Proceedings of The Institute of Acoustics

CORRELATION SCANNING
V.G.WELSBY

UNIVERSITY OF BIRMINGHAM

Introduction

A narrow-band acoustic wave field can be described either in terms of a
directional spectrum of plane-wave components or in terms of the spatial
digtribution of the field over a reference plane. The function of am electroni-
cally-scanned receiver is to use an array of transducers to acquire information
mbout the spatial field distribution over an 'aperture' plane and to convert
thig into information about the supposedly unknown directional spectrum of the
incoming wave field. It is well-known that the aperture distribution function
and the directional spectrum function can be defined in such a way that the
relationship between them appears as a Fourier transformation. Because the
observed part of the spatial field is limited to the physical size of the array
aperture, and because the directional spectrum is limited to the range of real
angles, both functions can be approximated by finite sets of discrete samples.
It turns out that, for a line array for example, all the information that is
practically available about the unknown directional spectrum is contained in
n samples of the aperture field where n is the number of half-wavelengths in
the length of the aperture. A scanning computer is then able to use the informa-
tion contained in these samples to generate not more than n samples of the
directional spectrum. Even if the particular scanning system is designed to
produce a continuous sweep of the directional spectrum it still remains true
that the fineness of detail of the reconstructed image can never exceed that
implied by the available number of samples.

The samples of the aperture field are complex because they have to include
both amplitude and phase information about the time-alternating field and the
resulting spectral semples are also complex. But, for all practical purposes,
the phase information relating to the spectrum is irrelevant; what is needed is
the amplitude information omly. It would obviously be a good idea therefore to
seek some way of transforming the n complex samples of the aperture field into
"2n real samples of the directional spectrum, at half the original spacing, thus
doubling the smount of detail that can be reproduced. A hint as to how this
might be achieved is provided by the Wiener- Khintchine theorem, which relates
the autocorrelation of one of the functions forming a Fourier pair to the
squared modulus of the other function of the pair. This suggests that what is
wanted is a mthod of forming the autocorrelation of the sampled aperture
function and then to spply a Fourier transformation to this in order to produce
real samples of the directional power spectrum. The desire to halve the spacing
of these directional samples means however that the effective aperture of the
spatial autocorrelation must be twice the length of the physical array. This
is not practicable. It will be shown however that a multiplicative scanning
process, involving only a single multiplication followed by time-averaging,
can sometimes produce results approximating to those expected from true epatial
autocorrelation and can therefore lead to spectral resolutions significantly
better than those obtainable with conventiconal additive scanning processes.
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Spatial autocorrelation

The spatial correlation problem is made wore complicated by the fact that the
functions on both sides of the Fourier tramsformation are complex. This is dealt
with by splitting the aperture field arbitrarily into two components which are
in time-quadrature with each other and then treating each separately.

The amplitude |P| and phase @ of a sinusoidal time-waveform can be repre-
sented by the complex number P=|P| exp(j@) which can be written in the
alternative form P= Py -jPp. The time-waveform is then FPj cos wt + Pg sin wt .

The aperture field distribution P(ky) and the directional spectrum Q(s)
form a Fourier transform pair

By (ky) e Quls)
Pg (ky) -e—— Qp(s)

Now apply the Wiener-Khintchine theorem to each relationship separately :

~ [autocorrelation of Pplky)] ~—= |QA(5)|:
[autocorrelation of Pglky)] = |Qp(s)|

Therefore [sum of both awtocorrelations] - IQA(B)F + [QB(E.Ha

Since Qu{s). and Qg(s) represent two fields which are in time-guadrature then
the sum of their squared moduli must equal the squared modulus of their sum;

i.e. et PROIEION

and therefore : : .
. 2
[sum of autocorrelations of Pylky) and Prlky)] <= [q(a)|

8o the required process must carry out quadrature sempling of the aperture field,
form the autocorrelation.of each set of samples, perform a Fourier transforma-
tion on each separately and finally add the results together.

