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(ABSTRACT)

The increasing need for secure, high throughput wireless data networks has led to a
search for spectrally efficient wireless systems which make better use of the available band-
width. We propose that greater spectral efficiency can be achieved in Frequency Hopped
Multiple Access (FHMA) networks by improving the coding efficiency of these systems
through a technique called Variable Rate Coding (VRC). With VRC, an adaptable code
rate is employed during communication allowing a transmitter-receiver pair to adapt the
amount of redundancy provided by an error correction code to the quality of the channel.
This is opposed to a Fixed Rate Coding (FRC) scheme in which a fixed code rate is utilized
to provide sufficient protection for the worst case channel conditions. If the quality of the
channel can be accurately estimated during communication, we show that VRC can pro-
vide significant throughput advantages over traditional FRC schemes for non-orthogonally

hopped FHMA networks.
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Chapter 1

Introduction

Since the FCC began auctioning bandwidth for wireless services in 1994, billions of dol-
lars have been raised for the U.S. Treasury [1]. The magnitude of money pledged by current
and would-be wireless communications service providers is a hint of the accelerating de-
mand for wireless communication services. In the 1990’s the paging and cellular industries
have experienced annual growth rates of 40% in the U.S. [2] with some analysts predicting
50 to 100 million subscribers in the U.S. alone by the turn of the century [3]. Demand for
digital Personal Communications Services (PCS) which can provide integrated voice and
data services has spurred rapid deployment of new digital technologies and standards such
as the Global System for Mobile Communications (GSM) standard and Qualcomm’s IS-95
Code Division Multiple Access (CDMA) standard. Demand for mobile data networks in
hospitals, warehouses, and corporate offices has led to the recent IEEE 802.11 standard and
skyrocketing revenues for Wireless LAN manufacturers such as Proxim. And the tremen-
dous worldwide market for Wireless Local Loop (WLL) systems has encouraged a plethora
of promising WLL products and standards from wireless equipment manufacturers and
technology developers such as DSC, Qualcomm, and Interdigital.

In coming years, the proliferation of wireless applications will cause the available band-
width for such services to become increasingly valuable. For this reason, there has been a
search for spectrally efficient wireless systems which make better use of the available band-
width. This search has created a particular interest in Spread Spectrum (SS) systems which
can offer significant capacity improvements in multi-cell systems. A great deal of emphasis
has been placed on Direct Sequence Spread Spectrum (DS/SS) [4] [5] particularly in PCS

systems, first generation Wireless LANs, and WLL systems. But another wireless network
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technology, Frequency Hopped Multiple Access (FHMA), which uses Frequency Hopped
Spread Spectrum (FH/SS) has become widely used in military packet radio networks for
several years. One example of a wireless military network employing FH/SS is the Single
Channel Ground and Airborne Radio System (SINCGARS) system!, the current standard
combat net radio for the U.S. Army and Marine Corps. The SINCGARS’ FH/SS technology
allowed it to be the only combat net radio that could not be jammed by hostile forces in
the 1991 Middle East conflict. In addition to its popularity in military wireless networks,
FH/SS has recently also found commercial use in the GSM standard [6] [7], the Cellular
Digital Packet Data (CDPD) standard, second generation Wireless LANs, the Geotek Spe-
cialized Mobile Radio (SMR) voice/data network, and in a plethora of low power unlicensed

systems [8].

!The latest generation, the SINCGARS TCS adds data communications to the SINCGARS system.
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1.1 Frequency Hopping

FH/SS provides several advantages over non-hopped narrowband systems including:

1: FH/SS provides a form of frequency diversity resulting in better performance
in a slow fading environment [9].
2: FH/SS provides interference diversity nearly eliminating the possibility of a

single rogue user disrupting the entire system or making the system unusable

for any given user in the system.

3: FH/SS provides a high level of security due to the pseudorandom hopping
patterns employed by the users.

FH/SS also provides several advantages over DS/SS wideband systems including:

1: FH/SS is naturally more resistant to the near/far problem than is DS/SS mak-
ing FH/SS more practical than DS/SS for decentralized networks.

2: FH/SS can aggregate discontiguous blocks of spectrum thus affording greater
flexibility in spectrum management. This is in contrast to DS/SS which requires

a contiguous block of spectrum.

3:  The synchronization requirements for FH/SS are generally less stringent than

DS/SS.

