribution of 𝜏𝑢𝑚𝑙,𝑔. Since the dis-
tances between each pair of transmitter antenna and receiver
antenna are approximately same all over m and l, it can be
assumed that all the signals arrive at L receiver antennas
simultaneously; in other words, the difference of the arrival
timings of the signals between different receiver antennas is
negligibly small. Therefore, the phase offset of the PN code is
common for all over the M and L antennas. Since the fading
characteristics of different pairs of transmitter and receiver
antennas are assumed to bemutually independent, 𝛼𝑢𝑚𝑙,𝑔 is an
independently and identically distributed (i.i.d.) lognormal
random variable with a PDF [2], when 𝛼𝑢𝑚𝑙,𝑔 is greater than
or equal to zero,𝑓𝛼𝑢

𝑚𝑙,𝑔
(𝜔)

= 1
𝜔√2𝜋 (𝜎𝑢

𝑚𝑙,𝑔
)2 exp(−(ln𝜔 − 𝜇𝑢𝑚𝑙,𝑔)22 (𝜎𝑢

𝑚𝑙,𝑔
)2 ), (4)

where 𝜔 is a realization of 𝛼𝑢𝑚𝑙,𝑔, E[𝜔2] = (𝜎𝑢𝑚𝑙,𝑔)2 and 𝜇𝑢𝑚𝑙,𝑔

and 𝜎𝑢𝑚𝑙,𝑔 are mean and standard deviation of ln𝜔, respec-
tively.

3. System Description

In this paper, it is assumed that each transmitter has M
antennas and the UWB signals are sent with different time
delay, 𝜏𝑢𝑚, to achieve Tx diversity. It’s also assumed that
there are L antennas at the receiver for additional diversity
gain. In order to guarantee that the signals between each
pair of transmitter and receiver antennas fade independently,
each transmitter and receiver antenna are spatially separated
from others by several wavelengths of the carrier. The block
diagrams of the proposed transmitter and receiver for a UWB
TH/CDMA system are illustrated in Figures 2 and 3. And it is
assumed that the search step size is 𝑇𝑐/2. The threshold value
T is determined by using the cell averaging-constant false
alarm rate (CA-CFAR) algorithm [13].

The internal structure of the correlator in Figure 3 is
described in Figure 4. The 𝑙𝑡ℎ correlator, 𝑙 = 0, 1, . . . , 𝐿 − 1,
is a conventional active and dump correlating element. All
correlators are associated with the same phase of the local
despreading code. And the outputs of the L correlators are
combined into one decision variable V which is given by a
sum of correlator outputs 𝑋0, 𝑋1, . . ., 𝑋𝐿−1. This combining
scheme is EGC.Then, the decision variable V is compared to
a threshold T to decide whether codes are aligned or not.

Then, the search and detection procedure can be
explained as follows. The search mode employs the serial
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Figure 2: Transmitter model.

search strategy. Whenever the decision variable V exceeds
the threshold T, the system decides that the corresponding
delay of the locally generated PN sequence is the correct one
and enters the verification mode. If V does not exceed T, the

phase of a locally generated PN sequence is rejected. Then,
another phase is chosen to update the decision variable and
above operation is repeated.

4. Performance Analysis

The correlator output, 𝑋𝑙, 𝑙 = 0, 1, . . . , 𝐿 − 1, of Figure 3 can
be expressed as

𝑋𝑙 = ∫(𝑗+1)𝑇𝑓

𝑗𝑇𝑓

𝑟𝑙 (𝑡) 𝑆𝑢𝑟𝑒𝑐 (𝑡) 𝑑𝑡
= 𝑀−1∑

𝑚=0

𝑈−1∑
𝑢=0

𝐺−1∑
𝑔=0

𝛼𝑢𝑚𝑙,𝑔 ∫(𝑗+1)𝑇𝑓

𝑗𝑇𝑓

𝑆𝑢𝑡𝑟,𝑚 (𝑡 − 𝜏𝑔) 𝑆𝑢𝑟𝑒𝑐𝑑𝑡
+ ∫(𝑗+1)𝑇𝑓

𝑗𝑇𝑓

𝑛𝑙 (𝑡) 𝑆𝑢𝑟𝑒𝑐𝑑𝑡,
(5)

where (5) is valid for any j and 𝑆𝑢𝑟𝑒𝑐(𝑡) is the receiver template
signal, which is denoted as

