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CHAPTER |

INTRODUCTION

For the past three decades, the effects of multiple transmission paths on
received signals have received considerable attention. This interest has arisen
in a broad spectrum of applications including telecommunications, radar, sonar,
and seismology as a result of the frequent encounters in these fields with
multiple path environments. While the exact problems to be solved with
respect to multipath are not identical, they have considerable commonality. In
general they include the detection of multipath, estimation of path character-
istics, and determining the processing of received signals to reduce or minimize the
effects of the multipath.

In this work, these questions will be examined for the cases of a sonar or
radar system with a known transmitted signal examining an unknown distributed
target. Since neither the transfer function corresponding to the multipath
transmission nor that of the target backscatter are known, methods to separate
their effects are central to the. study. The suitability of several types of
possible interrogating signals are investigated. In particular, attention will be
given to the effects of multipath on the power spectra of sonar or radar target
signatures. This specific question is of interest in the field of automatic radar

target classification and provides the central focus for this work.

I.1  Historical Background
Many of the questions involved in detecting the presence of multiple

transmission paths and estimating their parameters are the same or closely
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related to that of detecting closely spaced targets. When one speaks of point
targets, the similarity is greatest. Consequently, much of the work that has
served as the basis for recent studies in multipath effects have stemmed from
the findings of earlier works on the detection of multiple targets. An early
work by Root! examined this problem from the viewpoint of maximum
likelihood estimation and signal design. Nillson2 has -discussed various.systems
to estimate the number and distribution of multiple targets using a least square
error criterion and introducing an additional loss function to penalize for errors
in the estimated number of targets. Extension of his findings to the case of
distributed targets of unknown characteristics is considered briefly,

More recently, D. T. Mangan03

has made a comparison of three filtering
schemes for signals transmitted through multipéth. These were a delay f{ilter,
matched filter, and a frequency-inverse filter. He provided a comparison of the
coefficient of variation of the estimates derived from each system. No
additive noise was included in the investigation. Ehrenberg, Ewart, and Morris4
have examined the case where the multipath returns are closely enough spaced
that matched filter processing (or the other two mentioned above) is not
sufficient to resolve the paths with the signals used. They present a processing
scheme that provides maximum likelihood estimates of the individual path
delay§ and amplitudes, as well as a criterion for determining the number of
paths present. Their analysis includes the presence of Gaussian noise and
compares the performance of the maximum likelihood processing with the
results obtainable by matched filtering and inverse filtering at various noise
levels. A considerable improvement in parameter estimation is demonstrated

using maximum likelihood estimate,
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G. Turin5

has examined the use of spread-spectrum techniques for
combating the effect of multipath in digital radio communications. This study
considered a model that included the presence of a large number of multipaths
that varied slowly with time. An adaptive receiver processor was discussed.

A further processing technique that has been applied to the extraction of
multipath information, as well as recovery of the original signal, has been that
of cepstrum processing that was first introduced by Bogert, Healy, and Tukeye.
This technique, which will be discussed in detail in Chapter 2, was first applied
in the area of seismology with considerable success. Recent works by Hassab.
and Boucher7 and Kemerait and Childers8 have examined the application of
cepsturm processing to signal detection and estimation, and time delay estima-
tion in the presence of noise, respectively. Both investigations were.limited to

signals known except for amplitude and arrival time.

1.2 Preview

The method examined for recognizing multipath transmission in echoes
from a distributed or multireflector target centers around the application of
modified cepstrum analysis. Thérefore, in Chapter 2, the derivation of the
power and complex cepstrums and their properties are presented. A review of
some earlier applications of these techniques are included to provide additional
insight into the attributes of this processing technique.

Chapter 3 considers the application of cepstrum techniques to the present
problem. In particular, the expected differences between the effects of a
distributed target in producing multiple echos and the effects of multiple

returns due to a multipath environment are discussed.
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In Chapter 4, the models for the t.arget and multipath are developed as
well as the techniques employed for signal generation, addition of noise, and
filtering techniques. Various results obtained using a continuous wave (CW)
signal are presented along with a description of the modifications to standard
cepstrum methods that were required. The effects of pulse length, noise, and
ship motion are examined. .

Chapter 5 is devoted to comparing the performance of several different
signal types in the multipath situation. An extended discussion of operation
with a multiple frequency regime is included due to the relatively recent
introduction of this signal type into the radar community9. The simulation
results for each are presented along with observations on their relative
strengths and weaknesses.

Chapter 6 presents the methods used to obtain corrections for the effects
of multipath as determined by the earlier techniques. In particular, the use of
the cépstrum to improve target signature spectral estimates corrupted by
multipath is discussed. Interest in this area is motivated by current use of
these spectral estimates in algorithms developed to determine ship type from
radar signatures.

Chapter 7 summarizes the major contributions of this research and
indicates the areas for further study that appear most interesting and produc-

tive.

1.3 Scope of Application
As indicated at the beginning of the introduction, the problem examined
in this work is of interest in both the fields of sonar and radar. While there are

many specific differences in these two fields, the similarities make the findings
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applicable to both. To allow consistent specific simulations throughout,

frequencies and propogation speeds appropriate to the sonar scenario have been -
used exclusively. Ocean specific attributes, such as the variation of absorption
with frequency have not been included, however, so the results are equally

applicable to radar.
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CHAPTER 2
CEPSTRUM ANALYSIS

2.1 Power Cepstrum

In a paperl with a quite' novel title ("The Quefrency Alanysis of Time
Series for Echoes: Cepstrum, Pseudo-Autocovariance, Cross-Cepstrum, and
Saphe Cracking"), Bogert, Healy, and Tukey introduced the concepts of cep-
strum processing in 19(’:2. Their methods include doing many things in the
frequency domain that had been traditionally common to the time domain and
vice versa. For this reason, and to emphasize the similarity and differences_
between their treatment and spectral analysis, they introduced a coilection of
new terms that were formed by reversing the first syllable of the corresponding
term from spectral analysis. Hence such terms as cepstrum (spectrum),
alanysis (analysis), and liftering (filfering) were used in their writing. Of these,
only the term cepstrum has persisted in general usage. Accordingly, this is the
only of their terms that will be used consistently here. Where the differences
in the usage of other terms différs from their normal connotation due to the
reversed domains, the difference will be explicitly noted when required to avoid
confusion.

The power cepstrum was originally defined as the power spectrum of the

log power spectrum of the original time series, i.e.,

s) £ ] Friogtew))y |} 1)



where

[+ -]

- -Jut
F(£(t))= £{t)e™? " gt . 2

¢ (w) is the power spectrum of the original time series and log is the natural
logarithm. It is more convenjent, however, to define the cepstrum as the

square root of this quantity. That is

C(t) = | Fllog(e(w))} | )

This might better be called the amplitude cepstrum, but the term power will be
retained for consistency with the literature.

As will be seen, this function has a large value at times corresponding to
the delay between multiple arrivals of a single signal.

To examine this property of the cepstrum and see its usefulness in
determining the presence of multiple echos, it is most instructive, following the
example of Bogert, et. al.z, to analytically obtain the power cepstrum for a
single signal with one, time delayed, attenuated replica added to it. If tt_\e
original signal is y(t), and the replica is delayed T, and has a relative amplitude

@, then the total received signal z(t) is given by

z(t) = y(t) + ay(t -~ 1) . ()



Then if the power spectrum of the original signal, y(t), is d>y(w), then the power

spectrum of the composite signal is

2
¢,(w) = | F(y(£)) + F(y(t))aexp(-Jur) |
2 2
= | F(y()) | ° } 1 + aexp(~Jut) |
2
= q’y(“’) * (1 + 2acoswt +a ) : (5
Then, taking the natural logarithm of <I>Z s we have
: 2
logéz(m) = long(w) + log( 1 + 2acoswt +a ). (6)
For |a | <1 we have the series expansion
2 s
a L] L4 L] .
log(l+a) = a - % t3- s o)

so considering the case where o? <<_1 applying the expansion of equation (6) to

the final log term in equation (5) and ignoring terms in a? we have
10g<1>z(m) = 1og<l>y(m) + 2acoswt . (8)

Then the cepstrum is obtained by taking the Fourier transform of this

expression yielding

C(t) = [F{logt(w)}]| + ad(t-1) + as(tit) . ©)



Thus the power cepstrum produces a function that consists of the
cepstrum of the original signal (|Flog ¢ (w)])and impulse functions at the
times, +T , corresponding to the second arrival. Furthermore, the height of
this spike is proportional to the relative amplitude of this second arrival.

If the second arrival has a magnitude, o , that is not sufficiently small to
ignore the higher order terms, the log expansion can still be successfully

employed. In this case, starting from equation (6), we have

log¢z(w) = logd(w) + 1og{(1+a2)(1+i%§icosmr)}
R 2
= ' 2 —20 20 \1, 2.,
logd(w) + log(l+a?) +1+a2 COSWT _(l-l- oz") 5CO0S w(’l;-o)
2 20 1({ 2a )2
¢ logd(w) + log(1+a2) + T+qZCOSWT ~ - (~21+_a')

2
+ %(J_f_—gz) cos2wt + *°°

Therefore, it is seen that increasing the amplitude of the second return raises
the average level of the cepstrum peak at T and adds peaks that are of lesser
amplitudes at multiples of 7. While this diminishes the simplicity associated
with a low level second return ( a<<1), the power cepstrum can, nonetheless, be
clearly interpreted since the multiple peaks produced are simply related in their
respective delay times.

As additional returns are added to the received signal, the complexity of
interpreting the cepstrum is increased, but the position of the peaks is still
related to the relative delays of the individual returns. A look at the case of

three returns demonstrates the relative positioning. Here the received signal is
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z(t) = y(t) + ajy(t-tq) + a,y(t-1,) ; (11)

if ( alz . azz) <<1, then
le,(w)]? = ]@(m)|2(1+a12+a22f2alcoswrl
(12)
t2a,cosu0T+2 | scos (41— ,))
| +2azcosm12+2ala2cosw(tl-'rz)).
This produces peaks in the cepstrum that correspond to the difference betweeen
delay times, as well as to the individual delay times themselves. As the
amplitude of the echoes increases and higher order terms must be retained,
peaks in the cepstrum are introduced at multiples of the various delays and
delay differences. |
Increasing the number of discrete arrivals further produces no further
qualitative differences in the composition of the cepstrum. The output contains
an increased number of peaks. As the number of arrivals increases, the

amplitude of individual peaks is, in general, reduced.

2.2 Complex Cepstrum

The complex cepstrum, as described by Kemerait and ChildersB, is anal-
ogous to the power cepstrum with the phase information retained. This, as will
be shown, allows inverse processing to return to the original time domain after
filtering of the cepstrum. The relations and effects of the processes are most
clearly presented by examining the simple two return case, with second arrival
low amplitude, that was discussed in the preceding section. This parallels the
analysis presented by Kemerait and Childers3 and that of Oppenheim, Schafer,

and Stockham4.
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Returning to the simple reflection model, we have
z(t) = y(t) + ay(t-1) . %

Taking the Fourier transform yields

Z(w) = Y(w)(1l + ac™d9Ty | (13)

Instead of taking the logarithm of the power spectrum as was done previously,
here the logarithm is taken of the Fourier transform as given by (13). Since the
argument of the logarithm is complex, care will be required throughout the

processing to properly maintain the phase relations. Taking the logarithm
' = ; -Juwt
log(Zz(w)) = log(Y(w}) + log(l+ae ) I (14)

then applying the expansion for log (1 +a) and retaining the higher order terms

gives

1og(Z(w))=1og(¥ (u))+ e JuT- &eJu2T

ol
+_§e-3w3'r _ e e s (15)

The complex cepstrum is then the inverse Fourier transform,
A -
C(z(t))=F " (10g(2(t)))=Cy (t))+ ad(t-1)

-—g-zsct-zrﬂ —§36<t-3 ) - (16)
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Thus, the resulting complex cepstrum of z(t) consists of the complex cepstrum
of the original signal, y(t), plus a decaying series of spikes occurring at
multiples of the second return delay time. This is seen, then, to provide
information vequivalent to that available from the power cepstrum. Its relation
to the power cepstrum is the Asame as that of the Fourier transform to the
normal power spectrum in that it retains phase information. All the informa-
tion of the original signal remains in the complex cepstrum and may be
recaptured by following an inverse sequence of operations.

Before discussing the filtering operations on the complex cepstrum and
subsequent inverse operétions to return to the original time domain (the
cepstrum is also a time series, but will be referred to as the cepstral. domain to
distinguish it from the normal time domain), one aspect of obtaining the
complex cepstrum requires mention. Since the Fourier transform of the
original time series will be complex', the logarithm of equation (14) is a complex
logarithm. Unless corrected, the resulting phase of the logarithm will be given
as a principal value, i.e., multiples of 27 will be removed. As a result, the
phase of the logarithm will be discontinuous because of possible 2 7 "errors"
between consecutive samples. This, in turn, would produce incorrect results
when taking the inverse Fourier transform. that yields the complex cepstrum.
Since the phase is actually varying in a continuous manner, the discontinuities,
introduced by the 27 jumps resulting from using the principal value, would
produce false high frequency (quefrency) components into the cepstrum. To
avoid this error, the phase of the complex logarithm must be "unwrapped" prior
to the final transformation. This is done by adding or subtracting multiples of

27 to the originally modulo 27 phase values. The addition is done so as to
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make the phase a continuous function, i.e., to remove the 2 discontinuities.

