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ABSTRACT

Phased arrays have been in use since World War II but
their commercial application has been constrained by
the bulk and cost of the beam forming system. High
resolution side scan sonar systems have many

operational parameters that may only be extended with

the aid of phased arrays, the resolution and the
imaging rate being the most important. =~ This thesis
describes a microprocessor controlled dynamically

focused side scan sonar where high resolution and
high image acquisition rates are achieved. Dynamic
focusing prevents the depth of field 1limitations of
fixed focus arrays by updating the array phases at
regular intervals so as to create a focal point which
receeds from the array 1in synchronism with the
returning echoes from the transmitted pulse. A high
image acquisition rate 1is achieved through the
Simultaneous formation of multiple beams. Using a
microprocessor as a 1low <cost controller demands
rapidly executable software and a 1little specialized
hardware. Programmable quadrature phase shifters give
phase and amplitude control.. A beam forming board
combines the phaseé shifted signals 1into a beam and
samples it. A “time domain multiplexed’” transmitter
solves the problem of efficient insonification of
swaths. The system timing 1s <complex; while 1image
samples are captured data is formatted and presented
for recording on a chart recorder. This occurs 1in

real-time, while the focus of each . of the multiple
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beams is ehanged almost every two meters. Tank tests
of the completed system provide confirmation of the
resolution predicted with v theory and computer
simulation. Sea trials confirm that resolution <close
to that predicted may be obtained under operational
circumstances. The results obtained fully justify the
assertion that 1low <cost microprocessor controlled
dynamically focused multiple beam phased arrays are
both an attainable and an attractive solution to the
problems faced by the designer of high resolution

side scan sonar systems.
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...upon the unplumbed,

salt,

estranging sea."

Matthew Arnold, “To Marguerite 1863



INTRODUCTION

The history of hydrographic survey, beginning with
the circumnavigation of the globe by James Cook,
predates the appointment of the first British Naval
Hyarographer (in 1795) by some 25 years. From these
early beginnings until the 1920°s surveys were made
with a lead and line. Around 1925 the first ultrasonic
echo sounders were introduced and pronounced an instant

success by the Hydrographer of the time.

The technique of continuous echo sounding along
transit lines has the obvious disadvantage of leaving
large tracts of the sea bed between the transit lines
unsurveyed. An unexpected pinnacle of rock may lurk in
one of these gaps awaiting the unlucky passage of a

vessel overhead.

The realization of echo sounding systems was
accomplished before the development of useful side scan
sonar systems. The concept of side scan sonars
(originally known as horizontal echosounders) was
however, the seed from which echo sounders developed.
A patent application dated May 10, 1912 filed by
Richardson (1) referred to a patent filed =earlier the
>same year describing an apparatus "for detecting the
echo from a large object when the sound travels through
the air" and suggested "an adaptation of this method so
as to make it work under water". The title "Apparatus
for Warning a 'Ship at Sea of its Nearness to Large
Objects Wholly or Partly under Water" suggests that the

1
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germination of this idea lay not in the field of echo
sounding but rather in the sinking of the Titanic the

previous month after a collision with an iceberg.

World War I and the production of the submarine
provided £he impetus for the development of sonar (an
achronym derived from Sound Navigation and Ranging) as
a possible countermeasure. During this period
Fessenden (25 constructed a moving <coil acoustic
transducer for submarine commdnications and echo
ranging. The device was not particularly suitable for
sonar. In 1916 Langevin developed an acoustic
transducer utilizing the piezoelectric effect (3). The
device was (and remains) most suitable, capable of
producing large outgoing acoustic power while remaining
extremely sensitive to the very small echoes returning.
The emerging electronics technology of that time, the
vacuum tube, enabled the tiny voltages produced by the
transducer to be amplified and detected and the
practical implementation of Richardson’s invention was

possible.

World War II saw extensive field deployment of
active sonars and led to the observation by ASDIC
{Anti-Submarine Detection Investigation Committee)
opérators that there was a <close correlation between

the 1intensity of echoes returning from the sea bed and

the topography. In 1954 Urick {(4,5) decribed
backscattering of sound from a harbour floor. In 1955
Ahrens (6) described the wuse of horizontal echo

2



sounding for the location of fish and later, in a
lecture delivered at the Internatiohal Meeting on
Radiolocation in Hamburg during 1957 produced some
results on the application of the technique to wreck
detection (7). At the same meeting Kunze (8) described
a device developed by a colleague, Dr. .Kietz, which
prbduced images of the sea bed on both sides of a towed
body. This was fhe first side scan sonar and its
ability to delineate objects on the sea floor that
might warrant further attention was clearly
demonstrated to the meeting with a side scan-record of
a wreck. The cartographic type of 1image produced by
Kietz stimulated interest in side scan sonars outside

the domain of civil and military mariners.

Experiments conducted by Chesterman, Clynick and
Stride (9) 1left little doubt as to the usefullness to
marine geologists of side scan sonar as an instrument
for surveying the sea bed. The Kelvin Hughes company
displayed a commercial instrument known as a "Surveying
Asdic" at the 8th International Hydrographic Conference
in May 1962 (10). Their results were not as striking
'as those obtained by Kietz but the system was a major
advance in that the transducer was mounted on a towed
body. Gyrostabilization of the tranducer mount to
counteract the pitch and ro;l of the vessel was no
longer required. Furthermore, the transducer could be
towed ¢loser to the sea bed, iﬁcreasing coverage while
reducing the interfering effects of aeration and

propeller noise.



After that the development of side scan sonars was
rapid and varied. Side scan sonar systems have been
described with a wide spectrum of operating parameters,
ranging from the long range system knownAby the acronym
GLORIA (i1) with an operating range of over 20 km to a
short range high resolution system with a maximum rénge
of 15 m (12). GLORIA is an impressive éystem with a
5 m long transducer mounted 1n a towed body weighing
3,5 tons in water. The transmitted frequency 1is
6,5 kHz at a power level of 50 kW and the beamwidth 1is
approximately 2,7°, giving a resolution of 1 km at the
maximum range. At the other extreme is the short range
high resolution system achieving 50 mm resolution at
15 m range with multiplicative processing of the

signals from an array operating at 750 kHz.

Between these extremes is a variety of commercially
available side scan sonars with ranges from 100 m to
2400 m  (13). At'the longer ranges attenuation places
restrictions on the méximum frequency and thus the
attainable resolution while at shorter ranges higher
frequencies of operation are possible. Unfortunately
at these higher frequencies the beam formed by a
uniform aperture remains collimated and the finest
resolution is approximately equal to the transducer

size.

To achieve high resolutions at short ranges
requires the use of transducer apertures which may be
controlled. By focusing an aperture the beam

4
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collimation may be avoided and the resolution 1is
significantly enhanced. A further complication with
high resolution side scan sonars’is that the towing
speeq of the array is limited by the mneed to provide

surveyihg of contiguous swaths without any gaps between

them. -This problem may be solved by the wuse of
electronic scanning to 1image more than one area
simultaneously at a given range. The possible towing

speed increases linearly with the number of beams

formed.

Electronic beam forming, focusing and scanning may
all be accomplished with phased arrays, the theory of
which dates ©back to Schelnukoff’'s work at Bell Labs
during World War II (14). For many years the
application of the theory was hampered by the

difficulty and cost of its physical implementation.

The difficulty lay mainly in two areas; the time

delays (or phase shifts) and the beam former (or
controller). The trade-offs 1involve the number of
units, their complexity, contrql, bulk and cost; all
considered within the context of the available

technologies.

Over the past fifteen years rapid advances have
been made in analog and digital 1integrated circuits.
Although the complexity of phased arrays has in no way
diminished as a result of these developments, the cost
and difficulty of their implementation has. The
desired high resolution and high imaging rates can now

5
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be attained with phased array sonars that are portable

and easy to handle without being prohibitively costly.

The objective of this thesis-is to demonstrate the
validity of the above statement by designing,
constructing and evaluating a high resolution
electronically focused multiple beam side scan sonar
which is portable and within the financial reach of

every serious investigator of the sea bed.



Literature Survey

2.1 Introduction

A brief history of the application of phased arrays
to sonar systems (particularly side scan sonar) 1is
followed by a survey of the techniques and the
technologies available to a designer of such a system

today.

2.2 Phased arrays

Schelkunoff (14) presented a classic paper in 1943
on the mathematical theory of 1linear arrays and
Woodward in 1946 (15) described a method for
calculating the aperture illumination required to
produce a_given polar diagram. Beam forming with phase
shifteré had been realized prior to the end of World
War II. The U.S.A., Great Britain and Germany ail used

phased array radars using mechanically actuated phase

shifters to accomplish beam steering (16) . The
mechanical phase shifters could be altered only
relatively slowly and the beam angle was varied

discretely from pulse to pulse rather than dynamically
within the interpulse period. The realization of
electronic phase shifters which could be altered
rapidly was the key to the real-time multiple beam
formation required by high resolution sonar systems and
simultaneously would allow arrays to be focused énd

7



thus achieve the desired high resolutions.

2.3 Electronic scanning

The first application of real-time phased arrays in
sonar was a within-pulse sector scanning sonar for fish
detection and location. Electronic sector scanning was
developéd independently by Tucker at the University of
Birmingham and Voglis at the Admiralty Research
Laboratories (17). In 1958 Tucker, Welsby and Kendell
(18) described a practical implementation of electronic

sector scanning wutilizing an appropriate frequency

modulation technique (19) and a lumped constant LC
delay line to produce the necessary time-varying
aperture illumination. The method of implementation

lent itself to the generation of the linear phase
tapers required for beam steering, but did not allow
for the often complicated aperture 1illuminations
required in high resolution systems. Results of the
sea trials of this horizontal echo ranger were
presented by Tucker et.al. (20) in 1959. Although the
primary application of this equipment was the detection
and location of fish one of the images shown was a-side
scan sonar type record of the outer breakwater of

Portland harbour. Welsby (21) E&éﬁ%%gdj the use of
[ —

multiplicative processing to enhance the resolution and
some results of this approach were presented by
McCartney' (22) who also described an improved method of

controlling the phases although the basic limitations

8



of the frequency modulation technique remained.

In 1963 Welsby and Dunn (23) described a high
resolution sonar with electronic sector scanning. The
system had some similarities {in terms of operating
frequency and range resolution) to the system described
in this thesis. Resolutions of 20 cm at 12 m range
were achieved with multiplicative processing.
Resolution at greater ranges was not discussed but 1is
almost <certain to have degraded linearly with range;
while the resolution obtained with this system remains
essentially constant over.a significant portion of the

operating range.

Multiplicative processing certainly enhances
resolution in some systems, but may produce
undesireable responses in a multiple target environment
due to a form of intermodulation Eesulting from the
inherent non-linearity of the beam forming process.
This may cause targets seemingly to disappear and
result in an image with a granular texture (24). These
spurious responses may be reduced with incoherent pulse
to pulse integration (25). This requires multiple

pulses on target and reduces the scanning rate.

2.4 Fresnel zone scanning

The medical profession and materials engineers had
a requirement for non-invasive short range high
resolution wultrasonic inspection instruments which

9



could best ©be met by transducers operating in their
near field. The sound field of a rectangular
transducer in the near field had been approximated and
theoretically examined by Freedman (26) in 1959. In
1964 Kay and Bishop (27) presented a paper on near
field beam steering. In the ensuing discussion they
mentioned that electronic focusing was being considered
and noted that it would be necessary to vary both the
focal length and the focal direction to make such a
system useful.. This would have involved considerable
complexity in the electronics and was not thought to be
a viable proposition. Kay did however suggest that the
aperture of an electronically focused array might
necessarily be small in terms of wavelengths andlthat
the resolution would thus be somewhat restricted.
Welsby (28) gave a simple proof.in 1968 that under
certain practical conditions the effect of focusing 1is
simply ¢to shift the normal far field directional
pattern of an array from infinity onto the focal
surface. Tucker (29) then showed that the resolution
advantages to be gainéd from multiplicative processing
were even greater 1in the near field than in the far
field, although the restrictions on the scanning rate

and pulse repetition frequency remained.

Around this time the first reports of the
utilization of electronic beamforming in medical
imaging were published. Somer (30) in 1968 described
an electronic sector scanning ultrasonic imaging

instrument and later reported resolution improvements

10



using nonlinear processing (31). In 1971 Gazey and
Creasey (12) described a high resolution short range
sonar using multiplicative processing since, as they
noted "focusing would be unacceptable because of either
complexity or the small depth of focus". Welsby,
Creasey and Barnickle (25) applied mechanical
prefocusing to a multiplicative array to improve ﬁhe
resolution but the system was obviously limited in its
depth of field. While discuséing this problem they
noted the possibility of automatically varying the
focal distance so as to resolve the debth of field
problem for systems 1in which the operating range
extends from <close to the array to well into the far
field. High resolution is a desirable goal since it
increases the amount of information, and in some
systems this goal may only be achieved with the aid of

dynamic focusing.

2.5 Dynamic focusing

By the early seventies the development of analog
and digital intégrated cirguits had profoundly altered
the technological environment within which research
into high resolution short range ultrasonic imaging was
conducted. The emerging integrated circuit technology
not only reduced analog circuit complexity but also
made the use of programmable digital controllers for
phased arrays a practicality. The problem of
electronic complexity was diminished by these

11



developments in such a dramatic fashion that not only
did electronic focusing become a relatively simple
process but dynamically variable focusing was also

feasible.

In 1973 Thurstone and Von Ramm (32) described an
ultrasonic imaging system using a phased array
transducer to provide not only electronic sector

scanning but dynamic focusing which permitted the
recéi&er to be focused at a range that increases with
time, tracking the increasing two way propagation time
of the returniné ultrasonic echos. It is the primary
factor responsible for the improved resolution of the

system.

The system of Thurstone and Von Ramm was for
diagnostic use in evaluating the dynamic behavior of
the heart and required very high data rates. To this
end a PDP-11 minicomputer was the dedicated controller.
A computer of this size is not readily transportable,
and instead of putting to sea the dynamically focused
phased array remained confined to the medical

diagnostic laboratories.

For high resolution side scan sonars with dynamic
focusing to be available to marine geologists and
geophysicists the instruments would have to be of
reasonable cost and physical transportability. The
late seventies saw the phenomenal development of
microprocessors and large scale integration with the
concommitent plummeting of the costs of these devices.

12



These are the prerequisite tools for the realization of

a portable dynamically focused side scan sonar.

2.6 Beam forming systems

There existcj a wide variety of ways in which beam
forming and focusing may be achieved. These range over
a continuum from wholly digital ¢to whqlly analog
methods with almost any <combination of the two
technologies (32,33,34,35,36,37,38). The various
avdé&gﬁle techniques are examined primarily for their

applicability to a dynamically focused side scan sonar

and secondarily with respect to cost and/or complexity.

2.6.1 Digital beam forming

The digital methods involve the sampling and A/D
conversion of the signals and their subsequent
algorithmic processing. Sampling is usually performed
at the Nyquist rate, although bandpass signals such as
those normally encountered in sonar systems may be
sampled at the lower rate of approximately twice the
signal bandwidth. If the spatial processing (beam
forming) is carried out before the temporal processing
the system 1is known as a phased array, while when the
reverse is true it is termed a holographic system (39).
In an all digital beam former it makes little

difference which calculations are performed first.
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The attraction of the wholly digital methods lie
primarily in the declining size and cost of the
hafdware and 1in the use of the Cooley-Tukey algorithm
(40), or Fast Fourier Transform (FFT), to reduce the
number of computations. The advantage to be gained
from the FFT is not available in the case of a focused
array. The‘ discrete Fourier transform used in far
field imaging with arrays to compute the wavenumber
(and hence angle of arrival) of an incoming wavefront
is not épéiicable in the near field where the spatial
frequency of an incoming wavefront is not constant over
the array face. In the near field the transformation
from the samples of the wavefront to the angle of
arrival 1is described by the Fresnel integral (26,41) A
matrix may be set up which transforms a vector input of
wavefront samples into a vector output of samples of
the echo. intensity within the range cells, but the
matrix lacks the symmetry and linearity of the discrete
Fourier transform and must be computed exhaustively.
Some researchers have wutilized the rather limited
symmetry of the matrix to optimise the processing
algorithm (42). Even on relatively powerful
minicomputers thé optimized processing of each scan

takes some seconds (if not minutes).

The amount of processing done in software may be

reduced at the expense of introducing more hardware.
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2.6.2 Digitally controlled delays

The time consuming complex multiplications required
in digital beam forming may. be circumvented using
digitally controlled delays or phase shifts. Again the
techniques may be divided broadly into those dealing
with analog samples and those dealing with digital
samples. Digital delay 1lines and phase shifters
operate by converting the analog sample of the output
of each element into a digital value and storing the

values in some type of memory for further processing.

2.6.3 Digital delays

If the signal samples are stored in a random access
memory (RAM) and read out from the storage locations

with appropriately differing base addresses delays may

be realized. A medical imaging system wutilizing the
RAM method has been constructed (43). The signal is
sampled at twice the maximum frequency and the

constraints placed on the A/D converters and the data
acquisition rates are severe. Since the fractional
bandwidths of side scan sonar systems are significantly
less tﬂan those of medical imaging systems there 1is

some advantage to be gained by sub-Nyquist sampling.

Sub-Nyquist sampling allows signals to be sampled
at rates consistent only with their bandwidth. Complex
sampling techniques are required to prevent aliasing

(44,45 . A variety of methods exist using the Hilbert
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transform, second order sampling or quadrature
sampling. A1l result in significant reductions in the

conversion times required of the A/D convertors.