𝑆𝑢𝑟𝑒𝑐 (𝑡) = √ 𝑃𝑀𝑀−1∑
𝑚=0

∞∑
𝑗=−∞

𝑁𝑓−1∑
𝑘=0

𝑊𝑟𝑒𝑐 [𝑡 − (𝑗𝑁𝑓 + 𝑘)𝑇𝑓 − Ω (𝑢, 𝑘) 𝑇𝑐 − 𝛿𝐷𝑗 − 𝜏𝑢𝑚] , (6)

In this paper, it is assumed that there is no frequency error.
And the channel is an indoor environment channel where the
amplitude of signals is lognormally distributed.

The correlator output, 𝑋𝑙, of the UWB system approxi-
mately has Gaussian distribution with mean 𝜇𝑋𝑙 and variance𝜎2𝑋𝑙 . The random variable, 𝑋𝑙, is a sum ofM independent and
identically distributed random variables. And it has shown
that regardless of statistical dependence, the expected value
of a sum of random variables is equal to the sum of the
expected values by the central limit theorem. It has also
shown that the variance of a sum of random variables is equal
to the sum of the individual variances if each random variable
is independent [14–16]. So 𝜇𝑋𝑙 and 𝜎2𝑋𝑙 can be expressed
as

𝜇𝑋𝑙 = 𝑀−1∑
𝑚=0

𝜇𝑆𝑚 , (7)

𝜎2𝑋𝑙 = 𝑀−1∑
𝑚=0

𝜎2𝑆𝑚 , (8)

where 𝜇𝑆𝑚 and 𝜎𝑆𝑚 , 𝑚 = 0, 1, . . . ,𝑀 − 1, are the mean and
standard deviation of the transmitted signals 𝑆𝑢𝑡𝑟,𝑚(𝑡) for each𝑡, respectively.

If an 𝐻1 cell is being tested, the PDF of 𝑋𝑙 can be
expressed as

𝑓𝑥 (𝑥 | 𝐻1, 𝜇𝑋𝑙) = 1√2𝜋𝜎2𝑋𝑙 exp(−(𝑥 − 𝜇𝑋𝑙)22𝜎2𝑋𝑙 ) . (9)

And if an 𝐻0 cell is being tested, the PDF of 𝑋𝑙 can be
expressed as

𝑓𝑥 (𝑥 | 𝐻0) = 1√2𝜋𝜎2𝑋𝑙 exp(−
𝑥22𝜎2𝑋𝑙) . (10)

The equal gain combiner output, V, of the UWB receiver also
has Gaussian distribution with mean 𝜇𝑉 and variance 𝜎2𝑉.

𝜇𝑉 = 𝐿−1∑
𝑙=0

𝜇𝑋𝑙 , (11)

𝜎2𝑉 = 𝐿−1∑
𝑙=0

𝜎2𝑋𝑙 , (12)

Therefore, the conditional PDF of V associated with an 𝐻1

cell can be expressed as

𝑓𝑉 (V | 𝐻1, 𝜇V) = 1√2𝜋𝜎2𝑉 exp(−(𝑥 − 𝜇𝑉)22𝜎2𝑉 ) . (13)

For a UWB TH/CDMA system using Tx diversity of M
antenna elements, the transmitted signals fromM transmitter
antennas are summed and received at each receiver antenna.
And by using Rx diversity of L antenna elements and EGC,
L branches are equally weighted and summed.Therefore, the
PDF of a sum of independent lognormal random variables
(RVs) is necessary to derive the PDF of the decision variable,
V, when an 𝐻1 cell or an 𝐻0 cell is tested. Though there
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does not exist a closed form expression for it, such a form
can be approximated by another lognormal RV. One of the
approximation methods is the Wilkinson’s method [17].