As long as the phase varies relatively slowly between consecutive samples in a
digital implementation, the "unwrapping” is straightforward.

Figures 1, 2, and 3 illustrate the process. Figure 1 shows the original
phase values for the first 21 samples of the logarithm of a hypothetical signal,
Discontinuities can be seen between values 5 and 6 and between values 14 and
15. Figure 2 shows the unwrapped phase values. To prevent the complex
cepstrum from being dominated by the phase term of the logarithm, The linear
trend present in the values of Figure 2, is then removed by adjusting the phase -
values to lie the same distances above and below a zero-mean line that they lay
above the solid line of Figure 2. This line could be generated as a least squares
linear fit to the "unwrapped" phase values. The final phase sequence is shown in
Figure 3. This last step of removing the linear phase trend is required only if
the phase has a large slope. Since the phase is the imaginary portion of the
compl‘ex logarithm, it would control the magnitude of the logarithm in this
case. This creates a problem in a system with finite computational accuracy.
It should be noted that zeroes in the spectrum introduce unremovable discontin-
uities.

The primary purpose of using the complex cepstrum is that it may be
filtered to allow recovery of a particular portion of the original time series
through the inverse transformations. Three filters ("lifters" in the transposed
terminology of Bogert, Healy, and Tukey) have received frequent applications.
They are the "comb," "short-pass," and "long-pass" filters. Comb filtering is
a(.:hieved by zeroing the cepstrum at the points that are due to the echo(es)
arrival(s). Usually the location of these points is first determined from the

power cepstrum due to its superior performance in this regard. These zeroed
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Figure 3. Unwrapped Phase of Complex Logarithm with Linear
Trend Removed.
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values are then replaced by averaging the adjacent points in the complex
cepstrum. This procedure substantially removes the echo when the inverse
transformation is applied.

A second filtering, short-pass filtering (cf. normal low-pass filtering), also
removes the effects of the echoes. Here the values of the complex cepstrum
greater than that of the shortest delay are set to zero. This method can only be
applied when the delays are great enough that substantial pértions of the
cepstrum due to the first arrival are not also zeroed. If this is not the case, the
original signal can be substantially aistorted. This procedure is essentially an -
extension of the comb filter in that the portion of zeroing that actually affects
the desired echo removal is precisely the zeroing at those points where the
comb filter acted. An advantage of the short-pass filter is that, wi';h multiple
echoes, all but the first arrival will be removed with a single operation.

The third filter, the long-pass, is just the reverse of the short-pass and has
the opposite effect. Here the values of the complex cepstrum before the
second arrival spike are zeroed. This has the effect of removing the original
arrival and leaving only the echoes. As was the case with the "short-pass," its
success without excessive distorﬁon requires that the first and second arrivals
be well separated.

The complex cepstrum has not been used in this investigation. Sugges-

tions for its application in future work will be discussed briefly.

2.3 Effects of Noise
Much of the early modeling work in cepstrum analysis has been done in a
noise-free environment. This was the case for the derivation of the cepstrum

characteristics in the preceeding section. A brief comment on the effects of
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noise on the performance of the cepstrum will provide the background for

subsequent discussions.

Hassab and Boucher have conducted a detailed analysis6 on the effects of
stationary Gaussian noise. They demonstrate that the performance cannot be
predicted by the total signal-to-noise ratio across the whole bandwidth pro-
cessed. Kenerait and Childers’ have reported an 18 dB' signal-to-noise
threshold for successful signal extraction. With certain signals and certain
forms to the noise spectrum, Hassab and Boucher have shown considerably
better performance possible without smoothing,

The effects of the noise are two-fold. First, the noise statistically
reduces the amplitude of the echo peak at the delay time in the cepstrum.
Secondly, the noise tends to introduce additional cepstrum outputs that obs;:ure
the delay spike, especially with the reduced level of this spike. Since the
magnitude of the delay spike depends on the relative amplitude of the second
arrival signal; the performance of the cepstrum at any particular signal-to-
noise ratio will be affected by this relative amplitude. This will be discussed in

greater detail in Chapter 4.
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CHAPTER 3
CEPSTRUM PROCESSING WITH DISTRIBUTED TARGET AND MULTIPATH

The salient feature of the problem being considered, detecting and
estimating multipath parameters in the reflected signal from a distributed
target, is the similarity between the effects of the distributed or multireflector
target and the effects of multipath. Both of these processes are characterized
as producing weighted sums of delayed replicas of the transmitted signal. The
effects on the successful processing of real data that deviates from this
modeling will be discussed in Chapter 4. It is noteworthy at this point,
however, to note the most apparent simplifications incorporated in the charac-
terization. The total target may well have a more complex transfer function
than can be accurately depicted as‘the composite of displaced point reflectors.
Similarly, it is not clear that the nondispersive characterization of the
multipath channels is adequate for all applications of interest. These two

factors, however, are not expected to greatly affect the results obtained.

3.1 Target Model

The target has been modeled as a one-dimensional array of point
reflectors of various cross-sections, i.e., producing various amplitude reflec-
tions. No distortion of the pulse is generated during the reflection process in
this model. (Target motion will be mentioned briefly in Chapter 4.) With a

transmitted pulse x(t); the composite reflected signature is then given by
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N

| (17)
t) = t-t,
y(t) 12;1 ayx(t-1,) |

where o j and T ; are the amplitude and delay, respectively, associated with
the ith reflector. Throughout the study forty and fifty point reflectors have
been used.

By appropriate selection of the a i's and ri's, signals we.re obtained that
resembled actual radar and sonar signatures of various vessels. No attempt was
made to actually characterize any specific target. However, care was taken to
insure that the target models portrayed the variety of signatures found in real
reflections. For example, targets were generated having single and multiple

major scattering centers.

3.2 Multipath Model

The multipath model closely parallels that of the distributed target in
that it too is a weighted, delayed summing process. If the single path return

from a target is y(t), then the multipath echo is given by

M

j=1

where ﬁj and aj are the amplitud€s and delays associated with each path. As

with the target model, no dispersive effects have been introduced.

3.3 Combined Model

When both a multipoint target and multipath transmission are present, the

resulting signal is obtained by combining equations (17) and (18) to give
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i X (19)
z{t) = Z Z aiBJ x(t—'ri—cd) -
j=1 i=1

The signals studied have been limited to the frequency range of zero to eight
kilohertz to allow sampling at 20 kilohertz without aliasing. The received
signals have been generated using equation (18) directly, compiting the value of
z(t) analytically at each $ampling time. Pulse lengths greater than or equal to

four milliseconds were used.

3.4 Differences Between fhe Target and Multipath Effects

The key to the method applied to separate target and multipath effects,
through the power cepstrum, rests on the diffel;ences in the values of N and M
in equation (19). As stated in the preceeding section, the targets considered
have been modeled as forty or fifty point reflectors. Modeling efforts for
actual targets indicate that even larger numbers of reflectors are often
essential to faithfully reproduce real target signatures. In contrast, in many
scenarios of interest in active target recognition systems, the preseince of only
two or three paths of significant energy is typical. It is clear that, in the two
way transmission case under consideration, only certain values for the number
of pat.hs are possible. In the case that there are two paths to the target, there
will be three arrivals present: one going and returning by the direct path, the
second--one way direct, one way refracted (this represents two indistinguish-
able cases), and the third--going and returning by the refracted path. (The
changes in target signature with vertical aspect have been ignored in this one-
dimensional model. This simplification is a good approximation in many cases

of interest where the difference in vertical arrival angle between the paths is
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small.) Similarly, the case where there are three separate paths leads to six

arrival times.

In section 2.1, it was shown (equation (12)) that adding a third arrival
increased the number of spikes in the cepstrum (speaking of the low amplitude
case) from one to three. To understand the cepstrum's ability to distinguish
between the contributions to the received signal (equation 19) that are due to
the multireflector target and those due to multipath, it is necessary to
examine, in greater detail, the cepstrum of the target (without multipath) as a
function of the number of reflectors.

The target reflection is (equation 19)

N
y(8) = 3" ax(t-1,)
i=1
Then the power spectrum is
N 2
oy(w) = 2(w)| Y azexp(Jury)] (20)
i=1 .

Expanding the last factor,

N=1
Qy(w)=¢(w)<z aiexp(jm‘ci)\) (Z akexp(-,jw'rk)> .

]

Regrouping and applying a trigonometric identity yields

N , N l\i_-il_ ‘ N
<I>y(w)=d>(w) Zai +(Z LZaiakcos(ri-rk)) .

1=1  i=x+1 k=1 (22)
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Then

N N N-1
- 2
logcby(w) 10g¢(w)+1og<2 ai+z EZaiakcosm(ri—rk> .« (23)
i=1 i=k+1 k=1 ’

Factoring the argument of the last logarithm yields

1og¢y(w)=log¢(m)
N N-1
+log Za{ 1+i=k+1 k=1
1 N
=1 - a
D%
i=1

N
| =log¢(m)+logEa12+log(1+q)
where i=1 ’

N N-1
Z 2aiakc03m(ri-1k)
_ i=k+1 k=1 '
+ N (25)
D %
i=1

In order to proceed with a series expansion of log (1 + q), it is necessary
for Igl<1. To examine the expectation of this requirement being met, assume
that the o; are independent, identically distributed random variables with

unspecified probability denéity function, p(a). Furthermore, let

Oy = (w('ti-'tk)) modulo 2w | (26)
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and assume that gy has a uniform distribution from zero to 27r. Since w( T,-
T K) is, in general, much greater than one and there is no reason to expect any
relation between the spacing of reflectors and the frequency of the signal; this
is a very reasonable assumption.

In this case, the following is true for q.

> k=12aiakcosw(11-rk)
E(q)=E =

a 3 (27)

>

where E is the expected value. Since Oy Qo and g; are independent, (25)

may be factored and the summations brought outside the expected value giving

. 20, 0
-E(q)= E 1x E(coso,,) .

J_f:(: +1 }E—. . ik (28)

a

‘J=l 3

Since
2m
= = (29)
E(cosoik) _é cosodo=0 ,

the expected value of q is also zero.
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Since each is zero mean, the variance is given simply by the second

moment.

Var(q)=E(q?)

N
=E 5 5 Z %n ]coscikcoscmn (30)
m= n—m+l i=1l k=1

5 £

Since the a's and 0’s are independent, the expectation of the product may

be factored into the product of the two expectations yielding

-1 @ o0 0
k
Var(q)= UE: : i N .
n-m+1 i= +1 ; ajz.aﬁ .
n= = (31)

2

)

E(cosc:_,choscymn

Forizmork zn, Oik and Omn e independent. In this case

E(cosoikcosomn)=o . (32)

Fori=m andk =n,

1
= 2 =
E(cosoikcoscmn) E(cos 93)= 3 . (33)
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Consequently, using equations (32) and (33) to simplify equation (31)

& i i . (34)
0‘lmn
=1l n= .‘

For N large,

2
~ 1
N ,22‘ h';2= ' __2_.3. I (35)
2 el o[ B £ 55

Then

Var(q)=2 "I]\T[_f =2N—2——%25 1 (36)

]
1]
s
+
=

Then by the central limit theorem, q will approach a normal distribution with
zero mean and varjance one as n increases. This result, which was independent
of the actual distribution of the target reflection coefficients (to the accuracy
of the approximation made), indicates that the series expansion for logarithm
may be applied in approximately seventy percent of the cases. The results
obtained throughout this work indicate that, with the target reflector distribu-

tions used, the expansion is valid in essentially all cases.
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When the condition on q is met, applying the series expansion for log (1 +

q) to equation (23) yields

[ N
2:1 ;-i-lzaiakcosw(ri"rk)
1'0g q’y(“’):lOg@(w)-‘*‘logé\:a; N L 1=

(37)
2: ai
=1

The higher order terms that have been omitted must be retained for
accurate representation when the o uk/ z aiz are not sufficiently small as
might be the case if there were only two strong reflections and the rest weak.
The effect of these terms will be mentioned shgrtly, but, they will be omitted
in the present discussion with no effects on the conclusions reached.