The samples may be processed 1in the frequency
domain to form the beams as in the digital shifted
sideband beam former (46) or in the time domain.
Unfortunately an 1input sampling rate of between five
and ten times that required for waveform reconstruétion
is. needed to achieve acceptable approximations to the
exact focusing and steering delays (47). The sampling
rate may be reduced by inserting Finite Impulse Respone
(FIR) digital filters between the A/D <converters and
the subsequent processing. In this way the bandlimited
waveform may be sampled at the sub-Nygist rate, padded
with zeroes and ,reconstructed by interpolation to

produce samples at the rates required by beam forming.

2.6.4 Analog delay lines

The use of digitally controlled analog delay lines
has beén widespread both in medical 1imaging and in
sonar systems. In some systems the waveform is sampled
at discrete intervals and the analog samples are
delayed using a bucket brigade device such as a charge
coupled device (CCD) (48) or a switched capacitor
filter (49). Other systems do not sample the waveform
but provide 1identical delayed versions of the input
signal. The delays are not continuously variable; an
analog multiplexer selects the delay by selecting one

16



of the taps provided at various intervals on the delay

line.

2.6.4.1 Charge coupled devices

With unfocuséd beam forming a single CCD allows the
formation of a single steered beam in real-time by
using the taps as inputs and controlling the <clock
frequency to achieve the required interelement delays
(48). Another method is the use of a bank of CCD’s,
one per element (50). Such an arrangement can provide
focusing, although the circuitry to generate the clock
frequencies in a dynamically focused system in which
the required delays do not wvary linearly with time
would be complex. The sampling rate within thevCCD
would normally be at least the Nyquist rate although a
system of quadrature sampling has been implemented (51)
which results in a significant reduction in the

required sampling rate without the need for mixers.

The generation of the clocks may be considerably
eased by utiliiing more specialized CCD devices. A
céscade charge coupled device (C3D) has been described
(52,53) which combines a pair of linearly tapered CCD$
to achieve the linear delays required by beamsteering,
with a pair of quadratically tapered CCD’s to achieve
focusing. The clocking rates Qf the CCD’ s determine
the scan angle and the focal length. The system 1s
elegant and promising but it does require access to
custom made CCD’s, which are very expensive in' low

17



volume production runs.

2.6.4.2 Surface acoustic wave devices

Continuous analog‘ délay lines have been widely
appliéd in beam forming systems. Surface acoustic wave
devices have been used in beam steering applications
(54) as well as focusing. An ingenious focused array
has been described (55) using a chirp signal travelling
on a surface acoustic wave device simultaneously to
focus and scan an acoustic transducer array by mixing
time translates of the chirp waveform with the signals
from the - array elements. The system described
performed imaging 1in one direction only (azimuth)
althdugh range resolution could be implemented with
little difficulty. The chirp signals (one for each
different focal distance) required for dynamic focusing

would be difficult to generate; they might be stored

digitally and read out at the appropriate times (once
per range cell). This would require considerable
storage and high data transfer rates. Another

disadvantage 1is that mixers are rather difficult to
match in a multi-element array that is highly sensitive

to phase and amplitude (51).
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2.6.4.3 Lumped constant LC delay lines

Lumped constant delay lines utilizing inductors and
capacitors to simulate transmission 1lines with 1low
propagation velocities were applied to the construction
of the first dynamically focused imaging system (32)
after having been used for some years in within pulse
electronic sector scanning instruments (18,20). While
providing a large dynamic range the 1lumped <constant
delay lines are physically large, expensive and subject
to switching transients (51). They also have a
drawback in common with other delay lines in which the
delay is determined by the selection of one of the
multiple taps. The number of taps required for
efficient beam focusing 1is large and the analog
multiplexer performing the selection is also prone to

switching transients.

2.6.5 Phase shift beam forming

One of the major advantages of side scan sonar
systems is the narrow fractional bandwidth. At small
scan éngies the required time bandwidth product of the
delay lines is small, typi;ally'less than one. True
time delays are unnecessary since the pulse length is
many times greater than the maximum delay, and phase
shifters would provide adequate control of the signal
phases. A small distortion is expected to arise from
not using true time delays but this is confined to
within a few cycles of the leading and trailing edges
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of the pulse. Narrow band.phase shifters providing
eight bits of phase control while simultaneously
allowing shading to be applied are relatively simple to
construct and inexpensive. While the cost of providing
one pﬁase shifter for each element used in forming eaéh
beam may be relatively large it- is certainly not
prohibitive and is greatly offset by the reduced cost
of the ~controller. The cont}oller is relieved of all
the mathematical operations involved in the beam
forming process and 1s only concerned with providing
data to the phase shifters and orchestrating the

process.
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SYSTEM DESIGN

3.1 Introduction

The design of a dynamically focused side scan sonar
involves the consideration of a large number of
interelated parametérs. Some of the system constraints
are imposed by the available technologies and théir
relative costs and complexitieé. Other constraints are
imposed by the medium through which the signal
propagates and the motion of the platform bearing the

array.

The major factors that are considered in the design
and a map of their relationships with one another is
shown in fig. 3.1. After the basic system parameters
are fixed the problem is simply to achieve the highest

possible resolution without incurring excessive costs.

This chapter outlines the reasoning involved in the
determination of the configuration of the array and

beam forming system.
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3.2 Basic System Parameters

The side scan sonar is designed to have an
operating ‘rénge of 10 m ¢to 150 m and to ﬁroduce
continuous high resolution images while being towed at
a speed of 10 knots. _As a portable instrument the
maximum array length is restricted for ease of handiing
to about 1 m. A resolution of 0,2 m is considered
desirable over much of the operating range, and at

least out to 40 m.

3.2.1 Frequency

High frequencies give high resolution without
placing too severe demands on the aperture size. The
maximum frequency is determined by a number of factors

dealt with below.

3.2.1.1 Attenuation

Examining the relationship between frequency and
attenuation shown 1in fig. 3.2 it is clear that the
attenuation increases over most of the frequency
spectrum shown as the square of the frequency (56). At
a frequency near 300 kHz the attenuation 1is
aproximately 0,1 dB per meter. At 150 m range the two

way transmission loss due to attenuation is 30 dB.
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3.2.1.2 Noise

The ambient noise 1level in the sea at coastal
locations consists of a number of identifiable
components (57). Wind and wave action produce noise,
as does shipping. The associated noise spectra
decrease with increasing freqhency. Above 100 kHz the
dominant noise source is thermal noise, and the ambient
noise power spectral density increases from its minimum
level of 28 dB re 1 Pa (in a 1 Hz bandwidth) at a lrate

of 6 dB per octave, as shown in fig. 3.3.

At high frequencies thermal noise in the ocean and
reccﬁver front end noise are the major contributors to

the noise component of the signals presented to the

beam former.

3.2.1.3 Backscattering strength

The backscattering strength of the sea bed as a
function of frequency and angle of incidence is shown

in fig. 3.4.

Towing a sonar 20 m above the sea bed and
projecting sound at a point 150 m away results in an
angle of incidence of 10°. At such angles and at
frequencies around 300 kHz the backscattering strengths

vary from -40 dB to -25 dB (58).
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The high attenuation at 300 kHz is clearly the

dominating factor in signal to noise ratio calculations

at long ranges. For this reason the system operating
frequency was chosen to be close to 300 kHz. The exact
value of 308 kHz actually used was found after

determining the resonant frequency of the completed

transducer.

Curves and tables (60) are available for the rapid
determination of the maximum operating range that may
be expected of a typical side scan sonar operating at
300 kHz. With a minimum signal to noise ratio of 15 dB,
a fractional bandwidth of 0,1 and a backscattering
strength éf -35 dB an operating range of 160 m 1is
predicted wusing a source level of 228 dB re 1 Pa, and
‘an azimuthul beamwidth of 0,33 rads. The beamwidth of
the side scan sonar system described here is at least
an order of magnitude narrower than this “typical’
value.
index.

With the high directivityl\of the 208 wavelength
array on both transmit and reaé;&e (26 dB each way) an
acoustic power output of 200 W will suffice and the

transmitter is designed accordingly, as discussed 1in

chapter 7.
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3.2.2 Resolution

3.2.2.1 Along-track

The along-track resolution, the required towing
speed and the maximum range together determine the
number of beams that must be formed. Figure 3.5 shows
the effect of towing a high resolution side scan sonar
at a rate faster than the width of one resoluﬁion cell

width per interpulse period.

The interpulse'period is determined by the maximum

operating range. At 150 m range returning echoes take
200 ms. With a resolution of 20 cm this restricts the
towing speed to 1 m/s, or close to 2 knots. At the

desired towing speed of 10 knots there would be gaps of

80 cm left unsurveyed between each imaged swath.

With the formation of multiple simultaneous beams
the gaps may.also be surveyed within the allotted time.
Such a system is shown in fig. 3.6 where the parallel
swaths are shown along with two resolution cells
(shaded) of two of the beams. The formation of
multiple parallel beams allows the surveying rate to be
increased proportionately. For the towing speed of 10
knots ﬁhe required number of beams is 5.

At 1lower towing speeds it is not necessary to turn
off any of the beams so as to prevent overlap. The
image is still a set of 5 swaths totalling 1 m width
but the interval between transmitted pulses may be
increased to the appropriate value by slowing down the
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chart recorder. This is discussed in some detail in
the chapter on system timing along with a method for
maintaining én even flow of data, swath by swath, to

the chart recorder.
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Fig. 3.6: Multiple beams imaging parallel swaths.
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3.2.2.2 Range Resolution

The uitimate limit on the range resolution is the
resolution of the display. Since few chart recorders
(or other suitable displays) will resolve more than
1000 pixels there is little advantage to be gained by
designing for resolutions better than this. The system
is designed to produce a range resolution of 13,7 cm,
corresponding to 1024 pixels per swath {(the base 2
number is chosen to opfimize the processing time of

some of the microprocessor subroutines).

3.2.3 Transducer

3.2.3.1 Near field effects

Using a transducer of the maximum length (1 m) at a
frequency of 308 kHz results in a near field which
extends to a range far greater than the maximum
operating range. Since the beam of a uniformly excited
transducer in its near field is esséntially collimated
and thus approximately equal to the transducer length
it is apparent that focusing is necessary to achieve
the desired resolution of 0,2 m with a 1 m transducer.
The situation 1is depicted 1in fig. 3.7 where the
approximate -3 dB contours of an unfocused beam and a

focused beam are drawn for comparison.
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3.2.3.2 Dynamic focusing

With focusing the beam formed by an aperture
subtends an angle in radians that is the inverse of the
aperture length in wavelengths. Well known from optics
is the fact that while large apertures provide improved
resolution; the& also have 1less depth of field than
small apertures. A single point focus would result in
improved lateral resolution at the focal range at the
expense of degraded resolution at ranges very different
from that (60). An advantage of single point focus 1is
simplicity; focusing <can be achieved with a fixed

device such as a plexiglass acoustic lens (61).
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To realize the significant advantages to be gained
from focusing the array would have to remain focused at
all ranges. A dynamically focused | array ZOb
waveléngths long with a focal point that recedes 1in
range synchronously with tﬁe range cell from which the
echo is returning will have a resolution of 5 cm at
10 m range, degrading linearly to 20 cm at 40 m range

and ultimately to 75 cm at the maximum range.

3.2.3.3 Array elements

After the determination of the maximum operating-
frequency and the maximum aperture the problem remains
of how to fill that aperture. The number_ of elements
~into whigh the array is divided is the dominant factor
deﬁermining the cost of the system hardware, and must

be kept to a minimum. _ '

The element’: léhgth .and spacing determines the-
distribution and amplitude.of the grating sidelobes. .
Grating sidelobes (andJi%deed all sidelobes) may cause
ambiguity in the determihation of a.wavefFOntS'angle of
arrival. Figureé 3.8‘and 3.9 show the geometry of an
array and the resulting beam pattern respectively (61).
The beam pattern is Shown' for both a steered beam

(dashed line) and an unsteered beam (solid line).
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The sidelobes on the main beam may be .reduced by
sacrificing array gain and applying an appropriate
aperture shading. This shading function <can -only be
approximated in a pieceéwise linear fashion by a
discrete array, and the number of elements required to
achieved a sufficiently good approximation is
prohibitively large. Although shading of a sort is
implemented in this system, the mechanism by which the
sidelobes are affected is somewhat different from that

of far field beam forming.

3.2.3.4 Grating sidelobes

The control of grating sidelobes 1is achieved
through the appropriate choice of element size and
spacing, both of which influence the beam forming

hardware and software.

To prevent the appearance of the grating sidelobes

anywhere within the visible space of the array
completely the incoming wavefronts must be
unambiguously sampled. This requires an element

spacing of less than one wavelength, clearly a costly
and complex solution in an array of over 200
wavelenths. As the spacing of the elements is
increased the grating sidelobes move closer to the main
lobe. The maximum spacing is limited by the need to

keep the grating sidelobes out of the insonified area.
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The insonification of the region may be limited to

only those areas within which the steered beams lie, by

shaping the transmitted beam. This method was
considered and rejected. The problem of maintaining an
adequate insonification of the whole area to be

surveyed at short ranges and simultaneously providing
sufficient transmitter directivity to allow the use of
reasonable transmit powers is discussed 1in greater

depth in the chapter concerhing the transmitter.

Making the array elements equal in width to the
spacing forms a continuous aperture, albeit with a
discontinuous phase and amplitude distribution. In
this way the grating sidelobes are forced to remain in
the vicinity of the nulls in the element pattern (for
small steering angles) and are thus insignificant.

This only holds true in the far field.

In the near field the situation is very different.
The element sbacing chosen is the maximum value
consistent with the beam steering and grating sidelobe
requirements. The resulting element width may be such
that the beamwidth of the individual element at short
ranges 1s significantly 1less than the array length.
The point to be imaged with the focused beam must 1lie
within the individual beams of all the elements used in
forming that beam (25). At short ranges it 1is
advantageous to form a beam using only a small

sSubarray.
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3.2.3.5 Scanning

The use of subarrays at short ranges has the
advantage of reducing the required beam steering angle.
The beam steering angle is determined by the distance
between the subarray axis and the focal point.
Choosing the subarray elements to be as close to the
focal point as possible results 1in a minimum beam

steering angle.

An upper bound is placed on the element spacing by
the fact that unambiguous scanning may only be
accomplished to an .angle {(in radians) that 1is the
reciprocal of the spacing (expressed in wavelengths).
An alternative statement of the same limitation is to
require that the array does not undersample the
incoming wavefront for all angles of 1incidence of
interest. The maximum beam steering angle (without
using subarrays) is 0,045 rads and may be achieved
using an array with an element spacing of slightly
larger than 20 wavelengths. The use of subarrays would
allow an increased element spacing were it not for the

use of a contiguous array to control grating sidelobes.

The minimum beamwidth that an element may have (and
thus its maximum size) may be determined by noting that
the steering of a beam requires at least two elements
while crude focusing can be accomplished with three.
At the minimum range the beams of at least three

elements must overlap.



A contiguous array with an element spacing of 10 cm
operated as subarrays at short ranges fulfills the
requirements of steering, focusing, resolution and

grating sidelobe control.

3.2.3.6 Construction

Using the maximum manageable length of 1 m the
final transducer 1is a ten element array. Each of the
10 elements is composed of four transducers measuring
25 mm by 5 mm and operating in parallel to form a
uniform element of 10 c¢cm length. With the element
height of just over one wavelength the beam is fan
shaped with a vertical beamwidth of <close to one
radian. Mutual coupling is small due to the relatively

small interface area between element ends.

A bh;tograph of the completed transducer is shown
in fig. 3.10. Mechanical rigidity 1is maintained by
mounting the transducers on a closed cell foam backing
within an aluminium channel section. The face of the
array is protected from the sea water with a thin layer

" of epoxy resin.

Details on the bandwidth and impedance of the array

‘*'\
elements are given in the chapter on the reqe%ver.
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FOCUSING, STEERING AND SHADING

4.1 Introduction

The selection of phases and amplitudes for optimum

resolution is discussed. The properties of
continuously focused apertures are described. The
approximation of the continuous aperture with a

discrete 1line érray results in an upper bound on the
extent of the aperture. A expression 1is derived - for
the determination of these bounds and the results are
verified with compuﬁer modelling. The‘effects-of beam
steering are shown in some detail. The entire field of
the discretely focused, steered beam is then modelled

and the results discussed.

4.2 Focused apertures

The geometry of the array is shown in fig. 4.1.

The following definitions are used:

Element length w=0,1 m
Element spacing d=0,1 m
Array length D=1,0 m

The far field beam pattern of the array, steered to

an angle 0,01 rads is shown in fig. 4.2.

38



— "7+(n-1)d

[n=

Fig. 4.1: Array geometry

Directivity

\ - -~
\\vi/.\MA . XZ
0.048% =2

(radians)

Fig. 4.2: Field intensity



There are two distinct zones of operation of the
array. At ranges greater than 44 m all ten elements of
the array are active and only focusing and steering
need be applied. The beam pattern of the array behaves
in very much the same fashion as that of a continuously
focused aperture and will be discussed under that
heading. At ranges between 10 m and 44 m the discrete

nature of the array is apparent in the beam pattern.

4.2.1 Continuous focusing

In the focal plane near the axis of a continuously
focused rectangular aperture the field intensity has
all the properties of the far field. The angular
resolution is the same as that of an unfocused aperture
in its far field. Within a 1limited 2zone around the
focal point a close approximation to the variation of
field intensity with azimuth within the main 1lobe 1is

given by the expression (41).

sin
P(xz.2) = ( Az )
AZ
Comparing this expression with that of a

rectangular aperture of uniform phase and amplitude we
conclude that the sidelobe 1levels have remained
unchanged by focusing, while the width of the lobes and
their positions are simply scaled down. This gives

rise to the enhanced resolution.
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4.2.2 Scanning

A simple geometrical argument (28,29) leads to the
conclusion that the far field beam steering
accomplished by the‘application of a linear phase taper
to an aperture is also reproduced on the focal plane of

a continuously focused aperture.

