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AN ULTRASONIC IMAGE-FORMING SYSTEM
FOR IONOSPHERIC STUDIES

SUMMARY

The first part of this thesis is of an introductory nature
and is concerned with briefly outlining the history of the way in
which radio techniques have been used to study the ionosphere. Also
presented is a brief discussion of some theory which establishes the
relationship between the complex function describing the phase and
amplitude of an ionospherically reflected radio wave and its angular
spectrum.

Chapter 2 consists of a review of the various techniques that
have been or might be used to measure the angular spectrum of radio
waves incident on an antenna array. The methods considered range
from conventional scanning systems to more recent developments such
as Electro-Optical and acoustic array processors.

‘Chapter 3 contains a detailed description of an image-forming
system (acoustic array processor) which has been designed for use
with the large antenna array at Buckland Park (mear Adelaide). This
instrument, which uses an ultrasonic technique, is capable of measuring
the two dimensional angular spectrum of radio waves reflected from the
ionosphere.

Chapter 4 is concerned with describing the procedure used to
adjust the system so that it operates in the desired way and chapter
5 is concerned mainly with discussing the performance of the system

and comparing it with the "ideal performance" as determined from a



computer model which simulates the principle of operation.

In chapters 6 and 7 some preliminary measurements of the angu-
lar spectra of radio waves reflected from the E, ES and F layers of
the ionosphere are presented. The different types of spectra
observed are classified and their relative frequency of occurrence
is determined.

Finally, in chépter 8 the ﬁajor conclusions of the preceding
chapters are summarised and some experiments which may be undertaken

in the future are suggested.
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CHAPTER 1 T

INTRODUCTION

For the past half century radio techniques have been used to
study the ionosphere. The earliest experiments of this type were
undertaken in America by Briet and Tuve (1925,1926) and in England by
Appleton and Barnett (1925). From these experiments it was possible
not only to show that an iocnised layer existed in the upper atmosphere
but also to estimate its approximate height. In subsequent years these
experiments were extended and modified and it was mnoticed that radio
waves reflected from the ionosphere exhibited short period fluctuations
in signal strength, called fading. Fading was found to persist even
when special precautions were taken to ensure that there was no inter-
ference between the ground wave and the reflected wave or between mul--
tiply-reflected waves. Care was also taken to ensure that there was no
magnetoionic fading. In 1933 Ratcliffe and Pawsey suggested that this
phenomenon was caused by the diffractive reflection of the radio waves
from ionospheric irregularities. This would result in the formation of
an irregular radio diffracéion pattern on the ground. These workers also
studied the spatial structure of the pattern using what they called a
"spaced receiver" experiment. They found that the fadiog observed by two
antennas separated by more than one wavelength was usually uncorrelated.
Later experiments carried out by Pawsey (1935), showed that on some
occasions the fading at two neighbouring points oﬂ the ground was similar

but displaced in time. This type of observation was explained by assuming



that the ionosphere contained irregularities of ionisation which
drifted horizontally. Using diffraction theory it is possible to

show that the velocity of the moving radio pattern is twice that of the
irregularities at the reflection level, provided the irregularities do
not change with time. This technique for measuring ionospheric move-
ments was further developed by several workers including Mitra (1949)
and Krautkramer (1950)..

In 1950 Briggs et al. introduced what is known as "full corre-
lation" analysis which allowed estimates of the drift velocity to be
made even when the form of the irregularities was changing. This
analysis was later extended and made more general by Phillips and
Spencer (1955). However both these methods of analysis made assumptions -
about the temporal and spatial properties of the diffraction pattern
which needed to be tested. Partly for this purpose, several large an-
tenna arrays were duilt which sampled the diffraction pattern at many
points on the ground (see for exémple, Kelleher, 1966; MacDougall, 1966;
and Haubert and Doyen, 1966). Unfortunately these arrays were rather
small and it was found that features in the diffraction pattern were
usually of the same size or larger than the array. Imn 1969 a larger
array (1 km in diameter) was built at Buckland Park near Adelaide, South
Australia., This array was used by Briggs et al. (1969) to investigate
the properties of the diffraction pattern. One technique used in these
experiments was to convert the diffraction pattern into a visible form
by using the signals from the antennas in the array to drive an array of

lamps which were arranged in the same layout as the antennas. These



experiments showed that on some occasions the application of full
correlation analysis could give misleading results; but more impor-
tantly (for this thesis) it was shown that on many occasions the
diffraction pattern structure was periodic, being composed of sets

of fringes or crossing fringes. These had been observed previously

by Haubert and Doyen (1966) as well as several others and it had been
suggested that the fringe structures were formed by the interference of
two or more rays which had been specularly reflected from the ionosphere.
The resulting interference pattern would give rise to periodic structures
in the diffraction pattern, similar to Young's interference fringes,
which are familiar in optics.

Although it was known that on occasions the ionospheric reflecting
layer was smooth enough to reflect radio waves specularly, it had been
implicitly assumed by many workers (e.g. Booker et al., 1950 and
Ratcliffe, 1956) that the diffraction pattern was the result of the intex-
ference between rays diffractively reflected or scattered from the irregu-
lar ionosphere, and having a continuous distribution in their directions
of arrival. A third model for the formation of the diffraction pattern,
suggested by Monro (1962) and Pfister (1971), considers that there may be
a discrete number of reflection points, each of which returns a continuous
filled in cone of energy. Thus this model is a combination of the two
already discussed. These models, for the formation of the diffraction
pattern are of course related, but nevertheless it is interesting to find
out which is more appropriate. To do this it is necessary to have an

instrument capable of measuring the angles of arrival of the reflected
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signals. In addition the instrument must be capable of making these
measurements even when signals are arriving from several directions
simultaneocusly.

This problem is in fact common to many investigations in radio
physics. The quantity that is measured (the distribution of energy
with angle) has come to be known as the angular power spectrum. The
related term angular spectrum (see Booker and Clemmow 1950 and Booker ef af.
1950) is a complex function describing both the phase and the amplitude
of the signals as a function of the direction of arrival. At this
point it is appropriate to discuss this concept in a little more detail.

If a transmitter is used to illuminate a limited, two-dimensionzl
region of the ionosphere with radio waves, then the totally reflected
electromagnetic field will have a phase modulation imposed upon it by the
variations in the reflection height over the illuminated region. The
field at the reflecting height, or indeed in any plane parallel to the
mean reflecting layer, can be represented in terms of an angular spectrum
of plane waves which should be imagined as a set of waves whose amplitudes
and relative phases vary with direction. The quantity is usually repre-
sented by the symbol P (sj, sp) which is a complex function because both
phase and amplitude have to be specified. If the variables sy and sp are
direction cosines then the function P (sj, sz) is related, by a Fourier
transform, to the complex fumction, F (x,y), which specifies the phase
and amplitude of the electromagnetic wave over the horizontal (x, V)

plane. This relation is expressaed mathematically by the following



equation:

P(sy ,s2) = j{/ﬁ (x,y) exp { -2mi(s1x + szy)}dx'dy 1.1

—oo —
which is valid provided the spatial coordinates x and y are measured
in units of ) (the wave length of the radio waves). Since the rela-
tionship is a Fourier transform then the inverse transformation may be
used to calculate F(x,y) from a known angular spectrum P(s; , sp) i.e.
we can write,

F(x,y)= ‘/:/~E_(sl , S9) exp { + 2mi(s1x + s2%) } dsy dsp 1.2

—c0 =

It is important to note that although the integrals are calculated over
an infinite domain, in practice the function F(x,y) is only defined or
measured over a finite area. Similarly, for the problems considered here,
the angular spectrum will only be non zero in directions close to the
normal of the diffracting surface. Evanescent contributions to the spec-
trum are ignored. The angular power spectrum is obtained by calculating
the square of the modulus of the angular spectrum, lfﬁsl ,sz)lz.

Equation 1.1 shows that the angular spectrum cf a wave can be
calculated provided the complex function representing the wave field is
known over any horizontal plane. However in the past this method has
generally not been used and the measurement has been made using a variety
.of techniques ranging from the use of two element interferometers to
complicated scanning systems which use delay or shifting.networks to

steer the beams of large antenna arrays across the sky.
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This thesis describes a new approach to the problem that makes
use of the relationship expressed in equation 1.1. Equipment has been
constructed in which the electromagnetic field is sampled by a large
array and converted, using an array of piezo-electric transducers, to
an acoustic field which has the same variations of phase and amplitude.
Using a focussing system an image can be formed. Now it is a well known
result in optics that the light distribution in the image plane of a fucus-
sing system is related to the light distribution in the object plane by a
two dimensional Fourier transform. The same result applies for the for-
mation of an acoustic image and thus a focussing or image-forming system
may be considered as an analogue Fourier transform computer. The image
can be made visible by sampling at a large number of points with another
array of transducers each of which drives a light emitting diode. The
visible image is equivalent to the modulus of a desired angular spectrum.
For convenience, this quantity will be referred to, in this thesis, as
the angular spectrum. Whether this refers to P(s1,s2) or |P(S1,52)i
will be élear from the context. The angle of arrival is easily determined
because radio waves arriving from a given direction will give rise to
acoustic signals at a given point in the image plane. Further, the
amplitude of the signals in the acoustic image will be related to the
amplitude of the incoming radio signal. Although the acoustic image does
in fact contain information about the phase as well as the amplitude of
the angular spectrum, with the present equipment the rhase information is

not used.
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The work described in this thesis shows that the technique is
feasible, and in addition some preliminary results showing the angﬁlar
spectrum of radio waves reflected from the ionosphere under different
conditions are presented. This type of data is useful insofar as it
provides information about the structure of ionospheric irregularities,
and with this knowledge it is possible to test theories about their
origin.

