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Abstract

The thesis foctses on fast acquisition techniques for spread spectrumn packet radio
communications systems. Matched filters are oft2n used to achieve fast acquisi-
ticns. A new synchronizer using multiple acquisition detection is designed to achieve
a highly reliable synchronization with a very simple receiver structure. Since PN
codes, in practice, cannot be made too long due to the difficulty of manufactvring
long matched filters and the limitation on the bandwidth of the frequency spectrum
for the system, the reliable synchronization can be only obtained by repeating the
transmission of the acquisition code at the beginning of each packet. The verifica-
tion or coincidence detection is done by means of a marker detection following an
acquisition. A hard-limiting synchronizer is also examined combined with the mul-
tiple acquisition detection. The hard-limiting synchronizer is simpler to implement
and suitable for receiving signals with a large SNR dynamic range, but it can-
not work well when multiuser interference and multi-path interference are present.
For this reason, a new linear Automatic Threshold Control (ATC) synchronizer is
developud for detecting signals with a large amplitude dynamic range while pre-
serving good performance in multi-path and multi-user interference. The idea of
the ATC scheme is to adjust the receiver acquisition threshold level according to
the SNR of the received signal such that the largest (or the most likely) correlation
peak in a short time period is selected for the synchronization alignment. There-
fore falze acquisitions caused by strong correlation side-lobes during the acquisition
can be eliminated. For the more realistic situation where the multi-user interfer-
ence or near-far effect causes severe performance degradation, we proposed a novel
non-line.r multi-user detector or multistage detector which is suitable for both the
synchronous and asynchronous CDMA systems. This sub-optimal detector is able
to achieve the performance of the optimal detector with very small computation

complexity. The near-far effect will no longer exist because the interference from
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the uiiexpected users is considered to he not always harmful for the detection of a
specific users’ message. To apply thic detection techrique to asynchronous CDM A\
systems, acquisition for each users’ PN code becomes more critical, because dur-
ing the acquisition, the information from the other users’ PN codes is usually not
available, which means that acquisition still suffers the near-far effect. The proposed
acquisition scheme based on interfrrence cancellation technique and the ATC scheme
can alleviate the near-far effec. significantly, and provide vhe necessary condition for

the appropriate ope ations of multi-user detectors.
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Chapter 1. Introduction 1

Chapter 1

Introduction

1.1 Introduction

In the past few decades spread spectrum technology has been used for military com-
munications, where it was attractive because of its capability of various interference
resistance, secure communications and its capacity for high-resolution ranging. Just
as spread spectrum signals are unlikely to be intercepted by a military opponent, so
are they unlikely to interfere with other signals intended tor commercial users - even
ones transmitted on the same frequencies. Such an advantage opens up crowded
frequency spectra to vastly expanded use. Two typical examples of commercial ap-
plications of spread spectrum are given by the Digital Cellular System of Qualcomm
Inc. and the Broadband Personal Communications Systems (PCS) [55][38].

Spread spectrum is a kind of modulation and demodulation technique. With
this technique, the conventicnal digital transceivers, such as PSK, DPSK, MSK
transceivers etc, can be used to communicate digital information in channels wherv
a variety of interference exist. As the name implies, spread spectrum technique
converts digital signal into the transmission signal which has a bandwidth much

greater than the minimum bandwidth required to transmit the digital information.
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The two commonly used techniques for this conversion are direct sequence (DS)
modulation and frequency hopping (FH) modulation . Both techniques spread the
transmitted power over a wide frequency band so that the power per unit bandwidth
(Watts pe. Hertz) is very small; then at the receiver the signal is compressed into
its original narrow band - even while leaving the power of other (intetfering) signals
scattered over that same extremely wide transmission band.

Spread spectrum modulations can b : used as a multiple-access scheme in which
users share the same bandwidth without interfering with each other by using differ-
ent codes or FH patterns. This is called code-division multiple-access (CDMA) or
spread-spectrum multiple-access (SSMA) . Some specific CDMA systems are Per-
sonal Comraunication Networks (PCN) , Digital Cellular Systems (DCS) [38](55].

The key to success in spread spectrum operation is that the transmitted signal
for a given user is "tagged” with a direct-sequence (pseud-noise (PN) code) or a
frequency hopping pattern that only the designated receiver can recognize. The
receiver knows in advance how the transmitter will spread the spectrum and ac-
quires the signal and continues to track the transmitted pattern. The technique for
acquiring and tracking the transmitted pattern is called synchronization.

The chapter is organized as follows. In sections 1.1.1 and 1.1.2, the principics of
the frequency-hopping (FH) and direct sequence (DS) spread spectrum technologies
are introduced. In section 1.1.3, some aspects of CDMA are discussed. In section
1.2, packet radio technique is presented. The importance of synchronization for
spread spectrum systems is emphasized in section 1.3. Finally, an outline of the

dissertation is given in section 1.4.

1.1.1 Frequency hopping spread spectrum

The type of spread spectrum in which the carrier hops randomly and rapidly under

the control of a random sequence is called frequency-hopping (FH) spread spec-
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trum. Typically, each carrier frequency is chosen from a set of 2* frequencies which
are spaced approximately the width of the data modulation spectrum apart. The
spreading code in this case does not directly modulate the data-modulated carrier
but is instead used to control the sequence of carrier frequencies. In the receiver, the
frequency hopping is remnoved by mixing (down-converting) with a local oscillator
signal which is hopping synchronously with the received signal.

When a FH system coexists with a few other conventional narrow-band users, the
interference from the narrow-band users can be greatly reduced because the existing
narrow-band users only occupy a small fraction of the total frequency slots available
for the hopping. Therefore the FH system transmits data without interference most
of the time. On the other hand, the conventional narrow-band users may encounter
severe interfsrence from the FH users. An «xample is shown in [38]. Therefore, FH
spread spectrum may not be the best choice if the system is required to coexist with

snme other conventional communications systems.

1.1.2 Direct sequence spread spectrum

Direct sequence spread spectrum transmission spreads the spectrum by modulating
(multiplying) the digital data bits with a pseudorandom sequence of very high chip
rate. Because of the high rate of the sequence, the bandwidth after the modulation
is much wider than the bandwidth of the original information.

A typical DS coherent PSK spread spectrum system is shown in figure 1.1. At
the transmit:er, the digital data bits b(¢) are modulated (multiplied) by a high
rate PN code ¢(t) and then up-converted to the transmission band. The signal is
assumed to be added with narrow-band interference in the channel. At the receiver,
the signal is compressed into its original narrow band while leaving the power of
interfering signals scattered over the same extremely wide transmission band. The

data bits are recovered by the conventional PSK demodulation. The process at
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Figure 1.1: Direct sequence PSK spread spectrum transceiver

the receiver is usually called despreading. Because the despreading recovers the
original signal energy while suppresses the interference, the signal to interference
ratio after despreading is increased. The amount of the increase is called processing
gein which is traditionally defined as the ratio of transmission bandwidth to digital
data bandwidth.

Th~= key to success in the despreading operation is that the rcceiver has the
exactly same DS sequence (replica) as the transmitter has. In other words, only th:
given receiver can recognize this pattern. The receiver knows in advance how the
transmitter will spread the spectrum and acquires (at the beginning of reception)

the signal and continues to track the transmitted pattern.

1.1.3 Code-division-multiple-access

More recently, commercial applications of spread spectrum have attracted consider-
able attention. One useful form of applications is called code division multiple access
(CDMA). A typical CDMA system is shown in figure 1.2 where coherent reception
is assumed. In the CDMA system, a group of individual signals can be multiplexed
onto a communication medium via a set of distinct sequences. Each of the sequences

identifies a user. For example, if user 1 has a sequence ¢;, and user 2 a sequence c,,

* etc., then a receiver, desiring to listen to user 1 will receive at its antenna all of the
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Figure 1.2: Conventional coheren; CDMA signal detection

energy sent by all of the users. However, after despreading user 1’s signal, it will
see all the energy of user 1 and expect a small fraction of the energies sent by other
ugers.

Typical applications of CDMA include personal communications service (PCS),
cellular telephone, and wireless networks. In these systems spread spectrum is likely
to be used to improve the performance in multipath, to make possible cocxistence
with the other systems, and to provide resistance to various interference. Several
spread spectrum systems using CDMA have been described in [39][38){37) and [55)].
The PCS system presented in [37] has demonstrated that DS spread spectrum users
can share a frequency band with conventional microwave radio users without one
group interfering with the other while achieving a good performance in fading chan-
nel.

The demodulators illustrated in figure 1.2 were referred to as the conventional

single-user detectors [54]. Although this type of demodulators achieves the minimum
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bit-error-rate in additive white Gaussian noise channel, it is no longer optimum in
the multiple access channe: Its performance is only acceptable when the energies
of the received signals are not too dissimilar and the PN codes are relatively long
compared to the number of uzers in the system, i.e., in low bandwidth efficiency
situations. If the received signal energies are indeed dissimilar, i.e., some users are
very weak in comparison to others, then the demodulators are not able to recover
the weak signals reliably, even in low power bandwidth efficicicy situations. This is
known as the near-far effects and is the main shortcoming of currently operational
CDMA systems.

Power control technology is currently applied to remedy the near-far problem.
However such a strategy may be self-defeating [54] [51) because it may dictate a
significant reduction in most transmitter powers to accommodate the weakest trans-
mitter, thereby diminishing the multiple access capability of the overall system.

A complete solution to the near-far problem relies on the development of cost-
effective multi-user detectors. A lot of work has been done by Verdu, Lupas,
Varanasi and Aazhang [52}{53](25][26] [49](50]. Verdu and Lupas focused on the
development of linear type multi-user detectors which do not require the energy
information of users. Varanasi and Aazhang studied non-linear type multi-user de-
tectors which can achieve better performance than the linear ones provided that the
energy information is known. In addition, the computation complexity is still linear

with the number of users.

1.2 Packet radio

Packet radio is a technology that extends the application of packet switching which
evolved for networks of point-to-point communication lines to the domain of broad-

cast radio. It offers a highly efficient way of using a multiple access radio channel
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with a potentially large number of mobile subscribers to support computer com-
munication and to provide local distribution of information over a wide geographic
area.

In a packet-switched network, the unit of transmission is called a packet. 1t
contains a number of data bits, and is usually of variable length up to a maximum
of a few thousand bits. Packet switching was originally designed to provide efficient
network communications for "bursty” traffic and to facilitate computer network
resource sharing. It is well known that the computer traffic generated by a given
user is characterized by a very low duty cycle in which a short burst of data is sent
or received followed by a longer quiescent interval after which additional traffic will
again be present.

The rapid development in packet radio technology has been great'y stimulated
by the need to provide computer network access to mobile terminals and computer
communications in the mobile environment.

Spread spectrum technology is often applied in packet radio systems to provide
the capability of reducing intersymbol interference, to improve performance in multi-
path fading channel and to make possible for CDMA communications, i.e., allowing
various groups of users to coexist in the same area.

The signal processing of spread spectrum packet radio systems is based on
matched filters (MF) such as charged-coupled-devices (CCD), digital matched fil-
ters and surface-acoustic-wave (SAW) convolvers. Among them, SAW convolver
is probably the most attractive one because of its large time-bandwidth product
and programmability. A sufficient processing gain may be obtained by the time-
bandwidth product. However, in some cases where even larger processing gain is
needed, a hybrid correlator technique can be applied [10]. The programmability
allows the transmitting signal to be changed. Thus, each data bit can have a new

PN code. For the high data rates on the order of 1 Mbits/s or higher, this could help
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ease the suffering from intersymbo! interference in typical broadcast environments.
More detailed design issues of SS packet radio are given in [10] and the papers

therein. A complete tutorial about packet radio is given in [16}.

1.8 Synchronization for spread spectrum

One may have noticed from the previous description of spread spectrum technology
that those attractive benefits of spread spectrum can only be obtained under the vi-
tal condition of the alignment of phases/frequencies between the received spreading
pattern and receiver pattern. At the beginning of signal reception, the difference be-
tween these two phases/frequencies is a random variable which mainly corresponds
to the propagation delay. Since typical spreading waveform period is quite long
and bandwidth is large, the uncertainty in the estimated propagation delay trans-
lates into a large number of symbols of code phase uncertainty. Synchronization
is a method to reduce the uncertaiity until the two sequences are in alignment.
Synchronization for spread spectrum basically consists of two steps. The first step
is called acquisition which brings the difference of the two sequences to within an
uncertainty unit (usually called a cell). At the same time, the SNR at the output
of the receiver detector is large enough to do further synchronization adjustment.
The second step is called fine synchronization which brings the difference to within a

small fraction of an uncertainty unit. In this thesis, we will consider the acquisition.

1.3.1 Synchrounizations for systems with non-limited per-
mitted synchronization time
In such a system, communication can be assumed to be in operation forever. There

is no time limit on the synchronization procedure. Theoretically, synchronization

time could be any value from 0 to co seconds. The objective of synchronization is

e e -
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to reduce the average synchronization time as efficiently as possible. To judge the
performance of an acquisition system, one needs to calculate the average acquisition
timie and its variance. Intuitively, the acquisition time will increase as the uncer-
tainty region increases and SNR decreases. There are a lot of acquisition methods
available. Among them, the serial search method is probably the earliest and most
commonly one used for military spread spectrum systems. The method includes sin-
gle dwell search and multiple dwell search which have been generalized by the unified
method in [31). Other acquisition schemes include sequential estimation [56){34) and
sequential detection [5][4](44). Each method has its own particular application case
and to some extend reduces the acquisition time or simplifies the system complex-
ity. There is no versatile method existing for all kinds of applications. An optimum
synchronizer can be defined to be a synchronizer which can achieve synchronization
with a given probability in the minimum possible time [60].

The analysis of acquisition consists of two parts. First, the model of the acqui-
gition process must be established. For different methods, different models (usually
represented by signal flow graphs) can be employed. Using the technique of signal
flow graph or Markov chain, the characteristics of time and frequency domain of
acquisition time can be obtained. The second part is to calculate the probabilitics
of detection and false alarm at each decision moment. The exact calculations some-

times are not easy for most of the receiver constructions, and approximated results

are often obtained.

1.3.2 Synchronizations for systems with limited permitted
synchronization time
Until now, few papers gave a complete analysis for the synchronization of spread

spectrum packet radio systems. For this kind of system which has a limited syn-

chronization time, the optimum synchronizer defined before is no longer appropriate.
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Figure 1.3: Packet structure

A new optimal synchronizer needs to be defined. From the structure of a packet
in figure 1.3, we see that a packet is mainly composed by two portions. The first
portion, the head of a packet, is called preamble which is used mainly for synchro-
nization. The other portion is the text/data of the packet. It is obvious that the
correct reception of a packet is dependent upon acquisition of the preamble as well
as correct decision for each data bit. Since the presence of interference or nois:, the
operation of synchronization in the preamble can not be perfect. In other words,
synchronization may fail so that the whole packet is lost. The mini.num packet loss
synchronizer may be defined as an optima! synchronizer to minimize the probability
of packet loss by synchronization failure given the length of the preamble.

Som:~ of the fast acquisition schemes which use matched filtering technique can
be adopted for packet radio with the attention focusing on the minimization of
probability of packet loss due to synchronization failure. The basic idea is to use a
passive correlator {matched filter) to correlate with the received sequence and find
the mcat likely corrclation peak as the synchronization phase. The selected phase is
then verified by the followed cotncidence detection (CD) which is usually based on
majority logic algorithm [32]. Acquisition schemes using matched filters for packet
radio were presented in (22]){23] {43]. More complicated schemes based on SAW
matched filters can be found in [28}[12].
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1.4 Dissertation outline

In chapters 2 and 3, an acquisition scheme based on multiple acquisition prefixes
are analyzed for linear and hardlimiting matched filters, respectively. The scheme is
similar to the two-level scheme in [35](58], but with much simpler receiver construc-
tion because it does not need any active correlators for the coincidence detection.
L sides, the scheme will be shown to has better performance than the single prefix
scheme. The masking effect caused by false alarms at high SNR vill be diminished
by a two-level threshold decision scheme in the linear matched filter and can be
totally eliminated by the hardlimiter.

In chapter 4, an automatic threshold control scheme is proposed and anaiyzed to
reject the masking effect and thus increase the dynamic range of the received signal.
This scheme will be shown to be most appropriate for sequence acquisitions in a
CDMA system because the effective SNR for a specific user fluctuates according to
the number of active users in the system.

Starting from chapter 5, we introduce some basic concepts for optimum and
sub-optimum multi-user detection. A new non-linear multistage multi-user detector
is proposed in chapter 5. The method will be shown to outperform other detec-
tion methods fo. CDMA signals. The comparison of existing multi-user detection
schemes for asynchronous CDMA is addressed in chapter 6.

With the knowledge introduced in chapters 5 and 6, it will be casier to under-
stand the acquisition scheme for COMA signals based on interference cancellation
technique presented in chapter 7. Since any multi-user Aetection requires the knowl-
edge of signature sequences of all users in the CDMA system, the acquisition for
these sequences becomes the most important task. The difficulty is that the near-
far effect cannot be avoided during acquisition, although it can be alleviated by our
method. Acquisition process in such a system involves more signal pracessing com-

putations than those in other conventional systems, which may result in some delay
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for the signal receptions. For packet radio, each packet can be temporally stored
in buffers, the induced delay by acquisition does not cause too much performance
degradation. However, searching for efficient acquisition algorithms to achieve the

near-real-time cornmunication is still a challenging topic.
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Chapter 2

Acquisition Usiag Linear

Matched Filter

2.1 Introduction

Direct sequence spread spectrum systems cperating in burst or packet mode trans-
mit user data in packets of a few thousund bits where each packet begins with a
short synchronization preamble. Such burst or 'push-to-talk’ techniques are com-
monly used in tactical military communications as well as indoor wirelcss computer
communications [34}{29]). Thus for receivers which use matched filters like SAW de-
vices spanning one PN code period, only a finite number I, PN code periods in the
preamble are available at the beginning of a burst for PN acquisition and to deter-
mine the start of user data. Because synchronization must be achieved during the
limited time of the preamble, one measure of sysiem performance is the probability
of not achieving synchronization within this limited permitted time, i.e. missing the
packet. However, packets may be also lost because a false alarm in noise can cause
the receiver to be busy, and thus unavailable (blocked) when the packet arrives.

Thus the overall system performance is characterized by the probability of packet
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loss caused by either failed synchronization (missed packet) or receiver blocking.

For maximum information throughput, a tradeoff is made between the probabil-
ity of successful synchronization and the overhead time needed for synchronization.
Thue the length L of the preamble which yields maximum throughput will depend
on the number of information symbols in each data burst and the symbol error rate
[45).

One previous scheme requires code acquisition at the first PN code period, fol-
lowed by coincidence detection (verification) on the reraining L—1 PN code periods
[29). For any particular choice of acquisition threshold and corresponding false alarm
rate, the matched filter may not be long enough for relicble acquisition at low SNR,
although the message with forward-error-correctior (FEC) could be decoded suc-
cessfully. Therefore, most of the packet losses may be caused by synchronizations
failure.

The two-level code acquisition (TL) scheme presented by Rappaport and Wilson
[35][58] may be used to improve the performance of synchronization to burst mode
communication. The reliable sync is guaranteed by the use of several active corre-
lators following one or mure fast (short) acquisition matched filters. In the scheme,
the detection threshold can be set to be reasonably low for reliabie detection in
low SNR, because most of the "false-start” signals may be dismissed by a number
of long active correlators. Hcwever, this method needs a long preamble relative to
the message length, thus it may not be suitable for packet-switch communication.
Furthermore, the hardware complexity may impose an upper limits to the number
of correlators in a receiver.

Logically thinking, for the same length of the preamble, we can have fewer PN
codes with longer code period. Thus the corresponding matched filter will be longer.
The detection performance will be better than that by using shorter codes. However,

the tradeoff with L is usually made according to the possible size of the matched
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Figure 2.1: Packet format for the proposed acquisition scheme

filter being used. As a matter of fact, since longer matched filters are difficult to be
built, the above two-level scheme has been considered.

The comparisons given at the end of the chapter show that the proposed scheme
in this chapter yields much better performance than the scheme of [29], and is
better than or equivalent tc that of the scheme of [35)[58] with comparable receiver
complexity. We have found that the performance of the TL scheme of [35][58] can
not be significantly improved by increasing the number of active correlators. Thir
is due to the fact that increasing the active correlators means that one can mak-
the acquisition threshold lower to reduce the possibility of missing signals. But on
the other hand, the lower threshold may bring too many false acquisitions which
the active correlators cannot handle. The maximum amount of improvement over
the proposed scheme is limited by this method. In addition, the new scheme has a
much simpler receiver structure

The chapter is organized as follows. In section 2.2, the acquisition technique
is described. The performance analysis is carried out in section 2.3, followed by

numerical results and the appropriate comparisons of the proposed scheme with the
other schemes in section 2.4 and summary in section 2.5.
2.2 Acquisition technique

In this section, a new construction of preamble is proposed for fast acquisition. The

designed preamble is mainly used for enhancing the acquisition reliability. Accord-
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p‘l—chip PN codes 1,2 & 3 corresponding }

Figure 2.2: Packet format for the two-level acquisition scheme

ir:zly, the acquisition process is presented.

Figure 2.1 shows the data format used by the proposed technique for a preamble
with length of L = 8 PN code periods. This preamble is divided into two portions.
The first one consists of N, unmodulated PN code periods, while the second portion
is made up of N, PN codes moduluted by a marker. In the above example, N} = 5
and N, = 3. We assume one data bit per PN code period, so that the preamble
consists of the data string 11111001. For comparison, figure 2.2 illustrates the
preamble data format for the TL method of [35][58]. It is assumed that the length
of the preamble of the TL method is the same as that of the proposed method. In
addition, same passive correlators or matched filters are used for the two schemes.
The length of the active correlators for the TL scheme will depend on the number
of prefixes in the preamble. The more the prefixes, the shorter the length of the
active correlators.

Figure 2.3 shows a simplified code-shift-keying (CSK) receiver structure. A band-

pass filter eliminates out-of-band noise. The noncoherent matched filters (MF) are
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Figure 2.3: Simplified CSK receiver

designed to match two orthogonal PN codes corresponding to ones and zeros, and
are followed by envelope detectors (ED) with a detection threshold. After sywnchro-
nization is achieved, bit decisions are made by comparing the two ED outputs and
selecting the larger output.

The receiver operates by searching the incoming data stream for synchronization
in two steps: initial acquisition (correlation detection) and coincidence detection
(frame synchronization).

Initial acquisition is achieved when the MF output y(t) exceeds the threshold
bo . This may occur in any one of the N, PN code periods in the preamble, not
necessarily the first one. When this first step is complete, the receiver sets the
threshold to a new value b; and samples the MF output once per code period. The
coincidence detection is achieved when the current data symbol ae{—1, 1, erasure
plus the previous IV, — 1 symbols match the N, symbol marker within a specificd
symbol error and erasure tolerance. Since it i3 not known a priori at which point
in the N),, preamble symbols acquisition occurred, the marker search (symbol-wise
correlation) is performed in successive positions of the marker until a match is found
or N, positions have been tested. If no match is found, then the receiver resumes
the search for initial acquisiiion. If a match is found, then the receiver starts to
process the Lp symbols of user data.

The marker of length N, is chosen to be a sequence with minimum correlation
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sidelobes when preceded by the N, '1’ symbols in the preamble, while also preserving
minimum sidelobes when preceded by random data or noise. The optimum marker
sequences for selected values of N, are determined in (7).

The advantage of this acquisition scheme for packet radio is that successful ac-
quisition can be achicved even if several PN sequences are missed due to noise, thus
increasing the synchronization reliability at low SNR. The technique in [29] is a
special case where N, = 1, so that if the receiver does not achieve acquisition in the

first PN code period, then the pac'.et is missed.

2.3 Performance analyris

In this section, the synchronization pe:rformance of the proposed rapid acquisi-
tion technique is analyzed in terms of the probability P, of packet loss versus
SNR. The system parameters which determine P, are the PN sequence length
m, Nj, Ny, Lp,bo, by and the symbol error tolerance in the marker. An expression
for Py is determined and each component of this expression is evaluated in terms of
the system parameters. This is followed by consideration of threshold selection and

the use of two-level threshold.

2.3.1 Preliminaries

A binary code shift keying (CSK) direct-sequence spread-spectrum system is briefly
reviewed to establish notation. The received signal at the output of the banudpass
filter is

r(t) = [Y Ae;(t -7 — kT) + ns) coswot — ng sinwot iw=0,1 (21)
k

where A is the amplitude of the signal, and ao(t), a1(t) are assumed to be orthogonal

epreading sequences time-limited to [0, 7] which represent ones and zeros of the
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binary message. n; and nq are the in-phase and quadrature components of the
white Gaussian noise with two sided power spectral density No/2. The noise power
at the output of the bandpass filter is 0 = No/T.. The sampling rate at the output
of the matched filter is 1/Tc. Let m be *he total number of chips in 2 PN code period,
we have ' = mT.. m will determine the processing gain of the spread spectrum
system and is often from 30 to 500.

Consider the acquisition procedure in which the detector observes a(t) over a

period 0 £ t £ N,T. The test statistic at the output of the matched filters is
y(t) = {ANp(t) + n}} coswot — ng sinwot (2.2)

where nj,ng in (2.2) are filtered noise, and

)= { Lita(r)a(t—r)dr t<T 23

LT ax(r)ay(t = 7)dr t>T

is the normalized autocorrelation function of the PN sequence ¢,(t) and is usually

not negligible since the PN codes are not m-sequences or orthogonal sequences. ‘The
upper equation in (2.3) corresponds to the partial correlation when the first PN
code period of the preamble has not yet come into the matched filter completely,
i.e. only a fraction of the first bit (PN period) is in the matched filter. The lower
one corresponds to the whole period autocorrelation after the first whole PN period
has come into the matched filter.

Assuming that the receiver has no knowledge of the amplitude A of the received
signal, we select the threshold of the acquisition for an acceptable probability of false
alarm Py,,, caused by the noise alone. From [57), the output of the envelope detector
is according to the Rayleigh distribution when no signal is present. Accordingly, the

probability of false alarm is

b2
Pran = exp(~ ), (2.4)
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where by is the acquisition threshold normalized to o. Also from [57], the output
of the envelope detector is according to the Rician distribution when signal plus
noise is present. 'L’hus the probability of initial acquisition in the correct position

(p(iT) = 1, i = 1,2,..., N}) is given by

Pi = Q(y/27, bo), (2.5)

where 7, = my; = m - A%/20% = m-,%f; (E. is chip energy) is the SNR at the output
of the MF, and Q(e, b) is the Marcum-Q function.
The probability of false initial acquisition at an incorrect position where p(t) < 1

can be written

Pu(n) = Q(y27.p*(nT.), k), »=1,..,Nym. (2.6)

In [32], it was shown that the test samples at positions n = 1,2,..., Nym are

mutually independent if the PN sequence is long enough.

2.3.2 Calculation of performance

To detect signals at low SNR, the acquisition threshold is set to be as low as possible.
But lower threshold will cause more frequent false acquisitions which may result in
many packets to be blocked. An appropriate threshold may be set based on an
acceptable blocking rate.

From {29}, the probability Py, of packet loss may be approximated by

where Pp is the probability of receiver blocking due to false alarms, and P,,,(0)

is the probability of successful synchronization provided that the receiver is not
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blocked and the synchronization search starts from the first chip of the preamble.
P4y, (0) will depend on the parameter N, and the threshold by. Pp is estimated as
B/(I + B), where B is the average blocking time and 7 is the average idle time
between two consecutive false alarms.

This approximation assumes that if the receiver is blocked at the time of packet
arrival, then che packet is irretrievably lost. However, if the blocking period ends at,
some point during the preamble of an arrived packet, then the receiver can resume
the search for acquisition, and that packet may still be received correctly.

To show how an incoming packet is captured and blocked/missed by a receiver,
we characterize the receiver into two states when no signal is present. This is
shown in figure 2.4. One is called silent or idle state (I) in which the receiver is
ready for capturing a new packet (real or false). Another one is called blacking
or busy state (B) in which the receiver is busy in detecting (either coincidence or
data demodulation) a non-existing packet. We assume that any busy period is only
caused by false acquisitions. This is equivalent to saying that the arrival rate is low
enough such that no more than two packets overlap. There are two cases for a real
packet to be captured. The first one is when the packet falls into a silent interval,
which is illustrated in figure 2.4-b. And the sync is obtained successfully under the
above condition. The second one happens when it falls in a blocking interval which
ends before the last PN chip in the preamble comes into the atched filter. This
is shown in figures 2.4-c, 2.4-d and 2.4-e. Up to Nym — | currelation peaks may be
lost due to the blocking, but synchronization is still possible. If it is achieved, the
packet is captured. A precise approach to obtain Py, is given in appendix A by using
queuing theory. However, a more straightforward analysis is described as follows.