4.2.3 Depth of field

Although the far field beam pattern is essentially
projected from infinity onto the curved focal surface
the results above are only valid within a limited zone
around the focal surface (the depth of field) and are
thus valid on a focal plane of <constant z if the
distance between this plane and the actual focal
surface does not exceed the depth of field. As the
range departs from the focal distance the field pattefn
becomes progressively more distorted. At the limits éf
the depth of field the maximum phase error incurred
between the extremities of the array are limited to

less than 7/2 radians.

The depth of field may be expressed in terms of the

focal range Zf and the aperture size (in wavelengths)

(25,28).
Z Z
—f <zZx —r 4.2
1+ Zf4X 1- Zf4A
D2 D2
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At ranges greater than 50 m the depth of field is
large and the beam forming system does not have to
refocus very often. At the shorter ranges the depth of
field 1is very much less, refocusing must be performed
at intervals close to 2 m. This sets a 1limit on the
time available to ‘the microprocessor within which it
has to refocus. This topic is dealt with in detail 1in
the chapters on the system timing and the

microprocessor.

Clearly the determination of the aperture phase
distribution 1is a relatively simple matter if the
number and spacing of the elements is such that the

above description of the beams is valid.

4.3 Discretely focused array

4.3.1 Array bounds

The effects of the beamwidths of the individual
elements is noticeable at short ranges. Figure 4.3 is a
reproduction of the far field beam pattern of the array
(fig. 4.1) with the beam pattern of a single element
superimposed on it. When large elements are used in a
focused and steered array it 1is essential that the
focal point 1is within the directional patterns of all
the elements. A geometric argument (25) yields bounds
on the array length expressed 1in terms of the beam-

widths of the individual elements.
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It has been suggested (25) that the useful array

length may be extended by reducing the 1length of the

elements at the shorter ranges, thereby broadening
their individual beams. Besides the electronic
complexity of including intra-element switching

circuitry and having dynamically varying element sizes
there are also the sidelobes to be considered.
Reducing the element size of such a sparse array as
that describgd “here causes a marked increase in the
amplitude of the first grating sidelobe. Noting that
this grating sidelobe 1is at an angle of only 0,0487
rads from the main beam as shown in fig. 4.2 it. is

clear that it must be kept under control.

Inter-element switching is far easier to implement.
If an element does not make a significant contribution
to the total field strength at the focal point, its

output 1is ignored in the process of beam forming.

The contribution of each element must be determined
for all focal ranges and steering angles and the
appropriate binary element shading is applied. The
contribution of a particular element to the field
intensity is modified when the beam is steered off axis
as required in a multiple parallel beam system. When
the beam is steered to another point on the image plane
the contribution of those elements on the side of the
axis of symmetry to which the beam is steered
increases. Given the range and the focal point the

problem to be solved is the determination of the number
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of elements of which a focused subarray should be

composed so as to optimize the resolution.

This discussion refers to the geometry of fig.
4,1. As shown in appendix I, the field 1intensity set
up by an aperture with an illumination of S(x), may be
approximated by the familiar Fresnel zone approximation
(63).

2

—j/BZ 4 - 2
P(XZ,Z)Q: Ki——’“ /S(x)e Jjp(xz=x)=/22 dx

4.3
Array

For a discrete array of N elements, each of width d
and operating in its far field the integral above may
be written. more explicitly as the sum of the effects of
the elements. The field at an azimuth of Xz (from the

array axis) and a range z 1is given by

N
K -J'BZZ - 358 (xgxn P /22 i}
P(XZ,Z)z—e—Z_—_— S(n)e Jlg(XZXn) d.Sa<pd(XgZXn)
’ n=1
4 4
The term S(n) represents the discrete aperture
illumination, the phase and amplitude of which is the

same over the extent of an element and 1is under the
control of the microprocessor. To achieve focusing the
phases of S(n) are selected to cancel the quadratic
phase term for a particular value of Xz the focal

point, denoted Xf;

ZﬁS(n):e"jﬁ(Xz—Xn )2/22
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The contribution of each element is modified by the

element patterns given by the terms

Sa<Pd(Xf—Xn)>
2z

A particular element centred at Xn contributes
significantly to the field at the focal point only if
the point 1lies within the halfpower limits of that
element s beam. The resulting bound on the azimuthal
distance between an element’s axis and the focal point

is derived in appendix I and reproduced here.

mZ

2pd

(xp-xp) <

Thus at 10 m range with an element length of 21,4

wavelengths the inequality 1is

(xr-x,)|< 0,238

and is satisfied (approximately) by

n=1,2,3

Incidentally the inequality 1is also satisfied by
n=0 but there is no element corresponding to this value

of n.

A similar procedure for a field point at 30 m range
steered -0,4 m off the axis of symmetry of the array

yields the inequality

(xp-xn) 0,714
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which is satisfied by values of n ranging from 1 to 8.
By this means the useful subarrays are determined for

every range and azimuth.

A sample of the output of the program used to
determine the binary shading is shown in table 4.1.
The program listing is given in appendix I. A mgn in
the position of the element indicates that it should be

turned on.

Turning elements on or off is a rather abrupt form
of aperture shading but does have the advantage that
the five beams can be made to have similar
characteristics. Were a less abrupt shading to be used
on a beam formed primarily by the elements 1,2,3 as for
the outermost beams at the closest range, the sﬁading
is perforce asymmetrical since there is no element to
use outside position 1. A beam formed on a line closer
to the center of the array may have a symmetrically
shaded source. Such a situation is undesirable from a
processing point of view since it might necessitate
different time varying gain profiles for the individual

beams.

For this reason the number of elements used at each
range. 1is the minimum of the maximums determined by the
use of the inequality. Thus both the phase and a first
approximation to the amplitude of the aperture

illumination are determined.
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Range= 10

1110000000
0111100000
0001111000
0000081110
0000000111

Range= 12,187

1110000000
011100000
0001111000
0000011110
0000000111

Range= 14,374

1111000000
1111110000
0011111100
0000111111
0000001111

Range= 16.3541

1111160000
1111111000
ottitt1e
00011111114
0000011111

Range= 18,748

1111100000
111111000
0111111110
0001111111
00000111114

Range= 20.933

1111110000
ISR RRRE]
i
0011111111
0000111111

TABLE 4.1:

Range= 23.122

1111110000
00
i
Q011411
0000111111

Range= 25,309

1111111000
L1110
HH
(UBRSEERER!
ooL11111

Range= 27.496

1111111000
HHL
ISRSRERRTE
USERERIRSI
0001118111

Range= 29.483

1111111100
Hn
IERDRERREY
i
ocit111111

kange= 31.87

11100
IRRRREANY
IRRRRREINE
(i
0011114111

Range= 34,057

L0
L
IERRRREROE!
iy
(SRR NEE]
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Range= 3b.244

(111111110
g
1
T
UBEERRREY|

Range= 38.431

iy
IRRERREINE
IRERRIRIEE
IESREREREY!
Y

Range= 40.418

iy
Hy

Binary array shading



4.3.2 Computer modelling '

Using the =estimated shading determined above the
fields are modelled with the aid of a computer using a

discrete approximation to the integral in egq. 4.3,

The 1initial field modelling, written in BASIC for
an HP-86 personal computer, is designed to facilitate
interaction and produces graphic displays of field
intensity over a 1 m width, at a single range. The

integral is approximated with between 45 and 50 points.

The performance of the final array configuration
adopted is examined with a FORTRAN field modelling
program written for a Sperry 1100 series mainframe.
The output is in the form of both contour and "3-D"
plots of field intensity over a 2 m width with the
source integral approximated with 100 points. The
modelling 1is described in appendik IT along with the
program listing of the BASIC program. The FORTRAN
version 1is almost identical, with a loop to determine

the field intensity at each focal zone.

The pattern of a three element array is shown 1in
fig. 4.4, It 1is <clear that the focusing phases
applied to the three element array have resulted in an
angular beamwidth which 1s very close to that of a
continuously focused aperture of the same length. The
continuously focused aperture has a beamwidth of

16,2 cm at 10 m range.
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It is of interest tb note the effect of beam
steering on the three element array at 10 m. Figure
4.5 shows the radiation pattern of the three element
array focused on a point at a range of ten meters,aﬁd a
displacement from the array axis of 0,05 m. The field
intensity on the side of the symmetry axis away from
the beam steering is seen to increase, as shown By the
side lobe level increase. '~ The application of the
linear phase shift reduces the interaction of the
elements somewhat. Those close to the focal azimuth
become dominant in the formation of the main beam while
those further away, freed from the interference of the

other elements, produce increased sidelobes.

The maximum side 1lobe 1léevel of the 3 element
focused steered array is seen from fig. 4.5 to be 12
dB down from the principal lobe. These effects of beam
steering on the sidelobes are most pronounced at sﬁbrt
ranges and the -12 dB lévels are Cohsidered tolerable.
With jnqraﬁﬁngjrange the sidelobes approach the typical
-13,4 dB 1levels of uniform far field arrays

asymptotically.

The possibility of using more elements‘in the array
than that determined by the aforementioned ineguality
is investigated. There is a signhal to noise ratio
advantage to be had from more elements, and possibly
enhanced resolution. The radiation pattern of a four
element array of total length 0,4 meters is shown in

fig. 4.6.
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Since the extra élement's beam is hardly
contributing to the main lobe it is expected that the
“gain’ will decrease. This is reflected by thé slight
dip in the ©peak value of field intensity in the main
lobe. The 0 dB mark corresponds to the intensity of a
continuously focused aperture. The sidelobes are
slightly 1larger than those of the three element
unsteered subarray and they occur at a greater angle.
Were it not for  the beam steering requirements the

longer subarray would yield a higher resolution.

When the beam of the four element subarray is
steered onto the point of 1interest the required
steering angle is'larger than that of the three element
subarray since the axis of symmetry of the former is
further from the field point than that of the 1latter.

At the required angle, as shown 1in fig. 4.7, the

"sidelobe response to sources off the beam axis becomes

marked. Sidelobe 1levels rise above =10 dB and the
first sidelobe broadens, thus contributing a greater

part of the recieved energy.

The inequality (egq. 4.7) used above is thus seen
to provide a reasonably accurate method of determining
which elements should be used to form a beam at a given

range.
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4.4 Final beam forming cénfiguration-

The required phases (eq. 4.5) and shading of the
aperture illumination are thus found and used as input
to the mainframe model. Minor adjustments are made to
the element shading using this field modelling program
and the final result is shown in table 4.2 along with

estimates of the resoluticn at various ranges.

TABLE 4.2
RANGE NUMBER OF ARRAY LENGTH RESOLUTION
(meters) ELEMENTS (meters) (meters)
10-14 3 0,3 0,16-0,25
1417 4 0,4 0,17-0,22
17-25 5 0,5 0,18-0,22
25-31 6 0,6 0,18-0,20
31-34 7 0,7 0,18-0,21
34-37 8 0,8 0,18-0,21
3744 9 099 0118'0121
L4-150 10 1,0 0,19-0,75

One of the most appealing features of a dynamically
expanding focused array is apparent from table 4.2.
The resolution is essentially constant over a

significant proportion of the operating range.

The growth of the array with time 1is depicted 1in
the following diagram. Figure 4.8 a shows the
situation when producing one of the outermost Dbeams.

The vertical bars represent the array at different

times. The active portion of the array (i.e. the
sub-array) is shown in black. At the shortest range,
after a two way round trip time of 13,4 ms, only a

small number of elements straddling the swath to be

imaged are used. The subarray starts with three
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elements and “grows’ towérd the other end of the array
element by element as the increasing two way
propagation time indicates that the point to be imaged
lies within the half power beamwidth 1limits of an

increasing number of elements. At a range of 44 m all

10 elements have been turned on. Figure 4.8 b shows
the situation for the <c¢entral beanmn. Rather than

growing to only one side the subarray grows outwards.
Whenever an odd number of elements is used the subarray
lies asymmetrically with respect to the line of focus
and beam steering is required. In changing from an
even number of elements to an odd there is the choice
of which way the asymmetry should go. It has been
found that keeping it on one side has negligible effect

on the final beam pattern.

A set of five diagrams follows. The first two
(figs. 4.9 and 4.10) are a "3-D" depiction and a
contour plot of the field intensity of the dynamically
focused, steered and shaded central beam formed by the
array. Modelling is performed over the range from 10 m
to 55 m at which point all ten elements are in use.
The ranges at which the number of elements is increased
are clearly visible. When elements are switched in the
gain of the array increases; this results 1in a
predictable gain modulation which may be be overcome by

the initial gain settings to be found in the ROM.
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The exposed section iﬁ fig. 4.9 should be compared
to fig. 4.5. Both are the field intensity produced by
an asymmetric 3 element array at 10 m range. The
measured directivity of this beam 1is diécussed later

and shown in fig. 11.3.

Figures 4.11 and 4.12 ("3-D" and contour plot) show
the field intensities of the focused and steered beam
in the second swath. The field intensity 1in the
outermost beams 1is shown in the coﬁtour plot of fig.
4.13. A remarkable degree of beam uniformity 1is
achieved, both between the beams and within the beams.
The beamwidth_remains essentially constant from 10 m to

55 m after which it degrades linearly to 75 cm.
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PHASE SHIFTERS

5.1 Introduction

Beam forming 1is accomplished thréugh the use of
narrowband analog phase shifters. A  quadrature phase
shifting technique is implemented with digital control.
The design of the phase shifters is described and its
performance is evaluated under both static and dynamic

conditions.

5.2 Digitally controlled analog phase shifters

The phase shifters are an electronic realization of

the familiar trigonometric sum angle formula.

cos(a+b)= cosla)cos(b)-sin(a)sin(b)

5.1

The 1incoming signal is divided into two quadrature
components by an RC bridge, as shown in fig. 5.1. The
"sine qua non” of the simplicity of this circuit, and
indeed the technique of phase shift beam forming is the

small fractional bandwidth.

The range resolution of 13,7 cm dictates a maximum

temporal pulse duration of 182 Fs, or a baseband
bandwidth of 5,5 kHz. The required beam former
bandwidth is simply twice that, or 11 kHz. This
results in a fractional bandwidth of 3,6 %,
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Fig. 5.2: Phase and amplitude response of power splitter
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conveniently small. The phase and amplitude response

of the fixed quadrature power splitter of fig. 5.1 1is
shown in fig. 5.2 3 clearly the signals are in phase
guadrature to within 0.5° over the bandwidth of

interest.

The quadrature components of the signal are then
modified by means of the programmable gain amplifiers,
as shown in the complete block diagram of the phase-
shifter (fig. 5.3). Multiplying the signal on the
upper branch by cos(b) and the lower by sin(b), where b
is the desired phase shift, and adding the results we
have the right hand side of eq. 5.1 (to within a
constant excess phase). The two coefficients required
for the programming of one phase shifﬁer will be
referred to as the C and S coefficients because of the

terms (sin and cos) on which they operate.

5.2.1 Programmable gain amplifiers

The programmable gain amplifiers must be such that
the phase shift through them is not a function of the
selected gain; if it were, the determination of the C
and S coefficients would be very tedious. Multiplying
digital to analog converters provide at their output a
binary séaled version of the reference voltage input.
Internally these 1integrated «circuits are simply a
precision resistor ladder with ~a series of FET
switches. Designed to provide conversion times of the

order of microseconds, they may be expected to have
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Fig. 5.3: Block diagram of phase shifter
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order of megaHertz. This is indeed the case with the
low cost devices selected for this task. Buffering the
outputs with a wideband buffer insures that the small

amplifier phase shifts remain small.

Clearly the gains of both amplifiers must change

simultaneously. Altering only one at a time would
produce spurious output spikes. The A/D’s selected
have .77 on-chip data buffers; the data on their inputs

may change without altering their internal state until
a data transfer pulse is sent. An external latch is
added to each multiplying A/D to convert it into a
"double buffered A/D". With this configuration the
next pair of gains required by a phase shifter may be
stored at leisure and simultaneously applied by a

single transfer pulse.

The multiplying A/D’s provide 8 bits of resolution.
Although this is more than necessary (see the section
on phase errors) it has been retained. The range of
the coefficients from -1 to 1 is converted into 255
levels between -127/128 and +127/128. Ignoring the
slight scaling we can use the hex FF to program a gain
of =1 , hex 80 for a gain of 0 (thus turning .the
element off) and hex 01 for the +1 coefficient.
Intermediate values provide control over both the phase
and the amplitude of the the transfer function of the

phase shifter.

A photograph of a single phase shifter is shown in
fig. 5.4.
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5.2.2 Phase coefficient determination

Table 5.1 shoWs the required phases for beam no. 1
for all- ranges between 10 m and 100 m. These are
determined using a BASIC program provided 1in appendix
III, which <calculates the phase of S(n), given by
equation 4.5. These phases cannot be realised exactly
due to the inherent quantization ,in the phase shifting
technique, but approximately 8 bits of phase control 1is

possible. -

Taking into account. the measured excess phase
shifts throughout ﬁhe circuit due to the quadrature
power splitter, various buffers and the summing
amplifier, an absolute relationship between the desired
phase angle and the C and S coefficients is readily
obtained. Preset adjustment of both phase and amplitude
on each of the quadrature channels 1is provided to
eliminate phase errors due to component variation.
This adjustment is performed by first setting the phase
difference between the cos and sin channels to 90° and

then balancing the gain.

The resultant relationship between the desired

phase ¢ and the C and S coefficients is found to be

C=128-12T7cos(¢p=-181)

S=128+127sin(¢-181) 5.2
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The next step 1is to convert these decimal
coefficients 1into hexadecimal for storage and use 1in
the beam former. The rest of this procedure 1is

illustrated with an example.