Let 𝜇𝑉 = exp(𝑌), where Y, 𝑌 ∼ 𝑁(𝜇𝑌, 𝜎2𝑌), is a normal
RV. In Wilkinson’s method, the two parameters 𝜇𝑌 and 𝜎𝑌
are obtained by matching the first two moments of 𝜇𝑉 with
the first two moments of ∑𝐿−1

𝑙=0 𝜇𝑋𝑙 . These two parameters are
given as

𝜇𝑌 = ln( 𝐸2
𝐿1√𝐸𝐿2

) , (14)

𝜎𝑌 = √ln(𝐸𝐿2𝐸2
𝐿1

), (15)

where 𝐸𝐿1 and 𝐸𝐿2 are, respectively, given by

𝐸𝐿1 = 𝐿−1∑
𝑙=0

exp {2 (𝜇𝑋𝑙 + 𝜎2𝑋𝑙)} . (16)

𝐸𝐿2 = 𝐿−1∑
𝑙=0

exp {4 (𝜇𝑋𝑙 + 𝜎2𝑋𝑙)}
+ 2𝐿−2∑

𝑏=1

𝐿−1∑
𝑐=𝑏+1

exp {4 (𝜇𝑋𝑏 + 𝜇𝑋𝑐 + 𝜎2𝑋𝑏 + 𝜎2𝑋𝑐)} .
(17)

Then, when 𝜇V is greater than or equal to zero, the approxi-
mated PDF of 𝜇𝑉 is obtained as

𝑓 (𝜇V) = 1𝜇V√2𝜋𝜎2𝑌 exp(−(ln𝜇𝑉 − 𝜇𝑌)22𝜎2𝑌 ) . (18)

The conditioning in (13) may be removed by using

𝑓𝑉 (V | 𝐻1) = ∫∞

−∞
𝑓𝑉 (V | 𝐻1, 𝜇𝑉) 𝑓 (𝜇𝑉) 𝑑𝜇𝑉. (19)

Substituting (13) and (18) into (19), we have

𝑓𝑉 (V | 𝐻1) = 12𝜋𝜎𝑉𝜎𝑌 ∫∞

0

1𝜇V exp(−(V − 𝜇𝑉)22𝜎2𝑉 )
⋅ exp(−(ln 𝜇V − 𝜇𝑌)22𝜎2𝑌 )𝑑𝜇𝑉.

(20)

Letting ln 𝜇V = 𝑟, then
𝑓𝑉 (V | 𝐻1) = 12𝜋𝜎𝑉𝜎𝑌 ∫∞

0
exp(−(V − exp (𝑟))22𝜎2𝑉 )

⋅ exp(−(𝑟 − 𝜇𝑌)22𝜎2𝑌 )𝑑𝑟. (21)

And letting (𝑟 − 𝜇𝑌)/√2𝜎𝑌 = 𝑧, the resulting PDF after some
algebra can be expressed as

𝑓𝑉 (V | 𝐻1) = 1√2𝜋𝜎𝑉 ∫∞

−∞
exp (−𝑧2)

⋅ exp(−(V − exp (√2𝜎𝑌𝑧 + 𝜇𝑌))22𝜎2𝑉 )𝑑𝑧. (22)
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The above integral expression is efficiently and accurately
evaluated using the Gauss-Hermite quadrature formula [17],
which can be expressed as

∫∞

−∞
𝑓 (𝑥) exp (−𝑥2) 𝑑𝑥 ≈ 𝐼∑

𝑖=1

ℎ𝑥𝑖𝑓 (𝑥i) , (23)

where 𝑓(𝑥) is an arbitrary real function, I is the quadra-
ture order (determining approximation accuracy), 𝑥𝑖, 𝑖 =1, 2, . . . , 𝐼, are the zeroes of the 𝐼𝑡ℎ order Hermite polynomial,
and ℎ𝑥𝑖 are the Gauss-Hermite quadrature weight factors in
[18, p. 890].