From section 2.2, we see that the receiver will be busy for Ty = (N) + N, - )T
after a false acquisition if no false coincidence occurs. If a false coincidence occurs,

the receiver will be unavailable for T, = Tr 4+ Tp which is the time period equal
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to the 1:ngth of a packet, where Tp = LpT is the data length. T (T < Tp <
(Na + N, — 1)T) is a random variable which depends on which of the (N, ~ 1)
coincidence positions is detected. Thus the blocking time is at least T}. The average

blocking time B can be determined from

B = (1= Py)Ty + Ppen T
= (Nn+ Ny = 1)T + Pyey[Th— (Ny + Ns - 1)T 4+ Tp) (2.8)

Py, is the probability of false coincidence in noise. Since Tp >> Tx, N\T and N,T',

we may have

The false acquisition in noise is modeled as a Poisson process with arrival rate
Ay = Pyan/T., where 1/T. is the sampling rate or chip rate. Since the inter-arrival
times of a Poisson process are identical-independent-distributed (i.i.d.) exponential,

the average silent time can be obtained from

I=1/) (2.10)

Denote D as the event that the current packet is at least one-chip overlapped with
a blocking interval. For the given average blocking time B and silent time I, the

probability that D uccurs is

P(D) = (7-;’% @2.11)
Once D occurs, synchronization is still possible if less than Nym chips in the pream-
ble are blocked/lost. Let k (k = 1,2, ..., Nym — 1) be the number of chips blocked by
false acquisition, and the corresponding conditional probakility P(k|D) is approxi-
mately T/ B. Here we assume that the location distribution of the blocked preamble

in the average blocking period B is uniform. Denote P,y,(k) as the probability of
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successful synchronization when k& chips are blocked, the probability of sync when

D happens can be written

Npm-1
Pyu(D) = P(D) kz P(k|D)Pyyn (k)
=1
T Np%—l
= 7—-’° P,y (K
+B k=1 v )
Plan Nym~1 (
Tt a kgl Pyyn(k) (2.12)
where
a = BJI
& Ppon(Ny+ Ny =1+ PyenLp)m (2.13)

The probability P(D) that no blocking occurs when a preamble comes into the

receiver is

P(D)

il
L
"";jhu

= ita (2.14)

When this is the case, all the Nym chips are available for the sync, i.e. no chips
are lost. Let P,,,(0) denote the successful sync when no chips are lost, and the

probability of sync when D happens is
Poyn(D) = P(D)Pyyu(0) (2.15)
The total sync probability is

Pcun = Péyn(D) + Payn(D)

1 Pjan Nipm-1
T3alm(+ 15 :.,Z: Poyn (k) (2.16)

Note that the successful sync probability (1— P )P,y (0) given in the approximation
(2.7) corresponds to the first term in (2.16).
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Pyyn(k) can be calculated from

Ny,

Pyyn (k) = Z m:q(z k) - Pe(i) (217)
i=| &+

where Fy.(¢, k) is tle probability of acquisition in the ith PN period (1 < i < N),)
given k chips lost (0 < k < mNy, —1). P(¢) is the probability of coincidence when

the acquisition occurs in the ith PN period.

The probability Py, of packet loss is

PL = 1 b Payn (2.18)

To determine Py, it remains to evaluate P,c(2, k), P.(f) and Py,

Probability of initial acquisition P,,(z, k)

It is clear that the acquisition search starts from the (k+1)th (k = 0,1, ..., Nym—1)
correlation peak because k chips are lost. Figure 2.5 shows the signal flow graph

of the acquisition process. From this flow graph, P,.(%, k) can be easily calculated
with the initial condition & + 1

m=-1 .
Pocy(i k) = l;[ (1= Pra(5))(1 = Py)'=*o Py,
jeke1
i # m2m,..,(i-1)m (2.19)

where Nj, > i > 4., and i, = | £].

Probability of coincidence detection

To calculate the second term P,(i) 'n (2.17), we note that the coincidence test
is carried out in up to N, positions of the marker. The probability of successful
coincidence detection P,(z) will depend on the probability of a false marker detection
when testing at an incorrect position before the correct position is reached, as well

as on the probability of a successful marker test when testing in the correct position.




Chapter 2. Acquisition Using Linear Matched Filter

1-Pld(k+1) 1-Pld(ke2)

sun —= (r)—>= (2 )—= = Pacq(iok)
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1-Pid((i+1)me1) 1-Pid((i+1)m+2)
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Pd_ Pacq(ior] k)

Figure 2.5: Signal flow graph of the acquisition process
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The number of incorrect positions ‘csted, and thus the probability of false marker
detection, will depend on the particular PN code period ¢ in the preamble at which
the search for the marker begins.

The probability P(h., h:, ) of marke: detection in a particular position depends
on the specific choice of marker, the amount of overlap i, the crror tolerance h,
and the erasure tolerance h, between the observed marker bits and the known or
expected marker bits. The overlap 7t is defined to be N, when there is complete
overlap (i.e. correct position) and may be 0 or negative if there is no overlap.
The disagreements ho(7) or the Hamming distance between the replica marker and
the under-detected N, bits in the absence of error is known for all 2 > N, — N,

P(h¢, hy, ) is evaluated in {8] and reproduced here for convenience

P(hey hey i)

Prob (k. or fewer disagreements and h; or tewer erasure

with overlap )

he min(hyNo—j) min(k,No—=ho(R))  min{j, No=ho(ii)-1)

o

j=0 k=0 =max(0, k-ho(8)) £=man(0,=ho(R)+k-rh)
N, — ho(#) ge-Tol@—t-m ot i
¢, 7
y ho(#) gi=t phoRl=itt=kan ghmin (2.20)
i—t k-
bl hala))
where | P00 ) _ ] h?(n)~ __. (2.21)
¢, i | Oril(ho(i) - € i)l

where symbol detection probability g , error probability p anu erasure probability

s for noncoherent CSK receiver are derived in appendix B.
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Following [8]{41], P.(i) can be calculated from

P.(i) = Pr{No detection occurred at it # N,}
-Pr{Detection at i = N, | no detection occurred at 71 # N,}

[1 — Pr{At least one detection occurred at # # N,}]

!

-Pr{Detection at # == N, | no detection occurred at i1 # N,}

(2.22)
A lower bound on P.(¢) may be written
Ng-l
P.i)2[1= Y.  P(he,hs,#)] - P(he, by, N,) (2.23)
A=N,+i-Ny
Probability of false cJincidence Py,
The probability of false coincidence in noise is written
Pyen = Pr{at least one false marker detection occurs
in noise during N, marker tests}
< N, Pr{one test succeeds}
= NyPjy, (2.24)

Define {gn, 31, Pn} as the probabilities of decisions {+, erasure, -} in noise alone,

Pyy can be calculated froin

ho min(usNu=i) [ N,

Prm=3"

i=l =0 \ k, ]

The calculations of g,,p, and s, are also given in appendix B.

) P sngn ik, (2.25)
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2.3.3 Threshold selection for desired performance charac-
teristics

From (2.16) and (2.18), since Py, (k) < 1 for k= 0,1,..., Nym — 1, Py, can never be

less than

1 Plan

Pr(min) =1 - l+a l+4+a

(Nym — 1) (2.26)

This probability can be taken as the packet blocking probability Pg, i.e., Pg =
Pr(min). Thus the system designer can select a desired P (min) < 1 by an appro-

priate choice of bp and by. Typical values of P(min) may be in the range 103 to
10-¢.

2.3.4 Two-level threshold for initial acquisition

At high SNR, correlation sidelobes of the first PN sequence may cause false acqui-
sition at an incorrect position prior to the correct position because the threshold
bo is determined independent of the received signal power. ! Thus 2 will have a
minimum value at some SNR, and will increase for higher as well as lower values of
SNR. This effect has been observed for N, = 1 in [29], and was called the masking
effect in [11].

One technique to eliminate this effect is to use the hardlimiting receiver presented
in [1] with the cost of some degradation in performance in low SNR for AWGN
channel. Another choice is to construct a maximum likelihood recsiver which can
compare all the samples in a whole period of PN correlations and pick up the

larzest one as the main correlation peak. A simple way is to apply the two-level

! Automatic gain control (AGC) scherues are not used in the system because the SNR before
the despreading is usually low so that the AGC may not work fine. Besides, if we consider a

CDMA system, the <stimated energy may not represent the real signal’s energy due to other users
interference.
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threshold [29] to the present case. The priority in the sync decision is given to the
higher level. Whenever an acquisition detection by a decision device with the lower
threshold level b, is followed by the crossing of a higher threshold bor = by + A,
within one PN period, the latter is taken for the correct sync detection 29]. By this
method, enough dynamic range may be obtained. In appendix C, the computation
of Pyc,(i, k) for the two-level threshold is completed by using the technique of signal
flow graph.

2.4 Numerical results

In this sec. ., the performance of the receiver is illustrated for L = 8 and L;, = 1000
with 255 K asami sequence as the PN code. by and b, are selectzd to get the required
P(min). The optimal pair of by and b, is obtained by maximizing the dynamic
range of P, at low SNR. Performance comparison with the TL acquisition method
is made at low SNR.

For L = 8, figure 2.6 shows Py, versus SMR for different Nj, and N,, respectively.
The two-level threshold method of [29) is used with A = 4 dB. For each value of N},
he and h; are selected for the widest dynamic range. The best overall performance
is obtained with (N, N,) = (5,3). From these curves, we can see that almost 3 dB
improvement can be achieved at low SNR compared to the method of [29] where
(Nn, N,) = (1,7), with only a slight reduction at high SNR.

Figure 2.7 shows P, versus SNR with thresholds chosen to obtain Pp(min) =
10~2 to 107® and parameters (N4, N,) = (5,3) and (1,7). Lower values of Pp(min)
are obtained by raising the threshold by and accepting a slight reduction in per-
formance at low SNR. The amount of improvement at low SNR obtained with the
proposed sync technique is essentially independent of the choice of Pp(min).

Performance comparisons between the proposed acquisition scheme and the TL
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acquisition scheme [35][58] are made in the case of low SNR where the effect of
correlation sidelobes can be ignored. In this situation the average rate of false code
start signals when a packet comes is the same as that when no signals show up. The
analysis for high SNR will be difficult for the TL scheme because the false code start
rate when a packet is present will be different from that when a packet is absent.
All the comparisons are made under the assumption that the two schemes use
the preamble of the same length and the same matched filter which processes 255
PN chips. Thus we have (N} + N,)m = Nyc(m + M), where N is the number of
prefixes in the preamble for the TL scheme. The optimal sync performance of the
proposed scheme for a given preamble length is obtained by appropriately selecting
the parameters Ny, N,, bp, by, he and h,. The sync performance of the TL scheme for
the same preamble length is computed for all the possible number of prefixes and
several different number of active correlators. A mndified performance analysis of
the TL scheme with a consideration of blocking probability is given in appendix D.
Figures 2.8 to 2.10 show performance calculations given the preamble length
of 2040 chips or equivalently 8 bits long for .he proposed method. The proposed
scheme has been found to be optimal with N, = 5,N, = 3,h. = 0 and h, = 1.
In figure 2.8 performance of the TL method for single prefix preamble is plotted
with several different ¢ as parameter. The length of the active correlators is 1785
chips. b, and b] are selected in the way that the performance for each ¢ is optimized.
From this figure we see that the proposed method yields better performance than
the TL one does, with a slight reduction in very low SNR. For the same preamble
length, performance with two prefixes is plotted in figure 2.9. The length of the
active correlators is correspondingly shortened to 765 chips. It can be seen that
the proposed scheme is almost equivalent in performance to the TL scheme of 2-
prefix with 3 active correlators. To further increase c, the performance cannot

be significantly improved. The maximum improvement over the proposed scheme




Chapter 2. Acquisition Using Linear Matched Filter 32

is limited to within 1.3 dB in this case with ¢ = 32. Figure 2.10 illustrates the
comparison of the proposed method and the TL method with 3-prefix preamble
where the length of the active correlators is further reduced to 425 chips. Since
the sequence length of the active correlators is not long enough for the reliable
coincidence detection, no curves by the TL method, which yield better performance
than that by the proposed method, can be found. These figures indicate that the 2-
prefix preamble is the best choice for the TL method in this case. The performance
with more prefixes will saturate more quickly as c increases. Lower values of Pp,,
can be achieved by raising by and b;. The performance relation between the two
schemes is about the same as before. This is shown in figures 2.11 and 2.12. If
the receiver complexity were not under consideration, the TL scheme would have a
little better performance than the proposed scheme. However, receiver complexity
is indeed an important factor in :.ractical applications. More comparisons between

the proposed scheme and the TL scheme are given in the next chapter.

2.5 Summary

For burst mode DS spread spectrum communications, where a fixed length preamble
is used at the beginning of each data packet for synchronization, and noncoherent
matched filters are used for detection, the new acquisition technique shows advan-
tages over the previous sthemes in either sync performance or receiver complexity.

The probability of packet loss is lower bounded by the probability of receiver
blocking caused by false alarms. The system designer can determine this lower
bound by selecting appropriate decision thresholds. For a fixed preamble length,
the proposed acquisition scheme is equivalent in performance to the multiple-prefix
TL scheme with less active correlators. At the same time, it yields a much simpler re-

ceiver structure. The TL method has the potential to improve the sync performance
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in low SNR by adding more active correlators, although the hardware complexity

may not be acceptable.
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Figure 2.6: P, versus SNR for different parameters of N, and N,.
a, Nh,N, = 3,5 H
b. Nh,N‘ = 4,4 H
c. N}"N. =36,3;
d. Nh’N. = 6'2 H
e. (N, N,) = (1,7).
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Figure 2.7: Comparison of the new scheme and the conventional scheme with
Ny =1.
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Figure 2.8: Performance comparison of the new method and the TL method with 1

prefix at Pg = 1073,
Preamble length=2040 chips, M=1785 for the TL method, (Nj, N,) = (6,3) for the new method.

0.01

0.001

0.0001 '
-18 -17 -16 -15 =14 -13 -12 -1l

'ﬁn(dB )
Figure 2.9: Performance comparison of the new method and the TL method with 2
prefixes at Pp = 1073,
Preamble length=2040 chips, M=765 for the TL method, (Ny, N,) = (5, 3) for the new method.




Chapter 2. Acquisition Using Linear Matched Filter 36

P

0.1

0.01

0.001

0.0001 ¢
-18 -17 -16 -15 -14 -13 -12 -11 -10
7in(dB

Figure 2.10: Performance comparison of the new method and the TL method with

3 prefixes at Pg = 1072,
Preamble length=2040 chips, M=426 for the TL method, (N, N,) = (5, 3) for the new method.
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Figure 2.11: Performance comparison of the new method and the TL method with

2 prefixes at Pp = 10~8,
Preamble length==2040 chips, M=7656 for the TL methed, (Nj, N,) = (5, 3) for the new method.
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Figure 2.12: Performance comparison of the new method and the TL method with

3 prefixes at Pg = 10-5,
Preamble length=2040 chips, M=4256 for the TL method, (Ny, N,) = (6, 3) for the new method.
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Chapter 3

Acquisition Using Hardlimiting
Matched Filter

3.1 Introduction

The acquisition scheme discussed in chapter 2 can be also applied to the hardlim-
iting matched filter receiver. As we mentioned in section 2.3.4, the masking effect
during acquisition can be eliminated by using hardlimiting matched filters. This
is shown in figures 3.1 to 3.4, where the correlation outputs from a lirn.ear matched
filter and a hardlimiting matched filter are plotted respectively. The linear matched
filter is seen to be sensitive to the dynamic range of the received signal power and
thus vulnerable to false acquisitions prior to the main correlation peak, while the
HL receiver preserves good acquisition performance in a large range of SNR. Fur-
thermore, the HLMF implemented in VLSI has advantages over the analog (linear)
MF in terms of flexibility, reliability, speed, compactness, and cost efficiency [2].

In this chapter, we analyze the acquis:..on performance of a HL receiver. Since
the acquisition system model is basically the same as th~i in chapter 2, we will skip

those similar analyses and focus on the decision statistics and the numerical results.
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Figure 3.1: Outputs from a linear matched filter. SNR = —124dB
PN sequence length m = 255, F, = bit energy.
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Figure 3.2: Outputs from a linear matched filter, SNR = 2dB
x PN sequence length m = 255, E, = bit energy.
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Figure 3.3: Outputs from a hardlimiting matched filter. SNR = —12dB

PN sequence length m = 255.
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Figure 3.4: Outputs from a hardlimiting matched filter. SNR = 2dB
PN sequence length m = 255.
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Figure 3.5: Receiver structure with hardlimiting matched filter.
3.2 System description

The proposed receiver structure with a hardlimiting matched filter is shown in figure
3.5. This receiver is similar to that of [1) except that the active correlator is replaced
by a passive correlator/matched filter. Coherent receiver reception is assumed for
simplicity of analysis, since the comparative performance of the new scheme with
other schemes is expected to be similar for the more practical non-coherent receiver
of [48]. However, the principle of the proposed acquisition technique is the same for
both the coherent and non-coherent receivers. Bit decisions are made by comparing
the output of the correlator with appropriate thresholds to obtain +1, —1 or erasure

decisions.

The preamble format and the synchronization process are exactly the same as

those described in the last chapter.

3.3 Performance analysis

The purpose of this section is to obtain the probability of P, when a hardlimiting
matched filter is used. The derivations of Pr, Py(i, k), P:(i) and Py, are the same

as those in chapter 2 except Py, Pysn, Pyd(n), 4, P, 8, qn, pn and s,. Therefore we

will mainly focus on the derivations of these terms. Besides. in order to apply the
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analysis given in chapter 2, we must also show that successive samples from the HL

matched filter are approximately Gaussian and are mutually independent.

3.3.1 Probabilities of false and correct acquisitions

In this subseciion, we derive Py, Pgon and Pyy(r) for HL receiver. A binary PSK

direct-sequence spread-spectrum is considered. The received signal is written as
r(t) = Ab(t)a(t) cos(wot + @) + n(t) 1)
where
o(t) = 3_b;Pr(t — jT) (3.2)
j

with bje{~1, +1} is the jth information symbol, A is the amplitude of the received
signal, and Pr(-) is the unit rectangular pulse of duration T. The data signal b(¢)
is modulated onto a phase-coded carrier, where the code waveform or spectrum

spre~ding signal e(t) may be written
o

a(t)= Y o;Pr.(t~jT.) (3.3)

=2 —00

where aje{—1,+1} and a; = a;4m for all j and for some integer m which is the
period of the spreading sequence {a;}. The chip length T, relates to the symbol
length T via T = mT., so that there is one code period per data symbol. n(t) is
AWGN with power spectral density No/2. For coherent receiver, we assume ¢ = 0
in the analysis.

To calculate the system performance in terms of packet loss probability, we need
to compute the probabilities of false and correct acquisiticns at every test instant.

During the process of acquisition where ; = 1 (i = 1,2, ..., N,). the test statistics
from the digital matched filter (as illustrated in figures 3.3 and 3.4) are given by the

inner product of the two sequences {a,} and {sgn(Z,-;)}

M1

Yo=Y a5 sgn(Zn-;) (3.4)

i=0
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where Z,,_; is the input sample to the hardlimiter at the (n — j)th sampling instant.
Note that the m —n samples Zo, Z_, ..., Z_(m_n-1) in case of n < m represent, m —n
random data generated by noise alone. Z,_; for j < n contains the information
@ —[n-jlm]m Plus the noise, where the modular function [X],, of an integer X is
defined as [ X}, = X MOD[m]. Thus the synchronization epoch is at any of n = im,
where ¢ = 1,2,..., Ns. We use H® to represent the test when n # im and H! to
represent the test when n = im.

The pr:bability of wcquisition at each test epoch n from the natched filter was
derived in [9). First, if n < m, i.e. the binary sequence coring into the matched
filter consists of m — n random data contributed by noise alone followed by n binary
samples of the renl signal plus the noise, then the probability that the output of the
matched filter exceeds the threshold hy is written as

min(n,h) min(jn-ho(n)) — ho ho
Py =3 5 (n (n) ( (n) )

i=0  I=maz(0,j~ho(n)) l j=1
/

min(h~j,m-n) -
(1- pe)n—ho(n)+i-zlpgo(u)-i+21 {(0.5)™" E k m-—n )}, n<m
k=0 k

(3.5)
where p. = 0.5erfc (yin) is the chip error raie, 4, is the input SNR. Even though
Yia is usually very smail, which results in relatively large p., the probability of
acquisition detection at the right sync-epoch is usually high enough because of the
use of digital correlator. In the abcve equation, h is the error tolerance of the
acquisition detection, with hy = m —2h. h, or h is usually determined by a specified
given false alarm rate in the absence of signal.

ha(n) is the contribution of thz> received sampler to the Hamming distance test

measure at the nth test [41], in the absence of transmission and detection errors.

ho(n) for n < m is expressed as

ho(rn) = H((ao1 - - - @n-1), (Bm-nm-ns1 * * * Gn-1)) n<m (1.6)
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where H(z,y) is the hamming distance between vectors z and y.
Second, when n > m, i.e. the binary sequence coming into the matched filter
consists of m data samples of the real signal plus the noise, the probability that the

output of the matched filter exceeds the threshold h,; is written as

min(jym=ho(n)) -
= O (780 ()

=0 I=maz(0,j—ho(n)) l j—-1
(1 - pe)m-ho(n)+.i—2lpgo(n)-j+2l n>m (3‘7)

Similar to (3.6), ho(n) for n > m is written as

ho(n) = H({2081 - - * &m-1), (Bpm-()m}n Bm=fr-1lmlen * ** Efm-fr-mt1lm}n))  (3-8)

The probability of false acquisition in noise alone is obtained from (3.5) by

specializing the parameters p. = 0.5, n = 0, and hg(n) = 0

hof m
Pron = (05 Y ( . ) , (3.9)

k=0
\

and the probability of acquisition at the correct position, i.e. n = m, ho(m) = 0,

is

hf m . .
Py=3 ( . ) p(1 —pe)™™ (3.10)

=0\ j

In the next section, it will be shown that the statistic Y, in (3.4) can be very

well approximated by a Gaussian variable, with mean
Y. = [min{n,m} = 2ho(n))(1 - 2p.), (3.11)
and variance

of, = 4min{n,m}pe(1 - p) + m — min{n,m} (3.12)
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Thus (3.5) and (3.7) can be approximated by

Pya(n) = 0.5 erfe( L =Tn), n # im (3.13)
203,

For p, = 0.5, n = 0 and ho(n) = 0, the approximation of (3.9) is

Pyan = 0.5erfc(

h
‘/%m-) (3.14)
For n = m and hg(m) = 0, (3.10) may be approximated by
,h - (l - 2pe)m

3.15
\/Smpe(l - pe) ) ( )

The derivations of ¢, p, 3, gn, pn and s,, are given in appendix E for *he hardlim-

Ps = 0.5 erfc(

iting receiver.

The Gaussian approximation makes it possible for us to show that those Gaussian
statistics of the HLMF can be considered to be approximately mutually independent.
As described for the case of linear MF in [32), this is not immediately obvious from
the system description since, by virtue of the shift register employed, overlapping
segments of received data are used repeatedly in many subsequent H® tests. The
independence among all the H® test statistics for the linear matched filter was shown

in (32]. For the hardlimiting case, this is shown in section 3.3.3.

3.3.2 Gaussian approximation

In this subsection, we will show that, by the Central Limit 'Theorem [36], the statis-
tics at the output of the matched filter can be very well approximated by Gaussian
“riables, provided that the length of the PN code is long enough. By this approx-
imation, the calculation of false alarms and detection will be very simpie.

At the nth test, the received sequence in the matched filter consists of min{n,m}

signal plus noise samples and m — min{n, m} noise samples.
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First of all, the products of those noise samples multiplied by the replica sequence
can be taken as m — min{n,m} independent Bernoulli trials, each of them having
two possible values +1 with probability 1/2 for each value. From the Central Limit
Theorem, the summation of those i.i.d. random variables, denoted as Y;,, can be

| approximated as a Gaussian variable, with mean ¥;, = (m — min{n,m})j = 0,
and variance var(Y,,) = (m — min{n,m})o? = m — min{n,m}, where #, = 0 and

o? = 1, respectively, are the mean and the variance of the Bernoulli random variable
of value 1 with probability 1/2 for 2ach value.

Then the products made by those signal plus noise samples with the replica
sequence are further divided into two types. One of them is from the predeter-
mined ho(n) disagreements corresponding to “-1”, without interference or noise.
The other is from the min{n,m} — ho(n) agreements corresponding to “+1”, with-
out interference or noise. The products from the first type are i.i.d. random
variables of two values +1, with probability 1 — p. for the value “-1” and p,. for
“+1”. Similarly the products from the second type are also i.i.d. random vari-
ables of two values, with probability 1 — p. for “+1” and p. for “1”. The sum-
mation, denoted as Y,,, from the products of the first type, can be approximated
by a Gaussian variable with mean Y,, = ho(n)f; = ho(n)(2p. — 1), and variance
var(Ys,) = ho(n)o? = 4ho(n)p.(1 — p.), where § = 2p. — 1 and o2 = 4p.(1 ~ p.),
respectively, are the mean and the variance corresponding to the first type product.
The summation Y, from the products of the second type is approximated by a Gaus-
sian variable with mean Y,,, = [min{n,m} - ho(n)]jiz = [min{n, m} — ho(r))(1 - 2p.),
and variance var(Y,,) = [min{n,m} — ho(2)]o? = 4[min{n,m} — ho(n))pe(1 - p.),
where §3 = 1 ~ 2p. and 03 = 03 = 4p.(1 — p.), respectively, are the mean and the
variance of the second type product.

Y., as the statistic at the output of the matched filter, is given by the summation

of these three independent Gaussian variables (by construction), which is also a
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Gaussian variable with its mean and variance computed as follows

Yn = ?ﬂg + ‘-,na + Yns

[min{n,m} - 2ho(n)j(1 — 2p.) (3.16)

and

oy, = var(Y,,) + ver(Yy,) + var(Y,,)

= 4min{n,m}p.(1 — p.) + m — min{n,m) (3.17)
At H? tests where ho(¢m) = 0, the mean and the variance are simply
Yim = m(1 - 2p.) i=1,2..,N, (3.18)
and
O = 4mpe(l =p)  i=1,2,., Ny (3.19)

Thus the probability density function of Y;, at the nth test is written as
(4= Yu)?

fra(y) = -\/_577 exp(———g-;—) (3.20)
Yn n

From (3.20), the probability of false acquisition at H° test will be

/ exp(— (y Y..)2
hy \/211'02

0. 5erfc( ﬂ ), n #im (3.21)

The probability of acquisition detection at H! is written as

Pya(n)

PP G S (1. (et 3] 378
M ,/&rmp.,(l—p,,) 8mpe(1 ~ p.)
= et =1 =2p)m (3.22)

\/Smpe(l - Pe)
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Figure 3.6: Gaussian approximation to the probability of false detection at n.

’b] =TI,

Figure 3.6 illustrates the comparison between the exact computation of (3.5) or
(3.7) and the Gaussian computation of (3.21) when the received sequence and the
replica are not in alignment. In this figure, Py,(n) versus SNR are shown for n = 0
(noise samples alone), n = 10, n = 100 and n = 300 with 255 Kasami sequence
as the PN code in a data bit. From the four pairs of curves, we can see that the
exact or the complicated computation of false acquisition probability can be very
well approximated by the simple Gaussian computation. The same conclusion can
be drawn for the calculation of the probability P, of acquisition detection. The
comparison betweer: the two computations is shown in figure 3.7

It is interesting to see that, with the larger n, Py4(n) tends to decrease as SNR
increases. The reason for this is that, as the SNR becomes higher, Y,, tends to be
a determined value defined by the partial correlation of the Pi{ sequence at the
corresponding position, and the value of this partial correlation, by the design of

the PN sequence, will be far less than the assigned threshold. This may mean that
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Figure 3.7: Gaussian approximation to the probability of acquisition at H' tests.
hy =T1.

the partial correlations or sidelobes with a large amount of signal samples in the
correlator can be neglected in the performance analysis at high SNR. The influence
on Y, by noise will be smaller for larger n at iigh SNR. This is not true for smaller
n since the contribution on Y, by noise can not be neglected. And for ¥,, > 0 or
n > 2ho(n), Pys(n) will even go a little higher as SNR goes up. This is shown in
figure 3.6 for n = 10 where ho(10) = 3.

