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The concern of this paper is the Single Pulse Resolution Filter — SPRF, which is
capable of resolving near-rectangular overlapping pulses. The reason for assuming such
pulses is that despite the attractive properties of matched filter pulse compression most
operational sonar systems continue to use a finite-length rectangular pulse of constant
frequency. The task of the SPRF in such system is to improve the short-range resolution
and the target detectability in reverberation. The SPRF here discussed has been synthesized
on the basis of the ideal deconvolution filter concept by using the semi-heuristic method of
the transformation and the supplementing of input signal spectrum. In order to evaluate the
SPRF performance three performance indices have been defined, namely the resolution
improvement ratio, the degradation in the output signal-to-noise ratio compared to the
maximum which is attainable in the matched filter case, and the processing gain against
reverberation. The tradeoffs between the performance indices given in an analytic form have
been presented and briefly discussed. The results of tests with the SPRF, both in the
laboratory and in sea trials are reported. The first of them proves the resolution capability
of the SPRF in the case of two, noise-contaminated overlapping returns. The sea trials were
carried out during the FAO sponsored BIOMASS First International Biological EX-
periment, (FIBEX 81), programme in Antarctica on board the Polish research vessel
“Profesor Siedlecki”. A number of echograms produced originally by the Simrad SK-120
echosounder and after having the received signal envelope filtered with the SPRF were
recorded simultaneously. Two samples of such echograms recorded on the Brasilian Shelf in
April 1981 which show the favourable impact of the SPRF on the picture quality are
presented. Finally, the drawbacks of the SPRF are mentioned.

1. Introduction

A problem of considerable importance in many areas of science and technology
is the unambiguous resolution of multiple overlapping pulses. General solutions to
this problem include deconvolution, (inverse) filtering, (e.g., SENMOTO and CHILDERS,

() This paper was presented at International Symposium on Fisheries Acoustics, June 22-26, 1987,
Seattle, Washington, USA.
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[10]), matched filter pulse compression, (e.g., Cook and BERNFELD, [2], cepstrum
analysis, (e.g., OPPENHEIM and SCHAFER [8]), mismatched filtering, (e.g., EvaNs and
FORTMANN [6]), and the “moments” algorithms, (BAUM 1975; SANDHU and AUDEH
[1, 9]). A particular case occurs in sonar and radar where the shape of the
transmitted pulse is known. Then, the matched filter pulse compression is superior to
any linear method. However, as the pulse compression signals are wideband ones
their direct application to a conventional sonar system is difficult, due to the narrow
bandwidth of transmitting transducers and the frequency dependent attenuation of
ultrasonic waves in sea. For that reason the practically obtainable ratio of signal
compression is not expected to exceed 100. This fact and the increased cost and
complexity of pulse compression systems as compared to conventional options
means that most commercially available sonar systems continue to use a finite-length
rectangular pulse of constant frequency. On the other hand, the use of long pulses in
‘such systems, necessary to obtain the desired long-range target detection contributes
to poor resolution in range and poor detectability of targets in reverberation. One
may partly resolve these conflicting demands by using long pulses, so that detection
in range is not compromised and by applying special receiver filtering techniques,
which partly recover the short-range resolution and the detectability of targets in
reverberation.

The concern of this paper is the Single Pulse Resolution Filter, which from now
on will be referred to as the SPRF, intended for use in conventional sonar systems
employing a finite-length rectangular pulse. The task of this filter is to improve the
short-range resolution and the detectability of targets in reverberation.

2. Formulation and solution to the filtering problem

Prior to the formulation of the filtering problem the input signal is to be defined.
A reasonable model of a single return is a near-rectangular, trapezoidal pulse, which
can be modelled as the output signal of a low-pass filter, excited by a rectangular
- pulse. This low-pass filter represents the overall bandwidth of a sonar system and its
cut-off frequency is basically limited by the bandwidth of the transmitting trans-
ducer. The usual design criterion of maximizing the system output signal-to-noise
ratio means, that in practice the matched receiver is mainly responsible for the most
severe bandwidth limitation, and converts the envelope of a single return into
a near-triangular pulse. However, as from the practical standpoint one can easily
manipulate the receiver bandwidth, while in the case of the transmitting transducer
one can not do so, it is reasonable to assume that the real, physical limitation of the
overall bandwidth is almost entirely due to the transmitting transducer.