Consider the focusing phases required to form beam
no. 1 at a range of 10 m as shown 1in table 5.1 and

reproduced here (in part) for clarity. The phases are:

ELT 1 ELT 2 ELT 3 ELT 4 ELT 5 ELT 6

9.2° g.2° 83.2° 231.1° 92.6° 28.1°
After the conversion to hex the coefficients appear
in pairs. The first two hex characters are sent to the
C latch and the second two to the S latch. The data
required for three of the focal zone phases (and 5
beams per focal zone) is shown in table 5.2. The first

row is pertinent to the example.

ELT 1 ELT 2 ELT 3 ELT 4 ELT 5 ELT 6
FD6D FD6D 3102 2EE1 17CO 1F14
Note that the data has been arranged in focal
zones, ready for linear addressing and easy transfer to

the phase shifters.

Aperture shading 1is readily accomplished by
programming the appropriate gains. Not only do the
total 16 bits sent to the phase shifter provide 8 bits
of phase control; they also permit almost 8 bits (or 48
dB) of amplitude <control. In this system however,
binary shading has been used for the reasons discussed
in chapters 3 and 4. An element is turned off by

sending it the coefficient pair 80,80 thus setting the
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gains of both amplifiers to zero. After the shading
has been applied'(in this example the range 1s short
and the shading requirementsvare that only the leftmost
three elements are used ) the hex data to be stored for

use by the microprocessor is as shown.

ELT 1 ELT 2 ELT 3 ELT 4 ELT 5 ELT 6

FD6D FDQD 9102 8080 8080 8080
After the required element shading has been applied
with the aid of. another BASIC program given in appendix
111, the data. is collected 1into short records and
transferred to a ROM burner in the Intel HEX paper tape

format.
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-FOCUSING PHASES FOR BEAN No.

ELEMENT No.
RANGE
10.000
12.188
14.375
16,563
18,750
20,938
23.125
25.313
27.500
29.688
31.875
34,063
36.250
38.438
40,625
12.813
#5.000
47.188
49.375
51,563
53.750
55.938

58.125
80.313
62.500
84,688
66.875
69.063
71,250
73.438
75.625
77.813
80.000

TABLE 5.1:

1

9.2

—
.
r-

—
-
(2]

.
(2] (2]

i,
1.
1.2
1.2

[ 5]

2

9.2
7.6
6.4
3.6
4.9

4.4

4.0
3.7
3.4
3.1
2.9

k4
o

83.2
8.2
37.9
30.2
44.4
39.7
36.0
32.9
30.2
28.0
26.1
24.4
22.9
21.6
20.5
19.4

17.6
16.8
16.1
15.5
14.9
14.3
13.8
13.3
12.9
12.4
12.0
1.7
1.3
11,0
10.7
10.4

1

231,90
189.5
160.7
139.5
123.2
110.3
99.9
91.3
84.0
77.8
72.3
67.8
63.7
60.1

35.7
34.5
33.4
12.4
31.3
30,5
29.7
28.9

92.6
11.4
314.9
273.3
241.5
216,2
195.8
178.9
164,46
152.5
142,0
132.9
124.9
117.8
111.4
105.8
100.6
96.0
91.7
87.8
84.2
86.9

67.7
65.6
63.5
61.7
39.9
38.2
36.6

8.1 37.2
253.9 196.9
180.5 57.5

91.8 314.9

9.1 236.2
357.4 173.9
323.6 123.4
295.7  81.7
272.1 465
252.1 166

8 350.7
219.7 328.2

5

7

m W o

308.4
290.9
184.2 275.2
174.8 261.1
166.3 248.5
6 236.9
b 226.4
2 24.8
139.2 208.¢
133.8 199.9
128.8 192.4
124.1 183.4
113.8 178.9
115.7 172.8
111.9 167.2
108.4 1561.9
105.0 136.9
101.9 152,2
99.0 147.8
96.2 143.7
93.6 139.8

[ 5]

Focusing and steering phases
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120.0
200.4
3.8
222.5
112.6
25.7
315.2
256.8
207.8
166.0
129.9
98.4
70.8
46.1
4.4
4.7
347.0
330.9
316.3
302.8
280.5
279.2
268.7
238.9
249.8
241.4
233.3
226.1

219.2

212.6
206.3
200.7
195.2

for

180.8
1517
125.6
102.0
80.6
61.1
43.2
26.8
1.7
357.7
348.7
332
321.4
310.9
301.0
291.8
283. 1
274.9
267.2
259.9

10

143.6
28.5
56.1

171.3

343.35

194.9
74.4

334.7

250.8

179.3

117.6
63.9
16.6

334.7

297.3

263.7

233.4

205.9

180.8

157.9

136.8

117.4
99.4
82.7
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Phase coefficients ready for transfer

BEAM No.

C

FD6DFD6DIL022EELTCOLF146E6344210BRFEIBTS
2EE19102FDADFDADTI022EEL17COIF146E6344210
F1467CO1ZEE19102FDADFDADIL022EEL7L0IF 144
4210E634F1467C012EE19102FD6DFDADT L 022EE Y
18368RFE4210EL34F1467C012EE19102FDADFDAD
FETIFETIBIORO292FCA95AFT0SA20BAAT IFEF 045
0292B10AFET LFETIB10A0292FCA9SAFF05A208AA
JAFIFC690292B10AFETIFETIB10A02T2FCA95AFY
0BAROSAZIAFIFC690292B10AFETIFET1B10A0292
FOASTIFEOBAROSAZSAFIFCA0292B10AFETIFETY
FE7IFET3IC5130853DBDBOTISICHLLFETSFETSCBT
0B53CS1SFETIFETICS150853D8DBOTS3CAL4FETS
(0953D8DB0BS3CS1SFETIFETIC5150853D8DB09S3
FE75C61609530BDBOBS3CIISFETIFETICS150B53
CBI7FETSFETSCH160953DBDBOBSICIISFETIFETS
FETSFETSD21F202BBSFETEQ1DBDB20DA0171026A
202BD21FFETSFE73D21F202BBSFETEO1DBDB20DA
JEQIBSFE202BD21FFETSFETSD2LF202BBSFETEO]
20DADBDB7ECIBSFE202BD2 1 FFETSFETSD21F2028
026A017120DADBDBTEQ 1BSFE202BD24FFETSFETS
FET7FE77DC2B3CI44 | EEESII37EBSIO9FOASFIARS
SCLADC2BFETTFET7DC283C441EEE3TITTERSLOY
S3I41EEICI4DC2BFETTFETTDC2BICI441EEES3Y
S10937EBEII4LEEICI4DC2BFETTFETTDC283CHA
FIA6F045510937E8E33141EESCIADC28FETTFETT
FETBFE7BE33055081BCIFEBT0170F 34BBIFEQ49E
G508EIIOFETBFETBE330550818CIFERTOI70F34B
FEB718C9550BEI30FETBFETBES3055081BCIFERT
J4BO170FEB7 {BCISS0BESIOFETBFETBET 305508
049EBIFEF34B0170FEBT 1BC95S0BE3IOFETBFETS
FET9FE7IEBIT6C0205A0E4CD3IB14DBDBO1 7BA40S
6CO2EBITFETIFETIEBIT6L0205A0E4CDIB14DBDB
E4CDOSA06COZEBITFETIFETIEBITEC020SA0EACD
DBDB3E14E4CDOSA0GCO2EBITFETIFETFEBITHL02
A406017BDBDB3R14EACDOSAOLCO2EBITFETIFETY
FETAFETAERICTFO1017BB4F3940260FB4902F 1BB
JFOIEBSCFETAFETAERICTFO101 7BB4F3940260FB
BAF3017BTFOIEBICFETAFETAEBICTFO1017BBAF]
6UFB9402B4F3017B7FO1ERICFETAFETAERICTFO!
FLB3690260FB9402B4F 301 7R7FOIEBICFETAFETA
FETAFETAEE413F 01 065CB2FEDB2S0ERIEDTTSAFT
BFO:TE4IFETAFETAEEA1BFO1065CB2FEDB250ERY
BIFE0ASCBFQIEEAIFETAFETAEE41BF01065C82FE
OFR9DB25B2FEO6SCBFOIEEAIFETAFETARE41BFOY
aAF PEBITOERIDB2382FEQLICBFOIEEAIFETAFETA

S
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5.3 Calibration and testing of phase shifters

5.3.1 Static performance

An accurate measurement of the phase of each phase
shifter can only be made under static condi£ions. A
pair of cdefficients are sent to a phase shifter and
latched. The phase is then measured with a digital
phase meter. Four calibration points are appliéd. to
each phase shifter and the phase shifts measured. This
procedure 1s carried out for all 50 phase shifters.
The measured results are shown in table 5.3 along with
the means and variances over the 50 devices. The two
bytes of hex in the left hand column are the addresses
of the C and S coefficient latches on the various

boards.

5.3.2 Dynamic range

Approximately 5 mV of noise 1s <coupled to the
phase shifters from the digital circuitry. This could
be further reduced with careful attention to layout and
decoupling; but even at this level the dynamic range is
close to 70 dB. The increasing array gain and method
of 'insonification are expected to keep the dynamic

range within this limit.
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N

4080
4181
4282
4383
4484
4585
4686
4787
4888
4989
LABA
4B8B
4C8C
4LESE
4LF8F
5090
5191
5292
5393
5494
5595
5695
5797
5898
5999
5A9A
5B9B
5C9C
5D9D
S5E9E
5F9F
60A0
61A1
62A2
63A3
64A4
65A5
6646
6TAT
68A8
69A9
6AAA
6BAB
6CAC
6DAD
6EAE
6FAF
70B0
71B1

MEAN

VARIANCE

TABLE 5.3:

FD96

349,4
350,2
350,6
349,8
349,9
349, 1
349,6
350,5
349,6
349,8
349,9
350,2
350,0
349,5
350,0
349,17
349,9
350,6
350,7
350,2

350,2 -

349,5
350,5
350, 3
350,0
348,8
349,5
350, 3
349,5
350,5
349, 1
349,9
350,2
350, 3
350, 3
350, 4
349,6
350,0
350,6
350, 3

350,6

350,0
350,3
350,5
349,17
350, 4
350,2
350, 1
350,0

350,0

0,2

8001

90,6
90,7
90,6
89,5
90,8
90,0
90,6
91,2
89,5
89,9
91,0
91,2
91,4
89,9
91,0
90,5
90,5
91,7
90,8
91,3
91,4
90,2
90,0
90,9
91,0
90,7
90,0
90,4
90,4
91,4
90,3
90,6
91,0
91,4
91,3
90,0
89,9
91,5
91,1
91,2
90,7
91,3
91,4
91,3
90, 1
90,8
90,5
90,6
90,3

90,7

0,3

9602

80,5
80,8
80,7
79,6
80,7
78,9
80,7
81,4
79,6
80,0
81,2
81,5
81,4
80, 1
81,0
80,7
80, 4
81,8
81,2
81,5
81,7
80,2
80,8
81, 1
81,1
81,2
80, 1
80,4
80,3
81,6
80,7
80,7
81,0
81,6
81,6
80,4
80,0
81,7
80,9
81,3
80,9
81,4
81,5
81,4
81,8
80,0
80,8
80,7
80,4

80,8

0,4

1ED1

214, 1
217,6

218,3.

216,3
216,7
215,6
216,8
217,8

215,9

216,5
217,2
218,17
216,6
216,8
217,0
218,0
216,17
217,6
218, 3
218,2
217,6
216, 1
216,8
218, 4
216,9
217,8
217,2
219, 1
216,8
218,8
217,8
217,8
216,6
217,6
217,0
218,2
216,7
218,2
218,5
218, 3
218,6
216,2
218, 1
218,0
218, 1
218,0
218,0
217,2
217,7

217, 4

0,9

Results of static test of phase shifter
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5.3.3 Dynamic performance

Of greater interest is theAdynamic performance of
the phase shifters when under control of the
microprocessor. This measurement of phase cannot be
performed with a phase meter since the phases are only

constant for 2.9 ms between refocusing.

Fig. 5.5 shows a block diagram of the setup used
fbr this test. The signal at the iﬁput of the phase
shifter is added to that at the output. When a phase
shift of 180° is selected the two sighals cancel each
other. A phase shift of 0° causes them to add ¢to
double the 1nput amplitude. The amplitude at the
output of the test circuit 1s readily expressed 1in
terms of the phase shift. Fig. 5.6 shows the outputs

of the the test circuit for beam no. 5. The

transmission of a pulse occurs at the origin of the

trace. The full extent of the trace covers the 200 ms
round trip time <to 150 m range. Each phase shift
remains constant for slightly less than 3 ms between

updates.

The amplitude of the input signal is 1,2 V (or 1,2
divisions on the vertical scale). When the array
element 1is turned off the signal at the output of the

test circuit is a constant 1,2 V. When the programmed

phase is 0° the output is 2,4 V peak.

T4
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Figures 5.6a and 5.6b are the results of the tests
on the two elements straddling the swath. As expected
their phase remains fairly constant and they are active
from the beginning of the swath. Figure 5.6°f
demonstrates clearly how the shading occurs as well as
the range at which the phase is 180° and the output of
the test circuit is zero. This element is the sixth to
be included 1in the sub-array at a range of 25 m, or a
two way time of 33,3 ms. The point at which the
element 1is turned on is clearly apparent 1,6 divisions
from the start of the trace (fecall that 1 division 1is
20 ms). After 53 ms, when the range is 40 m the
programmed phase is close to zero, and the test circuit
output shows a null. Fufther away from the swath
centreline the elements turn on later and their phases

change more rapidly with increasing range.

Comparison of these results with tables of the
required phases indicate the correct operation of both
the phase shifter hardware and software. Table 5.4
shows some of the required phases for focusing and
steering beém no. 5. Note how the elements straddling
the éwath»have little phase variation. Of particular
interest is the phase of the element furthest away from
the swath centreline. At 150 m the programmed phase of
this element is 180°; this should be compared.to the
test of that element in fig. 5.63. The points at
which the programmed phase shifts are close to 180°

have been underlined in table 5.4.
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Phase shifter
under test oS (wh-9)

data bus

Fig. 5.5: Phase shifter test circuit

200 mS
Element no. 10 b) Element no

-9

RS a4 ba

Element no. 8 d) Element no. 7

Vertical scale: 1 V/div Horizontal scale:

Fig. 5.6 Phase shift test results
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e) Element no. 6 f) Element no. 5

[N

'g) Element no. 4 h) Element no. 3

A

i) Element no. 2 j) Element no. 1

Fig. 5.6: Phase shift test results, contd.
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FOCUSING PHASES FOR EHEAN No.
ELENENT Mo, |

RANGE
10.000
12.188
14,373
16.563
18.750
20.938
23.125
25.313
27.500
29,688
31.875
34,063
36,250
38.438
40.625
42.813
45.000
47.188
49,375
31.563
33.750
55.938
38.125
60,313
62,500

s e e

101.875
104.063
106,250
108.438
110,625
112,813
115,000
117.188
119.375
121,563
123,750
125.938
128.125
130.313
132.500
134,488
136.875
139.063
141.250
143.438
145,625
147.813

262.1
256,46
231.3
246.3
241.4
236.7
232.2
227.9
223.7
219.7
215.8
212.0
208.4
204.9
204.5
198.3
195.1
192.9
189.1
186.2
183.4
180.7

TABLE 5.4:

2

275.1
264.3
3.3
174.6
28.4
272.7
178.8
101.2

N ~d
O :;- (=
N oo L
- "
~0
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o
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@ LR oy N r

—
(=]
(=]

158.7

174.2
171.0
168.0
163.4
162.3
159,
156,
154,
151,
149,
147,
144.9
142.8
140.7

r h SO o O &

3

120.0
200.4

[o=)

— 3
L]
N on

Ll oLh N
- - - . -
N -y o n

o =

N od
ch —
o~

207.8

133.3
130.1
147.0
144.0
141.2
138.4
135.8
133.3
130.8
128.5
126.2
124.0
121.9
119.8
117.9
115.9
114.1
112.3
110.6
108.9
107.2
105.6

1 -4
J

4 5 s
37.2  28.1 92.%
196.9 253.9 11.4
57.5 160.5 314.9
314.9  91.8 273.3
236.2  39.1 241.5
173.9 357.4 214.2
123.4 323.6 195.8
BL.7 295.7 178.%
46.5 272.1 184.%
16.6 252.1 152.5

350.7 234.8 142.0
328.2 219.7 132.9
308.4 206.5 124.9
290.9 194.7 117.8
275.2 184.2 111.4
261.1 174.8 105.8
248.5 166.3 100.6
236.9 158.6 94,0
226.4 151.6 91.7
216.8 145.2 87.8
208.0 139.2 4.2
199.9 133, 80.9
192,4 128.8 77.9
185.4 124.1 75.1
178.9 119.8 72.4
109.7  73.5  44.4
107.4  71.9 43.5
105.2  70.4 42.%
103.1  69.0 41.8
101.1  47.7 40.9
99.1 66,3 40.1
97.2 65.1 19.4
95.4 63.9 38.6
93.7 62.7 31.%9
92.0 &l.6 37.2
90.3 60.5 3.6
88.8 99.4 356.0
87.3 58.4 35.3
85.8 57.4 4.7
B4.4 56.5 4.7
83.0 5.6 336
81.7 54.7 3.1
80.4 33.8 3.6
79.2 33,0 32.1
77.9  52.2 3.6
76.8  351.4 3.
75.6  30.6 30.6
Phases for
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7 8
231.0 B83.2
189.5  48.2
180.7 37.9
139.5  50.2
123.2 444
110.3 39,7
99.9 35.0

91.3  32.9
84.0 30.2
77.8 28,0
72.5 26,1
67.8 24.4
37 22.9
80.1 21,6
6.9  20.5
4.0 19,4
51.3  18.5
49.0  17.6
46.8 15.8
44.8  14.1
43.0 15.5
41,7 14,9
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38.3 13.8
37.0  13.3
22.7 8.2
22,2 8.0
2.7 7.8
21.3 7.7
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18.7 6.7
18.3 b.b
18.0 6.5
17.7 6.4
17.4 5.3
17.2 5.2
16.9 6.1
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16.4 3.9
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15.6 3.6
beam no.
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5.4 Phase errors

Errors in the aperture 1illumination result in
deviations in the directivity pattern of an array. The
errors may be caused by the physical construction of
the array or in the beam forming circuitry. The errors

cause loss of gain, quantization sidelobes and beam

squint (64).