In any practical system the whole of the function P(ky) camnot be reached;
all that is available is a set of samples of P{ky) °taken within the limits
y = +34 of the aperture. This means that the samples are not really of P(ky)
jtself but of the product P(ky)T(ky) where T(ky) is equel to unity for
values of ky lying within the aperture but egual to zero for all lky| > b,

So the Fourier transform of interest is actually : Plky)T(ky) == Q(s) « U(s)

o - where T(ky) <> U(s)
The asterisk denotes convolution.

The reconstructed spectrum cannot ever be Q(s) but is an approximation to
the convolution of Q(s) with the aperture sampling function T(ky). Another
way of saying exactly the same thing is that Q(s) has to be scanned by the
beam pattern U(s) appropriate to that particular aperture. For an aperture
length & and for wniform weighting of the samples. :

U(s) = (sin x)/x where x = 3kis.
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To simplify the discussion it has been assumed that the aperture has only
one dimension, so that the sampling device is just a uniformly-spaced line array
of transducers. It will be undergtocd that, once the principles have been estab-
lished, any conclusions reached can be extended to cases where the aperture is
two-dimensional and also where the weighting of the samples is not necessarily

- uniform.

The autocorrelation process described mbove can only be applied to the
limited number of aperture samples that are available; i.e. to fhe product
P(ky)T(ky); -and this leads to the power spectrum |Q(s) » U(s)|

But this is exactly the same result as could have been obtained much more
simply by carrying out an 'additive' scanning process, followed by sgquare-law
detection. At first sight it might appear that nothing hes been gained and in
fact this is truwe if it is not possible to place any restrictions on the
‘unknown' directional spectrum of the waves approaching the receiver.

Stationary directicnal spectrum

Suppose however that the field is such that the mean amplitude of each
sample of the directional spectrum remains constant, or at least changes only
very slowly, while the phases of the samples fluctuate randomly and independ-
ently of each other. This is the kind of thing that happens in radio astronomy,
for example, and conditions can be imagined under which it might also be expec-
ted to apply to some extent in underwater scnar applications. The intention now
is to see whether, under such conditions, correlation techniques might posasibly
lead to effective apertures greater than that of the actual array and, in
particular, might approach the ideal case of the doubled dimensions required to
provide the 2n samples referred to in the Introduction.

Time-averaging and spatisl-averaging

Consider the product of the cutputs of two array elements, at positions
¥Y=¥4 and y=yp, respectively, assuming for the moment that the directional
spectrum of the field consists only of two components Qq(s) and Q,(s) in
directions 54 and s5. Q= |Qlexp(j@).

The time-waveforms at elements 1 and 2 are, respectively :
|Q,||cos(mt +9,-kyq 8,) + |Qp|coslut +Po-ky, 85)
|Q4|cos(ut + @1 -ky, 54) + |Qa|coslut + & - ky, s5)

Each of these has to be represented by two quadrature samples, one giving the
coefficient of coswt and the other that of sinpt. For example, the cosine
semples are :

|Qq| cos(@q - kyq s4) + |Qo|cos(@s-ky, sp)
and |Q4lcos (@ - ky, 84) + |Q,|cos(@s - ky, 85)

Multiplication and'time-averaging over one period of t (i.e. lowpass
filtering to remove the alternating carrier), gives the following four terms :
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3|1 cos ks1(y2-yq)]
+%[|Qalacos kszgya-y1)]
3[1Qq]1Qalcos{ (B - B9) + ksy (ya-¥q) + kyqleq-8)1]

12| Qplcosl By~ #1) - ksq (- 79) + kyaleq - 5211
——— =)

The following conclusions can be drawn from this :

1e the useful information is contained in the first two terms only,
while the remaining terms represent 'noise!,

2. the useful information depends only on the spacing (yp-y4) of
the ‘elements and not on their absolute position,

3. the unwanted terms are functions of the absolute positions of
the elements and also of the phage difference (>~ @) between
the two spectral components. '

A true spatial autocorrelation process requires the summation of products of
pairs of aperture samples, at fixed spacings, taken in all possible positions.
When this is done the unwented components will have various phase angles and will
tend to average out. So, although all the available information about the spectrum
is contained in the outputz from a single pair of elements at each spacing, the
process has to be repeated for all other positions in order to remove the cross-
product terms.