Despite the above considerations it is assumed here that the envelope of a single
return is a rectangular pulse of the length T. Not only does such an assumption
simplify dramatically the design procedure but as is shown later, the results achieved
also apply to the more realistic models of the return envelopes considered above.
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Basically, an improvement in range resolution can be achieved by filtering
which “compresses” the return of the length T'into another, possibly the shortest
pulse. The ratio of the pulse-lengths prior to the compression and after the
compression, respectively is usually referred to as the compression ratio. Taking
into account the above assumption about the input signal the best possible filter of
this kind should be capable of transforming the rectangular pulse of the length Tinto
a Dirac’s delta distribution, (see Fig. 1). Actually, this is a definition of an ideal
deconvolution filter. Having formulated the filtering problem in this way we find that
the deconvolution filter shown in Fig. 1 is a non-causal and nonlinear one.
Unfortunately, the coherent body of knowledge concerning the linear processing of
signals has no counterpart in the treatment of nonlinear signal processes. Therefore,
any feasible solution of a nonlinear problem may be considered as a reasonable one,
although it is usually difficult to prove whether such a solution is an “optimum” one
in any sense. Non-causality of the filter is only a minor problem as it can be removed
by an appropriate delaying the output signal.
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FiG. 1. Definition of the deconvolution filter for a rectangular pulse of the length T. §(z) — denotes Dirac’s
delta distribution

In order to determine a feasible structure of the deconvolution filter shown in

Fig. 1 the semi-heuristic method of the transformation and the supplementing of the
input signal spectrum in such a way as to obtain the spectrum of the desired output
signal was proposed by Dyka, [3]. The transformation and supplementing of the
spectrum refer to linear and nonlinear operations, respectively, which are performed
on the corresponding signals in the time domain. To illustrate the method briefly,
sin

. " X
consider the spectrum of the input rectangular pulse as the , x = wT/2, where:

@ — is angular frequency, T — is the pulse-length, and the spectrum of the desired
output pulse is 1. Then, we can symbolize the filtering procedure as;

smx_»l, (1)
X

L sin x
where the double arrow denotes all operations performed upon the —— spectrum,
X

which transform it into 1. The crucial point is, that every operation performed upon
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the spectrum in the frequency domain must correspond to its feasible counterpart in
the time domain. Consequently, we can rewrite (1) as:

sin x .
—» sin%x + cos?x. , 2)

The first step in transforming the spectrum on the left hand side, (Lh.s.), of (2) into the
spectrum on the right hand side, (r.h.s.), consists in removing the denominator from

the Lh.s., by multiplying the Lhs., by jx, where j = ./—1. In the time domain it
corresponds to the operation of differentiation. Thus we get:

jsinx—» sin? x4 cos?x. (3)

The next step is to transform the jsinx Lh.s., spectrum into the sinx spectrum.
This can be obtained by multiplying the Lh.s., of (3) by —jsinx, which in the time
domain corresponds to the filtering with a linear filter, whose impulse response
equals h(t) = o(t— T/2)—d(t + T/2), where () denotes Dirac’s delta distribution. It is
worth noting that this operation is actually the filtering, matched to the signal whose
spectrum equals the Lh.s., of (3). After this operation one obtains:

sin?x -» sin®x + cos? x. @)

The final step consists in the supplementing the Lh.s., of (4) with the cos?x function.
At this moment a specific property of the Fourier transform given by (5) and
illustrated in Fig. 2, is used;

|F~1(sin’x)| = F~ !(cos®x). (5)

where the || bracket denotes the absolute value operation performed upon a signal
in the time domain. and F~' denotes the Fourier inverse transform. The three steps
described by (3) to (5) enable us to sketch immediately the structure of the
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Fi1G. 2. Tllustration of a specific property of the Fourier transform given by formula (5). v,(t) — denotes the

absolute value circuit input signal in the deconvolution filter shown in Fig. 3. v,(tf) — denotes the absolute

value circuit output signal in the deconvolution filter shown in Fig. 3. F~! — denotes the Fourier inverse

transform. T — denotes the length of a sounding pulse. x = - T/2, where @ — denotes the radian
frequency
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deconvolution filter desired, as shown in Fig. 3. Remarkably the filter shown
in Fig. 3 is not causal due to the factor (¢ + T/2) appearing in the impulse response
h(r). However, it can be coerced to be so by introducing the delay of T/2 in h(z),
which results only in delaying the output signal.

absolute value | y,rt)
circuit

in gy T|wi(t)
a% hit)=5(t- £)-(ts 5 )} out

d
FiG. 3. Ideal deconvolution filter for a rectangular pulse of the length T. d_ — denotes operation of
t

differentiation, h(t) — denotes impulse response of a linear filter, v,(f) — denotes the absolute value circuit
input signal, v,(t) — denotes the absolute value circuit output signal, 6() — denotes Dirac’s delta
distribution, T — denotes the length of a sounding pulse