Although the equipment described here has been designed with
ionospheric investigations in mind, the application of the technique to
many problems in radio physics is QbViOus. It is hoped that the system
that has been built will also prove useful for low frequency (6 MHz)

radio astronomical observations.



CHAPTER 2
SURVEY

2.1 INTRODUCTION

The purpose of this chapter is to review the wvarious methods that
may be used to process the outputs from multi-element antenna arrays. The
particular type of processors that will be considered are those which pro-
vide information about the ‘direction of arrival of signals received by
an array.

The methods to be examined may be divided into five categories.
(1) Scanning methods.

(2) Electro-Optical methods

(3) Acoustic methods.

(4) Computing methods.

(5)‘ Holographic methods.

2,2 BASIC THEORY OF SCANNING METHODS

One of the most direct methods of measuring the angle of arrival of
radio waves, which are confined to a known plane, is illustrated in fig. 2.1.
The magnitude and sense of the phase difference o, between signals received
on antennas Ay and Ay, which are separated by a distance Ad, is measured and

the angle of arrival 6 can be calculated from the equation,

. ar
arcsin {Ad} 2.1

wavelength of the radio waves being used.

@
i

where by
This equation has only two solutions provided that the condition
A, o . ] .
Ad<§- is satisfied. However it is usually possible to determine 6 unam—

biguously because in practical cases the direction of arrival is confined



Fig.2.1
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to the visible half space.

The addition of a third antenna A3, as shown in fig. 2.2 permits
the measurement of both the elevation and the azimuth of the incident
wave. Each pair of antennas determines a plame in which the direction of
incidence must lie, and the intersection of these planes uniquely deter—
mines the directiog of arrival.

It is important to notice that equation 2.1 is invalid when signals
are arriving from more than one direction simultanecusly.

A true scanning system avoids‘this difficulty. Fig. 2.3 illustrates
how such a system (in its one dimensional form) operates. The elements
Al..........Ah, are assumed to be antennas with equal gains and isotropic
beam patterns. The beam pattern of this system, A(8),{(a function descri-
bing the way in which the output of an array varies with the angle of arri-
lval of the incident signals) can be easily calculated. This is done as
follows. The phase difference between the signals received by adjacent
elements is equal to

2nAd. sin®
A

where 0 is the angle of arrival of the incoming signal (see fig. 2.3). The
output of the array,when connected up as a broadside array, is found by

summing the signals from each element (taking proper account of phase) and

is thus given by the expression

n . .
A(8) = I sin {mt + it ilne(l 1)} 2.2
i=1
where w = the angular frequency of the signals being received,
A = the wavelength of the signals,
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t time,
Ad = the distance between array elements.

By expressing the sine in its complex form and summing the series

it can be shown that,

(n-1)7Ad.sin® | sin(sinOnmAd/}) 2.3
A sin(sindrAd/A)

A(®) = sin { wt +

The first term is a sine wave with angular frequency w and phase

(n-1)wAd.sin8

shift X

, while the second is an amplitude factor of the form

sin(sinfnrAd/2)

sin(sinBwAd/A) 2.4

If a series of m-individual variable delay (or phasing) circuits are
used to delay the signals before the summation is performed (see fig. 2.3),
then it is possible to steer the array beam. Let the ith phasing network
introduce a phase shift of (i-1l)a into the signal from the ith antenna.
This produces a new beam pattern A;(8) which is related to A(8) by the

following equation.

A (8) = A(O - eo) 2.5
here (6 ) = 3 - 2.6
where - arcsin A om .

Clearly the effect of the phase shifting networks is to point the
beam to a new direction 60.

It should be noted, that as the array beam is steered to off vertical
angles (eo) the beam pattern becomes broader by a factor approximately
equal to sec(SO)(Skolnik 1962). This point will not be pursued in this

discussion.
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It can be seen, from the arguments above, that for each direction
60 into which the beam is to be pointed, n-phase shifting networks are

2 such

required. For a two dimensional array, with n-rows and n-colums, n
networks are required for each direction. If a beam is to be steered ac-—
ross some two dimensional region of the sky, then the number of independent
directions into which the beam must be directed, depends upon the resolving
power (array beam width) and the field of view. For practical situations
the number of independent phase shifting networks is extremely large. For
example consider the case in which a planar two dimensional array, containing
10 rows and 10 columns with an inter—element separation of half a wavelength,
is required to scan (without loss of information) a region of the sky defined
by a cone with a semi-angle of 30°. The number of phase shifting networks
needed to do this is approximately 5,700, If the scanning is only required
in one plane then the elements can be comnected in rows and the problem is
much less formidable.

This type of beam swinging technique is quite practicable for arrays
~ which are required to scan in one plane only, e.g. Cottony and Wilson (1960),
Vogt (1962), Burtynk (1964) and Hemilton (1968). Many different methods are
used to introduce the necessary phase shifts but the principle of operation
of the systems described by these workers is the same as that outlined above.

However, the approach is unsuitable for use with filled in planar arrays

containing many elements.

2.3 PRACTICAL SCANNING SYSTEMS

Despite the difficulties referred to in section 2.2, useful two-—

dimensional scanning systems have been constructed; Morris et al. (1963),

Wild (1967), Large and Frater (1969) and Brownlie et al. (1973a)
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A common approach used by these workers in their solutions to the
problem, has been to use a dilute instead of a filled in array. In this
way it is possible to achieve high resolution with an instrument using a
relatively small number of phasing or delay networks.

The earliest instruments of this type (used in radio astronomy) were
cross—type antennas (Mills and Little 1953, Mills 1963). The system
described by Mills consisfed of two orthogonal rows of antennas, see fig.
2.4, each row producing a fan beam, whose width in the direction.perpendicﬁlar
to the row depends on the directivity functions of the individual elements.
If the signals from the two rows are added together with an appropriate
phase shift introduced between signals from different elements then the
resultant antenna response pattern is as shown in fig. 2.4. Although
the beam has an enhanced response in the direction of the intersection of
the two fans, it can be seen that the side lobes will be large and the beam
shape is therefore not ideal. However, the beam pattern can be considerably
improved if the voltage polar diagrams of the two arms are multiplied
together instead of added. Mills (1963) describes a method of processing
the received signals which results in the desired multiplication. Essentially
the processing is performed by firstly commnecting the two arms so that their
signals add in phase and then reversing the phase of the signal from one arm
before the addition. If the difference in the two signals, formed by this
procedure, is amplified and detected with a square law detector then the
effective antenna polar diagram is the same as that obtained by multiplying
the voltage polar diagrams of the two arms. However the side lobe levels

are still unacceptably high in the directions in which either one of the



Cross type nadio telescope

Fan beams

Fig.2.4
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arms has a wide angle of reception. This problem can be overcome, and
the sidelobes eliminated if a Gaussian taper is applied to the signals
from the elements in the two array arms. This simply means that the
elements at the extreme ends of the arms will contribute less to the
polar diagram than those nearer the centre. This results in a reduction
of sidelobe level and, unfortunately, a broadening of the main lobe. In
practice to retain the same resolving power the array size must be in-
creased by 50 per cent.

The reduction in the number of elements cbtained by using a cross
instead of a filled in array reduces costs and makes electronic beam
steering a practical proposition. However there are disadvantages and
these are outlined below:

@8] There is an increase in the complexity of the signal

processing procedure.

(2) There is a degradation in the resolving power.

(3) - There is a reduction in the aliowable signal phase errors

(for the same performance, see Large and Frater 1969).
This arises because a filled in array has a certain amount of
redundancy which has been removed by diluting the array.-

(4) There is a decrease in the sensitivity caused by the reduced

collecting area.

Even with these disadvantages, cross type radio-telescopes have
proved to be very powerful and populér tools particularly in radio astronomy
and more recently in ionospheric physics. Arrays of this basic design have

been constructed by many workers including Mills (1953), Bracewell (1961a),
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Braccesi and Cecarelli (1962), Christiansen et al. (1963) and
Kalachov (1963).

Another cross type array, which has been designed specifically for
ionospheric investigations, has been built at Bribie Island near Brisbane
(Brownlie et al. 1973a). This system consists of two orthogonal one kilo-
meter arms each containing 10 elements. A novel feature of this system is
that one arm is used to transmit while the other is used for reception.
The result is a pencil beam radar system (beam width of 4° at &4 MHz)
which may be scanned in a raster pattern by using a computer to introduce
suitable phase shifts between the array elements. The instrument is thus
able to measure the angular spectra of radio waves reflected from the
ionosphere within its field of view, which is * 20° from the zenith.

Annular arrays have also been used to form the pencil beams required
for scanning radio telescopes; Probably the most sophisticated instrument
of this type is''The Culgoora Radioheliograph" (Wild 1967). This array
consists of 96 steerable paraboloid antennas arranged regularly on the
circumference of a circle 3 km in diameter. The pencil beam is formed
using the so-called "72_gynthesis". This consists of adding to the beam
formed by the in phase addition of the signals (from the array elements),
other weighted beam patterns, which are formed by introducing progressive
phase shifts into the signal from each antenna channel. The phase shifts
are made to increase uniformly around the array starting at zero from an
arbitrary antenna.

Using this technique it is possible to form a beam with a shape

that gives equal weighting to all the spatial Fourier components in the image



up to the resolution limit of the instrument.

The half power beam width of the Culgoora system is 3.55' at
zenith. The field of view of the array is limited by the appearance of
grating sidelobes which occur approximately 2° away from the central beamn.
The position of the grating sidelobes depends on the inter-element spacing
of the array. Since the instrument has been designed primarily for solar
observations, this small field of view is acceptable. Pictures of a radio
sources are constructed by scanning 48 simultaneously formed beams across
the field of view. The final picture consists of 60 x 48 samples, each
sample being separated by 2.1' of are. Using 48 beams the time taken to

construct a picture is approximately half a second.

