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Introduction

When an array of receiving tranaducers is illuminated by
the echo from a reflecting object in the far field reglon of
the array, the output of each transducer can be viewed as the
real part of a phasor rotating at the carrier frequency. 4
phase difference related to the echo bearing will exist be-
tween the outputs of any adjacent pair of traneducers, and due
to the assumed plane wave pature of the echo, this phase dif-
terence will be constant across a linear array of squispaced
elements, see fignre 1. - 7 v es o

Sonar receivers which measure the phase difference be-
tween adjacent elements using digital' and analogue” tech-
niques have been described. Because these recelvers reject
amplitude information and rely only on the information cbtain-
able from zero croesing positions, their performance 1is
infer%g;.;o;;hepmoge expengive within-pulse sector scanning
scnar¥. -

Thie paper describes an snalogue and a digital technique
for locking at an illuminated sector by creating a number of
overlapplpg beams, the position of each of which is fixed in
space, and which together cover the pector of interest. It is
hoped that the use of microelectronic and thin film techniques
will enable the production of an inexpensive sonar which does

. not suffer from the disadvantages which a ‘phase only' sonar
receiver has. ’ )

Background

Acoustic emergy reflected back to an antenna will give
rise to a continucus preesure distributiom P(x) across the -
aperture., The ocutputs of an array of N transducers constituta
a set of pamples of P(x), from which the angular distribution
r{8) of reflectors of acoustic erergy in the far field region
of the antenna is to be determined. ‘

Only point samples need to be considered since the effect
of the finite size of a transducer can be deduced from the pat-
tern multiplication theorem for arrays of identical transducers.

Referring to figure 1(a), if a plane wave is arriving from
an angle & to the normal, the phase difference & between ela=
ment k and element 0 (k = 0, 1, 2, ... N - 1) 1is given by

e = k'§§5 8in® . ) . wavelength



The contribation from a particular angle ¢an be found by
multiplying the array samples x or Xy X, ote., by an appropri-
ate yhase shifting factor and torming the sum

N
= 2nd sind
£(68) = k.znxk exp( -jk .—r...)

This function, although continmous, can be reprecented by
¥ independent samples, spaced at intervals in gsind of

se- (1)

. - -
Alping )= i
Thus £{(8&) can be expressed as a. series of samples L where
N-I
a = Z ex (- 2"h‘) . aes (2)
r k:uxk p=J w
and eind = I (r=0,1, 2 .., B1) .

Nd

Expression (2) 1nd1cates the operation o:t taking the dis-
crete Fourler tranaform (DFT) of the samples of the pressure
digtribution acress the aperture.

Expanding (2) and putting w = exp(-j2x) gives
C B N

a, = X, 4'!'_4'-;1 * e
B, = Xy F WK, +WT, 4 aeees
a8, = x +'u‘x, +WE, + e aes (3

] 3

The process of forming the samples m_ generates N beams
whose directions are fixed in epace relative to the

array.

A8 an example, if the array consists of 8 elements spaced
at 1nta:va15 of Af, 8 beams are formed at bearings defined by
sind = 0,3 Iii, 1l; this situation is illustrated in
figure 2.

The DFT operation (3) 15 conveniently written in matrix
notation
A = W.X

X is a column matrix having N elements whick are the out-
puts of the array alements.,

W i6 an NxN square matrix, the element in the r th row and
k th column im exp{- jaurk) ry k=0, 1, 2 ... N=1"

A i8 a column matrix having N elements which are the ocut-
pute of the ipndividual beams.

It has been shown®® that if N is not a prime number. the

matrix W may be factorised in such a way that the ¢omputationa)
effort required to evaluate the DFT is.considerably redunced.
This procedure lemds to the -Fast Fourier Transform (FFP).

Only the case where N = EH will be considered here be-
cause this leads to a convenient result. Specifically, W may
be written 88 the product of M factor matrices, each of order
N, but which have only two non-zero elements in each row

H = Uln“2o“30 --.HM

Rearrangement of the rows and colurms of each factor

Batrix shows that the complete N-element DFT can be obtained

-



uging g logz N 2-element transforms in conjunction with

l=-N+XHNlog, N
5 1

phase shifts.