Efforts to increase the capacity of wireless networks have led to heavy research in tech-
nologies such as smart antennas [10] [11] and interference rejection [12] [13] which can
increase system capacity by reducing the effects of interference at the receiver. This thesis
proposes that another technique, Variable Rate Coding (VRC), which adapts the code rate
of an error correction code to the quality of the channel can improve the spectral efficiency
of a FHMA system thereby increasing system capacity?. In particular, we present an anal-

ysis of the potential throughput gains provided by a VRC scheme which uses an adaptable

*We do not mean to suggest that Variable Rate Coding is limited to FHMA applications. The idea of
Variable Rate Coding can be explored for application to any digital communication system to achieve greater
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code rate Ryq rather than a single fixed code rate Ry;; which is designed for the worst
case channel conditions. Fixed Rate Coding (FRC) schemes are designed to provide suffi-
cient error correction for the worst case channel conditions to avoid the severe performance

degradation which can occur if the error correction capability of the code is exceeded.

spectral efficiency. Our analysis in this thesis however is limited in scope to FHMA systems but we believe
the results can give an first order intuitive feel for the magnitude of capacity gains possible for other types
of systems.



CHAPTER 1. INTRODUCTION

1.2 Contribution of This Thesis

This thesis builds upon work of several previous research efforts. Work done by Kim
and Stark [14] [15] examined performance bounds for FRC schemes as well as optimal code
rates for very long Reed-Solomon (RS) error correction codes. The idea of Variable Rate
Coding (VRC) was first proposed in by A.I. Wardhana and B.D. Woerner in [16] where
it was suggested that VRC could provide throughput gains in FHMA systems employing
non-orthogonal hopping patterns. In this thesis, we build upon the work in [14] and [15] by
considering performance bounds of practical length RS FRC schemes for FHMA systems.
We also build upon the work in [16] by undertaking a more rigorous analysis of the idea of
VRC and presenting comparative results under a variety of system conditions and configu-
rations. Synchronous and asynchronous hopped systems are examined with and without the
availability of side information (i.e., information on when ”collisions” occur during system
operation between two or more hopping users).

In particular, we intend to quantify the magnitude of the performance gains possible
with a VRC scheme in FHMA systems and the requirements to achieve these gains. VRC
implementations with theoretical perfect codes (i.e., codes which achieve channel capacity)
as well as practical length Reed-Solomon codes are examined and performance comparisons
are made against various FRC designs.

VRC can provide an effective method for increasing the capacity of many wireless data
systems without requiring additional bandwidth. This could be a tremendous advantage
for future wireless systems which will almost certainly be capacity limited due to rapidly
growing demand for mobile voice and data services as well as the likelihood of future mul-
timedia applications which require high data throughputs. Possible applications of VRC
in FHMA systems could be Wireless LANs, wireless Internet Personal Digital Assistants
(PDAs), future generations for the SINCGARS TCS 2 system, or future military wireless
ATM (Asynchronous Transfer Mode) networks “. In any of these applications, VRC could

3The SINCGARS TCS system is a version of SINCGARS which includes data communications capabilities
“Recently, there has been an increasing amount of interest by the U.S. military in highly secure wireless
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potentially improve throughput performance and allow a larger bit pipe (on average) for
advanced high bit rate applications. VRC would most likely be best suited to cases where
the channel quality does not change so quickly that an adaptable code rate scheme be-
comes impractical. In non-orthogonally hopped FHMA systems where the channel quality
is largely determined by the number of users in the system (rather than fast fading effects),

VRC may be a viable and effective way of increasing throughput.

ATM networks which would be able to provide real-time maps, photographs, and other battle information
to ground forces during combat.
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1.3 Organization of Thesis

Chapter 2 provides an overview of spread spectrum and FHMA specific concepts and
terms. The two major classes of spread spectrum, Direct Sequence Spread Spectrum
(DS/SS) and Frequency Hopped Spread Spectrum (FH/SS), are introduced and explained.
Chapter 3 contains the basic error correction coding theory necessary to understand the con-
tents of this thesis. Two major classes of error correction codes (i.e., ” convolutional codes”
and "block codes”) are introduced as well as important coding theory terms and concepts
such as minimum distance and code rate. Chapter 4 presents the idea of VRC in detail and
explains how VRC can provide superior throughput compared to realistic FRC schemes.
VRC’s compatibility to other throughput improving (or capacity improving) technologies
for wireless networks is also briefly described in chapter 4. Chapters 5 presents results of the
analysis including throughput results for optimal VRC and optimal FRC schemes, compar-
isons between VRC and FRC throughputs, and an analysis of the performance degradation
of both VRC and FRC schemes in a Rayleigh flat fading environment. Finally, Chapter 6

summarizes the work contained in this thesis and outlines future research on this topic.
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Spread Spectrum

Recently, many wireless systems have been moving towards spread spectrum techniques
from traditional narrowband transmission techniques. Some examples of wireless systems
using spread spectrum techniques include the GSM digital cellular standard, the 1S-95
CDMA standard, and the U.S. military’s SINCGARS communications network. The two
most common forms of spread spectrum are Direct Sequence Spread Spectrum (DS/SS)
and Frequency Hopped Spread Spectrum (FH/SS).