Satisfactory performance of an array operating in
its far field may be ensured by applying the
rule-of-thumb criterion that states that the actual
phases should not differ from the theoretical ones by

more than a sixteenth of a wavelength.

The errors may be classed as either systematic or
random. The systematic errors are easily compensated

for in a digitally:ggéé:iigi]system by simply altering
the stored coeffiéient table. At the operating
frequency one sixteenth of a wavelength 1s slightly
smaller than a third of a millimeter. The array is
constructed to tolerances far finer than this, with

deviation from a straight line of less than 0,1 mm, and

systematic errors are expected to be small.

The one sixteenth wavelength criterion is arrived

at upon consideration of the far field radiation

pattern. A computer simulation of the effect of phase

errors in the near field 1is performed to test the

validity of this criterion. The test is specifically
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to estimate beam squint. The results are shown 1in
figs. 5.7 to 5.9 . The range is 21 m and 5 eleménts
of the array are active. Figure 5.7 shows the
directivity when there are no errors. Figure 5.8 shows
the situation where there are 5° errors distributed in
such a way as to steer the beam off axis. The
resulﬁing squint is less than 1 cm at 20 m range. Fig.
5.9 shows 10° errors with a similar distribution.
Although the sidelobe levels are increased the beam

squint is less than 2 cm.

Clearly the phase shifters are more than adequate
for the task at hand. Other phase errors may‘occur in
the preamplifier stages. Provision is made on these
for the adjustment of phase and amplitude to compensate

component tolerances.

Random phase errors may be introduced by component
temperature coefficients. The preamplifiers are
identical and may be expected to have tracking phase
errors, which are not a problem. The design of the
phase shifters is such that sensitivity to temperature
is low; the circuit elements causing phase errors are
the quadrature .péwer splitter (with 1low Q) and the
multiplying A/D converters. A worst case 5% deviation

in these networks cause phases errors of less than 10°.
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Fig. 5.7: 5 Element array at 20 m, no errors

FIELD A

INTENSITY 1\

RANGE:20.938
ARRAY LEWGTH:.D

]
f[\\ l r \ .
| \l I l{‘
™ \ ; | | ; 1 e
VAN IRt 28 38| / AL
o T Y1 '
R f—e.s’l f 025 Hs \ ,ns‘ ;\B‘ter \
Fig. 5.8: As above, 5° phase errors

81




R\

“\ o,

FIELD
INTENSITY

KANGE:26.333
ARRAY LENGTH: .S

| -2 de f \]

\ |

| L

AN
Il

8 /25 {

N Rty
fs\ / Mrers|

10°

82

phase errors

5 Element array at 20 m range




Y

BEAM FORMING AND A/D CONVERSION

6.1 Introduction

The actual process of beam forming takes place when
the appropriately phase shifted signals from the array
elements are summed. The block diaéram in fig. 6.1
shows the beam forming summer and the signal processing

and analog to digital conversion that follows.

6.2 Time-varying gain

Immediately after the beam former the signal
amplitude is adjusted by a programmable gain amplifier
to accomodate the effects of increased array length,
attenuation and beam spreading. One byte of data 1is
sent to ﬁhese TVG amplifiers for each focal zone.  The
values that have been determined empirically are stored
in ROM. The manner in which they are handled by the

microprocessor is described in paragraph 10.3.1.1.

6.3 Detection

Just prior to detection the signal bandwidth 1is
restricted to eliminate as much of the noise as
possible. This 1is especially dimportant here even
though the preamplifiers have a narrowband
characteristic since the signhals are contaminated with

noise from the digital circultry between the
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preamplifiers and the detector.

The detected signal is then 1logarithmically
compressed prior. to A/D conversion. This allows the
expected dynamic range of approximately 60 dB to be
quantized using 8 bits. The detector and compressor
are realized wusing the signal strength indication
output on. a FM decoder <chip. The sensitivity 1is
excellent as shown by the measured response curve in

fig. 6.2

6.4 A/D Conversion

The A/D converters are all trigerred simultaneously
after having been read individually. The data read at
any time 1is  the beam sample from the previous range
cell. In this way the A/D timing requirements are
relaxed. A full 180 us are available for the

conversion.

A great deal ofvattention was given to the design
and layout of this subsystem to isolate the digital
section with its wideband noise from the detector and
A/D converter. A photograph of the beam forming board

is shown in fig. 6.3.
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TRANSMITTER

7.1 Introduction

The primary requirement of fhe transmitter is that
the area of the sea bed to be imaged must be adequately
and uniformly insonified. After the consideration of
the simpler options available and their relative merits
and demerits a novel ‘multiple beam’ transmitter, using

a form of time domain multiplexing was adopted.

7.2 Transmitter transducer

7.2.17 Required insonification

The required insonification 1is determined by the
the area to be imaged and the towing speed of the
array. The recgéying array 1s focused on a line
parallel to its axis of symmetry, and this line moves
with the array. Relative to the sea bed the locus of

the focal point is a line at an angle to the axis of

symmetry of the transmitting transducer.

At the <correct towing speed of 10 knots the
reééi&er array moves 1 m along track 1in each pulse
repetition interval. The 1imaged zoné is thus a
parallelogram with the closest end almost coincident
with the array and the farthest end displacéd slightly

in the direction of towing. It is this area that must
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be uniformly illuminated.

An  unsteered beam would need to be at least 3 m
wide at maximum range to provide the uniform
insonification. The transmitter beam may be steered
such that its axis is coincident with that of the area
to be imaged. In this case the beam may be only T m

wide at maximum range.

7.2.2 Large uniform aperture

The most obvious choice of transducer for
transmission is the whole array. Due to the high
directivity that could be obtained the power
requirements of the transmitter drivers could be

relaxed without incurring degradation in the signal to
noise ratio. The beam would be collimated to a range
of over 200 m, with a beamwidth of 1 m. Not only is a
high directivity obtained but the beam spreading 1loss
is 1lower; closer to that of cylindricai Spreading than

that of spherical spreading.

Various studies have indicated that there is a

significant reduction in the beam width at ranges

comparable to one quarter of the near/far field
transition (65), an effect known as beam necking. For
the 1 m uniform line source this occurs at

approximately 50 m and results in a beamwidth reduction
factor of one half. This will result in inadequate

insonification of the 1 m wide field at such ranges as
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shown in fig. 7.1

7.2.3 Large phased aperture

Were 1t not for beam necking the 1 m transducer
might have a fixed linear phase shift applied to steer
it in the direction of array motion. Once the
implementation of a fixed phasing 1s <considered the
possibility arises of using phe fixed phaées to
decollimate the beam in an attempt to <counter bean
necking. By applying a guadratic phase shift to the
transmitting array the transmitted wavefront can be
made 4to appear to be diverging from a point behind the
array or converging on a point in front of the array,
as in focusing. An investigation into this possibility
was performed using the field modelling routines in

appendix II.

The method of investigation is briefly as lfollows.
A range of 40 m 1s <chosen since this is where the
necking is most severe. The field of a wuniform 1line
source of 1 m length is calculated and plotted at this
range. Various curvatures are applied interactively to
the emitted wavefront (by the appropriate phasing) and
the resulting field 1intensity 1is plotted. Having
obtained a set of transmitter phases which result in an
approximately un;form field intensity over 1 m at 40 m
range, the field of the transmit beam is then plotted
at a variety of other ranges over the operating range

of TO m to 150 m.
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It became apparent that while it is possible to
achieve the desired insonification at a given range it
is not possible to achieve uniform intensity over the

required azimuth at all ranges simultaneously.

7.2.4 Small aperture

At the other extreme of transmitting transducer
length is a small transducer of low directivity and
spherical spreading. At the minimum range of 10 m the
beam width must be at least 1 m, an angular beam width
of 0,1 radians. Such a bréad beam can only be achieved
with a transducer of less than 10 wavelengths, or 5 cm.
The approximate -3dB contours of the beam of such a

transducer are shown in fig. 7.2.

The directivity 1is low and the transmitted power
must be accordingly 1increased to maintain adequate
signal to noise ratios. At high acoustic power
densities cavitation may be a problemn. The typical fan
beams required in sidescan sonar restrict the height of
the element to approximately one wavelength (4,87 mm).
As a result the area of the face of a transducer of 5
cm length is only 2,5 cm? and the maximum radiated
power 1is limited to 1 kW. Achieving such powers and
isolating the sensitive rec%;yers from them 1is not
trivial. Equivalent insonification <can be aéhieved
with pulses of only 50 W if the whole array could be
used, with 'concomittent simplification .of the power

drivers and T/R switching.
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Some method 1is sought whereby the area and the
directivity of the transmitting transducer may be made

larger than that of the single element.

7.2.5 Multiple transmitting subarrays

The problems with the large aperture are entirely
due to the interference of the waves emitted from the
various transducers. If the interference could be

eliminated the desired insonification can be realized.

A single swath 0,2 m wide would be most adequately
insonified by a uniform 1line source of only 0,2 m
length. The near/far field transition of such an array
occurs at approximately 10 m, resulting in beam necking
around 2,5 m. Each swath would require 1its own
transmitter; in all there must be 5 ‘transmitters with
the transducers separated by one swath width. The

geometry of the 10 element array 1s 1deal for this

purpose. Each pair of elements are 20 cm apart and 20
cm long.

Obviously the 5 sets of transducers (of two
elements each) cannot be fired simultaneously since

their beams would inferfere with each other and the
resulting insonification would be the same as that of a
T m array. Some means must be found whereby each swath
may be independently insonified by its ‘own’  two array

elements.
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The method whereby the 5 beams are prevented from
interfering with each other is similar to time domain
multiplexing. The desired range resolution requires a

maximum pulse length of 180 ER Although this

t

specifies the minimum bandwidth of the re&e#ver it does
not limit the minimum pulse duration. Minimum pulse
length is determined by signal to noise ratios and thus

signal energy.

.The individual insonification of 5 parallel swaths
is achieved by dividing the maximum pulse length into 5
separate pulses of 36//5 each. The pulse energy will
be reduced by a factor of 5, but this is shown later to
be an effect limited to only the shorter ranges. Using
this time domain multiplexing scheme to form multiple
transmit beams causes the wavefronts emitted by the two
element transmit arrays to be separated in both time
and space, the. result being no interference between

beams. This is depicted diagramatically in fig. 7.3.

Fig. 7.4 shows how the focal point moves off the
initial axis of the transmitter transducer. The
velocity of the focal point relative to the sea bed 1is
the vector sum of the platform velocity (5 m/s maximum)
and the velocity of the receeding point from which the
echoes appear to be emanating, namely 750 m/s. The
resultant angle between the line of motion of the focal
point and the array axis is 0,0667 rads. The beam from
the 41 wavelength element has a half divergence angle

of 0,244 rads. At 10 m the half beamwidth of the
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element 1is 12,2 c¢cm while the focal point is displaced
by 6,8 cm. This is not considered too serious since

the range 1s short and the signal to noise ratio is

large. At 20 m range the situation has 1improved
somewhat. The focal point displacement is 13,3 cm
while the half beam width is 24,4 cm. The resolution

cell of 10 cm on either side of the focal point is now
almost wuniformly illuminated. The 1limits of the
insonification and a number of resolution cells at

various ranges are also shown in fig. 7.4.

7.2.6 "Receiver considerations

On the rebséver side the bandwidth is matched to a
180 us pulse. At short ranges a particular beam “sees’
only one tranmitted pulse of 36 us. At maximum range
however the focal point has been insonified by 5
pulses; their azimuthal beamwidths having broadened to
far greater than the required 2 m. The signal recieved
in 180 us from a point at large range is thus a series

of 5 reflections. The recei&er integrates these 5

pulses to form the sample for that range.

It should be noted that there are two distinct
advantages in this method of insonificgtion, namely
that the returned signal (ignoring for a moment the
spreading loss) actually increases with range due to
increasing overlap of the pulses and that the point of
interest at g}eater ranges is illuminated from 5

different angles reducing the possibility of missing
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specular reflectors. Combined with the increasing gain
of the reciever array due to the growing number of
active elements the dynamic range requirements of the
rec%;&er are eased and the slope of the +time varying

gain profile 1is reduced.

7.3 Transmitter hardware

-7.3.1 Sequencer

The block diagram of the transmit sequencer 1is
shown in fig. 7.5 . The transmit trigger 1s preceded
by the T/R pulse which closes the relays connecting the
drivers to the =elements and turns on the oscillator,
allowing it time to settle to its design frequency of
308 kHz. On reception of the TX tfigger from the
controller this board selectively drives the power
amplifiers with short bursts of 7 bycles of 308 kHz as
described above, with interleaving dead times of 9,7 us
to prevent spatial overlap and interferencé. Upon

completion of this transmission sequence the relays

[ H
1

used for T/R switching are returned to the receive

position and the sequencer 1s reset.

7.3.2 Power drivers

The power amplifiers are VMOS <class C drivers
capable of delivering a 22 A pulse from a 400 V source.

Since the duty <cycle is so low the average current
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drawn is in the order of 25 mA. The high current 1is
provided by a storage capacitor. The maximum pulse
energy reéuired is around 15 md and 1is adequately
stored 1in a 1//F capacitor. To achieve high turnoff
times with the VMOS it is necessary to pull the gate
down hard to ground with a small resistor. The current
required to raise the gate to the appropriate turn-on
voltage is thus large and the 5 V logic input levels

are amplified in a three stage preamplifier.

A photograph of the sequencer and power driver 1is
shown in fig. 7.6. The circuit diagram appears 1in

appendix V.

Start /R T/R switch| _ to
control drivers relays

Finish

308 kHz —— Transmit

Osc. drivers
Enable Driver —
7 cycles on—=——selector —=—
3cy. off ’_q""‘:s._

Fig. 7.5: Block diagram of transmitter
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PREAMPLIFIERS

8.1 Introduction

The preamplifiers are conveniently divided into
four subsections; a tuned amplifier up front, a high
impedance buffer, a digitally controlled attenuator and

a line driver. A block diagram is shown in fig. 8.1.

8.2 Input stage

A reasonably low noise high gain tuned amplifier is
constructed around an integrated wideband amplifier
with a differential 1input stage. The differential
input is driven by a transformer whose primary is tuned
to 308 kHz with the combined <capacitance of the
transducer element and a separate tuning capacitor.
The. differential input <can handle a 5 V difference
voltage without sustaining damage. The 1input is
protected from the transmit pulse by a series resistor
and a pair of clipping diodes. The series resistance
degrades the signal to noise ratio and must be kept
small. Due to the large transmitter voltages applied
and the step up ratio of the input transformer (used to
adjust the source impedance so as to achieve optimum
noise perfofmance) the current through the diodes 1is
substantial enough to generate 5 V forward drops. The
ma jor effect of this is to drive the amplifier into

saturation from which it has ample time (approximately
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13 ms) to recover before reception begins.

8.2.1 Transducer matching

The circle diagrams of the elements are plotted to

determine the equivalent circuit parameters. The
equivalent circuit is shown in fig. 8.2. Figure 8.3
shows that of element 10, annotated in detail, the

measured values are typical and are wused 1in the
calculations. Figure 8.4 1is a plot of the circle
diagrams of all ten elements for comparison. The data

in table 8.1 are the measured resonant frequencies.

Element no. Resonant Freqg. (kHz)

311,
311

OO0 UT N =
W
(@]
[69]
O

Table 8.1 Resonant frequencies of elements
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Fig. 8.1: Block diagram of preamplifier

90n.
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©

Fig. 8.2: Equivalent circuit of transducer
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Fig. 8.4: Circle diagrams of all 10 elements
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At 308 kHz the radiation resistance is 901 and the
apparent parallel capacitance if found to be 1,21 nkF.
The bandwidth is 21 kHz, a fractional bandwidth of 7%
(or a Q of 14,7). When the transducer 1s tuned with
681 wH the damping factor is found to be 0,06. This is
severely underdamped; a damping factor of 0,6 would be
more suitable. This can be achieved with an additional
parallel capacitance of 120 nF. The resulting

bandwidth of 17,5 kHz is quite acceptable.

8.2.2 Front end tuning

The output of the 1integrated amplifier is tuned
with a .Q of approximately 10 with an adjustable
resonant circuit allowing matching of the phases of the
ten amplifiers. Loading of the output tuning 1is
prevented by a high input impedance buffer providing an
additional 20 dB of gain and allowing a voltage sWing
of 20 V. The output of the integrated amplifier <can
only swing 2 V. Gain matching is achieved by adjusting

the currents supplied to the AGC control inputs.

Normal AGC 1is not applied in the front end due to
the difficulty of manufacturing AGC amplifiers which
track 1in amplitude and phase. Following the bdffer is
an 8 bit digitally controlled attenuator providing

almost 50 db of presettable reciever gain adjustment

over all ten preamplifiers without affecting the
relative phase. This circuit is provided with a view
to using a standard cable to tow the array. In such a
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cable normally there are not the reqired ten.coaxial
cores to relay the ten signals to‘the beamfofmer. Time
or frequency multiplexing.can be used to relay all the
signals over the available cores. Both these
tebhniques Have a limited dynamic range over which
phése coherence can be maintained, and the signals long
terﬁ dynamic range Should be compressed before sampling

or mixing.