The 2-element transférm is defined by

W

i ]

This represents a device which takes the sum and differ-
ence of two inputs, and is particularly simple to implement in

hardware forn.

Table 1 1illustrates the savings which may be achieved.
ueing the FFT factorisation of the DFT for &, 8, and 16 ele=

ment arraya.

: DFT - FFT
No. of
elements Additicns | Multipli- || Additions Muliipli-
and Sub- cations - and Sub- | cations
tractions tractions
4 12 & m 8’ 1
8 56 . 32 24 3
" 16 240 176 64 17
Table 1
AB an example, consider the l4-element DFT
W o= |1l 1 1 1
1 W wt
1 v 1 w = exp(-ix)
1 W w ow ¢

The individual elements have been uritten modulo- 2x.
The F¥T factorisation is

Woes W o.HW =1

1

Rearranging the rows and
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The operation A = W.X is Bhown schematically in figure
Figure 3 ghows how the spatial DFT can be 1mplemented using
digital and analogue hardware.

Digital Realisation

1.

It is possible to use a genmeral purpose digital computer
to perform the FFT operation in a sonar receiver .
in many situations, the greater apeed of a specisl purpose FFT

procesger is required.

However,



Referring to figure 4, the ountputs of the array are
sampled, amplified, converted to digital form and stored. The
FFT can now proceed in_a number of ways depending on the pro-
cessing time available?

The Sequential Processor

Each operation deplcted by a block in figure 3 is per-
formed sequentially by a processor which has a single arith-
metic vnit. The time taken is that required to perform
N log; N complex additions mnd eubtractions and
1 -K+K1log, N complex multiplications.

2

The Parallel Processor

The sequential processing time may be reduced by intro-
ducing as much parallel processing as is necessary. In the
extreme case, ome arithmetic unit could be provided for each
block in figure 3, and the effective computation time would be
that required to perform just one 2-peint transform.

. The provision of several arithmetic unite would be expen-

sive at the present time, but the production of arithmetic
unlts using large scale integration techniques may make such

.schemes more feasible in the future. :

Analogwe Realisation

© “The schematlec tn figure 3 can be implemented directly
using analogue components to bulld a sum and difference net-
work. It can be shown® that any two port network having an
uutput/lnpnt relationship expressible in the general form

CAAL AT e

G. |4, ) 1,y 1a ﬁre inputs
i, 0, o, are outputs, JjoFr

can be used as a basic building block in a multiple beam for-
ming network for an array of N = 2" elements.

-
K
rm—
n

. .The general expression (&) enables the phase shifts ﬁ,,
@, and ag-to be chosen independently to give a network which
is convenient to fabricate. :

- «For instance, if @) = 0, a;, = g = -Z, the network ob-

)
_ teined is the hybrid coupler used in the Butler beam forming

matrix at microwave f:equeneiea?
Ons network of particular interest in sonar is defined by
4, =%, 8 =a =0 g

RN

gince this may be fabricated using microelectronic operational
amplifiers in conjunction with thin film resistore, see figure
5 : : )

The beam forming network is obtained by substitution into

the network shown in figure 3, ueing the relationship

b )

and then simplifying.




The equivalent multiple bean forming network ueing blocks
G ip shown in figure 6. If only the magnitudes of the beam
outputs are required and their relative phases are unimportant,
then the phase shifts of = radlans in beam outputs a, and a,
may be ignored. -

The phase shifte required within the beam forming net-
worke may be implemented using RC all-pass networks which can
be fabricated using micrecelectronic amplifiere and thip film
techniques, fig. 7.

Conclusion

) Two schemes for processing the outputs of an array to pro-

duce multiple beams covering & sector have been described.

Both are being developed at Loughborough University of Tech-
nology.

Through the use of low cost enalogue and digital micro-
electronic ecircuits it is hoped that an inexpenslve sector
coverage sonar will scon beccome gvailable.
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