The GSM standard employs FH/SS as an option to allow GSM carriers (with up to 8
time division multiplexed users each) to average the interference on several channels. Some
manufacturers of GSM equipment claim that frequency hopping can improve overall Carrier
to Interference ratios (i.e., C/I) by around 2 dB in some cases.

The IS-95 standard employs DS/SS and Code Division Multiple Access techniques to
provide significant capacity gains when compared to traditional narrowband transmission
techniques [5]. The capacity increases that IS-95 promises has lured many U.S. PCS service
providers in 1995 to commit to deploying this new (and relatively unproven) technology in
order to ably compete with traditional analog cellular services.

The U.S. military’s SINCGARS combat net radio employs FH/SS to provide an anti-
jamming capability that has consistently performed well beyond U.S. Army specifications
under combat conditions in the Desert Shield /Desert Storm conflict as well as in the Korean
demilitarized zone.

The reasons why spread spectrum is used in a particular system can vary according to
the requirements of the network as well as the propagation environment. In addition to

providing the benefits mentioned above, spread spectrum techniques can also offer other
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attractive properties depending on the particular implementation considered.
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2.1 Definition of Spread Spectrum

”Spread Spectrum” refers to a system which satisfies three basic conditions [17]. These

three conditions are:

1:  The carrier signal occupies a bandwidth much larger than 1/T; where T is the

message symbol duration.
2:  The signal is pseudorandom (i.e., the signal appears to be unpredictable).

3:  Reception of the signal is accomplished by cross correlation with a locally gen-

erated version of the pseudorandom carrier.

The two most common forms of spread spectrum, DS/SS and FH/SS, are discussed in

the following two subsections.

10
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2.2 Direct Sequence Spread Spectrum (DS/SS)

A
Amplitude
Magnitude
>
time
frequency
Data Sequence [ Data Spectrum ]
A
Amplitude Magnitude
time
frequency
[ Spread Data Sequence] [Spread Data Spectrum]

Figure 2.1: Illustration of Direct Sequence Spread Spectrum [19].

In Direct Sequence Spread Spectrum (DS/SS), a user’s data stream is modulated by a
spreading code (i.e., a PN code sequence with low auto correlation properties) which has a
rate much higher than the original signal. The symbols of the spreading code are referred to
as chips. The resultant signal has a bandwidth many times larger than that of the original
signal. As an example, if the original signal has a bandwidth of B, and the spreading
code has a bandwidth of B, then the transmitted signal has an approximate bandwidth
By, = B, + B, (assuming proper filtering to remove unwanted images). Figure 2.1 shows
time and frequency representations of the user data sequence before and after modulation
by the spreading code and illustrates that the rise in the signaling rate due to spreading

results in an increase in the bandwidth of the user’s data signal. The factor N by which

11
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User input Se()

data streamw Baseband
)
B P BPF
p()

PN Code Oscillator
generator f.

Figure 2.2: Block diagram of a Direct Sequence Spread Spectrum transmitter (binary phase
modulation is implied) [25].

the original signal bandwidth is spread is called the processing gain or spreading gain of the
system. Figure 2.2 shows a block diagram of a DS/SS transmitter employing binary phase
modulation. The block diagram shows that the user’s input symbols are first multiplied
(i.e., modulo 2 addition) by the user’s spreading sequence and then filtered before being

mixed to the carrier frequency f.. The resultant signal can be represented by
sps(t) = A-m(t) - p(t) - cos(2nf. + 0) (2.1)

where A is the amplitude, m(t) is the user data sequence, p(t) is the PN spreading sequence,
and 6 is the carrier phase angle at time ¢ = 0 [25].

At the receiver, the original data sequence is recovered by correlating the received signal
with a locally generated version of the PN spreading sequence used by the transmitting user.
A particularly attractive feature of DS/SS is its robustness in the presence of narrowband
interference. As an illustration, Figure 2.3 shows a spectral representation of a DS/SS signal
received along with narrowband interference before despreading and Figure 2.4 shows the
spectrum of the same DS/SS signal after despreading. In the despreading process, the
received signal is despread to its original bandwidth while the narrowband interference

is effectively spreaded by the factor N. After despreading, filtering can remove most of

12
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A

Interference

e

DS/SS Signal

Spectral density

Frequency

Figure 2.3: Spectrum of desired received DS/SS signal and narrowband interference [25].

the original interference energy. Since only the noise remaining in the band in which the
despread signal occupies is retained after filtering, a DS/SS receiver’s interference rejection
capability is approximately measured by N.

