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Abstract

An important aspect of all spread spectrum receivers is synchronization.
The harsh radio environment has necessitated the development of fast and
robust techniques. Current techniques for direct sequence spread spectrum
(DSSS) synchronization, although rapid, are not robust to multiple access in-
terference. This is because they require the spreading codes of the multiple
access network to have very good cross correlation properties.

In this thesis, a novel technique for DSSS synchronization is investigated.
This technique, termed as the eigenstructure technique, introduces a new ap-
proach to synchronization, called soft synchronization, by which spread spec-
trum despreading is performed with estimates of the spreading code obtained
from the received signal, starting at an early stage. As more data is collected,
the code estimate improves and so does the quality of the despread data. The
key advantage of the soft synchronization technique is that excellent despread
data can be obtained using imperfect, but early, code estimates.

The eigenstructure technique exploits the cyclostationarity property of the
DSSS signal. It can theoretically provide perfect code estimates for signals re-
ceived in arbitrary levels of white background noise and with arbitrary timing
offsets and is insensitive to frequency offsets on the received signal. It is applica-
ble to DSSS signals with a constant modulus code and requires the knowledge
of only the code repetition rate. The technique is robust to multiple access

interference provided the users have different code repetition rates.
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Chapter 1
Introduction

Spread spectrum technology has come a long way from its original application in mil-
itary communications, where it was used for its robustness to jamming. By definition
[1, 7], spread spectrum is a modulation and demodulation technique in which the
bandwidth of the transmitted signal is spread so that it is more than the minimum
requirement for information transmission. However, certain modulation techniques
such as FM and low-rate coding with increased transmission bandwidth are not cat-
egorized as spread spectrum.

Spread spectrum technology is used today because of its additional properties, in-
cluding low probability of intercept, multi-user capability, high resolution and ranging,
robustness to multipath and narrowband interference, and accurate universal timing.
Reference [2] discusses the commercial applications of spread spectrum. A relatively
new application area for spread spectrum is packet radio networks [3]. Popularity of
spread spectrum for wireless packet communication is on the increase because packet-
based spread spectrum systems offer numerous advantages including improved signal
capture and efficient allocation of resources resulting in improved throughput and de-
lay performance. However, the primary challenge for implementing these systems is
the rapid and robust synchronization requirement. The performance of a spread spec-
trum system is limited by its synchronization capability since information recovery
at the receiver cannot commence until this has been achieved.

In this thesis, the spread spectrum synchronization problem is addressed. The
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problems encountered with the use of conventional acquisition techniques are ex-
plained. A new technique that overcomes some of these problems by its “soft synchro-
nization” capability is presented. The performance of this technique under a variety
of conditions is demonstrated. Extensions to the basic algorithm are proposed and

demonstrated.

1.1 Synchronization in Spread Spectrum Systems

Spread spectrum can be classified into two types, based on the means of achieving the
bandwidth spreading. The first of these is direct sequence spread spectrum (DSSS)
in which the information-bearing data signal is first modulated on (multiplied with)
a high-rate digital signal known as the spreading code, so called because it creates a
wider signal bandwidth. This signal is then modulated on the carrier before trans-
mission. The rate of the spreading code, known as the chip rate, is typically much
higher than that of the data. Consequently, the energy of the signal is spread over a
much higher bandwidth and the spectral density correspondingly is lowered. At the
receiver, the spreading code is removed by multiplication with a local replica. As a
result that the spectral density of the information signal is raised back to its original
level (its bandwidth collapsed to the message signal bandwidth), and the interfering
signals are spread and removed.

The second type of spread spectrum is frequency-hopped spread spectrum (FHSS).
Here the data signal is sequentially modulated on a series of different carriers sep-
arated from each other, effectively spreading the signal. The sequence of carriers is
known as the hopping pattern. At the receiver, the signal is demodulated using the
same sequence of reference signals to retrieve the information signal. The advantages
of FHSS are similar to those of DSSS. Figure 1.1 illustrates a spread spectrum signal.