The structure of the ideal deconvolution filter shown in Fig. 3 is not the only
possibility which can be determined by means of the method described above. Apart
from this one, two other structures were found but one can not exclude that some
other nonlinear filters are possible. However, out of the three filters found, the filter
shown in Fig. 3 yields the maximum signal-to-noise ratio and therefore it was chosen
for further examinations. One can show that the deconvolution filter depicted in Fig.
3 is equivalent to the filter shown in Fig. 4. The latter from now on will be referred to
as the Single Pulse Resolution Filter — SPRF. As can be seen in Fig. 4 the SPRF
consists of three basic elements namely the differentiator, the transversal filter, and

qlt) half -wave y(t)
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|
l
|
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I
l
|
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FiG. 4. SPRF circuit diagram, s(t) — denotes the SPRF input signal, s'(f) — denotes the differentiator
output signal, g(t) — denotes the transversal filter output signal, y(f) — denotes the SPRF output signal,
; T — denotes the length of a sounding pulse
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the half-wave rectifier. The first two are the linear circuits, while the third one,
nonlinear, is a threshold circuit with the threshold voltage of zero volts. It should be
pointed out, that the linear part of the SPRF resembles to some extent the
pulse-length discriminator, (LAwsoN and UHLENBECK [7]), and the High— Pass.
Sidelobe Reduction Filter, (EvaAns and FORTMANN [6]).

3. Analysis of the SPRF performance

The first step of the foregoing analysis is to show that the SPRF depicted in Fig.
4 can be successfully applied to the near-rectangular, trapezoidal input pulses. Such
pulses, as already mentioned in the preceeding section, can be assumed as more
reasonable models of the sonar return envelope than a rectangular pulse. As has also
been pointed out, the transmitting transducer is the main contributor to the
limitation of the overall system bandwidth. Taking into account that transmitting
transducers are as a rule narrowband ones, one can show that the derivative s'(t) of
a single return envelope s(t) is given a

S(O)= h(6)—h(t—T), (6)

where h,(t) denotes the impulse response envelope of a transmitting transducer.
Actually, the signal given by (6) is the output signal of the differentiator in the SPRF.
One may easily find that the output signal g(t) of the transversal filter in the SPRF
equals:

g(t) = 2h(t —T)—h(t)—h,(t —=2T). @]
Hence, the output signal y(f) of the SPRF equals;
y(t) = 2h,(t—T), (8)

provided that all values of the h,(t) preserve the same sign, either positive or negative.
For the usual models of the transmitting transducer transfer function i.e., a single
resonant circuit or Gauss’ function, the above requirement is met. It is notable, that
the SPRF output signal y() is a single pulse, whose width is, in general, inversely
proportional to the overall bandwidth of a sonar system. The y(t) width determines
the resolution of a sonar system after the filtering with the SPRF. Admittedly, in the
case of a bandlimited system a better result can hardly be expected. This conclusion
means, that the performance of the SPRF in a case of bandlimited, near-rectangular
return envelope is a welcomed result. Obviously, one can not rule out the existence of
another nonlinear filter which yields better resolution.

Usually, the final stage of most sonar receivers takes the form of a decisive
threshold circuit, which basically is a switch that switches “on” when the signal
amplitude exceeds a certain pre-fixed value. Therefore, if the SPRF is followed by
such a threshold circuit, which actually doubles the task of the SPRF half-wave
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rectifier, then the latter can be omitted. Consequently, the SPRF reduces to the linear
circuit consisting of the differentiator and the transversal filter only. This conclusion
enables us to estimate the SPRF performance indices namely the resolution
improvement ratio, the processing loss against white noise compared to the matched
filter case, and the processing gain against reverberation, using the linear filtering
theory. At this moment we assume that the modulus of the overall sonar system
transfer function is a rectangle. Although other, more reasonable choices are
possible, only this assumption enables us to derive the formulae for the performance
indices in a close analytic form. Such results are of particular value, because they
show the tradeoffs between the performance indices.

The resolution improvement ratio k is here defined as,

o I, 9
Lo

where: T — is the pulse-length of the sounding pulse, ¢, — is the pulse-length of the
SPRF response to the envelope of a single return.

Notably, k can be also interpreted as the compression ratio defined in Section 2.
The assumption about the rectangular shape of the overall system transfer function
implies that the response of the SPRF to the input rectangular envelope is the ng
type of function. Having defined ¢, as the width of the “mainlobe” in the SPRF
response, we get the following;

1
k=3 WT, (10)

where W denotes the overall bandwidth of a sonar system.
The processing gains were computed using the following definition:

peak signal out r.m.s. noise in
peak signal in r.m.s. noise out

e ZOIOg[ ] [dB] (1)

For the case of white additive noise the processing gains for the SPRF and the
matched filter were computed separately. The matched filter, which yields the
maximum attainable output signal-to-noise ratio, is considered here as the reference.
The SPRF processing loss against white noise compared to this reference is defined
as:

PL= Ggpgrp— Gyr, [dB], (12)

where: PL — denotes the SPRF processing loss compared against the matched filter,
Ggprr — denotes the processing gain of the SPRF, Gy — denotes the processing
gain of the matched filter.

