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RESEARCH IN COMMUNICATION THEORY

A Summar y of Results

Most of the major results of research performed on this
grant have been published or are pending publication. Here
Is a listing of abstracts which indicates the breadth and dept h
~of results.

The Spread Spectrum Concept

This paper describes an ideal ized spread—spectrum communica-
tion system. The processing gain concept is developed as a meas-
ure of a well-designed system ’s robust performance against Inde-
pendent wide— sense stationary interference. Mul tipath and repeater
jamme r reject ion , partial correlation problems and security re-
qu i rements are related to spread -spectrum code properties.

Grou p Characters: Sequences with Good Correlation Properties

The structure of the group of integers relativel y prime to
n under mult iplication modulo n is reviewed , and the basic proper ties
of characters defined on that group is developed. Appropriately
chosen subco llections of the characters when viewed as per iod ic
sequences are then shown to have relatively ideal auto-correlation

: 1  and cross-correla tion properties , making them su itable for spread-
spectrum CDMA signalling. The resul ts of a computer study indicate
tha t the same subcollec tions when viewed as finite length sequences
also have very good aperiodic autocorrelation and cross correla-
tion pro perties.

Bent— Funct ion Sequences

A class of nonl inear binary sequences is developed which
asymptotically achieve Welch ’ s lowe r bound on simultaneous cross-
correlation and auto-correlation magnitudes. The sequences are
constructed by applying nonlinear feed-forward func tions on an n
stage maximum-length linear -feedback shif t-register generator in
the Galo ls configuration. This technique has an additional attribute
for many applications because the resulting sequences are nonlinear
In that the order of the linear difference equation satisfied by
the sequence can be orders of magni tude larger than the number of
memory elements in the generator. A class of optimum codes is ob-
tained when n~0 (mod 4) and are called affine-subspace ben t-function
sequences. The per iod of the codes is ~~~~ they are balanced and
have three valued cross-correlation functions and three value 4 out-
of—phase autocorrela tion. The correlation magnitudes are i 2r1I2 +1 ,
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/2~ better than Gold Codes. The hardware complexity of these
non linear generators Is approximately the same as that of a
Gol d Code Generator. The size of the class is ~~~~

A Class of Bin ary Balanced Sequences

This dissertation covers a class of binary sequences (#1)
with good correlation properties. Such sequences are known to
play a signifi cant role In many communication problems.

In a wide variety of situations arising in electronics , in
digital computer work , i n ra dar , in spread spectrum , in crypto-
graphy , in ranging systems and in numerous other fields , a need
ar ises for sequences with small correlation.

The class of binary sequences studied in this dissertation
is defined by the following requirements: (a) The length of the
sequence is a power of 2. (b) The number of +1’s equals the
number of -l ’ s; sequences satisfy ing this condition are referred
to as balanced. (C )  The cyc lic correlation function out-of—phase
has only three values: .4,O ,+4. Sequences that satisfy require-
ments a , b and c will be defined as good balanced sequences.
The goal of this research was to find good balanced sequences
of different lengths and explore methods of generating them.
Intuitively, it seemed that there would not be many solutions
to this problem.

In order to find the good balanced sequences of lengths,
4,8 and 16 exhaustive computer search can be employed success-

• fully in reasonable short machine time . Simple exhaustion at
levels 32 and 64 was prohibitively expensive in terms of machine
time ; It was necessary to develop strat gies that allowed the
problem to be handled within practi cal computation limits.

Efficiency of search can be Increased substantially by in-
troduc ing the use of a group of symmetries. The symme try group
generated by cyclic shifting, decimation and complementat lon
can be used to considerable shorten the search procedure .

A different strategy appli ed to lenght h 64-, based on a tree
searc h , is developed. While the strategy is quite efficient,
the number of surviving branches at the fifth level Indicated
that the full search would be pro hlb itvely expensive in terms of
computer time . The search was modified by randomly sampling
the tree structure to obtain estimates of running time for a
com plete search. In the process of this study one good balanced
sequence of length 64 was found.

Par tial -Period Correlation Properties of PM Sequences

This paper outlines a systematic procedure for obtaining
bounds on the distribution F(z) of partial -period correlation
values of sets of periodic sequences. The ab il~ ty to carry out
the procedure depends on the development of linear code S from

_
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the sequence set. Using the Mac wi lli ams-Pless identities ,
moments of F(z) can be related to the weight distribution of
the dual code B~. Bounds on F(z) are then calculated using the
theory developed to solve the classical moment problem.

Spectral Shaping Without Subcarriers

For proper operation of the phase lock loop which tracks
a carrier It is i mportant to minimize the spectral energy at
frequencies near the carrier. A traditional method is to mod-
ulate the data onto a subcarrier in such a way that there is
litt le energy near D.C. The resulting signal then is used to
modulate the carrier. The problem with such a scheme is that
the total bandwidth is much larger than necessary to transmit
the data. This paper proposes and analyzes a simpler scheme
which Increases the data bandwidth by a very small fraction ,
yet reduces the energy near D.C . to nearly zero.