Implicit in the description above was the assumption that the receiver possesses
the knowledge of the spreading code (or hopping pattern), as well as its timing (i.e.,
phase and frequency information). Only with the knowledge of both of these can
successful demodulation of the data signal be accomplished; the lack of either of
them means that the signal cannot be despread. The process of establishing at the
receiver the necessary knowledge of the spreading code or hopping pattern is termed

spread spectrum synchronization.
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Power spectral density

Message signal
Spread spectrum signal

\

Figure 1.1: The power spectrum of a spread spectrum signal.

1.2 The Importance of Synchronization

Synchronization is very important because the data can be completely recovered
only when the spreading code demodulation is performed with an exact local replica
of the code. Spreading codes are designed to have good autocorrelation properties so
that the system is robust to multipath interference. That is, the code which is syn-
chronized to the principal component in the received signal suppresses any multipath
component when multiplied with it. Figure 1.2 shows the ideal autocorrelation func-
tion desired of a pseudonoise sequence (PN sequence, i.e., the spreading sequence).
This means that if the local code is not synchronized with the code in the received
signal, then the signal is not despread. Figure 1.3 illustrates the desirable alignment
of the PN code. Since the width of the peak in the autocorrelation function is equal
to two chip periods, a small offset is actually permissible. Typically the allowed offset
is 1/4 or 1/2 of a chip.

In a system in which information modulation is carried out right from the begin-
ning of transmission, the longer the time required for synchronization, the greater the
amount of information lost. Hence it is desirable to achieve synchronization as rapidly
as possible. After the initial synchronization, it is equally important to maintain the
synchronization during the entire period of information exchange for the same rea-
sons. However the problem of maintaining synchronization is less difficult in practice
than the initial synchronization.

In military communications, spreading codes are periodically changed so as to
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Figure 1.2: Desired autocorrelation function of a PN sequence.

reduce the possibility of interception of the signal. In such a situation, it is necessary
to establish synchronization everytime the spreading code is changed. A similar
situation exists in packet radio networks. Synchronization must be achieved for each
received packet. But in this instance a preamble is provided for synchronization
purposes and synchronization has to be achieved within the alotted period, failing
which the packet is lost.

All these factors lead to the requirement of increasingly rapid techniques for syn-
chronization. Research in this area over the last few decades has yielded various
techniques for synchronization. Chapter 2 is devoted to the explanation of the syn-
chronization problem and the discussion of the conventional techniques for acquisition
(initial synchronization). Some of the latest developments in this area are also dis-
cussed.

With the rapid growth in the employment of wireless communications, the radio
environment has become very hostile. Typical examples are cochannel narrowband
interference by other users of the same spectrum, multipath interference, and fre-
quency selective fading. Use of code division multiple access (CDMA) allows multiple
users of spread spectrum to share the same channel but at the same time causes in-
terference. Furthermore, the system is often required to operate in low signal-to-noise

ratio (SNR) environments. These factors increase the difficulty of the synchronization



CHAPTER 1. INTRODUCTION 5

Y
o~

PN code in received signal

v
(5 3
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Figure 1.3: Alignment of the locally generated PN code.

problem using conventional techniques. More significant among these are the issues
of Doppler and multiple access interference. Alleviation of the problem of multiple
access interference requires the design of spreading codes for different users that are
ideally orthogonal to each other. Development of codes with excellent crosscorrela-
tion properties is not easy to accomplish, especially for linear feedback shift register
(LFSR) sequences such as maximal length sequences and Gold sequences (although
there are other sequences with better crosscorrelation properties [4]) which are among

the more commonly used spreading codes.

1.3 A New Technique for Synchronization

One solution to the problem comprises the blind estimation of the spreading code
without the a priori knowledge of its structure, timing or the Dopppler-shift. A tech-
nique accomplishing this directly estimates the delayed and Doppler-shifted code at
the receiver, which when used for despreading, eliminates the need for the determi-
nation of the timing and for having to separately contend with the Doppler-shift. An
advantage of such a technique is that the effect of multiple access interference in a
CDMA system may be mitigated by choosing the spreading codes randomly from a
set of codes with good crosscorrelation properties. This can be performed “on the fly”

at the beginning of each transmission interval, depending on the codes being used by
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the other users in the system at that time.