Conceptually, the simplest method of forming a picture of the radio
sky is to steer a parabolic dish mechanically,so that its beam sweeps over
the region of interest. Mechanical considerations at the present time,
place an upper limit of about 100 metres on the diameter of steerable
dishes and since the beam width of a given array is proportional to the
wavelength at which it is being used this restricts the use of steerable
dishes to wavelengths of less than a few metres. An additional disadvantage
is that the scanning rate is slow and rapid changes in the picture cannot be
followed. Non steerable parabolic dishes may be much larger e.g., Arecibo
(Sky and Telescope, 1961) which is approximately 300 meters in diameter.

Beam steering with this type of antenna can be achieved by moving the primary

feed radially in the focal plane (Jasik 1961). However, the field of view
is confined to within a few beam widths of the boresight. Phase errors
result in excessive beam deterioration for large off boresight directions,

although Rudge and Withers (1971) have described a fairly complicated feed
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device which allows the beam to be steered in the range * 15 beam widths
with "negligible'" distortion of the direction pattern.
However the scanning rate remains slow when compared with elect-
ronically steered beams and even the largest dishes built do not have
useful resolving powers at frequencies in the medium wave band.

2.4 ELECTRO-OPTICAL TMAGE-FORMING METHODS.

Extensive theoretical and experimental investigations on Electro—
Optical array processors have been made in recent years; see for example
Lambert and Arm (1963), Aimette et.al. (1963.., 1964(a),(b),(c), 1966), Arm
el al. (1964, 1965(a),(b), 1966(a),(b)), Lambert (1965(a),(b)), Lambert
et al. (1965), Chinnick (1972).

The basic unit in an Electro-Optical array processor is the Debye-
Sears light modulator, a full description of the contruction and principle
of operation of which may be found in a number of texts, including Born and
Wolf (1959). However for completeness a brief description is included here.

The discussion which follows will be made with reference to fig. 2.5.
Sound travelling through a transparent medium (usually water) modifies the
reffactive index. If the tra&elling sound wave is produced by an électrical
signal V(t) which is driving a piezo-electric transducer then the spatial

variation of the refractive index can be represented by n{z) where,

Z
- 1 ; 2.7
n(z) n -+ nI.V( )

ambient refractive index of the fluid,

where n
o

proportionality constant which depends on the efficiency of

=]
]

the transducér and the way in which the refractive index of

the fluid varies with pressure,



-

Debye-Seans Light modulaton

Piezo-electndic

transducen
P
—
PLane L ——
monochhomatic
Light wave d
(input) T
¥
_—
——
N

Optical stop

N

Py

Tnput signal Vi£)

OO TR F
N

I 1|

-----------

Modulated £ight

wave (ocutlput)

Waten

—Ax—3 Sound absoabing

matenial

Fig.2.5



17.

velocity of sound in the fluid,

03]
I

b4 distance, see fig. 2.5.
(Here it has been assumed that the signal begins at time t =0 and that the
transducer is at z = o). The change in the refractive index of water has
been shown to be proportional to the change in pressure (Willard 1949)
which in turn is proportional to the voltage applied to the transducer
(Hueter and Bolt 1955).

Thus an electrical signal applied to the transducer will produce a

similar pressure signal in the light modulator and if the signal V(t) has

a duration T such that,

0|

2.8

where d = length of the cell,
then there will be an instant-of time when the signal completely fills the
cell. |

If the cell is now illuminated with a plane wave, produced by a
coherent monochromatic source of light travelling along the x-axis, then
the non-uniform refractive index of the medium in the cell will distort the
plane wave fronts of the incident light. The cell acts as a phase modulating
screen; the modulation depending on the signal V(t).

The phase modulation impressed on a plane polarised light wave

passing through the cell can be represented by ¢ (z) where,

= 2T _ .
Y(z) = kt {n(z) no} Ax 2.9



. nm V(g)Ax 2.10

ML

]

where XL = the wavelength of the light being used.

If VGE) is a pulse modulated cosine wave of duration T which just

fills the cell at time t = 7t then,
V(z) = 8x2"n v kz+ ¢) 2.11
z X.AL o Vo cos (kg o .
where V0 = amplitude of driving signal,
27
ks IV
s
AS = wavelength of sound in the cell,
¢0 = phase (the significance of which will be discussed later).

A plane polarised monochromatic light wave travelling in the

x—direction can be represented by,

A exp i(wt + kox + 61) »

where k. = 23 3
L X
L
AL = wavelength of the light being used,
w = angular frequency of the light wave,
¢y = an arbitrary phase term,
A = constant related to the amplitude of the wave.

If we consider the situation at a fixed time T we can ignore the

time dependent part of the equation and represent the wave by,

where ¢p = $1 4 WT 2.12



19.

This plane wave has its wave fronts distorted as it passes through

the light modulator and is now represented by f(x,z) where

f(x,z) = Aexp i {ka + ¢o + w(z)}
= Aexp i {ka + ¢y + ?cos (kSZ'F¢O)}
T T
_ &% G nnlxo (see equation 2.11)
where m = z .
L

The cell acts as a phase diffraction screen and the phase and amplitude of
the various diffraction orders may be calculated. This is the same as
calculating the frequeﬂcy spectrum of the modulating wave and the calcu-
lation can be accomplished by taking the Fourier transform of £(C,z);
(Ratcliffe 1956). If we make the approximation that m.cos(ksz + ¢0)<<1

then the Fourier transform F(s) is given by,

! § sin s + “_@.'/.S'.“’-'d{s”'ki) e P> + Sm T ($+K) e'_i 7
O f nds 2y ad($-Ks) el (S4Ks)

ceen 23

where o sin 6 gee fig. 2.5)

[«
I

lengih cof cell.

The first term represents the zeroth order and the second and third terms
represent the two first order components on opposite sides of the zeroth
order. An important point to mnotice is that the phases of the last two

terms depend on ¢O (see equation 2.11).



If V(t) (the signal applied to the transducer) is the signal
received by an antenna in an array then the phase of light diffracted
into the first order is related to the phase of the received signal.

If we now use an array consisting of a row of antennas each
feeding a light modulating cell, the arrangement of antennas and cells
being as shown in fig. 2.6, then the relative phase differences between
the signals received by each antenna (which is a measure of the angle of
arrival of the signals incident on the array) will be the same as the
relative phase differences between the light, diffracted into the first
order from each cell,

If there is a linear phase progression across the array then
there will be a linear phase progression in the light diffracted into the
first order from each cell. This light after passing through a lens (see
fig. 2.6) will converge to a point in the image plane and the position of
the point will depend on the phase differences between the light from
adjacent cells. 1If signals are incident from k different directions
simultaneously then it can be shown that the diffracted light will converge
to k points in the image plane, the positions of the points being deter-
mined by the directions of arrival of the incident signals. The system can
thus form simultaneously and as a continuum, a2ll the beams that the receiving
array is capable of forming.

The arrangement described is only capable of processing signals from
a one dimensional array. However this processing capability may extend to a
planar, cr two dimensional array, by making use of a time multiplexing tech-

nique which is used in conjunction with-the so-called spatial multiplexing
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technique described above. The signals from a planar array consisting
of n? elements (n-rows and n-columns) can be processed by sequentially
feeding the signals from the n-elements in the first column of the array
jnto a single light modulating cell. To do this the signals from each
element in the column must be delayed by a time equal to the duration of
the signals (see fig. 2.7).

The light cell is then filled with n separate acoustic signals
which are similar in phase and amplitude to the signals received by the
array. The delays must of course be chosen so that the phase relationship
between the pulses is preserved. The signals from the other -1} rows of
the array are processed by (n-1) separate light modulators which are
adjacent to one another. The system described is now capable of processing
the signals from a two-dimensional array.

Electro-Optical array processors of the type described above have
been built at Columbia University (Lambert et.al. 1965) and also at Queen's
University in Ontario (Chimnick 1970).

The systems have been thoroughly investigated from both theoretical
and experimental points of view and the following are the conclusions
reached by Lambert (1965a) after investigating this type of system with a
view to radar applications.

"These processors produce output signals such that all beam angles
within the visible half-space of the antenna are obtained (1) simultanecusly,
(2) as a continuum, (3) without ambiguities, (4) with nearly ideal side

lobe envelopes that can be suppressed, (5) with nearly ideal angle resolutions".
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The above conclusions were reached after using an Electro-Optical
processor in conjunction with a specially designed signal simulator.
Although some consideration has been given to the design of an Electro-
Optical processor for use with the Culgoora Radioheliograph (McLean and
Wild 1961, McLean et.al. 1967, McLean 1967) there‘do not appear to be any
arrays actually using this technique. The reasons for this are not clear
but the method is technically fairly difficult because of the gevere mech-
anical tolerances involved in the construction of the Debye-Sears light
modulators.

2.5 ACOQUSTIC METHODS

Acoustic processors, although simpler in construction than Flectro-
Optical processors, essentially belong to the same class in that they have
the capability of simultaneously forming as a continuum all the beams that
an array is capable of forming.