The cepstrum may now be calculated as

§ i 2a,a, 8§(t-(1,.~1,)) (38)
e - — ik i "k’
C( §)=C(9)+C, +H=1 1ZKHL ,

2

where

(39)

The first term in equation (38) is the cepstrum of the transmitted signal; the

1J

N
second is the result of the logJZoz2 term in equation (37) and produces a
spike at time zero in the cepstrum. The third term provides the desired result.
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As additional echoes are added, new peaks are introduced into the cepstrum as
previously stated. More significantly, equation (38) shows that as new reflec-
tions are added, the amplitude of existing peaks is reduced. This is a result of
the lgglag factor. The reduction will be greatest if the magnitude of the
additional reflection is comparable or greater to that of the earlier reflections.
(The reduction will actually coﬁstantly increase with an increase in thé added
reflection, If it is much larger than earlier reflections, however, the new peak
that it introduces will become the largest and further increases will lead to an
increase in the height of the largest cepstral peak.) In the case where all the
reflections are of the same amplitude, the -height of individual peaks in the
cepstrum will vary inversely withn.

Figure 4 demonstrates this characteristic of the cepstrum for.one series
of target models. The ordinate on this and subsequent plots of cepstral values
is a unitless quantity obtained from the evaluation of equation (3). The
computation was done digitally usir;g a 1024 point Fast Fourier Transform with
the International Mathematics and Statistics Library subroutine FFT 2C and the
natural logarithm. From the definition of the cepstrum, it is seen that the
magnitude scaling of the input does not affect the results since the logarithmic
operator reduces this scaling to an additive constant. The final Fourier
Transform is affected only in its first, or constant amplitude value which is of
no interest in the present study.

A fifty point target was generated; power cepsta were then computed for
the various number of reflections indicated in the figure. This was done by
selecting that number of points from the original fifty and then generating the
corresponding echo. As additional reflectors were 'added, all ;'eﬂectors used

previously were retained. This allowed individual peaks to be followed from
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cepstrum to cepstrum. The figure shows the peak value of the cepstrum for

each number of reflectors computed. The decrease with n is clearly evident.
Note that there is a slight increase in the peak cepstrum going from thirty to
forty reflectors. Equation (38) indicates that this is possible only if the forty
point peak is a new one. This was indeed the case. The peak that provided the
110.2 maximum in the thirty point target cepstrum was reduced to 97.5 when
the ten new points were added to the reflector.

Figures 5 and 6 show the first 160 points of the cepstrum for the case of
ten and fifty point reflectors, respectively. The transition from a small number
of relatively large peaks to a larger number of smaller peaks is readily
apparent. The reduction of the peak at 98 (4.9 millisecond delay) is most
noticeable. As expected, the number of distinct peaks is less than the n(n - 1)/2
indicated by equation (36). This results from the relative magnitude of the
actual @; used in the model and the possibility of several peaks either
coinciding or being sufficiently close to each other. Another constrinuating
factor is that many of the time differences are greater than that plotted in
these figures.

Before proceeding to introduce multipath into the echo examined by the

' cepstrum, a brief return to the question of hfgher order terms in equation (37) is
needed to close the target cepstrum discussion. Comparing equations (10) and

(38) it is clear that the next group of terms in equation (38) will be

llozz 2
ﬁﬁl ki <ﬁ: ) coszw('ri—‘rk)

2 ’-l
i B g ]
+1 1= i\ ﬁ;
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This increases the value of the cepstrum at time zero and produces additional

spikes at times twice the original time differences. These spikes will have.a
lower amplitude than the spikes at the original time differences and, therefore,
will not change any of the peak amplitude conclusions.

Although no bounds have been obtained on the height of the cepstral peaks
for a multipoint target reflection, it has been shown that adding reflectors
increases the number of peaks and reduces their individual magnitudes. This
provides the basis for looking at the effects of multipath on the cepstrum and a
comparison with the distributed target effects.

As stated at the beginning of the chapter, the characteristic that distin-
guishes the multipath from target effects is the much lower number of replica-
tions that result from multipath. In the case of the target signature, the
number of repeated arrivals (N) is conservatively modeled as being fifty. As
seen from the denominator of equation (39), the large number of arrivals
reduces the corresponding cepstrum peak associated with each. The smaller
number (M) of arrivals of the entire target signature due to multipath results in
a smaller value for the denominator- of equation (39). This leads to a much
smaller reduction in peak heights in peaks due to multipath, Using the

expression for the multipath distortion, equation (18),

z(t) = isjyct-oﬁ . (18
pa |

consider the case where M = 3. This will be referred to as the two path case,
although it leads to three arrivals in the bi-directional transmission scenario as
previously discussed.

This provides a power cepstrum
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C(¢z)=C(¢y)+C°+31326(t-(oz-ol))

+81858(6=(05-0,))+8,8,8(t-(04-0,)) )

for B 1’ 82, 83 the total transmission coefficient for each round trip circuit.
Then with Y) and Y, the one-way coefficients for the one-way paths with
delays T and T,, respectively, then By 82, B3y 0y, 0, and o3 may be

expressed in terms of the former quantities as

51=712
Ba=2Y Y,
By= Y’
i (42)
ol=21'1
925 T1+7,
0y=27, .

Then substituting equations (42) into equation (41) gives for the multipath

cepstrums

- 2.2
C(¢Z)—C(Qy)+C°+2Y1726(t-(tl+r2))

+y3v58 (6=2(1y=11))+2v, ¥38 (6= (1p-71)) - )

Again, with no loss of generality, consider the transmission coefficient of the
direct path to be unity, i.e., Yl = 1, and its arrival delay zero, i.e., 'l'l = 0.
This is simply a scale change and an axis translation. The equation (43)

becomes
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= : . 2 3
C(8,)=C(® )+C +2y,8(6-T5)+y58 (E=21,)+2y36(E-T,)

=C(¢y)+c°+2yz(1+y§)a(t-12)+y5(t-212) . (44)

It has already been shown that the peaks of C(®y) have beén reduced by a
factor l/iglai . Therefore, for appropriate values of Yzz, it is expected
that the cepstral peak at T, will be larger than the peaks of C(%y). This
assertion will be examined quantitatively in the next two cﬁapters. This will be
done by examining cepstra from modeled signatures with and without multipath
to determine appropriate thresholds to separate the tv'vo. Figure 7 shows a
typical resultant cepstrum. The peak at 4.5 milliseconds delay corresponds to

the actual multipath arrival time.

3.5 Additional Comments on Processing

In the preceding section, one observed aspect of the cepstrum from a
multipoint target with multipath has not been discussed. This term occurs
explicitly or implicitly in every cepstral expression presented. It is the
cepstrum of the transmitted pulse. This is C( &) in equation (39) and is thereby
included in equations (5) and (43) through C(2y),

If nothing is done to remove this term, it, in fact, dominates the cepstrum
in the case of the ideal, square continuous wave pulse thus far considered. This
is demonstrafed in Figure 8. Here the transmitted pulse is two milliseconds
léng and the primary multipath delay is three milliseconds. The large peaks at

four, eight, and twelve milliseconds are at multiples of the‘pulse length and are
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seen to completely dominate the cepstrum. The small peak corresponding to

the multipath delay at three milliseconds is much smaller that the peaks
associated with the pulse length and is, in fact, less than the peak at 1.25
milliseconds. This peak, as well as the other low peaks present, are presumably
due to the cepstrum of the target signature..

The origin of these large peaks from the transmitted puls'e length‘ may be
understood by considering the pulse as the sum of two continuous waves with a
phase difference of T and modulated by step functions at t = 0 and t = Tpulse
length, respectively. Thus, the transmitted pulse is the sum of two time -
delayed replicas of the same signal. The previous discussions indicate that
since the two signals are of equal energy, their cepstral spikes will be of large
magnitude. As well, this equal energy predicts the slow decay in amplitudes of
peaks at multiples of the delay (pulse length). |

This aspect of the cepstrum has entered into earlier uses of the cepsti'um,
although generally in less dramatic ways. In their original paper, Bogert, Healy,
and Tukey discussed itl. In their simulations they used colored noise for the
basic signal. The effects of the basic signal spectrum were virtually removed
by "long-pass" vfilteringv of the spectrum (the cepstral equivalent of normal high-
pass filtering). Since in the present application, the transmitted signal is
known, its effects may be more completely removed. This is done by
subtracting the log spectrum of the transmitted signal from the log spectrum of
the received signal before taking the final Fourier transform. This is directly
analogous to the pre-whitening filter.

| The effects of the operation are seen in Figure 9. This shows the

cepstrum for the same received signal used in Figure 8, but this time with the
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filtering included. Not only have the peaks associated with the pulse length

been removed, but the multipath spike has been greatly enhanced.

This filtering of the received spectrum has been included in all power
cepstrum analysis that is presented.

CHAPTER NOTES

1. B. Bogert, M. Healy, and J. Tukey, "The Quefrency Alanysis of Time Series
for Echoes," Spectral Analysis ed M. Rosenblatt, pp. 209-243,




CHAPTER &
PERFORMANCE IN MULTIPATH DETECTION

In Section 3.2, the distinction between the effects of a multiple reflector
target and those of a multipath transmission media was deriveci and illustrated.
As indicated there, a bound cannot be obtained on the valges in the cepstrum
introduced by each process. On the other hand, the results indicate that the
peak cepstral value can be expected to be greater in those cases where a small
number of multipaths are present. In this chapter, further results are presented
to quantify this expectation. Where it is possible and productive to do so,
analytic relations are presented to establish aspects of the distinction; however,
a major portion of the findings are the result of a simulation study. Conse-
quently, the universality of the conclusions is dependent on the accuracy of the
simulation. The attributes of the simulation which result from the previously
described target and multipath models, as well as the particular signals and

processing are described in the next section.

4.1 Simulation Characteristics

The numerical model used for the targets was given by equation (17) and
consists of a spatially distributed collection of ideal point reflectors. This
introduces several approximations that deviate from reality. The first of the'se
is that the aétual process producing the reflection from a physical target is not
ideal in the sense that one would not expect its transfer function (for a single
reflector) to be completely uniform over the frequency range of interest.

Related to this is the probability that many reflecting objects are not
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adequately modeled as occurring at a point, but are actually distributed ove.r a
region. Both of these deviations, however, tend to make the model more
demanding than reality. Each will cause the target reflection to look more like
the sum of time delayed versions of the same signal than it actually is. Thus,
from these considerations, it is reasonable to expect that the cepstral peaks
from an actual measured single path target echo-will be less than those
obtained in the model.

A third drawback of the modeling stems from the adequacy of the
selected distribution of reflectors in the model targets to resemble ship or
submarine reflectors. Having allowed the target to consist of many point
reflectors are the particular distributions in location and amplitude suitable to
model actual targets encountered with sonar and radar? Although a relatively
small number of targets (15) have been examined, an attempt has been made to
cover a wide range of possibilities. Some were selected with only a few major
scatterers and many smaller ones. Others have a larger number of strong
scatterers.  Still others consist of a fairly low range of individual point
scattering strengths. The cepstral peak values, on the other hand, show a
rather small variation from target to target, as will be seen in following
sections. The modeled targets are plotted in Figure 10 by magnitude and
location of their reflectors.

Another criticism that has been raised against cepstral analysis of
modeled data is that of not sufficiently band limiting the modeled echol. This
is somewhat the case here in that the transmitted pulse was strictly time
limited, i.e., set identically to zero outside the pulse length time windows.
Consequeﬁtly, the signal is not band limited and some aliasing occurs with the

sampling. This aliasing is quite small, however, and should not greatly affect
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the results. A further consideration that diminishes the effects of time limiting
the pulse is that additive noise was included in all simulated echoes. The
results obtained with varying noise levels again reduce concern that significant
artifacts have been introduced by time limiting the signal.

The first two approximations of the target model have counterparts in the
multipath model. No dispersion nor frequency variation of th'e transmissivity
via a single path have been included. This is .quite realistic in radar applications
where the total spectrum of a given signal is generally quite narrow in
comparison to its center frequency. In the sonar signal this is less justified -
since the 3 dB bandwidth of many signals considered here exceeds an octave.
On the other hand, if the transfer function along each of multiple paths has
nearly the same shape, their effects will tend to cancel in the final cepstral

result.

4.2 Theoretical Expectations for the Cepstral Behavior as a Function of Pulse

Length

In Chapters 2 and 3, the fundamental relations of the cepstrum of a
distributed target's echo and the received signal with multipath were derived.
In this section, these relations are examined in greater detail with particular
attention to the effects of the signal pulse length (or bandwidth) in the case of
a modulated  continuous wave (CW) pulse and’ the amount of noise present.
Other signal types will be considered in the following chapter. |

The inferest of this work is in identifying the presence of multipath in a
sbnar or radar target echo and reducing its effects on the power spectrum of
the received signal. The investigation is, therefore, centered around determin-

ing thresholds that will adequately separate cepstral peaks due to multipath
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from those due to the multireflector target or noise and the performance.of
these thresholds with multipath strength. The basis for expecting such a
threshold to exist has beeﬁ established in Section 3.4. As indicated in that
discussion, the exact thresholds, appropriate to a practical problem, will be
dependent on the true character of the targets of interest. As will be seen,
however, a wide variation in target characteristics produces sufficiently limited
variations in the peak cebstrum value (when no multipath occurs) to make this
investigation meaningful.

