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ABSTRACT

When transmitting digital information by radio or wire-
line systems, errors may arise from additive noise and from
successively transmitted signals interfering with one another.
This report presents new results on evaluating the probability
of error, i.e., performance, of optimum detector structures
which are obtained when compound statistical decision theory
is used to unravel noisy intersymbol interference patterns in
the received signal, It includes a comparative study of the
performance of certain detector structures and approximations
to them, and the performance of a transversal equalizer.

The report also shows that the optimum compound statistical
decision procedure is not equivalent, either to subtracting
out the interfering energy from the received signal, or to

gathering together the energy which is dispersed throughout

the received signal.
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PERFORMANCE OF OPTIMUM DETECTOR STRUCTURES

FOR NOISY INTERSYMBOL INTERFERENCE CHANNELS

TECHNICAL SUMMARY

This study deal$ with the application of decision
theory to the problem of detecting signals transmitted
over a channel which corrupts the signal by inducing
intersymbol interference and by adding noise. The com-
munication channel is assumed to be time invariant. The
transmission of digital m-ary data is considered. Both
one-shot and multi-shot communication is studied. The
intersymbol interference is assumed to be of finite dura-
tion and to extend over L signaling intervals. The noise
is assumed to be a stationary normal random process.

For multi-shot communication, sequential compound
decision theory is applicable. By making use of this
theory, the optimum sequential detection procedure is
obtained. By definition this procedure uses only past and
present outputs of the channel in order to decide on the
present channel input. This decision procedure is reduced
to the classical m-state decision problem in which the

k-th channel input is corrupted by noise of variance vZ2g?2



F(UZ is the noise variance of the actual physical channel).
Note, v2 is a function of k. The calculation of the
performance, which this formulation allows, has not
previously been realized.

The relationship between the channel iﬁpulse res-

ponse and V2

(and thus, indirectly, the performance of
the decision procedure) is considered. The relationship
involves a difference equation. The convergence of the
solution of the difference equation is studied.

For one-shot transmission, the optimum compound
decision procedure is presented. This compound procedure
results in a generalized expression which can be used to
approximate the decision regions and the associated
probability of error. The probability of error is not
obtainable in closed form, but is studied in depth for
the case L = 3,

In general, it is not known how to evaluate the
actual performance of the compound decision procedure.
Hence, approximations are obtained which approximate the
true optimum compound performance. A channel "output
directed approximation'" and several channel "input dir-
ected approximations' are presented.

A comparison is made between the calculated sequen-
tial compound performance, the simulated optimum compound
performance, the performance of a transversal equalizer,

and the performance obtained by means of one of the above



approximations. For all channel impulse responses con-
sidered, at least one of the approximations was in very
good agreement with the simulated optimum compound pro-
cedure. For the impulse reéponses studied, a method is
presented whereby the best approximation can be selected
merely by examining the values of the sampled impulse
response. Finally, the results show that the optimum
compound procedure is not equivalent to either subtracting
out the interfering energy fromAthe_receiyed signal or to
gathering together the ehergy which is dispersed through-

out the received signal.



Chapter 1

INTRODUCTION

1,1 PROBLEM BACKGROUND

The transmission of information from a "transmitter"
to a "receiver" is fraught with the possibility of incor-
rect reception of the information whether it be communica-
tion via speech, radio waves, sonar, or even a glance
between a man and his wife. The errors in reception are
induced by the transmitter, the receiver, or the "channel"
over which the information is transmitted.

In particular, in the transmission of digital informa-
tion by means of radio or wireline systems, errors will
occur in the reception of the digits. The system design
goal is to reduce the rate of making an error to as low a
value as possible. A model for this communication system is
given in Fig. 1. The transmitter obtains the information
from the information source and sends it over the channel.
The receiver receives the information from the channel and
presents it to the information destination. The channel
includes all parts of the communication system between the
transmitter and receiver over which the information is
transferred, There are essentially two sources of error

in this type of communication system.
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Errors may arise from additive noise. This is a randonm
fluctuation in the received signal which may be due to
noise radiation from the sky, thermal noise in resistors,
shot noise in electron tubes and solid state devices or
other random signals that arise due to the physical attri-
butes of the communication system. Errors also arise from
distortion of the transmitted signal. Distortion may be
defined as departures of the signaling waveforms from the
ideal when the departures are not strictly random. Some
typical causes of this are bandlimiting filters within

the system, echos due to improper impedance matching at
system interfaces, and multibly received signals scattered
from different layers of the Ionosphere or Troposphere.
Such forms of distortion may cause successively transmitted
signals to interfere with one another in which case the
distortion is said to cause intersymbol interference.
Intersymbol interference is, therefore, an undesired
time-overlap of signaling waveforms which may occur in the
transmission of successive digits. If the received signal
waveform is non-zero for a finite time interval, then only
a finite number of symbols are part of the intersymbol
interference. For instance, suppose that the digital
symbols are transmitted at a rate of 1/T bauds and that
the received signal is sampled at the corresponding rate
of 1/T samples per second. Then for a finite duration of

the received signal waveform, the sampled output values



are functions of a finite number of digital inputs—i.e.
each sampled output value is‘dependeht on more than one
input. (The output, of course, depends on the noise as
well.) If the dutput depends on L inputs, the intersymbol
interference is saia to éxtend over L symbols.
Intersymbol interference is especially severe at
high data rates. If one desires to transmit without
intersymbol interference and can tolerate low data rates,
intersymbol interference can be circumvented simply by
transmitting a digit and then waiting until the effects
of that digit become zero at the receiver before trans-
mitfing the next digit. Nyquist [1] has shown that, for
an ideal channel (constant amplitude response and linear
phase response), the highest rate at-which a symbol can
be transmitted without intersymbol interference is 1/T%
bauds where T* = 1/2W 1is the positive frequency band-
width of the system. For non-ideal channels of bandwidth
W it is still possible to transmit at the Nyquist rate
but not without some intersymbol interference. Histori-
cally, the most common way of transmitting digital data
was to transmit binary symbols at a symbol rate consider-
ably less than 1/T*. Intersymbol interference was thus
not that much of a problem. Most of the errors were due
to the additive noise in the system. With the advent of
computers and the desire for remote communication with

computers, it has become increasingly desirable to
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transmit at higher and higher data rates. At these higher
data rates, as the symbol rate approaches 2W' bauds, where
W' is the nominal value fér the baﬁdwidth of the channel,
intersymbol interference becomes more of a problem and
attention has been given to the study of the transmission
of digital information in the presence of intersymbol
interference and noise.

There are two general ways to combat intersymbol
interference. They are as follows:

i. wuse a signaling scheme which either
eliminates intersymbol interference
or holds it to a tolerable level.

ii. wuse a detection scheme which compensates
for the intersymbol interference and
noise.

Various methods, which are used to counteract intersymbol
interference, will be discussed below. These methods
include methods ffom each of the above two categories.
All methods are subject to restrictions imposed by the
finite width of the frequency spectrum of the communica-
tion system;

Four methods which belong to the first category will
be discussed. The first of these methods is to transmit
m-ary symbols instead of binary. The data rate can thus
be increased without increasing the symbol rate [2].

Thus, by transmitting at the highest symbol rate at which
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intersymbol interference does not occur, the rate of trans-
mission of information can be increased without causing
intersymbol interference by increasing m, the number of
signaling waveforms. This increase in the inpuf alphabet
is done at the expense of increasing the effecf that the
noise has in causing an error in the reception of the
symbol.

In most electronic communications, modulation of a
carrier by the mwaveforms of the input alphabet is neces-
sary. For a fixed-lenéth alphabet the data rate per
cycle of bandwidth depends on the type of modulation used.
Vestigial sideband amplitude modulation (VSG-AM) or single
sideband amplitude modulation (SSB-AM) leads to a higher
data rate than does double sideband amplitude modulation
(DSB-AM) [3,4]. The data rate per cycle of bandwidth for
SSB-AM is twice that of DSB-AM while that for VSG-AM is
almost as high as the data rate for SSB-AM.

Spectrum shaping can also be used as a means of
transmission without intersymbol interference. An
example of this is a raised cosine response [3]. The
frequency spectrum of the communication system is modified
by input and output filtering so that the spectrum has a
raised cosine shape. Just as the Nyquist rate gives a
maximum symbol rate for the ideal'chﬁnnel a maximum symbol
rate can be calculated for the raised cosine channel. The

maximum symbol rate for the raised cosine channel is 1less,
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on a per unit bandwidth basis, than the Nyquist rate. To
retain the same data rate leads to increased bandwidth
requirements. The raised cosine channel, in many cases,
is a closer approximation to a real channel than is the
ideal channel and thus is a more realistic communication
model.

Another form of spectrum shaping [5] specifies the
shapes of time-limited transmitted waveforms which are
necessary in order to ensure that, after passing through
the (linear) channel, the received wa?eforms are also
time-limited. For certain channels, the signaling wave-
forms can be so chosen that the time duration of both the
transmitted signal and the received signal can be made
arbitrarily small. Thus for each element of the input
alphabet, a proper shape of the corresponding signaling
waveform can be chosen so that no intersymbol interference
oCCcurs.

A fourth technique which may be used is that of
partial response signaling [3,6]. This includes duobinary
[7] and polybinary signaling [8]. These methods are
closely aligned to the above described method of input
signal shaping. However, these techniques result in
intersymbol interference over a limited number of sampling
times. The input signal is selected so that, by proper
compensation in the receiver, the transmitted message

(neglecting the effects of the additive noise) would be
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received correctly in spite of the intersymbol inter-
ference. Because of the increase in the number of
signaling levels, these methods exhibit a greater degree
of noise sensitivity than other simpler signaling tech-
niques.

The above procedures are ways in which intersymbol
interference can be eliminated or handled with relative
ease. Ideally then high data rates can be achieved with
little or no intersymbollinterference. However, due to
departures from the ideal, intersymbol interference still
occurs and becomes a problem. Also the above schemes
cannot in general counteract intersymbol interference at
symbol rates which approach the Nyquist upper limit of
2W bauds. Methods from the second category (given above)
are thus necessary to compensate for intersymbol inter-
ference and thus allow for the correct detection of the
transmitted symbols in the presence of intersymbol inter-
ference and noise.

Probably one of the more obvious ways of transmitting
information in the face of unreliable reception 1is to use
redundancy coding. This remains a valid method when the
received signal is corrupted by intersymbol interference
and additive noise. The coding scheme used is selected
so that errors which occur in the communication system
may be detected and corrected. This method may not per-

form satisfactorily if an error burst occurs. The use of
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redundancy coding works for moderate data rates but breaks
down for high data rates [9 10]

Another method of compensatlon 1s to use quantized
feedback {11]. With this method the receiver takes the
signal received during any signaling interval, say
KT < t £ (k+1)T and decides on which of the_m possible
symbols was transmitted. Based on this decision and
assuming the channel characterlstlcs are known at the
recewver the remax;d of rhe ¢ignal due to the trans-
mltted symbol 1is generated ThlS generated "'tail" is
then subtracted from the recelved 51gna1 Thus the symbol
transmitted at t1me KT has no effect on the waveform pre-
sented to the detectlon c1rcu1try for t1me t 2 (k+1) T.
Proceedlng sequentlally in this manner for all inputs,
the intersymbol 1nterference can be removed in the
receiver. This scheme is based on the assumptlon that
the symbol is always detected correctly If noise is
present errors may occur. A resulting drawback in this
procedure is that one error may lead to the occurrence
of many more errors.

Probably the most W1de1y used me thod of compensating
for 1ntersymbol 1nterference is to use linear equalization
[9,12- 17].I Here the recelved 51gna1 is passed through a
linear fllter prlor to detectlon. The llnear filter
usually con51sts of a properly termlnated tapped delay

line (or its d1g1tal equlvalent) w1th taps spaced every
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T seconds. This type of filter is called a transversal
equalizer. The tap gains are set so as to minimize some
measure of the intersymbol interference or the inter-
symbol interference plus noise. The sum of tap outputs
with each tap output multiplied by its respective gain
is used in the receiver to make a decision on the value
of the transmitted symbol. Although all transversal
equalizers have essentially the same form different
measures of interference may be used. This leads to
different methods for computing the tap gains.
Some also employ decision feedback and séme adaptively
compute tap gains. A more detailed discussion of £he
transversal equalizer and its use in the compensation of
intersymbol interference is given in Chapter 3.

Another possible way of treating the detection
problem is to use statistical decision theory. The

reason that this treatment is necessary is given below.
The methods of the first category which are listed
above are ways in which, ideally, transmission of digital
symbols can occur without intersymbol interference. For
a real communication system this unfortunately does not
happen. Departures from the ideal result in intersymbol
interference occurring in spite of the techniques which
may be used in an attempt to prevent the occurrence of
intersymbol interference. Thus techniques from the second

category—compensation for intersymbol interference—
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assumes great importance in achieving good data trans-
mission. However, the methods given above for the
compensation of intersymbol interference all have .draw-
backs. Partial response signaling leads to an enhancement
of the effects that the noise has on the received signal.
Quantized feedback leads to fatal error propagations.

The use of transversal equalizers imposes a linear.
solution on a detection problem that, in fact, actually
has a non-linear solution. As such, the transversal
equalizer is a sub-optimum solution to the detection of
signals in the presence of intersymbol interference and
noise. The other above detection methods .are also sub-
optimal. A better solution—i.e, a-detection scheme which
has a lower probability of.error—~should be sought. - For
best data'transmission it is necessary to seek the

optimal or best detection procedure.

This optimum detection or decision procedure can be
obtained from the results of decision theory. Decision
theory specifies what decision should be made about the
value of a symbol in order that the :probability of making
an error 1s minimized. By .means of decision theory, Chang
and Hancock [18] have presented a solution to the problem
of detecting symbols transmitted over a noisy intersymbol
interference channel. Their solution is an approximation
to the optimum detection procedure which uses the min-

imization of the probability of making an error in the
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message as an optimality criterion. A more common and,
perhaps, more useful optimality criterion is the minimiza-
tion of the expected number of errors in a message, This
latter optimality criterion is used in this report., The
application of statistical decision theory to noisy inter-—
symbol interference channels and the results of such an
application are the méin concern of this investigation.

We develop the optimal procedure for the detection of
symbols in the presence of both intersymbol interference
and noise, and present a calculable measure of the prob-
ability of error inherent in the decision procedure. Note
for the sub-optimal procedures mentioned above and for the
Chang and Hancock procedure, the probability of error
associated with each procedure could not, in general, be
calculated. The performance (probability of error) could
be obtained only by simulating the procedure on a computer.
Our investigation also allows the comparison of the perfor-
mance of some sub-optimal procedures with the performance of
the optimal procedure. Such a study was needed, for it
provides a specification of what the optimum detector
structure should be for good data transmission and what

the associated expected performance would be. The specific
nature of the study presented in this report is outlined

in Sec. 1.2.
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1.2 SCOPE OF THE WORK

This study deals with +the transmissions of m-ary
digital data over a noisy intersymbol interfeérence channel
which has interference extending over L :signaling periods.
The noise is considered to.be uniform over the frequency
spectrum of interest. The n01se samples are con51dered to
have a normal dlstrlbutlon Both one- shot and mu1t1 shot
transmission is examined. The channel impulse response is
assumed to be time invariant and is assumed known. Tt is
expected that the results obtained can be extended to
time variant channels without ‘a great'deal of difficulty.
As pointed out in Sec. 2.2, these.restrictions are not
too prohibitive. ' _

The optimum detection of the transmltted symbols 1s
con51dered tor both one- shot end multi-shot transm1551ons
For both these cases the optlmum detectlon procedure w1th
its associated decision reglons is derlved For each of
these cases the theoretical pfobébility of error is giveh.
For multi-shot transmission, the-probability of error is
calculated. For one-shot transmission good approximations
to the probability of error are calculated.

Note that the calculation of the probability of error
or of‘its approximatioh is important ThlS calculatlon
provides a ba51s for the evaluatlon of schemes which are

proposed for the compensatlon of 1ntersymbol 1nterference
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It allows one to determine how well the proposed procedure
works in relation to the optimum procedure. The calcula-
tion also allows one, with relative ease, to determine how
the performance is affected by a change in the impulse
response of the channel. This would allow one to design his
communication system to obtain best results by shaping his
impulse response so that good performance could be obtained.
Regions in which the optimum rulé performs well are speci-
fied in the report. Another important facet of this
calculation is that it avoids the need for simulations in
order to obtain an estimate of the probability of error.
Due to the complexity of the calculation, the probability
of error associated with various schemes proposed by other
authors [5-9, 11-187 to compensate for intersymbol inter-
ference was not calculated. The probability of error was
obtained only by simulation of the classification pro-
cedure on a digital computer. To get an accurate estimate
of the probability of error at high signal-to-noise ratios
means that many transmitted symbols must be simulated.
The calculations presented in this report avoid the expense
of long computer simulations.