If the active users in a DS/SS system utilize orthogonal spreading codes then their trans-
missions will have low cross correlation! with transmissions of other users in the system and
multiple access capability is achieved. Thus orthogonal spreading codes allow multiple users

to share a common bandwidth. Utilization of unique spreading codes by users in a DS/SS

'1deally, DS/SS CDMA can provide zero cross correlation between users in the system but this ideal-
istic case cannot be achieved on the mobile to base station link in a realistic network due to imperfect
synchronization and multipath effects.

13
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Unspreaded

. Signal

Spectral density

Interference

\
.

Frequency

Figure 2.4: Spectrum of desired received signal and interference after despreading [25].

14
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Code

User 1
User 2
User 3

Freq.

'/Time

Figure 2.5: Illustration of Code Division Multiple Access (CDMA) in which user channels
share the time/frequency space but are assigned unique and orthogonal spreading code
sequences [Libe].

system is a form of Code Division Multiple Access (CDMA). Figure 2.5 graphically illus-
trates that CDMA allows users to share the available time-frequency space while providing
multiple access capability through the use of PN spreading codes. In this thesis, we will not
consider DS/SS further. Instead we will consider the second major class of spread spectrum,
Frequency Hopped Spread Spectrum. For a more complete overview of CDMA or DS/SS
we refer the reader to [4], [8], [17], [18], and [19].

15
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2.3 Frequency Hopped Spread Spectrum (FH/SS)

In Frequency Hopped Spread Spectrum, several users can share a common bandwidth
by utilizing unique ”"hopping patterns” to hop their carrier frequencies among a finite set
of frequency slots. Utilization of unique hopping patterns by the active users can be con-
sidered a form of CDMA although this term has recently become more strongly associated
with DS/SS 2. Systems where the users employ unique hopping patterns to gain multiple
access capability to an available bandwidth are termed Frequency Hopped Multiple Access
(FHMA) systems.

Tx. antenna

\Y

User mixer

data

—» Encoder —9» M-ary FSK ’3
modulator

PN sequence Frequen-cy
generator Synthesizer

Figure 2.6: Block diagram of a frequency hopping transmitter. [Proakis]

In FHMA systems, the available bandwidth is usually divided into a large number of
frequency slots. In most FHMA systems, the frequency slots are contiguous but this is
not a requirement. During any signaling interval each active user transmits in one (or
possibly more) of the available frequency slots. Figure 2.6 shows the block diagram of a
FH/SS transmitter where it is seen that after encoding, the user’s data stream undergoes

modulation and then periodic frequency translation (by means of the frequency synthesizer)

2The strong association of CDMA with DS/SS is no doubt a result of the recent and widespread success
of Qualcomm’s CDMA cellular, PCS, satellite, and WLL products which use DS/SS

16
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to one of the carrier frequencies corresponding to a frequency slot in the available bandwidth.
The modulation is usually either binary or M-ary Frequency Shift Keying (FSK) which
allows for noncoherent detection at the receiver. Phase Shift Keying (PSK) modulation
(which can provide better performance than FSK modulation under many circumstances)
is rarely employed in FH/SS systems due to the difficulty in maintaining phase coherence
between hops [18]. The selection of the frequency slot(s) in each signaling interval is made
with a pseudo-noise (PN) generator. The signal leaving the FH/SS transmitter can be

expressed mathematically as
spp(t) = A - cos(2m fit + 6;)cos(2m frt + Op,) (2.2)

where A is the signal amplitude, f; is the FSK modulation frequency, fp is the carrier
frequency chosen by the frequency synthesizer, and 6; and 6} are the phases of the FSK
modulator and frequency synthesizer respectively at time ¢=0.

Reception of the hopped signal at the receiver is accomplished with an identical PN
generator which recreates the transmitting user’s hopping sequence, allowing the receiver
to hop synchronously with the transmitter. Figure 2.7 illustrates a situation where there
are two active transmitting users (users A’ and 'B’) employing FH/SS in the system .
The x-axis represents time and is subdivided into time slots while the y-axis represents the
available frequency slots (labeled 1-10)2. In Figure 2.7 the active users hop to new frequency
slots at the same instants in time. This is termed synchronous hopping. In Figure 2.7 it
is seen that in time slot 1 user A transmits in frequency slot 10 while user B transmits in
frequency slot 1. In the next time slot, user A transmits in frequency slot 7 while user B
transmits in frequency slot 3. User A’s frequency hopping pattern for time slots 1-7 can
be traced to being 10,7,5,8,2,4,6 (i.e., referencing the frequency slot numbers) while user
B’s frequency hopping pattern for time slots 1-7 can be traced to being 1,3,9,2,7,10,8. If

the hopping patterns of users A and B are specifically coordinated so that the users never

3This is a simplified example since realistic FHMA systems would typically employ a much larger number
of frequency slots
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