Investigations into the design of ultrasonic cameras have been made
since the 1930's. Much of this early work was carried out in the U.S.S.R.
by Sokolov. The principle of operation of an ultrasound camera is similar
to th#t of a conventional camera. A field is illuminated with ultrasound
and the scattered or reflected sound is brought to a focus using an acoustic
lens. The acoustic image is then made visible using one of a number of
techniques which will be discussed later. Because the attenuation of ultra-
sound in air is high, the object to be viewed, the lens, and the detecting
device are usually immersed in a liquid, e.g. water. Even so, attenuation
restricts the useful range of frequencies to less than 10 MHz, (corresponding

to a wavelength in water of 0.014 cm). In general these devices are used
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for medical and engineering purposes, but they can be adapted to process
signals from antenna arrays. The feature which makes the camera useful
as a signal processor is that the two complex functions which describe
the phases and amplitudes of the focussed acoustic image and the wave
field in the corresponding object plane are a Fourier transform pair,
(provided we ignore the effect of the aperture). Thus the camera may be
thought of as an analogue Fourier transform computer. This is exactly what
is required for an array signal processor which has as its output infor-
mation about the angular spectrum of signals incident on an array.

McLean and Wild (1961) describe an acoustic image forming device
intended for use in radio astronomy. Fig. 2.8 illustrates its mode of
operation. The design as shown is for an annular array, however the
extension to other configurations is obvicus. The signals from each array
element after amplification and coherent frequency changing, are used to
drive piezoelectric transducers,each of which produces an acoustic signal
of the same phase and proportional iﬁ amplitude to the driving signal. An
acoustic image can be formed by using an acoustic lens (Smythe et.al. 1963,
Harrold 1969) or, more simply by tilting the transducers towards the centre
oﬁ the image plane.

An acoustic image-forming system which is under comstruction in
Alaska has been described by Parthasarathy (1971, 1972). The method is
similar to that suggested by McLean and Wild and is also similar to the
method described in chapter 3 of this thesis. The signals received by the

antennas in a linear array (later to be extended to a two-dimensional
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planar array) are to be used to drive a focussing array of piezo-
electric transducers. The focussed acoustic image that will be produced
is then (approximately) the Fourier transform of the signal distribution
in the antenna array.

The problem of detecting the acoustic image and displaying it in
a useful form remains. It is an important problem affecting the useful-
ness of all acoustic image—~forming systems and it will be discussed in a
little detail here.

A number of display techniques suggest thgmselves, the simplest of
which is to sample the acoustic image at a number of points with an array
of piezo-electric transducers lying in the image plane. The spacing of
the transducers should be chosen so that no information contained in the
image is lost.

There are variations of this method. For example Harrold (1969) and
Cook (1972) used a single large piezo-electric transducer as a detector.

In the equipment described by Harrola the detecting transducer was a lead
zirconate disk approximately 8 cm in diameter and silvered omn both faces.
The face which was not in contact with the water was cut by a grid of hori-
zontal and perpendicular lines. The signal on each of the squares formed
by the grid was proportional to the amplitude of the acoustic signal in the
region directly opposite. Coupling between adjacent sensor elements
presents a difficulty. However coupling levels as low as —-25 db. can be
achieved. This problem does not occur when an array of separate transducers
is used although for mechanical reasons the separation of the individual

sensors is comparatively large.
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A more sophisticated display technique, which allows a much larger
number of image points to be sampled, is based on a design patented by
Sokoloff. This method again depends on the fact that the charge pattern
produced by an extended piezo-electric plate, which is subjected at one
point to an impinging ultrasonic field, is confined to the irradiated
point. This occurs because most piezo-electric materials are very poor
electrical conductors. Fig. 2.9 shows schematically the principle of
operation of a commercial ultrasound image converter tube based on the
Sokoloff patent (Jacobs 1968a and 1968b). A rapidly scanning electron
beam holds the surface of the piezo-electric plate at approximately 3 volts
positive relative to the mesh (see figure). The scanning beam produces
secondary electrons. The number depends on the piezo-electrically induced
potential which depends,in turn,cn the intensity distribution of the acous-

"tic image. The secondary elecfrons are then attracted towards the multi-
plier by the accelerating mesh and the video signal that results can then
be displayed on a television screen.

The minimum resolvable detail of this type of system, whén used in
the most sensitive mode, is approximately equal to the thickness of the
transducer layer. The maximum sensitivity is achieved when the transducer
is used at its fundamental frequency (thickness mode). A general formula

for this minimum resolvable diameter is given by Jacobs (1968a).

2.86 mm
freq.inMHz

Minimum resolvable diameter

512
¥H%4-mm at 500 kHz.
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Both Jacobs (1968a) and Smythe et.al. (1963) claim sensitivities

2 gives

such that an acoustic power input of the order of 10”7 watts cm”
rise to a detectable signal from the system.

One of the disadvantages of this type of image converter is the
1imita£ion in the area of the detecting transducer which arises because
one side of the transducer is at atmgspheric pressure while the other is
at a very low pressure (v107° torr). Unfortunately the thickness and the
mechanical strength of the transducer are not design variables. Smythe eof af.
(1963) describe. an attachment that fits over the transducer face and
prevents it from being stressed by atmospheric pressure. This device
should allow the transducer area to be increased from ~3 cm?® to v80 cm?.

A further review of ultrasonic image converter tubes has been made
by Haslett (1966) but the essential principles of operation and performance
‘characteristics are similar to those described above.

Another method of converting acoustic images to visible images is to
make use of the properties of liquid crystals which are materials which
exhibit reversible colour changes if their temperatures are made to vary
over a narrow range (v3°C). This technique has been used by Cook and Werchan
(1971).- A cholesteric liquid crystal, in sheet form, was placed in the plane
of an acoustic image, which, in this case lay at an air-water interface
By controlling the water temperature the colour of the crystal could be made
uniform over its entire area (V18 cmz). Irradiating the crystal with ultra-
sound causes local heating in the regions of high acoustic intensity which
produces a visible colour change. Removal of the ultrasound allcws the

crystal to revert to its original uniform colour which depends on the ambient
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water temperature. There are two major difficulties incurred with this
type of display.
(1 Relatively large amounts of acoustic power are required to
produce detectable colour changes; the threshold intensity
being asbout 0.03 W e 2.
(2) It takes 3-5 second for the sound field to establish thermal
equilibrium which lasts only a few seconds before lateral
heat flow destroys the mapped image.
Clearly the technique is unsuitable for making visible rapidly changing
acoustic images.
Small aspherical particles (filings of magnesium or aluminium) when
placed in an ultrasonic field experience a turning moment (Pchlman 1937),
which causes them to align themselves in a direction that depends on the
intensity of the ultrasonic field. This property may be exploited to make
acoustic images visible. Although the method is sensitive, requiring only
10" 7watts cm 2, the time required for the particles to reach their equilib-
rium orientation is of the order of minutes.
Photographic material may also be used to visualise acoustic images.
A uniformly exposed photographic plate when placed in the plane of an ultra-
sonic image, which exists in a weak solution of developer, will develop most
rapidly in the regions where the intensity of the acoustic image is greatest.
Workers in Alaska (Parthasarathy 1971,1972) intend to use this method to
make visible an acoustic image producedbya’Radio Wave Camera" (see above).

Once again the technique is slow and not particularly sensitive requiring

intensities of the order of 1 watt cm 2 gver periods of minutes or hours.
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An alternative method which may be used by Parthasarathy is to make use
of the effect of ultrasound on an excited phosphorescent screen
(Rosenberg 1955). The luminescence of a glowing screen is quenched
within 6-12 seconds when the screen is placed in an ultrasonic field, the
quenching being more rapid in regions of high acoustic intensity. Again,
the power required to produce a detectable effect is large, e.g. 0.1-0.5

2 at a frequency of 4.47 MHz.

watts cm
From the above discussion it can be seen that the major difficulty
in using acoustic image forming devices is the difficulty of converting
the acoustic image into a visible one. A satisfactory solution has been
reached for the equipment described in this thesis but the general problem

remains.

2.6 COMPUTING METHODS

Computing methods for calculating the angular distribution of radio
waves received by an array are based on the fundamental relationship (already
encountered in chapter 1)which conneéts, via a Fourier transformation, the
complex function describing the wave field over the array with the corres-
ponding function representing the angular spectrum.

Thus a digital computer can be used in conjunction with an antenna
array to form an image of the radio sky. To actually construct the image,
the array would be used to sample the phase and amplitude of the wave field
and suitable circuitry would be used to amplify and record this information
in digital form. A digital computer could then be used to perform a two-
dimensional Fourier transform on this data, and finally the output would

be displayed in suitable form.
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This approach is quite feasible for linear arrays or dilute

planar arrays containing a small number of elements. However the rate at
which data must be handled for the real time processing of the information
from a filled in planar array containing say, 100 elements, precludes the
use of this technique for real time processing (McLean and Wild 1961). For
example a CDC 6400 takes 0.775 seconds of central processor time to calcu-
late the Fourier transform of a two dimensional complex function defined at
© 100 points on a 10 x 10 grid, using the fast Fourier transform program
developed by Singleton (1969).

2.7 HOLOGRAPHIC METHODS

A radio wave hologram can be formed using the same principles as are
used in the formation of an optical hologram. Fig. 2.10 illustrates how a
one dimensional hologram could be produced using a radar system. A trans-
mitter is used to illuminate the targets and the reflected waves are sampled
by an array. The sampled signals are added to a reference signal derived
from the transmitter and the resultiﬁg signals are then used to drive an
array of light sources, the brightness of each source being proportional to
the amplitude of the sum of the received and reference signals. The radio
wave hologram has now been converted into a visible form which can be photo-
graphically reduced. The 1light diffracted into the first order, when the
reduced photograph is illuminated with a coherent monochromatic light source,
would be similar to the radio wave front incident on the array. This wave
could then be made to form an image using a conventional lens.