Finally, the report presents comparisons of the
performance of the optimum procedure, the approximations
to the performance and the simulated performance of a

transversal equalizer.
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In Chapter 2 a discussion of the noisy intersymbol
interference channel and a model for ‘that channel is pre-
sented. Chapter 3 discusses in more detail several of the
detection schemes which have been presented above. Since
decision theory is used in arriving at the evaluation of
the probability of error, Chapter 4 gives a tutorial pre-
sentation of those aspects of decision theory which are
used iﬁ this report. Chapter-4 élsb considers the
work by Chang and Hancock dealing wifh the application of
decision theory to noisy intersymbol interference channels.
In Chapter 5, sequential compound decision theory is
applied to the multi-shot transmission case. The rule
for decision is presented along with the theoretical
probability of error. The types of channel impulse re-
sponses for which the rule is applicable along with an
indication of the relationship between the performance and
the impulse response is also given. Chapter 6 preSents
the application of non-sequential decision theory to one
shot transmission, the resulting decision region, and the
theoretical probability of error. In Chapter 7, the
probability of error, evaluated as described in Chapters
5 and 6, is given for various channels. Comparisons are
made between
i. calculated probability of error
ii. calculated approximations to the probability

of error



19

iii. probability of error obtained from simula-
tions of the optimum decision procedure

iv. probability of error obtained by simulations
of the transversal equalizer

Chapter 8 gives a summary and suggestions for further work.
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Chapter 2

INTERSYMBOL INTERFERENCE
2.1 SOURCE OF INTERSYMBOL INTERFERENCE

As noted in Chapter 1, intersymbol interference is a
problem for moderate to high data rates. Sunde [19] gives
a presentation which shows how the physical characteristics
of the channel bring about intersymbol interference.
Intersymbol interference is caused by deviations in the
phase and gain characteristics of the channel in the band-
pass region and by low frequency cut-off of the signal in
the bandpass.

As an example, consider the transmission of amplitude
modulated impulses through an ideal lowpass channel with
gain and phase characteristics as given in Fig. 2. The
symbols are transmitted at a rate of one symbol every
T# = 1/2W seconds. The impulse response of the channel
is the well known 512—%%%% . This function has a zero
crossing at every point which is a multiple of T* seconds
away from the peak which occurs at t = 0. Now if a symbol
is transmitted every T* seconds, the received signal will
consist of superimposed 512—%%%% responses as shown in

Fig. 3. The magnitude of the peaks is dependent on the

value of the transmitted symbol. The peaks are separated
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by a distance of T* seconds. Since the peak value due to
any symbol occurs where the response to all other trans-
mitted symbols is zero, i.e. at t = * iT*, i = 0, 1, ..., o,
intersymbol interference (at these instances) is eliminated
in the sampled received waveform and in the detection
process. Nyquist's theorem states that for this ideal
channel, a symbol rate of 2W bauds is the highest rate

that can be obtained for which the transmitted waveform

can be reconstructed at the receiver.

For a real channel, the amplitude response is no
longer constant, the phase response is not linear and the
frequency cut-off is not sharp. One effect of all this is
to make the time separating the zero crossings of the
impulse response greater than T* seconds. If one would
continue to transmit and sample every T* seconds, the
sampled received signal would be corrupted by intersymbol
interference. Because of the desire for high data rate
communication all modern systems must be designed with
intersymbol interference in mind. The detection process
must be one which makes a good decision about the trans-
mitted symbol in the presence of both intersymbol inter-

ference and noise.
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2.2 FORMULATION OF THE PROBLEM

In order to study intersymbol interference a model
for the communication system is necessary. A commonly
accepted model for a digital communication system is given
in Fig. 4. The inputs, Bk’ k=1, ..., N, which are
discrete random variables, may take on one of m values
(for m-ary data)*. The time interval between inputs will
be taken to be T seconds. The random input at time kT is
b

1, LI I Y mo

The channel of Fig. 4 is, in general, a bandpass channel

denoted by Bk' Bk takes on one of the values b

with transfer function HB(w). The channel adds noise,
N(t), to the signal. N(t) is a random process. Let
si(t—kT) be the transmitted signal corresponding to the

input Bk when Bk = b., i.e.

1,
S (t-KT) = s. (t-XT).

Then the total transmitted signal, S(t), is the sum of the

component signals

N
S(t) = ) S, (t-kT).
k=1

After passage through the channel, the signal is demodulated,
sampled every T seconds and passed through a detector. The

detector uses the sampled received waveform to generate

*
Note throughout the paper when upper case letters are used
to denote random variables, lower case letters will denote
the values of the random value.
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Pal Y

estimates, Bl""’BN’ of the values of B »B

12+ By
It is desirable to consider communication over an
equivalent low pass system. To do this the modulator,
demodulator, and actual channel are incorporated into an
equivalent low pass channel and a low pass equivalent of
Sk(t-kT) is generated by the waveform generator. This
situation is shown in Fig. 5. The equivalent signal,
Seq(t), generated by the low pass system can be specified

in terms of the actual transmitted signal, S(t). The

transformation is given by

_ ot -j2rf t
Seq(t) =S (t) e .o

and S(t) = Re[Seq(t) ejznfot]

where S+(t) is the analytic signal having as its spectrum
double the positive frequen-y spectrum of S(t) and fo is
the carrier frequency of the actual communication system.
Seq(t) is in general a complex signal. For DSB-AM, how-
ever, Seq(t) is real. For VSG-AM, SSB-AM, frequency shift
keying (FSK) and phase shift keying (PSK), Seq(t) is
complex valued.

The equivalent waveform generator of Fig. 5 may be
considered to be an impulse generator, the output of which
consists of impulses modulated by the input symbols,

followed by a filter as shown in Fig. 6. The communication

system of Fig. 4 can thus be reduced to that shown in
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Fig. 7. Here H(w) is the transfer function of the channel
with corresponding impulse response h(t). H(w) and h(t)

are related by the following equations:

[ee]

h(t) = = / H(w/2m) et dy

- 00
[oe]

H(w/2m) = / h(t) e It g¢.

The system of Fig. 7Ais the communication system model
which wiil be used for this report.

Pof this paper it will be assumed that DSB-AM is used.
This assumption is done for simplicity in the analysis of
the problem. The assumption implies that h(t) is real.
Assumptions of SSB-AM, VSG—AM, PSK, or FSK would lead to
a complex valued h(t). -It is expected that a complex
valued h(t) would lead, without too much difficulty, to
results similar to thos which will be presented. An
indication of what would happen for a complex valued h(t)
is given in Sec. 8.2.

The assumption is .also made that the channel impulse
response is time invariant. This is not too prohibitive
a restriction since a time variant channel can be approx-
imated by a temporal succession of different channels.
For instance, equally spaced sounding signals could be
transmitted over a time variant channel. The purpose of

the sounding signals would be to measure the channel
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impulse response. Between sounding signals data could be
transmitted. If the channel is not varying too rapidly
the channel impulse response can be assumed constant
between sounding signals. Between sampling times the
model of Fig. 7 would then be applicable with the channel
represented by a time invariant h(t). h(t) would be
allowed to change immediately following the reception of
the sounding signal. Slowly time varying channels can
then be approximated by a series of different time invar-
iant channels and the above assumption is thus not
prohibitive. Moreover, it will lead to ease of analysis.
In Fig. 7, let the output of the impulse generator

be denoted by B(t). Thus,

B(t) = ﬁ:‘Bké(t—kT). (1)
k=1

B(t) is thus a random process. This assumes that the
first symbol is transmitted at t = T. Using the convolu-

tion theorem

]

R(t) =/ B(t) h(t-t) dr

- 00

N e} .

= Z / By 6 (t-kT) h(t-t1) dt ; (2)
k=1 -

E:Bk h(t-kT) . (3)

k=1

R(t)



32

Since X(t) = R(t) + N(t)

X(t) =:§5 By h(t-kT) + N(t) . _ (4)
k=1

The sampled output can be given as follows: define
hy = h[(i-1)T+T'], X; = X(iT + T') and N; = N(iT + T')
where 0 < T' < T. T' is a pure delay time in sampling
X(t). Note for different values of T', the hi may be
drastically different. A heuristic way of specifying the
h. is to choose T' so that hi equals the maximum of the

absolute value of h(t) for some i. Throughout the
report the assumption is made that only L symbols interfere

at the output. This assumption means that

h, =0.i<1, i> L. (5)

X, = h,B, + h,.B + L., + hLBk—L+1 + Nk . (6)
Since the noise, N(t), is a normal random process which
is assumed uncorrelated at the sampling instants, the
Nk’ k=1, ..., N+L-1 are normally distributed random
variables.

The problem which is dealt with in this study is the

problem of determining the correct processing of
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Xk, k =1, ..., N+L-1 so that the "best'" estimate of the
12 o BN’ can be determined. This

means that the optimum detector structure as specified

input sequence, B

from decision theory must be studied. The following are
assumptions which will be employed in studying the
detector process.
i. h(t) is known—it is either known
a priori or obtained through measure-
ments of the channel
ii. the sampling operation performed in the
detector is perfectly synchfonous.
iii. the a priori probability of a symbol = 1/m
(equally likely inputs).
iv. mnoise samples are uncorrelated and are
normally distributed with mean 0 and
variance 02.
Note throughout this report that a random variable
X, is normally distributed will be noted as
X ~ N(u,cz) where 1 is the mean ana 02 the variance of the
distribution. Thus iv. means that Nk ~ N(O,oz),
k=1,..., N+L-1.

With these assumptions and the results of decision
theory the optimum detector structure for the communication
system of Fig. 7 can be specified. The detector is studied
with a view towards finding the decision regions and

specifying or approximating the probability of error. This
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is done for both one-shot and multi-shot transmission of
data. Prior to this study, however, several methods
which have been used to combat intersymbol interference

will be examined briefly in Chapter 3.
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Chapter 3

COMBATING INTERSYMBOL INTERFERENCE
5.1, WAVEFORM SHAPING

Before reviewing decision theory and studying its
application to intersymbol interference channels, it will
perhaps be interesting and useful to study non-decision
theory oriented approaches which have been taken in an
attempt to combat intersymbol interference. One approach
that is taken by Gerst and Diamond [SL is input waveform
shaping. They choose si(t-kT) (see Sec. 2.2) so that it
is zero for t < kT and t > (k+1)T. 1In addition, the form
of si(t-kT) is chosen so that the output due to the
kth input is zero for t < kT and t 2> (k+1)T. Thus
transmitting at a rate ¢l one symbol every T seconds there
would be no intersymbol interference in the system. Gerst
and Diamond state that such a si(t—kT) can be found if the
system is a general lumped-parameter system or a general
finite RC traﬁsmission line. A difficulty with this
approach is.that, for implementation, a knowledge of the
impulse response is necessary at the transmitter. In many
cases, the impulse response is unknown at the transmitter.
In this case, input waveform shaping would be impracticable

to use. Furthermore, the use of input waveform shaping
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increases the bandwidth requirement of the system. This

is often undesirable,
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3.2 TRANSVERSAL EQUALIZERS

Probably the method that is currently most commonly
used in an effort to combat intersymbol interference is
that which employs transversal equalizers. As shown in
Fig. 8, a transversal equalizer consiéts of a properly
terminated tapped delay line (TDL) or its digital equiva-

lent with M taps. Each tap output is weighted by the

WM-1
b b 2 hd
tap outputs are then summed to give the transversal

corresponding tap gain Ei, i= #0,... The weighted
equalizer output.

Note when the transversal equalizer is connected in
tandem with a communication system with impulse response
h(t), the impulse response of the tandem system is given

by e(t) with

M-1
2
e(t) = jg: cy h(t-iT+TD) (7)
. ~M+1
1772
where 1. is the value of t at the peak of h(t).

b
Define e, = e(nT). Then the sampled impulse response of

the tandem system is given by

M-1
2 N
e = Z ¢; h((n-1)T+1y), (8)
josM#1
2
The equalizer is usually designed so that the value of ey

is large compared to the other sampled values of e(t).
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For best performance the equalizer makes a decision on an
input Bk when the value of Bk has the greatest effect on
the output of the equalizer. Denote this output as

(eout)k' Then since e, >> €;, 1 # 0,

|
[«
=}
oe]
T
o}

(eout)k -

ei h((n-i)T + Tt

™
™

D) Bk-n' (
ns-o . _-M+]1
2

This sampled output of the tandem communication system,

(eout)k’ is put into a quantizer. The decision as to the
value of Bk is then made based on the quantization of
(eout)k'

The tap gains, Ei, are determined by solving a set of
simultaneous linear equations. There are many different
versions of transversal equalizers which are employed.
They differ in the criterion used to arrive at the simul-
taneous equations for the tap gains and the method of

solution of these equations. Define

M-1 M-1
1 < 2 1 2
Da = e—z Z ej and - DB = -I—e':r Z Iejl
O . -M+1 . -M+1
J= 2 : J= /)
ij#0 j#o0

There are then three different criteria which are commonly

used to arrive at the values for the tap gains. These are

9)
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- minimization of Du [3, 12] (this does not

take the noise into account)
- minimization of DB [3, 12-14] (this also does

not take the noise samples into account)
- minimization of mean-square error due to both

| intersymbol interference and noise

[3, 15, 16],

These three criteria are used in arriving at the linear
simultaneous equations which are solved for the tap gain
values. These equations can be solved using matrix algebra
or with the use of iterative techniques. There are three
basic iterative techniques which are used. One technique
uses a fixed-increment adjustment to the tap gains. The
sign of the increment depends on whether the tap gain value
is above or below the optimum value. Another procedure
uses two increment sizes. A large increment is applied to
a tap gain if the tap gain value is very much in error and
a small increment if the tap gain value is close to the
optimum value. A third iterative technique is based on a
Steepest descent approach and uses an increment size which
is proportional to the gradient of the mean-square-error-
surface for each particular tap.

The iterative techniques can be applied prior to data
transmission by transmitting test signals before the data
signals. Alternatively, the iterative techniques can be

applied during data transmission by transmitting a test
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signal periodically or by using the data signals themselves
to adjust the tap gains.

A transversal equalizer which makes use of decisions
made on previous inputs in deciding on the value of the
present input has been developed by Austin [12]. In
deciding on the value of Bk his '"decision-feedback
equalizer'" uses a quantized feedback procedure in order
to subtract from the received signal all the effects of
symbols Bl""’Bk-l' The decisions on Bl""’Bk-l have
previously been made. In applying this detection pro-
cedure it is assumed that all previous decisions are
correct. In addition, Austin's equalizer uses a criterion
which minimizes the mean-square error due both to inter-
symbol interference and noise which, in theory, minimizes

the effects of B .,BN on the decision process.

k+1°°°
The reader is referred to the above cited references
for a discussion of the performances of the various trans-
versal equalizers described. The transversal equalizer
implements a linear procedure in making a decision on an
input. The optimum solution, as described in Chapter 4,
has a non-linear structure. Thus the transversal equalizer,
although it performs very well for some impulse responses,

restricts the receiver structure to be linear when in fact

the optimum solution is non-linear.
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Chapter 4

APPLICATION OF DECISION THEORY TO INTERSYMBOL INTERFERENCE
4.1 DECISION THEORY

In order to determine the structure of the best
receiver, use must be made of the results of decision
theory. Basically, decision theory is a means whereby an
object or quantity is classified as belonging to one of
several classes. This classification is dependent on the
values of measurements which are made on the object or
quantity. For instance, consider the mass production of
some electronic device. Some devices are defective and
some are non-defective. Suppose it is known that the input
resistance of defective devices is normally distributed
with a mean of 100K ohms and that the input resistance of
non-defective devices is normally distributed with a mean
of 200K ohms. Assume further that the variances of the
distributions are known. Decision theory tells one whether
to classify a device as defective or non-defective based on
the measurement of the input resistance of the device.
Associated with each decision about the class to which the
device belongs is a probability of error. This probability
of error is also determined from the results of decision

theory.



43
Decision theory can be split into three parts—simple,
:compound, and sequential compound. A brief review of these
three parts of decision theory is presented prior to
applying decision theory to noisy intersymbol interference

channels. The following definitions are used:

Xk = (Xlk, ceey Xnk) - a vector random variable
corresponding to the measurements made
on the kth object;

(Xlk’ cee, xnk) - the measured values of Xk;

wn ~
W

]
)

set of all possible values which Xk may

assume ;

[
I

class or state of nature to which the

unknown belongs;

Ee}
1]

{i|]i=1,...,r} i.e. Q is the set of all
possible classes in which the unknown
may belong:

decision that is made on the unknown 1i.e.

.
[}

the class in which the unknown is said

to belong;

=3
I}

~

(IN

j=1,...,s} i.e. A is the set of all
possible decisions that can be made
about the unknown;

Lij = loss incurred in classifying the unknown
as belonging to class j when the state

of nature is i;



44
t(j|X) = probability of classifying the unknown

in class j given the value of X that is
observed. (t is called the "randomized
decision function').

Note, usually A = @ although this need not necessarily be

so. If for all X, t(j | X)= 1 for some j € A and

t(j' | X) = 0 for all other j'e A and j' # j, then

t(j | X) is a non-randomized decision function.
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4.1.1 SIMPLE DECISION THEORY

In simple decision theory, there is one observation
vector, Xl’ and one object about which a decision must be
made. The r x s loss matrix {Lij} is assumed known. The
object is to determine t(j | X1

Define the ''risk function'", R(i,t) as the expected
loss incurred by using the decision rule t(j | Xl) given

that the object to be classified came from class i [20].

Then

R(i,t) = 2 f Lij t(J | Xl)p(xl I i) Xm (10)
j=1 S

where p(X1 | 1) is the probability density function of the
random variable X1 given that the object actually came from
class i. Define the a priori probability of the class
being 1 as q; - Note, jé: q; = 1. The average or Bayes

risk is then i=1

R(q,t)

T
:E: R(i,t)a;
i=1
S T
f S0Y aplitG | Xpeex | 0dx . an
s- =1 i=1

As a criterion of classification a t(j | Xl) is chosen so

that the Bayes risk is minimized. For the usual case of
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a non-randomized decision rule, minimizing the Bayes risk

T
is equivalent to minimizing E Lijp(X1 | i)q;. A com-
i=1
monly treated situation is that in which Lij =1- 6§...