But in the specisl case of a stationary-amplitude spectrum of the kind des-
cribed above the phase difference between pairs of samples varies randomly with
time, so the unwanted 'noise' can now be removed simply by time-averaging the
products of single pairs of elements.

Although this statement is based on the assumptlon that the spectrum contains
only two components at s=5q and s=8sp, it is evident that the same argument can
also be used for larger numbers of spectral components.

Ancther useful fact is that, since the phase angle of each spectral component
of this particular kind of field is assumed to vary with time, the mean-square
values of the two quadrature components Qa(s) and Qp(s) will be the same

G - [ = 3R

So, in this case, there is no need for gquadrature sempling; the multiplication
processes can be carried out directly on the signal time-waveforms.

Time-averaged-producf {(TAP) array

To simplify the explanation that follows, consider the particular example of
a 6-clement line array with the method of processing shown schematically in fig.1.

From egn.{1) and the discussion that follows it each spectral component such
as Q(s) will produce an output proportional to

|31° [1 + 2cos 2%+ 2 cos 4x+2 cos 6x+2 cos 8x+2 cos 10x]

where x = 2ks d d 1is spacing of adjacent elements.
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2
or  |Qle)| U4 (&)
where U1(s) denotes the expression in the square brackets.
Evidently U1(s) represents the directional response of the system.

If electronic ecanning is performed, by introducing an appropriate set of
time-varying phase-ghifts at the peint indicated by the, dashed lines in fig.1,
the effect will be to produce the convolution of |Q(s)| with U (s); So the
result is |Q(s)|" « U4(s) instead of the expression |Q(s) * Uzs)| which would
have resulted from a simple additive scamning process, followed by square-law
detection.

The important point is that whereas U(s) is derived from the length of the
physical 6-element array, U,(s) is equivalent to the directional pattern of an
11-element additive array at the same spacing. Sc the scanned TAP system has
effectively produced 2n-1 real samples of the directional spectrum instead of
n complex ones. '

Multiplicative array

This has been adopted as a convenient neme for the scheme shown in fig.2.
The array is split into two parts, the signal waveforms are directly added
together within the groups of elements and the two totsl time-waveforms are then
multiplied together and time-averaged. The output for z single spectral component
Q(s)} is proportional to
, 2
1B]° (<ELB2X y oo 6x

3 sin x

which ¢can also be written as
T —2
Q| = % (cos 2x+ 2 cos bx+3 cos 6x+2 cos 8x+cos 10x)

This is again equivalent to the directional response of an 11-element additive
array but with the following numerical weighting factors applied to the outputs
of the respective elements :

1,2, 3,2, 1,0, 1, 2, 3, 2, 1

Electronic scanning can. be performed by introducing phase-shifts at the point
indicated by the dashed line in fig.2. The result is to produce the convolution
|Qisj| » U,(5) where, apart from a numerical factor, U(s) is the expression in
the brackets.

Discussion

The directional patterns for Uq(s) and U,(s) are plotted in figs.1(a) and
2(a). The non-uniform weighting in the latter case is respongible for the rela-
tively large side-lobes adjacent to the main lobe. It is of interest to see
whether this could be corrected to mome extent by deliberately weighting the
outputs from the array elements before signal-processing is carried out. A
general answer can be obtained by considering a hypotheticsl case of multiplica-
tive processing applied to a uniform, continuous aperture of length £, split into
equal parts. Defining the variable in the spectrum domain as

kis . . . sin x4
Xq = =g~ the directional function appears as ( >

2
) cos 2}:1

129




Proceedings of The Institute of Acoustics

CORRELATION SCANNING

Treating this expression as if it were the response of an additive system, the
aperture weighting of the equivalent array mugt be represented by its Fourier

transform. The transform of - gin x1 2

()

‘ , Xq .

is a triangular pulse while that of cos 2xq 1is a pair of impulse functions. So
the transform of the product is the convolution, consisting of a pair of tri-

angular pulses.