Then, by treating

𝑓 (𝑧) = exp(−(V − exp (√2𝜎𝑌𝑧 + 𝜇𝑌))22𝜎2𝑉 ) , (24)

we can derive the following closed form for the PDF of V
when an𝐻1 sample is being tested. It can be expressed as

𝑓𝑉 (V | 𝐻1) = 1√2𝜋𝜎𝑉 ∫∞

−∞
𝑓 (𝑧) exp (−𝑧2) 𝑑𝑧

≈ 𝐼∑
𝑖=1

ℎ𝑧𝑖√2𝜋𝜎𝑉 exp(−(V − exp (√2𝜎𝑌𝑧𝑖 + 𝜇𝑌))22𝜎2𝑉 ) . (25)

Furthermore, the PDF of V with an𝐻0 cell can be expressed
as

𝑓𝑉 (V | 𝐻0) = 1√2𝜋𝜎2𝑉 exp(− V22𝜎2𝑉) , (26)

The detection probability for a given value of the decision
threshold is defined as the probability of the event that the
output decision variable corresponding to an𝐻1 cell exceeds
the decision threshold, which can be obtained by

𝑃𝐷 = ∫∞

𝑇
𝑓𝑉 (V | 𝐻1) 𝑑V, (27)

where 𝑃𝐷 represents the detection probability of an𝐻1 cell, T
represents the decision threshold, and 𝑓𝑉(V | 𝐻1) is given by
(25). Upon substituting (25) into the above equation, it can be
derived that

𝑃𝐷 ≈ ∫∞

𝑇

𝐼∑
𝑖=1

ℎ𝑧𝑖√2𝜋𝜎𝑉
⋅ exp(−(V − exp (√2𝜎𝑌𝑧𝑖 + 𝜇𝑌))22𝜎2𝑉 )𝑑V
= 1√2𝜋𝜎𝑉

𝐼∑
𝑖=1

ℎ𝑧𝑖
⋅ ∫∞

𝑇
exp(−(V − exp (√2𝜎𝑌𝑧𝑖 + 𝜇𝑌))22𝜎2𝑉 )𝑑V.

(28)

Letting exp(√2𝜎𝑌𝑧𝑖 + 𝜇𝑌) = 𝐾(𝑧𝑖), then
𝑃𝐷 ≈ 1√𝜋 𝐼∑

𝑖=1

ℎ𝑧𝑖√2𝜋𝜎2𝑉 ∫∞

𝑇
exp(−(V − 𝐾 (𝑧𝑖))22𝜎2𝑉 )𝑑V

= 1√𝜋 𝐼∑
𝑖=1

ℎ𝑧𝑖𝑄(𝑇 − 𝐾 (𝑧𝑖)𝜎𝑉 ) .
(29)

The threshold coefficient T is determined from the false
alarm probability associated with a 𝐻0 cell. The false alarm
probability is defined as the probability of the event that the
output decision variable corresponding to a 𝐻0 cell exceeds
the decision threshold, which can be expressed as

𝑃𝐹𝐴 = ∫∞

𝑇
𝑓𝑉 (V | 𝐻0) 𝑑V, (30)

where 𝑃𝐹𝐴 is the false alarm probability and 𝑓𝑉(V | 𝐻0) is
given by (26). Upon substituting (26) into (30) and perform-
ing the required integrations, the false alarm probability can
be obtained by

𝑃𝐹𝐴 = ∫∞

𝑇

1√2𝜋𝜎2𝑉 exp(− V22𝜎2𝑉)𝑑V = 𝑄( 𝑇𝜎𝑉) , (31)

Not only Holmes and Chen [19] but also Polydoros and
Weber [19] have derived the equation for computing themean
acquisition time (MAT) for a serial search code acquisition
system in both exact and asymptotic forms under the single𝐻1-cell and double 𝐻1-cell hypotheses in the uncertainty
region.AndLie-Liang and Lajos [20] have given a generalized
asymptotic equation for the MAT under the multiple𝐻1-cell
hypothesis.