1]
In this case the minimization of the Bayes risk is
achieved by setting j equal to that i for which
p (X | i)q; is maximized.

If the statistical characteristics of X4 and the

a priori probabilities are known the optimal procedure can
be implemented. If the a priori probabilities are not
known, a scheme for classification can be based on

minimizing the maximum Bayes risk [20]. This procedure

is called a "minimax procedure".



4.1.2 COMPOUND DECISION THEORY

In contrast to simple decision theory in which,
based on the value of a vector random variable, a deéision
about one unknown is made, compound decision theory makes
a decision about N unknowns based on N random vector var-
iables.

Let 0, = (ol,...,ek) be a random vector which consists
of the first k unknowns. Also let Xk be a vector composed
of the first k Xi’ i.e. X, = (X

k 1’
Ek is denoted by Xy = (xl,...,xk). The results of compound

..,Xk). The value of

decision theory are predicated on the assumption that given
Oi’ the probability density function of Xi is independent

of the other Xj's and other Oj's. That is

p(xil éi‘l’xi"‘l"”’XN’Q-N) = p(\l I@). kl:—)
The O.l need not be independent. A compound decision rule
1s given as EN = (tl""’tN) where t, = tk(jliN) 1s
defined, in a manner analogous to the definition of
t(j | Xl)in Sec. 4.1, as the probability ot deciding

O, = J glven the value of X, that is observed. In a

=N
manner analogous to that of simple decision theorv Jdetfine
the "ith component risk function', R(QN,ti), as the

expected loss incurred on the ith decision bv using the
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decision rule t, (j | X\)

R(9,,t ./. :E: Ly 0.5 t; (1% P(Xyloy) dXy...dxy

where SN, the N-fold cartesian product of S, is the range

of KN'

the average of the component risks

The compound risk, R(QN,EN), is then defined as

(@ , T

S

1/N J[

SN j=1

Let G(QN) be an a priori probability distribution of

t, G X) pXyley) dX .. .dX |

:.rijI'tvjz

Oy over the domain QN (QN is the N-fold cartesian product

of Q). The compound Bayes risk is then given [20] as the

average of the compound risk as follows:

R(G,ty) = :E:# R (9 )G (Oy)

QNE Q
S
- 1/N Z t / Z Ly 5 t;(1X Xy )P Xy | 0y) G (9, dx™
oye N i1 j=1 *
= 1/N }?: R(G,t.)
|

R(G,t;) :E: R(y,t;)6(0) -
O £ Q

The criterion for making an optimum decision is to minimize
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the Bayes risk. This is equivalent to choosing ty so that
ﬁ(G,ti) is minimized for every i. Denote the ty which

minimizes K(G,EN) as t G

G
N L

N is called the '"compound

Bayes procedure".
For the common case of a non-randomized decision
rule the criterion is equivalent to setting ti(leN) =1

for that j for which

> ;Leij P(Xy|8y)G(y) = j{:Leij P(Xy,0;) - (13)
N %

is a minimum. For the special but common case of

A = Q and Le.j = 1—Sij, the minimization of (13) reduces

i
to the maximization of p(KN]@i)P(Oi). Note if the 0, are

independent, the minimization of (13) reduceé to maximizing
p(X;10,)P(0;). |

Abend [20] states that compound decision theory is
necessary if the states of nature are not independent or
if the a priori probabilities are not known. For the
purposes of this study it is assumed that the a priori
probabilities are known. In this study compound decision
theory will be employed in those cases in which the states
of nature are not independent.

In Sec. 4.2.1 application of the above results are
made to intersymbol interference channels. Before doing
so a special case of compéund decision theory-—sequential

compound decision theory—will be studied.
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4.1.3 SEQUENTIAL COMPOUND DECISION THEORY

In compound decision theory, a scheme, which was based
on all observed values, for making decisions was derived.
In some cases all N observations are not available when a
decision about some Ok must be made. If only the first k
observations, Kk’ are available when the decision is made
on the kth unknown, Ok, the results of sequential compound
decision theory apply. The decision rule is called a
"sequential compound decision rule'".

To obtain this sequential compound decision rule one
proceeds in a manner analogous to that of the compound
case. The assumption is again made that given Ok, Xk is

independent of the other Xi's and @i's, i.e.

P X 1Ky 1o Xppqs Xy 8) = P(Xgl8y). (14)

Using the notation of Sec. 4.1.2 the Bayes risk is given

N

[20] by K(G,EN)= K(G,tk) where

k=1

CHSEED D) zf Ly 5 tUI5IPX g6 et as)
Oke 9] S

1
N

For optimality the decision rule is chosen to minimize the
Bayes risk. This is equivalent to minimizing, for every

k, ﬁ(G,tk). As before, for a non-randomized decision rule,
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this is equivalent to setting t, (j | X,) = 1 for that j

which minimizes

2 Lo PyI0IB@) = DLy L0 - (1)
Ok Ok

In Sec. 4.3 this optimization criterion is applied to the

intersymbol interference channel to obtain a decision rule.
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4.2 APPLICATION OF DECISION THEORY

For the one-shot transmission of N symbols, the
optimum receiver can be given. Let the sequence
(Bl,...,BN) be denoted by the random variable w. Let
U be one of the mN possible sequences which 7 can
assume. XN is the set of measurements. Xk is given as
in eq. (6). Then based on KN a decision is required
about m. Simple decision theory is applicable. Thus

from Sec. 4.1.1 m is chosen equal to ﬂj for that w.

for which

Q B Z LTri'n'j p(X.N|1T = Tri)G (Tr = 'n'i) (17)
e
1

is minimized; here g(m = ﬂi) is the a priori probability

associated with m. For L = 1-§ , this reduces to
ﬂiﬂj LY
—choose = m. for that w. f hich XN = T, T = T,
se T s r tha m; for whic p (X | nJ)G( ﬂJ)

or P(r = ﬂjIXN) is maximized, i.e. m is chosen equal to

J
rule could be implemented to make a decision about the

m. if P(m = ﬂjlzN) 2 P(m = ﬂj'IZN) for all j' # j. This

value of the inputs. The rule provides for the minimiza-
tion of the probability of making an error in the message.
It is the optimum rule if the minimization of message
error is used as a standard of optimality. There is a

drawback to this procedure. As N increases the number
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of different ﬂj increases as mN. Thus for N large the
number of calculations necessary to implement this pro-
cedure would be prohibitively large and the process
would be impractical. An approximation to this rule will

be examined in Sec. 4.2.1.
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4.2.1 CHANG AND HANCOCK DETECTOR

As noted above the optimum detector of Sec. 4.2 is
impractical to implement due to the complexity of imple-
mentation growing as mN. By turning to compound decision
theory and a different loss function Chang and Hancock
[18] find a less complex detection scheme which can be

implemented. They define

L-2 L-1

Op = A = By + B, _qm +...+ B * By p. M . (18)

k-L+2™

A decision is made as to the value of the states,

0, i=1,...,N. From this decision about the @i's, they

determine the values of the transmitted symbols, By-

detector that Chang and Hancock seek is optimal from the

The

viewpoint of minimization of the probability of making an
error in the estimation of a state, ©O..

From (6) it can be seen that Xk depends only on
Bk""’Bk—L+1 and a noise term*. Hence eq. (12) is
satisfied and the application of compound decision theory
is justified. The states of nature are not independent

and hence compound decision theory is necessary. Assuming

*
As noted previously the noise terms are assumed to be
uncorrelated zero-mean normal random variables.
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equal a priori probabilities and letting Ly.g. © 1-6ij
;93
j for that j for which

the optimum solution is to set O,
p(KNIOk = j) or equivalently P(0, = jlXy) is maximized.
This loss function insures that the probability of making
an error in the decision about the value of the state 1is
minimized. Since p(KN) is independent of the value of
Ok, the rule may be expressed as—set ek = j for that j

for which
PO = 31X ) (19)

is maximized.

This is the decision rule which Chang and Hancock use.
They have developed a method whereby (19) is calculated
sequentially. The degree of complexity of the detector
thus increases only linearly with N. As noted in Sec. 4.2
the complexity of the detector obtained using simple
decision theory increases as mN. Furthermore, Chang and
Hancock note that if T is the true state of nature and
if P(m = ﬂTIEN) > %, then their detector is equivalent to
the optimum detector of Sec. 4.2.

This detector implementation has several drawbacks.
Because 0, is not independent of 0;_q not all possible
sequences of Oi, i=1,...,N are realizable. In the case

of an error made in the decision about the value of ei an

improper sequence of O's may occur. This sequence would
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not yield a unique determination of the input signals

B.

;o i=1,...,N. If this non-unique determination of the

Bi is over J adjacent symbols, Bu""’Ba+J-1’ Chang and

Hancock suggest that a maximum likelihood decision be made

on the J symbols. Thus, let the sequence Ba""’Ba+J—1

be denoted by Y and let ﬂiJ be one of the mJ possible

values for the sequence Ba"“’Ba+J-1' Then as in
Sec. 4.2, the maximum likelihood procedure is to set
) = ﬂjJ for that ﬂjJ for which P(TrJ = ﬂjJ | Xy) is a
maximum.

A second drawback to the Chang and Hancock procedure
is that the information must be transmitted in blocks of
N m-ary digits with adequate guard space between adjacent
blocks. This means that if N is large, one must wait a
long time after the initiation of the transmission to
receive all the outputs and start classifying the inputs.
The reception of the first part of the message 1s not
possible until all of the message has been received. If
N is small this is not a very big problem; however, the
effective rate of transmission is then very much reduced

from one digit every T seconds.



4.2.2 MINIMIZATION OF THE EXPECTED NUMBER OF ERRORS

It has been pointed out [21, 22] that the optimum
receiver, as derived from decision theory can be
expressed in a manner other than that given in Sec. 4.2.
Using the notation of Sec. 4.2, decision theory says to

minimize

Q = § :Lﬂ.ﬂ. P(m = ﬂiIKN)
1]
.
i

and set j equal to that value for which Q is a minimum.
Instead of defining a loss function as per Chang and

Hancock (Sec. 4.2.1) define [21]

N
L"i"‘ ) Z L(Bac’Bocs)'
J a=1

L(Bu;’BaE) is the loss incurred by saying Ba = bg’
g =1,...,m when, in fact, Ba = bC’ z=1,...,m.
Furthermore, let L(Bac’Bag) = 1-6c£' This choice of

a loss function is equivalent to minimizing the risk
associated with classifying each input symbol, i.e. it
minimizes the expected number of errors. Using this

loss function

57
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N

N m
q = Z ZL(BOH:,BOLE)P(H = X, (20)
o=1 i=1
N ;
Q = Z L(Bag,Bag)P(Ba = bclgN) . (21)
a=1 z=1

Q is minimized if for each «a, B, is set equal to that bC
for which P(B, = bEIXN) is maximized. The optimum
detector, for this loss function, then calculates

P(Ba = bCIXN) and uses this statistic to make a decision.

Since

P(B, = b |X) = }E:. . .:E: P(0,]Xy)
B B

a-17" 2Py Le]

where 0 is given in (18), p(B, = bCIXN) could be
calculated in a sequential manner and the optimum detector
implemented. Simulations of this procedure have not been
published. It is important to note [22] that the detector
based on this procedure is non-linear. Thus the trans-
versal equalizer and matched filter techniques of Chapter 3,

being linear, are sub-optimum.
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4.3 SEQUENTIAL DETECTION

As noted in Sec. 4.2.1, a drawback to the Chang and
Hancock prccedure is that all of the signal must be
received prior to making a decision on any input. This
is also a drawback to the optimum rule of Sec. 4.2.2. In
some cases it may be very important to make a decision
about the inputs as the message is received. This
involves a sequential procedure which will be derived
below. The derivation will be analogous to the derivation
for the rule of Sec. 4.2.2 [21]. This involves a sequen-
tial decision procedure and sequential compound decision
theory is applicable.

k

Define Ok = B Bk' Let Oki be one of the m

12>
possible sequences which O, can assume. With these

definitions p(XjIXl""’Xj-l’xj+1""’Xk’9k) = p(XjIOj)

and sequential compound decision theory is applicable.
From Sec. 4.1.3 the quantity to be minimized is

Q = p(gk’ ek = Oki)' (22)

L
O%i%k;j

O%i

Minimizing Q is the same as minimizing

Q' = :E: Lekiekj POy = 051X (23)
6.
ki
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k
Define L6 6. " _E L(Ba;,Bag) where L(Buc’BaE) is
ki kJ oa=1

defined as in Sec. 4.2.2. Then

Q= i ZL(BGC’BOLE) POy = G)kilzc—N)
a=1 eki
k m
=Z L(Bac,Bag)Z...;...ZP(Bl,...,Bk@k),
a=1 g=1 Bl i Bk
i#a
And finally
k m
Q' =D D LG, B PG, = b X, (24)
a=l §=1
. o1l .- ... . h
Letting L(Ba;’BaE) 1 acg, Q' is minimized if for eac

a, P(Ba = bclgk) is maximized. The sequential compound
rule then says set Ba equal to that bC for which
P(Ba = bglgk) is maximized for all a = 1,...,k.

The rule states that, after receiving the kth measure-
ment, a decision is made on Bk by maximizing P(Bk = bclzk).
This sequential procedure will be denoted as a "backward-
looking one-sided rule'". This terminology is used because
the classification of Bk depends only on the samples in
the past as measured from time equal to kT—i.e. for
t < kT. The samples used are those which appear only on
one side of Bk‘ The application of the backward looking
one-sided rule and the compound rule (Sec. 4.2.2) to noisy

intersymbol interference channels will be investigated
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with a view toward implementation of the procedure and the
evaluation of the probability of error inherent in the

procedure.
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4.4 CRITERIA OF OPTIMALITY

The two optimum detectors of Sec. 4.2 and 4.2.2 are
derived using two different loss functions. This results
in two different implementations of an optimum decision
procedure. The implementation of Sec. 4.2 minimizes the
probability of making an error in the received message.
The compound detector of Sec. 4.2.2 and the sequential
detector of Sec. 4.3 is a realization of a decision pro-
cedure which uses minimization of the expected number of
errors as the optimality criterion.

Which optimum detector one uses is dependent on
whether one wants to minimize the probability of making
an error in the message or whether one wants to minimize
the expected number of errors in the message. The latter
is more commonly used in communication problems since, if
redundant coding of the signal is carried out prior to
transmission, a few errors in detection can occur and ‘the
message sequence can still be decoded and received cor-
rectly. Thus minimization of the expected number 6f
errors 1is the criterion which is usually used in detec-
tion theory [23]; hence, the detection procedures of
Sec. 4.2.2 and 4.3 will be evaluated while the detection

procedure of Sec. 4.2 will not be evaluated.
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Chapter 5

SEQUENTIAL DECISION RULE AND PROBABILITY OF ERROR
5.1 DECISION STATISTIC

In evaluating the decision rule, determining the
decision region, and finding the probability of error, the
assumptions given in Sec. 2.2 are used. 1In addition, the
loss function associated with a decision is assumed to be
the same as that given in Sec. 4.3.

The decision procedure sets Bk = bj for that bj for
" which P(By = bj | X)) is maximized. Evaluating this
expression one obtains

P (Bk,x_k)

P(By | X)) = T

_ P(Bk)p(zk I Bk)
B p (X} )

P(Bk)p(Xk-l I Bk)P(Xk | Kk-l’Bk)
P(Xk)

Now Xl’ ce Xk-l are independent of Bk since Bk hasn't yet

been transmitted when X, ; is received.* Therefore

*
See equation (6).
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I X,) = P(Bk)p(ﬁk—l)p(xk I zk-l’Bk)

P(Bk =k p(ﬁk)

The joint densities p(X,_;) and p(X,) are independent of

the value which Bk assumes. Also P(Bk) = 1/m. Thus
P(By | X = Cp(X | X ,By)

where C is independent of the value of Bk‘ The decision
procedure is equivalent to choosing Bk = bj for that bj

for which

P(Xk l Ek-l’Bk = bJ) > P(Xk I Kk-l’Bk = bi) (25)

for all i # j. Note p(XkIXk_l,Bk) is a shorthand

notation for representing

P(Xy = x| Xp = Xgoees Xp 7 = X3, By = bj).

This convention will be followed throughout the report.
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CALCULATION OF DECISION STATISTIC
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By using the expressions for Xl""’xk obtained

through th=2 use of equation (6), Xy can be expressed in a

manner which renders the decision statistic,
p(Xk|§k_1,Bk = bj) calculable.
this probability will now be considered.

is rewritten below as

h,B. oot hLBj—L+1

N

The specification of

Equation (6)

j .

For the k components of Kk’ k equations can be written.

This system of equations appears as follows:

X = hyB  + hpBy g et By
Xe-1 = MyByg * hopBy o+t M By g
Xgog = BBy g + hpBy g+t hyBy g
X, =hyBp  + h,B 4+t BBy

X, = hyB, + hyBy

X; = hyBy

This system of

+

+

+

k equations has k unknowns (the Ek).