The eigenstructure technique, introduced in [5], is precisely such a technique. It
is based on the dominanant mode despreader, first proposed in [6], and estimates the
spreading code by exploiting its constant modulus property and the eigenstructure
of the frequency-channelized DSSS signal. The technique provides perfect estimates
of the spreading code under the assumptions of infinite time-averaging in the pres-
ence of arbitrary levels of temporally-white background noise and for arbitrary codes
satisfying the constant modulus property.

This thesis describes the development of the eigenstructure technique and demon-
strates the performance of the technique under finite time-average conditions. It is
shown here how the technique introduces the capability of “soft synchronization”.
“Soft synchronization” provides a continuously improved estimated code and timing
as the data collection interval is increased. This allows for ‘gracefully’ improving
despreading at an early stage of acquisition. In contrast, receivers using conven-
tional acquisition techniques cannot perform despreading until complete acquisition
has been achieved. When “soft synchronization” is employed, the improving estimate
of the spreading code and timing results in an increasingly improved estimate of the
message signal.

A notable feature of this technique is that it is insensitive to frequency offsets in
the signal that are greater than half the code-repetition rate. Any residual frequency
offset can be removed at the higher despread SNR.

This thesis also presents extensions and modifications of the algorithm that re-
duce the computational complexity of implementation. The result obtained when the
algorithm is applied in a multipath environment is theoretically derived. An alterna-
tive implementation using time-channelization instead of frequency-channelization is
proposed and demonstrated. The performance of the frequency-channelizer algorithm
is simulated under a variety of conditions.

Chapter 2 defines the stages of synchronization and provides an overview of con-
ventional acquisition techniques. Chapter 3 briefly reviews the cyclostationarity prop-
erty of a DSSS signal, which is exploited in the development of the algorithm for the
blind estimation. The eigenstructure technique is described in detail and new exten-

sions are proposed and analyzed. The results of computer simulation are presented
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in Chapter 4. In this chapter, the performance of the technique in various radio envi-
ronments is demonstrated and compared with that of the classical RASE ! technique.

Finally, in Chapter 5, conclusions are presented and possible future work is proposed.

'Rapid Acquisition by Sequential Estimation



Chapter 2

Conventional DSSS Acquisition

2.1 Introduction

Traditionally, the problem of direct sequence spread spectrum synchronization is ad-
dressed in two stages. The first of these involves the alignment of the PN code at the
receiver as closely as possible with the transmitted code. Typically, this is carried out
to within a fraction of a chip. This process of coarse synchronization is termed PN
acquisition. The second stage involves maintaining this alignment of the local and
transmitted codes by the use of closed-loop techniques. This process of fine synchro-
nization is called PN tracking. Tracking of the PN code is typically required by the
drift of the receiver clock and Doppler in the receiver. It is accomplished by employ-
ing techniques very similar to those used for carrier tracking, i.e., techniques using
phase-locked loops [7, 8]. The distinction between PN and carrier tracking is that the
phase discriminator in a carrier-tracking loop is based on a simple multiplier, while
the phase discriminator in a code-tracking loop is comprised of several multipliers,
and often, pairs of filters and envelope detectors.

While PN code-tracking forms an important part of DSSS synchronization, the
aspect of PN acquisition is a more difficult issue. As such, only techniques for PN

acquisition will be discussed here.
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At
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s |

Represents the correct phase and frequency

Figure 2.1: PN code phase and frequency uncertainty regions.