3.3.3 Inuependence at HLMF output

The Gaussian approximation in section 3.3.2 makes it possible to show that the
statistics at the output of HLMF are approximately mutually independent. This
is done by showing that the statistics are almost uncorrelated instead of highly

correlated as they appear to be with a large amount of chips overlapped in the shift.

register.

Denote Z, as the input sequence vector of m elements in the HLMF, and Z,, =
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[20 201+ Zn-m+1]T, wherc 2, represents the most recent signal plus noise sample.
It is noted that the input sequence consists only of noise samples when n < 0. The
replica sequence is expressed by the vector @ = [ao @y ... ¢m-1]7. The output given
by the inner product of the two vectors can be written as

I

Y, =d"Z, (3.23)

where the superscript T denotes the transpose of the corresponding vector. The

covariance between the two outputs Y, and Y4, is given by

wv(ym Yn+h) = E{(yn - ?n)(yn-i-lc - Yn-bh)}
= " E{(Zn — Z0)(Zntt = Zusi)")a
= aTCa (3.24)

where ¥, = aTE{Z,} is the statistic mean of ¥,. And the m x m matrix
C = E{(Zn = 20)(Zurs = Znsa)") (3.25)

is the covariance matrix of the input sequence Z, and Z,,.w The element C;; of C,

where i,j = 0,1,2,...,m — 1, is given by
Cij = E{(Zn-i = Zn-i)(Znthmi — Zn+h-;)} (3.26)
Since 2,.; and 2,44-; for j # ¢ + k are independent, we have
Cii = E{fn-i = 20-i} E{fngtmj — Enin-j}
=0 J#i+k (3.27)
Whenj=i+k<m-1,
Cij = E{(3n-i — 30-i)?} (3.28)

If the sample Z,; contains only noise, we simply get 3,_; = 0 and Cij=1. If 2,_;

contains signal plus noise, C;; can be calculated by assuming the test sample to be
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equal to z,,—;e{+1, —1} without the interference or noise. Thus Z,_; will be

A—én-i = :L‘n...‘(l - I’c) ~ En-iPe

Zn-i(1 = 2p,) (3.29)

And the random variable 2,,_; — 2,_; will be

- 2% p-iPe ith probability 1 — p,
Y TpmiP with probability 1 — p, (3.30)
=~2n-i(1 = p.) with probability p,
Then Cj; for j =i+ k is
Cij = 4p3(1-po) + 4(1 - p.)’p,
= 4pe(1 - pe) (3.31)

which is not bigger than 1. It is interesting to notice that the variance of a signal
plus noise sample from a linear sampler is always equal to the noise variance, no
matter how large the SNR is. But this is not true for HL sampler from the above
derivations, where we have shown that the variance from a hardlimiter will depend
on the SNR of the signal or p,.

With the C;; calculated above, C can be written as

j=0 J=k
! !
(0.0 r 0 o 0] —i=o
r i | ~ i=min{n,m-k)-1
1
c - S (3.32)
0 1 e j=m-k-1
0

0 - o 0 e imm
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where r = 4p.(1 — p.). It is to be noted that there are min{n,m — k} common
samples in the sequences Z, and Zv41, which contain signal components, and there
are m — k — n common samples (when n < m — k) which contain noise components
alone,

Substituting C in (3.32) into (3.24), the covariance becomes

min{nm~k}=1 Mkl
cov(Yn, Yogr) =1 Z @i@igk + Z iyt (3.33)
i=0 i=n
Since
var(Y,) = m - min{n,m}+ min{n,m}r
= m - min{n,m}(l -r) (3.34)
and
var(Yo4i) = m — min{n + k,m}(1 - r) (3.35)

The normalized covariance or the correlation coefficient between the two tests is

written as

cov(ym Yn+k)

\/var(}';.) «var(Yosr)

ﬂ(Ym yn-Hc) =

_ :’:(')‘ {am=k}=1 @iGiyk + Z?;;k-l AiQigk
[m — min{n,m}(1 - r)][m - min{n + k,m}(1 - )]

(3.36)

We notice that this correlation coefficient depends on r or SNR of the received signal
as well as the construction of the PN sequence. As pointed out in section 3.3.2, the
influence of the sidelobes can be neglected at high SNR when the correlator contains
a large number of signal plus noise samples. Thus we may only need to concern the
values of p(Yy, Yoer) at relatively low SNR when signal samples are dominant in the
correlator.
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Figure 3.8: Correlation coefficient p(Y;, Y1) versus k. n = 50 chips, 3, = —5dB.

Several plots concerning values of p(Yy, Yu4i) versus the shift & are drawn in
figures 3.8 to 3.10 with » and input SNR as parameters. “rom these figures, we can
say that, for the selected 256 Kasimi sequence, p(Y;, Y,41) is usually very small,
and the successive statistic tests from the HLMF are almost uncorrelated instead
of highly correlated as they appear to be with a large amount of chips overlapped.

With the Gaussian approximation, they are also mutually independent.

3.3.4 Thresholds selection for desired performance char-
acteristics

From (2.16) and (2.18), since P,yn(k) < 1 for k£ = 0,1,..., NyN —~ 1, P, can never be

less than

1 . P!an

LYY Y .
1+ 1+p( V=1 (3.37)

This probability can be taken as the exact packet blocking probabili:y Pg, i.e.,

Pp = P1(min) and is more accurate than the approximation p/(1 + p) used in [29).
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Figure 3.9: Correlation coefficier' p(Yy, Yor) versus k. n = 50 chips, yi, = 0dB.
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The system designer can select a desired Pp,(min) = 10~® (b is an integer) by an
appropriate choice of k1, hs, h, and h;, while the overall performance or the dynam:ic:
range is optimized. The approximation sign means that generally Pp(min) cannot
be exactly equal to a given constant because the thresholds are not continuous.
Typical values of Py(min) may be in the range 10~ to 10~%. Practically, by, by, ko,
and h; can be easily determined by comparing the values of the objrctive functions
of all the candidates (hy, kg, ke, h;) which satisfy the constraint.

For this problem, the parameters N, and N, are assumed to be given such that
Np+ N, =L, L is a constant integer. Thus for different pairs (N, N,), a different

solution can be found. Then the best combination of N, and N, can be determined.

3.4 Numerical results

In this section, the acquisition performance of the receiver is illustrated for L = 8, 16
and Lp = 1000 with 255 Kasami sequence as the PN code. (i, h3) and (k., b;) are
selected to approximately get the required F,(min). The optimal combination of
hy, ha, k. and h; is obtained by maximizing the dynamic range of P, at low SNR.
A performance comparison is made with the TL acquisition method.

For L = 8, figure 3.11 shows P, versus SNR for different pairs of Ny, und N, with
Pr(min) ~ 1072, The best overall performance is obtained with (N, N,) = (5,3).
Similar to the linear receiver, almost 3 dB improvement can be achieved eompared
to the method of [29] where (Ny, N,) = (1,7). Howevzr, the performance will not
degrade when SNR goes up, which is different from the linear receiver.

Figure 3.12 shows Pp versus SNR with thresholds chosen to obtain Pp(min) ~
6x10™* and 8 x 10~° and parameters (N, N,) = (5,3). Lower values of Py,(min) are
obtained by raising the threshold k; and accepting a slight reduction in performance

at low SNR. For each pair of (ky, h3), three curves for Py, are calculated. The lowest
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one is obtained by neglecting the blocking probability, i.e. Pp = 1 — Pn(0). The
middle one represents the exact P from (2.16) and (2.18). And the highest one
corresponds to the approximation from (2.7). Simulation of the lowest curve for the
lower threshold h, is shown to be consistent with the theoretical result.

Performance comparisons between the proposed acquisition scheme and the TL
acquisition scheme [35][58] are made in the case of low SNR such that the average
rate of false code start signals for the TL method is unchanged whether or not a
packet is present. The performances of the two methods at high SNR are limited
by the given P (min) or the blocking rate. It is noted that, due to the hardlimiter,
the effect of false starts can be neglected at high SNR (this is the difference from
the linear matched filter), and the performance will mainly depend on the detection
of the main correlation peak-.

All the comparisons are made under the assuinption that the two schemes use
the same length of preamble and the same matched filter which processes 255 PN
chips. The optimal sync performance of the proposed scheme for a giver preamble
length is obtained by selecting the parameters Ny, N, by, ha, he and b, acccrding to
section 3.3.4. The modified performance analysis of the TL scheme in appendix D
is still applicable to the hardlimiting re-eiver. The optimal sync performance of the
TL scheme for the same preamble length is computed for all the possible number of
prefixes and different numbers of active correlators.

Figures 3.13 to 3.15 show the comparison between the two schemes with the
preamble length equal to 2040 chips or equivalently 8 bits long for the proposed
method. The blocking rates for both methods are approximately 8 x 1074, We
have seen that the proposed scheme is found to be optimal with Ny =5, N, = 3. In
figure 3.13, the performance of the TL method for a single prefix preamble is plotted
with ¢ (tlie number of active correlators) as a parameter. The length of the aciive

correlators is 1785 chips. h} and hj are selected so that the performance for each ¢
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is optimized. From this figure we see that the proposed method yields better perfor-
mance than the TL one does, with a slight reduction in very low SNR, unless imore
than 32 active correlators are employed in the TL receiver. For the same preamble
length, the performance with two prefixes (active correlators ieduced to 765 chips) is
plotted in figure 3.14. It can be seen that the proposed scheme is almost equivalent
in performance to the TL scheme with 2 prefixes and 3 active correlators. By further
increasing c, the performance of the TL method cannot be significantly improved.
The maximum improvement over the proposed scheme is limited to within 1.3 dB
in this case with ¢ = 0o. Figure 3.15 illustrates the comparison of the proposed
method and the TL method with 3-prefix preamble where the length of the active
correlators is further reduced to 42% chips. Since the length of the active correlators
is not long enough for reliable coincidence detection, the TL method cannot yield a
significant performance improvement over the proposed methed. From these hgures,
we can see that the TL method with fewer prefixes or longer active correlators has
the potential to improve the performance over that of the new proposed method, but
only if an impractically large number of active correlators are used. For example,
in figure 3.13, even v=ing 32 active correlators, the performanc : of the TI, method
is just about the same as the proposed method which has a much simpler recciver
construction. The performance with more prefixes will saturate more quickly as ¢
increases. If the receiver complexity were not under consideration, the TL scheme
would have a little beivter performance than the proposed scheme.

Similar results are obtained for longer preamble. In figure 3.16 performance with
3-prefix and longer preamble of 4080 chips is plotted when the blocking rate is about
8.5 x 101, The proposed method is found to be optimal with (Ni, N,) = (10,8).
For the TL method, more prefixes with the same preamble cannot give any better
performance no matter how many active correlators are used. A preamble with one

or two prefixes is able to yield a little better performance at the cost of using many
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active correlators. The maximum amount of improvement by the TL scheme with
the 3-prefix preamble over the proposed scheme is about 1.6 dB by using more than
16 active correlators. The proposed scheme is performance equivalent to the TL
scheme with a 3-prefix preamble and 3 or 4 active correlators.

Lower values of Pr(min) and Pp,, can also be achieved by raising hy and hj.
The performance relation between the two schemes is about the same as before.
This is shown in figure 3.17 for a 2-prefix case.

Thus for packet radio communication where the preamble of the packet is usually
short, the proposed scheme provides an equivalent performance to the TL scheme
with a small number of active correlators. At the same time, the receiver is sig-
nificantly reduced in its complexity. The TL scheme has the potential to improve
the sync performance but at the cost of increased (possibly unacceptable) hardware

complexity.

3.5 Summary

The proposed acquisition scheme in chapter 2 is shown to be also effective for the
hardlimiting receiver. In spite of the difference between the linear and hardlimiting
receivers, the performance comparisons of the scheme with the conventional and the
TL schemes are essentially the same for the two types of receivers.

The reason of studying the hardlimiting receiver is its simplicity of implementa-
tion and its insensitivity to amplitudes of re-eived signals.

Gaussian and independence approximations for the decision statistics of the
matched filter have been shown to be appropriate. Thus the computation of the
performance becomes simple and explicit. The correctness of the approximations is

verified by means of simulation.
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Figure 3.12: P, versus SNR for different thresholds.
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c. 1- P.yn(O)o

le—06"
-14 -13 -12 -1

-8 -7 -6

1 &
0.1
0.01
0.001
0.0001 1 1 A 1 (] I I ) ]
-15 -14 -13 -12 -11 =10 -9 -8 -7 -6

Figure 3.13: Performance comparison of the new method and the TL method with

1 prefix at Pp ~ 8.5 x 10™4.
Preamble length=2040 chips, M=1785 for the TL method, (N, N;, he, hy) = (6,3,0,1) for the
new method.
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Figure 3.14: Performance comparison of the new method and the TL method with
2 prefixes at Pp = 8.5 x 10~4.
Preamble length=2040 chips, M=765 for the TL method, (Ni, N, he, hs) = (5,3,0, 1) for the new

method.
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Figure 3.15: Performance comparison of the new method and the TL method with

3 prefixes at Pp ~ 8.5 x 10-4.
Preamble length=2040 chips, M=425 for the TL method, (N4, N,, he, hs) = (5,3,0, 1) for the new
method.
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Figure 3.16: Performance comparison of the new method and the TL method with

3 prefixes for preamble length=4080 chips.
Pp 8.6 x 10~4, M=1105 for the TL method, (Ny, N,) = (10, 68) for the proposed method.
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Figure 3.17: Performance comparison of the new method and the TL method with

2 prefixes at Pp & 1075,

Preamble length=2040 chips, M=765 for the TL method, (Ny, Ny, he, hy) = (5,3,0,1) for the new
method.




Chapter 4. Automatic Threshold Control in Acquisition 63

Chapter 4

Automatic Threshold Control in

Acquisition

4.1 Introduction

In chapter 2 and chapter 3, a fast acquisition scheme using multiple sequences was
analyzed. The main purpose of using more than one acquisition sequences is to
increase the acquisition probability for weak signals. A few dB improvement can
be obtained by the scheme at the low SNR range. However, the dynamic range
has been limited at the high SNR range due to the partial auto-correlations. Two-
level threshold may be used for the linear detector, which is still not applicable
to receiving signals with a large dynamic range, especially in CDMA environment.
Hardlimiting detector can be used to deal with a large dynamic range signal with a
very simple receiver structure. Unfortunately, it may be only useful in the point to
poirt data ¢ mmunications. In a code division random access system, signals from
different users are added together linearly (the channel is assumed to be approx-
imately lineat additive), a lot of information from the received signal will be cut

out by a hardlimiter due to its nonlinearity. In addition, as pointed out in [47}, a
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linear modulation process and the principle of superimposition will prove to be quite
important when dealing with multipath reception. In this chapter, we will study a
new type of acquisition scheme which uses a linear matched filter with its decision
threshold being adjusted by the input signal. Although it is extremely useful for
acquisition of CDMA signals, as we will see in chapter 7, for simplicity we will still
assume that a single packet is present. Furthermore, the acquisition scheme pre-
sented in this chapter can be also combined with the method using multiple copies
of correlation word to improve performance at low SNR.

For a packet with the DS modulated signal, the received PN waveform plus noise
is convolved with a replica PN waveform, the output is tested against a normalized
threshold b to determine when acquisition has occurred. Once the threshold is ex-
ceeded, which corresponds to a declaration of an acquisition, a coincidence detector
is initiated to confirm the acquisition test. The operation of the coincidence de-
tector (CD) was described in {44]. The performance of the acquisition technique
will strongly depend upon the setting of the threshold b. In practical situations,
a receiver has no prior knowledge about the SNR of any received packet, thus b
is often determined by applying the well-known Neyman-Pearson criterion [36), i.e.
the receiver sets its acquisition threshold according to a false alarm rat.. Pran it can
afford when no packets are present !. For a receiver based on the Neyman-Pearson
criterion or « ‘ustant threshold (CT) criterion, if the acquisition threshold b is set
relatively low in favor of receiving weak signals, the false acquisition probability
will be too high when strong level packets show up, because the partial correla-
tion side-lobes are likely to exceed the threshold before the main correlation peak

is detected. On the other hand, if b is set relatively high in favor of large signals,

the probability that receivers miss those relatively weak packets will be increased.

1 Pyan can be easily related to the minimum packet loss probability, which is a more convenient
purameter {or evaluation of the system performance.
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Figure 4.1: ADTLC circuit block diagram.

Both cause losses of many packets. Such phenomena become more serious in CDMA
environment because the signals including both sidelobes and main peaks are more
likely tc 8uctuate with the random number of active users in the system. Thus it is
necessary to design an acquisition threshold with its valuc being set according the
effective SNR of the main correlation peak and the strengths of sidelobes.

In (12}, a method called automatic decision threshold level control (ADTLC) was
presented. Using this method, the detection threshold will be changed as the input
signal SNR varies. The ADTLC diagram is shown in figure 4.1. The sampling rate
at the output of the envelope detector (ED) is assumed to be equal to the chip rate
of the PN sequences. If the threshold is too high for a given SNR, the number of
pulses collected at the output of the threshold detector in an observation interval
of N PN periods will be less than N, otherwise, if the threshold is too low for the
SNR, the number will be greater than N. The desired threshold is obtained when
the number is equal to N. The threshold selected in this way is trying to make a
receiver pick up the N largest samples in the observation interval as the real decision
samples. If the method is used for the acquisition, the instants corresponding to
the selected samples will be taken as the sync-state epuchs since these are the most
likely inoments that the received PN code and its replica are synchronized. It has
been shown in [12] that the average acquisition time is very sensitive to the step

size Ab for updating b. Some modifications for the ADTLC searching strategy may
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be applied to speed up the approaching to the desired threshold. For example, Ab
can be designed nonlinearly with the number of positive pulses in the observation
interval, such that Ab is large when the current threshold b is far away from the
desired threshold, and Ab is small when b is close to the threshold. However, the
acquisition time for the ADTLC scheme is a random variable which cannot be less
than N PN periods. Therefore the method cannot be directly used for the acquisition
in packet radio system, because the system usually requires that the acquisition be
achieved in a given number of PN periods.

In this chapter, a new automatic threshold control (ATC) scheme for the acqui-
sition of DS spread spectrum packets is proposed. This method guarantees that the
acquisition threshold b be set right below the largest correlation pcak in a PN period
when a packet is present. Thus the threshold will be equivalent to the steady-state
threshold approached by the ADTLC method, because the number of pulses which
exceed b of the ATC scheme will be equal to N in an observation interval of N PN
periods. However, this threshold can be obtained automatically in one PN period.
The proposed acquisition scheme is found to be useful in receiving packets with
a large amplitude dynamic range. A potential application with this scheme is for
CDMA systeras where the equivalent SNRs of received packets fluctuate according
to the number of simultaneous transmitted packets.

The chapter is organized as follows. In the next section, the description of the
ATC acquisition process is presented. The corresponding circuit implementation is
given in section 4.3. The performance analysis is carried out in section 4.4 followed

by numerical examples in section 4.5 and summary in section 4.6.
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Figure 4.2: Packet format.
4.2 Description of acquisition process

The packet format is shown in figure 4.2, where the preamble consists of L + 2
different m-chip PN codes. The first PN code PN, is used for the fast acquisition,
the second one, which is not processed, is utilized to provide enough time for the
receiver to adjust its local PN code, and the other L PN codes are designed for
the coincidence detection. The matched filter is programmable such that, upon any
tentative acquisition decision made by PN, at t = ¢, the local PN code is updated
by PN; at t = t; + (¢ — 2)mT, (¢ = 3,4, ..., L +2), where T, is the chip duration. The
decision for each PN; test of the CD is made by comparing the test output with the
CD threshold b, at ¢t = ¢, + (¢ — 1)mT. (¢ = 3,4,...,L + 2). At the end of the CD,
if ] out of L CD tests are larger than b, the acquisition is accepted and the data
demodulation begins, otherwise the local code returns to PN, and the acquisition
search continues.

For signals with a large dynamic range, a satisfactory acquisition performance
can only be maintained by properly determining the acquisition threshold b accord-
ing to the SNR of received packets. The goal of the ATC method is to set the
threshold to a level such that the largest correlation peak in an observation interval
of one PN period is selected. To do this, we design a detection window which is
shown in figure 4.3. The initial or minimum value g of b is set according to the
Neyman-Pearson criterion for an acceptable false alarm rate when the receiver is in

acquisition search state in which the matched filter is waiting at PN, for a match
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by
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t
I Detection Window I
Figure 4.3: Window operation. by: initial threshold, b;: the jth updated threshold.

with an anticipated packet. Once the threshold is exceeded, the detection window
opens and will stay open for one PN period. At the same time, the thresbold is
updated by the value of the correlation peak which exceeds by. The epoch corre-
sponding to the correlation is stored. During the foilowing tests in the window,
the current threshold and the stored epoch are updated in the same way, whenever
the threshold is exceeded. Consequently, the largest correlation in the window is
selected as the in-sync peak. It is noted that the window may start at any sampling
epoch of the preamble, but only the window initiated by the first PN code of the
received preamble can lead to the successful acquisition. If no packets are present,
a false acquisition impulse due to noise may also start a window. In this case, the
CD test will be initiated, and the receiver will be busy for L + 1 PN periods. Fur-
thermore, if a false coincidence occurs, the receiver will not be available for another

interval equal to the length of a packet.

4.3 ATC implementation

In this section, a simple implementation of the ATC algorithm is described. The
ATC circuit block diagram is illustrated in figure 4.4. The programmable matched

filter scanning one PN period is loaded with PN, at the acquisition search state. The
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Figure 4.4: ATC circuit block diagram.

correlation pulses after the envelope detector are sampled every T, second. With
the receiver front end bandpass filter of bandwidth B = 2/T., these samples were
shown to be mutually independent [32]. The number of samples in the detection
window is equal to m, i.e. the number of chips in every single PN code. When
the receiver is in the standby state or acquisition search state, the threshold for
the comparator is by. Once by is exceeded, the comparator will output an updating
signal, a.d the threshold is updated by the value of the correlation and the position
corresponding to the correlation is stored i the threshold sync-state updating unit.
In addition, the window counter is immediately started by the positive output from
the comparator. During the operation of the window, any positive output from the
ccmparator will lead to an update of b by the new correlation and an wpdite of the
sync position. After all m samples have been tested, the window counter will send

out a terminating signal to stop the updating and initiate the CD operation.
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4.4 Performance analysis

In this section, the synchroruzation performance of the proposed ATC technique
is analyzed in terms of the probability P, of packet loss versus SNR. The system
parameters which determine P, are the PN sequence length m, the number [, of
the CD tests, the number Lp of data bits in a packet, the minimum tolerauca { in
the majority logic decision of the CD, and the initial acquisition threshold h,. An
expression for Py, is determined and each coniponent of this expression is evaluated

in terms of the system parameters.

4.4.1 Preliminaries

The received preamble sigaal at the output of the bandpass filter is written as
r(t) = [APN;(t) + ni coswot — ngsinwet 3 =1,2,... L +2. (4.1)

wkere A is the amplitude of the signal, and PN;(!) represents the jth spreading
sequence spanning from (5 — 1)T to jT of the preamble with T' = mT.. n; and ng
are the in-phase and quadrature components of the white Gaussian noise with two-
sided power spectral density No/2. The noise power at the output of the bandpasy
filter of bandwidth B = 2/T, is 0® = Ny/T..

Considering the acquisition proccedure in which the detector observes PN (1) and

PN,(t) over a period 0 < ¢t < 2T. The test statistic at the output of the matched
filter is

T
y(t) = /o r()PNy(T = ¢ + )coslwo(T — ¢ + 7)|ds (4.2)

By doing some manipulations and ignoring the double irequency terms i - the inte-

gral, we have

y(t) = [%T-p(t) + ni}coswo(t — T') — nigsinwo(t — T) (4.3)
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where
7
n' & %/o nfPN\(T -t -+ r)dr (4.4)
e L [T PN - t 4 )i (4.5)
TI‘Q = 2 Jo ng 1 .

are both Gaussian random variables with zero-mean and variance 7#2%/4, and
(L [EPNy(r)PNy(7—t+T)dr  t<T
JAN
p(t)= (4.6)
LJs"TPNy(7) PNy (7 -t 42T )d~
+[Lr PNy (1) PNy (1 —t+T)dr] T<t<2T

is the normalized correlation of the PN sequences. The upper equation in (4.6)
corresponds to the partial correlation of PN; when it has not yet completely come
into the matched filter, i.e. only a fraction of it is in the matched filter. The first
term of the lower equation represents the partial cross-correlation between £N; and
PNj,, and the second term represents the partial auto-correlation of PN,.

The envelope Z(t) of y(t) is given by

2 = \/[-Azip(t) + ]2 +n3 (4.7)

The probability distribution of Z(t) is known to be Rayleigh distribution when
p(t) = 0 and Rice disiribution when p(t) > 0.

4.4.2 Probabilities of false snd correct acquisition

Starting with PN, we denote ¢, = kT, as the instant corresponding to the kth
ED output sample by PN;. As we have mentioned, upon any tentative acquisition
decision at ¢ = ., i.e. the largest correlation output occurs av ¢, the local PN code

of the matched filter is updated by PN; at t =ty + (i — 2)T withi = 3,4,..., L 4 2.
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If the acquisition decision is correct, i.e. k = m, each CD test statistic at the output
of the ED will be given by (4.7) with p(t) = 1, otherwise the statistic will be given
by (4.7) with p(t) < 1 depending on the partial cross-correlations of PN;.

When no packets are present (equivalent to p(t) = 0), the receiver’s threshold is
set by b. From [57], the probability of the false acquisiticn Pr,, in toise alone is

b3
3 )

Pran = exp(— (4.8)

and the probability Py of the false coincidence detection at each test is written qs
b2
Py = exp(—-é?-) (4.9)

The above two equations imply that the receiver may open its detection window
falsely due to noisc and start the CD operation even theugh no packets show up. In
such a situation, the receiver will not be avuilable for at least L + i PN periods.
Let Z, = Z(kT.) denote the correlation output from ED at ¢, where Z,, corre-
sponds to the actual correlation peak and Z; (k # m) are the correlation sidelobes,
then any Z; could start a detection window wy, which contains samples (Zy, Ziy4, ...,
Zi+m-1), but only those windows with 1 < k& < m can lead to the successful ac-
quisition. Since the ATC circuit is designed to pick up the largest correlation in
& detection window, the correct correlaticn Z,, can only he selected when all the
sidelobes in the window are less than Z,,. Thus the probability of correct detection

for the acquisition is

Py = Y P, Pr{Z, > all m -1 sidelobes in w}
k=1
m k4+m—1
= Y Pu I Prizi< Za)} (4.10)

k=1 i=kigm

where P, is the probabiiity that the window wy is initiated. P, can be written as

Py, = Pr{Z, > Iy} (4.11)
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and

Pu, = Pr{Z,, Z;, ..., 2 < by, Z} 2 bo}
k=1
[1Q = Pr{Z; > b})Pr{Zi 2 bo}, k > 2

j=1
(4.12)

in (4.11) and (4.12) Pr{Z; > by} can be expressed as [57]
Pr{Z; 2 b} = Q(/27.p*(jT), bo) (4.13)

where v, = my; = mA?/(20%) = m(E,/Ny) (E.= A’T./2 is the chio energy) is the
SNR at the output of the MF, and Q(a,b) is the Marcum-Q function.
The probability Pr{Z; < Z,,} in (4.10) can be written as [42]

Pr{Z: < Zn) = 511 - Q(v&,va) + Q(va, V)] (4.14)

where a = v, and ¢ = v, p*(iT>).
The probability P; of the false acquisition, when signal is present and the selected

correlation peak in any detection window corresponds to a sidelobe, is given by

m

P = P,, Pr{at least one of the m — 1 sidelobes
k=1
in wy > Zm}

= Z Py, (1 = Pr{no sidelobes in w; > Z,,})
k=1

m
?:l P, - Py (4.15)

Thus we have

Pi+ Py = Z Py, (4.16)
k=1

Note that 3°3.., Py, is just the probability that at least one of the possible windows

which contain the main lobe at k = m is opened, and can be written as
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2 Pu,

k=1

1- PT‘{Z] < bo, Zz < b()g “oe 7Zm < bO}

= 1= [Tt - Q2% G T2, 8] (.17

i=1

As SNR goes up, 3L, Py, - 1, and Py — | because Pr{Z; < Z,} — 1, i.e. the
probability that the main corr. ..cion is larger than any of the sidelobes approaches
unity. From (4.16), P, — 0.