Nk (26a)
Nk-l (26b)
Ny _, (26c)
NL (264d)
N2 (26e)
Nl (261)

From

these equations Xk can be obtained as a function of Bk and
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Xy-1 as follows.* Solve for_Bk_1 in equation (26b) and

substitute in (26a) to get

Xk = fcn(Xk_l,Bk,Bk_Z, ey Bk-L)' (27)

Then solve (26c) for Bk-Z and substitute in (27) to get

Xk = fcn(xk-l’xk-Z’Bk’Bk-S"'"Bk-L-l)‘ (28)

Continuing this recursive substitution until all of the

equations in (26) are used, one obtains

k-1 K
X, = hyB, - Z d;X; + Z d;N. (29)
i=1 is1

where the dican be determined by solving a difference

equation which is discussed in Sec. 5.5. For a given out-
k-1

put Xp_1» let - E dixi = Cl' Since the noise samples are
i=1

2 2

uncorrelated and Ni~N(O,02), diNi ~ N(0,v®0“) where

[y
vy
[

2 _ 2 . .

v® o= :ii di. Hence given that the value of Xy-1 1s X3 4
i=1

and that the value of B, 1is bj

2

2
Xk ~ N(hlbj + Cl, viag®) . (30)

*
Here the noise terms are treated as though they are knowns
though they are of course not known.

b
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Thus the conditional probability_density function of Xy
is known and the sequehtial decision procedure can be
realized. This épecificatipn of the density allows the
probability of error associated with the sequential com-
pound decision procedure to be calculated. Prior to the
study of this probability of error, the associated

decision regions will be examined in Sec.' 5.3.
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5.3 DECISION REGION

The specification of the decision regions associated
with the sequential compound decision procedure proceeds
as follows. For each value of the variable Bk’ a different
normal distribution is obtained. For m-ary transmission

let the values of Bk be

bj = (-m +2j - 1)A (31)
where A can be specified in terms of the signal-to-noise
ratio (SNR) and the hi as

2

A = O SNR | (32)

T
h2
1
=1

1

There are thus m different density functions corresponding
to the m different values of By which must be evaluated.

The decision about which value of Bk was transmitted,
resulting in the minimum number of expected errors, requires
a comparison of these m different density functions. As
indicated by equation (30) each density function has the
same shape. Adjacent means are separated by a distance of
2Ah1. As an example, the probability densities for the

case m = 4 are given in Fig. 9.



p(xk'z(—k-l’Bk=-3A)

p (X

k

| X

k-1

B =+3A)
Kk

C_-ZAh C C_,+2Ah
1 1 ' 1 .1

:Decision regions for sequential procedure with m = 4

Fig. 9

v
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As illustrated in Fig. 9, the sequential decision
problem has been reduced to the classical one-dimensional
m-state decision problem. Applying the decision criterion
(25), the decision regions may be determined. If a
received value of Xk falls in the decision region Rj’ on
the Xk axis, then Bk is classified as belonging to class

j. For the situation illustrated the decision regions

are
Rlz Xk < (C1 - 2Ah1)
R,: (C1 - 2Ah1) < Xk < €y
RS: C1 < Xk < (Cl + 2Ah1)
R,: (C1 + 2Ah1) S Xy .

In general, since C, is a function of Xy-1» the
decision region is a function of Xy_.1- Note that the
Xyg.1 are related through the d;. Since the h, are
related to the di through a difference equation (Sec. 5.5),
the effect of the impulse response on the decision regions
is related to the effect that the di have on the decision

regions. Consequently the relationship of the di to the

hi will be studied (Sec. 5.5 and 5.6).
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5.4 PROBABILITY OF ERROR

Based on the decision regions that were obtained in
Sec. 5.3, the probability of error (perfbrmance) of the
sequential compound detector can be determined for the
general case of m-ary transmission. This.probability of
error would be the same as that which ié spééified for
the classical m-state decision problem. Thé;probability
of error takes on a simple form for equal a ﬁriéri prob-
abilities and m = 2. For this case, the probability
densities are as shown in Fig. 10.. If ;k-i éZ’Bk is
classified as +A. By is classified as -A otherwise. The

probability of error, P(e), is defined as
P(e) = h/ﬂP(Bk is classified as +A|B, actually equals -A)
+ h/ﬂP(Bk is classified as -A]Bk actually equals +A).

Due to the symmetry involved,

P(Bk is classified as +A]Bk actually equals -A)
= P(Bk is classified as -A|Bk actually equals +A).

Thus P(e) = P(Bk is classified as +A|Bk ;ctually equals -A).
Hence, from Fig. 10, after a change of variables

t = (Xk-C2+Ahl)/V0, one obtains

<2
P(e) = 1//77% f e t/2 3¢ (33)
D



p(X X _,B =-A) p (X B, =+A)

\fz k-1 "k \'k\l‘ik-l’ K

v©o
< §k=-A #< ﬁk=+A >
« P (e)
c, o Xy g
k 2Ah 5|

Decision region and probability of error for sequential decision procedure with m = 2

Fig. 10

L
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| L
where D? = [hlz (SNRJ//[< 'fthiz)]vz

i=1

: k- S 1
Since v° = :E: diz, the probability of error is
| =1 - ' '

dependent on how di behaves. In order to keep the prob-
ability of error of the classification within reasonable
bounds, V2 should not be too large. It is certdinly not
desired that v2 tend to infinity as k tends to infinity.
As will be shown in Sec. 5.5, the di depend on the value
of the hi and thus they depend on the impulse response of
the channel. For N large, the use of the sequential
procedure must be restricted to those 'impulse responses

for which Vz

~tends to limit C; as k tends to infinity.
It is ‘noted here that the hi's affect the performance

of the sequential detector not only through v? but also

. L ) . . )
through Ehiz. To get excellent performance v? must be
i=1 - |

L L o
small and :E: hi2 must be close to [mgxlhﬂr. The types of
i=1 | ' o

impulse responses for which the sequenfial detector will

perform well are indicated in Sec. 5.6.
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5.5 DIFFERENCE EQUATION

As stated in Sec. 5.2, the di are solutions of a dif-
ference equation. This difference equation results from
the recursive substitutions that were necessary in order
to find X; as a function of X, .1 and B, (See Appendix A).

The difference equation is given below.

hLdi + hL—ldi—l + ...+ hldi-L+1 =0 , (34)
This equation is subject to the constraints that

d d cee, dk—L+2 are specified. The equation may be

k* “k-1°
solved by methods outlined by Goldberg [24]. This equation
has not been solved in closed form. However, given the
values of hi’ a recursive solution should be obtainable.

As noted, both the decision region and the probability
of error depend on di and thus on hi' The relationship of
hi and di will now be studied in an attempt to determine

for which impulse responses the sequential decision pro-

cedure would be expected to yield good performance.
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5.6 REGION OF CONVERGENCE

The performance of the sequential .procedure is a

L ok ,
function of'hl;'zz:hiz, and :E:diz = V2. Since v is
i=1 i=1

a measure of the effective variance in the classical

2

decision problem, a smaller v® leads to better perform-

ance. v?2 will be investigated in the limit as k tends

to infinity. This investigation of v2

, Will lead to a
specification of those impulse responses for which the
sequential rule is applicable.

Prior to analyzing the solution of the difference
equation, a transformatién’ié épplied to the difference
equation. In eq. (34) it should be noted that, because
the initial conditions are specified in terms of
dk’ ceey dk-L+1’ the di are a function of k. The di thus
change with time since k changes with time. The object
of the transformation is to make the solution of the

difference equation independent of‘time. Accordingly,

the transformation
(1) » k-(1) - (35)

is used. At the same time replace d by c. The trans-

formed equation then becomes
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C. + ... + h =0, (36)

LCi-L+1
The initial conditions for equation (36) are specifiéd
in terms of c

0?2 1" Thus, as desired, the c; are

independent of time. Equation (29) becomes

k-1 k
X = By - }E: Ck-1%5 * :E: Ck-iNj- (37)
i=1 i=1
k-1
The effect of this transformation is to make V2 = ciz.
i=0

Thus in order to insure that V2 is bounded it is necessary

to bound E ciz. Accordingly the conditions under which
i=0

oo}

E ci2 converges will now be studied.
i=0

Following Goldberg (24) the auxiliary equation assoc-
iated with (36) is

2 y/m e e (ag/meh T el /) = 0. (38)

The solution of (36) has.the form (for distinct roots)

Jo S| .
c. = F.r. + F. L 10. + .
i JrJ :E: JrJ cos(leJ EJ) (39)
j=1 §=i %1

where rj, j < jo, are real roots of the auxiliary equation

(38) and rj and Oj, j > jO’ are the modulus and phase angle
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of the j-th root of (38). Fj and Ej are determined from

the initial conditions. Eq. (39) can be written as
c, = F.r.t cos (i0; + E;) (40)

where 0 = 0 and_Ej= m/2 for j < jo' Using the expression
for c, given by (40), it can be shown (see Appendix B)

that a necessary and sufficient condition for the con-
vergence of E 4 is that the roots of the auxiliary
i=0

equation fall within the unit circle in the z-plane. If
there‘are multiple roots, a ;imilér analysis results in
the same necesséry and sufficient conditions for the
convergence of the’series. tSee_Appendix C.)

From Mardéﬁ [25], in a resﬁlf attributed to Gauss, a
sufficiént.cohditibn fof'all zerog éf (38) to be inside

the unit cifcle in the z-plane is that
L(hi/hl)l < 1/[¥Y2 (L-1)] (41)

for i > 2.

A more useful procedure is to use a method given by
Jury [26]. The inside of the unit circle in the z-plane
is mapped into the negative real half of the w-plane by

the bilinear transformation

- (w+ 1)
2= w1y
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With this transformation, equation (38) becomes

D.w + D.w + ... +D

w + D 0 . (42)

L-2 L-1

where

SR ORCERCE
(-1)3"1(3?‘:})(Li°‘) + c-1)j(°‘311) (43)

and (ﬁ)is the binomial coefficient. Applying the Hurewitz
criterion to insure that the roots of (42) all fall in the
left half plane, one obtains some necessary and sufficient
conditions to insure that the roots of (38) fall within

the unit circle in the z-plane. The convergence criteria,
for various L, are given in (44)-(47). These equations are
given for normalized hi' The hi are normalized by dividing
each hi by hl' Thus hl = 1. Note, the normalized hi will

be used throughout the remainder of Chapter 5 except as

noted.
L =23
1 +h, + he >0 | (44)
1 - h3 > 0
1 - h2 + h3 > 0
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4
1 + h2 + h3 + h4 >0 (45)
3(1 - h4) + h2 - h3 > 0
3(1 + h4) - h2 - h3 >0
1 - h2 + h3 - h4 >0
2
1 - h4 - h3 + h2h4 >0
5
TO =1 + h2 + h3 + h4 + h5 >0 4 (46)
T1 = 4(1 - h5) + 2(h2 - h4) >0
T2 = 6(1 - h5) - 2h3 >0
T3 = 4(1 - h5) + 2(h4 - h2) >0
T4 =1 - h2 + h3 - h4 + h5 >0

A=TyTy - ToTz > 0

Tz8 - TqTy > 0

6

T0 =1 + h2 + h3 + h4 + h5 + h6 >0 (47)
T1 = 5(1 - h6) + 3(h2 - hs) + h3 - h4 >0

T2 = 10(1 + h6) + Z(h2 + h5) - 2(h3 + h4) >0

Ty = 10(1 - hy) + 2(hg - hy) + 2(h, - hy) > 0

T4 = 5(1 + h6) - 3(h2 + hs) + h3 + h4 >0

T5 =1 - h2 + h3 - h4 + h5 - h6 >0

Yl = Tsz - TOT3 >0

Y, = TgYy - Ty(T;T, - TgTe) > 0

T

Y, - TS[TZYl - Ty (T{T, - TOTsﬂ >0
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These equations define a region in (L - 1) dimensional

oo

space. If the hi fall within this region E ci2 will con-

i=0
verge and lim c; =0 as i > e, For L = 3, this region is

the region indicated by the solid lines of Fig. 11. It is
interesting to note that in this case the region is
symmetric about the h, axis but not about the h2 axis.

A sufficient condition to insure that V2 will converge
is that the hi of an impulse response fall within any sub-
region of the triangle of Fig. 11. A simple sub-region of
this triangle is one which is defined by ]h2|+|h3|
shown by the dotted lines of Fig. 11. The convergence

region for L = 4 is a complicated three-dimensional figure.

While this figure has not been drawn, upon examination of
(45), it can be seen that :é: |h <1 is a sub-region of
the region of convergence. Thus :f: Hl <1

is a sufficient condition for the convergence of the

solution of the difference equation. For any L,

:E: lhil <1 is a sufficient condition for the convergence
i=2
of the difference equation (see Appendix C). Note the

sufficient condition given by Marden is shown by the shaded
square in Fig. 11.
The fact that the solution of the difference equation

converges 1is important. It would also be desirable to



Regions of convergence of the

difference equation solution for L = 3 (hlxl)

Fig.11
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know at what rate it converges since better performance of
the detector would be expected for those cases in which

the solution converges rapidly. The convergence of
o0}

:E: ci2 depends on the maximum value of rj. The smaller
i=0

the largest root, r 2

» the faster the convergence of v~*,
max
Thus the criterion which must be satisfied so that all
roots of (38) fall within a circle of radius T in the
z-plane will be investigated.

Using the transformation

- ;(w + 1)
w - 1

the area |z| < r is mapped into the left half of the

w-plane. Define
R L-1 :
D, = D m (Bl (LJ'-O‘)- (“il)(lj‘:‘{) + (“;1)(2-‘2%‘) (48)
. + (- o-1\fL-a) . ;ya*+lfa-1
e () o ()]

Applying the Hurewitz criterion, equations identical to
(44) - (47) are obtained with all expressions in (42),
(44) - (47) replaced by their hat equivalents, all hi
replaced by h; = (1)'"'h,, and the 1's in (44) - (47)

L-1

replaced by (?) For L = 3 the equations become
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2 - hy > 0
()% - hT + h, > 0
2 3 g

The region defined by these equations is shown by the
dashed triangle of Fig. 11. For a given (hz, h3), the
triangle can be found which passes through the point
(h2, h3). From this triangle the maximum value of rj

can be found. Although the value of r gives an

max
o

indication of the behavior of }E: ciz, it can not provide
1=0 o

detailed information since the value of :E: ci2 depends

i=0

on the initial conditions imposed on the difference
equation (these depend on hi) and on the values of the

roots of (38) which are inside the circle |z| = Thax

In addition to E ciz, the performance of the
i=0

L
sequential procedure also depends on hiz.

For two
i=1
different difference equations with equal values of

00

L
:E: ci2 the difference equation which has j{: hi2
1=0 i=1

closest to [maxlhiuz will yield the best performance.
i



L
This is true since as E hi2 - [maxlhiuz all of the
i=1 *
signal power tends to be in the main lobe of the impulse

response.
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5.7 APPLICABILITY OF SEQUENTIAL PROCEDURE

85

Deciding on the symbols sequentially has advantages

in that the first parts of the message can be determined

before the entire message is received. If the channel is

to transmit information, this method can not be applied if

the impulse response falls outside of the region of con-

vergence. If the impulse response falls within the con-

vergence region the sequential procedure will operate

with varying degrees of success depending on the values

[oe]

L
of :E: c.2 and h.z.
i z : i
i=0 i=1

If the sequential procedure does not work satisfac-

torily, it is necessary to consider the compound rule,
which is discussed in Chapter 6, or some modification of
this rule such as the deferred decision rule discussed

in Sec. 8.2.
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Chapter 6

OPTIMUM DETECTION FOR BLOCK TRANSMISSION OF LENGTH N
6.1 DECISION RULE

For the transmission of a block of N symbols, the
optimum receiver of Sec. 4.2.2 will be studied. This
receiver bases its estimate of an input on all observed
output samples. In order to minimize the expected number
of errors, this optimum receiver sets B, = bj for that j

k
for which

= > =
P(By bj | X P(B, = b,

Xnero1) 2 ; | Xyupop) for all i#j. (49)

Note for N input symbols there are N + L - 1 output
samples because each input is spread over L sampling
periods. In order to implement the optimum receiver

P (By | XN+1,-1) Must be calculated. Before studying the
decision statistic, P(Bk ] §N+L-1)’ several theorems which

will aid in the evaluation of P (B l-§N+L-1) will be given.
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6.2 INDEPENDENCE THEOREMS

Let (Xk) Be a set the elements of which are the

random variatles Xl,...,Xk. Let (Xk)j be one of the 2k

subsets of (Xk). Also define an '"L-1 neighbor of Xi" as
any Xj which is an element of the set

{X. X X }. In addition define

RIS R AT ER 5 R
(B) to be the set with B
N

X1

1,...,BN as elements and let

(B)j be one of the 2 subsets of (B). Let Uj be a

subset of (B) such that for a certain (XN+L-1)j

Uj = U {B,...,B | X

a-L+1 | Xg e Xyeg-1)5)-

Thus Uj is necessary and sufficient in order to specify,
with the exception of a noise term, each Xa e(XN+L_1)j
by means of equation (6). For example, let

(X Then

N+L-175 = Ko Xpa o Xgas}

Uj = {Bk+2,Bk+1,---,Bk-L+1,Bk+3L’Bk+3L—1""’Bk+2L+1}'

The following theorems are presented. The proofs are
given in Appendix D.

Thm: 1: p(Xk+L+i|Bk) = P(Xy,p43) for i =0,1,...,N-k-1
and p(Xk_ilBk) = p(Xy_;) for i =1,...,k-1.