The major technical problem with this approach is to obtain the

reduction in size. For example, to maintain the same scale,an array, 10 radio
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wave lengths in diameter, would have to produce a hologram 10 wave
lengths of visible light in diameter. Thus the image on the reduced
hologram would have to be about 7%33 in diameter ( for red light). This
is only slightly larger than the grain size of normal photographic emul-
sions. Thus the technique is only applicable for arrays with diameters
which are very large when compared with the operating wave length and in
any case it is not a suitable method for real time processing.

2.8 CONCLUSION AND SUMMARY

Five different methods of processing the signals from antenna
arrays have been considered. The objective of the processing is to obtain
information about the angular spectrum of waves collected by the array which
is equivalent to the formation of apn image of the radio sources producing
the incident radiation.

From the above discussions the following conclusions, relating to
the different methods, may be drawn.

(1) Scanning methods have been and are currently being successfully
" used in radio astronomy and ionospheric physics (Mills 1963, Wild 1967 and
Brownlie et al. 1973a). These operating systems use dilute arrays. The
- scanning approach is not suitable for processing signals from filled in arrays
containing many elements.

(2) Electro-Optical techniques appear to be very promising and they
offer a practical solution to the problem of real time signal processors for
filled in arrays. To date however there appear to be no arrays which actually
use this method (except possibly some secret military radar systems) and

these conclusions are based on the successes achieved with simulated inputs.
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(3) Acoustic methods have been shown to be useful for large
filled arrays containing many elements (Briggs and Holmes 1973); the
method is relatively simple and cheap. The approach awaits the develop-
ment of the acoustic equivalent of the photographic plate before the
method can be applied to arrays with high resolutions and large fields
of view.

(4) Normal computing techniqués are precluded from the real
time processing of signals from filled in arrays because they are unable
to handle data sufficiently rapidly. Specially designed computers could
of course be made much faster. Presumably even when sufficiently fast
digital computers are available their cost will prevent their use as on
line processors,at least in the near future. The major advantage of the
computing technique would be its versatility. In principle a computer
could be programmed to handle the input in any way desired. This would
allow optimum use to be made of an array's beam forming capabilities and
in addition both the phase and amplifude of the processed data would be
readily available.

(5) The holographié technique described above is only suitable for
arrays which are many wave lengths in diameter and is not useful for real

time processing.
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CHAPTER 3

THE EQUIPMENT

3.1 INTRODUCTION

The first part of this chapter will be devoted to an overall
description of the ultrasonic image-forming system and an explanation
of its principle of operation. The remaining sections will contain a
more detailed description of the characteristics and performance of

the important parts of the instrument.

3.2 GENERAL DESCRIPTION

The objective of the system is to measure the angular spectrum
of radio waves reflected from the ionosphere. To do this, a large, 89 element
antenna array (described by Briggs et al. 1969) is used to sample the
phase and amplitude of the diffraction pattern formed over the ground
when the ionosphere is illuminated from below with radio waves trans-
mitted from a nearby pulse transmitter. The elements of the array are
arranged on a square grid inside a circle 1 km in diameter, and the
signals that are induced in each antenna are carried by buried coaxial
cables to a central laboratory. By making the coaxial cables an integ-
;al number of wavelengths long, and using transformers to change the
phases of the signals by 180° when necessary, it is possible to ensure
that the signals available in the central laboratory have the correct
phases and amplitudes. These 89 sampled signals then provide the inputs
to 89 superheterodyne radio receivers. The required ionospheric echo

is selected by a gating system. The receivers have a common local
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oscillator and consequently the relative phases of the signals are
preserved. As is shown in fig. 3.1 the outputs from the receivers

at the intermediate frequency of 455 kHz are used to drive 89 piezo-
electric transducers, which are arranged inside a circle 18 cm in
diameter and in the same configuration as the dipoles in the array.

An acoustic wavefront is produced in water, and the amplitude and
phase of this wavefront -match the amplitude and phase of the radio
wave over the ground. A focussed acoustic image is obtained by adjus-
ting the positions of the transducers so that they lie on part of the
surface of a sphere, the centre of curvature of which lies in the
image plane. By using another similar array of piezo-electric trans-
ducers, lying in the image plane, the focussed acoustic image is sam-
pled, and the voltages derived, are, after suitable processing, used
to drive an array of light emitting diodes, once again arranged in the
same configuration as the antennas. In this way a visible representation
of the required angular spectrum is obtained. At the same time the
detected outputs of the 89 receivers are peak rectified and the resul-
ting voltages are used to dfive another array of light emitting diodes
which produce a visible representation of the modulus of the amplitude
variations in the diffraction pattern. The two displays are positioned
side by side so that they may be photographed by a single ciné camera.
Data are also recorded in digital form on a magnetic tape. A complete
block diagram of the system is shown in fig. 3.2,and an overall view

of the equipment is shown in fig. 3.3.
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The majorn features, descndibed from the LefZ, are as follows;
Rack no.1: The magnetic tape recornder and a Lamp display which
is not parnt of the present equipment.

Rack no.2: The 100 channel digitisen and power supplies.
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neceiver cands and a gate pulse generatorn for selecting the
Lonosphenic echo.
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pulse generatoh fon selecting the appropriate acoustic echo.
Rack no.é: The camera drive unit and the camera (not visible).
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3.3 THE TRANSMITTER AND TRANSMITTING ARRAY

The transmitter is situated close to the receiving array
which has been built on a flat coastal plain at Buckland Park
(34°38'23" south latitude and 138°27'45" east longitude) about 36 km
north of Adelaide. Pulses at 1.98 MHz (which will be referred to as
2 MHz) with a peak power of up to 100 kW can be transmitted. The
pulse repetition frequency may be set at 200, 100, 50, 25, 2 or 1 Hz
depending on the experiment, the most commonly selected repetition
rate in the experiments described here being 50 Hz. The pulse length
was continuously variable from about 20-200 pseconds, and in order to
reduce interference with other radio users the pulses were shaped so
that they had an approximately Gaussian envelope. The triggers for the
transmitter pulses were derived either from the mains or alternatively
from the count down of a 100 kHz crystal oscillator which was also used
to control the recording facilities (100 channel digitiser and magnetic
tape recorder).

The r.f. pulses from the transmitter were fed via a tuning/
impedance matching network and an open wire feeder system to an array
of four half wavelength (71.8 metres) folded dipoles, each with an
impedance of 400 ohms. ' The four antennas were arranged so that they
formed the sides of a square suspended approximately 29.8 metres above
the ground. The transmission polar diagram of this arrangement af antennas
is approximately 50° wide at the half power points.

Circularly polarised radio waves were transmitted by feeding

one pair of parallel antemnas with signals which were in quadrature
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with the signals feeding the other perpendicular pair. The required
polarisation, ordinary or extraordinary, was selected by using vacuum
relays to switch the r.f. signal through appropriate lengths of phasing
cables. In addition it was possible to select (using a control in the
central laboratory) twelve levels of transmitted power. In this way
the strength of the received signal could be chosen so that it approxi-
mately matched the dynamic range of the receiving equipment. This modi-
fication to the transmitter proved necessary because, as will be seen in
Section 3.5, the dynamic range of the receiving equipment is small and
not able to cope with the large range of signal amplitudes received
under different ionospheric conditionms.

Also available is a much lower powered (4 kW peak power) 5.94 MHz
(which will be referred to as 6 MHz) pulse transmitter with which, at the
present time, it is only possible to transmit linearly polarised signals.
This transmitter has not been used in the experiments described in this
thesis, but will be used in the near future to extend the use of the

image-former to 6 MHz as well as 2 MHz.

3.4 THE ARRAY AND ANTENNAS

The receiving array consists of two sets of 89 half-wave
dipoles which are suspended approximately 10.6 metres above ground level
by 121 timber poles. The wires for one set of dipoles run in a north-
south direction while the other set are oriented in an east-west direc-
tion. The layout of the antennas is shown in fig. 3.4. The signals

from the 178 antennas are carried by separate 75 ohm coaxial cables, which
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are buried in a network of shallow trenches, to the central laboratory
where they are then terminated on two 89 pole 3 position switches. The
89 antennas used in the image-forming experiment are aligned north-south
and these may be switched into either the image-forming system or to a
set of Belling-Lee sockets where they may be used for other experiments.
The third switch position is not used at present.

As has been explained before the electrical lengths of the
feeder cables have been made equal to an integral number of half wave
lengths at 2 MHz, transformers being used to introduce a further 180°
phase shift where necessary. In this way it is possible to preserve
the phases of not only the 2 MHz signals but also of the signals at the
third harmonic, 6 MHz.

The type of cable used for the feeders was chosen for its low
attenuation, good shielding, and durability in wet conditions; even so
the attenuation of signals from the most distant antennas is approximately
6 db. Often when antennas are comnected up as broadside arrays the
signals from the outer elements are deliberately attenuated so that they
contribute less to the final output than those nearer the centre. The
_effect of this on the polar diagram is to reduce the side lobe level and
increase the width of the main beam (see Kraus 1966). The attenuation
caused by the feeder cables provides the Buckland Park array with a
natural grading of this type. However in the present experiment use is
not made of this and the effective receiver gains have been adjusted to
compensate for any signal losses. Cross talk between the cables is at

least 80 db below the signal and consequently is probably considerably
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less than the coupling between the antennas.

The impedances of the dipoles used in the array (measured
directly at the given height above ground) were 20 ohm at 2 MHz and
97 ohm at 6 MHz. The circuit shown in fig 3.5 was used to match each
dipole to the 75 ohm cable. Fig. 3.6 shows the way in which the impe-
dance, as measured in the central hut, varied with frequency (in the
range 1.98 MHz * 14 kHz) for a typical dipole. Ground conditions were
found to have little effect on the impedances except at times when
water was actually lying on the surface. Under these conditions the
resistive component becomes large, of the order of 100 ohms, while
the reactive component remains unchanged.