It will be noted that the 11-element discrete equivalent array already
obtained for the case of the 6-element physical array is consistent with this
result; it corresponds to a sampled version of the two triangular pulses.

So the aim of any compensating weighting should be to replace the two
triangular distributions by ones that are more nearly uniform; i.e. by rect-
angular pulses. But to do this it would be necessary to give the product of the
responses of the two portions of the aperture a (sinx/x) form, thus demgnding
that the response of each part slone should be proportional to (sinx/ x)z.
This is not practicable but the analysis does indicate that the thing to do is
to depart from the idea of splitting the aperture into equal parts; in fact if
we go to the opposite extreme and reduce one part to a single small element,
the directionsl function for the other part will tend to (sin 2x49/2x4), giving
an approximate directional function for the multiplicative array of :

sin 2x sin 4x1

1
(_Ex.'l—) cog 2xq = (T)

This is the response of an equivalent 'additive' aperture of length 24; i.e.
twice the length of the physical aperture.

Fig 3 shows this scheme applied to the example of a 6-element array. Its
directional function is
sin (2n- 1)x1 sin 5x

(m1) cos 6x = (m) cos 6x

= 4 {cos 2x +cos bx+cos bx+cos 8x+cos 10x)

5

corresponding to the response of an 11-element additive array, with the centre
element missing, (see fig.3(a)).

This is practically the same as the result for the TAP system of fig.1 and
it becomes clear that both 'TAP' and 'multiplicative' systems are really vari-
ations on the basic theme of what may be termed correlation scanning. The choice
of equal array sections has the advantage that it maximizes the intrinsic
directivity of each section, thus minimizing the effect of ambient noise in the
medium.

Stationary spectrum with time-~varying amplitude

It has been.shown that correlation scanning can produce useful results but
only if the field has & directional spectrum represented by sources, in fixed
directions, with randomly-varying phases. So far it has been essumed that their
amplitudes remain constant. Take the idea a step further and assume that the
amplitudes of the sources can also fluctuate with time, in other words imagine
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that the field is due to a set of discrete sources which 'scintillate' (to borrow
a term from optics), while maintaining their directional positions.

Much will now depend on the way in which the scanning and time-averaging
processes are carried out. If, for example, the field represents echoes in an
active sonar system the signals will be range-gated so that the spectrum for any
‘given range annulus only exists for short intervals, widely separated in time.

This points to the fact that, to obtain the full potential advantage of a
‘correlation scanning system, integration has to take place over a large number
of successive pings. Experience with a particular 32-element multiplicative
scanning sonar has been based on using the persistence of the display screen to
provide a measure of ping-to-ping integration. Operators in the field have
consistently judged the results to be 'better' when switched to multiplicative
processing rather than the alternative additive processing which is also pro-
vided. The accepted explanation seems to be connected with amplitude scintilla-
tion, and the probability that different spectrsl components will predominate
at different times within the same range ammulus, rather than with true cor-
relation based on the averaging-out of cross-product terms as a result of phase
fluctuations. .

Conclusions

It is suggested that study should now be directed to the problem of storage
and integration of the output of correlation scanning systempover a larger
number of successive pings, using modern circuit technology rather than relying
on the persistence of a display. This should enable a closer approach to be made,
for certain kinds of fields, to the ideal of an effective doubling of the array
aperture. It seems likely that the large adjacent side-lobes in its directional
pattern will set a limit to the performance of the symmetrical multiplicative
system. If this is so it means that the trend should be away from equal array
sections, accepting that the cheice ultimately lies between signal-to-noise
ratio and directional resolution.
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