For the constant threshold (CT) receiver, the probability £} of the correct ac-
quisition is written as [22]

Py = Pr{Zy, Zay ey Zmey < bo, Zn > o)
m-1

= II (1 - Ff{Z.' > bo})Pr{Zm 2 b()}

i=1
= P, (4.18)

and the probability P; of the false acquisition is expressed as

P; = 1~ PV‘{Z;, Zz, C oy Zm-1 < bo}

m-1
= ]1- n(l = Pr{Z; 2 by}) (4.19)
i=1
It is easy to verify that
i+ P} =P+ Py (4.20)

which means that the two receivers have an equal acquisition probability (fals: und
correct ), but the distribution of the false and correct probabilities at each given SNR,
are different for the two schemes. For the CT receiver, Pj - 1 and P} — 0 are no

longer true at high SNR. This is ihe disadvantage of the CT scheme.

4.4.3 Performance calculation

We neglect the probabiiity that an ariived packet is lost due to the collision with

another earlier arrived packet at the receiver. From {22}, the probability Py, of packet
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loss is given by
Pp=1-(1-Pg)PsP (4.21)

where Pp is the probability of the receiver being blocked by the earlier occurred
false alarms cauced by noise, P,y is the probability of the successful coincidence
detection. Py for the ATC scheme is given by (4.10). For the CT scheme P; is
replaced by Pj in (4.18).
Py can be estimated as
Py = FJ(A+F)

&
l1+a

(4.22)
where a = F'/ A, F is the average receiver blocking time, in which an arrived packet
will be blocked and lost, and A is the average idle time between two consecutive
false alarms, in which the receiver is available for packets.

From section 4.2, we see that the receiver will be busy for L+1 PN periods after
a false acquisition provided that no false coincidence cccurs subsequently. If a false
coincidence occurs, the receiver will be unavailable for a time period equal to the

packet length. Thus the receiver blocking time is at least L + 1 PN periods. The

average blocking time F' can be determined from

F

(1 = Prn)(L+ V)T + Fpou(L + 1+ Lp)T
(L + 1T + Py LpT (4.23)

where the probability of the faise coincidence detection Py, is given by

L (L
P = ;_‘_‘ ( ) ) Ff (1 = Py)t* (4.24)

The 1alse alarm by noise alone is modeled as a Poisson process with arrival rate A, =

Pyan/T.. Since the inter-arrival times of a Poisson process are i.i.d. exponential, the
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average id'> time can be obiained from

- T,
A=1/)\ = P (4.25)
Substitute 7 and A into a, we have
a= Pjan(ll + 1 + p]c"L[))"T« (4.26)
Finally, the prcbability P.q of the successful CD test is simply
LlL
Py=Y ) PE(1 - Ptk (4.27)
k==l L

where the probability P. that the ED output at each correct CD test epoch exceeds
the threshold b, is given by

P. = Q(y/2%, b.) (4.28)

4.4.4 Thresholds selection for desired performance char-

acteristics

From (4.21), since Py (or Pj), Py < 1, Pi, can never be less than Py, i.e. P, is
iower-hounded by Pp. The system designer can seleci a desired Py <« 1 by an
appropriate choice of by and b, while the vverall performance or the dynamic range
is optimized. Typical valves of Pg may be in the range 10~3 to 107, Practically b,
and b. can be easily determined by observing the performance curves of Py, versus
SNR for differeat pairs of (o, b.), and selecting the pair corresponding to the best
Py.

Ideally, at each SNR there exists a pair of thresholds (bo, b.) which would pro-
duce minimum packet loss probability: the larger the SNR, the larger the uptimal

thresholds. The problem can be taken as the following unconstrained opt:mization

form

min Py(bo,b;), ho and b, >0 (4.29)
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at the given SNR. For situations in which the SNR of received packets cannot be
casily estimated or obtained, the ATC scheine for a fixed Pg would be the best
choice. However, the minimum P, evaluated from (4.29) serves as a benchmark
for performance comparisons. The procedure used to solve the stated minimization

problem is described in the appendix F.

4.5 Numerical results

In this section, we illustrate the performance of the proposed acquisition scheme for
L =8 and Lp = 1000 with a set of m = 127 chip Gold sequences as the preamble
PN codes. First we show how to determine by and b, to achieve the best overall
performance for the ATC acquisition scheme. Second, since Py, Py, Py and P} are the
key parameters which dominate the overall performances of both the ATC and the
CT schemes, the performance comparison of the two schemes is shown by plotting
P4, Py, Py and P} versus SNR. This is followed by the performance comparison
given by Pp. Finally, the optimal thresholds for both schemes are calculated and
the corresponding optimal performances are shown.

Figure 4.5 shows results of Py, for various values of input SNR 4;, from —10 to
—2dB with {; and b, as parameters. by, b, and [ are selected such that Pg = 10-3,
The best choice of b and b, can be determined from the figures for each given I. For
example, by = 5.28 and bc > 2.0 yield the best performance for I= 6. It is noted that
b is not sensitive to Py, as long as it is large enough to make the faise coincidence
detection probability Py small enough so that L 4+ 1> PyLp. In such a case, a
given by (4.26) will reduce to a = Pyon(L + 1)m, and Pg will only depend on b,.
Further increasing b. will not reduce by anymore, but may lessen P. in (4.28) and,
therefore, raise Pr. Also note that the lower bound P5 cannot be reached at any

poiut by the conventional CT scheme due tu the false acquisitions.




Chapter 4. Automatic Threshold Control in Acquisition 78

100 = L (d T T T oy g s s
b(=5.9287, be=1.0

e /7 b0=3,5788, bo=t 4
3 b0=35.2045, be=2.0 ]
- 10=5.2818, be=2.2 :

P, |

102
F CL..
: \ 0’_‘-'-"_.-" g»"”" i
S N N NS g"

0 e ATC
F

1 i i i i 1 ) Bon st

0".‘10 9 -8 -7 -6 -5 4 -3 -2

input SNR (dB)

Figure 4.5: Probability of packet loss versus SNR for different thresholds by and b,.
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Figure 4.6: Probabilities of false and correct acquisition for ATC and CT with Pg

as a parameter,

Figure 4.6 shows the false and correct acquisition probabilities for the ATC
and CT systems with parameter Pp equal to 103,10~¢ and 10-. The acquisition
threshold by for the calculations of P; and P is determined by using the procedure
described in the previous paragraph for each given Pg. From figure 4.6, we can see
that, at very low SNR, Py for CT is smaller than that for ATC. This is probably
due to the fact that the ATC algorithm is 2ble to compare 2m — 1 correlation
samples (m — 1 samples each before and after the actual correlation peak Z,,)
and the CT algorithin actually chooses the first sample which exceeds by from the
first m correlation samples. At very low SNR, the sidelobes are more likely to be
larger than the mainlobe, thus the ATC algorithm has a larger probability that

a sidelobe is larger than the mainlobe. More specifically. if Z,, > by is larger
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than Z; < by,i = 1,2,...,m — |, the CT algorithm will be successful with the
acquisition in this case, bui the ATC algorithm will continue to compare 7,, with
Zisi=m+1,m+2,..,2m -1, and choose the largest one whica may not be Z,,. As
SNR goes up, Py for ATC wiil drop down sharply since Z., is more likely to be largor
then the ridelobes around it, while Py for CT will rise gradually since: the absolute
values of the sidelobes before Z,, are more likely to exxceed by. Many packets will be
lost due to this behavior of Py for the CT scherae. On the other hand, the proposed
ATC acquisition rcheme maintains the ideal feature which is Py — | and P, — 0,
even for signals with a large dynamic range of SNR.

The difference between the twy acquisition schemes can also be seen by compas-
ing the overall performance in terms of Py, for the two schemes. Figure 4.7 shows
Py for Pg =10-3,10"4, and 10~ for the AT C scheme as well as the CT scheme.

A sigaificant difference between the: two schemes can be seen from this figure.
At low but practical values of SNR such that P, < 10~2, performances of the two
schemes are almost the same, which are dominated by the probability of missing
acquisition. For the ATC receiver, this means that no detection windows were
opened after the whole PN, has passed through the matched filter. At high SNR,
the ATC performance is dominated by Py, since Py — 1 and Py — 1, whereas
the performance of the CT scheme highly depends on the partial correlations of the
preamble sequences. Since the absolute values of the partial correlations go up as
SNR increases, the probability of the acquisition at any incorrect position before
the right ope ri. es, which results in poor performance (small P}) at high »>iVR and
makes it impossible for practical applications.

As described in section 4.4, if energies or SNR of received packets can be es-
timated quickly enougli, the optimal performances can be achieved by using the
uptimal thresholds which are obtained by minimizing Py, with respect to by and b,.

Optimal Py, of the ATC and CT schemes versus SNK are drawn in figure 4.7, Their
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Figure 4.7: Performance comparison of ATC, CT and their optimal versions with

Py as a parameter

performances serve as the lower bounds of their own nonoptimal counterparts. I* is
seen that the optimal ATC scheme also yields better performance than the optimal
CT scheme.

4.6 Summary

In spread spectrum packet radio communications, fast and reliable acquisition is
highly desirable. For this purpose, the acquisition threshold must be controlled
in such a way that the false acquisition probability is minimized and the correct
acquisition probability is maximized, especially 1n the case of iarge input signal

dynamic range. This is critical for the short preambles in packet ridio systems,
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where not many PN periods are available ‘or ihe threshold adjustment. In this
chapter, a simple automatic threshold centrol (ATC) scheme for vhe acquisition
is proposed and analyzed. The ATC algorith; guarantees the perfect threshold
sctting in one PN period by means of a properly lesigned detection window, thus the
method is suitable for packet radio systems. The analysis shows that the acquisition
performance by the ATC algorithm remains a constant value no matter how large
the input signal is. Using the conventional consiant threshold (CT) scheme, the
performance will degrade when input signal amplitude goes up.

In this chapter, we make the analysis for the single arquisition code case. In
practice, the ATC scheme can be also combined with the scheme using mubtiple
acquisition codes to improve peiformance at low SNR.

The proposed method also has potentia! to improve acquisition performance in
CDMA systems, where the effect of the multiuser interference can be minimized as
long as the interference-contaminated auto-correlation values of the desired packet, is

not less than the values of the cross-corrclation sidelobes caused by those interfering

packets.
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Chapter 5

Multiuser Detection in

Synchronous CDMA

5.1 Introduction

In the : :evious chapiers, we discussed acquisition techniques by assuming that
AWGN is the only noise or interference to the transmitted packet. In practice,
a common transmission media is often shared by many users. The three commonly
used methods for users to share a given frequency band are Frequency Division Mul-
tiple Access (FDMA) , Time Division Multiple Access (TDMA) and Code Division
Multiple Access (CDMA). CDMA is the natural product of using spread spectrum
modulation and demodulation. It has been found useful in many communication
applications such as satellite networks, mobile and indoor communications, and op-
tical networks, because it has the ability to resist a variety of interference and the
potertial to allow a larger number of users to share a common frequency band {39].
In such a system, each user is assigned an identification code, from which the user’s
message can be extracted. On the other hand, a packet will more or less suffer

interference from other simultaneously transmitted packets because the assigned
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ccdes are often non-orthogonal. In this situation, the acquisition and demodulaiion
of a packet will be mere -ifficult. The conventional acquisition and demodulation
schemes often fail when a large number of users are sharing a single channel. In
the following three chapters, we will study the detection and acquisition metheds
in CDMA systems. In this chapter and the following chapter, we will focus on
the multi-user detection problem by assuming that acquisitions for all active users
have been obtained. In the last chapter, acquisition methods will be presented and
analyzed.

In spread spectrum CDMA systems, the detection of a user’s message from the
mixture of all users’ waveforms can be classified into three types. The first one is
the conventional approach which only uses one specifi: user’s code to correlate with
the received signal. In this approach, information abcut the mutual interference
among users is ignored. Thus the method is vulnerable to the near-far effects and
is only useful for the case of low bandwidth efficiency [50] where the identification
codes c2n be designed such that the inter-user interference is negligible. The sec-
ond type of detection is the optitnal approach in which each user’s message can be
extracted by solving a maximization problem [25]. Although a significant perfor-
mance improvement can be obtained by this method, the associated computational
complexity increases exponentially with the number of users, thus making it im-
practical. The last type of detection consists of those suboptimal approaches which
can yield better performance than the conventional on:, especially in the sen.z of
near-far resistance. Although their performance cannot be better than the optimal
one, the computational complexity is significantly reduced. One of the suboptimal
linear approaches is the so-called decorrelating detector [40] which has been proved
to be optimal (near-far resistant) when energies for the users are unknown to the

receiver [25].

From chapter 7 , we will see that a real time estimation of energies of all signals
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received is possible by our acquisition schemes. With the information of energies
of the received signals, the optimal detector will significantly outperforin the decor-
relating detector. Therefore, it is worthwhile to study the suboptimal detectors in
this case. Furthermore, since the synchronous system is a special case of the asyn-
chronous system [50], the study of suboptimal detectors in the synchronous system is
essential for further studies of suboptimal detectors in asynchronous systems. In the
next chapter, multiuser detection problem in asynchronous systems will be studied.

In [50] it is indicated that the linear approaches hinder the achievement of near-
optimal performance for the demodulation of relatively weak signals, and thus a
nonlinear approach called multistage detector was proposed. A significant improve-
ment is obtained by this method compared to the Jinear detectors in {25]. In addi-
tion, the computational complexity grows linearly with the number of users. For ihis
method, the maximization of an integer (-1,1) gnadratic problem with K dimensions
is approximated by I unidimensional maxiinization problems at each stage or iter-
ation. Thus the maximization simpiy turns out to be a comparison of the objective
function values with a single variable or element equal to 1 and -1. In many cases,
the final decisions from the unidimensional optimization cannot be guaranteed to
converge to the optimal solution. Furthermore, the performance cannot be improved
by increasing the number of stages or iterations.

In this chapter, a new nonlinear multistage approach is propcsed. Better per-
formance can be obtained by the new scheme with only a slight increase in the
computational complexity compared to the method in [50]. In the next section, the
optimal detector is reviewed. The basic transformations are presented in section
5.3. A continuous approach for the optimal 0-1 solution is presented in section 5.4
followed by two algorithms developed from this approach in sections 5.5, 5.6 and
5.7. In section 5.8, sorne numerical results are illustrated for the new method and

other methods. The summary of the chapter is provided in section 5.9.
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5.2 Optimal detector

In this section, we briefly describe the optimum solution of the multiuser detection
problem in CDMA. Based on the optimal detector, the suboptimal detector can be
developed in the followed sections. S

For a K-user synchronous CDMA system, at each receiver, the received signal in
a symbol duration can be written as

K
r(t) = Z bsi(t) + n(t) (5.1)

k=1
where (t) denotes the signature waveform for the kth packet and is time limited

to a bit duration T, b = [by by ... bx]T € {—1,1}¥ contains all the users’ bits for
the symbol, i.e. b = —1 or 1 represents the Ath user’s bit, and n(t) represents
the additive white Gaussian noise with a spectral density equal to ¢*. It is more
convenient to express the above signal using the following discrete form
r=Hb+n (5.2)
where H = [s) 83 ... sx] € R™K contains the amplitudes and the identification
codes of all the received signals with s; being the kth user’s signature waveform. The
number of chips m in a symbol or the number of elements in cach column vector sy
must be greater than K with m = K representing high bandwidth efficiency cases.
n = [ny nz ..np|T € R™*! is a sample vector from the AWGN n(t).

The optimal decision for the K user’s data bits b is obtained by solving the
problem [50] [25]

min__f(b) = ||r — Hb||? 5.3

jefin S (8) = |Ir — HY| (5-3)

Although this problem is similar to the weii-known Least-Squares (LS) problem,
the solution with the constraint b € {—1,1}* will be different from that of the LS

problem in general. The quadratic form of the above problem is

-~ lA L3 A
i b) = =6"Cb - y"b 5.4
ée{rg;f}),(f() 5 y (5.4)
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wherc vector ¢ = H7r represents K decisions from K conventional receivers, C =
HT I is tic correlation matrix of the K users, which is a K x K positive definite
matrix.

While the above prcblem is known to be NP-hard [25], the computational load
for some suboptiimal approaches is only linear with the number of users. In what

follows, we present our new suboptimal scheme.

5.3 Basic transformations

To better understand the theorem in the following sections for the development of
the new multistage detector, we describe two basic transformations in this section.
First we transfer the prublem in (5.4) into an equivalent 0-1 optimization prob-
lem, in which 0 and 1 in the transferred function correspond to -1 and 1, respectively,
in the original proble.n.
Letting z = Q‘%‘i, where K-dimensional vector e = 1 1 ... 1], the ith element of

z is then

>

0 -1 (5.5)
T = X .
1 b=+1

It is easy to verify that the minimization problem (5.4) is equivalent to

BRI = 52700 + ) )

where z = —2(Ce + y), and Q = 4C. @ is often called Hessian matrix of f(z) 1.

Furthermor:, for any given diagonal matrix

® = diag{¢1 ¢ ... dx} (5.7)

"The Hessian matrix of f(z) is defined as Q(z) = V{Vf(2)}, if f(z) has continuous second-
order partial derivatives.
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and a vector made up of the diagonal elements

¢ = [¢1 2 ... dxc]" (5.8)

it can be shown that the problem

s --l A T .
i) = 357)Qe 4 7 o9

is equivalent to (5.6), where @ = Q) —® and = z + 1. The equivalence holds
because the transformation does not affect the function values at any of the zero-
one solutions. It should be noted that the continuous minimum (or the L3 solution

without the constraint) of the transformed quadratic function is changed.

5.4 Continuous approach to the 0-1 solution

Carter 3] proposed an iterative inethod to find a basic transformation, such that
the continuous minimum rolution of the transformed quadratic function can draw
nearer to the zero-one minimum solution after each iteration.

The idea is based on the fact that the transformed continuous function minimum
f(Z) is bounded by the function value f(z!), where # and z' are the solutions for
the continuous and 0-1 minima, provided that @ is positive definite. If the two
minima are equal, the continuous solution will be the 0-1 solution. As the continuous
minimum f(£) approaches to the 0-1 one f(z'), the continuous solution & should
tend to approach z!. Figure 5.1 shows such a situation with a one dimensional
quadratic function as the objective function. The parameters ¢ = 2 and 2z = 1.5 are
scalers in this case. From this figure, it is clearly shown that the original function
is modified by different values of the parameter ¢. The continuous minimum is
changed whenever a new ¢ is assigned. However, all the continuous minimum values

are upper-bounded by the 0-1 minimum which is zero in this case provided that
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Figure 5.1: One dimensional quadratic function with g=2 and z=1.5

4 =q—¢>9. When ¢ approaches -3, the continuous solution is getting closer to
the 0-1 solution.

An immediate question for this idea is how to find a transformation such that
the distance between the corresponding continuous minimum f(#) and the optimal
0-1 minimum f(z') is minimized, while maintaining the transformed Hessian matrix
Q positive definite.

One answer can be found with the help of the following theorem [3].

Theorem i. Let @ be the positive definite Hessian matrix of a function f and &
be the real-valued unconstrained minimum of f. Suppose the ith diagonal element
of @ is decreased by 9;; then the unconstrained minimum of the new function will

change by [3]

Af=% G &) + ] (5.10)

[(¢.9.. -1)

where g;; represents the ith diagonal term of Q~!. The theorem assumes that ¢; is
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chosen properly such that the new function is still positive definite.

Proof: Given the system

QE=—zo0r z=-Q 'z (5.11)

the modified system is written as
Qi=-2o0r T=-Q 'z (5.12)
where Q = Q — dieiel and z = 2 + 1gei. The unit vector ¢; has a ‘1" in the ith

position and ‘0’ elsewhere.
The two minima for the two systems are —-;;zTQ"z and -—%E 'Q'z. Therefore,
| QP 1

Af = —E‘TQ"E + -2-zTQ"'z (5.13)

From the Householder [15] identities for a rank-one update of a matrix, we get

Q7' = Q7' - el Q!
= Q7' - vgia] (5.14)

where

¥ = ¢if(digi - 1) (5.

and g; represents column i of the inverse of Q. Substitute ()~' and z into 5.13 and

15)

performing some manipulations, we get
1 1 o, ,
Af = "5!‘)5&9? z+ Z¢?y-'-'] + 1g[f«’Tiny.-T z+ digiig! z + Zfbf 9% (5.16)

Since g,T z = zTg; = —&;, the above equation can be further simplified

)

= Y2 gacso+ Loa 4 Lot — Vg
Af = 2[3. digiid; + ¢¢.w‘ + 4¢.g.. 4,‘/)‘15.'91:]

= %[i? — dilgii - -ld;)ﬂ‘fi + ?;(yu - ;;)")!l-‘i]
= Y13 - a0t 4 2],
= ¢'[(_z._. &)” +4 0 (5.17)

iJii — 1 4
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The parameters for the modified system are summarized as follows

Q =Q - dieie] (5.18)
- 1.
i=z4 §¢.~e.~ (5.19)
Q7' =Q7" - vaig! (5.20)
=24+ (5.21)
¥ and y are computd by

¢0' /
= — 5.22
v (Bigii - 1) 5.22)
) \
X = ¥9i(5 — &) (5.23)

The following corollary gives the condition for the new Hessian Q to be positive
definite.

Corollary: In the theorem above, the new Hessian matrix @ will always be
positive definite provided ¢, is less than 1/g;;.

Proof: The proof of this corollary relics on the assumption that the eigen ..lues
of a matrix are a continuous function of the changes in the diagonal elements.
Consider the Householder identity in (5.14) and observe that the new inverse exists
if and only if ¥ exists. From (5.15) ¢ = ¢;/(¢:gii — 1) and ¢ is undefined only when
¥ =1/gi.

Furthermore, ¢ is undefined if and only if at least one eigenvalue is zero. Con-

sequently, for ¥ < 1/g;, all eigenvalues must still be positive. O
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By maximizing A f with respect to ¢;, the function minimumn (&) will approach
f(z”) at the fastest rate. The following theorem describes the ‘optimum’ strategy
for choosing ¢.

Theorem 2: The increase in the function value at the minimum of the new

function is maxiinized when

4= | Milos - lerdisy (5:21)
21~ &)/ga for &>}

In the case of &; = 1/2, the function is maximized when ¢; equals infinity. But, in
order to maintain positive definiteness, ¢; must be chosen less than 1/g;;.

The corresponding increase in the minimum function value is given by

:i?/(Zg,'.') for &; <
(1 -— .%.')2/(2‘().'.') for :i'.' >

Af =

1
j (5.25)
)

and the itlii component of the new function minimum will be

0 for % < %
gi=91 for &>} (5.26)
1/2 for & =}

The new function will always be positive definite.

Proof: The result is obtained by computing the value of ¥ which maximizes A f

in (5.13) with the condition ¥ < 1/g;;. O

5.5 Multistage detector

Based on the theorem in the previous section, a new multistage detection algorithm
is proposed. Let & be the continuous minimum at stage i, the corresponding 0-1
solution denoted as 27 is ob:ained by taking the binary quantization of & &', which

has the smallest function valus f(2) in up to ¢ iterations, is stored in z,,. The
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corresponding function value f(#') is stored in fn. At the (i + 1)st stage, &/ is
updated using the following algorithm.
Algorithm 1. Multistage detection.

1. Forj=1to K,

Lot ¢ 3 if 3;<0.5
et ¢ =
’ (1 - ij) if .’i'j > 0.5

2. Find the index p such that || = waxl, |t,|, i.e. &, is the ccmponent of the

current minimum which is furthest away from a 0-1 value.

3. Compute

¢ = 2tp/gpp
1
Gp =G —¢pi Zp=2+ §¢p
Y= ¢p/(¢pgpp -1)

=i+ 9g,(05 - 3,)

y_smﬁ@—um+1
. 2

Q' = Q' - '/’9»93

J(31) = 5(@")7Qa! + 73!




Chapter 5. Multiuser Detection in Synchronous CDMA 9
4. if f(2") < fums S = f(&") and 2, = &'. Repeat from | until the Lyth stage.

For this algorithm, there is no need to compute the inverse of ) at each iteration.
Thus the dominant operation is given by the computation of f(i') for cach iicration
or stagz. For a L,-stage detector, the algorithm needs at most L; evaluations of the
objective function value under each 0-1 sclntion. Because some of the solutions at
different stages may be the same, there is no need to evaluate their function values
every time.

For some sufficient statistics y or z, algorithm 1 will quickly converge to the
optimal 0-1 point. For some other cases of y, the optimal 0-1 point is often ameng
the quantized solutions at different stages. And the point is selected by comnaring

f(2") at all the stages.

5.6 Convergence of the multistage detector

By simulation trials with different input data 3 containing information biis from
each user and Gaussian noise, we have found that the improvemert in terms of
bit error rate for a specific user is significant with the new multistage detector
compared to the one in [50). However, the performance difference between the
new detector and the optimal one is usually not small. This implies that in many
cases the algorithm cannot bring the continuous minima close enough to the integer
solution. In these situations, the continuous minimum £, as the iteration continues,
will oscillate among a few points and never converge to the optimal integer point,
no matter how many iterations are conducted. In this section, we will explain why
the algorithm sometimes does not converge to a 0-1 solution. Based on the analysis,
a modified multistage algorithm is proposed.

From section 5.3, we know that the basic transformation by ® and ¢ cannot

affect the function values at any of the 0-1 points. An observation in [13] can
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be used to explain why the algorithm sometimes is not convergent. in [13], it is
shown that for any z* = {z} z} ... zk} € {0,1}¥, we can construct a unique
¢* = {4 3 ... o)} € R", such that z* = —(Q*)~'z", where Q" = @ — 9", and
2* =z + 34" ¢" is given by

6 =202z - 1)(zi+ Y. @) i=12 ..K. (5.27)

j€h(z*)

where Iy(z*) = {ilz} = 1}. If Q" for a specific z* is positive semi-definite, the z* will
be the continuous minimum for the unimodular function f(z) = 127Q*z + (2*)"z.
Thus the continuous minimum is the optimal 0-1 minimum. It can be proved that
any of the unique transformed matrices Q* derived from (5.27) for the other 2 — 1
z* must be indefinite. The algorithm in the last section is performed to maximize
the function minimum at each iteration and, at the same time, the new Hessian Q
remains positive definite, thus the value of the maximized function minimum cannot
" decrease. Since the minima are upper bounded by the f(z*), the algorithm is bound
to converge to the unique solution f(z*), or @ — Q*.

However, if no @* > 0 can be found for all z* € {0,1}¥, no such a global
minimum exists, and the transformed function is no longer unimodular. The unique
0-1 solution cannot be exactly approached by the algorithm because the transformed
Hessian matrix at every stage cannot be indefinite. Rounding off the continuous
minimum and selecting the best among all of the iterations will sometimes cause
errors.

Whether or not ¢J* corresponding to the 0-1 minimum, is positive semi-definite,
will highly depend on the noise component contained in y or z as well as the structure
of . When noise is zero, it is easy to verify that ¢7 = 0 for all i = 1,2,..., K, and
Q" = Q which is positive definite. Ae noise increases, the possibility for the Q*
being indefinite is increased. @ itself depends on the cross-correlations of the users’
id codes and the distribution of all the received signal powers. It is found that Q

with larger cross-correlations will more likely cause the Q* for the 0-1 minimum to
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be indefinite.