8.3 Line drivers

The 1lines between the preamplifiers and the phase
shifters are 50f. The input impedance of five phase
shifters 1in parallel 1s matched to this. Hybrid

integrated current drivers capable of providing the 300

mA pulsed currents at the peaks of the returned signal

are employed, to drive the phase shifters. Due to the
relatively short duration of large echoes from the
closer ranges the avérage dissipation of these line

drivers is small.
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TIMING AND OUTPUT

9.1 Introduction

The functions of data output and system timing are

integrated 1in one subsystem since they are S0
interactive. Overall system synchronization is
provided by the chart recorder. Within each sweep of

the chart recorder a single swath is output, after 5
swaths a new transmit pulse i1s sent. This starts the

real time range sampling clock.

This subsystem was developed in parallel with the
system software; moving time consuming tasks from
software to hardware until the routines are efficient
enough to be executed in the available time. This
method of reducing software execution time 1is more
advantageous than any method involving the beam forming
system. Theré is only one timing board while there are
fifty phase shifters. As a result of the special
hardware in this subsystem the task of data output is
fully orchestrated here, with only infrequent requests
for more data from the microprocessor. These requests
are only serviced when higher priority tasks have been
completed, not on demand. The timing and output board

has been designed to have sufficient patience to wait.
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9.2 O0verall timing

9.2.1 Parallel to serial swath conversion

The simultaneous formation of multiple beams in a
system whose output device is a chart recorder presents
some unusual formatting problems. The chart recorder
can only record one swath at a time, while the data >is
entering the system 1in the form of five parallel
swaths. Within each pulse repetition interval there
are five swaths to be sent to the recorder. Whereas
each range sampling 1interval acquires five samples
simultaneously, thesé samples must be. sent out
serially, equally spaced within the range sampling

interval.

The problem becomes manifest with the first range
cell. The data captured is the first pixel of each of
the five swaths. The data which must be sent to the
chart recorder before the next range cell are the first
five pixels of swath 1; and these are not available

yvet.

The problem may be circumvented by storing the
swath records in temporary storage and fetching them
when the records are complete. While one set of swaths
is acguired the previous set is sent to the chart
recorder. There is thus a brief delay of 0,2 s between

data capture and presentation.
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9.2.2 Range sampling

Shown at the top of fig. 9.1 are the ’“start of
line’ pulses from the chart recorder. At the maximum
towing speed the chart recorder is set to record a new
line =every 40 ms (1/5 th of the pulse repetition
period). On every fifth line a new data acquisition
sequence 1is initiated by activating the transmitter and
starting the process of range sampling. The pulse
train orchestrating this is derived by dividing the
“start of line” pulse train by 5; it is shown iq the

second trace of fig. g.1.

From this point on data input and output proceed
asynchronously, the former being timed by a real time
clock while the latter is synchronized to the <chart

recorder.

The third trace in fig. 9.1 shows the data
acquisition timing. Having re@éiped a transmit Dpulse
request the timing board generates a delay of 13,3 ms
before starting to issue range sampling requests. This
delay allows the transmitted pulse to propagate to a
range of 10 m and back. After this initial delay a
range sample request is issued every 182,3/ys causing
the controller to sample the amplitude of each beam,
convert the sampled ahalog signal to a digital
equivalent and store the five values in a memory
location in the appropriate location in the temporary
storage. The range sampling interval of 182,3/us

corresponds to a total of 1024 range <cells 1in the
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operating range of 140 m stretching from 10 m to 150 m.
The initial delay of 13,3 ms corresponds to a delay 1in

terms of range cells of 73 cells.

9.2.3 Data output timing

Each swath is presented to the chart recorder as if
it were coming from a conventional single beam sonar.
After the start of. swath pulse there 1is a delay
corresponding to the round trip delay at 10 m range
before data appears. The output timing pulse train 1is
shown in the 1lower trace of fig. 9.1. The 13,3 ms
delay before range sampling has been equally divided
between the swaths, resulting in an initial delay of

2,66 ms.

This initial delay remains constant, even 1if the
chart recorder is slowed down to allow a lower towing
speed. The chart recorder is set to produce a pulse
for every 20 cm of forward motion of the platform. In
this way the 1 m wide sets of swaths are made to 1lie
side by side with no gaps or overlaps. If the towing
speed is halved the pulse repetition interval must be

doubled, by adjusting the chart recorder.

When operating at the maximum towing speed 1t is
essential that the data output rate 1is thé same aé the
input rate. The range sampling thét takes place every
182,3 S results 1in the storage of 5 pixels. To

maintain the same rates of data input and output the
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pixels must be transferred to the chart recorder at the
réte of 5 pixels every 182,3 ps or 1 pixel every
36,46 us. This results in a time compression of the
swath record as is clearly shown in fig. 9.2 where the
input data (a logarithmically compressed' triangle
waveform) is shown along with the output from beam 1
(the upper trace). Figure 9.3 shows the situation for

beam 2.

If the controller had to service the output data
requests every 36 Ms there would be 1little processing
time available for anything else. This is especially
true in an interrupt driven asynchronous environment.
Each serviced request involves & number Qf program
jumps and the storage of the current status. To reduce
the frequency of reguests (and the processing overhead
of the intefrupt vectoring) storage of output data is
provided on the dutput and timing board in the form of

a First In First Out (FIFO) buffer.

9.3 Timing and output hardware

The block diagram 1is shown 1in fig. 9.4. It
includes a crystal controlled master clock running at a
frequency of 9,837 MHz and divided by 360 to generate
the required fundamental period of 36,46 ys. This
clock is applied to three programmable timers to

generate the timing signals.
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The range sampling is‘derived by dividing the basic
period by 5 to generate the range sampling interval.
After 73 range cells (10 m range) a gate 1is opened
allowing range sampling interrupts to be sent to the
controller. Further range cell countiﬁg is performed
in software where the count is used to determine the
appropriate destination of incpming data and the

storage location of the phases for the next focal zone.

Two of the programmable timers are used to generate
the 1024 pulseé required for the output of one swath.
They are restarted with the “start of line’” signal from
the chart recorder. These 1024 pulses are used to
clock the data out of the FIFO buffer (which is

preloaded with data from the previous swath).

The FIFO buffer has an 1internal flag which it
raises when it is almost empty. When the controller
recieves this request, in the form of an interrupt, a
burst of 20 pixels 1is sent to the FIFO. With this
arrangement there is no need to maintain a software
count of the number of pixels transferred. The data
clocked into the FIFO in a burst is clocked out at the
regular rate of one pixel every 36,46/#3 to a digital

to analog converter and thence to the recorder.

A photograph of the output and timing board 1is

shown in fig. 9.5.






MICROPROCESSOR

10.1 Introduction

The Intel 8085 microprocessor executes three.
routines (apart from the initialization etc.) in  the
process of beam forming. The primary (and most time
consuming) is the transfer of focus, steer and gain
data from BROM to the phase shifters. The other two
functions - range sampling and data output - are
initiated on demand since they have to be executed at
specific times. The routines are descfibed in detail
along with \the memory and I/0 mapping and the
programming rationale. Special programming techniéues
are required to achieve rapid execution times. The
source code was written using a word processing program
on an HP-86 P.C. Object code was then generatedv using
a two pass cross assembler written in BASIC for this
purpose. Although a macro facility was not included
the copy function of the word processor proved to be
very useful in writing the phase setting routine, which
should, correctly, have been written using macros. As

can be seen from the record of the CPU time (2047 ) at

0n

the end of the 1listing the cross assembler was not

fast, but it was convenient.

The description of a program which has been
written, not for elegance but for speed, 1s necessarily

somewhat convoiuted. All the rules of structured
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programming have been broken. A change 1in one 1line
would render all the subroutines inoperable due to the
extensive parameter passing and altering. The main
routine 1s exited via a subroutine call from which it
never returns; the stack is merely restored and the

system waits for the next transmit pulse.

The source code (appendix Iv) has been
comprehensively commented and, if read in conjunction
with this chapter, should be fairly easy to follow.
Where a pair of numbers separated by a colon appear 1in
the text a specific reference is made to a particular

page and line number in the listing.

10.2 Program overview

The phases required for forming the five focused
beams are stored in memory. The microprocessor
retrieves a set of phases and transfers them
simultaneously to the phase shifters at the start of
each new focal zone. There are 50 phases to be set for
each focal zone thus each refocus involves the transfer
of 50 pairs of coefficients. Each focal zone in turn
is divided into 16 range cells. (The reason for the
base 2 numbers is that binary arithmetic is faster than

decimal arithmetic on the 8085).

The duration of each focal zone may be considered
to be the basic time unit in the software execution.

Since the two way propagation time is 186,7 ms (between
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the ranges of 10 m and 150 m) the duration of a focal
zone 1s 1/64 th of this, or 2,92 ms. During this time
the microprocessor must be capable of selecting the
appropriate set of phases and transferring these to the
phase shifters while being interrupted 16 times to
aquire and store the 80 range samples (16 samples ber
focal =zone from each of five beams). It must also
reformat the previous image, converting the parallel
data to serial, and service requests for data from the
output board. Since the output of data takes place at
the same time as the input there are on average 80
range samples to be presented for output on request.
The housekeeping in all three of these routines
involves keeping track of the range cell number and the
focal zone number and using these to determine the
appropriate storage 1ogations of the phase

coefficients, the input data and the output data.

Clearly this is a lot of processing to be performed
in 2,92 ms for a microprocessor which takes well over a
microsecond to execute a single instruction. The
design of the microprocessor software involved the
development of the various routines and the
determination of their respective execution times by
counting the number of processor cycles in each
routine. fhe routines and their interactions with each
other were then optimised to take the least possible
time. A small fraction of the available 2,92 ms left
over after all the tasks had been completed allowed

some small changes to improve the modularity and ease
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of testing of the routines.

10.3 Software Description

The software 1is described by dividing it into the
partially seperable subroutines and referring to the
the pertinent flow charts and the page/line number

references.

10.3.1 Main routine

The flow chart of the main routine is shown in fig.
10.1. After the basic initialization required for an
image a loop is entered in which phases are set up and

/

interupts are serviced (2:16 to 5:50).

10.3.17.1 -Time varying gain

The time varying gain is implemented by
transferring a single gain byte from an appropriate
location in ROM to programmable amplifiers on board the
beam formers. The gain is adjusted with‘each'new focal
zone; there are thus 64 gain coefficients to be found
in ROM starting with 1location GSET. Rather thén a
direct transfer of this data from ROM to the gain
control amplifier it is first transfered to a temporary
storage in RAM, starting at location GAIN (1:37).
Later, when each new set of phases is applied (7:2) the
appropriate byte is taken from here and sent to the TVG
ampiifiers.
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The reason for this méthod of transfer is that it
anticipates future system improvements and allows an
adaptive TVG to be implemented using data from previous
swath records and a simple digital filter routine with
little change to the software. There is ample time .
avalilable for such a routine in the 13,4 ms between the
transmission of a pulse and the start of range sampling

and phase adjusment.

10.3.1.2 Time keeping setup

During the initialization procedure (2:20) ‘three
timers are set. Their functions are described in
greater detail in the section on output and timing but,
for completeness a brief description follows. The
first counter is the pixel count. It is preloaded with
1024, the number of pixels 1in a swath. When the
imaging of a set of swaths 1is <complete this counter
sends a pulse to the transmit sequencing board in the
fish to indicate to it that there are no further input
samples to be taken and the array elements can thus be
switched over to the transmit position. The reason for
this timing arrangement is_to allow the T/R switches

(relays) time to settle.

Having completed the initialisation the processor
waits for a signal from the timing board to indicate
that the chart recorder is ready for.a new swath and
thus a new image can be initiated (2:47). This 1is also
the reentéy point for the software after one.full image

cycle has been completed.
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10.3.1.3 Dynamic memory allocation

On recéﬂving the start of swath indication from the
timing board the transmitter 1is triggered and all
timers are reset. Incoming and outgoing range samples
are routed to dynamically allocated memory locations to

permit coversion from parallel to serial format.

There are two RAM storage blocks for images. They
are referred to as pad "A"™ and pad "B" with base
addresses ABASE and BBASE. While an 1image 1s being

formed and written into one pad the other stores the

last complete 1image, from which it 1is read = and
presented to the chart recorder. The situation is
represented schematically in fig. 10.2.

The location in the input pad 1into which an
incoming byte 1is written is pointed +to by VRIN, a
variable range marker_for input data. The lowest value
that VRIN-can have is the base addréss of the current
input pad, a variable with the label BASIN. Similarly,
the output data 1is refered to by the variable VROUT,
starting from the base address of the output data,

BASOUT.

On entering the main program the input is allocated
to pad "A" (2:20). The variable BASIN is thus made
equal to ABASE. Similarly BASOUT is made equal to
BBASE. The variable range pointers in the input and
output pads, VRIN and VROUT, are initialized to BASIN
and BASOUT respectively. At the end of the completed
image the input and output pads are exchanged by simply
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A
3
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BASIN f |
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1k bytes per swath

BASOUT / |
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Fig. 10.2: Dynamic memory allocation
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exchanging the values of the variables BASIN and BASOUT
(3:7). Pad "A"™, previously the destination of the
input data now becomes the source of the output data.
The previous source of output data (pad "B"), no longer

required, is overwritten by the new incoming data.

10.3.7.4 Initial output

As soon as the location of the output data has been
determined data transfer begins (3:20). Since the 13,3
ms delay before range sampling starts 1s divided
between the five swaths the start of data output occurs
2,66. ms after the start of a 1line on the chart
recorder. Data is thus required for output before
range sampling has begun. The FIFO buffer on ﬁhe
output board is filled with 32 bytes of data ready for
output. Further data is supplied to the FIFO buffer

only on request (7:27).

10.3.7.5 Initial phases

The phases for the first focal zone must be set up
prior to range sampling. The coefficients are
transferred from ROM to the the phase shifters and are

immediately applied.

10.3.1.6 Beam forming loop

The program then enters the beam forming loop in
which range sampling and data request interrupts are
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serviced and the next group of phases are transferred
to temporary latches on the double buffered.multiplying
A/D converters (5:33). A status word (STAT) is set non
zero to indicate that this is a new group of phases,
only to Dbe applied after 16 range samples, when a new
focal zone is entered. Should the processor complete
the task of <transferring the phases from ROM to
temporary storage well before the last range sample in
a particular focal zone it enters a loop and waits for
the 16 th range cell before simultaneously changing the

phases of all 50 phase shifters.

10.3.2 Phase setting

The ©phase setting routine 1is <called at the
beginning of each focal zone {(9:8). As long aé the
required 100 bytes are transferred before the start of
the next focal zone the exact timing of the transfer 1is
unimportant. This routine may be interupted many times
during 1ts execution. On entry all interrupts are
briefly disabled while the zone index 1is used to
determine the ROM location of the base address (PHBASE)
of the block of 100 bytes which constitute the focusing
data for that focal =zone. Having determined this
pointer all interrupts are enabled and the rapid

tranfer of phases begins.

A cursory scan of the microprocessor software
listing in Appendex IV indicates that almost half the

program consists of the transfer of phase data, a
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repetitive process that- is easy to describe as an
algorithm. In order to avoid +the time wasted in
looping and updating loop variables the phase transfer
is written as linear code. The flow chart of this

routine is shown in fig. 10.3.

10.3.3 Range sampling

The range sampling routine has the highest priority
of all tasks (6:1). It must be proceésed immediately
upen request to maintain accurate range sampling. A
flow chart is shown in fig. 10.4. The only possible
interrupt request that may arise during the execution
of this routine will be issued by the asynchronous
output buffer (the FIFO) requesting more data. This
request is not serviced during this routine to avoid
the processing overhead of storing the many variables
used and alterred by range sampling.

On entry the five bytes of pixel 1intensities are

taken from the A/D converters and stored. The A/DS$
are 1immediately retriggered and sample the new
intensities. The incoming data 1s stored in memory

locations spaced by 1024 bytes. Refering to fig. 10.2
the parallel storage format is evident. The processor
is now finished with the 1image input, but there is
housekeeping to be done. The range cell pointer (VRIN)
is updated and, if it is a multiple of 16, the zone

index (ZONE) is also updated (6:4).

On those occasions when the zone index changes, a
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<EHASE SETTING ROUTINE STAR£:>

DETERMINE BASE ADDRESS OF
PHASES FROM ZONE No.

FETCH AND STORE
APPROPRIATE GAIN

INCREMENT
PHASE
POINTER

No

FETCH AND OUTPUT
PHASE FOR BEAM I
ELEMENT J

Fig.

RETURN

10.3: Phase setting routine
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<}ANGE SAMPLING INTERRUPE)

]
RST 7.5

l

READ 5 SAMPLES
FROM A/D'S

UPDATE ZONE
INDEX

—<NEW ZONE? 50 TO
DATA OUTPUT

yes

yes

Y

APPLY NEW
PHASES

RETURN TO SETTING
UP PHASES

GO TO Tx
FOR START OF |
NEW IMAGE

Fig. 10.4: Range sampling interrupt routine
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refocusing is required. The 100 bytes waiting 1in the
temporary latches are simultaneously transfered with a
single command. The status word {STAT) used 1in the
beam forming routine 1is set to zero to indicate that
the phases have been applied and that the data transfer

for the next focal zone can begin.

If the zone index is less than 64 the image 1s not
complete and the processor returns to settiﬁg up phases
and supplying output data after having restored all
registers that were altered during the range sampling

routine.