2.2 The Acquisition Problem

The general problem in a DSSS receiver is that while the PN sequence itself may be
known, the phase and frequency of the received signal are not. Also, generally the
range of phase uncertainty of the PN code is the entire code length. It is assumed
that the regions of phase and frequency uncertainty of the PN code are known at the
receiver, and are given by AT and Aw respectively. Figure 2.1 illustrates this scenario.
The common approach for detecting the exact phase and frequency is to correlate
the received signal with the receiver-generated replica of the spreading code, pass it
through a narrowband bandpass filter centered at a known frequency, and observe
the output when this is passed through an energy detector, as shown in Figure 2.2.
If the phase and frequency of the receiver-generated replica are indeed correct, the
despread signal collapses in bandwidth and all the energy is concentrated within the
bandwidth of the filter, which is detected by the energy detector. The phase and
frequency of the locally generated PN code are determined by the control logic. The
decision device may declare the phase/frequency to be correct for a range of values
around the correct value. The actual range is determined by the autocorrelation

function of the spreading sequence and the bandwidth of the IF filter.
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Bandpass | Energy | Decision
filter | detector device
' Code-phase
Local PN codef«—— Control

generator [¢——— logic
Code-frequency

Figure 2.2: Acquisition detector.

2.3 Classification of Detector Structures

Most of the techniques for acquisition are based on the method described above,
wherein, a measure of the correlation between the received signal and the locally
generated PN code is produced and evaluated to determine whether or not the codes
are synchronized. These techniques usually differ in the type of (energy) detector
used.

Figure 2.3 illustrates the classification of detector structures [8]. One method of
classification is based on the coherent or non-coherent nature of the system. The
non-coherent technique is quite common and for this technique PN synchronization
is achieved before carrier synchronization. A typical non-coherent acquisition system
may include a correlator (multiplier) followed by a bandpass filter (BPF), with a
center frequency equal to that of the carrier, and a square-law envelope detector !, an
integrate-and-dump circuit and a threshold device. If a Doppler shift exists, it may
be more desirable to carry out the acquisition after carrier-demodulation in order to
simplify the acquisition process, for which the acquisition system is similar to the
non-coherent case, with only the BPF being replaced with a lowpass filter (LPF)
which is the lowpass equivalent of the BPF.

A second method of classification is based upon the length of integration-time in
the detector, i.e., whether it is fized or variable. The former is further categorized as
single dwell and multiple dwell depending on whether detection of acquisition is based

on the data processed by a single integration or several such integrations. Further

1a square-law device followed by an envelope detector
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Acquisition detectors

T

| | 1
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;

1
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I—|
j
1 i
-
‘ Full period code- ‘ Partial period code- ! Verification with Verification with no
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Figure 2.3: Classification of acquisition detectors.

classifications of single-dwell detectors is based on whether they employ partial or full
period code correlation. Mutiple dwell detectors are classified based on the verifica-
tion algorithm they use. The verification algorithm, as the name indicates, verifies
whether the decision of code acquisition, made based on a single observation, is cor-
rect. The variable-integration type detectors comprise those in which the integration
time required for threshold crossing (known as dwell-time) is allowed to vary.

Another criterion for classification is the rate at which decisions are made on
each code phase position of the locally generated PN code, known as a cell. Those
employing passive correlation (e.g., matched filter) are classified under high-decision-
rate detectors, since decisions in these are made at the chip-rate or its integer multiple.
Those employing active correlation are categorized as low-decision-rate detectors,
since decisions are made here at a rate much lower than the chip rate.

A final basis of classification, depicted in Figure 2.3, is the criterion for performing
hypothesis-testing on the synchronism of the code, e.g., Bayes (minimum average
risk) and Neyman-Pearson (minimum probability of missed detection for a given

false-alarm probability).



CHAPTER 2. CONVENTIONAL DSSS ACQUISITION 12

2.4 Acquisition Techniques

2.4.1 Classification

The classification of acquisition schemes is illustrated in Figure 2.4. This differs from
the classification of detectors in that it is not based on merely the detector structures,
but rather on the acquisition techniques considered as a whole. Thus this is a more
general classification of acquisition schemes and is based on criteria such as search
strategy, sweep strategy for uncertainty region and kind of correlation. The following

sections briefly describe the common acquisition techniques.