If the ground is assumed to be perfectly conducting then the
beam width (to the half power points) of the individual receiving
dipoles is greater than 30° (Trott 1966). Trott has also calculated
the polar diagram of the array when one set of dipoles is connected as
a broadside array. This calculation,which is illustrated by fig. 3.7,
takes into account the beam shapes of the individual dipoles. However
some simplifying assumptions have been made. The most important of
these are that the ground is a perfect conductor, that coupling between
individual dipoles can be ignored and that there is no signal loss in
the feeder cables. In fact figure 3.7 shows only the intersection of
the beam pattern witﬁ a plane which is parallel to the set of dipoles
and perpendicular to the plane of the array. The beam pattern in an

orthogonal plane is very similar (Trott 1966).
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3.5 THE ATTENUATORS

Reference‘to fig. 3.2 shows that the signal from each
antenna passes through a voltage controlled attenuator before being
applied to the receiver input. These attenuators (developed for the
image-forming system from a basic design appearing in a Hewlett-
Packard application note, No. 912) were used to provide the receiving
system with an automatié gain control (A.G.C.). This was necessary
because the amplitude of signals reflected from the ionosphere varies
over a wide range; depending mainly on D region absorption. A useful
receiving system must be designed with this point in mind.

A set of 89 receivers with sufficient dynamic range had been
built and used in earlier experiments reported by Briggs et al. (1969)
and Felgate and Golley (1971). These receivers use a conventional
automatic gain control which operates on the intermediate frequency
amplifier and provides the receivers with a dynamic range of approxi-
mately 75 db. Unfortunately, with this type of system, the phase of
the signal being amplified changes as the receiver gain is varied. Had
these receivers been used in their A.G.C. mode then phase errors as
large as 50° would have been introduced into the system, and errors of
this magnitude would have resulted in an unacceptable deterioration of
the focussed acoustic image (see chapter 5 for discussion of the effects
of phase errors on the acoustic image). However it was found that if
the receivers were operated at a fixed gain then the phase errors,
although still large, were stable and could be compensated for by

adjusting the position of the relevant transducers in the focussing
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array (see chapter 4).

Operating the receivers in this way solves the problem of
obtaining signals with the correct phase but now the dynamic range
of the system is small. By using the continuously variable attenuators
the effective dynamic range could be increased. A circuit diagram
and a brief description of the mode of operation of the attenuators
can be found in appendix 1. In brief the circuit behaves as a vol-
tage controlled constant impedance attenuator which is continuously
variable in the range -1 to -36 db. The voltage which controls the
attenuators is derived from the receiver output and is applied so that
the strong signals are attenuated more than weak signals.

This approach has the obvious disadvantage of decreasing
the signal to noise ratio. However as external noise rather than
receiver noise is usually the limiting factor, this effect is not
important. Some phase errors are introduced by the attenuators but in
practice these are small (less than 5°).

The dynamic range of approximately 35 db provided by the
attenuators, plus the ability to control the transmitter power allows

the system to operate under most ioncspheric conditions.

3.6 THE RECEIVERS AND LOCAL OSCILLATOR

As explained earlier the design of the receivers used in the
image-forming experiment was based on the receiver design used in an
earlier experiment (Briggs et al. 1969). The differences between the

new and old sets of receivers are listed below.



(1)
(2)

(3

(4)
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Provision of an output for the 455 kHz I.F. signal.

Use of a new mechanical filter, which increases the

receiver bandwidth from 22 kHz to 28 kHz, thus

allowing the use of narrower transmitter pulses which

allows better range resolution.

Tmproved matching between different receiver stages

which increased the maximum gain from 106 db to 126 db.

The use of specially selected transistors which were

found to be necessary for receiver stability at high

gain settings.

Table 3.1 summarises the performance characteristics of a

typical receiver and allows a comparison between the original

receivers to be made.

TABLE 3.1

01d New
Maximum gain 106 db 126 db
A.G.C. control range 75 db 0 db
Image rejection 32 db 43 db
Noise figure 9 db 7 db
Bandwidth (6 db points) 22 kHz 28 kiHz
Signal to noise ratio 4:1 4:1

(1 pvolt input)

and new



41,

The local oscillator was common to all receivers and provision
was made for it to be used either in a continuous or in a pulsed mode
(pulse widths were variable in the range 50 to 300 useconds). Pulsed
operations had the effect of suppressing the receiver output at all
times except when the local oscillator was "on'". Thus, by adjusting
the delay of the local oscillator pulse relative to the transmitted
pulse any ionospheric echo (first hop, second hop etc.) could be obser-
ved and the others rejected. This greatly simplified the task of sélec—
ting the correct pulse from those received by the receiving transducers,
which included reflections of the acoustic signals from the top and
bottom of the tank (see section 3.10).

Circuit diagrams and additional notes relating to the design

of the receivers and the local oscillator are contained in Appendices

2 and 3.

3.7 THE POST-DETECTOR RECEIVER CIRCUIT

The detected outputs from the receivers and from the so called
amplifying and detecting circuits (which processed the signals from the
receiving array of transduc;;s; see fig. 3.2) had to be converted into
a suitable form for recording. The outputs from both these circuits
consisted of a pulse, the amplitude of which varied slowly with time.
In the case of the receiver outputs thiswas due to the normal faqing of
the echoes, and for the amplifier and detector outputs the variations were
caused by changes in the amplitude and the direction of arrival of the

ionospherically reflected signals. The major function of the post-

detector receivers was then to produce a slowly varying d.c. voltage with



an amplitude proportional to the input pulse (derived from the
detected output of the receiver or from the amplifying and detec-
ting circuits), This d.c. signal was then used to drive the light
emitting diodes and also to provide the input to the 100 channel
digitiser for the magnetic tape records. One further output was
produced. This was the control signal for the voltage controlled
attenuators, which was produced by comparing the slowly varying
d.c. output with a reference level and producing a signal (propor-
tional to the difference) which was then fed to the attenuators so
that the difference was minimised. The time constant of this feed
back loop was variable, but for the experiments described in this

thesis a value of about 100 seconds was used. Consequently this

had little effect on the normal fading of the ionospheric echo which

has a "period" in the range 1 to 20 seconds.

A diagram of this circuit may be found in appendix 4.

3.8 TRANSDUCERS AND TRANSDUCER HOLDERS

Considerable effort was directed into finding a suitable

42.

type of transducer and developing a transducer holder so that the two

used together had the characteristics required for the experiment.

The desired properties were,

(1) A bandwidth at least as great as the receiver band-

width, i.e. greater than 28 kHz.
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(2) Reasonable efficiency (so that cheap and simple
driving circuits could be used).
(3) A polar diagram, wide enough to "illuminate" the
entire transducer receiving array and narrow enough
to avoid "wasting' acoustic energy. For this a beam
width of approximately 6° to the half power points is
required. This is determined by the diameter of the
receiving array of transducers and by the dimensions
of the tank.
(4) Reasonably robust with the ability to operate under
water.
The first transducer tested was a disk, 1 cm in diameter and
approximately 2 mm thick, made of a ceramic material (PZT-5A). It
was nominally resonant in a thickness mode at 1 MHz. Unfortunately
the small second harmonic content of the 455 kHz driving signal was
sufficient to excite the transducer in its resonant mode with the
result that measurements of the frequency response of the transducer
inﬁicated the presence of a Tesonance peak at 455 kHz. In practice
the signal emitted by this type of tramsducer, when driven at 455 kHz,
was very distorted and contained more power at the second harmonic than
at the driving frequency.
The obvious possibility of using the transducers at resonance
was considered and although a bandwidth (to the half power points) in
excess of 30 kHz was obtainable, the value of the resonance frequency

could not be guaranteed (by the manufacturers) to within less than
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+ 37 which is equivalent to an error of * 14 kHz at 455 kHz.

The transducers finally selected were disks of PZT-5H
(similar to PZT-5A), one cm in diameter and approximately 3 mm
thick and nominally resonant, in a thickness mode, at 600 kHz. The
"frequency response'" was measured in the following way: a pair of
transducers, separated by 1.65 metres in a tank of water, were used
as a transmitter and receiver. The output from a variable frequency
signal generator (output impedance 50 ohms) was pulse modulated (pulse
duration approximately 100 p seconds, repetition rate 50 Hz) and used
to drive the emitting transducer. The amplitude of the signal received
by the second transducer was measured. Fig. 3.8 is a plot of the nor-
malised amplitude of the received signal as a function of frequency in
the range 430-630 kHz., It can be seen that the amplitude of the signal
received at the working frequency (455 kHz) is smaller, by a factor of
about 10, than that received at the resonance frequency, however the
response is relatively flat in this region. It should be noted that no
attempt has been made to allow for the fact that,due to diffraction
effects, the transducer beam ‘patterns reduce in width as the frequency
is increased. This leads to an apparent increase in the ''tranducer
efficiency" which is misleading if the term is to be thought of as the
efficiency with which electrical energy is converted to acoustic energy.

As well as measuring the 'frequency response" of the transdu—
cers, the polar diagrams were also measured by using a pair of trans-
ducers, one of which could be rotated in the horizontal plane about an

axis perpendicular to the line joining the two transducers. TFig 3.9 is



Typical "grequency response” of a pain of transducenrs (see text).

These tnansducers were nominally resonant, in a thickness mode,
at 600 kHz.