Consider X = (XN+L-1)j Y (XN+L—1)k and
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B = (B)MKJ(B)j where (XN+L—1)jrﬁ (XN+L—1)k = ¢ and
(B)M N (B)j = ¢. The partitioning of § is accomplished

by setting (B)j =B8N (EJ{Ba""’Ba+L-1 l X, € Xa.

| B e (B)j}>(w X. The

Define X#*= (lJ{Xa""’Xa+L-1 o

o

partitioning of X is attained by letting (X be the

N+L-1)j
subset of (XN+L-1) such that

(XN+L-l)j = (X*) U [‘i({L—l neighbors of xi*lxi* is known

to belong to (XN+L_1)j}(1ﬁ ) ].
Note the definition of (XN+L-1)j is recursive. First
the L-1 neighbors of X;5 such that X, € ﬁ*, which are also
elements of X are found. Then the L-1 neighbors of these
neighbors, which are also elements of ﬁ, are found. This
process continues until no more elements can be found
which are L-1 neighbors of a previously found element and
which are also elements of &. When this occurs (XN+L—1)j
has been specified. Note also that (B)M{W(Uju Uk) = ¢.

The following theorem is given.

Thm. 2:
PIXIB) = p((Xyyp.p)5 | (B IP((Xyep 1)) -
Two corollaries which will be used are given.

Cor. 2.1 p((Xk_i)j | By) = p((Xk_i)j) for 1 <1 <k -1,
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Cor. 2.2  Let (Xi), be any subset of {X; .,

| i > 0}

then p((xk)U I Bk’(xk-i)j) = p((xk)U'] (Xk-i) ).

j

In particular, these theorems mean that

Cor. 2.3  p(Xp | Xp_ 1B XyupseeesXyypo1)=Cap Xy [ Xy 1)y,

and

Cor. 2.4 p(Xk"'L-lI -)Sk-l’Bk’Xk'*'L’.."XN‘*L"].) =

‘,X

CoPXyupo1 | ByoXpup oo+ sXyep-1)

where C4 and C5 are independent of the value of Bk'

A further theorem is necessary.

Thm. 3 p(Xk+L_1 I _)_(_k,Bk,Xk+L,-.o,XN+L_1) =

., X

k+L-1 | Bio Xy o Xyep-1) -

With the aid of these theorems and corollaries, the

decision statistic is evaluated in Sec. 6.3.
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6.3 EVALUATION OF DECISION STATISTIC

The analysis of the decision statistic proceeds as

follows.

N LY P(By)
AN+L-1 P Xyrr-1)

P(BIP Xy | B) Py eeyXyypoq | Xp15B)
P(Zys+p-1)

By Cor. 2.1 P(By | Xy,1_q)

P(Bk) p(l(-k'l) p(xk’°' XN"’L 1 l )—(-k-l’Bk)
pTXN""L 17

P PRy 1) PRyeps e eaXup oy | Xpq0By)

X

Py o Xpapo1 | X oBioXpap oo Xyepog)

P(Ey,p-1)

By Cor. 2.2

l X P(Bk) p(-)-(-k-l) P(Xk+L’-° XN+L 1| Ak- 1)

AN+L-17) = P(Xyep-1)

*P(Xys e X g [ X 10 Ba Xy s Xl P
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. _ PO PG ) PCyp e Xy g | X y)
Define C6 = - X )
PUAN+L-1

Thus P(By | XN+L-1)
C6p(Xk,...,Xk+L_1 | Xk—l’Bk’Xk+L""’XN+L—1)I50)
Hence applying criterion (49) is equivalent to setting
Bk = bj for that j for which
P(XpseeesXpypoq | XpoqsBy = bj, Xeap s o o Xyer-1) 2
Pyoee oo Xpupon | &g By = by XpppoeeouXyyp ) (51)

for all i # j.

This joint-conditional probability can be broken down into

the product of L conditional probabilities.

OIS | Xpo10 Bro Xpwpoe oo Xyepoq)
L-1
=TT PO | X Bio Xaps o Xyep o 1005) (52)

where Dj is now defined to be one of the ZL'subsets of

S T
In order to evaluate the optimum procedure these

conditional probabilities must be evaluated. Since the
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X are given by (6), in order to evaluate (52) it is

k+j

necessary to find a relationship between the Bi's and the

Xi's. This relationship, which is recursive, is specified

through difference equations. These relationships are

studied in Sec. 6.4.
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6.4 RECURSIVE RELATIONSHIPS

For the transmission of data in blocks of N symbols
over a noisy communication channel which causes inter-
symbol interference over L symbols the following

equations apply.

X, = hyB, + Ny (53a)
X, = h,B, + h,B + N, (53b)
X, = hBy + hyBp 4 *...* By 4B, * hpBy Ny
) (53c)
Xs = hyBy r hpBy g teeer by By g P hpBs g NS (53d)
XN = hlBN + hZBN—l L hL-lBN-L+2 + hLBN_L+1 + NN (53¢)
XN+L-2 = hy 1By *hy Byt Nyenoa
. _ ) (53f)
N+L-1 | LB ¥ Nyep-a
(53g)
From (6), Xk+j can be written as
Xk+j = hlBk+j +o04 hj+1Bk +o.0t hLBk+j-L+1 + Nk+j' (54)

In evaluating (52), it is desirable to find Xk+j as a

function of Zk—l’Bk’Xk+L""’XN+L—1’ and Dj' In order to
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find this functional relationship all of the B.'s except
Bk must be eliminated from equation (54). This requires
that Ba be expressed in terms of (XN+L-1)j and (B)n' - For
L odd, L + 1 equations can be obtained which relate B,
to other B's, to the Xi's and to the Ni's. These L + 1
equations will now be examined.

Write equation (6) for Xj-l' Solve this equation for

Bj-l and use the resulting expression to eliminate Bj-

1
from equation (53d). In a similar manner use Xj-Z""’Xl
to find Bj-Z""’Bl' The following equation is obtained.

By = 5 , & Xj-ie1 7 Ny_gaq) (55)
i=1

where g; is given by the difference equation

hlgi + h +...+ h = 0. (56)

28i-1 LEi-L+1
This is the relationship and difference equation which was
obtained in the study of the sequential compound procedure
in Chapter 5.

Another expression for Bj can be obtained as follows.
Write equation (6) for Xj-l' Solve this equation for
Bj_2 and use the resulting expression to eliminate Bj—

2

from equation (53d). Similarly, Bj—S""’Bl can be

found in terms of Xj— ’XZ' After a shift in index,

IR
Bj can be written as
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-\ A ~
By -2- i3 (Ky_iap " Njogag) * DBy (57
i=1

where éij and glj are given in terms of a non-linear dif-
ference equation. In a manner similar to that of Sec. 4.3,
equation (55) will be denoted as a '"first order backward-
looking equation'" and (57) will be denoted as a '"second
order backward-looking equation'.

Proceeding in the above manner, the remaining (L-3)/2
backward-looking equations can be obtained. They are given

in equation (58).

J
By = D By (jagas - Njogas) * Brydy By
i=1

(b31) 2854 (58, 1)
j VaY
By = :z: (83503 (X 544 = Nj_jug) * (byy)g Byyy
i=1 N . (58,2)
(by3)3 Byag * (b35)z Byys
J
— ﬂ ~ -
By = 2. (€550 w-1y72 Kj-iwqenyzz ~ Nj-ieme1y/2)
i=1

* (b3 1-1y/2 Bjer

+.

et (b(L-l)/Z,j)(L—l)/z Bj+(L-1)/2 (58,(L-3)/2)

Here the (éijl)and (an) are specified in terms of non-

v
linear difference equations. Equation (58,v) will be

denoted as the '"v+2nd order backward-looking equation".
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In addition to backward-looking equations, forward-
looking equations can be obtained. 1In these forward-
looking equationszj is not a function of.any Xi for 1 ¢ j.
The first order forward-looking equation can be obtained
by writing equation (6) for Xj+L and solving this equation
for Bj+1'
the equation for Xj+L—1 to eliminate Bj+1‘ In the same

The resulting expression can then be used in

manner, Bj+2,...,B can be expressed in terms of

N

j+L+1""’XN+L-1’ The first order forward-looking

equation. then becomes

X

N-j
By = Z £i Xyuier-1 7 Nyeger-1) (59)
i=0

where fi is given by the difference equation

thi + hL—lfi—l +"‘+hlfi-L+1 = 0. (60)
These equations, (59) and (60), are the equations that
would result from a 'forward sequential compound pro-
cedure'"—i.e. one which sequentially makes a decision on
the value of the inputs by deciding on the value of BN
first, then the value of BN—l’ etc., until the values of
alllthe inputs have been specified.

The second order forward-looking equation can be
obtained by solving for Bj

+1,...,BN in terms of

Xj+L—1""’XN+L-2' The expressions thus obtained are
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used to eliminate all of the B's except Bj and Bj-l from

the expression for Xj+ The expression thus obtained

L-2°
is
N-j
Bj ) :E: fij (Xj+i+L-2 ) Nj+i+L-2) Ty Bj-l . (61)

Here the %ij and the alj are specified in terms of a non-
linear difference equation. In a manner similar to that
of the backward-looking equations, the remaining (L-3)/2

forward-looking equations can be obtained. They are

N-j
By = :E: (3592 Kyuiap-3 - Njaqap-3z) ¥
i=0
+ (alj)2 Bj—l + (azj)2 Bj—Z (62,1)
N-j
By = EE: F35)w-1372 Kyeince-1372 = Njeie(@-1)/2)
i=0

v (@15) L-1y/2 By-1
feet Baenszd a-nsz B a2

(62, (L-3)/2
(62,y) will be called a yY+2nd order forward-looking equation.

nj’
linear difference equations.

The (%ij)v and the (a are specified in terms of non-

v
In order to show the nature of the difference equa-
tions and for illustrative examples consider the special

case L = 3. The backward-looking equations become



j

By = D 85 (yoge1Njeger)
i=1
j A

B = D0 Ery Oy Nyaa) * by By
i=1

and the forward-looking equations become

o]
1]

N-j
J :E: £ (Xj+i+2 ) Nj+i+2)
i=0

t
]

i=0

Here fi is a solution of

Bgfy * hpfy g * hyfy 5 =0

and g5 is a solution of

hig; * hygi. 1 + hggy 5 = 0.
Also fij is given by
X (-hp)*
S
u
k=j X

and a1j is given by

N-. A
j i i Wyeien T Njagen) * 21,5 By,

98

(63)

(64)

(65)

(66)

(67)

(68)

(69)
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alj = —h3/uj (70)

where uj is obtained from the following difference equation

h.h
173
u. = h, - (71)
j 2 uj_1
The difference equation relating the %ij is given by
. -ho
f.. = ——*7=2) (72)
ij u. . .
i+j
The gij and the blj are given by
i
~ ) (-hz)
813 3 (73)
”. -uk
k=]-1
and
b1j = -hl/uj. (74)
In difference equation form, the éij are given by
“hog. . -
~ _ 3°1i-1,]
gij = T (75)
j-1i

For this special case of L = 3, the decision
regions associated with the compound decision procedure

will be specified in Sec. 6.5. Also, the associated
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probability will be studied, for L = 3, in Sec. 6.6.
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6.5 DECISION REGION

Consider the conditional probabilities of (52), i.e.

p(xk+j|§k_l,Bk,xk+L,...,XN+L_1,Dj). (76)

Using the forward-looking and backward-looking equations
for Bj given in Sec. 6.4, Xk+j can be expressed in terms

of some or all of the elements of the condition in (76).
Note, if all of the elements of the condition in (76) do
not appear in this expression for Xk+j’ the conditional
probability density for Xk+j given in (77) will be an
approximation to the actual conditional probability
density. The case L = 3 will be examined. Using the

above mentioned expressions for Xk+j’ the most general

forms of the conditional probabilities are as follows:

. 2
o~ Nz Bt Foko Vi1 )
2
Xpe1 ~ NCra1 18Bx * Frar,x0 Vk,2) (77)
2
Xprz ~ NCyag 3B * Frag 10 Vi,3 0>
Here
' S S S VS RS D S W S R
Free1,k 7 Va1, 1% T Ve, k02502 Y Mok (78)
Frez,k ™ Yoz, 1% * Y2, k0 1%%01 * Mie2 ko
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2 . . . .
Vk,j 18 the variance associated with Xk+j-1 when a

decision is to be made about the value of Bk' Since the

expression for X is, in general, not equal to the

k+j
expression for Xk+j' i#g, Vi j2 is generally not equal
to Vk,j'z' In Fk+v,k the M's are independent of the value

of Bk’xk’ Xk+1’ or Xk+2' The y's and z's depend on the
hi through the difference equations.

Thus, in general, for L = 3

1 ¥/2 1
P(Bk|§N+2) =G, (7? v v v
x,1"k, 2%k, 3
F(-1/2)(xk - 2y By - Fy k)2
. exp 3 —2
i Vk,1

- 2
(-172) Kyaq = Zger,x Bk 7 Fran i)
2
Yk, 2

« exp

- i ) 2
( 1/2)(Xk+2 zk+2,kBk Fk+2,k) ]

2
I k,3 (79)

. exp

Here Co is independent of the value of Bk'
The above is a multi-dimensional probability in L
space. For m-ary inputs, the value of By can be deter-

mined by using decision theory. Bk is set equal to
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bj for that j for which

- > =
P(By = by [ Xyyp) 2 P(By = by | Xy,p)

for all i # j. The decision regions may be determined
from classical decision theory. For the particular case
of binary inputs, i.e. Bk can take on the value *A (see
Sec. 5.3), the decision regions are

Bk=A

P(B, = A|X

>
Ne2) < P(B

= -A|X

_N+2)' (80)

k

as

IV °YX - ZV M 0. (81)

- -

1
Vk,l 0 0
vi=| o Vl 0 ,
K, 2
0 0 Vl
! K3



r

“Yk,k+1 Yk, k+2
1 TYk+1,k+2
“Yk+2,k+1 1
My x
and M = Mk+1,k
Mk+2,k

104
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6.6 PROBABILITY OF ERROR

For the decision region and conditional probabilities
given in Sec. 6.5, the probability of error can be cal-
culated. For the general case of m-ary input signals,
the results of classical decision theory for m states of
nature with multi-dimensional probability density functions
would be applied.

For the particular case of binary inputs, the prob-
ability of error P(e), is given by

P(e) = P(By = -A)P(By is classified as +A|Bk= -A)

* P(By = *A)P(By is classified as —A]Bk= +A)
For the case of equally likely inputs,
P(B, = -A) = P(By = *+A) = 1/2., Also
P(Bk is classified as +AIBk actually equals -A)
= P(By is classified as -A|B; actually
equals +A).
Thus P(e) = P(Bk is classified as +A]Bk actually equals -A).
Define R as the decision region for which Bk is set equal

to +A. Then
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P(e) = / P(Bk = —A.|£N+L-l)dX—N+L'-l) . (82)
R o
+ o0 + o0 + o
P _ Ii /2 1
() = J (2" Vk,1Vk,2"k,3
e Xy

—

sexp | -(1/2) (X + 2y A - Fk’k)z/vk,lz]

—

2, 2
texp | t(1/2) Kypg oz i 7 Fra 10 V2 ]

—

2 2
« exp —(1/2)()(k+2 + zk+2,kA - Fk+2,k) /Vk’s ]

dX,  .d dXy (83)

k+19%%+2

~

where the limit on the integral, Xk+1’ is that expression

which is obtained for Xk+1 from the equation,

2 2

ZV °YX - ZV M = 0. (84)
Define
W = w2
Ws
L. -
and let

w=vl [YX L M]. (85)



Then (83) becomes

P(e) = / /

Here the limit on the integral, Wos is that expression

oo

Y2

which is obtained for W, from the equation,

v lw - z2v 27T - .
Thus
Vv -2 w Z W Z 2
~ V2 KK'L | Pk+2,kY3 | %K,k
2 Z 2
kel ke | vy g Vi, 3 Vi, 1
z 2 z z
. “k+1,k . k+2,k
—
Yk, 2 Yk,3

The right side of (86) can be evaluated (perhaps by

‘/~(1/2n33/2 exp [(-1/2)wTw]dw2dwldw3

107

. (86)

(87)

(88)

numerical methods on the computer) and the probability of

error calculated.
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6.7 GENERALIZED DECISION REGION AND PROBABILITY OF ERROR

The decision region and associated probability of
error for a general value of L will be considered.

Define

7

“ = [Zk,k’zk+1,k""’ Zk+L-1,1<;]

1
Vk,l 0
vl ,
0 1
I Vk,L
Yrk,ko0 0 0 YR k+L-1
Y =
s
Vk+L-1,k 0 0 ¢ TYkeL-1,k+L-1
where yi 3 = -1
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X = , and M

R | Miern-1,k

With these definitions

POy | Xyup-1)

exp[-%(yx-zTBk—w)T(v'2)(Yx-zTBk44)] (89)

where C; is independent of the value of Bk' This is again
a multi-variate probability in L space. For m-ary inputs,
Bk can be classified by methods of classical decision

theory. The decision is determined by setting B, = b.

k j
for that bj for which

P(By = by | Xyyp-1) 2 PGBy = BylXy,; 1)

for all i # j. The probability of error can also be

determined by classical decision theory.
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For binary inputs, generalizing (81), the decision

regions become:

ZV °YX - ZV “M 0. (90)

The decision surface is given by

2

2yx-zv M = 0. (91)

A
Let R be the decision region corresponding to
deciding that By = *A. Proceeding in a manner similar

to that of Sec. 6.6, the generalized probability of error

1s given as:

P(e) =/ P(Bk = 'Al)_(_N.,.L_l)
R

S 0 oo L/z
- Ry
A ) I
) ) Xk+a i=1 "

Ill k,i

. exp[-%(YX+ZT-M)T(V_2)(YX+ZT-M)]

g SWRRLS SR SURNIL > SRR b S (92)
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~

As in Sec. 6.6, the 1limit on the integral, Xk+a’ is that

expression which is obtained for Xk+a from equation (91).