2.4.2 The Fundamental Technique: Maximum Likelihood
(ML) Algorithm

Most acquisition schemes may be considered to have evolved from the fundamental
scheme employing the mazimum likelithood algorithm. In this procedure, the received
signal is correlated with all phases of the local PN code. In the strict implementation,
all these correlations have to be done in parallel, so as to make the detector outputs
correspond to the same observation of the received signal (with subsumed noise).
Each detector could be of the form shown in Figure 2.2. Then the correct phase
position is declared to be the one which yielded the maximum detector output. A
more practically viable realization is the serial implementation of Figure 2.5. Here
the correlations are performed serially, i.e., successively, and the detector outputs,
stored. The decision is made as before, but only after all code-phase positions have
been tested.

This technique has the advantage that a definite decision on the code-phase will
be made after a single examination of all the cells and the decision criterion is sim-
ple. However, the disadvantage is that the entire uncertainty region will have to be
examined. This means increased complexity for the parallel realization or increased

search time (especially for long PN codes) for the serial realization.

2.4.3 Serial Search Techniques

The serial search technique was one of the first ones to be proposed. It was originally

introduced by Sage [9]. In this original version, the phase of the local PN replica is
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Figure 2.4: Classification of acquisition techniques.
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Figure 2.5: Serial realization of the ML technique.

varied linearly with respect to the received signal and the decision process to determine
the correct phase is continuous. Hence it is called the sliding correlator. The decision
is based on a threshold crossing. In comparision with the ML technique, this technique
trades off accuracy to achieve shorter acquisition time.

In the modern implementation of this technique, the local PN code-phase is in-
cremented (or decremented) in discrete steps. The size of the step is determined by
the margin within which acquisition is desired. Typically, this size is 1/2 or 1/4 of a
chip. This is known as the stepping correlator.

In the absence of any a priori information of the code phase, the sweep of the
phase uncertainty region is uniform (i.e., the steps are equal) and unidirectional.
Alternatively, the search begins in the region of highest certainty and expands to
regions of lesser certainty. This is termed as an ezpanding window search. In the Z-
type strategy, the search of the cells in the code-phase uncertainty region is performed
in opposite directions in successive sweeps starting from the region of higher certainty,
and thus follows the form of a ‘Z’. The last two sweep strategies are especially useful
in the case of a long PN code.

Techniques with unlimited search time are those in which the serial search contin-
ues for as long as it takes to achieve acquisition, and acquisition is not required to be
achieved within any fixed interval. (This does not mean that the speed of acquisition
is not important.) This is usually the case when acquisition has to take place in
the presence of data modulation on the PN code. In techniques with limited search
time, the acquisition has to take place within a fixed alotted time, and with a high
probability. These are often employed in packet transmission when data modulation

follows a preamble which contains a training sequence used for acquisition.
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Figure 2.6: Single dwell-time PN acquisition technique with non-coherent detection.

Another mode of classification depicted in Figure 2.4 is based on the events follow-
ing the occurence of a false-alarm 2. If the detector can detect the false-lock, recover
and return to the acquisition mode after the lapse of a certain false-alarm penalty
time, its false alarm state is said to be a returning state. If the detector cannot return
to the acquisition mode, acquisition is completely lost, and the false-alarm state is
said to be absorbing.

The dwell-time is the integration time of the detector before a decision is made.
When a single detector is used (or more precisely, when the decision is based on a
single observation and integration), it is said to be a single dwell system. When the
decision is made following multiple observations, it is called a multiple dwell system.
While single dwell and multiple dwell systems are examples of fixed dwell systems
(with fixed integration times), the sequential detection scheme is a variable dwell

technique.

2.4.4 The Single Dwell Serial Search Technique

The system employing this scheme is depicted in Figure 2.6 for the non-coherent
case. The received signal is correlated with the locally generated spreading code and
bandpass filtered. The output of the filter is passed through a square-law envelope
detector, following which integration is performed for a time equal to the dwell-time
in an integrate-and-dump (I & D) circuit. A threshold comparison is then carried
out. If the threshold is exceeded, then the search mode is ended; if it is not, the phase
of the local PN code is altered by one step and the procedure is repeated. This is

continued till a threshold crossing occurs.

2when acquisition is declared for an incorrect cell and tracking commences

































































































































































































