Con tinued Fractions and Berlek amp ’s Algorithm

Theorems are presented concerning the optimality of ration-
al approximations using non -Archimedean norms. The algorithm
for developing the rational approximations is based on continued
fraction techniques and is virtually equivalent to an algorithm
employed by Berlekamp for decoding BCH codes. Several variations
of the continued fraction technique and Berleka mp ’s algorithm
are il lustrated on a common example.

The Fast Decoding of Reed-Solomon Codes Usin g Fermat Theoretic
Transforms and Continued Fractions

It is shown that Reed-Solomon (RS) codes can be decoded by
using a fast Fourier transform (FFT) algorithm over finite fields
GF ( F~ ), where F~ is a Fermat prime , and continued fractions. This
new transform decoding method is simpler than the standard method
for RS codes. The computing time of this new decoding algorithm
In software can be faster than the standard decoding method for
RS co des.

Recurs i ve Deco ders for Convolu ti ona l Co des T ransm itt e d Over Bu rs t
Channels

Convolutional codes have been used against burst channe ls ,
but the ma in emphasis in this area has been placed on devising
special codes which are threshold decodab le and on standard Inter-
l eaving of random error correcting codes.

This work addresses the problem of using Viterbi type decoders
In the decoding of convolutional codes transmitted over finite
state channels.

A modified Viterbi algorithm which min imizes the probability
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of error in jointly estimating the sequences of encoder and
channel states is presented. Digital computer simulation was
used to compare the performance of the algorithm against a two-
state burst -channel with that of standard Viterbi decoder. An S
upper bound to the perfo rmance of the modified decoder is devel-
oped by use of flow graph techniques. A lower bound to the per-
formance Is obtained using a genie argument.

The same genie concept is used to develop a class of adap-
tive decoders which have complexity growth with the number of
channel states smaller than the modifi ed decoder. These decoders
therefore are useful whenever the channel model contains several
s ta tes.

Standard decoding procedures for inter leaved codes are not
efficient , since no information concerning the channel state is
passed along from decoder to decoder. A more efficient class of
(adaptive) interleaved decoders is obtained by using the genie
concept. If enough delay is allow ed , these decoders represent a
promising way of approaching in practi ce the performance of the
(ideal) genie decoder.

Mutual Decoding and Generalized Code Interleaving in Burst-Error
Channel s

This thesis deals with the problem of communicating in burst-
error channels. Burst-error channels are used to represent a
large class of modern communication media; and the problem of

- I communicating reliably through such media has received much study .
Existing techniques include two-way communication scheme that in-
volve error-detection and retransmissi on , and one-way scheme that 2

utilizes error correcting codes in code Interleaving. The error-
detection and retran~’ission scheme is simple but its applicability

- 
I is restricted to l1m ~-ted environments. On the other hand , the

concept of code Interleaving has proved to be a very versatile
and effective technique for dealing with burst -error channe l-s . In
the code interleaving scheme , code symbols from a number of corn-
ponent codes are interleaved before being sent through the channel.
This method effectively di stributes the error-detection and cor-
rection burden amongst the component codes and thus lowers the
overall redundancy requirement. However , the memory character -
istics of the burst-error channel have not been used. This
prompts the investigation presented in this thesis to take advan-
tage of such inherent information embedded in the code interleaving
scheme when used with burst -error channels. Two ideas to accom-
plish this goal are explored namely, mutual decoding and generalized
code interleaving.

Mutual decoding is aimed at utilizing information obtained in
decoding the first component code to aid in locating errors for
the second component code . It is found that the average burst
length of the channel , the depth of interleaving , the symbol de pths
and the work lengths of the componen t codes are determining para-
meters contributing to improved performance of the channel. The
proper relationships between these parameters also suggest some

~~~~~ ~~~~~~~~ - - - 
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useful coding and decoding strategies.
In the generalized code interleaving scheme , attempts are

made to alter error characteristics of the channel by incorpora-
ting matched pre- and post -pro cessing of the channel bit sequence.
By re-distr ibut ing the error loca ti ons , it was hoped that the
first component code can be designed to be princi pally an error-
correcting code with the subsequent codes basically erasure
codes. Unfortunately, this method is found to be Ineffective
for the class of code-channel combinations under Investig ation .

Performance criteria are set up to facilitate performance
evaluation. Theoretical formulati on-s are also devised to pre-
dict code performance and their validity Is verified using com-
puter simulations. Performance is also compared with the theoret-
ically achievable capacities of the channels involved.

CONTINUING EFFORT S

During the last six months of the grant we have been working
in three prob lem areas: (a) the enlargement and generalization
of sequence sets developed from bent functions; (b) coding for
spectral shaping; and (c) the construction of comp letely coherent
wideband m ultiple frequency systems. Portions of the work wi ll
be continued under Grant No. DAAG29-79-C-0054.
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