The equivalent circular state diagram for a serial search
code acquisition system with multiple 𝐻1-cell hypothesis is
drawn in Figure 5. 𝑃𝐷 is replaced by 1 − 𝛽𝑖 for notation
convenience and 𝛽𝑖 represents the miss probabilities of the𝑖𝑡ℎ detection, leading to 𝛽𝑖 = 1 − 𝑃𝐷. Nodes represent
states, branches between two nodes indicate state transitions,
z represents the unit-delay operator, and the power of z
represents the time delay. The branch gains in a transform
domain are derived accordingly, which are

𝐻𝐷 (𝑧) = 𝜆∑
𝑗=1

(1 − 𝛽𝑖) 𝑧𝑗−1∏
𝑖=1

𝛽𝑖𝑧, (32)

0∏
𝑖=1

𝛽𝑖𝑧 = 1, (33)

𝐻0 (𝑧) = (1 − 𝛼) 𝑧 + 𝛼𝑧𝑘+1, (34)

𝐻𝑀 (𝑧) = 𝑃𝑀 (𝜆) 𝑧𝜆, (35)

where𝛼 represents the false alarm probability associated with
an 𝐻0 cell, 𝜆 is the number of 𝐻1 cells in the uncertainty
region to be searched, and𝐻𝐷(𝑧) and𝐻𝑀(𝑧) include all paths
leading to successful detection ormiss detection, respectively.
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Table 1: Parameter settings for simulation.

Parameters Values
PN sequence of length 1,023
q, which determines the length of the uncertainty region 2,046
search step size 𝑇𝑐/2𝛼, false alarm rate 0.001
J, penalty time constant 1,000
L, receiver antennas {1, 2, 4}𝑀, transmit antennas {1, 2, 4, 8}𝑈, the number of users 10𝐽𝜏𝐷, penalty time 1, 000𝜏𝐷𝜏𝐷, the integral dwell time 64𝑇𝑐𝜏𝑢𝑚, intentional time delay 4𝑇𝑐

Successful 

1

3

2

(1 − 1)z (1 − )z

(1 − 2)z

1z
H0(z)

H0(z)

H0(z)
H0(z)

H0(z)

(q −  − 2)

(q −  − 1)

(q − )

z
−1z

(1 − −1)z

Figure 5: Equivalent circular state diagram for a serial search code
acquisition system with multiple timing hypotheses.

𝑃𝑀(𝜆) represents the overall miss detection probability of
a search over the full uncertainty region, which can be
expressed as [20–22]

𝑃𝑀 (𝜆) = 𝜆∏
𝑖=1

(1 − 𝑃𝐷) . (36)

The transfer function,𝐻(𝑧), assuming equal prior probability
of each state can be expressed as

𝐻(𝑧) = 𝐻𝐷 (𝑧)(𝑞 − 𝜆) [1 − 𝐻𝑀 (𝑧)𝐻𝑞−𝜆
0 (𝑧)]

𝑗−1∑
𝑖=0

𝐻𝑖
0 (𝑧) , (37)

where q is the number of total states in the uncertainty region
of the PN sequence. In the approximation, it is assumed that𝑞 ≫ 1.

The mean acquisition time of the proposed system,𝐸(𝑇𝑎𝑐𝑞), is derived using the state diagram in Figure 5. From

the transfer function (37) and branch gains in (32)-(35), the
generalized expression for the asymptotic mean acquisition
time of the proposed serial search acquisition system with
single or multiple adjacent𝐻1 cells is given by

𝑇𝑎𝑐𝑞 = [1 + 𝑃𝑀 (𝜆)] (1 + 𝐽𝑃𝐹𝐴)2 [1 − 𝑃𝑀 (𝜆)] (𝑞𝜏𝐷) , (38)

where 𝐽𝜏𝐷 represent the ‘penalty time’ associated with deter-
mining if there is a false alarm and re-entering the search
mode.