First consider the effects of pulse length on the multipath cepstrum. The -
resolution of individual returns of a signal is traditionally related to the
reciprocal of the signal bandwidth. In the case of a CW pulse, this resolution is
simply the pulse length of the signal. The 'resolution is best obtained by
matched filtering when thé events are separated by more than a pulse length.
Ehrenberg, et. al.z, have shown that when the events are not distinct in the
~ sense of having this minimum separation, then matched filtering is no longer
optimal. They have obtained substantially improved resolution by application of
maximum likelihood estimators.

In the present context of a multireflector target, such a technique could
be applied to determine each reflector echo by each path. In the absence of
noise ‘and with sufficient processing bandwidth, this approach could distinguish
each arrival to any desired accuracy, although the computational demands
would quickly become excessive (e.g., with a 50 reflector target and two paths,
there would be 150 arrivals - requiring a search in 150-dimensional space).

As has been illustrated in Chapter 3, the cepstrum produces the desired
delays in a single iteration. From equation (9), the cepstrum, in the case of a

weak multipath, is
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C(t) = Flogd(w) +o=6(t-'r)+°=6(t+r)- (9)

While this expression contains an approximation resulting from the
truncation of the log (1 + a) expansion, the dissociation of the cepstral
multipath peak at from the spectrum of the transmitted pulse is complete.
That is, the position of the multipath (delay) peak is seen to be located
precisely at 1 regardless of the form of $(w), the spectrum of the basic signal.
This is equally true in the case of the echo.from a distributed target. If the
¢(w) in the equation is the spectrum of the target reflection, the position and
magnitude of the peak due to the multipath arrival is independént of the
spectrum of the target echo. Since the cepstrum of the target reflection may
be non-zero at this delay, the actual peak height at the multipath delay will be
affected by the target.

There is, of course, no guarantee that the cepstrum of the reflected signal
itself does not have a significant magnitude at the delay time corresponding to
this peak. The computed cepstru.m will be the sum of these two values. Thus,
the height of the cepstral peak will vary from target to target and with the
magnitude of the multipath arrival. The contribﬁtions due to a specific target
and multipath configuration will be independent of the signal characteristics as
seen from equations (38) and (41). The signal characteristics appear only in the
additive term C(@) which has been removed in processing. By the same token,
however, the cepstrum of the target echo can be seen to be the sum of the
contribuﬁons of the multiple reflector echoes and the cepstrum of the

transmitted signal itself. As was indicated earlier, since this is a known
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component of the cepstrum, it has been subtracted from the cepstrum in fhe
present calculations. Thus, the results are expected to be independent of pulse
length in the case where there is no noise in the signal. Some results from the
model study are shown below in Table 1. .

Note that in the digital evaluation the infinite height of a delta-function
is reduced to N/2 where N is the number of points in the discrete Fourier
transform. In the cases presented in this work, 1024 point transforms were used

so the delta function height is 512,

Multipath Strength = .2, Multipath Strength =.3,
= 2.3 msec. =57 sec.
Pulse length .bms 8ms 16 ms 4ms 8ms 16 ms
Targ 4 183 183 182 291 346 318
Ave of targets 205 210 213 291 292 313
4, 5,6 & 9

Tabie 1. Cepstrum Values Corresponding to Multipath Delay for Two
Multiple Cases and Three Pulse Lengths.

While these values show some'variation, they are consistent with the
conclusions drawn above. There is a slight increase in the average amplitude
with pulse length, but it is less than the standard deviation of the results at
each pulse length. Note also that the average heights of the multipath cepstral
peak for the two multipath amplitudes have approximately the same value as
predicted by equation (9).

One effect of pulse length on cepstral processing that has not been
discussed above is the presence of noise. As one would expect, the perform

ance, indeed the very capability, of the power cepstrum in detecting multipath,
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is affected by the signal-to-noise ratio. As Hassab and Boucher (10) have shown
this is dependent not only on the total signal-to-noise ratio, but by the signal-
to-noise ratio across the spectrum. With the use of a longer CW pulse, and
consequently a narrower bandwidth, the received signal may be more narrowly
band pass filtered. This provides a higher signal-to-noise ratio for the resulting
signal and, consequently improvement in performance. It should be noted that
this does not increase the expected height of the multipath cepstral peak, but
rather decreases the probability of the peak being destroyed by noise as will be

seen in the subsequent section.

4.3 Multipath Detection in the Presence of Noise

Noise has several related effects on the ability of the power cepstrum to
locate the time of multiple signal arrivals and to provide an estimate of their
relative am.plitudes. These effects have been extensively investigated by
Hassab and Boucher in the case of multiple arrivals of a simple, known signal.
Their analysis and findings will be summarized here for completeness. The
analysis will then be adapted to apply to the case of a distributed target and the
particular CW signals being used in this investigation. The model results will
then be compared with the theoretical predictions and the noise effects
examined quantitatively.

The folloWing derivations dogely follow the work of Hassab and Boucher.3
Starting with the two arrival signal of equation (4) and adding a noise signal,

n(t), the total received signal becomes

z(t) = y(t)+ay(t-1)+n(t) , (45)
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from which follows the power spectrum

¢Z(m)=]Z(w)]2=(1+a2)¢y(w)+2a¢y(m)coswr+¢n(w)+¢c(w)

where

and

¢C(m)=(1+ae"JwT)Y(m)N*(9)+(1+aeJmT)Y*(w)N(m) R

o (w) = [N(w)]|?

which includes the cross terms in Y(w) and N(w).

For future convenience let

where

¢c(w) = 2(a1Nr+a2Ni) s

@, = Yr+a(cosz)Yr+a(sian)Yi

(46)

(47)

(43)

(49)

{50)
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and

o= Yi + a.(cosurl:)Y1 - a(sinw-r)Yr

(51)

The subscripts r and i denote the real and imaginary parts, respectively. Then

eduation (48) may be rewritten

¢c(w) = 2{(Yr+acos(wT)Yr+asin(wT)Yi)Nr

+ (Yi+acos (wr)Yi-asin(wT)Yr)Ni} .

Equation (46), after considerable manipulation, may be expressed as
¢, (w).
(a2 g (w))’

3 (w)= [(1+a2 ) @y(w)]' [1+
-[1+yB(m)cosmr][1+Wc(wﬂ ,

where

= 2a
1+a? |,
B(w) = 1
1+ ¢n(w) s

(1+a? )<I>y(w)

(52)

(53)

(54)

(55)
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y ((1)) _ ¢c(w) (56)
¢ ai+a5+¢ (N) ’
and
(57)

ai+a§ = Qy(w)(l+a2f2acosmt) .

Continuing in the evaluation of the cepstrum,the log of equation (53) yields

logd, (w) = 1og{(1+a2)¢y(w)}+$(w)f

+ 1og{1+yB(m)cosw’:}+<I\’(w), (58)

where

¢, (w)

g(w) = log{1+—————-—
(1+a*)o_(w)],

(59)

¥(u) = log{1+¥_(w)} , - (60)
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and

B(w) = e~0(®) (61)

The effects of the additive noise are imbedded in a (w), B(w), :and ¥(w) and at
this point, due to the nonlinear operations applied, are both additive and
multiplicative. In particular, note that the information carrying cos wt is
modulated by B(w), a noise related factor.

Continuing, the series expansion for log (1 + x) is applied to the last two

terms of equation (58) yielding

' 1og¢z(m)=log{ (1+a2) <I>y(m) }+$(m)+k}_;;(-1)k'1Mk(w)coskw'r
) n+l
+2 1) oy (u)i® (62)
n=l n ‘
with

Mg (w) = (vB(w))?,3(yB(w))* 5(vBlw))®,
4 32 96

{(63)

vB(w)£YBLw))® (vBlw))®,
4 8

M, (w)
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These coefficients Mi are obtained by converting the cos"wT 's to expressions
of the form @) COS WT +a, cos 2wT... + cosnWT by standard trigonometric
identities.

Next, as in Chapter 2, the power cepstrum is obtained by taking the
Fourier transform of equation (62).

Consider the interestihg (and limiting) case where there is low s.ignal-to-
noise and the echo is weak. In this case, simplification of equation (63) is
achieved by ignoring the higher order terms. Then the transform of equation

(62) is given by

C(t) = F{loge, (w)} = F{log(1+a2)¢y(w)_} + F{¢(w)} )
#YCE= Doy (o)
c '
2
where
b(t) = F{B(w)coswt} (65)

To proceed, consider, as previously modeled, the case of stationary,

gaussian noise,

p{n(t)} = exp{-n?(t)/202} , (66)

2T o

Then with N (@) and Ni(w) the real and imaginary parts of N(w), their joint
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probability density function is

p{Nr(w),Ni(w);w fixed} (67)
=axp{- [<I>n(w) 1! (N;(w)-i-Ni(w) ) e (w)
and
dpfw) = NZ(w)+N(w) (68)
is chi-square distributed so
. . |
“Texp(-¢ _(w)/¢ (w)) ¢ 20
@n(w) n n n €9)

pl¢, (w)} =
0 $,<0 -

The noise is passed through the logarithmic operation (see equation (59))

so that

o) = (L+a®)e (w){e?(@)y | o

The probability density function for ¢(w) ist

x(w)exp {6 w)-x(w) (exps (w)=1)} ()20

p{4(w)} = .
0 ¢(w)<0

(71)

where
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¢
Yy = (1raty 3™ 72)

o (w)

which is the spectral signal-to-noise ratio scaled by (1 + az).

Similarly, the probability distribution function of B(w) may bé derived

from the transformation

B(w) = (1+a2)e_(w)|-- o1
n y @ {B(w) } (73)
This yields5
(w) 1 }
p{B(w)} = BzwimiexP =X (w) (B(co)"1 OsB<l (71)
0 OfBEL .

The above results provide an understanding of the effects of noise on the
cepstrum of a double path echo with a simple signal (e.g. the case of a short
continuous wave pulse with a single point réﬂector). These can be assessed
with the aid of plots of the expected value of B(w) and a(w) and their
variances as a function of the signal-to-noise ratio. These are shown below in
Figure 116. While these curves describe the behavior of B and a at each
frequency as a function of the signal-to-noise ratio, they provide insight into
t.he overall expected effects of noise on the cepstrum,

The expected value of B( ) decreases with X(), the signal-to-noise ratio

multiplied by (1 + az). The expected value of the peak is reduced to 63% of the
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noise free value when X(w) is zero dB. At 10 dB, it is 91% of the noise free
expectation. Low level noise has a very little affect on the cepstrum. As the
zero dB value for the ratio is approached, however, the cepstral peak decreases
rapidly. The variance of the modulation value is highest in this region.

As shown in Figure llc, the expected value of 3, on the other hand,
remains quite low until the signal-to-noise parameter, X , is reduced to zero dB
or lower. The additive noise terms in the power cepstrum increases logarith-
mically with further reduction in the ratio. Recall that these curves are for
B(w) and $(w ), i.e., they apply at each frequency. These conclusions about the
cepstral peak heights only apply when the signal-to-noise ratio is essentially
constant across the frequency band being processed. They nonetheless provide
useful insight into the effects of noise on the cepstrum, even when the ratio is
not constant.

The expected effects of noise may then be summarized as follows. The
introduction of a small amount of noise into the signal leaves the cepstrum
essentially unchanged. As the noise level increases with respect to the signal
level, the noise produces an ensemble.decrease in the cepstral value associated
with the multipath return. This occurs due to a modulation effect between the
noise and the information carrying coswt term in equation (40). The expected
additive value to the cepstrum due to the noise also increases with the noise
level. This increases logarithmically with the noise level as the noise becomes
much greater than the signal.

In the-present study, the signal of interest is not the simple known signal
of the above summary, but rathgr the unknown. signature of a multireflector
target. An examination of the previous analysis, however, will reveal that most

of the conclusions are still valid. In the foregoing, in equation (64), it was
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assumed that F{(1 + az) ¢y (w) did not produce appreciable contributions to
the cepstrum at the delay times of potential interest. Consequently, the
effects of noise on the interaction between this term and the information
carrying cos wt term were not considered. As discussed in Chapter 3, with a
typical multipoint target signature this is not the case. Furthermore, in order
to correctly detect the multipath, not only must the associated cepstral value
exceed a level not exceeded by noise related values, it must also exceed a level
not attained by distributed target cepstral peaks.