Relative
nesponse

0.5

430 455 480 530 580 630

Frequency (RHZ)

Fig. 3.8



44n0
Solid Line 4is 2J1 { }

kD
YA
{gy_éin@}
2 o,

where kR = 27
A
A= 0.32 em
D= 0.9 ¢cm

Experimental
poinis \

© (degnees)

Normalised dinectivity function
04 a Transducen

Fig. 3.9



a plot of the relative signal strengths received by the movable
transducer for different orientations (9). Also plotted is the
theoretical polar diagram, calculated from diffraction theory,
assuming that a signal of wavelength 0.32 cm (wavelength of

455 kHz ultrasound in water) is being emitted from a circular
aperture 0.9 cm in diameter (effective diameter of the transducer
in the transducer holder).

Comparison of the two curves indicates that the main lobe
of the actual polar diagram is well described by the appropriate
theoretical formula.

A number of different designs for transducer holders were
considered. The one actually used is depicted in fig. 3.10. The
mount consisted of a hollow, stainless steel tube with a very fine
external thread (48 turns per inch) which allowed the holder to be
screwed into a stainless steel plate amd its position relative to
the plate accurately adjusted (see fromtispiece). The transducer was
held in place by a brass insert and a teflon washer, which pushed the
transducer against a ridge at the extreme end of the stainless steel
tube (see diagram). The radiating face of the transducer, which was
at earth potential, was protected from the water by covering it with
an epoxy resin. The 455 kHz signal was applied to the transducer by
a short length of enamelled wire feeding through a hole in the brass
insert and soldéred on to the centre of the back face of the trans-
ducer. The other end of this wire was soldered on to a Belling-lLee

line connector which was attached to the brass insert. Signals from

45.
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the transducer driving circuits were carried by coaxial cables about
3 metres long to the Belling-Lee line connectors on the transducer
holders.

The receiving transducer holders on the plate at the bottom
of the tank were of the same type and were adjusted so that the top
surfaces of the transducers lay in a plane parallel to the bottom of
the tank. The external threads on the holders were then coated with
a sealing material (Locktite) which set hard and produced a water
tight joint. The transducers in the receiving array could thus not be
easily adjusted.

No sealant was used with the top (emitting) array of trans-
ducers and their positions relative to the plate could be adjusted.
The friction of the Belling-Lee plug and the cable was sufficient to

prevent them from moving once in position.

3.9 TRANDUCER DRIVING CIRCUITS AND RELATED CONSIDERATIONS.

Before considering the design of the transducer driving
circuits it is necessary to calculate an order of magnitude estimate
of the way in which the voltage appearing across the receiving trans-
ducers is related to the driving voltage. This calculation is easily
accomplished using standard formulas which relate the power output of
a transducer to the driving voltage (see for example Hueter and Bolt
1955).

The power (W) radiated by one transducer, when driven by a

driving voltage with an R.M.S. value of VT’ is given by the following
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approximate equation

W~4x 107 VTZ. (watts)

Making simplifying assumptions about the transducer polar
diagrams (see fig. 3.9), and knowing the separation of the trans-
mitting and receiving arrays of transducers, it is possible to cal-
culate the maximum intensity of sound ImaX at the receiving array

(assuming perfect focussing). This is found to be given by

I ~ 1.2 x 107" v._2. (watts cm 2)
max _T

Since the intensity of sound in the image plane is known,
the force (F) on the receiving transducers may be calculated and the

corresponding signal produced (VR) can be determined. We find

~'1, -3
VR 1.1 x 10 VT'

The design of the driving circuits and of the circuits which
amplify and detect the signals from the receiving transducers are
related. Clearly the larger VT is the smaller the gain of the ampli-
fying and detecting circuits needs to be.

A circuit diagram of the driving stage is shown in Appendix 5.

The maximum voltage V., available from this circuit was approximately

T
35 volts (100 volts peak to peak).
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3.10 DESIGN CONSIDERATIONS FOR THE TANK

The - general appearance of the tank can be seen in fig 3.3
and fig 3.11 is a schematic diagram showing the essential features
and dimensions. The parts of the tank which come into contact with
the water were made of stainless steel. As the photograph indicates
the tank was supported on three legs, which had adjustable lengths, to
facilitate levelling. The tank when full weighed approximately 1200 kg
and the laboratory floor was strengthened to support this weight.

There are a number of design variables which determine the
dimensions of the tank. These will be considered in more detail in
chapter 5. It will suffice here to say that the length of the tank is
determined by,

(1) the field of view of the instrument,

(2) the ratio of the diameter of the antenna array to the

diameter of the emitting array of transducers,

(3) the ratio of the radio wavelength to the acoustic

wavelength,

(4) the diameter of the receiving transducer array.

With the values chosen for these quantities the required length
of the tank was 1.65 metres.

If the walls of the tank had been perfect absorbers of acoustic
energy then the diameter would need to be no larger than the size of the
largest transducer array. However the metal parts of the tank are very
good reflectors and it is necessary to ensure that unwanted reflections

do not interfere with the acoustic image.
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The problem of examining all possible reflections and
determining what effect they will have is complex, and will not be
dealt with in detail here. However the following arguments will
suffice to show that unwanted reflections do not degrade the system.

Two types of reflections occur within the tank and these
will be considered separately in two categories:

@D) reflections between the top and bottom of the tank,

(2) reflections from the curved sides of the tank.

A signal from the emitting array of transducers will always
undergo a reflection of type (1). If a monitor transducer in the
receiving array is used to detect signals from the emitting array,
then the first signal to be detected is the direct pulse which will be
delayed by approximately 1.2 m seconds, because it has to travel through
the 1.65 metres of water that separate the two arrays. If there are no
wall reflections then the next signal to be detected will occur approxi-
mately 2.4 m seconds later, and will be caused by the direct pulse
being reflected up to the top of the tank and back again. Usually one,
and very occasionally two of these types of reflections are observed
(see fig. 3.12). Clearly reflections of this type will not interfere
except for pulses with extremely long durationms. However they do
prevent the system from being used in a continuous mode, such as would
be required for normal use in radio astronomy. By using the pulsed
local oscillator, a continuous input at the antennas can be converted
into pulsed signals and with this modification the system can be used

for radio astronomy.
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It should be noted that reflections of type (1) are
difficult and probably impossible to eliminate, because, even if
the material of the tank were perfectly absorbing, reflections will
occur between the two arrays of transducers,; which can not be made
of a non reflecting material.

Reflections of type (2) (wall reflection) will only occur’
if the emitting array of transducers is transmitting at an angle of
greater than 12° (see fig. 3.11). Since the first null of the polar
diagram of the transducers does not occur until approximately 24°,
then it is clear that reflections of this type are to be expected.

Fig. 3.13 is a photograph of an oscilloscope display illus-
trating the appearance of the signal received by a transducer when a
single transducer in the emitting array is used as a transmitter.
The photograph shows quite clearly the direct signal ﬁhich is followed
by a wall reflection, which has a complicated structure because the
resultant signal is contributed to by reflections from different parts
of the curved walls of the tank. The delay between reception of the
direct pulse and the echo is‘seen to be slightly greater than 100 pseconds.
This indicates that the.signal has taken the shortest possible route,
involving one wall reflection, to the receiving transducer. This is the
route ABC shown on fig. 3.11. Other wall reflections with larger delays
do occur but are not shown here.

At first sight, from this argument, it would seem that the
maximum duration for a signal that can be used as an input to the

system is approximately 100 pseconds. However, if the problem is to be
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treated realistically, it is the polar diagram of the entire emitting
array of transducers that must be considered when determining the
effect of type (2) echoes, and not simply the polar diagram of a
single transducer. Thus it is appropriate to examine the amplitude
polar diagram of the emitting transducer array. Fig. 3.14 is a sche-
matic representation of this pattern in polar coordinates. This
figure has been calculated assuming that each transducer is driven by
a signal of the same amplitude and phase. (The computer program used
for the calculations required in the production of fig. 3.14 is dis-
cussed briefly in chapter 5.) It can be seen that grating sidelobes
of the transducer array will give rise to wall reflections. The mini-
mum delay between the direct pulse and these wall reflections can be
calculated (from the geometry of the situation) and is found to be
approximately 160 useconds. If plane wave radio signals are incident
on the antenna array from directions other than the zenith then the new
beam pattern is obtainea by roatating the pattern shown in fig. 3.14,
For example, a plane wave incident on the array from a direction which
make an angle of 28° with the zenith, will produce a pattern similar to
that shown except that it is rotated through approximately 3° so that
the main lobe intersects the bottom of the tank at the edge of the
transducer receiving array.

Fig 3.12 shows that in practice two wall reflections are
observed and that the delay between the wanted signal and the first
wall reflection is approximately 200puseconds. The amplitude of the

wall reflections relative to the wanted signal can also be determined
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from this figure and it can be seen that they are small compared
with the wanted signal. From this discussion the following
conclusions can be made.

(1) Provided the input pulses have a duration of less than
approximately 160 useconds, then there will be no interference
between the wanted signals and wall reflections.

(2) 1If the dufation of the input pulses exceeds 160 useconds
then wall reflections will interfere with the wanted signal and small
errors in amplitude may result. It should be possible to reduce the
amplitude of the wall reflections by roughening the walls of the tank
or using baffles perpendicular to the tank walls. These may prove desirable
if the instrument is to be used for radio astronomy. However for the
experiments describedhere these modifications have not proved

necessary.

3.11 AMPLIFIERS AND DETECTORS

The purpose of these circuits was to amplify and detect the
signals produced by the transducers which sample the acoustic image.
The output obtained then provides the input for one of the sets of post-
detector circuits (see section 3.7). To avoid loading the transducers,
the circuit was designed to have a high input impedance and to compen-
sate for the fact that not all the transducers had the same efficiency,

the gains of the circuits were made variable in the range 0-40 db.