5. Simulation Results

In this section, the code acquisition performance of a UWB
TH/CDMA system using Tx and Rx diversities is evalu-
ated. To verify the performance of the proposed system, its
detection probability, miss detection probability, and mean
acquisition time are tested using various system parameters
in frequency-selective lognormal fading channel. The per-
formance of Tx diversity is also compared with that of Rx
diversity. The system performance is analyzed in terms of the
number of transmit and receive antennas. As an application
for the serial search is considered, we use a PN sequence of
length 1,023. Therefore, q, which determines the length of
the uncertainty region, is 2,046 since the search step size is
assumed to be half of the chip duration. For convenience,
the normalized mean acquisition time, which is derived from
(38) divided by 𝑇𝑐, is considered. All results are evaluated
from (27), (30), (36), and (38). For the analysis, the false alarm
rate is set at 0.001 and the penalty time constant, J, is set at
1,000. The other parameters for simulations are tabulated in
Table 1.

In Figure 6, the detection probability versus the SNR
per chip performance for the proposed system is shown
in accordance with the number of transmit antenna. As
expected, because of the SNR enhancement with the diversity
combining technique, the detection probability increases
as the number of antennas increases. But the degree of
improvement in detection probability gradually decreases
with the number of antennas.

In Figure 7, the miss detection probability versus the
SNR per chip performance is depicted in accordance with
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Figure 6: Detection probability versus SNR per chip performance
for the proposed system with various transmit antennas (L=1,M=1,
2, 4, 8).

M
is

s D
et

ec
tio

n 
Pr

ob
ab

ili
ty

10−7

10−6

10−5

10−4

10−3

10−2

10−1

1

M=1, L=1
M=2, L=1

M=4, L=1
M=8, L=1

−25 −20 −15 −10 −5 0−30
SNR/chip [dB]

Figure 7: Miss detection probability versus SNR per chip perfor-
mance for the proposed systemwith various transmit antennas (L=1,
M=1, 2, 4, 8).

the number of transmit antenna. We can see that the
miss detection probability decreases; however, the rate of
decrease increases as the number of antenna increases. This
phenomenon is observed since the SNR increases with Tx
diversity scheme.

In Figure 8, we evaluate and compare the overall miss
detection probability versus the threshold, T, performance
with various transmit antennas for the proposed system.
SNR/chip is set at -4dB. As expected, the overall miss detec-
tion probability of the proposed system using Tx diversity
increases with the threshold T. And the necessary threshold
value to maintain the required miss detection probability
increases as the number of antennas increases.

In Figure 9, the mean acquisition time versus the SNR
per chip performance with the number of transmit antenna
is shown. As the number of antennas increases from one to
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Figure 8: Miss detection probability versus threshold, T, perfor-
mance for the proposed system with various transmit antennas
when SNR/chip=-4dB (L=1,M=2, 4, 8).
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Figure 9: Mean acquisition time versus SNR/chip per chip perfor-
mance for the serial search acquisition of the proposed system with
various transmit antennas (L=1,M=1, 2, 4, 8).

two, two to four, or four to eight, the mean acquisition time
decreases. When the SNR/chip is over -6dB, the mean acqui-
sition time performance becomes almost identical, regardless
of the number of antennas. The reason of this is that the miss
detection probability is under 10−1when the SNR/chip is over
-6dB in Figure 7. Therefore, the miss detection probability
term in (37) hardly affects the mean acquisition time.

In Figure 10, the mean acquisition time performance of
the proposed system is presented against the threshold, T.
There is an optimal choice of the threshold, T, which leads
to the minimum mean acquisition time. If the value of the
threshold is set inappropriately, the mean acquisition time
will significantly increase as the number of transmit antenna
decreases. We can also find that the mean acquisition time
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Figure 10: Mean acquisition time versus threshold, T, performance for the serial search acquisition of the proposed system with various
transmit antennas when SNR/chip=-4dB (L=1,M=1, 2, 4, 8).