Consider the cepstrum of the signal from the multipoint target with noise, -

but without multipath. Combining equations (22) and (46) gives

N =
@z(w)=¢x(w) ;::?E gﬂ&iakcosw(ri-'rk)

+4_ (W (0)

(75)

where

8,(w) = |N(w)|? (76)

and

: ' 7
by = [ﬁ:a ie_'j mi] Y(w)N*(w)+ [ﬁ;aiej mi] Y*N(w) . 7
=1 =

For convenience, as in equation (43) let
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en(®) = 200 r} o

where now

= (5 20 0. cosw(t,~1,) )Y
. <§:I Ji:l.*l + ! 1)1- (79)

+ (E ;]2:.+12aiajsinw(rj-ri))Yi

o = (;2 J=1:+12 a0 cosm(r j'Ti))Yi

_(E Ji 2alocjsin('rj-ri))yr )

=1+l

(80)

_then

¢cn(w)=

N
“ PN 01 Jcosw('r =Ty ) Y + 12—: zﬂ s:.n('r 'ri)) J (81)
N-1
[2 2&1 cosw('r -'ri) 1%—; -1+1a O, s1nw(1' T, ) i]Nil .

With these changes, equation (46) becomes

o, (w) = [ §l 24 (cu)] lu- ot (z)(w)]

L .
2 [1+BN((D) 2 i 2Yikcosm (Ti—Tk )J [1’*“{’ (w)] (82)
l—

J=1i+l
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where

o? (83)
Jg I,

n . (84)

and

(85)

Equation (82) is of the same form as equation (58) and the consequent
behavior of the cepstrum combines the features of a distributed target as
discussed in Chapter 3 and the effects of noise as presented earlier in this
section. As indicated in equation (84), the modulation caused by the noise is the
same across the multiple returns and will reduce their height as indicated in
Figure 11. A difference is expected, however, on the final behavior of the
cepstrum. Since there are numerous peaks in the cepstrum due to the various
arrival delay differences from the multiple reflectors, the probability of a
sizeable contribution to the cepsturm from the additive noise term, ( F;(m) )

in equation (64) coinciding with a substantial peak due to one of these time
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differences is increased. Consequently, it is expected that the variance of the
heights of peaks resulting from multiple reflector spacing will increase.

When the actual case of interest, that of a multiple reflector target with
multipath is considered, no new phenomena appear. As in Chapter 3, the
multiple reflector signature may be treated as the basic signal and the
multipath as the delay to be detected. The discussion of the preceeding
paragraphs describe the noise effects on the cepstral contributions of @ y(w) in
equation (43). In turn, the same performance effects of noise equally apply to
the multipath cepstrum itself, C ( ¢, ) in equation (43).

Qualitatively, noise will compound the problem of detecting multipath in
observing the signature of a multi-reflector target in two ways. First it will
introduce a modulation of the cepstrum at the corresponding delay. 'Second, it
will add to the cepstrum by the F{¢(w)} term with magnitude and variance as
indicated in Figure 11. This will tend to increase the variance of peaks

associated with the multiple reflector nature of the target.

4.4 Model Results With Noise

In order to further examine-the noise effects on the cepstrum's detection
of multipath, a series of modeled results were investigated. The target
signatures with and without multipath were generated as described in section
4.1. White Gau;sian noise was introduced across the band by the addition of a
signal generated by the International Mathematics and Statistics Library (IMSL).
routine GGN ML7. This routine supplies independent, zero mean, unit variance,
normally distributed values. The proper level was obtained by scaling. Three
different multipath strengths were used: 4, .25, and .2. The actual signal

strength in the return, as measured by the total energy of the single path echo,
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varied from target to target, but by less than 2 dB. The strength of the single
path return was used in delfining the signal-to-noise ratios.

The results for the single path case are shown in Figure 12. Each point
plotted represents an individual run. Each point at a given signal-to-noise ratio
corresponds to a separate target. Each target is plotted in the same relative
position for each signal-to-noise ratio. Thus, the leftmost poi'nt plotted at 36
dB, 16 dB, and 10 dB each corresponds to the same target. The variation at

each high signal-to-noise ratio is due entirely to the differences between

targets.
SIGNAL--TO—NOISE RATIO .
36 dB 16 dB 10 dB 6 d8 4 d8
500 }—
°
400 |-
PEAK
VALUE OF 300 }— e® 'y
CEPSTRUM o .
. ° °
™ ™
200 +° . . L
° . .
° hd * o
°® °,
100 |~
o

Figure 12. Peak Cepstrum Value with Single Path.

It can be seen that, while differences occur in the peak cepstrum val;Je
for individuai targets, the peak levels remained relatively unchanged while the
signal-to—noise ratio was greater than 10 dB. Some increase is seen in the lower
peak values at the 10 dB signal-to-noise level. These increases between the 16

dB and 10 dB cases result from the additive noise term and the higher peak in
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the noisier case occurs at different delay times than it did in the pﬁrer 12 dB

case. In contrast, the peak values that show a decrease with increased noise
occur at the same delay times and the reduction results from the modulation
term.

As the signal-to-noise ratio is reduced further, the additive cepstral
effects predominate in determining the peak cepstral values. This will result in
increased false detection of multipath at increased noise levels or, as will be
shown, increase the relative strength required of multipaths in order to allow
detection. Note the increased spread in the peak values with low signal-to- -
noise ratios in agreement with the predicted performance indicated in Figure
11b.

These trends are further illustrated in Figure 13 where the peak values for
two of the targets are plotted individually as a function of signal-to-noise ratio.

Again, each of the plotted points represents only one simulation run and,

400 400
300 |- 300 |-
w w
S oo S o
£ 200 |- o E 200 |- o
g s |° .
g <
100 [~ 100 b—
b1 1 o1 1 1
40 33 20 10 40 30 20 10

Figure 13. Two Examples of Single Path Maximum Cepstral Strength

SIGNAL-TO-NOISE, dB

as it Varies with Noise.

SIGNAL-~TO-NOISE, dB
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therefore, only one realization of the additive noise. The noise attributes

described are nonetheless evident. While the signal-to-noise is above 10 dB,
adding noise has almost no discernable effect in one case and causes a slight
decrease in the other. As the noise level is' increased more, the additive
cepstral effects dominate, especially in the second case.

Figure 14 shows the sirﬁulation results with noise and multipaths of
various relative amplitudes at a variety of signal-to-noise ratios. Whether or
not the peak value of the cepstrum occurs at the time of the multipath delay is
indicated by the plotting symbol key identified in the figure. As long as the -
signal-to-noise ratio exceeds 10 dB, the peak. cepstral values without multipath
are all less than 225, have an average value of 164, and a standard deviation of
37. This indicates that values in excess of 250 will almost always r.esult from
multipath rather than the multireflector target nature when the noise is below
this level.

In the next section of the figure it is seen that with this same 10 dB
signal-to-noise criterion and with the relative transmission by the second path
40% that of the primary path, the peak cepstral value always corresponded to
the multipath delay. As well, its4 amplitude always exceeds 300; for the cases
examined the average peak value is 405. As the transmission via the second
path becomes less, the amplitudes of the cepstral peaks diminish. This
approximately follows the linear relation indicated by equation (9). This is
verified by the average peak value of 257 in the case of a 25% second path
amplitude and 203 in the case of the 20% multipath amplitude.

Since the multipath peaks in the cepstrum are lower when the multipath
amplitude is less, the effects of noise in obscuring the multibath delay peak

occur sooner. In the particular scenarios that were modeled, there is 20%
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incorrect multipath identification with the 25% path strength and 50% incor-

rect with a 20% path strength.

At higher noise levels, the percent of incorrect multipath identifications

increases as does the average peak value. At the point where the noise and

signal levels are the same, the cepstral values obtained from the model without

multipath completely overlap the corresponding valueés with multipath. At this

point detection and estimation of multipath at the indicated strengths appears

to become impossible in the sense of maintaining both a good probability of

detection and at the same time a low false alarm rate.

The average peak value and its standard deviation for each signal-to-noise

ratio and each relative path strength are shown in Figure 15. The values are

also tabulated at the bottom of the figure. Each of these values is based on ten

samples from the simulation. These values will be used in the following section

where detection thresholds are discussed further.

g & 8

CEPSTRUM VALUE

8

g

NONE 0.4 0.25 0.2 MULTIPATH STRENGTH
36 16 10 6 4 |36 16 10 6 4 dB SIGNAL-TO-
36 16 10 6 4 |36 16 10 6 4 NOISE mATIo
i HH{
155 157 182 262 283 |422 405 384 390 353 | 266 268 261 288 329 |214 215 229 271311 AVERAGE
STANDARD
35 40 29 39 66 |42 49 47 37 34 |40 38 38 33 52 |42 40 32 35 55 DEVIATION

Figure 15. Average Peak Cepstrum Values,
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The behavior of the multipath cepstral peak for a single target with two
multipath cases is shown in Figure 16. These particular cases were included in
Figure 15. Their repetition here allows examination without the distraction of
target-to-target variations. The behavior noted above is quite evident. In
these cases, both corresponding to a .4 relative multipath strength, the peaks
are high enough that the peak reducing effect of the noise dominates. The
reduction is greatest in the second case at the high noise (low signal-to-noise)

values.

g
8

AMPLITUDE
&
8
I
AMPLITUDE
P
3
!
°

g

] |
30 20 10 ] 3 20 10 0

SIGNAL-TO-NOISE, d8 SIGNAL-TO-NOISE, dB

g

Figure 16, Multipath Cepstrum Values with Increasing Noise.

The different cepstrum values for the same path strength seen here and
elsewhere is due to the differences in the target cepstral value at the different
delays. In the low noise case, tﬁe peak value is 479 for the 1.3 millisecond
delay; 436 for the 3.7 millisecond delay multipath. The predicted value for both
is 410. The differences, 69 and 26, respectively, are the values of the target
cepstrum at those delays. Thus, in the low noise case, the cepstrum levels at
the multipath delays are in complete agreement with the theoretical values.

In detecting multipath with an unknown target signature, it would not be
possible to remove the target's contribution from the measured cepstrum,. It is,
in fact, the target's contribution that is sought as will be examined in Chapter

6. Consequently, analysis separating target and multipath contributions to
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individual peaks will not be included in subsequent sections on detection. Only

the known contribution from the transmitted waveform has been removed,

45 Multipath Detection Thresholds

The purpose of this section is to explore the existence of thresholds for
the cepstrum in order to detect multipath with a usefully high probability while
at the same time keeping the rate of false multipath detection low. From
Figures 14 and 15, there is indication that such thresholds exist if the multipath
is strong enough and the signal-to-noise ratio is high enough. The low noise -
case will be examined first.

Figure 17 presents the results obtained from more than one hundred
simulations run with a 32 dB signal-to-noise ratio. The average peak value for
the cepstrum for the cases where there was no muitipath is 209. The sample
standard deviation is 33.3 and the total spread is 140. The highest value
obtained is 290, This particular value occurred with target number five which
had two very major, narrow reflecting areas (Figure 10). This target was
specifically included to represent an extreme case in terms of having a target
reflector distribution that would produce a large cepstral value. It is
anticipated, therefore, that actual targets would seldom, if ever, produce peaks
this high. It is, nonetheless, included in the following analysis.

In the cases where the second path had a dne-way strength 40% the direct
path, the second arrival always produced a cepstral spike at the correct time
and it was the largest value for that cepstrum. These peaks had an average
v.alue of 398 and a standard deviation of 26. The lowest peak value for this
multipath strength was 333, significantly greater than the largest value

obtained from a single path reflection. Thus, with these particular model
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targets it appears possible to detect multipath, of this magnitude, with véry
high probability and without significant possibility of false detection. A
threshold of 300, e.g., completely separaté the data.

As the strength of the multipath decreases, so does the height of the
corresponding cepstral peak. As long as the peak value corresponds to the
multipath delay, the average of the peak is very close to 1024 times the
relative path strength as predicted by equation (9). The average peak values
from Figure 17 are plotted below in Figure 18 retaining only those values where
the peak corresponds to the multipath delay. The relation is linear as
predicted, except at the lowest multipath strength (.15). This deviation is
expected since only one correct peak occurred at this multipath strength
(Figure 17). If the values of the correct delay peaks at this return st-rength are

averaged, the value is 164, in much closer agreement with theoretical value.

PEAK CEPSTRUM VALUE

X (2] &
8 3 3

l I |

/
/
/
x

8
|
/

/

(-]

0.4 0.3 0.2 0.1 0
RELATIVE MULTIPATH AMPLITUDE

Figure 18. Variation of Cepstrum with Path Strength.

Returning to Figure 17, the model results indicate that as long as the

multipath cepstral peaks are greater than the values without multipath, the
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peak value correctly identifies the multipath delay. As the multipath strength

decreases, the cepstrum peak decreases and a detection threshold becomes
impossible at the same level where the highest peak no longer corresponds to
the multipath delay. For example, a threshold level of 280 correctly detects all
the 40% path strength cases and all of the 30% strength cases. At 20% delay
path strength, the peaks do not exceed this threshold and l}lﬁ%'of the peaics do
not correspond to the delay time. On the basis of the limited data, a threshold
between 240 and 300 is indicated for multipath detection in high signal-to-noise
conditions.