5.7 Modified multistage detector

A modified algorithm is proposed to obtain successful convergence when Q° for the
0-1 minimum is indefinite. The objective of the algorithm is to single out some
elements of z which cause the * to be inderinite. Such elements may be excluded
from the consideration in the algorithm, and the @Q* for the reduced problem wiil
often berome positive definite. Then the problem can be solved by the continuous
approach again. To find such elements, we present the following example for a
five-user CDMA system.
Example: For the problem defined by (5.9) with = 4C, let

-

5048 -5.11 1532 1532 —25.53 |
-5.11 2530 -3.61 10.84 —3.61
Q=] 1532 -361 2530 —3.6i —3.61
15.32 1084 -3.61 2530 --3.61
| —25.53 -3.61 -3.61 -361 25.30 |

z=[-26.18 —8.69 — 3520 — 14.54 4.18]7
Then ¢* computed from (5.27) with the optimal 0-1 solution z* = {1 1 1 0 1] is

¢" =(17.97 8.56 —3.63 —8.79 — 6.55]"
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Table 5.1: Results for the example (j = number of a stage)

e

J z f(#)
0](-045 0.02 1.79 1.06 -0.21) | -33.86
11(048 0.55 1.00 0.27 0.58) | -30.86
21(000 025 115 0.65 0.13) |-30.11
31(044 -0.03 1.28 1.00 -0.28) | -30.09
41(000 025 1.15 0.65 0.13) |-30.08
51(-043 -0.03 1.28 1.00 -0.28) -30.01_

and

3250 -5.11 1532 1532 —25.53 |
511 16.74 -3.61 1084 —3.61
Q"= 1532 -3.61 2893 -3.61 -3.61
15.32 1084 -3.61 34.08 -—3.61
-25.53 —3.61 -3.61 —3.61 31.85

3 o

which is indefinite with the eigenvalues as {40.43 15.11 24.19 - 3.09 67.46}. The

results for five iterations by algorithm 1 is illustratel in table 5.1.

The algorithm is not convergent, because &, as the iteration goes on, will jump
back and forth around two noints [0.00 0.25 1.15 0.65 0.13] and [-0.43 -
0.03 128 1.00 - 0.28]. The ele.nents 1 and 4 are the most unstable elements
because, whenever they are forced to be 0 and 1, they will go farthest away from 0
and 1 at the next iteration. Let i® denote the element bumping with 0 and ! with
L. In this example, £° is the first element of £ and 2! the fourth element. Often
the correct decisions for 2° and 3! are 1 and 0, respectively instead of 0 and 1. If
we force &° to be 1 in &, or &' to be 0, and substitute it into the original function

f(z), the reduced function may have a positive definite @* corresponding the 0-1
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minimum. Using the same continuous approach, the algorithm will converge to the
unique 0-1 solution. Assuming that t. jth element i; of & is ° or &', &; is forced to
be 1 or 0, and substituted into f(z). And letting @,, x, and z, denote the reduced
Hessian matrix, the function variable vector, and the data vector, respectively, Q,,
z, and z, can be easily formed by deleting the jth row and column of @, the jth

element of z, and the jth element of z, respectively. The new function f(x,) will be
1 T A 1 A l a2 [ 30

f(zr) = 52 Qrar + (2 + &iq)r + 2jd5 + 5058 (5.28)

where ¢! is the jth column of @ with the jth element deleted. The constant terms

zj&; and }q;;&4 have nothing to do with the optimization and th s can be ignored.

Then the original minimization problem becomes

. - 1 T A ! ‘
z,e?lmil}lk—l{f(xr) = 2% Qrzr + (2r + 5g5)2,} (5.29)

If the assignment of the &; is correct and the reduced Q," is positive semidefinite,
the result will be the optimal solution. However, we will always choose the best
candidate from these two tests and the previous L, tests.

This heuristic me*thod is shown to be very effective for this particular communi-
cation problem. Some numerical results are shown in the next section.

The modified algorithm is summarized as

Algorithm 2. Modified Multistage Detection.

1. Run algorithm 1 for L, stages.

2. Find out the indexes of i® and #' from step 1, denote them as index0 and

index1.

3. o Let Tindezo = 1,
e Pick up the new Hessian Q = Q,.

o Compute z = 2, + ¢lpyezo
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e Run algorithm 1 with the new @ and z for L, iterations without evalu-
ating the function values at each iteration except the last ona. Compare

with the one from 1 and choose the best one.

4. o Repeat 3 with the indez0 replaced by index1, and zinder1 = 0 and 2z = z,.

Choose the best from the comparison with the one obtained in 3.

5.8 Numerical results

In this section, bit error rates of algorithm 1 and 2 are obtained by simulations. For
comparison, simulation results from the previous multistage algorithm (50}, conven-
tional, decorrelating, and optimal detectors are also presented.

First we consider a five-user CDMA system. Each user is assigned a different
id code which is the same as that used in [50]. The largest correlation coeffcient
among the id codes is 5/7. Figure 5.2 shows the bit error rate of the first user with
its SNRy = 8dB, versus the ratio of the user’s signal strength to the strength of
the other four signals. As shown in the figure, the multistage detectors proposed in
this chapter and in [50] yield much better performance than the conventional and
the decorrelating detectors, particularly in the worse near-far effects case. Also note
that, while algorithm 1 shows a clear improvement over the previous multistage
algorithm, algorithm 2 almost achieves the same performance as the optimal one.

Figure 5.3 illustrates the same performance comparison in the case of a ten-user
system with the id code length of 15. The largest correlation coefficient is 3/5. From
this figure, we see that the performance of the decorrelating detector is improved
because of the smaller cross-correlation or higher asymptotic efficiency [52] [53).
The proposed modified multistage detector is observed to significantly improve the
performance over the one in [50).

If we select the id codes with all the normalized cross-correlations equal to —1/15
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for a ten-user system, the performance of the (iecorrcnating detector is further im-
proved, and the perturmance by the multistage detectors proposed in this chapter
and [50] will be very close to that of the decorrelating detector. This is shown in
figure 5.4. In this case, there is no need to desigy the nonlinear multistage detec-
tors. This implies that a simple decorrelating detector would be good enough for
detecting messages from a synchronous CDMA channel since the design of a set
of orthogonal codes is possible in a synchronous CDMA channe!. A system which
uses a set of orthogonal codes for users in a micro-cell was proposed and developed
by CYLINK Corporation [30]. Note that conventional matched filters were used
instead of a decorrelaving detector in the system because the codes are assumed to
be orthogonal. In practical situation, a.lthouz:hlth; intra-cell interference is zero by
utilizing orthogonal codes, the inter-cell interference from the adjacert cells cannot
be neglected due to undesirable partial correlation property of the orthogonal codes
(4enerated from the Hadamard matrices). El;ror‘ control coding must be used to
deal with the inter-cell interference. The system may be improved by employing
a decorrelating detector and assigning each user with a near-orthogonal code such
as the Gold sequence. The intra-cell interference is minimized by the decorrelating
detector, and the inter-cell interference is not significant due to the good partial
correlation property of Gold sequences.

It should be noted that the number of iterations in algorithm { and 2 is indepen-
dent of the number of users in the system. Increasing L, and L, little improvement
can be achieved. This is important because the computational complexity of the

algorithms will not increase much as the number of users goes up.
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5.9 Summary

A new multistage detector is proposed in this chapter to detect synchronous CDMA
signals. The algorithms are based on the continuous approach to the optimal 0-
1 solution. By modifying a single diagonal element of the Hessian matrix of the
quadratic function, all the elements of the estimated vector are modified in one
stage. The convergence of the algorithms is studied. The algorithms are shown to
achieve more reliable signal detection than the multistage algorithm of [50], espe-
cially in the case of higher cross-correlations between any pair of the users’ id codes.
The computational complexity of the proposed schemes is dominated by a few of
quadratic function value evaluations, which are independent of the number of users

in the system.
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Figure 5.2: Bit error rate of user 1 for a five-user system. 'The largest

cross-correlation is 5/7, SNR(1) =8dB, Ly = 4, Lz = 3.
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Bit error rate of user 1
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Figure 5.3:

Bit error rate of user 1 for a ten-user system.
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cross-correlation is 3/5, SNR(1) =8dB, L, = 4, L, = 3.

103

The largest




Chapter 5. Multiuser Detection in Synchronous CDMA 104

Bit error rate of user 1
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Figure 5.4: Bit error rate of user 1 for a ten-user system. The largest

cross-correlation is —1/15, SNR(1) = 8dB, L, = 4, L3 = 3.
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Chapter 6

Multiuser Detection in

Asynchronous CDMA

6.1 Introduction

In chapter 5, we have proposed a non-linear multiuser detector which yields better
performance than the linear multiuser detectors when received signal powers are
known for synchronous CDMA systems. In this chapter, we will show that the al-
gorithm developed in chapter 5 can be also used for solving the multiuser detection
problem of asynchronous CDMA systems. The way we do this is to translate tie
signal from asynchronous users into an equivalent signal from synchronous users.
Two types of detectors will be analyzed. They are one-shot detector and M-shot de-
tector depending on the length of the observation. The detection schemes developed
in this chapter may be applied to the reverse link demodulation of the Qualcomm’s
system [19] such that the vulnerability of the closed-loop power control technique
may be alleviated.

The optimal detector in the asynchronous case is a maximum-likelihood sequence

detector which requires the sufficient statistics to be obtained in an observation of
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the whole received waveform. The associated sub-optimal detectors based on the
sequence detection do not lend themselves to practical implementation. Motivation
is made to study the more practical detector, the one-shot detector and the M-shot
detector which only require the sufficient statistics obtained in a single symbol or
several symibols. The advantage of the detectors are the simplicity of iniplementation
as well as the near-far resistance.

The chapter is organized as follows. In section 6.2, a system model for an asyn-
chronous CDMA system is described. In section 6.3, we show that the one-shot
detector and M-shot detector are near-far resistant. Numerical results are given in

section 4 followed by a brief summary of this chapter.

6.2 System model

Two types of asynchronous CDMA detectors are presented in this section. The
first one is called one-shot detector which is based on the detection of signals in an
interval of a single symbol. The second type is called M-shot detector which detects

signals in an interval of M-symbols.

6.2.1 One-shot detector

“or a K-user CDMA system, the received signal at a receiver in a specific symbol
which corresponds to the desired user (assumed to be user 1) can be written in the

same discrete signal form as (5.2)
r=Hb+n (6.1)

However, the b and H are different from those variables in (5.2) due to the asyn-

chronous characteristic. In this case, b is expressed as

b= [by by(1) ba(1) +-+ bre(1) b3(2) ba(2) -+ bg(2)]" € {—1, 1)K~
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where b;(1) and by (2) represent the kth user’s first and second symbols which par-
tially overlap with b,. H in (6.1) is written as

= [31 82(1) 83(1) oo gk(}) 32(2) 33(2) v 3}((2)] € RmX(ZK—l)

where s;(1) and s;(2) are the partial signature waveforms corresponding to by(1)
and by(2), respectively. Denotc ¢, = [k k2 ..o ckm]T (ki € {—1, 1}) as the
unit-amplitude spreading sequence used for the kth user, the signature waveforms

can be written as

w
( )1/2 = ;f)llz[clol Lo clvm]T

o e (8 :
k(1) = (2=)"2c(1) = (=Z=)"?ckmpp+1 -+ Ckm 0 ... 0]
Pk Pk

sk(2) = (

w!)
)’/zc (2)-—( 5— 200... 0 cxy Ch2 e Chammpy)T

where the random variable p, € [0, m] is the chip phase difference between the PN
codes of user k and user 1 !. p is determined by the synchronization circuit in the
receiver. A practical way to acquire pj for all k is described in chapter 7. In the
above equations, wy = ||sy]|?, w(” = ||s(1)]|? and w" = ||s(2)||? are the symbol
energies for the symbol waveforms sy, s¢(1) and s(2), respectively.

Given the symbol observation for the one-shot detector, the Maximum-Likelihood
detector selects the most likely hypothesis b*, which corresponds to the solution of
the minimization problem

min  {f(8) = ||r — A

be{-1,1)2K-1) }

= be{-ml}l(l’""){zb Ch- Y b} (6.2)

!'For simplicity, we assume that p is an integer in [0, m). In practice, we can increase the

resolution of py by increasing the sampling rate.
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where vector y = HTr represents 2K — 1 decisions from 2K — 1 equivalent con-
ventional receivers, C = HTH is a (2K — 1) x (2K — 1) positive definite matrix.
Thus the K-user asynchronous multi-user detector is equivalent to a (2K — 1)-user

synchronous multi-user detector.

6...2 Mb-shot detector

For the one-shot detector, the ohservation duration is equal to a onc-symbol length.
In practice, it is a'so possible for a receiver to observe signals in more than one
symbols and make a decision after a short delay. A multiuser detector is called
M-shot detector if the observation duration is equal to M-syinbol length. In this
case, the number of data bits in the observation interva! is M + ! in general, and

the received signal can still be written as r = f/b 4 n, where

b = [bi(1) by(1) -+ bre(1) b1(2) ba(2) - -- bk(2)
o by (M4 1) (M +1) - bg(M+1))T

)
[

[31(1) 82(1) see 8;((1) 81(2) 82(2) v 8x(2)
oy (M41) (M4 1) oo sie(M +1)]

and
©
56(1) = () (chmpert -+ Chm OLpg 17
k o kym—pyp+1 ki Yy M —pk

c wk i " ] ’ ‘.
si(i) = (;;) (0 tymapk St Cm Omagoigtyoptl” &= 23,0000 M
wl
L

ss(M+1)=(

)1/2[0{M-1)m+pk 10 c@’,,._,,k]'r

Here we use w”, w; wl" to denote the energies of the first partial symbol, a
whole symbol and the last partial symbol of user k, respectively, in the observation

duration. O is a column vector with L zero elements.
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Again the ML detector selects the most likely b*, which corresponds to the solu-
tion of
= ||r — b
be{-1 1}«(M+u{f(b) lir — A]|?)

LT .
= emin 05 Lirci— y7h) (6.3)

where vector y represents K (M + 1) decisions from K(M + 1) equivalently matched
filters, C is a K(M + 1) x K(M + 1) positive definite matrix. Thus the K-user
asynchronous multiuser detection is translated into a K(M + 1)-user synchronous
multiuser detection. However, not all the elements of i* are picked up for the
decisions. Later on, we will show that only those elements which correspond to
the largest minimum asymptotic efficiency are selected. The M-shot detector is
supposed to outperform the one-shot detector because, for the one-shot detector,

estimations on interfering signals rely on parts of symbols.

6.2.3 Linear independence assumption

To guarantee that (6.2) and (6.3) have unique solutions, the matrix C must be
nonsingular. This is almost true by the Linear Independence Assumption (LIA)
of [26]). The LIA simply says that the received signal does not vanish everywhere
if at least one of the users has transmitted a symbol independent of the received
energies, It was also shown that the violation of the LIA occurs with probability
zero if a priori unknown delays are uniformly distributed which is the case in the
asynchronous channel used by non-cooperating users. In addition to the LIA, a
condition of m > 2K — 1 must be satisfied, otherwise C' will be singular. In the
case that the LIA is violated, there will be more than on:. solutions for the problems

(6.2) (6.3), but the decisions we selected are often unique 2.

2For decorrelating detector, pseudoinverse of C is often used. For the multistage detector in

chapter 5, a small perturbation to the diagonal elements of the cross-correlation matrix can be
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6.3 Near-far resistance

In this section, we show that the M-shot (iucluding M = 1) detectors are near-far
resistant. Generally speaking, a detector is said to be near-far resistant if the bit-
error-rate of any single user goes to zero as background noise (AWGN) disappaars.
Conversely, a detector is not near-far resistant if there is an irreducible probability
of error for a user even in the absence of background noise [26).

We can easily verify that the M-shot detector by (6.3) (including ne shot de-
tector since it is a special case of M-shot detector) is near-far resistant. We do this
by checking the bit-error-rate of the solution (uecision) of the least-squares prob-
lem in (6.3) by removing the constraint b € {—1,1}¥(M+1), The solution, which

correspends to the decision made by the decorrelating detector [25], is given by

b‘

sign(C 'y)
= sign{fiir) (6.4)

where At = (AT )~ AT is the pseudoinverse of 1 [16]. Since r = ilh+ n, we got
b = sign(b+ Hin) (6.5)
As the background noise goes to zero (i.e., the vector i — 0), b~b — 0, which means
that the bit-errc :-rate for any of the K users goes to zero. The constrained least-
squares solution (optimal detector) defined in (6.3) always has better performance
than the unconstrained solution. Thus as ¢ — 0, the bit-error-rate of the detector
goes to zero. Therefore, it is indeed near-far resistant. The optimum detection in
(6.3) is known to be NP hard. Some sub-optimum detectors have been studied in
chapter 5. The performance of these detectors are gencrally better than that of the
decorrelating detector, especially in the severe near-far environment. Thus we can

conclude that these detectors are also near-far resistant.

made. Both efforts guarantee that the detectors work well when C is singular.
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A quantitative measure for the near-far resistance is the asymptotic efficiency
which was defined and thoroughly studied in [52] [53]. Define the effective energy
of equivalent, user ¢, ¢;(d), as the energy that the user would require to achieve bit-
error-rate P;(o) in the same Gaussian channel without interfering users. Thus the
ratio e;(¢)/w;, which is a number between 0 and 1, characterizes the performance
loss due to the existence of other uzcrs in the channel. The asymptotic efficiency is

defined by
N = 3{]}(}, e;(a)/w.' (66)

which measures the slope with which Fi(c) goes to 0 in the high SNR region.
Further, the Minimum Asymptotic Efficiency (MAE) over the relative energies of

all the other users is defined as

M = inf o (6.7)

T {wy205#i)
which quantifies the robustness of a receiver against the near-far problem. An ad-

vantage of introducing MAE " that it is much easier to compute than the asymptotic

efficiency. More precisely, from [25]
s = 1/} (6.8)

where Rl is the pseudoinverse of the normalized cross-correlation matrix R which

relates to C by
C = WY2RW'/? (6.9)
where

W = diag(wl® wgo) w}?) Wy Wy ccr WK

cwy wy - wie wlY wg’) ‘wg)) (6.10)
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71i gives the worst case of the asymptotic efficiency of user ¢ with respect to the ener-
gies of the iaterfering users. Thus it is a lower bound for the asymptotic efficiencies
of an optimal detector and its sub-optimal detectors. In [25], it was proved that the
asymptotic efficiency of the decorrelating detector achieves the lower bound exactly,
no matter how the users’ energies change. Later on, we will compare the proposed
multistage detector with the decorrelating detector since its ith user’s asymplotic
efficiency can be easily obtained from (6.8).

To see how the one-shot detector performs in the near-far environment, we com-
pare its MAE with that of the synchronous detector (recall that the one-shot detector
for synchronous channels is optimal) and that of the decorrelating detector. The
comparisons can be easily made by assuming a two-user system. Therefore, there
are 3 equivalent users for the one-shot detector in the asynchronous case.

For the synchronous two-user case, the MAE for user 1 is 7j; = 1 — p¥, [25], where
p12 is the normalized cross-correlation value between the two users. The asymptotic
efficiency of the decorrelating detector takes the same value, no matter how the
relative energies of other users change.

For the asynchronous two-user case, the normalized cross-correlation matrix It

of the one-shot detector is written as

1 ey (1 )2y
R - C-llngg) l 0 (6-1 l)
| (1—e)1 %) 0 1 |

where : = p,;/in, P\ = clcy(1)/m and p(,'g) = ¢l '¢z(2)/m. The minitmum asymptotic

efficiency is given by
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M = 1/Ry)
(0)2 (1)
1 - ﬂ‘-e?— - -{-’% (6.12)

When ¢ = 0 or 1, which is the case of synchronous CDMA system, the term pgg)z/e
or p(112)2/ (1 —¢€) in (6.12) will disappear, and the minimum asymptotic efficiency will
coincide with that of the synchronous case.

Tables 6.1 to 6.3 list the MAEs of the synchronous and asynchronous channels
of 2 users with 3 different pairs of PN sequences. From the table, we see that the
MAE:s at different phase delays are different. Denoting A7 as the difference (in dB)
between the largest and the smallest MAEs, we observe that, in general, A7} will be
smaller if longer sequences are used. In the three examples listed in the tables, it is
fount that Aj = 2.73dB, A = 1.24dB and Aij = 0.86dB for sequence lengths of
7, 15 and 31, respectively. A7} can be used to measure the degree of the variation
of bit-error-rate for a one-shot detector and a M-shot detector. It is interesting to
notice that the MAE obtained by a syn~hronous one-shot detector (p, = 0) is not
necessarily larger than all of the MAEs of an asynchronous one-shot detector, but
is usually larger than the smallest one. This means that an asynchronous one-shot
detector sometimes outperforms the synchronous detector. However, the detector
must be designed such that it can perform satisfactorily in the worst case. Afp
should be made as small as possible. Tradeoff may be made between the A#j and
the bandwidth efficiency.

Now we examine #); for a M-shot detector. We know that the subscript i of
iji denotes the number of the user in an equivalent synchronous CDMA system, it
actually represents the |% + 1Jth bit of user i — |zt K provided that each user
has M + 1 bits in the observation block. For comparison, we first examine a two-

user system and use the same sequences of length 7 as those used for the one-shot
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Table 6.1: Minimum asymptotic efficiencies for synchronous and asynchronrous

2-user one-shot detectors. PN sequences length=7.

MAE || .816 |.857 | .686 | .810 | .810 [ .457 | .762

P2 j{(o (syn) | 1 2 3 4 5 6

Table 6.2: Minimum asymptotic efficiencies for synchronous and asynchronous

2-user one-shot detectors. PN sequences length=15.

P2 0(syn)| 1 2 3 4 5 6 7
L_MAE 182 | 914 | 954 | 778 | .849 | .747 | .993 | .881

o e e

P2 8 9 10 (11 (12 | 13 | 14
MAE || .957 | .889 |.880 | .994 | .956 | .749 | .857

Table 6.3: Minimum asymptotic efficiencies for synchronous and asynchronous

2-user one-shot detectors. PN scquences length=31.

pr OGym)| 1 | 2|34
MAE | 999 |.963|.946 | .989 | .871 | .819 | .915 | .909

o
=
-3

P2 8 9 10 [ 11 | 12 | 13 | 14 | 15

MAE || 949 | .944 | .986 | .916 | .861 | .990 | .837 | .914
Lo L

P2 16 17 | 18 | 19 [ 20 | 21 | 22 | 23

MAE | .998 | .900|.990 | .826 | .901 | .999 | .996 | .931

P “ 24 | 2526 [ 27 | 28 | 29 [ 30
MAE || 937 | .977| .980 | 841 | 948 | .946 | .968
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‘Table 6.4: Minimum asymptotic efficiencies for asynchronous 2-user 3-shot detector.

p: = 5, PN sequences length=7.

user Bit No.

No. 1 2 3 4
1 ]| .640 | .684 | .510 | N/A
2 || .713 | .684 | .640 | .641

Table 6.5: Minimum asymptotic efficiencies for asynchronous 2-user 6-shot detector.

p2 = 5, PN sequences length=7.

user " Bit No.

No. || 1 2 3 4 5 6 7
1 | .640 | .691 | .693 | .693 | .685 | .510 | N/A
2 |1.713|.685 | .693 | .693 | .691 | .640 | .641

detector. Table 6.4 shows the MAEs of the two users at different bit positions for a
3-shot detector. Remember that (p;, py) = (0, 5) corresponds to the worst case for
the two-user system. Comparing tables 6.1 and 6.4, we can see that the MAE at the
worst case has been increased from 0.457 to 0.684 by the 3-shot detector. Similarly,
table 6.5 and table 6.6 list the MAEs when 6-shot and 9-shot detectors are employed.
Compared to the 3-shot detector, we find that no significant improvement can be
achieved by the 6-shot detector. The 6-shot and the 9-shot detector achieve the same
maximum MAE. Considering the computational complexity, we should say that the
3-shot detector is the best choice. Table 6.7 lists the first user’s maximum MAE
achieved by a 3-shot detector at all the possible phase distributions. Compared with
table 6.1, we find that MAEs at all phase delays are increased. Furthermore, Ap
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Table 6.6: Minimum asymptotic efficiencies for asynchronous 2-user 9-shot detector.

pz2 = 5, PN sequences length=7.

user Bit No.

No. 1 2 3 4 5 6 (f 8 9 10
1 640 | .€91 | .693 | .693 | .693 | .693 | .693 | .685 | .510 [ N/A
2 713 | .685 | .693 | .693 | .693 | .693 | .693 | .691 | .640 | .64}

Table 6.7: Maximum MAE for synchronous and asynchronous 2-user 3-shot detec-

tors. PN sequences length=7.

po Jo@ym | 1 | 2] 3]a]5 |6
MAE | 816 |.980 | .894 | .894 | .894 | .684 | .84

is reduced by over 1dB. Also from this table, it is found that the 3-shot detector
has similar detection performance at most phase delays. Finally, we compute MAL
for a 6-user system using the M-shot detector. The phase distribution of the users’
signature sequences are selected randomly. Tables 6.8 and 6.9 give the results for a
3-shot and 5-shot detectors. Again we can sce from these two tables that the 3-shot

detector would be the best choice.

6.4 Numerical results

In this section, the bit-error-rate (BER) of the one-shot detector is obtained by
simulation using the multistage algorithm 1 of chapter 5. The BER of the detector
will be upper bounded by the BER of the one-shot decorrelating detector because
the MAE of the one-shot detector is equal to the asymptotic efficiency of the one-

shot decorrelating detector. The BER of the one-shot decorrelating detector for user
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Table 6.8: Minimum asymptotic efficiencies for asynchronous 6-user 3-shot detector.

p=1[29 26 16 3 20 13], PN sequences length=31.

user Bit No.

No. || 1 2 3 4
1 | .602|.745 | .733 | .559
2 || .788 | .889 | .861 | .507
3 |l 471 | .683 | .689 | .851
4 | 823 | .742 | .806 | .736
5

6

633 | .792 | .789 | .557
861 | .773 | .783 | .535

Table 6.9: Miaimum asymptotic efficiencies for asynchronous 6-user 5-shot detector.

p=1[29 26 16 3 20 13], PN sequences length=31.

user Bit No.

No. || 1 2 3 4 5 6
1 || .602 |.745 | .746 | .746 | .733 | .559
2 |[.788 1.889 | .892 | .892 | .861 | .507
3 | .471 |.683 | .697 | .697 | .690 | .851
4 | .843].743 | .807 | .808 | .807 | .736
5

6

633 | .792 | .800 | .800 | .789 | .557
861 | .773 | .787 | .787 | .783 | .535
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1 is given by [26]

Thw,y )
202

1
Py, = -2-erfc( (6.13)

The results are also compared with the BER of a conventional matched filter, which

is written as [2)

o S > L LD R IV C
Pe, = 22(K~1) iel‘ C \/é}_é ) (;_ )

b;(1):b5(2),5#1

where p{? = lc;(1)/m and pi}) = clc;(2)/m. At last, all the results of BER are

lower-bounded by the BER of a single user detector, i.e., no interfering users exist.

We first study the two-user case. Figure 6.1 shows the bit-error-rates of user |
versus the interfering energy of user 2. In this figure, we use the same PN sequences
of length 7 as those used for the calculation of the MAEs in table 6.1 in section
6.3, and consider the phase delay p; = 5§ (chips) which is the worst case. The
actual signal-to-noise ratio of user 1 is 5dB. From the figure, we can see that the
multistage detector outperforms the decorrelating detector, and both detectors are
near-far resistant. The conventional detector suffers from the near-far problem.
Simulation results of the decorrelating and conventional detectors have been shown
to match the theoretical values.

We now look at the performance in the best phase delay case, i.c., p; = | for
the same codes. Figure 6.2 gives the performance in this case. Since the detec-
tors have a higher MAE which implies the smaller overall cross-corr-lations, better
overall performance is seen from this figure compared to figure 6.1. Meanwhile, the
difference between the decorrelating detector and the multistage detector becomes
smaller as MAE increases. The same phenomenon was observed in the synchronons
case in chapter 5.

Figure 6.3 shows the bit-error-rate of user 1 versus the actual SNR1 with

SNR2=SNR1. The performance difference between the best and worst delays can
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be seen in the figure. At 10 dB, almost 2 orders of magnitude difference exist
between the two extreme cases. The multistage detector can usually improve the
performance of the decorrelating detector at the worst deiay case. In this example,
about 1dB improvement is made by the multistage detector over the decorrelating
detector. Figure 6.4 is the same as figure 6.3 except that SNR2 is 5dB higher than
SNR1. Because of the larger interfering energy, the performance of the conventional
detector becomes poorer, but the decorrelating detector remains the same and the
multistage detector obtains even better performance.

Then we use a set of PN sequences of length 31 lor CDMA users. Figures 6.5 and
6.6 illustrate the BERs of the conventional and the decorrelating detectors for a 3-
user channel. Because of the smaller cross-correlations, the performance difference
between the worst and best delays is reduced. However, as the number oi users
increases, this difference will again increase. This is illustrated in figures 6.7 and 6.8
where 3 more users are added into the system. If longer PN sequences are used, we
can expect a reasonably small Ajj in a CDMA system with a large number of users.