M=4, L=1
M=2, L=2
M=1, L=4

0.4

0.5

0.6

0.7

0.8

0.9

1

D
et

ec
tio

n 
Pr

ob
ab

ili
ty

−8 −6 −4 −2 0−10
SNR/chip [dB]

(a)

No diversity
2-Tx Antenna
4-Tx Antenna

2-Rx Antenna
4-Rx Antenna

0

0.2

0.4

0.6

0.8

1
D

et
ec

tio
n 

Pr
ob

ab
ili

ty

−20 −15 −10 −5 0−25
SNR/chip [dB]

(b)

Figure 11: Detection probability versus SNR per chip performance of the proposed system with various transmit and receive antennas.

performance of the proposed system is significantly improved
due to the diversity combining effect as the number of
antennas increases.

In order to compare the acquisition performance of Tx
diversity with that of Rx diversity, the detection probability,
miss detection probability, and mean acquisition time of the
proposed system are represented in Figures 11, 12, and 13,
respectively.

Figure 11 shows the detection probabilities of the pro-
posed system with various number of transmit and receive
antennas. In Figure 11(a), the detection probability is mea-
sured for the fixed number of total antennas. The number
of antennas is set to be 4. In Figure 11(b), the detection
probability is tested for Tx or Rx diversity. From these results,
it is confirmed that Rx diversity can enhance the detection
probability much more than Tx diversity does.

In Figure 12, the miss detection probabilities are pre-
sented for several number of transmit and receive antennas.
The system performance is tested in the conditions set at
Figure 11. From these results, it is also shown that the miss
detection probability decreases much more by using Rx
diversity than by using Tx diversity.

In Figure 13, the mean acquisition time performance is
shown for diverse number of transmit and receive antennas.
Also, the simulation conditions are established in the same
manner of the preceding conditions in Figure 11 or Figure 12.
We can also see that we can improve the mean acquisition
time performance much more when we employ Rx diversity
than Tx diversity.

From these figures, it can be shown that Rx diversity
improves the system performance much higher than Tx
diversity does. This is because when Rx diversity is in use,
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Figure 12: Miss detection probability versus SNR per chip performance of the proposed system with various transmit and receive antennas.
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Figure 13:Mean acquisition time versus SNR/chip per chip performance for the serial search acquisition of the proposed systemwith various
transmit and receive antennas.

we can mitigate fading to some extent and the performance
improvement by using Tx diversity cannot affect much
influence.

6. Conclusions and Discussions

In this paper, we have proposed Tx and Rx diversity tech-
niques for the PN code acquisition of the UWB TH/CDMA
signal in the frequency selective lognormal fading channel.
In the acquisition process, we consider the hypothesis of
multiple synchronous states (𝐻1-cells) in the uncertainty
region of the PN sequence. A transmitter of the proposed

system transmits the same UWB signal from different anten-
nas at the same time but with different time delays. And
a receiver of the proposed system obtains all signals from
each transmitter antenna. The acquisition performance of the
proposed system is evaluated when the correlator outputs
of the receiver antenna associated with the same phase of
the local PN code replica are noncoherently combined using
EGC scheme. The closed form of the detection probability,
false alarm probability, miss detection probability, and mean
acquisition time are derived for the proposed system.

From the simulation results, we have shown that Tx
diversity is not as effective as Rx diversity in the sense of the
detection probability, the miss detection probability, and the
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mean acquisition time. But the acquisition performance can
be improved with Tx diversity technique. Further improve-
ment is possiblewith the combination of Tx andRxdiversities
if the complexity of the receiver is allowed. We have also
studied the effect of the threshold on the PN code acquisition
performance of the UWB system. From the results, we
conclude that if the detection threshold is inappropriately
set, the code acquisition performance might be significantly
degraded as the number of antennas decreases. It is found
that the code acquisition performance of the proposed system
using the diversity combining technique becomes more
robust to the detection threshold according as the number
of the transmit and receive antennas increases. The proposed
system can find its applications in design and implementation
of various mobile and satellite communication systems.
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