In section 4.4, it was shown that the cepstrum performance changed little
due to noise as long as the signal-to-noise ratio exceeded 10 dB. Figure 19
gives the results using the same targets and multipath scenarios that produced
the values shown in Figure 17. Here, however, the signal-t;>-noise ratio has
been reduced to the 10 dB level. The performance is very similar, especially at
the higher multipath strengths. At the lower relative multipath strengths (.25,
-2, and .15) there is a more noticeable decrease in the cepstral values., With the
threshold at 240, the number of false detections is doubled and detection at the
.25 path strength is greatly reduced. With the 300 threshold, the false
detection is still zero, but detection at the .3 path strength becomes very poor.

Figure 20 summarizes the multipath detection probabilities for three
different signal-to-noise ratios (36 dB, 10 dB, and 4 dB) and various multipath
strengths as identified in the individual plots. These values were obtained by
using the sample variances from Figure 15 and assuming a Gaussian distribution.
The cepstrum value at each delay is the sum of several contributions: target,
multipath, and noise. With fifty target reflectors and two paths, there are one
hundred fifty arrivals. This leads to over twenty two thousand arrival delay

combinations, i.e., differences in the time of individual arrivals. Consequently,
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there will be many of those delay combinations adding to produce each value of

the cepstrum. This will make the final distribution of the amplitude trend
toward Gaussian by the Central Limit Theorem.

Several portions of the data were examined to test this Gaussian
hypothesis.  The results of both the Kolmogorov-Smirnoff and chi-square
goodness of fit tests support the Gaussian assump’tion.8 The chi-square test, for
example, showed that deviations from the Gaussian distribution of the magni-
tude seen in the data distribution are to be expected in sixty percent of the
cases.

Even with the Gaussian assumption, there remains the question of how
good an estimate of the mean and variance of the population is provided by the
sample mean and variance with the sample size used. The false detection
statistics are based on ten samples each; the probability of detection on ten to
forty cases, a restriction imposed by financial constraints. This indicates that
the sample variance should be within 25% of the population variance 70% of the
time. The consistency of the results tends to lend greater credance.

Increased noise then increases the false detection rate and decreases the
ability to detect weaker mutipaths. Referring back to Figure 14, further noise
increases continue this trend. At sufficiently low signal-to-noise only the
stronger multipaths remain detectable and then only upon settling for a signifi-

cant false detection incidence.

4.6 Effects of Motion
In the discussion and modeling results presented thus far, it has been

assumed that there is no relative motion between the transponder (or antenna)
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and the target. Since this is almost never the actual case, a discussion of the

effects of the targets relative motion is appropriate.

The motion of the target will have two effects on the returned signal.
The first of these is the familiar Doppler shift that changes the frequency of
the signal in proportion to the ratio of the relative velocity of the target and
the speed of propogation of the signal. Since nothing -in the computation of the
cepstrum is coupled to the transmitted frequency, this net shift in the signal
frequency will not affect the performance of the cepstrum,

The second effect of the motion is illustrated in Figure 21. As pointed
out in section 3.4 and illustrated in Figure 4, in the stationary case two
transmission paths lead to three reflected arrivals. With motion, the second
arrival is split into two separate arrivals. Réferring to the figure, a signal
transiting to the reflector by path "a" may return by path"b." The signal going
to the target by the longer path will not travel by path "b" but rather by path
"b" since the reflector will have moved from x to X| between the time the
signal reached the reflector by the direct path and the time it arrived by the
longer path. Thus the two way time via "ab" and via "b'a" will be different.
The final arrival from "bb" transit and return remains a single arrival as it was

without motion. There will, then, be four arrivals at the receiver rather than

three.

< - e

Figure 21. Two Path Geometry with Motion.



75

Simulations were run with parameters corresponding to 10, 20, and 30 kts
in the sonar scenario, with a stationary second arrival delay of four millisec-
onds. The total cepstral area in the peak associated with the multipath
remained within the interval indicated in the stationary case (Figure 14). At
the higher speeds (20 and 30 knots), however, the difference between "ab" and
"b'a" became on the order of the range increment in the cepstrum. This caused
the associated peak to be spread over two range cells rather than one. Thus,
while motion has some effect on the performance of the cepstrum, it appears
that it will require only slight modifications in the processing for multipath .
detection. This would consist of summing adjacent cepstrum values to remove

the effects of arrival splitting.

4.7 Effects of Additional Paths

In Chapter 3, the effects of increasing the number of returns were
" examined in detail to provide insight into the behavior of the target signatures
cepstrum. Equation 39 gives the final result showing that additional returns
lower the height of all the cepstrum peaks. From this equation, individual peak

height Aij’ is given by

200
I
Byy (36)

2
m
e
where Aij is the height coefficient for the peak associated with the delay
between the ith and the jth returns, and o is the amplitude of the ith return.
Thus, additional multipaths will make the detection of each more diffi-

cult, The reduction in peak heights will be greatest when all paths are of about
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| the same strength. If there are two maj‘or arrivals and several weak ones, the
detection of the major multipath will not be greatly affected and the weak
multipaths will remain difficult or impossible to detect as was the case with a
single weak path. The path strength required for detectability will, in general,
be raised.

Table 2 provides the simulation results for one three péth case that is
illustrated in Figure 22. Here the relative one way transmission strengths of
the three paths are 1, 0.5, and 0.4, respectively. This provides six arrivals at
the integrating transponder. As predicted by equation (86), the two strongest

delayed returns (@t 2 T o* At 1and- 2T+ AT 2) predominate the cepstrum.

Arrivals

Paths Delay Strength
—00 21-‘0 1.00
ol, 10 2'l'°+ A’l'.1 1.00
02, 20 21‘0 + At , 0.80
11 2T°+2AT 1 . 0.25
22 2T +20T 0.16
.12, 21 2T°+ A'rl+A'r'2 0.40

Figure 22. Three Path Example.
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Relative Cepstrum Value
Path Predicted Cepstrum in Model Targets Ave
Delay | Strength Value with with 3 Paths 3 Path
(msec) | (2 Way) 2 Paths 3 Paths 1 2 3 Value
1.5 1.0 512. 378 372 379 375 375
2.4 .8 410. 310 326 306 306 312

Table 2. Three Path Results.

The observed values are lower than the values that would have occurred

with only two paths and agree very well with the predicted values.

1.

on Information Theory IT-22(4) (1976): 444.

CHAPTER NOTES

Joseph C. Hassab and Ronald Boucher, "A Probabilistic Analysis of Time
Delay Extraction by the Cepstrum in Stationary Gaussian Noise," IEEE Trans.

2.

Techniques for Resolvin
(1978): 1861-1895.

3.
4.
5.
6.

7.
(Hous

8.

J. E. Ehrenberg, T. E. Ewart, and R. D. Morris, "Signal-Processin

Hassab and Boucher, pp. Blib-453,

Ibid., p. 447.

Ibid.

Ibid., p. 450. -

g Individual Pulses in a Multipath Signal," JASA 63(6

International Mathematics and Statistics Library Reference Manual

ton: IMSL, 1979).

W. J. Conover, Practical Nonparametric Statistics, pp. 293-326.




CHAPTER 5
CEPSTRAL PERFORMANCE WITH VARIOUS SIGNAL TYPES

In the preceeding chapter, the effects of pulse length and noise on
cepstral multipath detection were discussed. In this chapter, the relative
performance with various waveforms, or signal spectra, will be examined.
While the signals chosen are not exhaustive, they cover a representative
sampling of signals presently used or under study for use in radar or sonar
applications.  Specifically linear frequency modulated pulses, linear period
modulated pulses, bionic signals, and discrete stepped frequency .pulses are
discussed.

As concluded in Chapter 4, the pulse length, in the low noise case, has no
effect on the ability of the cepstrum to detect and estimate multipath delays
and amplitudes. This leads to the expectation that varying the waveform used
will also have little, if any, effect in the low noise case. On the other hand,
Hassab and Boucher's work has demonstrated the cepstral dependence on the
pointwise signal-to-noise ratio across the frequency band being processed.
Consequently, it is to be expected that the performance of the different signals

may vary when noise becomes a significant factor.

5.1 Linear Frequency Modulation

Linear frequency modulated signals are of the form

x(6) = cos(u,trat?) | (87
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where R and o are parameters that determine the initial frequency and rate

at which the frequency changes, respectively. When compared with a continu-
ous wave pulse, a linear frequency modulated pulse has the energy spread over
more of the spectrum. Consequently, for a fixed total signal energy, the peak
power spectral density will be lower than for a continuous wave pulse. As
indicated previously (section #4.3) the effects of noise depend on the pointwise
signal-to-noise ratio across the spectrum. On the other hand, the results with
varying continuous wave pulse lengths in the low noise case suggest that low
noise performance with the linear frequency modulated signal will largely
parallel that of the continuous wave.

In the study, cepstral processing was done using the unprocessed received
signal, i.e., without previous matched filtering or pulse compression. The same
cases that were examined for the four millisecond continuous wave were
repeated using a linear frequency modulated signal. This signal was a four
millisecond chirp going from one kilohertz to four kilohertz. The signal-to-
noise ratio of 32 dB was maintained. The peak cepstrum values are plotted in
Figure 23. The results are quantitatively very similar to those obtained with a
continuous wave pulse. The two major differences are in the no multipath
values and in the weak multipath cases. Especially in the no multipath case,
the peak values are generally significantly lower. With the frequency modu-
lated signal, the highest single path value is 259 compared to 290 with the cw.
The average value is 160, fifty lower than in the CW case. With some risk of
false detections, a detection threshold of 200, for example, provides complete
détection down through a 25% multipath strength and 60% detection for a 20%

~ path strength with the frequency modulated pulse.
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The percentage of correct multipath delay estimations is also higher than

in the CW case. With the frequency modulated pulse all delays were correctly
estimated at 25% multipath strength, 90% at 20% multipath strength, and ‘6096
at 15% multipath strength. In the later instance, however, the cepstrum values
are for the most part, below the suggested threshold value. The higher correct
percentage seems directly related to the lower values obtained with no
multipath. Since the cepstrum peak magnitudes are lower than in the CW case
for no multipath, lower multipath peaks can be accurately detected and their
delays estimated.

Figure 24 summarizes the results shown in detail in Figure 25 for the
performance of the frequency modulated signal in noise. As was noted in the 32
dB case, the single path maximum remains lower than in the contiﬁuous wave
case even at the lower signal-to-noise ratios. As well, the additive noise

effects on the cepstrum do not appear as great in the 40% path strength case.

NONE 04 0.25 0.2 MULTIPATH STRENGTH
3616 10 6 4 | 36 1610 6 4 | 361610 6 4 | 36 16 B SIGNAL-TO—
NOISE RATIO
500 |~
-
>
= 300 [~ } .}
2
; 1
-
& -} _}
& 200 |- {{ '1: _}
IS
100 -E
0
114 140 163 211242 394 374 347 330 331 | 241 236 208239 275 | 193 183 AVERAGE
26 23 47 76 96| 28 33 39 39 36 | 28 33 28 47 55 | 28 29 STANDARD DEVIATION

Figure 24. Average Peak Cepstrum Values - Frequency Modulated Pulse.
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Both of these effects probably stem from maintaining the signal-to-noise ratio
higher over more of the spectrum. The correct identification of the multipath
delay is no better for the linear frequency modulated signal at the higher noise
levels. The differences present in the simulation are not statistically signifi-
cant.

Figure 26 provides a summary of the probability of detection and false
alarm rates for several multipath strengths and signal-to-noise ratios. These
are presented in the same manner as was the continuous wave results in Figure

20. The same assumptions also apply.

5.2 Bionic Sonar Signal
A family of waveforms, termed bionic as a result of their similarity to bat
and dolphin signals, have received considerable attention in the sonar classifica-

tion community (I, 2,' 3, 4). These signals are of the form

x (t) = Aexp{-p(log]to-tl)2cosslog[t o-t.l". (88)

These signals have, among other attributes, the property of being Doppler
tolerant in that their form is invariant under Doppler shift. While typically
wideband, these signals do nct have the property of the linear frequency
modulation pulses in spreading their energy evenly across their nominal
bandwidth. The spectrum of the signal used in this study (with p=.17, g8 = 31.4)

is shown in Figure 27. The skewed form of the signal spectrum is apparent.
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Figure 27. Spectrum of Bionic Signal.

The performance of the signal in terms of cepstral multipath detection is
summarized in Figure 28 and shown in detail in Figure 29. Several differences
between this and the continuous wave (Figure 15) are noticeable. The peak
value of the cepstrum in the absence of multipath shows no large growth with
noise as it did for the continuous wave and frequency modulation. This is
partially the result of the higher values obtained for the bionic cepstrum in the
low noise case. These higher values, in turn, might be expected from the low
signal-to-noise ratio present over much of the spectrum.