Let
Y1
W =
L "1
and define
W = V‘l['yx + 70 . @} (93)

Substituting in (92), the generalized probability of error

becomes

P(e) =/f /(—2—1{) exp [(-1/2)WTW] dwa_'_ldwl...
- -0 W

a+l

dwudwa+2...de (94)

where the 1imit on the integral, %a+1’ is that expression

which is obtained for w from the equation

o+l

2,T

2w - v 27T - . (95)

ATl

Solving one obtains
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L
v Zq .. W.
- . _k,a+1 § : k+1 1,k 2 : k+i-1,k"i (95)
a+l Zk+a,k \4
’ , 1 i=1 k,i
i # a+l i # o+l

The probability can thus in theory be calculated. It may
however be necessary to célculate the probability\of error
by computer using numerical techniques. As it turns out,
the probability cannot be calculated exactly but an
approximation is obtained. The performance of the pro-
cedure depends on the Dj of (52) which in turn depend on
the break-up of the joint conditional probability (50).
The break-up of (50) will be examined in the next

section.
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6.8 REDUCTION OF JOINT-CONDITIONAL PROBABILITY

It was pointed out in Sec. 6.3 that the optimum rule

maximizes p(Xk,.. X Since

o Xpen-1 X 1B Xy 0 Xgepo 1) -
it was not known how to calculate this, it was written as
the product of L conditional probabilities—i.e.

p(Xk'*'j‘Kk‘l’Bk’Xk*'L’.”’XN‘FL-]_’Dj) (96)

for the L possible Dj' This reduction of the joint
conditional probability is not unique. There are L!
possible ways to write (50) as a product of L conditional
probabilities. If is not known how to calculate some of
the p(Xk+jlzk-l’Bk’Xk+L""’XN+L-1’Dj) exactly. Using
equation (6) and the forward-looking and backward-looking

equations, Xy can be found as a function of By and some

*]

of the Xi’ i.e.
Xk+j = fcn[Bk,(Dj)i] (97)

where (Dj)i is defined here to be a subset of
{Zk-l’xk+L”'"XN+L-1’Dj}' (Dj)i contains those terms and
only those terms which appear explicitly in the transformed
equation for Xk+j' In some cases one or more of the X's

in the conditional part of (96) do not appear explicitly

in the relationship (97) for Xk+j' The conditional

probability (96), however, is not independent of the X's
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that do not appear. Thus equation (96) was not always

able to be calculated. It can, however, be approximated
- !
by p(xk+j i Bk’(Dj)i)'

The optimum rule will be approximated by

L-1
’IO p(Xk+j | (Dj)i,Bk). How good an approximation this
J::

is depends on how well p(X,,. | B, ,(D.).) approximates
k+j k jii

p(Xk+j | Xk-l’Bk’Xk+L"'"XN+L—1’Dj)' This in turn depends

on which Dj appears in the probability expression. Thus
the closeness of the approximation depends on which of
the L! reductions of (50) is closen. Since there are
N+L-1 equations, the EN+L-1’ and only N unknowns, the

EN’ the relationship for Xk+j’ as determined by the
recursive relationships, is not unique. For a given con-
ditional probability density,
p(Xk+j|£k—1’Bk’Xk+L"'"XN+L—1’Dj)’ the closeness of

the approximation depends also on which of the several
solutions for Xk+j is used.

For example, for the case L = 3, letting

Die =4 Xy 15BpoXpazs e+ Xyua}s

p(Xk,Xk+1,Xk+2 | Xk—l’Bk’Xk+3""’XN+2) can be written in
six ways as follows:

P (Xys X904 15X g4 2103 =P (g D) P (X 1 [ Dy sXq ) P (g 5 I Dy s X 55X 4 1)
(98a)



= P(Xk'Dk)p(Xk+2IDk,Xk)p(Xk+1le’Xk,Xk+2)
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(98b)

= p(Xk+lle)p(Xlek’Xk+1)p(Xk+2le’Xk+1’Xk) (98c)

= p(xk+2le)p(Xlek’Xk+2)p(Xk+lle’Xk’Xk+2) (98e)

= P(Xk+2le)P(Xk+1IDk:Xk+2)P(Xlek,Xk+1,Xk+2l(98f)

Because of the non-uniqueness of the functional

relationships (97) for Xk’xk+1’ and Xk+2 there are usually

several ways to approximate one of the conditional prob-

abilities of (98). For instance, there are four ways to

solve for Xk+1 which may be used to approximate

p(Xk+1|Xk,Xk+2,Dk). These four solutions are given in

(100). They were obtained by using combinations of forward-

looking and backward-looking equations when substituting

for B and By_; in the equation

+ h,B, + h,B + N

Xge1 = DBy, 2By * haBy 4

k+1

The four expressions for Xk+1 are
N-k-1

Xgs1 T BBy + By :E: £ (Xyrie3 Ngaiss)
i=0

k+1°

(99)

k-1
* h3:£: 8; Xy i Ny_3) + Ny (100a)
i=1
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N-k-1
Xk+1 = hl Z fl,k+1(xk*‘l+2-Nk+l+2) + Nk+l
i=0
A k-1
* (315441*hp)By + hy :E: g; (X ;N s) (100Db)
i=1
N-k- 1
fee1 T 1 :E: £ XriazNiaiaz) * Nyyg
i=0
k-1
+ h3 gi’k_l(xk_i+l‘Nk_i+l) + (bl’k-1+h2)Bk
=l (100c)
Nkl
Xerp =1y 1101 Krerin g Niring) * Niag
i=0
k-1
" P 81,k-1 X417 Nk341) * (@ paq*Py g *hy)B
i=1
(100d)

Table I shows the probability density function which can

be obtained from each of the four solutions for X of

k+1
(100). It also indicates those variables which appear
in the conditional part of the optimum decision statistic
but do not appear in the conditional part of the approxi-
mation.

In some cases there are no conditional variables

neglected when solving for Xk+j‘ For instance, X; can

be written as

k.



Random variables of

P(Xyepq Xy Xpaz Dy

Equation Probability density
not appearing explicitly
in probability density
(118,1) p(xk+1|£k-1’Bk’xk+3”"’XN+2) Xk, Xk+2
(118,2) p(Xk+ll£k-l’Bk’xk+2"'"XN+1) Xk’ XN+2
(118,3) p(Xk+1|X2,...,Xk,Bk,Xk+3,...,XN+2) Xl’ Xk+2
(118,4) p(Xk+1|X2,...,Xk,Bk,Xk+2,...,XN+1) X15 XN42

4

Probability densities obtainable from equation (118)

Table I

LTT
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Xy = hyBy + hogy (X 17Ny 9)

k-2
* Z (h3g; * hpgi) Kyyo1Npjop) * Ny (101)
i=1

Since by Cor. 2.3, p(Xklﬁk) = C4p(Xk|§k_l,Bk), every vari-
able in the condition appears in (101). Thus p;xklgk_l,Bk)
can be caleculated.

It can thus be seen that there are many approximations
which can be used to approximate p(Xk,Xk+1,Xk+2|ﬁk). The
best approximation is that which yields the lowest prob-
ability of error. One of the L! reductions of (50) must
be chosen, and for this reduction, the L conditional
probability densities must be found which minimize the
probability of error. No analytical derivation is given
as to which is the best reduction to use. A heuristic
way of specifying which expression for Xk+j to use in
solving for the conditional probability densities is to
specify that, whenever possible, the order of the equations
(of Sec. 6.4) used should be that order for which the
solution of the corresponding difference equation con-
verges. By following this procedure, the effective
variance associated with each Xk+j is minimized. Note, the
criterion for the convergence of the solution of the
first order difference equations is the same as for the

difference equation of the sequential compound case.
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For L = 3 either (98b) or (98e) was used for the
decision statistic. After application of Cor. 2.3 or

Cor. 2.4 respectively, the decision statistic becomes

p(Xk,_)Sk_l’Bk)p(Xk+1 Iz(_k’Bk’Xk_,,Z’ ¢ .. ’XN+2)
. p(Xk+2|Bk,Xk+3,...,XN+2). (102)

Equations (98b) and (98e) were selected since these two
expressions involve only one probability density which
must be approximated. The other four expressions of (98)
involve two probability densities which can only be
approximated.

In order to handle a general impulse response with
L = 3, it was found that the best way to solve for
p(Xklzk_l,Bk) and p(xk+2|Xk+3""’XN+2’Bk) was to use
first order equations and the best way to approximate
p(Xk+2|Bk§k’Xk+2""’XN+2) was through the use of second
order equations.

Although it has not been proved, it is anticipated
that this type of approximation is best in general. It
would proceed as follows: first remove the end terms
from the joint conditional probability and then work
toward the center Ly removing the outermost terms in’

the joint conditional density—i.e.
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PO Xgeapaq | D)
p(xlek)p(Xk+1IDk’Xk’Xk+L-1) s e

.. .p(Xk""L‘lle’Xk’.. n,Xk+L_3,xk+L+l,.- o,Xk+L_1)-
2 2 2

+ PR o 1D X Xpea 10 Xpea - 1P (R, 1 1Dy X -

Also it is expected that the best way to solve for

is to use (j+1)th order equations to solve for

Xk+j for j = 1,...,£%l, and ith order equations to
. _ L-1
for Xpal-i for 1 = 1,..., 5

An evaluation of the sequential procedure and
approximation to the optimum compound procedure is

sented in Chapter 7.

120

(103)

k+j

solve

the

pre-
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Chapter 7

DATA ANALYSIS

The compound and sequential compound procedures of
Chapters 5 and 6 were evaluated. The compound procedure
presented in Chapter 6 involved the use of cumbersome
non-linear difference equations. The solutions of the
difference equations were not obtained in closed form.
Also, the evaluation of equation (94) involved an L-
dimensional integration. In general, this integral
could not be evaluated in closed form. The evaluation
of (94) may only be obtained by using numerical
integration techniques. This would mean that a large
amount of computer time is necessary in order to evaluate
the compound procedure. Because of these difficulties
the compound procedure was evaluated only for the case
L = 3. For this case, the difference equations are not
too overly cumbersome. An evaluation of the integral
of (94), though still difficult, can be made without
the cost of the resulting computer program becoming pro-
hibitive. The sequential compound procedure can be
evaluated with ease for any value of L. However, in order
to compare the sequential compound performance with the
compound performance, it too was evaluated for only the

case L = 3,
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For the compound case, the reduction of (50) as
given in (102) was used as a decision statistic. This

decision statistic is reproduced below.

P(Xklxk_lsBk)p(Xk+1lzk’Bka+2"'"XN+2)
. p(Xk+2|Bk,Xk+3,...,XN+2). (104)

The first term of (104), p(Xklzk_l,Bk), is the decision
statistic for the sequential case. As pointed out in
Sec. 6.8, it is possible to calculate p(Xklgk_l,Bk). In
a similar manner it is also possible to calculate
p(Xk+2lBk’Xk+3""’XN+2)' However, since,using first
and second order forward-looking and backward-looking
equations, an explicit expression was not found for X

k+1

in terms of Xk’Bk’Xk+2"’

could not be calculated. Thus in order to use this decision

DoxNe2s P X B Xy g e 40X 0)

1 11X BO X g e e+ 5 Xy o)

must be obtained. One type of approximation which may be

statistic, approximations to p(X

used are those approximations which may be obtained by
expressing Xy in terms of Bk and some of the following
terms: gk,xk+2,...,xN+2. Using these Xi's there are
four ways in which X141 can be expressed as a function of
Bk' These four ways are given in (100). This in turn

yields four approximations—i.e.



123

Pyar | X 1oBioXpagoe -5 Xyip) s
PNy | Xpsen s XyuByo Xy ase e s Xyag) s
PNy | Xgae s XpuByoXy s s Xyaq) s

POur | g BiosXpags e e+ oXyuq)
—which may be used to approximate
POgrr | XoByo Xy v s Xyyg) -
For all impulse responses considered, for the four above

approximations, p(X;,; | XZ""’Xk’Bk’Xk+2""’XN+l)

proved to be the best approximation to

p(Xk+l | Xk’Bk’Xk+1""’XN+2)’

This is believed to be true in general. The decision

statistic which incorporates the above approximation—i.e.
p(Xk l X—k-l’Bk)p(del I X2,°",Xk,Bka+2,---sXN+1)

" PXpap | B Xpgs Xy )
—will be termed an "output directed approximation' to the

.. .- . 2
decision statistic. Let Xk+1 N(Zk+1,kBk + Fk+1,k’ Vk’2 )

. 2
in p(Xy 4 | XosewesXysByo Xy oy, Xy, ) and let Vi,1
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Vk,32' 2y k> 2k+2,k be defined as in Sec. 6.5. In order

to evaluate both the compound and sequential compound
decision procedures it is necessary to solve for

ve = Vk’lz, Vk,zz’ Vk,32 and the associated means zk,k’
zk+1,k’ Zk+2,k' A FORTRAN IV computer program was

written which obtained these quantities. The program was
run on Lehigh University's CDC-6400 computer. The program
was written to call, as a subprogram, a routine which cal-
culated the output-directed approximate probability of
error associated with the decision procedure. The prob-
ability of error as given in (86) involves a triple
integral. A change from Cartesian coordinates to
Ccylinderical coordinates results in the triple integral

of (86) being reduced to a double integral. Using a
Univac double integration subroutine, a subprogram was
written which evaluates this two-dimensional probability
of error integral. Table II shows Vk,iz and the associated
zk;i-l,k for various impulse responses.

As a result of the calculation of the Vk,iz’ i-=
1,2,3, it was found that, for all impulse responses -
investigated, if N tends to infinity and if i # io
Vk,iz SO TR 2} 2 tended to a limit v2 as N tended to

Vo1 o
’7o

infinity. Here i0 is chosen to be equal to that value of

2
k,i

b

i for which, as N tends to infinity, the limit of v

exists. This means that in the limit as N tends to

infinity only Xk+i 1 carries any information about Bk'
0



h h v 2 \'s 2 v 2 z z z

1 3 K, 1 k,2 k,3 K,k k+1l,k | Zk+2,k
1 .9 | .95 | 188 4.2-10% 2506 1 7.29 .95
.625 .5 13.2 2.9:10° 3.6.10° | .625 -.61 .5
.125 .25 | 5.10%2 1.09 2.10%8 | 125 .935 .25
1 .1 | o.8 2.78 8.2-10° 7.4-10° 1 5.0 .8
1 N 1.02 1042 10°° 1 .37 -1
1 1 | .95 9.5 9.4.10 113 1 -.49 .95
.333 25 | 6.6-107% | 1.24 10°° .333 .816 .25
1 .05 | .o025 | 233 18.6 1018 1 .97 .025
1 9 | -.05 | 9.7 1.3-10° 1012% 1 -.95 -.05

Calculated means

and variances

Table II

SZT
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Thus, for all impulse responses investigated, the three-
dimensional output directed probability of error integral
can be reduced to a one-dimensional gaussian integral which
can be solved by table look-up. Although it has not been
proved, it is expected that this divergence of all but one
of the Vi,i occurs for all impulse responses with L = 3.
It is anticipated that this situation holds true for larger
values of L. The complicated decision structure would then
be reduced to a classical m-state one-dimensional structure.

Note, throughout this presentation, Vk,32 may be con-
sidered to be -equal to infinity for N - =, This may be
seen to be not a restrictive assumption since upon studying
the region of convergence for both Vk’l2 and Vk,sz it 1is
evident that Vk,lz and Vk,32 can not both be convergent.
Thus if the impulse response is such that Vk,32 would
actually be convergent the interchange of hl«and h3 would
ensure that the new Vk’s2 would be divergent and thus tend
to infinity as N + », Furthermore, this interchange of
h1 and h3 has no effect on the "output directed'" or the
below described "input directed" approximations to the
probability of error. It also has no effect on the actual
performance.

For m-ary signaling, the output directed approximate
probability of error was evaluated for m=2, N=50, and k=25.
This performance is shown in Figsl2-14 as a function of sig-

L
nal-to-noise ratio (SNR) (SNR = (:Z:}H?AZ)/NO’ where A is
i=1
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Detector performance (h1=5/8, h2=1, h3=1/2)
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Detector performance (h1-1/8, h2-1, h3=1/4)
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P(e)Ah Detector performance (h1=1, h2=0.1, h3=0.8)

Fig. 14
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the magnitude of the input signal voltage and N, is the
noise bower) for three different impulse responses. These
graphs also show, as an absolute lower bound to the actual
probability of error, the probability of error associated
with the matched filter single-pulse-transmission case.

A program was written to simulate a transversal
equalizer which uses, as a criterion for setting the tap
gains, a minimization of the mean square error due to both
intersymbol interference and noise [3]. The results of
the simulations are shown in Figs. 12-14., All simulations
were made with 15 taps on the TDL of the equali:zer.

Another program was developed which simulates the
compound decision procedure. The results of these simula-
tions are also plotted in Figs. 12-14. For these simula-
tions N was taken to be equal to 30. The probability of
error that is plotted is the probability of error averaged
over all B's.