When the zone 1index reaches 64 the refocusing

operation is complete. The last 16 range <cells are
sampled and image acquisition 1s finished. Range
sampliﬁg interupts are now disabled. The output of
data, on the other hand, may not be complete. if the

towing speed is low and the chart recorder 1line speed
has been decreased to prevent swath overlapping, thefe
may be as many as 4 swaths waiting for output. The
processor thus enters a 1loop servicing the data
requests which may only be exited via a new 1mage

request from the timing board (7:15).

10.3.4 Data output

The signal from the chart recorder indicating the
start of a new line is used to initiate a delay on the
output and timing board. After this delay the range
samples must be presented to the D/A converter for
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output to the chart récorder at regular intervals
corresponding to range cells. To process requests for
more data at the range sampling intervals would place
an unbearable demand on the processor, causing 1t to
waste much time jumping back and forth between range

sampling and data output.

For this reason the data output is buffered in a
FIFO which can store 32 bytes. The FIFO requests more
data whenever it has outputted 20 bytes. If the
request 1s not immediately serviced there is ample data
for a short waif. The reduction in the number of data
requests is thus a factor of 20. The output routine
must now transfer 20 bytes instead of 1, but the
overhead of storing and restoring current status 1is
alsc reduced by a factor of 20, and a significant time
reduction 1s achieved.

The flow chart of the data request servicing
routine (7:27) 1is shown in fig. 10.5. The routine
also keeps track of the pointer in the output pad. A
range sampling request may interrupt this routine, and
the registers being used must be saved for later

restoration.
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DATA REQUEST INTERRUPT )
RST 6.5

STORE ALL STATUS
IN CASE OF INTERRUPT

SEND 20 BYTES OF PREVIOUS
IMAGE TO FIFO BUFFER

‘ RETURN )

Fig. 10.5: Data request servicing
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10.4 Memory map

10.4.1 Program memory

Both the program and the focus and steer
information reside on a 16 k ROM card. The program
starts at memory location 0 and is allocated 4 k of
ROM. The rest of the ROM is reserved for data. The
program at present occupies 1less than 1 k of the

allocated space.

10.4.2 Preset data storage

The focusing and steering of the five .beams requires
the transfer of 100 bytesv(two for each of fifty phase
shifters) from ROM to the phase shifters each time a
new focal zone 1s encountered. Since there are 64
focal zones there are 6400 bytes of this data. This
data 1is stored 1in the upper part of the 4 k of ROM

along with the initial gain estimates.

10.4.3 Random access memory

The RAM may conveniently be divided into four
sections; these are two pads for the storage of the
images (one for the current input, one for output), a
scratch pad for variables (range indices, focal zone
index etc.), and a block of 64 bytes of gain

information {(one gain setting for each focal zone).
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Al

Each 1image 1s composed of five swaths, each swath
being represented in memory by a sequence of 1024 bytes
(one per range cell). The completed 1image thus
requires 5 k Dbytes of storage while that currengly

being formed will occupy 5 k bytes.
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10.

table

below.

hexadecimal.

ROM

RAM

ADDRESS
0000
0800
2700
4000
5400
6900
TEEO
TEE]
TEE3
TEES
TEE6
TEES8
TEEA
TEEB
TEEC

TFFF

Table 10.

Address allocation

The assignment of memory space 1is shown in

Memory locations are listed
LABEL DESCRIPTION
MCP Master Control Program

PHSDAT  Phase/Focus Data

GSET Table of initial gains
ABASE Base address
' image pad "A™"
BBASE Base address of
image pad "B"
GAIN Base address
of gain table
GTEMP Temporary storage
' of gain byte
VROUT Variable pointer
in output pad
VRIN Variable pointer
in input pad
ONE Zone index
BASIN Variable input pad

base address
BASOUT Variable output pad
base address
STAT Status word for
phase transfer
INCHEC Status word for
range sampling
PHBASE Variable address of
focusing data
STCK Top of stack

1 ¢ Memory allocation
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10.6 Input/output ports

All the deviées external to the microprocessor are
addressed as I/0 ports with addresses ranging from 00
hex to FF hex. A table of the ports, their function,

and addresses is shown below.

ADDRESS FUNCTION
INPUTS: 284# A/D. Beam 1
294# A/D. Beam 2
2A# A/D. Beam 3
2B# A/D. Beam 4
2CH# A/D. Beam 5
OUTPUTS:
20# (-27+#) Gain setting
2F# Start A/D converters
30# ‘ Counter 0O
314 Counter 1
3214 Counter 2
33¢# Counter mode word
344 (=-37#) Reset all timers
38# (-3B#) Send TX pulse
3C# (-3F#) Fifo load
4O# to T2# Phase shifters SIN
80# to B2# Phase shifters COSINE
EO# (-EF#) Transfer phases

Table 10.2 : Input/output port mapping

A brief description of the functions of the various
ports foilows. Where addresses are shown with another
address in parentheses preceeded by a dash it indicates
that a valid address for that port is an optional

parameter inclusive of the limits.
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The input ports afe the five A/D convertérs
corresponding to the five beams. When the A/D
converters are read by an input statement (e.g. IN
28#) they are reset and readied for the next start
conversion instruction. The start conversion is issued
immediately following a range sample interrupt and is

effected with an output command (OUT 2F#).

Every fifth line on the <chart recorder indicates
that a new set of swaths is to be insonified and thus
that the transmit sequence should be initiated. This

is accomplished with an output instruction (OUT 38#).

The data request from the FIF0O causes the output of

the regquired number of bytes via the port 3C#.

During the imaging process the focusing phases are
periodically updated. This is performed in the order;
ouUT 40# , OUT 80# , OUT 41# , OUT 81# and so on. This
transfer 1is completed before the new phases are
required and the processor then awaits the new focal
zone indication, whereupon it performs a simultaneous

phase transfer with the OUT EO# command.
10.7 Hardware

The system has been developed in a rack mounting

frame. Six 19-inch racks are used; the upper five
house groups of ten phase shifters each. The 1lower
rack houses the beam formers and controller. By this

arrangement the upper five racks may be driven by

unidirectional bus buffers. Bus buffering is necessary
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since the fan out of the Low Power Schottky is very
much less than the fifty loads on the output bus. Each
rack of phase shifters has its own bus driver; driven
in turn by another buffer on the main bus in the lower

rack.

The memory (RAM and ROM) cards were purchased off
the shelf with the microprocessor card. A  ROM based
sysfem monitor was installed during development to
enable the testing of the subroutines. This monitor
provided communication via a serial port from a

terminal to the boards in the racks.

The signals on the rack mother boards are all
digital. Analog signals are routed down the sides of
the racks in 50 cables to the beam formers. Fig. 10.7

shows a photograph of the whole beam forming system.
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Directivity Response
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Fig. 11.3: Directivity; beam no. 1 at 10 m
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Fig. 11.4: Directivity; beam no. 2 at 10 m
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Directivity Response

a

292.5

27’0

Fig. 11.5: Beam no. 1 at 14 m

Response

337.5

315

292.5

27’0

Fig. 11.6: Beam no. 3 at 16.8 m
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Fig. 11.7: Beam no. 1 at 16,8 m
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Fig. 11.8: Beam no. 1 at 17 m
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Using the measurement system described above the
measured 3 dB vertical beamwidth is close to 90° and
there is a significant response to even greater angles,
as shown 1in fig 11.9. The array is angled away from
the sea surface to reduce the noise and reflections
returned from there. To keep the angle within
reasonable bounds the vertical beam pattern is adjusted
with a baffle. The resulting directivity response 1is
shown 1in fig. 11.10 while a crossection of the array

is shown in fig. 11.11, with the baffle in place.
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Fig. 11.9: Vertical beam pattern
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Fig. 11.11: Geometry of baffle

153









11.6 Sea trials

Sea trials were performed in False Bay, aboard the
"Shirley-T". This research vessel is a 10 m twin hull
with a 1T m opening 1in the aft deck through which
transducers may be lowered into the sea. Instruments
and recorders are set up inside a covered cabin. | This
proved to be a most convenient arrangement on one of
the trials when the worst hail storm in 20 years moved
over False Bay accompanied by winds gusting to 30

knots.

Since a chart recorder was not available for the
trials a fibre optic recorder was used. The dry
process recording paper, with development taking place

after exposure to ultraviolet light, was available in

two grades. One provided good definition with hard
contrast, while the other produced 1lower contrast
images with a slight blurring of the individual

oscillograph traces, noticeable in the enlarged images.

An external clock with a period cohsisteht with thé
towing speed was used to synchronize the fibre optic
recorder and the beam forming systemn. Some difficulty
was experienced with the adjustment of the response of
the fibre optic recorder while at sea. To enabie these
adjustments to be made in the laboratory the signals
from the beam forming system were recorded on magnetic
tape. The required signal bandwidth, of almost DC to
25 kHz, was accommodated wusing an FM channel and

running the tape at 152 cm/s. This large bandwidth 1is
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the result of +the fivefold time compression of the

individual swath signals.

The array was mounted in the frame shown 1in fig.
11.13. The frame 1in turn was bolted to‘the deck and
stayed with two turnbuckles. With this arfangement,
and  the lack of streamlining, the resulting drag and
turbulence limited the depth of the array to less than

2 m and the maximum towing speed to 4 knots.

The depth restriction places the array less than a
meter from the vesséls hull (at an angle of 45° ) and
within 2,5 m of the propellers. Noise from the
propellers is a problem; marked changes 1in the noise
level were noted whenever the vessel accelerated or
changed course. This source of noise might be reduced
were 1t possible to travel slower than the “critical
speed’” of the vessel; the speed at which propellor
cavitation occurs. The noise level at high frequencies
has been noted in one instance (66) to show a dramatic
50 dB increase as the speed increases above 3 knots.
The minimum towing speed 1s constrained by the motion
of the vessel and the fact that no gyrostabilization of
the array has been provided. At 150 m range the axis
of symmetry of the swaths is displaced by 17 m when the
ships heading changés by less than half a degree. The
stability of the heading may be increased by travelling
faster thereby diminishing the effect of the short
wavelength/short period chop which is the major cause

of platform motion at low speed.
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The evaluation of resolution is the priority and
the maximum towing speed of 4 knots was adopted at the

expense of signal to noise ratio.

The initial sea trials were performed in a
relatively calm sea. Fig 11.14 shows the results of a
scan of the wreck of the "Clan Stewart". This ship was

wrecked over 100 years ago in less than 5 m of water
with the shore line 75 m away. At close ranges the A/D
converters are driven 1into saturation due to an
incorrect time varying gain profile. In the vicinity
of the wreck there are sand ripples, clearly reveéled
in the 1image. Each 1line of the image represents an
along track interval of 20 cm. Between the _wreck and
the beach there are bréaking waves and the returned
signhals are probably due to suspended bubbles in the

water.

The time varying gain profile was adjusted and
further sea trials were performed under less than
idyllic <conditions. Figure 11.15 shows the image of
the wreck of the Clan Stewart with the improved TVG
profile. The sand ripples are visible from the
shortest range (at lower left) to slightly beyond the
wreck. Also noticeable on these records is a slight
beam amplitude imbalance, manifest as a raggedness on
the edges of the wreck. No other records were made on

this occasion with the improved TVG.
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Returning to the earlier trials, fig. 11.16 shows
the base of a tower in 20 m of water while fig. 11.17
shows sand ripples in the immediate vicinity of the

tower.

A sand hillock is shown in fig. 11.18. When the
contrast is reduced, as shown in fig. 11.19 the image
shows the detail better. The final image is the same
as that of fig. 11.19 but has been expanded along
track. As before each line is a swath and each swath

is 20 cm.

Along the edge of the image in fig. 11.20 1is a
dark band with 1lighter 1lines at regular intervals.
This interval represents 1 m of along track motion and
marks the start of one set of swaths. The detail is
seen in some places to change significantly from swath
to swathj; this is interpreted as a confirmation of the
results obtained in the tank, namely that the predicted

performance has been achieved.
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CONCLUSIONS

12.1 Conclusions

The objective of the design, construction and
evaluation of a high resolution microprocessor
controlled dynamically focused multiple beam side scan
sonar with a high image formation rate has been

achieved.

By the consideration of the theoretical and
practical <costraints a suitable array was chosen.
Theoretical analysis of the chosen array yielded an
easily programmable solution to the problem of
determining sub-array configurations. The results thus
obtained were used as input to field modelling programs
written for this purpose. From these came predictions

of beam forming performance.

A programmable quadrature phase shifter - was
designed to provide both phase and amplitude control of
the signals acquired by the array, amplified by low
noise amplifiers and sent to the phase shifter via line
drivers and coaxial cable. The phase shifted signals
were summed, detected, logarithmically compressed and
converted from analog to digital prior to their

storage.

An Intel 8085 microprocessor - of low performance
by today’s standards - provided the low cost control.

A holistic approach to programming led to rapidly

167



executable code composed' of interlinked subroutines
which were developed and tested during the design of

the associated hardware.

The timing constraints place a severe load on the

microprocessor. By a judicious trade-off of software
for hardware the software execution time was
dramatically reduced. The major part of the data

output routine is handled by a first-in-first-out
buffer and a variety of timers. This.circuitry, along
with the overall system timing generators and the input
and outbut connections to the chart recorder, was
designed with only twenty four IC’s on a single board.

The alternative was a dual processor arrangement.

Tests of the phase shifters under dynamic control
of the microprocessor showed the faultless updating (at
intervals correspoding to two meter increases in range)

of the required focusing phaées and element shading.

Laboratory tests were performed on the whole system

with simulated echoes in a large tank. The theoretical
and computer predictions were remahkably closely
approximated in these trials. Reservoir trials showed

the working of the novel time domain multiplexed
transmitter, and signal to noise ratios were seen to be

adequate.

Sea trials produced images that, while not having
good tonal qualities, clearly show detail changing from

swath to swath (thus indicating that the desired
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resolution has been achieved). They also, of course

demonstrate the portable nature of the instrument.

The results presented demonstrate the Dbasic
operation of the system and the soundness of the
assertion that such a sophisticated system can be
constructed to be easy to handle while not being
prohibitively costly. The full potential of the use of
dynamic focusing in side scan sonars remains to be

realized.

12.2 Developmental possibilities

Improvements in the contrast and tonal quality of
the final image may be achieved by using a chart
recorder rather £han the fibre optic recorder. The
signal to noise ratio may be improved by mounting the
array on a towed body to minimize the interfering
effects of the vessel’'s engine and the aeration from

the propellor and the hull.

The towing cable must either have more than ten
coaxial <cores along with some power 1lines, or the
signals from the array must be multiplexed onto the few
available coaxial pairs {(with a coherent demultiplexer

to leave the relative phases unalterred).

If the multiplexing scheme were adopted it would be
advantageous to provide a bank of ten phase tracking
AGC amplifiers to reduce the long term dynamic range

prior to modulation. Programmable attenuators have
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been provided on the preamplifiers with a view to

implementing this solution.

At present the time varying gain has a preset
empirically detéfmined profile. The determination of a
TVG profile on the basis of the previous set of swath
amplitudes would provide near optimum image
acquisition. In the moments when the microprocessor 1is
idle (there is at least 10 ms available between the
transmission of a pulse and the start of a new image) a
low order sampled data filter could provide estimates
of the expected image amplitudes in each focal zone of
the new swath. A sixteen sample uniform window moving
average filter can be extremely efficiently implemented
in machine code on the 8085. The values thus obtained

are then used to estimate the appropriate gains.

The single byte of gain for each focal zone can be
sent directly to the preamplifiers in the towed Dbody
via a slow serial line (a single twisted pair) or it
may be applied after the beam forming summation, to the

TVG amplifiers.

Rack mountings were used for the implementation of
the card based system{ The reason for this arrangement
was to facilitate ease of testing and system assembly.
A1l the digital circuitry may be quite comfortably laid
out on one PC bdard, with the summing amplifiers and

A/D converters on another.
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By implementing the phase shifters in a hybrid
technology each could be spaciously laid out over 5
cm?. Placing all the phase shifters on a single board

(which need be no larger than 500 cmz), and performing .

" the address decoding at a single location on that board

significantly reduces the cost of the decoding

circuitry and the associated intermediate bus buffers.

At the end of sucﬁ developments this high
performance side scan sonar may be placed in a truly
portable package the size of a large briefcase, perhaps
with a shoulder strap! The present system provides the
high performance but itv requires well <coordinated
cooperation between two men to get it from the jetty

onto the vessel.
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Appendix I

APPENDIX I

The field of any source is generally expressed as an

integral over that source. The diagram below shows
the geometry of a line source, of length D m. The
field point of interest 1is the point(xz,z); at an

azimuth of x and a range of z.

x

Xz
|
focal point {{x 2)

(X,,2)

" "Der-d
lin=1

At the point of interest the field amplitude P(x, ,z)

z
is closely approximated by integrating the effects of
the source distribution Qith a weighting accounting
for the variation in spatial phase and amplitude
between the source point at (x,z) and the field point
at (xz,z).

The term S(x) represents the source amplitude and
phase distribution and the term r(x,x,,z) 1is the
distance between the points.