The low noise cepstrum values with multipath are about the same
magnitude as they are for the other wave types. The peak values with greater
noise, however, fall off considerably faster than in the previous signal types.
'[;his is seen in the 40% multipath strength case where these peaks begin

considerably above the noise induced peak values. A compérison of the spectra
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from Figure 27 and that of the four millisecond linear continuous wave is shown

in Figure 30. This along with the modulation coefficient
\

NONE 04 0.26 0.2 MULTIPATH STRENGTH
49 9 3 0 -3 49 ¢ 3 0 -3 49 9 3 0 -3 49 9 3 0 -3 SIGNAL~-TO-
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= m [ {‘f_ff
2 }}
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Za0 EITTT 15| £
i e | T ¥
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[1]
211193184190 2091 406 371330309297 260238217215114| 227209193192195 AVERAGE
STANDARD
17 19 25 23 38| 28 41 50 49 36 24 31 36 29 26§ 14 19 33 25 21 DEVIATION

Figure 28. Performance of Bionic Signal in Noise.

1
() =
e (@)

1+ (%T—“aj )ax(m) (89)

of the cosine term in equation (82) provides some insight into this more rapid
decrease. Recall that BN (w) is a coefficient of coswr in the logarithmic

amplitude spectra before the final transformation for computing the cepstrum.
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The height of the cepstral peak depends on the portion of the spectrum that has
a large value. The shape of the bionic spectrum, combined with its lower mean
magnitude, reduce the value of B(w). The lower magnitude of the bionic
spectrum results from the shape of the bionic waveform. Whereas the other
waveforms are of nominally constant amplitude over the pulse length, the
bionic is not. For comparison purposes, the peak power, t:ather than the
average power, have been kept the same for each signal type. The lower total

energy of the transmitted bionic pulse is reflected in the signal-to-noise ratios

listed in Figures 24 and 25,

50 —~ n

RELATIVE POWER DENSITY, dB

FREQUENCY, kHz

Figure 30. Bionic and Continuous Wave Spectra.

Figure 31 provides a summary of the detection probability and false alarm
rate performance for multipath using the bionic signal. Note that the signal-to-

noise ratios here again do not correspond to those in Figures 20 and 25.
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5.3 Linear Period Modulated Pulse

Like the bionic signals, a special case of linear period modulation, the

linear period modulated signal is Doppler tolerant. These signals, in contrast to

the linear frequency modulated signals, have a varying frequency such that the

instantaneous period of the waveform changes linearly with time.

waveforms used are described by the equation
x(t) = cos(——log(l+ t))
The instantaneous frequency of this function is given by

Py =4 hog(1+'2§.>}=% 'LBT:

‘dt|b t, o l1F &~
o
so the period is
=1 _ :
() = — = to+bt
£(t)

The

(90)

(91)

(92)

which varies linearly with time. The particular signal used in the study is

specified by
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b = 0.,00025 (93)
t= 0.1875

giving approximately the same bandwidth used for the frequency modulated
The performance at a 32 dB signal-to-noise ratio is shown in Figure 32 for
a variety of multipath strengths. As expected from the similarity of their

spectra, the linear period modulated signal and the linear frequency modulated

signal perform almost identically, even for the small sample size obtained from - -

the simulations.

A comparison of Figures 15, 24, and 32 provide little basis for preference
of one signal type over another for the purpose of detecting multipath presence
in the echo from a spatially distributed target. The bionic signal appears less

desirable if the system is constrained by peak instantaneous power level.

5.4 Multiple Frequency Signatures

The multiple frequency signal provides a method for obtaining high resolu-
tion data without requiring wide instantaneous bandwidth and has received
considerable attention in the military radar community in recent years.5 The
signal replaces a single wideband signal with a series of continuous wave pulses
at regularly spaced frequencies. Each pulse's'return is coherently sampled,
phase correc'ged for relative target motion, and forms one complex value in the
set of samples that form the signature. With the proper motion compensation,
" this set of values is the sampled Fourier transform of the target's time

signature.  The latter may then be recovered by an inverse Fourier
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transformation. The resolution of the resultant time signature is inversely

related to the total bandwidth of the series of transmitted pulses. This receiver
process is then equivalent to discrete pulse compression or matched filtering.

The pertinent relations are given below before discussing the cepstrum of this

signal. ‘

The group of signals, calied a burst, covering the frequency range to be
processed is shown schematically in Figure 32. Each pulse is of sufficient
duration to illuminate an entire target at one time. For example, if targets of

up to 1,000 feet in length are to be examined, the pulse length must be at least

Pulse Tength . =2 - 1000ft. ~, microseconds,
min .

where the radar case is considered and c is the speed of light,

w
o
>
E i=2 L=h i=|
= e o0 L
< W, “, 1 Wql wnr‘ ¢
_
FIRST BURST SECOND BURST
. |
Bwth-NAw - _— —_—
2 ° °
w Y . ° e o [ ]
x w1+Aw — —_
w e — —

1 ol §

Figure 33. Amplitude and Frequency of Multiple Frequency Bursts.

The frequencies are given by
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wy = w + (i-1)Aw (94)

The resolultion of the resulting time signature is given by

r.o=__TC

(@wy) | (95)

For a fixed target, the received signal at a time ty in which a return from

the entire target is present at the receiver is, using complex notation,

N ri
Xto (w) = Z aie‘j“’(to" c,
i=
(96)

. N v
- oy ayelust

1=

where a; Is the cross section of the ith reflector on the target and L is twice
the distance to that reflector. Replacing the discrete a; by the continuous

function a(t), where t = r/c, equation (96) becomes
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t (97)
Xto(w) =_/; a(t)e~dubyy
or if the sampling is done after the signal has been shifted down to baseband
t
Xlt (w*) fo a(t)e dat .
o .

Hence the samples, ki, i=1,...,approximate the Fourier transform of the high
resolution time signature. This time signature may then be recovered by
applying the inverse transform.

In the case of power cepstrum processing, however, the inverse transform
is not required nor, for that matter, is coherent sampling. Since in cepstral
processing the range profile has been used with the continuous signal only to
obtain the amplitude spectrum, there is no purpose in calculating the range
profile here. The measured values themselves provide the spectrum. Taking
the ldgarithm of the sample pair's magnitude and then the transform of the
resulting sequence provides the cepstrum of the corresponding profile.

The relationship corresponding to equation (2) is then

Cps(t) = Fllog(G(Kk))} (99)
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where

G(k) = |I(k)+3Qk)| (100)

with (I(k), Q(k)) the quadrature sample pair at the kth frequency in the burst.

A typical multiple frequency logarithmic amplitude is shown in Figure 34,
‘Note that there is no net variation in the amplitude across the spectrum as
there was due to the envelope of the pulsed signal types.

Before examining the cepstrum results, an additional processing step
needs to be discussed. In the previous signal types, all multip;ath delays
employed in the model were exact multiples of the sampling period. This was
done for convenience in data reduction. If it had not been done, however, in the
two multipath cases the same results could have been obtained by a very simple
interpolation. When a peak in the cepstrum produces a local maximum that is
spread over two adjacent delay values this interpolation must be employed.
Since a rectangular window has been used throughout, the interpolation process
is as follows.

If A were the height of the cepstral peak if it had coincided with a sample
time, and a, and a, are the actual computed values of the cepstrum at times t,

and t2, as shown in Figure 35, then the values a 1?3 apd A are related by

sinx _ a t-t
X -
271 ‘ (101)

A

vs
»
[}
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and

sin(m—x) _ _ -
A= = % (102)

where x is the delay of the actual peak after time t 1° Then noting that

sin(m-x) = sinx

(103)
equations (97) and (98) may be combined to give
T
X = %2
atey ' (104)
Substituting this value for x into equation (101),
8185
ata,
p=Zoa = —1 2
sinx 1 Ta,
ity (105)
- \

Figure 35. Sampling Off Peak Amplitude.
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For computational efficiency, the interpolated value need be calculated only
when the a 1 ora, is above some threshold.

Sampling cases with delay not coinciding with the sampling interval were
computed in a variety of continuous signal cases to insure that the results
obtained using equation (105) were, indeed, consistent with the more restricted
delay times.

In the multiple frequency case, the cepstrum sampling interval did not
coincide with multipath delays, which were kept the same as for the earlier
signal types. As a consequence, the interpolation scheme has been employed to
provide the peak values for the multiple frequency cepstrum results shown in

Figure 36.

g
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500 [~ .
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Figure 36. Peak Cepstrum Values with Multiple Frequency Signature.

The amplitudes for both the single path and the multipath cases are
consistent with the continuous signal types previously examined. A straight-
forward advantage of the multiple frequency signature that has not been

examined with simulations is its perfomance with noise.
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Since the transmitted signal is longer than the target, there is a period of
time during which the echo signal at the receiver is a uniform, non-varying
sinusoid, the summation of the individual reflected sinusoids from each of the
target reflectors. It is during this period that the quadrature pair is taken. In
the absence of noise, a sample pair taken at any time during this sinusoidal
return will result in the sample amplitude measurement. (Recail that phase was
not used in the cepstrum calculation.) As a result, in the presence of noise, the
effective signal-to-noise ratio may be improved by averaging multiple sample
pairs at intervals longer than the noise decorrelation time. Thus performance
may be improved by extending the pulse length without increased signal

amplitude. The signal energy would be increased in this case giving, therefore,

a higher signal-to-noise ratio.

It should be also noted that since each pulse is translated to baseband
before sampling, a narrowband filter may be applied before samples are taken.
This adds the benefits of easily implemented matched filtering. In this case,
the previously suggested scheme of multiple sampling would not be required. It
would be interesting, in future study, to include matched filtering with the
continuous wideband signals, as well, before cepstral processing. The purpose
here, however, has been to investigate the performance of the cepstral

processing by itself. _

5.5 Summary
The cebstrum is seen to successfully detect multipath with each of the
signal types considered. As noted previously, with the constraint of peak

transmitted power, the bionic signal performs most poorly. The multiple or
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stepped frequency signal provides a means to use the cepstrum with less

computation.

Regardless of signal type, the detectability of the multipath through the
cepstrum is dependent on the strength of the multipath. The lower limit of
detectability is determined by the height of target related cepstral peaks or
noise depending on the noise level. It is likely that actual target signature
cepstra from real targets will be lower than those computed here as a result of
a much larger number of actual reflectors. A significant reduction in the
maximum of actual (single path) signature cepstra would reduce the problem to
one more closely paralleling previous studies with a simple signal in a one-way
channel.

The varying multipath strengths detectable at different signal-to-noise
ratios suggest the usefulness of using a variable detection level for multipath
that is determined by the ambient noise level. This might paralle! methods
currently used to provide a constant false alarm rate (CFAR) in target

detection problems.6

CHAPTER NOTES

1. D. P. Skinner, R. A. Altes, and J. D. Jones, "Broadband Target Classifica-
tion Using a Bionic Sonar," JASA 62(5) (1977): 1239-1245,

2, R. A. Altes and R. A. Reese, "Doppler Tolerant Classification of
Distributed Targets--a Bionic Sonar," IEEE Trans. Aerospace Electronics Sys-
tems AES-11 (1975): 708-723.

3. R. A. Altes, "Sonar for Generalized Target Location Systems," JASA 59
(1976): 97-105. -

4. R. A. Altes and E. L. Titlebaum, "Bat Signals as Optimally Doppler
Tolerant Waveform," JASA 48 (1970): 1014-1020.
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5. M. Prickett and C. C. Chen, "Principles of Inverse Synthetic Aperture
Radar (ISAR) Imaging," IEEE EASCON Record (1980).

6.  Eli Brookner, Radar Technology, pp. 55-56.




CHAPTER 6

CORRECTION FOR MULTIPATH IN TARGET SPECTRAL ESTIMATES

The previous chapters have dealt with the performance of the cepstrum
with various signal types in detecting multipath in the radar or sonar signature
of a target. As indicated in Chapter 1, one motivation for this interest is that
portions of the Fourier transforms of target echoes are being vsed as features
upon which automatic ship classification algorithms are based. Consequently,
the interest in multipath is two-fold. First, it is useful to know when multipath
is present so that its effects on the performance of classification algorithms
can be taken into account. Secondly, it would be extremely valuable to remove
the effects of multipz;th on the received spectrum to reduce or eliminate its
effects on classification performance.

The present chapter is devoted to the later question. First, the use of the
cepstrum to obtain the spectrum of the uncorrupted target signature is
discussed and examined through simulation and theory. A short discussion
follows treating the more involved recovery of the spectrum of the detected

signature envelope.

6.1 Effects of Multipath on Signature Spectra
The introduction of multiple, delayed replicas of a received signal such as
a target signature produces considerable change in the spectrum of that

signature. In particular, the differences between the spectra of signatures with
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and without multipath present are often large enough to somewhat obscure the
differences between the spectra of the signatures of different targets. Three
cases illustrating the differences in the detected signals' spectra are shown in
Figures 37 through 39. Only the first 20 values are shown since a subset of
these is frequently used for automatic classification. The differences carry
similarly through the entire spectrum. Note that these plots are logarithmic to
allow visual comparison of the spectra across the entire band displayed.

As the cases plotted in the figures indicate, the magnitude of the
multipath effects cannot be predicted from the magnitude of the multipath
alone. This factor along with the delay of the multipath arrival and the
characteristics of the target combine to determine this magnitude.