For all three impulse responses, the output directed
approximate  performance is larger than the actual
simulated performance. It is interesting to note that for
low SNR the calculation and simulation are in better
agreement than for high SNR. The simulated performance of
the transversal equalizer falls between the output directed
calculation and the simulation of the compound procedure.
The closeness of the calculation to the compound simulation

depends on the impulse response.
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The results also demonstrate that the transversal
equalizer performs close to the optimum compound procedure
at low SNR but deviates markedly from the optimum compound
procedure at high SNR. Thus at high SNR, where the dis-
turbance caused by intersymbol interference in much
greater than the disturbance caused by additive noise,
neither the transversal equalizer nor the output directed
calculation approximates the true performance as well as
at low SNR.

As can be seen, for the impulse responses of Fig. 12
and Fig. 14, the output directed calculation does not give
a very good approximation to the actual compound perform-
ance. Moreover, since p(Xk+1 ] Kk’Bk’Xk+2""’XN+2) can
only be approximated while the other two probability terms
of (104) can be calculated, this discrepancy, for these
impulse responses, is due partly to the fact that the
approximation used for p(Xy,; I X sByoXyygs e s Xyyy) is
not good enough. Accordingly other approximations must be
sought for p(Xy,, | Xio By Xphgs e oo s Xyp) -

A type of approximation which has proved fruitful is
attained by allowing input symbols to become part of the
condition on Xy ,,. That is, p(Xp,q l XisBroXpa oo o5 Xyge0)
will be approximated by p(Xk+1 [ Xk’gN’Xk+2”'°’XN+2) or
by p(Xy,q | XpoBys ey By 2o Brse B X on e X))

These types of approximations will be termed "input

directed approximations''. Note



132

POy | XooBysXpege o 0Xp) = PXgyq | BiypsBi By q) and
P(Xpyq | XjoBys e esBy 25Bys e By, Xy s e, Xy, ) can be

shown to be equal to

P(Xk+l l Bk’Bk-Z’Bk-3’Bk+l’Xk’Xk—1)' (105)

Just as it was impossible to calculate

P(Xp4q | XysBysXyyps - s Xy,,) because Xy 41 could not be
explicitly expressed in terms of X ’Bk’xk+2""’XN+2’
P(Xy4q | Bk’Bk-Z’Bk-S’Bk+1’Xk’Xk-l) also can not be cal-
culated because Xk+1 can not be explicitly expressed in
terms of Bk’Bk—Z’Bk—S’Xk’ Xk-l' Thus approximations to
p(Xk+I | Bk’Bk—Z’Bk-S’Bk+l’Xk’Xk-1) are necessary. Two
approximations which are of interest are

P(Xjep | BysByyq-XysBy ) and

P(Xy4q | By sBys1sXg 128 55By_z). Note, it is necessary
that Bk+1 appears in the condition of (105) since if it
didn't Xk+2 would appear in the condition of the approxima-
tion to (105). Since Xk+2 does not provide information

2

about Bk (Vk 3 7 @) use can not be made of X This
b

k+2°
necessitates the use of Bk+1 in the condition of (105).
There are thus three input directed approximations for

P(Xpyq | Xk’Bk’Xk+2"°"XN+2) which are of interest.

These approximations are

P(Xp,q | By+1>BysBy.1) (106a)
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B,,X, ,B

p(Xk+l | Bk+1’ k2 k2 k-Z) (106b)

PXper | BrapsBioXp 108y 0By 3) - (106¢)
Note, equation (106a) will be called a Type A input
directed approximation and (106b,c) will be designated as
Type B. For each impulse response one of the expressions
of (106) must be chosen to approximate

p(Xk+1 | Kk’Bk’Xk+2""’XN+2) in (104). This expression
should be that expression of (106) for which the input
directed approximate performance is closest to the actual
simulated performance.

In brder to specify which is the best type of input
approximation to use, the concept of amount of information
which a probability density provides about Bk must be
developed. For the case of Bk = +A and Bk = -A; two
probability densities can be obtained for each of the
expressions in (106). The amount of information in each
of the expressions of (106) can then be heuristically
specified as being proportional to the ratio of the distance
between the means to the standard deviation of the distribu-

tion. Since
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k+1 = P1Bag * BpBy * hgBy g o+ Ny (107a)

= ByBrey * By + (hg/h) (X p - N ) + Np,q (107b)

ByBrer * (hyhyhs/Rp)By + (hg/hp) (XN + Nyyy
(107¢)

this ratio can be given as in Table III for the impulse
responses studied.

For all impulse responses investigated,vthe Type B
input directed approximation which provides the most in-
formation about Bk generally proved to be the best input
directed approximation. If the amount of information
about Bk provided by the Type A approximation is greater
than that provided by Type B, then Figs. 12 and 13 seem
to indicate that at a high enough SNR a Type A approxima-
tion would be the best to use. Thus, the rule that is
used to select the best input directed approximation is—
select the Type B approximation which provides the most
information about Bk; however, if Type A provides more
information about Bkthan does Type B and the SNR is high
enough, select Type A. For the SNR studied, Table III
gives the best input directed approximations which were
obtainable for the indicated impulse responses.

The input directed performance calculations are shown

in Fig. 12-14. It can be seen that this input directed



Equation

Formula for information ratio

Value of

information ratio

(117a)

hz =1
3 = 1/2
A/2

(107b)

h, (A/2)

[ 2 . 2.
(h3/h1)+1

(107¢)

[hz i (hlhs)/hz](A/z)

> 2
‘/(hs /hyp )+ 1

e

o

*indicates this is the approximation used for that particular impulse response

Information measure

Table III

SeT
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performance approximation agrees very well with the actual
simulated performance. Discrepancies may be due to sample
size problems in the simulated performance. It thus
appears that a good approximation to the compound perform-
ance has been found. It is anticipated that this type of
approximation will, in general, give a good indication of
the actual performance.

Fig. 15 shows the matched filter single-pulse-trans-
mission performance, simulated actual performance, and
= h

performance of a transversal equalizer for h 1.

1 2 = P3 =
This is a channel which Austin [12] defines as having
maximum distortion. It is interesting to note that this
channel yields better performance than does one with a

h1 = 5/8, h2 = 1, and h3 = 1/2 impulse response.

For each of the four above impulse responses Figs.
16-19 show the ideal single-pulse-transmission performance,
the simulated actual performance and the calculated per-
formance of a theoretical scheme whereby the energy in the
sidelobes of the impulse response would be exactly sub-
tracted out of the received signal. There has been
speculation that the best that one could do at the receiver
is to subtract out this energy in the sidelobes. These
results show that this is not so. For the impulse responses
of Fig. 16 and Fig. 17, the compound procedure does better

than simply subtracting out the sidelobe energy. For the

impulse response of Fig. 18 the compound procedure yields
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essentially the same performance as that which would occur
by subtracting out the energy. In Fig. 19, the decision
procedure does not work as well as that procedure which
would result if the sidelobe energy could be exactly sub-
tracted out. However, Fig. 19 does show that, as the SNR
is increased, the optimum procedure does approach that per-
formance which would result if the sidelobe energy could
be exactly subtracted out of the received signal. Figs.
16-19 indicate that as the SNR is increased to a high
enough value it is likely that the optimum compound
detector will always do better than subtracting out the
energy in the sidelobes. It is not known how to specify,
for an arbitrary impulse response, what this value of SNR
would be.

The results indicate that a very good approximation
to the actual performance can be found. This was true for
each of the impulse responses investigated and it is
expected to be true in general for impulse responses with
L = 3. Also, a similar procedure should be obtainable for
L > 3.' The results also show that the compound detector
does better, in some cases, than just subtracting out the
side-lobe energy. Finally, the compound performance was
shown to be poorer for a channel with h1 = 5/8, h2 = 1, and
h3 = 1/2 than for a channel with h1=h2=h3=l. Thus Austin's
[12] maximal distortion channel does not yield poorest per-

formance. This seems intuitively surprising since a channel
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with maximal distortion would intuitively be expected to
Yield a poorer performance than a channel with another
impulse response.

Suggestions for further research into noisy inter-

symbol interference channels are given in Sec. 8.2.%

E]
All computer programs used in this study will be available
from the authors' files for five years.
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Chapter 8

CONCLUSION
8.1 SUMMARY

This report has considered the transmission of m-ary
symbols over a baseband communication system which induces
intersymbol interference over L adjacent symbols. While
research in this field has by no means been exhausted by
this work, results which are significant and which
should aid in further research into the noisy intersymbol
interference problem have been attained. Both one-shot
and multi-shot transmission were considered. For multi-
shot transmission sequential compound decision theory was
used to specify the decision regions and to calculate the
associated probability of error. The performance can be
calculated for any value of L. In order for this pro-
cedure to be applicable, the sampled values of the impulse
response must fall within a L-dimensional region. This
region is specified for L = 3,4,5 and 6. The multi-shot
detection problem was reduced to a classical m-state
classification problem.

The case of one-shot transmission was also studied.
Here, through the use of decision theory, the optimum

decision statistic was also obtained. Since this
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statistic can not be calculated exactly, output directed
and input directed approximations are made in order to
estimate the probability of error in the one-shot trans-
mission case. The output directed approximation makes
use of only received signals in arriving at the approxi-
mate probability of error. The input directed approxima-
tions assume that some of the input symbols are known at
the receiver. The input directed approximations make use
of these input symbols in arriving at the probability of
error calculation. The closeness of the approximation
to the actual simulated performance depends on the nature
of the impulse response. Note, knowledge of the inputs
is not necessary at the receiver in order to calculate
the input directed probability of error.

In the output directed approximation, it was found
that for all impulse responses considered, as N tends to
infinity only one of the sampled outputs provides any
information about Bk' This reduces the output directed
approximation to a simple one-dimensional decision problem.
Although this was only investigated for the case L = 3,
it 1s expected that this type of reduction of the output
directed approximation will be valid for any value of L.

For all cases considered the input directed approxi-
mation was very close to the actual simulated performance.
For only one of the impulse responses considered did the

output directed approximation give a good indication of
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the actual performance. It is expected that, in general,
the input directed approximation will yield a close
approximation to the actual performance. This is a
significant result since with this approximation the
optimum performance can be calculated with ease. This
knowledge would be useful if one is faced with the
problem of choosing one of several different channels
over which to transmit data. It also provides a standard
with which to compare other sub-optimal filtering and
detection techniques.

It was also found that at low SNR the transversal
equalizer and the compound procedure yielded essentially
the same performance. At higher SNR the compound pro-
cedure was found to perform considerably better than did
-the transversal equalizer.

Another significant result of this research was that
the performance, for some impulse responses, was found to
be better than that which would be obtained if the
decision could be made after the sidelobe energies would
be exactly subtracted out of the received signal. This
disproves the idea currently held by some that the best
that one could do would be to subtract out the energy in
the sidelobes of the impulse response and then make a
decision about the input. The results also indicate that
the compound performance does not achieve the performance

that would be obtained by matched filter detection of a
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single transmitted pulse; although, in some cases, the per-
>formance of the two is quite close. This would disprove
another theory held by some that the compound procedure
somehow gathers up all the energy at the output due to
each input and then makes a decision about the input based
on this collected energy (as a matched filter does when a
single pulse is transmitted). However, the optimum com-
pound procedure does make use of some of the dispersed

energy.
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8.2 SUGGESTIONS FOR FURTHER RESEARCH

There are questions which this research leaves
unanswered. Probably the most obvious area in which
further work could be done is in the extension of the
work on compound detection to impulse responses with L
greater than three. It would be desirable to study the
solution of the higher order difference equations with
the aim of finding, if possible, for what impulse responses
the solutions of the difference equations converge. It
would perhaps also be interesting and fruitful to inves-
tigate approximations to the compound procedure and to
compare these approximations with the simulated actual
performance and with the performance of the transversal
equalizer for these higher values of L.

As noted in Sec. 2.2 complex valued impulse responses
may occur in baseband systems. These types of impulse
responses do not lead to conceptual difficulties but
mathematical difficulties may arise. With a complex
impulse response, each of the Xk+i’ i=20,...,L-1, are
vector random variables. Instead of the Xk+i being
normally distributed, the Xk+i have a bivariate normal
distribution. The sequential procedure would then involve
m different bivariate normai distributions with simple

m-state classification procedures being applicable. The
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compound procedure of Sec. 6.5 would become a decision
procedure in 2L dimensional space with m states of nature.
The associated probability of error would be an integra-
tion over this expanded space. The specific details of
this procedure could be investigated in further research.
The optimum sequential decision procedure has been
investigated in this report. In some cases of data recep-
tion a delayed sequential rule—i.e. one where Kk+D is
available when the decision on Bk must be made—is applic-
able and desirable. This delayed sequential procedure 1is
in one sense an approximation to the compound procedure.
This delayed sequential procedure could be investigated
with a view to calculating or bounding the associated
probability of error. .
Since the input directed approximation gave good
results, an area which may be fruitful for further work
is an iﬂvestigation of *he optimum classification method
and the associated probability of error for a decision
feedback procedure and for a recursive type of decision
procedure. The recursive procedure would make a prelimin-
ary decision about the input symbols. Based on these
decisions and the channel output a second level decision
could be made about each input symbol. These decisions
could in turn be used to arrive at a third level decision.
This recursive process could continue to the M-th level.

The probability of error associated with the M-th level
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decision could be investigated to determine if it approxi-
mates the performance of the optimum compound procedure
and, if it does, the convergence of the approximation to
the actual performance could be investigated as a function
of M.

Further work could be done for the case of L = 3. It
would be interesting to know how the shape of the impulse
response affects the behavior of the compound rule in
relation to a scheme which subtracts out the energy in
the sidelobes.

Finally this work could be extended by studying, for
L = 3, m-ary transmission, m > 2, and comparing actual
compound performance, the calculated compound performance,
and the performance of the transversal ‘equalizer.

| The problem of communication over a noisy intersymbol
interference channel has by no means been solved in this
report. This work does bring one a step closer to an
easier evaluation of sub-optimal detection procedures
which have been or will be proposed. This work will also
serve to indicate how the channel impulse response might

be shaped in order to achieve good data communication.
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APPENDIX A

SEQUENTIAL DIFFERENCE EQUATION

The derivation of the difference equation, (34), of
Sec. 5.5 is presented. The difference equation is

reproduced here as

hyd; + hy qd; g *...v hyd o= 0. (A-1)

Applying the transformation of Sec. 5.6, (A-1) becomes
=0 . (A-2)

The derivation of (A-2) is considered. After establishing
(A-2), (A-1) can be obtained by applying a transformation
to (A-2). The analysis i1s given below.

From (6) the following expressions are given

<
1]

h.B + h,B +...+ h

k 15% 2Bx-1 +* N

(A-3)

By-r+1 * Ny

X = h,B + h,B to..t hLBk-L * N (A-4)

<
]
=
=)
+
=n
o]

k-2~ qByog * PpBy g et BB L+ N, (A-5)

From (A-4), Bk-l is found to be
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By = (X 1N_)/hy - (h,/h))B, -...—(hL/hl)Bk_L,(A-6)
Substituting (A-6) in (A-3), (A-3) becomes
X = hyBy + (hy/h)) (X 1N )% N +[-(hy%/hy) + hglBy
+ooo- [(hyh )/ 1By o . (A-7)
Also, from (A-5) Bk_2 is given as
Bg-z = (1/h)) (X "Ny p) - (hy/hy)By 4
-eeam (b /h)By (A-8)
Substituting (A-8) in (A-7) one obtains
X = BBy + (hp/h) (X 1-Nyq) + N
+ [-(hy/h % + (hg/h)T (X, Ny )
Foo.- (hL/hl)[-(hz/hl)z + h]B

k-L-1 (A-9)

Compare (A-9) with (37). From this comparison it can

be seen that
c =1
- (h,/hy)
-[-(hy/h? ¢ (hy/h] (A-10)
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The equations in (A-10) can be rewritten in difference

equation form as:

c =1
o]
hlc1 + hzcO =0
"h,c, + h,c, + h,c_ = 0. (A-11)

Assume that for any j, such that j < L,
501 T (—l/hl)(hzcj_2 .04 hjco), (A-12)

then the following equations apply

o-1
X, = hyB + }E: c s (N;-X)  +N, (A-13)
i=1
for all o £ j. Thus
o
B, = - }E: (c,.3/hy) (N;-X;) (A-14)
i=1

for all o« £ j. From (6), for j <L,

B. +,..+ h.B, + h B, + N

* hyBy + hgB; 3Bz * BBy

j 3 j+1l °*
(A-15)

Using (A-14) in (A-15), the expression for Xj+1 becomes



J
X541 = hyByyy - (hy/hy) :E: ;5.5 (N5 -%4)
is1
j-1
(hz/hy) EE: €5-i-.1WN3-X5)

i=1
2

-...m (hy/hy) }E: c, s (N;-X;)
i=1

- (hy,y/h)e (N -Xg) +
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Nj+1' (A-16)

After expanding (A-16) the coefficient of (Nl—Xl) is

-(hy/hydes g - (hg/hydey p -oo- (hy/hydey - (b

j+1/hl)co.