Routine transformations yield a rather complicated analytic formula for the PL
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versus k. However, for k>3 this formula can be well approximated by the
asymptotic value it converges to, given as, (Dyka, [3]):

PL~ —10 log k—2.2, [dB], (13)

In order to estimate the processing gain against reverberation it was assumed
that the process of reverberation can be modelled as the convolution of a transmitted
sounding pulse with a series of Poisson impulses of random amplitudes. This
assumption enables us to derive the formula for the power spectrum of the
reverberation squared envelope, and consequently, the processing gain against
reverberation G, as, (Dyka [3]):

G, =10 logk—2.1, [dB]. (14)

This result is basically consistent with conclusions that can be drawn from the
phenomenological model of reverberation, (Urick, [11]). According to this model
the reverberation level is inversely proportional to the return pulse-length. Therefore,
if the SPRF “compresses” the return pulse-length k times then, at the same time it
reduces the reverberation level by the same factor. Formulae (10), (13), and (14) show
the tradeoffs between the SPRF performance indices. For a given pulse-length T'the
improvement in resolution expressed by k, (10), and the improvement in target
detectability in reverberation, expressed by G,, (14), do increase with increasing
overall bandwidth of a sonar system. At the same time the output signal-to-noise
ratio compared to the matched filter case, (expressed by PL, (13)), decreases by the
same factor. So, the degradation of the output signal-to-noise ratio can be considered
as the price which is to be paid for the “profits” expressed by an improvement in
both resolution and target detectability in reverberation.

4. Experiments

With reference to Fig. 4 an analoque model of the SPRF has been constructed.
As a delay line the Mullard TDA 1022, CCD integrated circuit has been used. Other
elements are standard integrated circuits. First, the SPRF was tested in a laboratory
using a return simulator delivering two 1 ms, low-pass filtered, (f, = 10 kHz),
rectangular, overlapping pulses. The CRT records in Fig. 5a and 5b show he
following: the SPRF input signal (i) and the SPRF output signal (ii), noise free and
contaminated by noise, respectively. Remarkably, the input signal, consists of two
closely overlapping pulses, which at the presence of noise could not be resolved. In
the output signal however, one may distinguish two dominating peaks, which
indicate the appearance of two pulses in the input signal.

The sea trials were carried out during the FAO sponsored BIOMASS First
International Biological Experiment, (FIBEX 81), programme in Antarctica on
board the Polish research vessel “Profesor Siedlecki” in 1981. The parameters and
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F1G. 5. CRT record of the SPRF input signal, (i) and the output signal, (ii), a — input signal free of noise,
b — input signal contaminated by noise
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F1G. 6. Echogram of a medium density multiple traget environment Brasilian Shelf. a, a’, a”" — originally
recorded by the echosounder; b, b, b” — recorded with the use of the SPRF



RESOLUTION IMPROVEMENT FILTER ... 103

FiG. 7. Echogram of a high density multiple target environment, Brasilian Shelf. a, @ — originally
recorded by the echosounder; b, b’ — recorded with the use of the SPRF
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the settings of the Simrad SK-120 echosounder, which was used for experiments,
were as follows: operating frequency —120 KHz, pulse-length — 1 ms, receiver
bandwidth — 10 kHz, Time Varying Gain, TVG), — 20 log R. Hence, the resolution
improvement ratio equals roughly 5. The processing loss against noise PL and the
processing gain against reverberation G, are roughly —9.2 dB and 9.1 dB.
respectively. The received signal of the echosounder and the signal filtered by the
SPRF were recorded simultaneously. The samples showing fragments of echograms
recorded on the Brasilian Shelf in April 1981 are shown in Fig. 6 and Fig. 7. The
original records of the echosounder are marked a, a’, a”, while the echograms
recorded with the use of the SPRF are marked b, b, b".

5. Conclusions

The SPRF discussed is capable of improving both the resolution of sonar
returns and the processing gain against reverberation. As a result the resolution in
range and the target detectability in reverberation improves. However, a price,
expressed as the degradation of output singal-to-noise ratio, is to be paid for this
improvement. The tradeoff between the processing gain against reverberation and
the processing loss against noise is practically equivalent. More detailed analysis of
the SPRF shows, that if the phenomenon of mutual interference between overlapping
returns is taken into account, the the SPRF performance undergoes some de-
gradation. This fact was the motivation for developing an improved version and
studying other possible solutions. (Dyka [4], [5]).
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