In the case of the undetected signal, thé effects of the multipath are
similar. Examples appear in the following section. Again, the differences in
spectra that result from the multipath are larger than those differences
existing between different targets. This provides the motivation for the signal

spectra recovery method described in the next section.

6.2 Recovery of the Target Signature Spectra
Equation (5), repeated beloW, indicates the effect of multipath on the
power spectrum of a target signature

d (w) = ¢(w)(1+a2+2acoswt)
z (5)

where ®(w) was the signature spectrum, o the multipath amplitude, and T the
multipath delay. The multipath adds sinusbidal modulation to the original

spectrum.



*oniey 3sIoN-01-12UBIS GP 9¢ ‘4° = y1Buaaig Yrednny
yiediiiny InOyIA pue Ytm wna3dadg adoraaug jo spdwexy /¢ 2in8ry4

24 ‘ADN3INDIYL
11114 oot 00z oot

105

O x

o

O x

HLVdILINW HLIM O
HLVYdILINN LNOHLIIM X

Oox

xX 0

X O

ot

oz

oe

o

8P ‘ALISN3IQ Y3MOd 3AILV3Y



106

"oney 3sI0N-01-[eusIS gp 9¢ “4° = yrBuans yrednnpy
yredninp InoyIm pue yimm wnaidadg adopaaug Jo ardurexy puodag °g¢ a4n8rg

ZH ‘AON3ND3IYS

oot 00Z ool 0
I T T y 0
HLVAILINKW HLIM O
() HLVJILTINW LNOHLIM X
X (o]
X X X o1
X 8 X ©
X X
o fo) 0 (o)
o]
o © X O Q oz
X X m
- ot
X
o X
Q
~or
0s

8P ‘ALISN3Q HIMOJ IAILVIIY



*orpey asIoN-03-Teusis @p 9¢ ‘#° = YiSusais yrednnw
yiednny noyim pue Yatm wnidadg adoraaug Jo sidwexy paryl *e¢ 2.n8rg
zH ‘AON3IND3Hd
00¢ 00z ool

o o o ! |
(o] o]

107

oL

oz

8P ‘ALISN3G H3IMO4 3AILYIIY



108
In the single multipath case it was shown that there are three arrivals, so

the reflected signature becomes
z(t) = y(t)+2ay(t-r)+a’y(t-2T) (106)

where o is now the relative one-way signal strength via the longer path and y(t)
is the basic target signature without multipath. In this case, the signature

power spectrum becomes, from equation (22)

<I>Z(m) d(w) (1+la?+a*+2acoswt+a2cosw(2T)+2a  coswr)

(107)

®(w) (1+Hio2+o*+{20+20 3 Yeoswt+o2cosw(2T) .

-

This provides one means of recovering the desired target signature spec-
trum. If the multipath parameters T and o are estimated, ®(w) can be
recovered by dividing the measured spectral values, @z (w), by the factor in

equation (107) giving

3, (w)

(LHha?+o*+(20+20* ) coswt+acoswt) (108)

o(w) =

Use of the cepstrum itself provides an alternative method of recovery. Since
the knowledge of the multipath presence, amplitude, and delay comes from the
peaks in the power cepstrum, removing these peaks in the cepstrum has the

same effect as the direct spectrum adjustments given in equation (108). Recall,
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this was one of the filtering methods discussed with the complex cepstrum in
Chapter 2. Since it is only the signature power spectrum that is desired here,
rather than the original signal itself, this filtering may be done with the power
cepstrum,

Proceeding from equation (108), the cepstrum is calculated for this
specific signal by taking the logarithm of ¢, (w) and expanding the log (1 + a)
term, where @ has absolute value less than one, in the argument of the

logarithm.

log<I>Z(w) = logd(w)+log(l+la2+a*)

2 3 ' 2
+ log [1+2°‘—+3L coswtt -2 cosZw‘r] (109)
_1thoP4a 1+lo2+a®

1ogd, (w) = logd(w)+log(1+hn2+a*)

* 8lun)Zet (wr) gt tur)- . . (110)

where

204203 2
glwt) =——2°‘—cosw'r+ g

— S, cosut . (111)
1+4a’+g 1+l4a2+a
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Then after some manipulation and including terins only through cos 3wt ,

equation (110) becomes

2
logd>z(w) 108‘1’(0))+10g(1+lla2 _qu) i {( 2a+2a3“>z . ( a2 ) l
1 1

+la 2+ +lho 2+

3
lZa +2a° L 204203 I oSt (112)

I (1+4024+0™)? l+llcx2+a"

2 2
+ [ a _]_.( 2a+20.° ) Icos2wr+ 2034208 cos3uTt **°
1+ha2+a" 2\1+Ua2+a® (1+4a2+)

The cepstrum is then

C(t) = Flogd(w)+a 06(t)+a16(t—'r)

+ 315 (t+'r)+a26 (t—2’r)+a26 (t+2T)+ **° (113)

where ay @y » » 43, are the coefficients of the cosine terms, cos , IN
equation (107).
The desired power spectrum may then be recovered by removing the peaks

at zero, , and its multiples and taking the inverse transform and exponentiat-

ing yielding
Q(w) d(w) (114)

The process actually employed was somewhat modified in that the zero peak
was not adjusted. Since the target cepstrums themselves had considerable
amplitude at zero, better estimates of the target spectrum were obtained
leaving this value unchanged. The peaks at T , 2 T, and 3t were removed and

replaced by the average of the adjacent values of the cepstrum.
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Figure 40 shows the results obtained in one case for the central portion of
the spectrum. The deviation from the single path target signature spectrum is
substantially reduced. The improvement is summarized in Table 3. A .4 relative
multipath strength was used in each case reported. Detection and location of
the multipath arrival was included in the algorithm. The differences in the first
ten spectral values, starting with the transmitted center frequency, are listed

along with their average and the average differences over the entire spectrum,

Case 1 (2.7 msec) Case 2(5.5 msecﬂCase 3 (3.6 msec)|Case 4(3.3 ms)
MultipathCorrected) MP- [Corrected MP- |Corrected| MP t:orrect
-Single | -Single fSingle| -Single |-Single -Single |-Singlej -Single
fl 0.63 0.12 0.88 0.06 | 0.21 0.04 0.75 0.04
£, 0.54 0.00 0.28 0.0% | .045 0.01 0.31 0.06
f3 0.41 0.09 0.24 0.02 | 0.60 0.02 0.08 0.00
f[* 0.22 0.10 0.56 0.06 | 0.67 0.04 | 0.37 0.05
f5 0.01 0.04 0.67 0.0l | 0.65 0.04 0.56 0.04
f6 0.30 0.01 0.60 0.05 | 0.56 0.01 0.66 0.02
f7 " 0.6l 0.01 0.33 0.04 ]0.38 0.02 0.67 0.01
f8 0.89 0.05 0.15 0.03 | 0.12 0.04 0.58 0.04
f9 1.02 0.10 0.77 0.05 | 0.19 0.04 0.41 0.05
f10 0.92 0.06 | 1.00 0.07 | 0.6l 0.10 0.13 0.00
fl'flo 0.55 0.058 | 0.38 0.04 }0.42 0.04 0.45 0.03
AVERAGE[
AVERAGE
(Whole 0.51 0.08 0.51 0.05 | 0.51 0.16 0.51 0.04
Spectrum)

Table 3. Power Spectrum Correction with Power Cepstrum.,
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The remaining differences .result from several sources. First, only the
first three peaks were removed. The error produced by higher multiples is
probably small. This is suspected due to the lack of any high peaks in this
region. The more significant error is introduced by replacing the peaks by the
average of the adjacent values. Since the cepstrum of the basic signature often
has appreciable value in the vicinity of the multipath spikes, there is no reason
to expect the replacement value to be correct. There appears to be no simple
way to estimate the correct value of the target signature cepstrum at that
point. Also, it should be noted that removal of these peaks has no effect on the
contributions due to noise.

One possible means of determining the correct replacement cepstrum
values at the:delay times is suggested by the derivation. Equation (108)
provides the necessary relation between the heigﬁts of peaks at the multiples of
T. Thus the value of o in equation (112) could be estimated on the basis of
this relation and the proper portion could be substracted from each T -related

peak of the cepstrum. This method was not examined in the simulation study.

6.3 Recovery of the Spectra of the Target Signature Envelopes

Recovery of the spectrum of the detected target signature is more
involved and requires starting with the undetected signal. As discussed in
Chapter 2, the complex cepstrum may be computed and adjusted to remove
multipath contributions in the same manner described for the power cepstrum
in the previous section. The procedure would then be reversed to obtain the
desired time signature. The detected signature spectrum would next be

obtained by standard methods.
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Implementation of this technique is not straightforward, however. Recall

that to obtain continuous phase in taking the complex logarithm of the
transform of the original signal, it is necessary to perform phase unwrapping.
In the case of a strictly time limited signal, such as considered here, there will
always be zero crossings in the amplitude of the transform. These produce
unremovable discontinuities in the phase of the complex logarithm. Thus,.
although a number of algorithms exist to calculate the complex cepstrum 1, they
cannot be applied in this case because of these discontinuities in the phase.
Standard techniques exist for avoiding this problemz. These have not been -
implemented in the present work, but would.be expected to produce improve-

ments comparable to those reported in section 6.2,

CHAPTER NOTES

1. J. M. Tribolet and T. F. Quatieri, "Computation of the Complex
Cepstrum," Programs for Digital Signal Processing, ed. IEEE Digital Signal
Processing Committee (New York: Wiley, 1979), pp. 7.1-1-7.1-11.

2. Alan V. Oppenheim and Ronald W. Schafer, Digital Signal Processing, pp.
506-507.




CHAPTER 7
CONCLUSION

7.1  Summary

This work has examined the application of the cepstrum to the particular
problem of distinguishing between multiple arrivals of a known signal caused by
multipath from those caused by the multiple reflector nature of a sonar or
radar target. It was shown that with sufficient strength in the multipath
arrival, the presence of the multipath can be reliably detected and its arrival
time accurately estimated. A computationally efiicient means for removing
the effects of the multipath on the signature spectrum was demonstrated.

The discussion and derivations of Chapter 2 were a review of earlier work
with the cepstrum and were provided as background, as well as motivation for
the analysis that followed. The analysis and conclusions of Chapter 3 are new
and provide one of the major contributions of this work. The derived
differences in the cepstrum of the target echo and the target echo with
multipath, provide the basis on which the simulations results can be interpreted.
It was shown that the power spectrum provides a means for effectively making
use of the differences between the effects of multiple reflectors and the
effects of a small number of multipaths on the received signal, It wés
additionally éhown how to make effective use of the known part of the signal,
the transmitted waveform, in the detection -process.

Chapter 4 provided simulation and theoretical results concerning the

performance of the power cepstrum for multipath detection as a function of
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signal parameters and noise. The basic analysis of the ;:epstrum performancé in
noise was summarized from an earlier work. The analysis was extended to
cover the cepstrum application under investigation and simulation results were
provided to augment the analysis.

The results concerning detection thresholds are original and demonstrate
the potential usefulness of the technique in the two path case. The effects of
target motion were analyzed and simulated showing that the methods described
were applicable in a nonstationary scenario. The earlier analysis concerning the
differences between target and multipath cepstra were shown to indicate that
the methods described will not be of great use if there are many multipaths.

Chapter 5 presented entirely new results. It provided the only known
comparison of cepstrum performance with this. range of signal types. It was
shown thatv the helght of the cépstrum due to multipath was essentially
identical regardless of the signal type employed. The main differences were
found in the effects of noise on multipath detection. The greater sensitivity of
the bionic signal was noted and the potential insensitivity of the multiple
frequency signal was discussed.

Chapter 6 showed the usefulness of the processing in removing the
multipath effects on the measured spectrum of a target reflection. This is seen
as the primary immediate application of the results obtained in this work.

It is believed that the simulated results that have been presented are
conservative. It is expected that the more distributed nature of actual radar
and sonar targets will produce lower cepstrum values than did those modeled in
this study. The results obtained here indicate, themselves, the usefulness of the

methods in analyzing the spectra of target reflections.
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7.2 Suggested Areas for Further Study

The question raised in the preceding paragraph provides a starting point
for further investigation. It would be very informative to examine the
thresholds of Chapter % using actual radar or sonar data. It is suggested that
such an investigation start by using real data without multipath and adding the
multipath artificially. This would allow positive separation of the target and
multipath effects on the cepstrum.

The area of the multiple frequency signature provides another avenue for
fruitful investigation.‘ The potential insensitivity to noise and countermeasures
should be further investigated. Since this signal is not time limited in the sense
of a short pulse, complex cepstrum analysis may be straightforward with this
signal. .

The additional technique suggested in Chapter 6 for separating the portion
of an individual cepstrum value due to multipath from that resulting from the
target merits investigation. It suggests itself as the most promising method to

improve upon the methods presented in this work.
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