BER by a M-shot detector is plotted in figure 6.9. For the poor case shown in
figure 6.7, a 3-shot decorrelating detector is able to improve the performance up
to 2dB. Further increasing the number of symbols in the observation blocks, little
improvement can be made at the expense of more comnputations and longer delay.

All the figures above have demonstrated the attractive property of the near-far

resistance of the one-shot and 3-shot multi-user detectors.

6.5 Summary

In this chapter, we have studied the behavior of a type of M-shot (including the
one-shot) multi-user detectors in asynchronous CDMA channels. The detectors

have been shown to be near-far resistant. The multistage M-shot detector will out-
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perform the decorrelating detector, especially when cross-correlations between the
desired user and the interfering users are relatively large. As the cross-correlations
decrease, the two detectors approach the same performance. A shortcoming of one-
shot detectors is that their performance will more or less depend upon the phase
delay distributions of the active users in the system. Tradcoff may be made between
the performance variation and the bandwidth efficiency to achieve a satisfactory per-
formance if a one-shot detector is used. Alternatively, M-shot detectors can be used
to significantly reduce the amount of the variation of bit-error-rate caused by dif-
ferent delays. However, the computational complexity will increase accordingly. It
is found that the 3-shot detectors will be efficient enough to reduce the maximum
variation between the highest and the lowest minimum asymptotic efficiencies which

is represented by Afj.
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Figure 6.1: Bit error rate of user 1 versus SNR2-SNR1 for a two-user system at

SNR1=5dB. PN sequences of length 7 are used. The phase difference between the

two sequences is 5 which is found to be the worst case for the codes selected.
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Figure 6.2: Bit error rate of user 1 versus SNR2-SNRI for a two-user system at
SNR1=5dB. PN sequences of length 7 are used. The phase difference between the

two sequences is 1 which is found to be the best case for the codes selected.
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Figure 6.3: Bit error rate of user 1 versus SNR1 for a two-user system. PN sequences

of length 7 are used. Ap = 2.7dB.
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Figure 6.4: Bit error rate of user 1 versus SNRI1 for a two-user system. PN sequences

of length 7 are used. Ap = 2.7dB.
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Bit error rates of user 1
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Figure 6.5: Bit error rate of user 1 versus SNR1 for a 3-user system. PN sequences

of length 31 are used. This is an example of a poor phase-delay distribution of users.
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Figure 6.6. Bit error rate of user 1 versus SNRI1 for a 3-user system. PN sequences

of length 31 are used. This is an example of a good phase-delay distribution of users.
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Figure 6.7: Bit error rate of user 1 versus SNR1 for a 6-user system. PN sequences

of length 31 are used. This is an example of a poor phase-delay distribution of users.
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Figure 6.8: Bit erroi rate of user 1 versus SNRI for a 6-user system. PN sequences

of length 31 are used. This is an example of a good phase-delay distribution of users.
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Chapter 7

Acquisitions in Asynchronous

CDMA Systems

7.1 Introduction

In chapter 5 and chapter 6, receivers based on multiuser detectors were studied. In
practice, there is another type of receivers, which can alleviate the near-far effects,
based on cross-correlation cancellation techniques, see [21] [18] [6] [24] [20] and the
references therein. The multiuser detectors are able to turn the strong interfer-
ence signals into useful information for detecting weak signals, and thus completely
near-far resistant. The interference-cancellation detector first detects the strongest
interference signals, then subtracts them from the compound signals and finally
detects the desired signal message from the residual signal. Since the subfraction
cannot be made perfect even when the channel noise (assumed to be AWGN) reduces
to zero, the interference cancellation receiver is not completely near-far resistant (at
least theoretically). However, the cancellation technique can be a useful tool for a
receiver to accomplish the PN code acquisition for each component user,

No matter what type of receiver is used, the synchronization process in such a
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system becomes more crucial because a receiver has to know exactly the phases of
all users’ PN codes or at least the phases of those codes which have larger signal
powers than the desired code. Unfortunately, the near-far effects cannot be avoided
during the acquisitions of those PN codes. While the equal power assumbt{on can be
accepted when analyzing the bit-error-rate performance since the implementation
of automatic power control is possible, the same assumption will not be appropriate
for the acquisition process simply because the power control technique cannot work
without knowing the phase of each component user’s code. In this chapter, we
develop a novel acquisition scheme which can alleviate the near-far effects during
acquisitions using interference cancellation techniques iteratively until all the PN
codes or the desired PN code are captured.

The acquisition model is described in section 7.2 with emphasis on the two
proposed acquisition schemes. In section 7.3, we present the performance measure
of interest, the probabilities of acquisition for the proposed acquisition schemes.
This is followed by the detailed analysis on the statistics of variables which affect
the acquisition probability in section 7.4. In section 7.5, some numerical results are

presented followed by a short summary in section 7.6.

7.2 Acquisition model

In this section, we describe two acquisition schemes based on cancellation techniques.
We continue to use the assumption that the received signal is in baseband form
although it may be too ideal to assume that acquisition can be done in baseband.
However, the scheme developed in this chapter can be applied to the non-coherent
case with different carrier phases by active users. This is listed in the future work

in the last chapter.
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7.2.1 Preliminaries

In this section, we present the basic estimation scheme for the reconstruction of
the detected signals. To acquire PN codes from the received compound signal, the
receiver will collect the received haseband signal in data blocks. The collected data
blocks are stored in memory for further signal processing. The length of data blocks
depends on the computation speed and the size of the memory. In general, the longer
the data blocks, the longer the computation time for the acquisition and the larger
the memory size but the better the acquisition performance. The reasonable length
of the data blocks may vary from 1 to 10 symbols. The receiver will use the current
collected data block to conduct signal estimation, cancellation and acquisition. The
acquisition process is repeated if there are any more potential users whose PN codes
have not yet been captured.

We conduct the acquisition process in a block of length MT, where 7' is the
duration of a single data symbol, and M is a positive integer number. For an
asynchronous CDMA system, there will be M 4+ 1 data bits for cach user in general.

Thus the received signal can be written as

r(t) = S(¢,b) + n(t) (7.1)
where
M+1 K
S(t,b) = Z z: be(2)Arer(t — 3T — 7%) (7.2)
i=1 k=1

where K is the number of users in the system, bi(7) is the ith data bit of user k in
the observation block. A is the signal amplitude of user k, and ¢,(t) is the unit-
amplitude signature waveform of user k and is zero outside the interval [0,7]. 7 is
the delay for signal of user k

Using conventional matched filters, it is likely that the strongest signal is de-

tected. Without loss of generality, we assume that signals are numbered such that
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their amplitudes satisfy Ay > Ay 2 -+ > Ak and the delay 7y is zero. Then r(t)

can be rewritten as

M
1'(t) = Zbl(i)Aml(t-—iT)

=1
M+1 K
+ Z Z bk(z')A;,ck(t —iT — Tk) + n(t) (7.3)
i=1 k=2
or in the discrete form
r=Hb+Ji+n (7.4)

where

0 = b Ay = Ay[by(1) bi(2) ... b(M)]T,

Hy = [ei(1) e(2) ... e(M)] € {~1,0,1}(mM)xM,

a(®) = [0 _yym €11 12 o Ctm Ofyy_iym)”s

and cy, is the pth sample of the total m samples of PN code ¢,(t), and vector 0y, is
a column vector with L zero elements. The interference term J; with respect to the

signal H,0, at the first cancellation stage is written as
Jy = Hy,0,, (7.5)
where the interference parameter 0, is
0y, = By, Ay,
the interference amplitude vector is

Ay =[Ar As .. Ag]T,
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and the interference data matrix is

diag(by, (1))

B, = diag(lf‘,l (2))

| diag(bs, (M + 1)) |

by, (3) = [ba(3) ba(i) ... bx(D)T, i=1,2,...,. M + 1.
The interference sequence matrix is defined as

Hy, = [ea(1) ea(1) ... k(1) e2(2) €a(2) ... exc(2) ... ca(M + 1) ca(M + 1) ... cx(M + 1)]
€ {—1,0, LymMx K-V +1)

where c;(z) depends on the delay 7. For example, if 7, leads to the number of PN

code samples to be p; for user 2 in the first bit of the observation, we have

(1) = [62.m~p3+1 ve C2m OgM_m]T € {-1,0, ‘l’}mel’

62(2) = [0;17; €21 . C2ym o:u(M—l)—pz]T € {-"1,0, l)me‘a

and

c(i) = (0(7;—2)m+pz €21 . Cam o;ﬁ(M-—ico-z)-p,]T € {~1,0, ”mel,

etc.

Using the conventional matched filter, the first user’s signature code is detected
by the Automatic Threshold Control (ATC) acquisition scheme described in chapter
4. Thus H; is known in (7.4). Then we conduct the estimation on 0; including
both the sign and the amplitude. We apply the Least-Squares (LS) method to the
estimation. The result is given by [27]

a

6 = (HT'H)'HTr
= mH' r (7.7)
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which turns out to be the outputs of the conventional matched filter 1 at the M
sampling instants.
To see how the estimation behaves, we calculate its mean and covariance. Sub-

stituting r of (7.4) into (7.7}, then we get

a

01 = HIT(onl <+ J1 -+ TL)

1

" 1

b+ L HTH,,0; + —HTn
m m

il

1 1
0, + ;;Rl-’xo-ll + ;;HIT"% (7.8)
where the cross-correlation matrix Ry, between user 1 and other users is given by

Ry, = HITHJ,
rlTJl (0) r{h (1) U ce 0
0 rg‘-h (0) rg:lj (1)

, (1.9)
0

0 -0 r{(0) rf,(1) ]

where

na0) = la()le(l) a(l)Tes(l) .. a(l)Tex(1)]
= [Tm(O) 7‘13(0) eee 1‘1}((0)],

a1 = [a)7e?) a)a@) .. al)«(2)
= [7‘12(1) 7'13(1) vee 7‘1]{(1)].

Once the delays 7, are fixed, Ry, is a constant matrix (unknown). The estimation
0, is a random vector because of the randc ..ness of 6,, (random data) and the
AWGN n. Since each of the data bits in 8, is either —1 or 1 with equal probability,
the mean of 0, is a zero vector. It is obvious that 51 = 0,, which means that 6, is

an unbiased estimation.
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The variance of 6, depends on the covariances of 1R, 0, and '%H;"n (the

multi-user interference and the AWGN are independent), which is calculated as
s 1 : 1 T T v
Cov(6,) = mE{(R,,,o,,)(R,J,oJ, '} + ;n;[';{(il,' n)(Hin)"} (7.10)

where the second term is easily found to be
2,
Ins is a M x M identical matrix. To calculate the first term of (7.10), we first calculate
a matrix defined as Dy, = E{0,;,607 ). This is easily obtained by noticing that all
the data bits in ,, arei.i.d. 1 or -1 random variables with equal probabilities. Thus

D, is found to be a diagonal matrix

[ (diag(A4s)? 0 .0
Dy = 0 (diag(A,))? 5 (.11)
: 0
0 e 0 (diag(Ay,))? |

Thus the first term of (7.10) is given by

(62 p 0 o .o 0]

p oi p '

1 0 .. .- :
—5 R, Dy, B, = : 0 (7.12)

p

0 .- .- 0 p o]

where

o = el (O)(diog(As)ria (0) + £l (1)(diag( A ) Pros (1)

1 K
— Z:z(r?k(o) +rh(1)AL, (7.13)
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P = o 7‘11,( )(ding(A))r1a, (1)
= m—Zerlk(O)rlk(l)Ai. (7'14)
=2

The ith error variance of the estimation f; is given by
2

Var(0,(:)) = o? + % (7.15)

We have seen that the unknown asynchronous multi-user interference introduces
correlation p among the M estimations. For a synchronous CDMA system, ryx(1) =
0, then p = 0, i.e. the correlation is zero.

In most cases, the estimation by = sign(él) is good enough ! for the acquisition
since Ay 2 Ap, k # 1. However, the amplitude Al depends on r1(0), r1x(1) and
Ag, k # 1. To further improve the estimation of A;, we apply the LS estimation
conditioned on that b, is estimated correctly, or at least during the M bits data

block. Then r in (7.4) can be written as

r = HbA+Ji+n
= H]A] +Ji+n (7.16)

where fI; = Hyb;. The unknown variable A, is then estimated as

A] == (ﬂ{ﬂ;)'lﬂfr

— 1 T
e mMle
_ —_—ar
= A+ 5—Hj J,+M Hn (7.17)
The variance of /i, is
Var(4,) = M E{bTRlJ,E{l)J,()J,}RMbl}+ E{bTH,TE{nnT}Hlbl}
ol o?
= ﬁ+m (7.18)

The performance of b, is often given by the required bit-error rate, a system design

specification.
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Compared with Var(6,(i)) in (7.15), we conclude that the variance has been reduced
M times by the second LS estimation. In practice, it is very easy to get A, because
it is just the akcolute average value of the M samples from the output of matched

filter 1.

7.2.2 Acquisition scheme 1

The most straightforward way for acquiring all the PN codes is to apply the above
estimation repeatedly until all the stronger signals are removed one by one and the
weakest signal is given the chance to be captured, We call this scheme the one-
by-one (OBO) cancellation. The acquisition process is shown in figure 7.1, In this
chapter, we say that the receiver is in the acquisition stage i when it is detecting
the :th signal.

First, the K matched filters try to detect their own PN codes using the ATC
acquisition scheme in a certain time period. Some of the matched filters inay obtain
acquisitions, but the strongest signal is assumed to be the one which corresponds
to the largest average correlation output. Then we form an estimated signal for the

signal detected

M
S(t, by) = 2 (1) Ayey(t —iT) (7.19)
or in the discrete form
S(by) = Hyby Ay (7.20)

After the cancellation is done on this M-bit signal, the composite signal is updated
by r — $(b;). For this updated signal, the left K — 1 matched filters still try to
detect their own codes. Once the strongest one is acquired, it will be removed in
the same way. This procedure is repeated until all the PN codes are captured, If

at the moment when the left L matched filters are not able to detect any sige: s,
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Figure 7.1: Block diagram of one-by-one acquisition process.
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I ‘ l l l 1 ‘ 1 i 1st removed

2nd removed

3rd removed

| I 4h removed
| 1 | Sth removed
[ 1 [ | last detected

Figure 7.2: Data coustruction of the received signal. Poorer estimations are repre-

sented by the shaded bits.

the signals are assumed to be absent or too weak, and the receiver will pick up
another block of data and continue the acquisition, at the same time it will start
the demodulation for the captured K — L signals.

Two remarks are addressed here. First, the receiver needs a memory to store
signal r or updated signals. Secondly, every time the cancellation is conducted, tie
detected signal with a number of data bits is removed, and since other users’ signals
are usually not synchronized with the removed signal, estimations on the two bits at
the two ends of the data block are taken from parts of the whole date bits, see figure
7.2. Therefore the estimations on these two bits will be poorer than estimations on
other bits. As the cancellation goes on, the effects of the poorer estimations will be
passed on te some bits of the next estimation signal due to the cross-correlation.
These bits are illustrated by the shaded bits. However, the acquisition detection
can be designed not to rely on these bits. In other words, the shaded bits will be
omitted for the purpose of acquisitions. As seen from figure 7.2, at the ith stage,

i shaded bits (including the partial bits at the two ends) will be nmitted, and only
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M — i + 1 bits are left for the acquisition detection at the stage. Therefore, for
a K-user system, if the minimum number of data bits required for acquisitions is
M’, the number of data bits M required for the first detected signal should be
M = M'+ K — 1. This is clearly shown in figure 7.2 where M = 10, K = 6 and
M' =5,

7.2.3 Acquisition scheme 2

In the DBO acquisition scheme, signal. from different users are removed one by one
by estimating their waveforms. Since the estimation on any user’s signal cannot
be perfect, especially when there exists multi-user interference, the updated signal
will contain a residus of the cancelled signal. This remainder will be stored with
the updated signal until the last detected signal. The residual signals from each
stage form a harmful interference to the undetected signals and sometimes make it
difficult to capture the relatively weak signals even when the AWGN is negligible.

The shortcoming of the OBO scheme can be alleviated by our second acquisition
scheme which is a simultaneous estimation and cancellation (SEC) technique. At
each stage, all the signals so far detected are estimated simultancously and then
removed from the original compound signal. It is expected that the cancellation
error will be getting smaller as more signals are detected correctly. A special case
is that when the AWGN is zero and all the PN codes are captured, the estimations
upon all the signals will be perfect (no cancellation error). This is just what the
near-far resistant decorrelating detector has achieved. Thus we can say that the
SEC scheme is an approximation to the decorrelating detector since it ignores the
influence of those weak signals.

Assume that signature sequences of user 1 to user ¢ have been detected. The

received signal can be expressed as

r=HO+J +n (7.21)
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where the matrix for the detected sequences is given by

H = [e1(1) €a(1) o (1) €1(2) €a(2) o €6(2) oo ea(M + 1) es(M + 1) oo (M 4+ 1)]
€ {_1,0’ l}me(i(‘\H‘l)-—l)'

Here we assume that 7 # 0, for k # 1. The vector of the under-estimated parameter

0; is written as

0! = Bg, As,
where
As,=[A A ... AT,
diag(bs,(1))
b= | Hos0s(2)
| diag(bs,(M +1)) |
with

bs,(7) = [a(d) &2(G) - BT, §=1,2..,M,

bs,(M + 1) = [ba(M + 1) ba(M +1) ... b(M +1)]",
The interference term J! in (7.21) is given by

where

fl.'=[A-'+| Aiyz ... AK)T,
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diag(b)(1)) ]

g, | dnebi2)

| diag(bs(M +1)) |

bs(5) = [his1(§) bisaly) - bk, j=1,2,, M 41,

There could be also two estimation methods in the SEC scheme. For the first one

or the simpler one, we estimate 8, using
0= (HTH] " Hr (7.23)
The estimated waveform is then obtained
3(6) = Hid:,

and the remaining signal after the cancellation based on the estimation is r ~ § (0:)
For the second SEC method, we first calculate B, or bs,(j), j =1,2,... M +1,

using
be. = sign(6)) (7.24)
then the absolute amplitudes of signals from the i users are estimated by
As, = [HTH)H!Tr (7.25)
where
ﬂ: = H:BS£
Mo Mu M+1 .
= [Xa@dh)) X elibii) - Y ali)b)
i=1

=1 =1

= [b Bs o B (7.26)
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The estimated waveform from all the ¢ detected users is
S(i’s) = HI{ASH

and the remaining signal after the cancellation is » — S‘(b,,).

The follov.ing derivations illustrate how the estimations on amplitudes of the
detected signals are updated at each stage when a new signal is detected. Given the
estimations Ag, on the first ¢ signals, the estimations on the first i + | signals are

written as

/ism = [ngﬁo!ﬁ]-‘i{ﬁn"
([ A Tl
= [i{: '_l.‘+1 r
\ 7‘-'7+1 h?u

b7 (7.27)

r o 1-! )
ATH ATh,, H:’]

BB B || B,

e

Using the identity [17]

-1
AD| |A'+EA'F —EA
c B ~A-tF At

where A= B—~CA™'D, E=A"'D and F = CA~', we get

/is.« —~ (HTH) " B hiyy Aigy
As,,, = (7.28)

a

Aiqr
where

hlii(r - H{As,)
ho'THQshiH

Aipy = {71.29)
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with @) = [ — H!(HTH!)""H!T. 1t is easy to verify that Ay, is an unbiased
estimation on Ay conditioned on the fact that b, is correctly detected. From
(7.29), it can be seen that the estimation on the amplitude of the new detected
user’s signal (the (i + 1)th user) is obtained from taking the output of the (¢ + 1)th
matched filter with the input equal to the signal cancelled by the previous detected
¢ users’ signals and then properly scaled. The scaler in the denominator of (7.29)
is different from that for the acquisition scheme 1 where the corresponding scaler is
equal to AT, hisy = mM. Here the scaler is obtained by adding the weight @ into
the inner product. From (7.28), it is seen that the previous estimations have been
modified after detecting the new signal. Recall that the quality of the estimations
depend on the undetected multi-user interference J! by means of cross-correlations.
Thus once any of the interfering user’s signal is detected, it can be removed from J/,
and the precision of the estimations on the detected signals is improved. The first
acquisition scheme does not have the property because the estimation at each stage
will never change throughout the process.

It is interesting to see that the estimation given in (7.24) is in the same form
as that of a M-shot decorrelating detector. In fact, while the acquisition process
continues, the demodulation on those detectea users is also performed by means of
any multi-user detections. Therefore, there is no need to keep one specific block of
data for acquisition. In practice, the number of active users is usually smaller than
K. The receiver has to keep updating its observation data not only for demodulating
signal but also for searching any new comers. In addition, the capability of using
updated signal data provides a more reliable signal demodulation in the fading
environment because the estimation of amplitudes on the previnus observation may

be quite different from those of the current data due to fading.
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7.3 Acquisition probabilities

In this section, we compute the probabilities of acquisitions at all detection stages
given the actual SNRs of signals and an observation data block. 'To make this

analysis tractable, we make the following assumptions.

1. As many papers did [33][59][32], Gaussian approximation is made for those
samples from the outputs of matched filters. For the length of signature se-
quences and the number of users of the interest, the results of the performance
evaluation based ou this assumption are very close to the results obtained from

simulations.

2. Successive outputs from each of the matched filters are assumed to be sta-
tistically independent. In theory, this is not true because of the correlations
introduced by the shift registers of the matched filters and the asynchronous
interfering users. However, the correlations are very small compared to the
estimation variance and thus can be neglected. Combined with the first as-
sumption, this assumption is approximately correct. For the same reason, we

have assumption 3.
3. Acquisition decisions on successive bits are approximately independent,

4. Probabilities of acquisitions not in the order of signal power strengths are
neglected. Therefore, we only consider the case in which the waveforms are
detected in the order of the power strengths from large to small. However,
if powers of the signals are similar, every signal gets an approximately equal
chance to be captured. The probability analysis will be a little different. from
the analysis shown in this section. Here we are most interested in the power-

dissimilar case, i.e. the near-far environment.
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Pacq(l) Pacq(2) Pacq(K-1) Pacq(K)
stage | stage 2 > e stage K-1 stage K

1-Pacq(1) 1-Pacq(2) 1-Pacq(K-1) 1-Pacq(K)

[ Next round with a new data block ]

Figure 7.3: Signal flow graph of acquisition process.

From assumption 4, the signal flow graph of the acquisition process at different stages
is shown in figure 7.3, where P,.(?) is the probability of the successful acquisition
at stage i. It is clearly shown in the figure that the acquisition at a stage depends
upon the detections at the previous stages. If the receiver cannot detect any signal
at any stage, it will take a new block of data and repeat the acquisition process.
Following the definition in the traditional acquisition process, we use H® to
denote the hypotheses at non-sync epoches and H! to denote the hypotheses at sync
epoches. Using the ATC acquisition scheme for the matched filter ¢ and assuming
that the detected data bit is +1, the sampled outputs of the matched filter yields

the decision variables which may be expressed as

Zi(0) = A; + N;(0)  at H' (7.30)

Zi(n) = Ni(n), n=1,2, .., m-1 at H® (7.31)

where A; is the effective signal amplitude, Ni(0) and Ni(n) (n =1, 2, ..., m — 1)
are mutually independent Gaussian random variables with zero means and variances
0}(0) and o?(n), respectively. The values of A;, 62(0) and o*(n) will be evaluated
in the next section. The decision is made in favor of the signal corresponding to
the largest |Z;(n)| in a window of length m, while the sign of this term is used

to decide whether +1 or —1 was transmitted. In the acquisition process, the sign
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of the term does not affect the detection result as long as the epoch is picked up.
Thus the acquisition epoch is detected if |Z;(0)j > |Zi(n)| or Z;(0) > |Zi(n}| and
Zi(0) < ~|Zi(n)| for n =1, 2, ..., m — 1. However, the probability of Z;(0) <
—|Zi(n)| for n =1, 2, ..., m — 1 is very small and can be neglected when +1 was
transmitted. Therefore, the probability of an acquisition detection in a window for

the ith matched filter can be written as
Pi(i) = Pr{|Zi(n)| <|Zi0)|, n=1,2, ..., m~ 1.}
~ Pr{|Zi(n)| < Zi(0)]Z2:(0) >0, n=1, 2, ..., m— 1.} (7.32)

Using the assumption 2, we get

Pi(i) = "ﬁ' Pr{|Zi(n)| < Z:(0)|Z:(0) > 0} (7.33)
n=1

The acquisition for the ith user’s signal is obtained if N out of M such windows have
successful detections. By assumption 3, the probability of the successful acquisition
for user ¢’s signal will be
M [ M
MOES ( ) ) Pa(i)™(1 — Pali)) M- (7.3)

n=N

The probability that a detector successfully passes stage i is given by

PPMB(Z.) = A'1.-1 Pacq(k) (735)
b=1

The average number of data blocks a receiver needs to achieve the acquisition at

stage ¢ is given by

NG) = 32K = Pran (i) Prassli)
k=1

= 1/Pun(i) (7.36)

A base-station will be more interested in knowing the average number of data blocks

it takes to acquire all the sequences. This is given by

N(K) = 1/Ppus(K)
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= 1/ T] Parl®) (7.37)

k=1

To calculate Pp.,,(7) and N(Z) , it remains to calculate Py(z).

7.3.1 Calculation of Fy(i)

We derive Py(2) using the approximation (7.33). The exact computation is given in
the appendix G. However, in most cases, the two appro~ches produce almost the
same reault. For notational simplicity, we use Z, to denote the variable Z;(n). Thus
equation (7.33) is re-expressed as
m=1
Py(?) = 'g Pr{|Z,| < Zo|Zy > 0} (7.38)
Since Z, are assumed to be Gaussian random variables with zero mean and variance

o?(n), we get

Pr{|Za]| < Zo|Z0 >0} = ~22/(203(n)) 4,

1 /Zo
\/2rod(n) /-2 ‘
Zo

)s (7.39)

erf(

20%(n)

Since Zp is also assumed to be a Gaussian random variable with mean A; and

variance ¢?(03, Py(¢) is

00 m-1
Pyi) = /0 p(zo)I;[lerf( \/i_‘;m)dzo

1 00 m-1
= W/\ﬁ_e"’2 I1 erf(anv + any/7,)dv (7.40)
Al n=1

where an, = /0?(0)/0?(n), and % = A?/(20%(0)) is the effective SNR for the main

correlation peak.
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7.4 Acquisition detection analysis

In this section, we study the statistical properties of detection variable 6; conducted
by matched filter i at acquisition stage i (i = 1, 2, ..., K). Intuitively, the smaller
the error variance of estimations from previous stages, the better the acquisition
detection at the current stage. In other words, the noise variance produced by
a matched filter at a stage will be affected by the error variances of estimations
obtained from the previous stages. The relation of those variances at different
stages is very complicated due to the nonlinear cross-correlations of the signature
sequences. However, we are mostly interested in finding the noise variances gener-
ated by matched filters at different stages because acquisition performance can then

be determined.

7.4.1 Covariances for acquisition scheme 1

In this subsection, we will look at the estimation variable 6; for the OBO acquisition
scheme. We will soon notice that the estimation conducted by a matched filter is
biased after the first stage. Therefore, cancellations based on the estimations in the
following stages would not be expected to be better than those based on unbiased
estimations.

For the OBO cancellation scheme, after detecting the first signals’ PN sequence,

the estimation él is
b, = Hir (7.41)

where H:‘ = (HT Hy) ' HT is the pseudoinverse of H,. This has been shown to be

an unbiased estimation on 8;. The residual signal after the first cancel!~*ion is given

by
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re(l) = r— Hlél
= r- H;H:'r
= er (7-42)

where Q) = I — H, H,t . Similarly, we obtain the residual signal after the second

cancellation
re(2) = r.(1) — Hyb,
ro(1) = HyHjr(1)
= Jare(l)
Q2Ghr (7.43)

In general, the residual signai after the jth cancellation is given by

re(j) = QiQj-1---Cr
= Qp,r (7.44)

where @, = Q;Q@;-1 -+ Q1. The estimation on the ith detected signal is given by
b = Hlri-1)

HlQy,..r

H] Qpu_,(H8: + Ji + n)

= HQu H:+ H] @y, (Ui 4 n) (7.45)

where J; = H;,0,, is the sum of signals of all the K users except the ith user. The
definitions of H, and 0, are similar to the definitions of H,, and 8, by keeping
user 1's signal instead of user ¢'s.