(A-17)

By definition this equals Cj' Thus, by induction

Cj-l = (-1/h1)(h2cj_2 +.. .+ hjco)

(A-18)

for any j < L. 1In particular for j = L, the following

equation has been established

hch-l + hch_2 +...+ hyc =20.
Now consider j > L and assume that

cj.1 = (—l/hl)(hzcj_2 ...t hLCj—L)

Then the following equation applies for all a <

(A-19)

(A-20)

j.
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Q
B, = D, (cq.i/hp) (VX)) . (A-21)
i=1
From (6)
Xjpp = hyByay * hpBy et BBy, (A-22)

Using (A-21) in (A-22), the expression for Xj+1 becomes

Xj+1 = Nj+1 + hlBj+1 —(hz/hl) }i: Cj—i(Ni‘Xi)
i=1

1
- (hz/hy) ii: c5.5-1 (N5 X;5)
i=1

j-L+2
~eem (hy/hp) :z: ¢5spa2 Xy (A-23)

i=1

After expanding (A-23) the coefficient of (Nl-Xl) is
-(hz/hl)cj_1 _(hS/hl)Cj-Z e ac (hL/hl)cj_L+1 . (A-24)
By definition, this is equal to Cj' Thus

h,c. + h,c. +,..+ h

1€; 2%5-1 1¢-1+1 = 0 (A-25)

and (A-2) has been proven by induction. Apply the trans-
formation (i) » k - (i) to (A-25) and change the variables
from c; to di' The following equation results:

hpdg + by jdg g+t hydg g =0 L (A-26)
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This is the same as (A-1) and the difference equation is

thus derived.
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APPENDIX B

CONVERGENCE OF v?

Necessary and sufficient conditions for the conver-
k
gence, as k » «, of v2 = E di2 are presented below.
1=1

From Sec. 5.6,

k k-1 oo
V2= Zd.2= c.2 and lim v2= Z c.z.
: i i Koo i
i=1 i=0 i=0
w © -1
chz = Z FJ2 rJz1 cosz(le + E.)
i=0 i=0 j=1
oo L-1 L-1
+ 2,2 ) D FE rr )t cos(ie; + E,)
i=0 j=1 a=1
47 * cos (i6_ + E )
L-1 oo
= E ; F. 2 r.“ cos? (io, + E.)
J J J J
j=1 1=0
L-1 L-1 o0
+ 2 2{: PJFa :E: (rJr )" cos (i06. + EJ)
j=1 a=1 i=0
oFj )
« Ccos (19a + Ea) . (B-1)
. 2.4 . < 2.4
Since (rj ) cos(lej + Ej) < (rj ) (B-2)
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and since :E: (rjz)i converges if rj < 1 each of the L-1

infinite series in the first term of the right hand side

of (B-1) converges if, for all j, -1 < rj < 1.

Also since E (rJra) cos (1@ + E. )cos(le + Ea)

i=0
1
2 (e,
i=0

. i .
and since :E% (rjra) converges if |rarj|
1=

(B-3)

[}

< 1, each of

the 2(L-1)(L-2) infinite series in the second term of the
right hand side of (B-1) converge if, for all

j, -1 < rj < 1. Thus if the roots of the auxiliary
equation fall within the unit circle in the z-plane

v? will converge to some limit as k tends to .

-]

The convergence of }E: (or lack thereof) for the
1=0

case in which one or more of the roots of the auxiliary
equation fall on or outside the unit circle will now be
investigated. Let Ty, = max {rj} then

j

2,.
E :(Ci/rj E F cos (16j, + Ej,)
i=0
25 +
z: i (1' /I' % cos (1(9j Ej)

i=0 j=1
j#i!
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L-1 L-1 _o , i
+2 :z: :E: FjFa(rjra/rj, ) cos(l@j + Ej)cos(lea + Ea)'
a=1 j=1 1=0 (B-4)

a#j

By arguments identical to those given above, all of the
L-1 infinite series of the second term of the right hand
side of (B-4) and the 2(L-1)(L-2) infinite series of the

third term of the right hand side of (B-4) converge. It
remains to investigate F?, :E: cosz(iej' + Ej,).

) i=0
Since cos (iej, + Ej,) is an undamped function

the infinite series, Z (ci/rj,)z, diverges [24]. Then
i=0 o ‘
by Thm. 39, p. 29 of Fort [27], :E: ciz also diverges.
i=0

Thus a necessary and sufficient condition for the con-
vergence of V2 is that the roots of (37) fall within the

unit circle in the z-plane.
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APPENDIX C

SUFFICIENT CONDITION FOR CONVERGENCE OF
DIFFERENCE EQUATION SOLUTION

The problem is to find conditions under which the
solution of the difference equation

+ a c. =0 (C-1)

Ch+l-1 1n+1-2 7

satisfies
2
E C, < .
n=0

Here a;, = hi+1/hl' The general solution of (C-1) is

@]
!

n
=z (all * oy, t...tn o

+ zzn( Gyp * DOy, *+...+ 1

+o..4 zkn(ockl + noy , *...+ n ®m )

12 oot ag oz toa =0 (C-2)

with respective multiplicities Mqsee e,y (ml oot my = L-1)
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and the L-1 constants aij are determined by CororvsCp_ 7"

Rewrite Chy in the form

c, = al(n)zln +...+ak(n)zkn,
where al(n),...,ak(n) are polynomials in n. Then
k
2 _ 2 Zn n_n )
c, = :E: o (n)zi + :E: ai(n)aj(n)zi zj . (C-3)
i=1 1<i<jck

Since for any polynomial a(n) in n,

oo

:E: a(m)z" < = if |z| < 1,

n=0

.. <. 2 .
a sufficient condition for convergence of E c, 1is,

from (C-3), clearly that n=0

i.e. that the roots of (C-2) lie inside the unit circle
in the z-plane. (This condition is also generally
necessary).

Consider the following theorem from complex variables:
Rouche's Theorem: If f(z) and g(z) are analytic functions
on a domain (open set) D together with its boundary C,
and if |f(z)| > |g(z)]| for z on C, then f(z) and

f(z) + g(z) have the same number of zeros in D.
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To apply this, let

£(z) = 2F71
. L-2
g(z) = ajz toootoa;
D: |z| <1
C: |z] =1
If |a,| *...*lay ;| <1, then for |z| =1, i.e. for z on

C,
lg(z)l < lall oot laL_]_' <1l-= If(z)l

Therefore f(z) + g(z) has the same number of zeros inside

L

the unit circle as f(z) = z~, i.e. L-1 zeros inside the

unit circle. Then |a | +...+ la, ;] < 1 —=> all roots of

(C-2) lie in the unit circle —> :E: cn2 < o,
n=0
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APPENDIX D

PROOF OF THEOREMS

Using the notation of Sec. 6.2, the proof of the

theorems presented in that section are given below.

Thm.
a.)

b.)

1

p(Xk+L+i I Bk) = p(Xk+L+i) i = 0,1,...,N'K'1;

P(Xy_; | By) = p(Xp_y) i=1,...,k-1,

Proof Part a:

PQyrpey | By =

i

By (6) and

D Y PXpaiBreierre o o Brapes | B
Bk+L+i Bk+i+1

:E: s :E: P(Bk+i+1""’Bk+L+i | Bk)

Byspei  Pyeisl

" PXyepes | Bragers oo BrapaioBy) -

the assumption of independent inputs,
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POyapes | By =

- > .. D BBy igee s Brapes)

B+l Brriel

c Pyupai | Bragags o sBropey)

= ) o Y PCyupaioBreiarr e oBrapey)

Bir+1 Brsisl

= p(Xk+L+i) .

The above proof is valid if k+L+i < N. For k+L+i > N

a similar type of proof may be given. Theorem la is
thus proved.

Proof Part b:

P(X_; | By = :E: ...:E: P (X 3By gsesBy i a1 | By)
Br-i Byoi-r+1

E Z PXpi | Byogo By s [,15By)

Bioi Byoi-r+1

. p(Bk_i,...,Bk_i_L+1 | Bk)

Z E PXyi | ByogoevesBy i h)

By i Broi-v+1

]
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:E:... }E: P(Xy By _sseeesBy s [4q)

Broi Broi-p+1

p (Xk'l) [}

The above proof is valid if k-i-L 2 0. For k-i-L < 0, a
similar kind of proof may be given. Theorem 1 is thus

proved.

Thm. 2

POXIB) = P((Xyyp.p)5 | (B)5) pCCyyp . p)y) -
Proof:
From the definitions of (XN+L—1)k and (XN+L-1)j’ Ukr\Uj=¢

Let (B). = U. - (B)., th
e ()J 3 ()J en

POXIB) = P(Cyap 1) 55 Cap- il (B4 (B

U (B);
-0 Doy, (B) 1 (B);, (BYy)
Uk (E)J

= P(Chyppop) g e D Ugeo (B 55 (B) 5, (B

Since independent inputs are assumed,

i

P (U, (B) ] (B), (B)y) = P(Up)P((B);)

PUIP((B);] (B)5).
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Also since Uy and Uj statistically specify (XN+L—1)j and

(XN+L-1)k (by definition)
P(Xyyp-1) 3 Cyap- Dl Vi B4 (BY S, (BY)

= p((XN+L-l)j’(XN+L-1)klUk’(E)j’(B)j)°
Thus

p((XN+L-1)j’(XN+L-1)kl(B)j’(B)M) =

= D D PWOR® I ®))

U (B);
P (g1 5> Kyap ) Ugs (B 55 (B) )

> 2P OIPCE) 1 () P (g 1) 100 (B, (B )
o, (B,

" Py Vel Rypp 1))

2 PURPCE) | (B) )P (Xyyp 1)51 (B 5, (B )
B). '

®;

* p((XN+L-l)klUk)

= 20 2P (Cyp D50 (B () )P (g )yl
o b,
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D Py D)ol D Py, )5 (B ()))

Uy (B) ;

2 P(Cyar oV P Gy 131 (B))

Uk

PC(y,p )51 (B)) D PC(yup 1) 30Uy
Uk

P((Xyap 1) (B)P((yep )0 a-e-d.

it

-) e

Cor. 2.1 P((Xy_3)51B) = P((Xy_3) 5

Proof: Let (Xk—i)j be equal to X and let Bk be equal

A

to B in Theorem 2. Note that Ujf\Bk ¢. Then

p(ilg) = p(Xk-i)j lBk)

:E: POy 3)55U51By)
U.
]
}E: PUSIBIPC)51By,U))

1

j{: SO LI(C A IIE :E: P((Xy_y)55U5)
J

pc(xk_i)j)  q.e.d

Cor. 2.2

POXy )yl Bys () 5) = POyl (X))
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Proof;

R JICRITCONL
J p((xk-a)j,Bk)

p((xk)U]Bk’ (Xk-oc)

Let (Xk)UkJ(Xk_a)j = X and let Bk be equal to B in Theorem
2. Note (UUL)Uj)F\Bk = ¢, Then

p(X|By)
:E: :E: P (X, Uy, Uy [ By)
UU Uj

:E: :E: P(Uy, Uy [B )P (X] By, Uy, U5)

Uy

p(X|8)

P (Uy,U5)p (X|Uy,U5)

c

P(X,Uy,U5)

U.
J
U.
J
U.
J

o=
~

Also, by Cor. 2.1,

P((Xy o)1) = X))

j

Therefore
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J p((Xy_ o))

p((Xk)U,Bk,(Xk_a)

= p Xyl (X ) 3) q.e.d.

j

Note in the course of proving Cor. 2.2 the following

relationships were established:

PLOG) s (X )5 1B = pCOG) s (X)) 2 (0-1)

j j

POXI B = p(X),) . (0-2)
Cor. 2.3

P Xyl X o By Xy v Xyap 1) = Cup (XX 1,3

Proof:

p(-)E-]<’Xk+L""’XN+L-llBk)

PO Xy 1 Bio Xpap s o v 5 Xyap 1) XX " )
e S R L TS ERRRERS P SN B9

Now, by Theorem 2,
p(zk’xk+L"°°’XN+L-llBk) = p(ilek)p(Xk+L"'"XN+L-1)'

Also, p(&kIBk) = p(Xklzk-l’Bk)p(Xk-l’Bk)°
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By Cor. 2.1, p(X, _{|By) = p(X,_{). From (D-1),

Py 1o Xpup oo Xyep 1 1By) = PRy Xy s e Xy q)

Thus p (X, |X X

-1 B Xk oo oo Xygap- 1)

p(Xkka-l’Bk)p()—(-k-l)p(Xk+L’ coe ’XN+L-1)

PRy1oXups oo Xyap g

Cqp Xy Xy 15By)

where

- p(&k_l)p(xk_..L? s ,XN+L_1)

PRyo1oXgaps -+ o XNer-1)

C4 is independent of the value of By 4a.e.d.

Cor. 2.4:

Perp-1 1 X108 Xpap s -+ Xy - 1)

= C5 PXpyp 1 BoXpups oo oo Xyypiy) o

Proof:

PRyar-1 X 108X g Xgep o)

. P(Xk+L—l’£k-l ,Xk+L, FRrY ,XN+L_1]Bk)

PXy 19X s Xgap-1 1 Bg)
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From Thm.2

y X

P (Ko Xpen-17 0o Xyap -1 1By

PXyrp-1se o Xyep-1 1 BRI P Gy 1)
and from (D-1),

X

Py 1o Xpaps oo oo Xyap-1 |By) =

L C.CN PR O8 RERERRTS SO

Also p(X s X

K+L-17 2 XNep-11BK) =

PXypp -1 Xpars o5 Xyap 1B

" P X X1 1By

Using (D-2),
p(Xk“‘L’.'.’XN"‘L-lIBk) = p(xk'*‘L’.."XN‘*'L‘l) ;

Thus p Xy 11X 10 B Xpers - -+ 2 Xyap-1)

P(Xypp 1By Xpups oo+ s Xup- 1P Ky s v+ s Xyap - 1)P Ry 1)

PRy-1oXgers - Xyup-1)

= Cop (Xpup 1 Byo Xy o+ -+ s XNap-1)



172

Aep-)P g y)

X

p(Xk+L""’

where_C5 =

Py 1oXper s+ o Xyspo1)

is a quantity independent of the value of Bk and the cor-

ollary is proved.
Thm. 3: P(Xk+L_1|§k’Bk’Xk+L"'"XN+L—1)

X

= P -1 B Xpaps o Xy p) s

Proof:
Note, throughout this proof it will be assumed that the

Bi are statistically independent.

Pyppogo o Xgapo1 1 X By

N+L-1)'

Pyerp-1 X0 B Xpa s o+ 45X

PXpars e oo Xyap-1 1 %50 By)

(n-3)
Pyap-10e Xy 1 X0 By) =
DI }E: PRyap-1s o XNap-10Brags - - 5Byl Xy, By)
Brs1
k+1
. p(Bk+l”"’BN|§k’Bk)' (D-4)
P(B «o B X, |B)
k+1° o ONo Al By
P(Byyps---»BylXy By =

P(Klek)



P(Bk+1, o s e ’BN)p(_X.k,Bk" o :B
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N)

p (Kk l Bk)

Now p(XkIBk""’BN)

o

[\../]

o~]

1 By 1
D 2 PORIBIP( By
By Byo1

Do D P ]BY)

By By 1

pQ(_lek) .

Substituting (p-6) in (D-5)

P(ByyqseesBylX,By) = P(By,q,-..,B) .

Now substituting (D-7) in (D-4) and noting that

P(Byyps-«+sBy) = P(By, q,...,By|B,) and

p(xk+L_19’ .. ’XN+L_1|Bk,- .. ,BN,Xk)=

p(Xk"'L-_[’ LR ’XN+L-1lBk’ o v ,BN) s, One obtains

(D-5)

:E: .. }E: P(XysBy 1 IBys. . sBy)
Br-1

D POy IBOIP (B IBy ..., BY)

(D-6)

(D-7)
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P10+ o Xyap-1 1 X500 By) =

=:E:... :E: PXyap 1o+ »Xyapoq Bys -~ - By

Byt By

+ P(By,q»---,BylBy)
= :E: . :E: P(Xypp-12»Xyap-1>Byegs- - -BylBy)
By

= pCXk+L—l""’XN+L-llBk)' (D-8)

Examining the denominator of (D-3)

PXpaps e o Xy -1 150 By)

= Z. .. Z P(Xk+L,.. .,XN+L_1,Bk+1,- .c,BNIXk’Bk)
Bee1 By

= }E:...:Z: PXyaps e e Xyapoq [ Xy Bys -+ + 5 By)
Byt Y
* P(By,qs--5BylXp,By) . (D-9)

P(Zk,Bk+1,...,BNIBk)
P(Elek)

P(Bk+1,...,BN|§k,Bk)

A P(Bk+l,...,BNlBk)p(glek,...,BN)

P (X, |By)
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Using (D-6)
P(Bk"'l’...,BNIK'k’Bk) = P(Bk+1,.oo,BN)o (D'lO)
Using (D-10) in (D-9) and noting that
p(Xk+L"‘"XN+L—1l§k’Bk""’BN)='
p(Xk+L""’XN+L-1'Bk+1""’BN) one obtains
p(Xk+L’ o ’XN"'L—l ]Xk,Bk)
:E:...:E: p(Xk+L,...,XN+L_1|Bk+1,...,BN)
Bre1 By
* P(By,qs---»By)
= :E: .. :E: P(Xpap s »XNap-12Bgags - - »By)
Brse1 By
P Xy o Xyap-1) - (D-11)

Substituting (D-11) and (D-8) in (D-3)

P(Xppp-1 1 X By Xypp oo

_ PXpap-1 1By Xpaps -

X

Pyap-1e o Xyep 1 1B)

N+L-1) "
P(Xyaps oo Xyap-1)

o XN 1P Ky s+ o5 Xygep o1 1 By)

PXaps v o Xyep-1)
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By (D-2) P(Xpyps-esXyep-1 Br) = PQyypse-->Xyap-1) -

Thus p (X ., X

k+L-1 1% BroXarn - 9 Xyer-1)

p(xk+L'1IBk’Xk*‘L’...’XN‘FL-l) q.e.d.
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