3.12 THE RECORDING SYSTEM

The modulus of the complex amplitude of the diffraction pattern
and of the focussed image were recorded photographically using a
16 mm (VINTEN) ciné camera. Films were usually exposed at the rate
of 4 frames sec + although exposure rates of 2 and 1 frames per
second were also possible. The usual "play back rate" was 16 frames
sec” ! representing a '"speed up" factor of four.

The amplitude of the voltages of either the receivers or the
amplifying and detecting circuits could be digitised and stored on
magnetic tape as a sequence of 89 six bit numbers. To do this a
100 channel digitiser (eleven spare channels) was used. The sequence
of 100 numbers from the digitiser was recorded by an incremental mag-
netic tape recorder approximately five times per second. The data
flow was interrupted every 10 seconds and an end of record pulse and the
time from a crystal clock were recorded.

Most of the results analysed in this thesis will be photo-
graphic records although some examples of contour plots made from the

magnetic tape records will be shown.
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CHAPTER 4

THE SETTING UP PROCEDURE

4.1 INTRODUCTION

This chapter outlines the procedure that has been used to
adjust the positions of the transmitting transducers so that they

produce signals with the correct phases in the image plane.

4.2 THE PROBLEM
The signals available to an experimenter in the central
laboratory have the same phases and amplitudes (to within 6 db) as the
signals received by the dipoles. However, before these signals are applied
to the emitting transducers they pass through the attenuators, the r.f.
stages of the receivers and the transducer driving circuits. It is import-
ant that the driving signals should have the correct relative phases and
considerable effort was directed into measuring the phase characteristics
of all of these units. It was found that the attenuators introduced a small
variable phase error (up to fSo) which depended on the level of attenuation.
As far as the receivers were concerned it was found that if a
pair of receivers had a common signal applied to their inputs then the
phase difference between the two intermediate frequency output signéls
could be as large as 50° (even larger if the receivers were not pfoperly
tuned) ,This phase difference was found to vary with temperature but
under normal operating conditions it was stable and showed no detectable

drift (i.e. less than'”3°) over periods of several days. The temperature
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dependance of the receivers was such that for a typical pair, a

temperature difference of 200, would give rise to a phase change of
200(angle) between the output signals.In practice the receivers
were all operated at close to the same temperature and any phase
changes due to temperature variations were approximately the same
for all receivers.

The transducer driving circuits, when properly tuned,
introduced no phase errors.

Thus the driving signals at the intermediate frequency
had large phase errors which were stable except for a small variable
component introduced by the attenuators. The stable part of this
error could have been compensated for electronically but it was
found to be mcre convenient to make the adjustment mechanically by
altering the positions of the emitting transducers so that the signals
in the image plane were cf the correct phase. The method used to

accomplish this is described in the next section.

4.3 THE PROCEDURE

(1) Using a surface guage the transducer positions are
adjusted so that they lie on part of the surface of a sphere which
has a radius of curvature equal to the depth of the tank (1.65 metres).
(2) A continuous wave signal at 2 MHz is fed intc the inputs
of the receivers using the simple matching network shown in fig. 4.1.
Under these conditions all receivers have at their inputs, signals with
the same amplitude and phase, Thus the arrangement simulates the effect

of a plane wave, incident from the .zenith, on the antenna array.
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(3) The local oscillator is switched to operate in the
pulsed mode and adjusted so that the I.F, outputs of the receivers
consist of approximately Gaussian envelopes and with durations of
approximately 50 usecs., These signals, after passing through the
transducer driving circuits, are available for driving the appropriate
emitting transducers.

(4) One particular transducer is selected (referred to
from now on as the reference transducer) and its position is adjusted
so that signals leaving it arrive at the centre transducer in the
receiving array approximately 25 lsecs ahead of pulses from the
other transducers. (A 50 usec pulse of ultrasound in water is approx-
imately 7 cm long, and therefore the radiating face of the reference
transducer is approximately 3.5 cm in front of the other tramsducers.)
The driving signal for the reference transducer is now applied and the

signal received by the centre receiving transducer is monitored.

(5) An arbitrary transducer is selected and the appropriate
driving signal is applied to it. The position of this transducer is

adjusted until the monitored signal indicates that there is a phase

difference of 180° between the two signals, at the position of the
centre receiving transducer. Fig. 4.2 shows the appearance of the
interference of two Gaussian shaped pulses which are displaced rel-
ative to each other and with the phases of their carrier signals
differing by 180°. A sharp null will always be observed even though
the amplitudes of the two pulses may be different. It was found to

be more accurate to adjust the positions of the transducers to obtain

a null than to adjust for a maximum. Using this method it is estimated
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that the resultant phase errors, which arise from errors in the posit~
ions of the emitting transducers, are less than 10°.

(6) The remaining 87 tramsducers are now adjusted, individ-
vally, using this same method.

(7) Finally the reference transducer is repositioned and
adjusted so that the signal from it interferes constructively (at the
monitor transducer), with the signals from any one of the other 88

transducers.

4.4 COMMENTS AND CONCLUSIONS

The procedure described above is a fairly quick and effec—
tive method of''setting up" the image-former. It has the advantage
that any constant phase error, that may be introduced by either the
attenuators, the receivers or the transducer drivers, is compensated
for. In addition, the matching network, which provides the simulated
plane wave input, enables a rapid and convenient check to be made on the
performance of the system. For example, to perform this check all that
is required is that a continuous signal, at 2 MHz, be applied at the
point shown in fig. 4.1, The input to the receivers is now.the same as it
would be if a continuous plane wave signal were incident on the antenna
array from the zenith. The output of the receivers can be converted
to a pulsed form by using the pulsed local oscillator and the acoustic
image formed should have a maximum at the centre of the receiving array
of transducers. This can be checked either visually, by looking at the
light emitting diode display, or directly, by using an oscilloscope

to measure the outputs of the receiving transducers. The whole pro-



cedure is simple and takes less than 5 minutes to perform.
Several other methods of comparing the phases from the
transducers were tried. It was concluded that the method described

was the most accurate and convenient for this particular problem.

58.
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CHAPTER 5

THEORY AND EVALUATION OF PERFORMANCE.

5.1 INTRODUCTION

The purpose of this chapter is to examine inmore detail
the principle of operation of the image-forming system. From these
considerations it will be possible to derive an expression relating
the angle of arrival of a radio wave, (measured from the zenith) and
the position in the image plane of the corresponding acoustic image.
Further, a computer model which simulates the action of the acoustic
part of the system will be described. This model will be used to
evaluate theoretically the effect that various errors could have on
the overall performance of the system. Many wofkers, including
Rayleigh (1879), Ruze (1952), Elliot (1958), Li (1959) and Bracewell
(1961b), have studied the effects that errors in phase and amplitude
have on the polar diagrams of antenna arrays, microwave focussing
systems and optical devices. Although the principles involved in these
studies are similar to those, considered here it is not possible to use
this earlier work directly, and a rather specialised approach to the

problem has to be made.

5.2 DETERMINATION OF THE ANGLE OF ARRIVAL FROM THE ACQUSTIC IMAGE

Fig 5.1 is a schematic representation of a one dimensional

system which converts radio waves into similar acoustic waves.
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The signal received by anténna (1) lags in phase

received on antenna ( 2) by ¢ radians where,

2md sinb
$ = S
R
and d = 1length of the anteuna array,
)\R = radio wave length,
8 = angle of arrival of radio waves.

Therefore the signal emitted by transducer 1)y 1
the signal emitted from transducer (11} by the same amoun

knowledge, it can be seen that the length § (see diagram)
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the signal

5.1

ags in phase
t. With this

is given by

5.2

d sinexw
8 = A
R
where AW = wavelength of the acoustic waves in water.

Using equation 5.2 it is possible to calculate 8', the angle at which

the acoustic plane wave is emitted from the transducer ar

5.1). It can be seen that 8' is given by the expression

dlw sinb
' = arcsin § — 55—
d lR

where d' = length of the acoustic array.

dAw

The quantityw{—T*_
d AR

} will be called a scaling factor.

Substituting values for d, d', Aw R

constructed (namely d = 1 km, d' = 18 cm, A_ = 0.32 cm,

W

ray (see fig.

5.3

and X, for the instrument actually

XR = 150 metres
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or 50 metres depending on the operating frequency) we find that

8' = arcsin { 0.119 sinb} for 2 MHz

arcsin { 0.357 sin®} for 6 MHz

or 0!

Equation 5.3 indicates that if a 2 MHz plane radio wave is
at 15°
incident on the antenna arraxithen it will be converted into a simi-
lar acoustic wave leaving the transducer array at an angle 6' = 3.2°.
By adjusting the transducer positions so that they lie on part of the
surface of a sphere a focussing effect is produced which is equivalent
to using an acoustic lens. If the radims of curwature is R then radio
waves arriving at an angle 06 will produce an acoustic image having a

maximum in intensity at a point, displaced a distance x, from the

centre of the image plane, where x is given by
x = Rtanf' 5.4

Equation 5.3 can also be used as the basis for further dis-
cussion. TFor example, as we have already seen, the angle Slat which
the acoustic plane wave is emitted from the array will not be the same
as 8 (the angle of arrival of the incident radio waves); i.e. there is
a scaling factor involved which depends on d',kw, d and AR. From a
general point of view all these quantities are variable but for the
particular experiment described hereAKW»d and XRare fixed and only the
quantity d' is a design variable.If d@' could be made small enough then
the acoustic array could be made so that it exactly modelled the

antenna array i.e. the acoustic array would have a length to wavelength
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ratio the same as the antenna array. In this case the scaling factor
would be one. However in practice this would be difficult to achieve
because it would require very small transducers spaced very closely
together. 1In fact, to obtain a scaling factor with a value unity,
the diameter of the transducer array would have to be approximately

2 cm. In any case there is no advantage to be gained in deoing this.

It can be seen f