The above estimation is biased since H:‘ Q@pi-, Hi0; is usually not equal to 0; except

for ¢ = 1. For the OBO scheme, the acquisition detection before the estimation also
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depends on the same variable §; because §; = Hitrc(i — 1) is just tue output from
matched filter ¢ at stage i. Provided that b; was transmitted, the mean vector of 6
is given by the first term of (7.45), and the covariance matrix depends on the second
term of (7.45). In practical situations, H,-t Qp,_, H; is a diagonally dominant. positive
definite matrix which guarantees that the signs of the elements in Il,'t(),,,_,l'l.ﬂ.'
are not changed from the corresponding elements in 0;. Since the clements of 0;
are {A;, —A;} binary random variables with equal probability, the absolute element
values of H,-tQ,,‘_, H;0; will be different each time a new 0; is transmitted. For
acquisition purpose, we are more interested in the average signal sample energy of
each clement in H,-t @pi_, Hibi. These energies are given by the diagonal elements of

the following covariance matrix with the expectation respect to 0;

Cov(E] @y, Hit) = APH} Q. HHTQF_ H}T (7.46)

The effective amplitude A; is then defined as the square-root of the average sample

energy.
Now we move to the noise part of §; in (7.45). It is a zero mean vector with

respect to the mutually independent random data contained in J; and with respect,

to the AWGN. Its covariance is given by

A

Cov(fi) = Cov(H!Qy_,(Ji +n))
T . T
= E{H!QpdTQL_H] } + E(H! Q" QT _ 1)
T " e T
= H] Q. HyB(0,05 HEQE_ i} + 1l inn™}q" 1]
t At ot 2t PO L
= H; Q’,‘_‘HJ‘DJ‘IIJ‘ pi H}! +0o°H; Q,,,_,Q,,MH (7.47)

i—1 '




Chapter 7. Acquisitions in Asynchronous CDMA Systerns 153

where D, is

[ (diag(Ay))? 0 " 0
Ny, = 0 (diag(Ay,))? : (148)
: . 0
0 0 (diag(A‘,..))Z J

with Ay, = [Ai Az ... Ay A ... Ag)T. It is difficult to further simplify
(7.47) due to the highly nonlinear dependence of @,,_,. However, the jth detection
variance on §; is given by the jth diagonal element of Cov(é;) which can be computed
from (7.47). It is easy to verify that Cov(,) derived from (7.47) is the same as that
derived from (7.10).

The following example shcvs how the effective amplitudes and the variances of
0; behave at different acq stages for the OBO scheme.

Ezample : For a 6-user CDMA system, all users are assumed to be active with
actual signal-to-noise ratios from user 1 to user 6 being 24, 20, 16, 10, 8 and 6dB,
respectively. 6 different m-sequences of length 31 are assigned to the 6 users with
sequence phases from user 1 to user 6 being (i, 20, 10, 6, 10 and 3 chips (relative
to the first user), respectively. We are i-terested ir finding out the average signal
sample energies and the detection variances from matched filter 7 at stage : by
computing (7.46) and (7.47). Knowing them, we can obtain the effective bit SNRs
for the observation bits.

The effective bit SNR for the jth bit of the matched filter i at stage ¢ is defined
as

s

Yij = ‘2;?;(0—) (7.49)

where 6%,(0) s #" ven by the jth diagonal element of the Cov((;‘.-). It is easy to find
that 6%(0) = 62/m when there are no interfering signals. In such a case, the defined

effective SNR will be equal to the actual SNR. Usually, it is smaller than the actual
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Table 7.1: Fffective SNR(dB) for the OB scheme, (M = 10).

Stage Bit No. W
No. 1 2 3 4 5 6 7 8 ] 10 1
13.0 13.0 13.0 13.0 130 130 13.0 13.0 13.0 13.0 N/A
99 112 11.2 11.2 11.2 112 11.2 112 11.2 12 76
48 114 114 114 114 114 114 {14 114 114 118
1.1 85 83 83 83 83 83 83 83 83 49
38 46 36 36 36 36 36 36 36 36 35
-8 1.1 03 03 03 03 03 03 03 03 -09

S Cv oA W N e

SNR. The effective SNRs for ¢ = 1, 2, ... K at all observation data bits are listed
in table 7.1. Since we are only interested in those bits which have the same value of
the effective SNR, the sub:script j in (7.49) was omitted in section 3 for a notational
simplicity. Besides, we use 0(0) ‘o denote the detection variance at a sync epoch
and o%(n) (n = 1,2,...,m — 1) to denote the variances at the non-sync epoches.
From table 7.1, we can see that the effective SNRs of those un-shaded bits in
figure 7.2 have the samc values for a specific matched filter, while vhe effective SNRs
of the shaded bits will often have smaller values. The reason has been explained
in section 2.2. Therefore, the receiver will skip over those shaded bits and use
the left bits for the acquisition detections. We also see that the SNRs of matched
filters to detect their own PN sequences are significantly reduced by the multi-user
interference corapared to their actual SNRs. In this example, the amounts of SNR
losses from user 1 to user 6 at the corresponding stages are respectively equal to |1,
8.8,4.6, 1.7, 4.4 and 5.7 dB. Although the stronger signals usually reduce SNRs due
to more interfering users, they still have better performances than the weak signals
because of their larger effective SNRs. Acquisitions often fail for those weak signals.

It should be noted that the analysis we have made is based on the assumption
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that a receiver detects signals in the order of signal strengths. In practice, it is
also possible that a receiver sometimes detects signals not exactly in the order of
strengths. However, in this case, the corresponding effective SNRs will be smaller
than those obtained in the order of strengths. For the very power-dissimilar signals,
the disorder detection rarely occurs. Once vhey happen, the acquisition detections
will often fail because of too large estimation error. For power-similar signals or
approximately equal-power signals, the order of detections does not make much
difference for the acquisitions.

Finally ir this subsection, we need to calculate the noise variance at a non-sync
epoch. This is easily done by computing the covariance of (7.45) with H,T repiaced
by its shifted version and taking the first term also as a noise term. We have found
that this first term cannot be neglected for the calculation of noise - ariance. The
noise variances are given by their corresponding diagonal elements of the covariance
matrix and are denoted by o?(n) where n is the relative time shift with respect to

the correct sync epoch 0.

7.4.2 Covariances for acquisition scheme 2

In this subsection, we will discuss the estimation property for the SEC scheme.

Unlike the OBO scheme, the estimation on the detected signals is unbiased. The

cancellations based on it will be at least better than those by the OBO scheme.
For the SEC scheme, the estimation on th~ first j detected signals a- stage j is

written as

0 = H;tr
H(HI8, + J! 4 n)

= 0+ HYJ +n) (7.50)

It is obvious that 0; is an unbjased estimation on 6;. The residual signal after the
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cancellation based on 0;- is

re(j) = r— Hi,
= r— ity
= Qir (7.51)

where @ = I - H}H;t.

At the ith stage, the matched filter i will first try to detect its correlation output
for the acquisition of the sth signal with the input signal as r.(¢ — 1). Once the PN
sequence H; is captured, the receiver will reestimate the detected 1 signals and form
the new residual signal r.(2) for the (¢ + 1)th acquisition detection. The performance
of the acquisition at stage ¢ depends on the detection variable 0; conducted by the
matched filter ;. As for the OBO scheme, we first study 0; and then find out the
effective SNRs for the detectior:s.

b = Hir(i-1)
= H‘tQ:-_lr
= H QM0 + i+ n)
= H] Qi Hib+ HI Qi (Ji +n) (7.52)

From (/.45) and (7.52), we can see that the MF detection variables for the two
schemes are in the same form. However, the difference of the two schemes comes
from the difference of the matrices Q,,_, and @'_,. Following the same steps in

7.4.1, we obtain the signal covariance as

Cov(H] Q' Hit;) = APH} Q' H.HT QT n}7

%

o~
-
o
-

und

and the noise covariance of the 0; as

R e T , o T
Cov() = HIQ HiDsHLQT HY +o2ul_@rul (1)
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Table 7.2: Effective SNR(dB) for the SEC scheme, (M = 10).

Stage Bit No.

No. 1 2 3 1 5 ¢ (f 8 9 10 11
130 13.0 130 13.0 130 130 3.0 13};. 13.0 13.0 N/A
99 112 112 11.2 11.2 112 112 112 112 112 176
42 114 115 115 1156 115 115 115 115 1.5 121
44 88 88 88 88 88 88 88 88 88 5.9
-24 60 61 61 61 61 61 61 61 62 4.1
47 38 46 46 46 46 46 46 46 46 3.0

DY e W N e

(

The effective SNRs for the SEC scheme can be computed using the results from the
above two equations.

The sidelobe variances at the non-sync epoches are computed in the same way
as that described in 4.1.

We now continue the example in 4.1 by the SEC scheme. While all the parame-
ters are unchanged, we get the effective SNRs listed in table 7.2. Compared to table
7.1, we can see that the two schemes have almost the same acquisition performance
for the stronger signals. However, the SEC scheme has much better performance
than the OBO scheme for the weak signals. For example, the SEC scheme only
loses 1.4dB for the last acquisition detection, while the OBQ scheme l.ses 5.7dB,
which almost makes the acquisition impossible. Remember that once all the se-
quences have been acquired, any multi-user detection algorithm will give a better
performance than the acquisition algorithms. Thus the acquisition schemes need to
be repeated several times or more until all the sequences are captured.

It is noted that the acquisition performance also depends on the degree of sim-
ilarity of the received signal powers. If the received signals are very similar, the

detections for the first few signals may be very diiticult. Therefore, it may need
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Table 7.3: Effective SNR(dB) for the OBO scheme with equal power of 24dB,
(M = 10).

Stage ) Bit No.

No. 1 2 3 4 5 6 7 8 9 10 11

22 22 22 2° 22 22 22 22 22 22 NJ/A
-13 10 10 10 10 10 10 10 O 10 -22
-1 70 71 71 71 T 71 701 771 96
10 146 141 140 140 140 140 140 140 140 6.2
108 121 99 99 99 99 99 99 99 99 119
-19 74 95 94 94 94 94 94 94 94 1.2

[T - -

many rounds (data blocks) to acquire the first several signals. Unlike the power-
dissimilar case where the detected signals can be demodulated before the last signal
is detected, for the power-similar case, not much demodulation can be conducted
while the receiver is trying to detect the first several signals. Tables 7.3 and 7.4 show
the effective SNRs of the OBO and the SEC schemes, raspectively, when po-vers of
all the signals are 24dB while other parameters remain as in the previous examples.
From these two tables, it is also found that the SEC scheme performs betier than
the OBO scherme for the later detected signals. However, the first two signals for
both schemes are very difficult to be captured in this example because of Lhe very
low effective SNRs due to the existences of strong interfering signals, no matter how
large their actual SNRs are (for other phase distributions, the effective SNKs could
be a little different). It is true that the dissimilar signals will be inore sunitable for
the fast acquisitions in the asynchronous CDMA systems. Fortunately, signals in
such systems are more likely to be dissimilar.

Also note that the results given so far in this subscction and 4.1 for the two

acquisition schemes are obtained based on cancellations by estimating 0; or ¢. By
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Table 7.4: Effective SNR(dB) for the SEC scheme with equal power of 24dB,

(M = 10).
Stage Bit No.
No. 1 2 3 4 ) 6 7 8 9 10 1]
] 22 22 22 22 22 22 22 22 22 22 N/A
2 -3 10 t0 10 10 10 10 10 10 10 -22
3 7 070 7171 7Y 7471 71 7TH 7% 98
4 48 147 144 143 143 143 143 143 143 143 69
5 32 128 118 118 118 11.8 11.8 118 118 122 134
6 133 218 226 226 226 226 226 226 226 226 210

applying the estimation on A; or Ag, conditioned on b; or bs;, the acquisition per-

formance may be further improved.

In the ideal case where 5,- =b;,j =1, 2, ..., i — 1, the detection variable at

stage i for the OBQO s~heme is given by

a

0;

il

Hlri - 1)

Hlo,

H} Qo (H0 + Ji + )

H) Qp_, Hib, + 10, (Ji +7)

(7.55)

where the first term represents the signal part and the second the nvise part, §,,_, =
Qi-1Qi-a-+ Qu with Q5 = 1 — ;A1)

Similarly, for the SEC scheme, the detection variable is

0.

Hir(i = 1)

HlQ!

HIQL (i + J; + )

1Y Qi B9+ HI Q) (J; + n)

(7.56)
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where Q;_l =[- I?J’-_‘[{J'-_lt. Again the first term is signal part and the second
is the noise. Unfortunately, it is virtually impossible to compute the average signal
sample energies and the noise covariances from terms in (7.55) and (7.56) due 1o
the highly nonlinear dependence of the expectations on Q,,_, and Q!_,.

Finally, for comparison, we compute the cffective SNRs for the conventional
single user detectors without conducting any cancellations. The covariance can be
calculated by using equation {7.47) or (7.54) on 0; but with @y, = 1or Q= 1.
The results are illustrated in tables 7.5 and 7.6 for the (:as.es of unequal and equal
powers, respectively. Frormn table 7.5, we see that the acquisitions are affected by the
near-far problem, i.e., the last four (weaker) signals have effective SNRs which are
lower than 0dB, thus making these signals almost undetectable. Even for the second
signal, its acquisition alsc becomes difficult since the sidelobes from the matched
filter 2 are also very high. We should bear in mind that acquisitions depend not
only on the effective SNRs listed in those tables but also on the variances o¥(n)
of those sidelobes which can be calculated for a given phase distribution. For the
above phase distribution, the effective SNR for the main correlation peaks from the
second conventional matched filter is pretty high, which means that the estimations
on these main peaks is very precise. However, if we look at its correlation ontput,
which is plotted in figure 7.5, we can see how much cffect the sidelobes have on the
detection of the main peaks. From table 7.6, all signals are still unable to get an equal
chance to be captured due to their random phase distribution. However no signals
suffer severe near-far effects. The performance is worse than any of the cancellation

acquisition schemes although all the received signal powers are extremely high.
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Table 7.5: Effective SNR(dB) for the conventional scheme with unequal powers as

24, 20, 16, 10, 8, 6dB and the same phase distribution as previous tables. (M = 10).

Stage Bit No.

No. 1 2 3 1 5 6 7 8 9 10 11
1 130 130 130 130 130 130 130 130 13.0 130 N/A
2 99 11.0 110 110 110 110 110 110 110 110 6.9
3 -94 -23 -23 -23 -23 -23 -23 -23 -23 -23 -20
4 -178 -48 48 -48 -48 -48 -48 -48 -48 -48 -0.7
5 -7 97 97 97 97 97 97 -97 97 -97 -10.1
6 -1856 -13.5 -13.5 -13.56 -13.5 -13.56 -135 -13.56 -13.5 -135 -14.7

Table 7.6: Effective SNR(dB) for the conventional scheme with equal powers of

24dB and the same phase distribution as previous tables. (M = 10).

Stag l Bit No.
No. 1 2 3 4 5 6 7T 8 9 10 N
1 22 22 22 22 22 22 22 22 22 22 N/A
2 o3 3% T % (R % U U BN 5% NN OF NS U0 NN IS G % (S W (R
3 -54 26 26 26 26 26 26 26 26 26 4.3
1 -82 57 57 57 57 67 57 57 57 57 58
5 38 022 22 22 22 22 22 22 22 22 -08
6 -47 10 10 1.0 10 10 10 10 10 10 -03
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7.5 Numerical results and discussions

In this section, we compare the two acquisition schemes by computing their acqui-
sition probabilities and the average number of blocks required to complete the ith
stage acquisition. The comparisons will be conducted under two ca»s. The tirst
one corresponds to the case where the estimation for acquisition detection is based
on the parameter 6; only. The second one is the case where the estimations are
based on b; and A;. For the latter case, we only give the simulation results due 1o
the difficulties of computing equations (7.55) and (7.56).

The gystem parameters are the same as those in the example of the section 3.
Here we list them again for convenience.

System parameters:

K = 6;

m = 31;

SNR =1[24 20 16 10 8 6] dB;
Phase = [0 20 10 6 10 3] chips;
M = 10 bits;

M =M— K +1 =25 bits;

N =3.

From table 7.7, we see that results obtained from the simulations and the the
oretical computations are very close for both acquisition schemes. ‘To capture all
the 6 users in this numerical example, the OBO scheme needs about, 21 data blocks
while the SEC scheme only needs about 6 blocks which is faster than the OBO
scheme.

Table 7.8 lists the simulation results for case 2. For convenience of comparison,
the simulation results are again listed in this table. It is found that the acquisition
performance of the OBO scheme based on the estimation on 0, has been significantly

improved by further conducting estimation on the amplitude A; which is capable
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Table 7.7: Acquisition probabilities and average number of acquisition blocks for

case 1. (N=3).

OBO scheme SEC scheme
Stage | Pacgli) N(i) Pacq(i) N(i)
No.(i) | Comp. | Simu. | Comp. | Simu. | Comp. | Simu. | Comp. | Simu.
1 1.0000 1.000 1 1 1.0000 1.000 1 1
2 1.0000 0.998 1 1 1.0000 1.000 1 1

3 0.9999 0.998 1 1 0.9999 0.998 1 1

4 0.8309 0.765 1.2 1.3 09317 0.876 1.1 1.1
5 0.3480 0.280 29 3.6 0.5867 0.502 1.7 20
6 0.05673 0.049 175 204 02133 0.173 4.7 5.8

of shrinking the estimation variances. The performance of the SEC scheme is not
improved as much as that of the OBO scheme. The reason is still unclear. The two
schemes almost have the same performance after the second estimation.

Finally, we plot some typical correlation outputs from matched filters for con-
ventional, OBO and SE” acquisition schemes. Figure 7.4 to figure 7.7 plot the
normalized detection variables from matched filters 1 to 4 using the conventional
detection technique. From these figures, we see that signals from all the users except
the first (largest) one are difficult to be detected due to the near-far effects. Figure
7.8 to figure 7.18 illustrate the detection variables from the outputs of matched fil-
ters at each corresponding stage for the OBO and SEC the schemes. We can see that

the weak signals get a higher chance to be detected by conducting cancellations.

7.6 Summary

In this chapter, a new PN code acquisition technique based on interference cancella-

tion is developed for asynchronous CDMA communication systems. The acquisition
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Table 7.8: Simulations for acquisition probabilities and average number of acquisi-

tion blocks for case 2. (N=3).

OBO scheme SEC scheme
Stage | Pacgli) NG) Pacqli) N(i)
No.(i) | Casel | Case2 | Casel | Case2 | Casel | Case2 [ Casel | Case2
1 1.000 1.000 1 1 1.000  1.000 1 ]
2 0.998 1.000 1 1 1000 1.000 | |

3 0.998 1.000 1 ! 0.998  1.000 1 1

4 0.765 0.786 1.3 1.3 0.876 0.779 1.1 1.3
5 0.280 0.561 3.6 1.8 0.502 0.570 2.0 1.8
6 0.049 03656 204 2.7 0.173 0396 5.8 2.5

scheme is robust because the near-far problem is alleviated by the cancellation pro-
cess. Two schemes are proposed. One is based on a one-by-one cancellation, in
which the estimated strongest signal is removed from the current composite signal
at one stage and never re-estimated in the following stages. The signals are removed
one by one uitil the weakest signal is detected. The other scheme is based on a si-
multaneous estimation and cancellation technique, in which all the signals so far
detected are estimated together and removed from the original composite vignal at
each stage. The latter scheme has a better acquisition performance if the second
estimation on signal amplitudes is not conducted. Furthermore, the SEC scheme
is able to merge into the multiuser detection process naturally because it provides
the signature sequence matrix of users detected as well as their current, amplitudes
at each stage. In fact, the SEC scheme at any detection stage can be viewed as an
M-shot decorrelating detector for the detected users.

The effect of a false acquisition at a stage is not considered in this chapter. In
practice, this will cause a wrong canccllation, which further increases the interference

for the undetected signals. This will of course result in longer acquisition time for
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the system. However, by using the automatic threshold control scheme, the false
alarm rate can be greatly reduced. From the simulation, we can see that this effect
can be neglected.

Since the near-far problem is alleviated by the cancellation process, fast acqui-
sition is possible for most of the signals in a cell. Therefore, it is indeed suitable for
packet radio communications provided that the processing time of the cancellation
procedure is fast enough. This raises another challenging project, which is how to
design the algorithm in the most efficient way to update the matrix H! upon each
new detected signal and compute its pseudoinverse matrix.

For the carrier modulated signals, coherent detection of multiuser signals is pos-
sible. In this case, the acquisition schemes should include the estimation o1 the
carrier phases which are uniformly distributed random variables. This is going to

be our future work.
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Figure 7.7: Outputs of MF 4 by conventional scheme
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Chapt~- 8
Conclusions

A brief summary is addressed in section 8.1 followed by suggestions for further

research in section 8.2.

8.1 Summary of thesis

The thesis studies several aspects of acquisition techniques for spread spectrum
direct sequence packet radio communications. For burst. mode DS spread spectiinm
communications, where a fixed length preamble is used at the beginning of each
data packet for synchronizaiion, packet acquisition using the preamble appears to
be very important. It has been found that the conventional scheme, which snly
utilizes one period of PN sequence for acquisition followed by acquisition coincidence
detection, does not yield reliable enough performance due to the channel noise.
Since error contrcl coding techniques can be used to compensate the performance
loss due to the noise for data demodulation, most of the packet losses are caused by
acquisition failures. Reliable synchronizations can be achieved by employing a bank
of matched filters followed by a bank of long active correlators [35, 58]. However,

the receiver complexity may hinder the practical use of this approach. In chapter
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2 of this thesis, we introduced a multiple prefix acquisition scheme to increase the
acgnisition reliability at low SNR while iraintaining simple receiver construction.
The masking effect existing in preamble acquisition can be completely eliminated
by using a hardlimiting matched filter instead of a linear cne which was analyzed
in chapter 3. Compared to the other existing acquisition schemes, the proposed
scheme achieves a highly reliable acqnisition performance with a minimum receiver
complexity.

Spread spectrum packet radio often operates in CDMA environment. Thus the
received signal is the superposition of many spread spectrum waveforms. Linear
demodulation schemes will be required to make full use of the information from
interfering users. Demodulation schemes with a hardlimiter, while simpler to im-
plement, may lose too much information from the interfering users. For this reason,
we proposed the automatic threshoid control acgnisition scheme for linear matched
filters in chapter 4. Using the ATC, the masking « fect no longer exists while the
linearity of the transmitted signals remains at the output of the matched filter. In
CDMA systems, the masking effect is caused not only by the variation of the SNR of
the desired signal but also by the signals from the undesired users. Synchronization
will be extremely difficult without using the ATC scheme since the number of ac-
tive users and their received powers are random variables, resulting in more serious
masking effects.

To probe more insight of the acquisition property in CDMA, in chapter 5 and
chapter 6, we studied multi-user detectors which are near-far resistant.

For the conventional spread spectrum detector, a receiver only uses one unique
signature sequence to correlate the incoming compound signal and pick up the mes-
sage modulated by the same signature sequence. Thus the information about the
mutual interference among users is ignored, even though the receiver possesses the

knowledge (structure and phase) of the signature sequence of each component user.
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The conventional single-user detector is vulnerable to the near-far effects and its
perforimance is only acceptable for the case of low-bandwidth efficiency where the
signature sequences can be designed such that the inter-user interference is negligi-
ble. Furthermore, elaborate power control technique has to be implemented in the
system to make all the signals’ powers approximately equal at the receiver, Unfor-
tunately, power control dictates significant reduction in the transmitted powers of
the strong users in order for the weaker users to achieve reliable communication.
'Thus, power control can become self-defeating since it actually dicreases the overall
multiple-access and antijamming capabilities of the system [54].

Multiuser detectors are near-far resistant. Once it is implement~d, the capacity
of the system can be expected to be higher than that of the conventional system. One
of the important raulti-user detectors is the nonlinear multi-use: detector, which uti-
lizes both the sequence aud energy information of users. The nonlinecar detector will
usually outperform the linear type detectors which only use sequence information.
The multistage detector (nonlinear) proposed in [50] can greatly improve the detec-
tion performance over linear detectors. However, performance difference between
this detector and the optimal one is not trivial. In chapter 5, we developed a new
multistage detector. The algorithms are based on the continuous approach to the
optimal 0-1 solution. By modifying a single diagonal element of the Hessian matrix
of the quadratic function, all the elerents of the estimated vector are modified in
one stage. The algorithms are shown to achieve more reliable signal detection than
the multistage algorithm of [50], especially in the case of higher cross-correlations
between any pair of the users’ id codes.

To apply the proposed multistage detector to asynchronous CDMA systems, one-
shot and M-shot detectors were developed in chapter 6. Boun are near-far resistant.,
It is found that the performance of the one-shot detector varies with the sequence

phase delays. However, the amount of the variation is not very large for a carefully




Chapter 8. Conclisions 174

designed system. The M-shot. detector can reduce the performance variation at
the expense of slight increase in computation complexity. We have found that a
3-shot detector may be the most cost-cffective. The one-shot and M-shot multi-user
detectors are very useful for the future CDMA systems, especially the narrow-band
CDMA system such as CDMA cellular system. They can be used for the reverse
link data demodulation of a CIDMA cellular system without using the complicated
power control technique.

In chapter 7, emphasis was placed to the acquisition for CDMA signals. We have
noticed that to date little attention has been paid to the sequence acquisition issue
in CDMA although lots of acquisition schemes are avai'able for the conventional the
single-user receiver. It should not be difficult to see that acquisition in a CDMA
system, especially in the system equipped witli multiuser detectors, becomes more
crucial than acquisition in single user case, because the receiver has to acquire the
phases of all the active users’ PN sequences. Furthermore, the near-far problem
cannot be avoided during acquisition since uny near-far multiuser detectors cannot
work perfectly without knowing the phase information of the active users’ signature
sequences. The conventional matched filter acquisition technique designed for a
single user will encounter a great amount of interference when working in a CDMA
system. In chapter 7, two acquisition schemes based on interference cancellation
were studied for CDMA signals. In general, the acquisition scheme consists of
two basic steps. In the first step, the receiver searches the PN code phase of the
strongest signal. In the second step, the estimation of the detected signal amplitudes
(powers and signs) is obtained, thus the waveform of the deterted signal(s) can be
reconstructed and removed (cancelled) from the original signal. In practice, the
acquisitions for the currently active users’ signals may not be obtained in the same
observation data block due to Lhe non-coordinaticn of asynchronous users, i.e., some

users’ signals are captured earlier because they arrive earlier. In fact, while a receiver
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is maintaining the demodulation for the detected users' signals, it also removes the
waveform constructed by these signals from the original received signal and check
the residual to see if there are any new comers. "The most important achievement by
the new schemes is their approximately near-far resistances. Without the acquisition
schemes developed in this chapter, near-far detection: of CDMA signals using imulti-

user detectors will be impossible,

8.2 Further research

In this thesis, we are mainly concerned with the signal deteciion and acquisition
problems for CDMA systems. However, for simplicity and the purpose of tackling the
main problem in CDMA, i.e., the near-far problem, coherent detection for each user’s
signal is assumed. Therefore, the signal processiug algorithms can exclusively deal
with the baseband signals which can be expressed in discrete forms. Fur'hermore,
the channel is assumed to be AWGN for the same reason.

In practice, coherent rec:ptions for multi-user detections are still possible if the
carrier phase of each component signal can be tracked. In some cases, where the
received signals are subject to severe fading, oscillator phase instability at the trans-
mitter makes the coherent rec>ption extremely difficult. In such situations, some
kind of non-coherent multi-user detectors need to be developed. In [50}, a DPSK
linear multi-user detector was studied. For the detector, no knowledge of the ener-
gies and carrier phases of any of the component signals is assumed at the receiver.
However, estimation of signal energies may be possible by the proposed acquisi-
tion scheme in chapter 7. Nonlinear multi-user detectors for non-cohetent, detection
may be used to improve performance. Study of such detectors is one of the further
research topics.

In any cases, the acquisition of each of the component, signals based on basehand
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signa!s is too ideal to be accepted. The main purpose of chapter 7 is to show the
robustness of the cancellation schemes combined in Jhe acquisition scheme. Qui fur-
ther research will focus on the non-coherent signal acquisition using vhe cancellation
schemes. Of course, for coherent demodalation, carrier phase for each compcnent
signal is another important parameter which needs to be estimated during synchro-
nization. This will not be too difficult if all the PN sequences can be captured
non-coherently.

'The future work should also include the extension of the analysis of the proposed
detection and acquisition schemes in fading channel. It will be very interesting to
look at the ways to obtain the near-far resistant nwlti-user detectors and :cynchro-
nizers in fading channel for CDMA systems. Neural network combined with blind
equalization may be one of the efficient theoretical tools to solve this kind of prob-

lems.




BIBLIOGRAPHY 177

Bibliography

(1] B. Aazhang and H.V. Poor. “Performance of DS/SSMA Communications in
Impulsive Channels - Part 2 : Hard-Limiting Correlation Receivers". [EEE

Transactions on Communications, 36(1), January 1988.

[%/ A. Baier. “A Low-Ccst Digital Filter For Arbitrary Constant-Envelope Spread
Spectrum Waveforms”. I[EEE Transactions on Communications, 32(4):354

361, April 1984.

[3] M. W. Carter. “The Indefinite Zero-One Quadratic Problem”. Discrete Applicd
Mathematics, (7):23-44, 1984.

(4] G.M. Comparetto. “A Generalized Analysis for a Dual Threshoid Sequential
Detection PN Acquisition Receiver”. IEEE Transactions on Communications,

35(9), September 1987.

[b] S. Davidovici, L.B. Milstein, and D. Schilling. *A New Rapid Acquisition Tech-
nique for Direct Sequence Spread-spectruns Communications”. 1EEE Transac-

tions on Communications, 32(11), November 1984.

(6] P. Dent, B. Gudmundson, and M. Ewerbring. “CDMA-IC: A Novel Code
Division Multiple Access Scheme Based on Interference Cancellation”. In Pro-
ceedings of ihe Third IEEE Internationai Symposium on Personal, Indoor and

Mobile Radio communications, pages 98-102, Oct. 1992.




BIELIOGRAPHY 178

[7] P.F. Driessen “Binary Frame Synchronization Sequences for Packst Radio”.
IEE Electronic Letter, 23, 1987.

(8] P.F. Driessen. “Performance of Frame Syuchronization in Packet Transmis-
sion Using Bit Erasure Information”. IEEE Trensactions on Communications,

39(4), April 1991.

[9] B.F. Driessen aud Z.L. Shi. “A New Rapid Acquisition Scheme For Burst
Mocde DS Spread Spectruin Parket Radio”. In IEEE Military Communications
Conference, pages 809-913, Nov. 1991.

(19} J.H. Fischer, J.H. Cafarella, C.A. Bouman, G.T. Flynn, V.S. Dclat, and
R. Boisvert, “Wide-Band Packet Radio for Multipath &nvironments”. IEEE
Transactions on Communications, 36(5):564-576, May 1988.

{11} 8.G. Glisic. “Modified Twolevel-Doublesearch Synchronization of Direct Se-

nuence Spread Spectrum Syatems”. 1984.

[12] S.G. Glisic. “Automatic Decision Threshold Level Control i1. Direct-Sequence
Spread Spectrum Systums Based on Matched filtering”. JEEE Transactions on
Cemmunications, 36(4):519-527, April 1988. |

(13] V. P. Gulati, S. K. Gupta, and A. K. Mittal. “Unconstrained Quadratic Bi-
valent Programming Probiem”. Zuropean Journal of Operational Research,
15:121-125, 1981.

[14) J.F. Hayes. Modeling and Analysis of Computer Communications Networks.
Plenum Press, 1984.

[15] A.S. Houscholder. The Theory of Matrices in Numerical Analysis. Blaisdell,
New York, 1963.




RIPLIOGRAPHY 179

(16]

[47]

[18]

[19]

[20]

[21]

[22]

[23]

R.E. Kahn, S.A. Gioncmeyer, J. Burchfiel, and R.C. Kunzelman. “Advances
in Packet Radio Technology”. Proceedings of The IEEE, 66{11):1468 1496,
November [978.

T. Kailath. Linecr Systems. Prentice-Hall Information and System Sciences

Series, 1980.

A. Kajiwara and M. Nakagawa. “Crosscorrelaiion Cancellation in 8S/DS Block

Demodulator”. Trans. IEICE, E-74(9), Sept.:n:bor 1961,

Richard Kerr. “The CDMA Digital Cellular System An ASIC! Overvien I
Proc. of the third IEEL international symposium on Personal, Indoor and Mo-

bile Radio Communications, pages 36-41, October 1992,

A. Klein and P.W. Baier. “Simultanc- Cancellation of Cross Interference
and ISI in CDMA Mobile Radio Communications”. In Proceedings of the Third
IEEE International Symposium on Personal, Indoor and Mobile Radio comma-

nicotions, pages 118-122, Oct, 1992,

R. Kchno, H. liaai, and M. Hatori. “Cancellation Techuiques of Co-Channel In-

terference in Asynchronous Spread Spectrum Multiple Access Systems”. Trans.
IEICE, J66-A(5), May 1977.

M. Kowatsch. “Application of Surface Acoustic Wave Technology to Burst For-
mat Spread Spectrum Communications”. [EE Proceedings, 131(7), December
1984,

M. Kowatsch, J.T. Lafferl, and A. Ersoy. “An Application of SAW Convolvers
to Spreaa-Spectrum Transmizsion of Packet Voice”. [EEE Transactions on

Sonics and Ultrasonics, 32(5), Septeinber 1985,




BIBLIOGKRAPHY 180

[24]

[25]

(26}

[27]

(28]

[29]

(30]

[31]

S. Kubota, S. Kato, and K. Feher. “Inter-Channel Interference Cancellation
Technique for CDM4A Mobile/Personal Communication systems”. in Proceed-
ings of the Third IEEFE International Symposium on Personal, Indoor and Mo-

bile Radio communications, pages 112-117, Oct. 1992.

R. Lupas and S. Verdu. “Linear Multiuser Detectors for Synchronous Code-
Division Multiple-Access Channels”. IEEE Trensactions on Information The-

ory, 35(1):123-136, January 1939.

R. Lupas and S. Verdu. “Near-Far Resistance of Multiuser Detectors in Asyn-
chronous Channels”. IEEE Transactions on Communications, 38(4):496-508,
April 1990.

Jerry M. Mendel. Lessons in Digital Estimation Theory. Prentice-Hall Signal

Processing Series, 1987.

L.B. Milstein, J. Gevargiz, and P.K. Das. “Rapid Acquisition for Direct -
quence Spread- Spectrum Communications Using Parallel SAW Convolvers”.

IEEE Transactions on Communications, 33(7):592--600, July 1985.

M. Mowaisch. “Application of Surface Acoustic Wave Technology to Burst
Format Spread Spectrum Communications”. IEE Proceedings, 131(7):734-741,
December 1984.

Jim K. Omura. “Spread Spectrum Radios for Personal Communication Ser-
vices”. In Proceedings, Spread Spectrum - Potential Commercial Applications,

Myth or Ruality?, pages 5.1.1-5.1.3, May 1991.

Andreas Polydoros. “A Unified Approach to Serial Search Spread-$pectrum
Code Acquisition-Part I: General Theory”. IEEE Transactions on Jommuni-

cations, 32(5):542-549, May 1984.




BIRLIOGRAPHY 151

[32] Andreas Polydores. “A Unified Approach to Serial Search Spread-Spectrum
Cude Acquisition-Part II: A Matched-Filter Receiver”. IEEFE ‘Iransactions on
Communications, 32(5):550-560, May 1984.

(33] Michael B. Pursley. “Performance Evaluation for Phase-Coded Spread-
Spectrum Multiple-Access Communication-Part I: o, stem [/ qalysis”. JEEE

Transactions on Communications, 25(8):795-799, August 1977.

[34] S.S. Rappaport and D.M. Grieco. “Spread-Spectrum Signal Acquisition: Meth-
ods and Technology”. IEEE Communications Magazine, 22(6):6-21, 1984.

[35] S.S. Rappaport and D.L. Schilling. “A Two-Level Coarse code Acquisition
Scheme for Spread Spectrum Radio”. IEEE Transactions on Communications,

28(9):1734-1742, September 1934.
[36] Sheldon M. Ross. Stochastic Pre.::ses. John Wiley & Sons, 1983.

[37] D.L. Schilling, L.B. Milstein, R.L. Pickholtz F. Bruno, E. Kanterakis, M. Kull-
back, V. Erceg, W. Biederman, D. Fishman, and D. Salerno. “Broadband
CDMA for Personal Communications Systems”. IEEE Communications Magy-

azine”, 29(11):86-93, November 1991.

[38] D.L. Schilling, L.B. Milstein, R.L. Pickholtz M. Kullback, and F. Miller.
“Spread Spectrum for Commercial Communications”. IEEE Communications

Magazine”, 29(4):66-79, April 1991.

(39] D.L. Schilling, R.L. Pickholtz, and L.B. Milstein. “Spread Spectrum Coes
Commercial”. IEEE Spectrum, pages 40-45, August. 1990.

[40] K.S. Schneider. “Optimum Detection of Code Division Multiplexed Signals”.
IEEE Transactions on Aerosp. Electron. Syst., AES-15:181-186, January 1979.




B

SIBLIOGRAPHY 182

[41] R.A. Scholtz. “Frame Synchronization Techniques”. [EEE Transactions on

Communications, 28(8):1204-1212, August 1980.

[42] M. Schwartz, W.R. Bennett, and S. Stein. Communications Systems and Tech-
niques. New York: McGraw-Hill, 1966.

[43] Z. L. Shi and C. S. Li. “A New Acquisition Technique for Spread Spectrum
System Using Burst Format Message Signalling”. In International Conference

on Communications Technology, Nanjing, China, October 1987.

[44) M. Simon, J. Omara, R.Scholtz, and B. Levitt. Spread Spectrum Communica-
tions. Rockville, MD: Computer Science Press, 1985.

(45] L.B. Sklar. “Efficiency Fictors in Data Communications”. IEEE Communica-
tions Magazine, 22(6), June 1934.

[46) G.W. Stewart. Introduction te Matriz Computations. Academic Press, 1973.

[47] B. Tuch. “An Engineer's Summary of an ISM Band Wireless LAN”. A report
Jrom NCR Systems Engineering Utrecht, Nov. 1991.

(48] G.L. Turin. “An Introduction to Digital Matched Filters”. Proceedings of
IEEE, 64(7), July 1976.

[49] M. K. Varanasi and B. Aazhang. “Multistage Detection in Asynchronous Code-
Division Multiple-Access Communications”. IEEE Transections on Communi-

cations, 38(4):509-519, April 1990.

[50] M. K. Varanasi and B. Aazhang. “Near-Optimum Detection in Synchrorous

Code-Division Multiple-Access Systems”. IEEE Transactions on Communica-
tions, 39(5):725-736, May 1991,




BIBLIOGRAPHY 183

[51] M. K. Varanasi and B. Aazhang. “Optimally Neas-Far Resistant Multiuser De-
tection in Differentialiy Coherent Synchronous Chaunels”. IEEE Transactions

en Information Theory, 37(4):1006-1018, July 1991,

(52] S. Verdu. “Minimum Probability of Error for Asynchronous Gaussian Multiple-
Access Channels”. IEEE Transactions on Information Theory, I'I-32(1:85-96,

January 1986.

[53] S. Verdu. “Optimum Multi-User Asymptotic Efficiency”. IEEE Transactions
on Communications, 34(9):890-897, Sept. 1986.

[54] S. Verdu. “Recent Progress in Multiuser Detection”. Advances in Communica-
tions and Signal Processing, Lecture Notes in Control and Information Scivnees,

129, Springer Verlag 1988.

[55] A.J. Viterbi and R. Padovani. “Implications of Mobile Cellular CDMA®. ILEE

Commaunications Magazine, 30(12), December 1992.

[56] R.B. Ward and K.P. Yiu. “Acquisition of Pseudonoise Signals by Sequential
Estimation”. IEEE Transaciions on Communications, 25(8):784-794, August
1977.

[57) A.D. Whalen. Detection of Signal in Noise. Academic Press New York aud
London, 1971.

[58] N.D. Wilson, S.S. Rapaport, and M.M. Vasudevan. “Rapid Acquisition Scheme
for Spread Spectrum Radio in a Fading Environment®. IEE Proceedings,

135(1):95-104, February 1988.

[59] K. Yan. “Error Probability of Asynchronous Spread-Spectrum Multiple- Access
Communication Systems”. IEEE Transactions on Communications, 25(8):803--

809, August 1977.




BIBLIOGRAPHY 184

[60] R.E. Ziemer and R.L. Peterson. Digital Communications and Spread Spectrum

Systems. Macmillan Publishing Company, 1985.




Appendix A. Accurate Computaticn of Py, 185

Appendix A

Accurate Computation of P;

As an alternative to the simplified method in Section 2.3.2, an accurate approach
is presented in this appendix to obtain the probability of packet loss caused by
synchronization failure. For this purpore, we define the waiting time s as the time
elapsed from the starting point of the arrival of a packet to the point that the receiver
just switches back to the idle state. From the construction of the preamble and figure
2.4, we know that, w = 0 if the packet drops in an idle interval / on arrival, and
w > 0 if the packet falls in a block interval on arrival. When 0 < 0 < N7, the
packet is recoverable. When N,T' < w < T3, the packet wiil be lost. w is actually a
random variable with its probability density denoted as w(t).

To find PL, we need to find the probability density of the waiting time w(t) after
a packet arrival at ¢ = 0. Note that there is a finite probability that the waiting

time is exactly zero. Then

Npym—1
PL = 1 - ’U)opwn(()) - Z wkl)n”"(k) (A-l)
k=1
where
wo = Pr{w = 0} (A.2)

kT,
wp = Pr{(k-1)T, <w < kT)} = /( | wlt)di (A.3)
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and P, n(k) is computed by 2.17.
To find wo and wy, we must find w(t). To find w(t), we require the probability

density f(1) of the blocking periods 3. By construction of the sync technique,
f(t) = pro(t = Tv) + pao(t — Ty) (A.4)

where py = 1 — Py and p; = Pyen. Pyen is the probability that at least one false
macker detection occurs in noise during N, marker tests, and is determined by 2.24
and 2.25.

We assume that the arrival of a packet during a busy perind B does not affect p,
and p,. This assumption is reasonable if the PN code is a near-ideal autocorrelation
function,

We follow [14] to determine wg, wy, and w(t) in terms of f(t) and two additional
parameters Ay and A,. We have defined \; = Pjyq, /T, as the number of arrivals of
false acquisitions in T, seconds when the receiver is idle. ), is defined as the number
of arrivals of packets in T, seconds. Both arrivals are assumed to be Poisson.

By definition, w(t) concerns the waiting time caused by false acquisitions, and
does not include waiting time because the receiver is busy processing a previous
packet. Thus in using the method of [14], we assume that the arrival rate of packets
is vanishingly small (i.e. there is only one packet arrival for all time, and we wish
to determine Py, for this packet). Thus we consider the case A, T < 1.

To find wo, we note that in figure 2.4, the random variable w is equal to zero if
the packet arrives during one of the intervals Iy, ..., In,.... Summing over disjoint

events we find (14]

Wy = i Pr[i(l.' + B.') <7< zn:(l.' + B;) + 1,,4,1]

n=0 =0 i=0
’\P
Ar 4+ = M F(X))

(A.5)
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where F(A,) = pe~*Tt 4+ pae=%T2 is the Laplace transform of the density function

f(t) of the random variable B;.
Similarly, w(t) can be found by

oo n+1t
w(t)dt = Prit <w <t+dt] =) Prit< Y (Li+ Bi)-r<t+dt] (A.6)
n=0 =0
Following (14] for f(t) given by (A.4)
_ A 3 e=elr=t)
AU vory o Wy W J a0 gy (A7)
A,

el vy wes W wi U TR Ul IO U )
P 4

where

gilt)=u()-u(t-1T)) i=1,2 (A.9)

We can now evaluate the wy, terms in (A.1) using (A.3) and (A.8) when k < Nym.

= [ As Apt
T /(k—'_'n)\,+,\, A POy e Oplerdt

As
A+ Ap — A/F(Ap)

When N, T < w < T, the packet will be blocked and then lost. The correspond-

F(Ap)e™*Te(1 — ¢~ 2Tx) (A.10)

ing probability is given by

P, = PIN\T <w<Ty
—_ h - ’\l Apt
= for e wwi IAG
s [ A
T Ar+ A= A F(A)
A (1 - pe
Ar+ Ao = M F()y) '

In the limit A\, T; € 1, we have

Appae~TaeMotdy

“Ap(Ty =N\ T) _

pee 1M (AL

l
14 -;f(l — pre~2Ti — pae=MoTa)

o =
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1
1+ %f(l =+ ATy = pa + p2A,T)

2

1
T 1+ M(pT + )
i ‘
= T (A.12)
Using the same argument, wy from (A.10 can be reduced to
P}On
wy = T+a (A.13)
and
P, = Pyou[N, = 1 + Pyen Lplm/(1 4 ). (A.14)

Therefore with the condition of A\,T3 < 1, Py, from A.1 can be expressed as

Py = —— Py (0) + Son N'ff"P (k) (A.15)
L= 1+0 syn 1+G = syn .

which is the same as the result obtained from (2.16) and (2.18).
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Appendix B
Computations of ¢, p, s, gn,pn, sp for

Linear Receiver

In this appendix, we determine the probabilities ¢, p, s, ¢, Pn, 9, for the non-coherent,
receiver of Figure 2.3. Two matched filters are used for the marker test. We assume
that the two input signals are orthogonal, where u; and uy corresponding to ”1”
and "Q" respectively are the outputs of the envelopes normalized to o.

The distribution at eacii MF output is written [5]

2492
p(u1) = vy exp(-- y"“%‘lg)lo(\/ 2v01y) (B.1)
ug
pluc) = uo GXP(“‘"Q‘) (B.2)

provided that ”1” was sent. For reliable coincidence detection (P(hg, by, N,) ~ 1)
without excessive false alzrms ( Py, ~ 0), it is necessary to use a normalized threshold
by # 0 with the comparison device, thus erasure may occur if both MF outputs are

less than b,. If we define

z? + a?
2

Qe f) = [~ aeap(- Mo(az)d (B.3)

then q,p, 3, qn, Pn, Sn are calculated as follows:
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by iy
s = /0 /0 Puy, ug)dudug

2
= {1~ Q/2m, b1 - exp(~ L)
g = /b:» P.[Uy < wy|Uy = uy)p(uy)du,
- Lo [Pt
= [0~ eap(—ul/2)lp(ur)dy

Q20 b0) = 5 exp(~)Q(yFs, Vi)

p=1—-q-s

-00 4y uz Uz
In Pn = /m =by /uo=0 UQ&TP( B —22 )duou‘ emp( - —21 )dul

B, 1 )
= exp{-'é'} - §exp{‘bx}

3n=1—2qﬂ
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(B.4)

(B.5)

(B.6)

(B.7)

(B.8)
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Appendix C

Computation of P,4(i, k) for
Two-Level Threshold

In this appendix, P,.(,k) of 2.19 of ti.e new scheme introduced in section 2.3.2
with the two-level threshold is cal:ulated from the flow graoh of figure C.1 with the
indicated states and gains. The contents of the H(i, ) gain blocks are illustrated
in figure C.2. For each H(%,j) block, there are two gains: one is from the input to
an acquisition state, which is denoted as H,(i,j), and the other is from the input
to a false alarm state, which is denoted as H,(i, j). With the initial scarching point
k+1 = (i, = 1)m + j,, the probability P, (i, k) of reaching an acquisition state
Acq(z, k) at the ith PN period may be written in terms of the probabilities S; ; of

reaching the intermediate states (i, j) and the gains H,(3,j) as
i=io
Pacyiy k) = (C.1)

Yiz SijHa(i, 3), 1>,

The S;; are found from the recursive equations

Si'o.jHa(imj)7 i = z'm]‘o = 1,2, vy

Sioiio = 1 (C.2)

Sij = Sij-1(1 = Pr(j = 1)), 1 <4< Ny, j<m, (C.3)
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and
Sin = Sicim(l — Py). (C.4)

The gains H,(4,j) are obtained from figure C.2, where the additional h subscript
attached to the gains Py and Pyy(j) means that the higher threshold by, is used in
the corresponding definitions (2.5), (2.6). From figure C.2,

m~1
Ha(3,5) = (Pra(§) = Pran()) TI (1 = Praw(§))Pan, 1SS Ny, j<Sm—1

b=j+1
(C.5)
and
Ha(i,m) =Py + (Pd - P.{h)"ﬁl(l - P/d},(k)), (C.3)
k=1
H, (N, m) = Py, (C.7)

This completes the calculation of P, (i, k).
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Figure C.1: Signal flow graph for acquisition with wwo-level threshold
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Sij_,

i=},2,..,Nu-1; Ha(Nhm)= Py

Figure C.2: Details of H(7,7) gain block

194




Appendix D. A Modified Analysis of the TL Scheme 195

Appendix D
A Modified Analysis of the TL

Scheme

In this appendix, some modifications on performance of the TL method in [35, 58]
are presented for convenience of comparison betwr<n the new scheme proposed in
chapter 2 and the TL scheme. For example, the original analysis did not take the
blocking probability/rate as the criterion. Since the blocking rate is more appropri-
ate in packet radio communications, it is necessary to modify the analysis.

For the TL scheme the packet will be lost if it is blocked or if the synchron:zation

fails when no blocking occurs. The expression for this probability is simply

Pi=1-(1- Pg,, )P (D.1)

ayn

where Pg,, is the blocking probability and P, the syne probakility for the TL
method.

Since the receiver may be falsely locked into the in-sync condition, it is possible
for a coming packet to be blocked by the unavailable receiver engaged by a previous
false lock signal. The probability that a code start signal of a packet finds the

receiver to be in a false lock state is
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) B

where B’ = LpT = LpmT, is the total time that the receiver stays in the false
lock state. I' = 1/) = T,/ Pry is the average time interval in which the receiver is
not in the false lock condition. Here Possion arrival are assumed for the false lock
signals. Py, is the probalality of the false lock.

A code start signal will be also blocked when it finds all the active correlators
engaged, even though the receiver is not in the false locl: condition. This probability
is given by the Erlang B formula B(c, a) [35, 58] where a = [1 — (1 — Pyo)Ve<] M is the
offered load and c is the number of active correlators. N, is the number of prefixes
in the preamble. Pyg is the probability of false start by the passive correlators.
Given bj as the threshold of the passive correlator, Py will be

b ooy B8

Thus the blocking probability Pg,, for the TL scheme can be written

Pg,, = Pl'i+(l—Pé)B(c’a)
o + B(c,a)

7o (D.4)

where

o =B/l = LpmPry
Lom[: ~ (1 - Po)™|(1 = B(c,a))Pp. (D.5)

i

In the above equation, the expanded expression for Pry, is taken from (4) in [58].

Py is the probability of false coincidence by the active correlators given b, as the
threshold.
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b?
Py = exp(-) (D.6)

The probability P, of successful synchronization in (D.1) is

‘P;yn = [l - (1 - P&O)N,mlpr;l
= [1 = (1 = Q(/2m¥in, B))¥*]Q(y/2Myin, b)) (D.7)

where P}, and P}, are the detection probabilities of the passive correlators and the

active correlators respectively, and given by

P = Q(1/270, bp) (D.8)

Fh = Q(y/2%, b) (.9)

where v, = My, = Ml%:
The thresholds b, and b; are determined so that the overall performance or the

dynamic range is optimized.
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Appendix E
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Computations of ¢, p, s, gn,pn, sp for

HL Recelver

In this appendix, symbol detection probability ¢, symbol error probability p and

symbol erasure probability s to compute P(h,, h;, i) in section 2.3.2, are derived

for coincidence detection. In addition, when signal is absent, the probabilities g, p,

and s, that the outcome of a symbol test of coincidence is ”1”, *-1” and "erasure”

in 2.3.2 are also derived.

To calculate ¢, p and s, we assume that symbol "1” is transmitted. Noting that
9P 8

the digital threshold for coincidence is hj, the probability ¢ that the output Y,, is

not less than h; is given
g=P T{Ym 2 k2}
By Gaussian approximation, q will be
q= / frm(y)dy
ha
Similarly, p and s can be obtained from

P"'{Ym < "‘hZ}
/_ :’ fvm(y)dy

P

]

(E.1)

(E.2)

(E.3)
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®
i

= l-q-p (1.4)
Bearing in mind that the probability density function fy,,(y) = Sy, (¥) is according

to Gaussian distribution with mean and variance given in section 3.3.2, ¢, p and s

are easily obtained as

q=105 erfc( hy — (l — 2p.)m
\/Smp,(l - pe)

) (1.5)

ha + (l - 2pe)m

p = 0.5 erfc(
\/8mpe(l = Pe)

) (E.6)

s=1l-q-p (K.7)

When signal is absent, we can easily calculate ¢, p, and s, by letting p, = 0.5 in
(E.5), (E.6) and (E.7). Thus we get

hg N

¢ = 0.5 erfc( T ) (I°.8)

’I.z

T (1.9)

Pn = qn = 0.5 erfe(

8y =1-2q, (E.10)
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Appendix F
Numerical Computation of

Minimum Py

In this appendix, we show the method to calculate min P, with respect to SNR
in chapter 4. As described in section 4.4.4, the optimal thresholds (bp,b.) as the

function of SNR can be obtained by doing the minimization
min Pp(b,b:), b and b, > 0. (F.1)

Since Pp(bo, b.) is related to bp and b, in a nonlinear manner, the problem cannot
be easily solved by setting %—% =0 and %%’f = 0. Fortunately, P, as a function of by
with b, as a constant appears to be unimodal, i.e., P, has a single minimum within
a certain interval b, < bp < by. This feature is shown in figure F.1 and figure F.2.
Thus any of the linear search techniques such as the three-point search, the Fibonacci
search and the Goldea-ratio section search can be used. The optimization procedure
is illustrated by the following steps. Step 1. Transfer the 2-dimensional problem
into an unidimensional search by fixing b.. Step 2. Applying one of the above search
techniques, find the optimal function value and by. Step 3. Change b,, and repeat
step 2. Step 4. Select optimal (/o, b.) at the minimum P, point. In fact, b, has little

effect on the minimum Py, as long as it is not too small.
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Appendix G

Exact Computation of P,(i)

In this ~ppendix, we show the method to precisely compute Py(i) from Py(i) =
N7 Pr{|Z,] < |Zolyn =1, 2, ..., m~- 1.} in section 7.3. To do this, we first derive
the probability density functions of U, = |Z,| and Uy = |Zy|. The probability

distribution function of U, is

H/n(uﬂ) = Pr(Un S un)
= Pr(|Z,] £ u,)
= Pr(-un <2, < Up)

= Pr(Z, < up) — Pr(Zn < —uy) (G.1)

By differentiating (G.1) with respect to u,, we get the probability density function

of Uy in term of the density function of Z,. It is
Pua(Un) = Pan(ttn) + P2 (—un), us > 0. (G.2)
Since Z, is zero mean Gaussian random variable, we have p,, (~u,) = Pzn(n). Thus
Pun(tn) = 2p5, (un), un 2 0. (G.3)
Similarly, we have

Puo(U0) = Pz (t0) + Pz (—to)
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l _!un—A“’ _!u‘!#/i.‘!:‘_
= (e 0 e 29O (G.4)
2r0?(0)
Now P4(Z) can be written as
oo M=1 ;
Py(7) = L 1 Pr(Us < uolUs = o)py, (te0)duy (G.5)
n=|
where
Pr(U, < uolUo = ug) = / " pun (uo)d,
0
= /0 2p., (vo)duy,
Ug )
= erf( ) G.6
V20¢(n) (@0
Substitute (G.6) into (G.5), we have
m-1
N had Up
Puti) = [ 1T e oy (vl
oo M~=1 _(ug-Ap? _{ug+A,)
- 1 [T et (e 2T 4 T g
V2ro}(0) /0 s 20%(n)
00 m-1
= %/_\ﬁ? e I erf(an,v + an/)dv
+—1-- /m e’ "ﬁl erf(anv — a, /i )dv (G.7)
\/-7-‘_- o Ll n n i 4o

However the second term in (G.7) is very small in most cases compared to the first,

term, thus can be neglected. The first term is just the approxima
in (7.40).

tion we obtained