D/2 -igrix,x,,z)
P(x _,z) = k S(x) e dx

-D/2 r{x,x,,z)

where rz\ﬂxz—xﬁ +73) andF:Zw/x.
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Appendix 1

In the Fresnelfegimqthe following approximations are
usually made (417):
i) the 1/r term in the denominator is approximated by

a constant 1/R, where R=z. The effect of this

approximation on the array in question is small. The
term (x, -x) is always less than 1 while z 1s greater
than 10. The resulting amplitude error is 1less ' than

5%.
ii) in the phase term the range 1s expanded using the
binomial theorem and dropping all terms but the first

two, thus arriving at the simplifying approximation

2
Z-_—X)
2z —
The resulting Fresnel region field amplitude 1is then

r oo~ oz4+ (X

simply expressed as

vo-iBZ D/2 (x -x} )
P(x_,z) =—‘e—"z—/ s(x)e” 3P dx

-D/2
When the array is composed of contiguous elements,

each with a constant phase and amplitude the resulting

field amplitude 1is expressed more explicitly as

-D/2+nd
ke~ Jﬁz 2
P(x Z,z) T E e-JB x)/2¢2) dx

-D/2+(n—1)d

The above integral is 51mply a sum of N integrals,

each over one of the N array elements. The term S(n)

represents. the discrete aperture distribution. The

limits of integration are from one end of an element
to the other.

It is more convenient to map all the elements onto a
generic element with the transformation (67)

X=Xp+U where xp=-D/2 +(n-1)d
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The term x,1is the distance between the centre of the
n th element and the field point. The integration
over the n th element

-D/2+nd ( 5
. - 2
In{ 9‘36( 2 )</ Z) dx

-D/2-(n-1)d
becomes

Ini/.dgfjﬁu(xz—xn)%-2u(xz—xd+u2)/24 du
-d/2

For the geometry under consideration the term u 1is
half the width of an element, or 0,05 m. The square of
this is significantly smaller than the term 2u(xz—xn),
which may be as large as 0,095. Neglecting the. u?

term allows the integral over the elemenp’ to Dbe

expressed as

. 2 ‘ d(x,-xp)
1,=em 3B Lx mx,) " /22) .d(““"g#——)
Pd(xz-xn)/2z

and the total field is the sum over all elements

N
j 2
K —JBZ . (XZ—Xn)
P(szZ)z*Sg——— E S(n)e—JB( 2z )d.Sa(ﬁgé%E:}n))

n=1

This is clearly the summed effect of N individual
elements operating in their far field with ﬁheir
characteristic sinc function shape. |

Array focusing is achieved by cancelling the phase
terms in the sum. The appropriate choice of phases
for each element for each focal azimuth and range 1is
given by choosing the phase of the aperture

distribution to be

Zi_sm):e*J'B((_z(z—_Xg)_i)

2z
The amplitude of this term is determined by requiring
each element to make a contribution to the field at a

point greater than some specified minimum.
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Appendix I

The elements contribution is dependent on the
azimuthal separation between the focal point and the

element centre as shown by the term

d(xz=-%xp)
i (xgong | sin BLEZZ0)
Sa\7 53 = Bd(xgz-xp)/2z

The half power points are at an argument of slightly
less than w/2. Constraining the distance appropriately
yields the inequality
<z
“Xz—xnﬂ— 24d
The elements in the array are 21 wavelengths long and

the inequality becomes

Z
l(XZ—Xn)\S—_Z—

At z=10 m the inequality is satisfied by a maximum
aximuthal distance between element centre and focal

point of

|(xz-xn){< 0,238
If the focal point is at an azimuth of 0,4 m this

constraint 1is satisfied by only the three elements at
that end of the array.

The program below caléulates which elements are useful
at each~focal pdint for each range and presents these

values in the graphic form of Table 4.1 on page 49.

10 b=2%pi @ d=0.1 @ ag=" "

20 for z=10 to 150 step 2.187

30 g=pi¥z/(b¥d)

40 print "Range=";z

50 for xf=-0.4 to 0.4 step 0.2

60 for xn=-0.45 to 0.45 step 0.1

70 if abs(xf-xn)<«0.mwnt(g¥10) then a$=a$&" 1" else
a$=ap&"o"

80 next xn

90 print a$

100 ag=" "

110 next xf

120 next z

130 end
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Appendix II

APPENDIX II

The field modelling is performed with a discrete

approximation of the integral

D/2 .

P(Xz,z)=%/'S(x)e'jﬁr(x’xz’Z) dx
-D/2
where S(x) is the specified aperture illumination.

The variables entered by the operator are the number
of points in the discrete approximation, the array
length D, the size of the elements d, the range z,
and the azimuthal limits of the graphic output. The
BASIC program operates in either an interactive - mode
or a batch mode, providing plots of normalized fieid
intensity (directivity), at a single range. A similar
program in FORTRAN was run onva Univac 1100 series to

generate the "3-D" and contour plots, showing the

normalized field intensity at many ranges.
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10 ' FILE NAME ;FIELD  DISK ;THESIS (ARRAY)

20 REM $SSTHE FIELD INTENSITY OF A D]SCRETELY FOCUSED LINE SOURCESSS

30 ! PRINTER IS 70}
40 ON ERROR 6070 70
50 LOADBIN "GDUNP"
$0 OPTION BASE !

70 DIN T{50),R(50),P{50,501 ,@{50) ,F {50) ,SOURCEMAB(50) , U{50) ,NAG(10)

80 OFF ERROR

90 RAD

100 CLEAR

110 INAGE 2D,SX D.DDD,SX DDD.DD

120 INAGE "No. OF POINTS IN TRANSFORN=*,DD,2/
130 ! B IS THE PHASE SHIFT CONSTANT

140 ' THE FREQUENCY 15 308 kHI

150 ' WAVELENSTH IS 0.00487 &

160 B=24P1 7.00487

170 DISP *USER INPUT (Y or N)";

180 INPUT S

190 IF S$="Y* THEN 230

200 READ T,D,M,F,2,U,FILES

210 FOCUS=U

220 BOTO 450

230 ! SERERLSLARILRANLLLLAALLLRLLLLLLLL

240 ' 3 DEFINE ARRAY DINENSIONS ¢t

250 ' SRRELISLLIIILLLLALISALLLLLLLS

260 DISP "ENTER THE NAME OF THE DESTINATION GRAPHICS FILE®;
270 INPUT FILES

280 DISP “INPUT DESIRED NG OF PDIKTS FOR TRANSFORM. MAX =30°;

290 INPUT T
300 DISP "ENTER ARRAY LENGTH (m)";

310 INPUT D

320 DISP "ENTER SUBARRAY DIM.*;

330 INPUT W

340 DISP "ENTER WIDTH OF OUTPUT FIELD (a)";

350 INPUT F

360 DISP ENTER RANGE";

370 INPUT 1

380 ! $88J 1S THE NUNBER OF SUBARRAYS

390 ' $38H 1S THE NO OF POINTS ON THE SUBARRAYS
400 ' $38 A 15 THE PDINT SPACING

410 ' 138 ON THE ARRAY

420 ' $38 E IS THE POINT SPACING ON THE FIELD

430 E=F /1

440 J=D/N

450 H=T4)

460 A=D/T

470 DISP *DO YOU WANT THE FIELD OF A FOCUSED ARRAY (Y or N)*
480 INPUT O

490 IF 0$="N" THEN 500 ELSE 570

500 FOR K={ 10 J

510 DISP "ENTER THE PHASE FOR ELEMENT {*;K;*)";
520 INPUT PHI(K)

525 PHI(K)=DTR {PHI{K))

530 DISP "ENTER THE MAGNITUDE OF ELEMENT (";K;")";
540 INPUT MAB(K)
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- 670 PRINT USING 600

Appendix

330 NEXT K
560 BOTD 590
570 DISP "INPUT FOCAL POINT®;

380 INPUT U Q¢="Y*

590 IMAGE “ARRAY LEN6TH=",DD.DD,2/ .
600 INAGE °SUBARRAY DIM:*®,DD.DD,2/

610 IMAGE "FIELD WIDTH:",X,DD.DD,2/

620 IMABE "PIXEL WIDTH:®,X,DD.DD,2/

630 INAGE "RANBE:",8X,DD.D,2/

540 IMAGE "FOCAL POINT X=",D.DD,2X,"1=",DD.DD,2/

630 PRINT USING 120 ;
660 PRINT USING 590

480 PRINT USING 610
690 PRINT USING 620
700 PRINT USING 630 ;
710 IF Q4="K* THEN 730

720 PRINT USING 640 ; U,1

730 ! BIESELELSESARSILASALALALALILILLALANILALLLL

740 ' 342 ENTER FOCUS AND STEER INFORMATION 8111

750 ! SESESESALELTLLLLALALALELALALALLILALALALNG

760 INAGE *SUBARRAY NO.®,4X,"PHASE SHIFT®,4X,"MAGNITUDE®

770 INAGE 3%,DD,12X,DDD.DD, 10%,D.D0

780 PRINT USING 760

790 FOR 1=1 10 J

800 IF 0$="N* THEN P=PHI{I) & GOTO B40 ELSE 810

B10 V=I8N-N/2-D/2

820 MAG(I)=1 ' NO SHADING

830 P=BRISER ({U-V)EIU-V)+Z82)-D)

840 PRINT USING 770 ; 1,P/P1 $1B0,MAG(I)

850 FOR N=(I-1)8H+1 TO I8K

860 DISP N

870 T(N)=P @ SOURCENAG(N)=MAG(I)

880 NEXT N

890 NEXT 1

900 ! SETESESELELALTLILLLLLLALELILELALLLASLALALALISLLLLLALALLLLS
910 ! $388¢ CALCULATE THE PHASE SHIFT FRON POINT TO POINT $a3888
920 ' SRABSELEBETLLLALALANLLLRLALALELELLLLLLATATALLLLLALLLLALLLL
930 !

940 FOR M=1 T0 T ' FOR EACH FIELD PDINT...

950 U(N)=MSE-E/2-F/2

960 FOR N=1 T0 T ! ,...T0 EACH SOURCE POINT

970 V=N$A-A/2-D/2

980 DIST=SBR {(U(M)-V)$(U(N)-V)+141) | THE SEPARATION BETWEEN THE POINTS
990 P(N,N)=T(N)-BDIST ' SOURCE AND SPACE PHASE

1000 NEXT N

1010 RiM)=0

1020 Q(M)=0

1030 NEXT N

1040 | $888888E8888E8EBRRsRssRsatsstasasnsasasasasasasasy

1050 * $388% CALCULATE FIELD INTENSITY $3888888888888484s

1060 | S88RSELELELLLLALILLLLLLALILILLALLLALLLALILILALALLLL

1070 PRINT

1080 INAGE *INDEX*,2Y,"P0S.*,3X,°FIELD INTENSITY {dB)*

1090 PRINT USING 1080

1100 FOR N=1 T0 T ! THE FIELDSTRENSTH AT EACH FIELD POINT IS.....
1116 FOR N=1 T0 T ! ......A WEIGHTED SUN OF SOURCE CONTRIBUTIONS
1120  R(K)=GOURCENAG(N)8COS (P{N,N))+R(N)

" e e e W o

T
D
L
F
E
1
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1130 Q(N)=SOURCEMAG (N)SSIN (P(N,M))+Q(N)
1140 NEXT N

1150 F(N)=108LBT ((R(N)SR(M)+Q(N)$GN)) /(TST))
1160 ! FIN) IS THE NORMALIZED FIELD INTENSITY
1170 PRINT USING 110 ; M,U{N},F(N)

1180 NEXT M

1190 ' 'SRSEESSRESRLNLLSLREELEISESLINEELLLIILLALLLLLS
1200 ! $388 THE GRAPHICS START HERE £8$8888%8838888881
1210 ! SESSSSELELAREELELELELILLSLALILALEASLLLLLLILLLS
1220 GCLEAR @ GRAPHALL

1230 SCALE -1.1,1.1,-.1,1.1

1240 XAXIS 0,.25,-1,1

1250 YAXIS 0,.25,0,1

1260 FRAME

1270 CSIIE S

1280 NOVE .05,1

1290 LORG 2

1300 LABEL *0 db"

1310 MOVE .05,.5

1320 LABEL *-10 4B

1330 MOVE .05,.05

1340 LORG 1

1350 LABEL *-20 dR"

1360 PEN UP

1370 P=-1

1380 FOR M=1 TO T

1390 U=NSE-E/2-F/2

1400 PLOT U, 14F {N)/20

1410 NEXT N

1420 LORG &

1430 CSIZE 4

1440 NDVE -.5,-.05

1450 LAREL *-0.5°

1460 NOVE -.25,-.05

1470 LABEL *-0,25*

1480 NOVE 0,-.05

1490 LABEL *0*

1500 NOVE .25,-.05

1510 LABEL *0.25"

1520 NOVE .5,-.05

1530 LABEL *0.5"

1540 NOVE -1,1

1550 CSIZE 10

1560 LORG 3

1570 LABEL *FIELD®

1580 MOVE -1,.9

1590 LABEL *INTENSITY®

1600 CSITE 5

1610 NOVE -1,.8

1620 LABEL "RANGE:® VAL$ (2)

1630 MOVE -1,.75

1640 LABEL "ARRAY LENGTH:*®,VAL$ (D)

1650 NOVE -1,.7

1660 1F @$="N" THEN 1580

1670 LABEL *FOCUS:*®,VAL$ (FOCUS)

1680 NOVE .75,.05

1690 LORG 2

1700 LABEL "ATINUTH'

179



1710 MOVE .75,-.05

1720 LABEL *meters”

1730 DUMP BRAPHICS 0,0,!
1740 GSTORE FILES

1750 !
1760 !
1770 !
1780 !
1790 !
1800 !
1810 !
1820 !
183¢ !

SESASRALALALALALSLALALSLSLSLALILALILLLL
13388 DATA FOUND HERE stssssssssssssnt
SEELALABLISBLARASABISISIRISISISISLILLLY
No. OF POINTS

ARRAY LENGTH

ELEMENT LENETH

FIELD WIDTH

RANGE

FOCAL POINT

1840 DATA 50,.2,.1,2,10,0,°FLOT2"
1850 DATA 45,.3,.1,2,10,0, "FLOT3"
1850 DATA 45,.3,.1,2,10,.05, *FLOTA"
1870 DATA 40,.4,.1,2,10,0, *FLOTS®
1880 DATA 40,.4,.1,2,10,.1,"FLOT6"
1890 IF §8="Y" THEN 1910

1900 6OTO 200

1910 END
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Appendix III

APPENDIX III

Three programs are provided. The first determines
the required focusing and steering phases for all the
beams at all ranges. The second converts these values
to§ﬁh§1f?HEX equivalents and arranges them in focal
zones, ready for transfer to the ©phase shifters. The
third program allows the binary beam shading to be

entered separately.
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Appendix IIT

10
20
30
40
30
60

COEFFP

A PROGRAM ON DISC "THESIS®

CREATED ON 7/10/83;8/1031/11;24/11

THE PROGRAM CALCULATES THE REQIRED FOCUSING AND STEERING
COEFFICIENTS FOR A 10 ELEMENT ARRAY FORMING 5 BEANS
RANGE SPACING INTERVAL IS 2.1875 METERS

70 ! SHORTEST RANGE IS 10 NETERS

80 ! BETA IS THE PHASE SHIFT CONSTANT

90 BETA=24P1 /.00487 ' WAVELENGTK IS 4.87 MILLIMETERS

100 OPTION BASE 1

110 DIN COEFF{20,320),K(64) ,1164) ,RANGE {10} ,PHI {10}

120 ' ELEMENT SPACING IS 0.1 METERS ; BEAM SPACING IS 0.2 METERS
130  STORAGE REGUIRENENT FOR DATA IS 648204845 BYTES

150 !

160 PRINT CHRS {27)4"8118D"

170 CLEAR

180 RINC=140/64 ' 2.1875 METERS PER FOCAL ZONE

190 RZERD=10

200 ' DATA TO ARRAY COEFF(,); FIRST BEAM 1...THEN BEAM 5

210 INAGE 114, 2),10(DD,51) : '

220 IMAGE DDZ.DDD,4X,10{DDI.D,2%)

230 FOR J=1 T0 S € ! BEEP 10,1000

240 PRINT CHRS (12)

250 PRINT * FOCUSING PHASES FOR BEAM No. ";J

260 PRINT

270 PRINT USING 210 ; *ELENENT No.®,1,2,3,4,5,4,7,8,9,10

280 PRINT "RANGE®

290 PRINT

300 BEAM=-.4+.28(J-1) ' 5 BEAMS STARTING AT X=-0.4 ENDING AT X=0.3
310 FOR K=1 T0 64 ! 44 FOCAL ZONES

320 1(K)=RIERD+{K-1)$RINC

330 FOR 1=1 T0 10 ' 20 COEFFICIENTS, 10 PAIRS;ORDERED COS/SIN/COS ETC.

380 X{K)=.181-.55

350 RANGE (1)=6BK {I(K)*2+(X{K)-BEAM)*2)-1(K)

360 PHI(I)=BETASRANGE(I) ' PHI 1S THE REQUIRED FOCUSING PHASE IN RADIANS

370 COEFF (281-1,K+(1-1)864)=C0S (P1 /A-PHI(I})

380 COEFF(281,5+(3-1)864)=SIN (P1 /4-PHI{I))

390 PHI(I)=RTD (PRII) MOD {20FI ))

400 NEXT 1

410 PRINT USING 220 ; Z(K),PHI(1),PHI(2),PHI(3),PHI (4) ,PHI(S),PHI{6),PHI{T),PHI{
8),PHI(9), PHI (10)

420 NEXT ¥

430 NEXT J

140 GOTD 600

450 ASSIGNS 1 TO °"COEFF1® ! OPEN DATA FILE

450 PRINTH 1 ; COEFF(,) ! STORE ARRAY

470 ASSIGN3 ! TO 8 ! CLOSE FILE

480 END
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10 ! PHEXCO ; Progras for HEX COefficients

20 ' A PROGKAM ON DISC *THESIS®

30  CREATED ON 3/2/84

40 ' THE PROGRAN CALCULATES THE REQIRED FOCUSING AND STEERING

50 ' COEFFICIENTS FOR A 10 ELEMENT ARRAY FORMING 5 BEANS IN HEX
1
\
i

60 ' RANGE SPACING INTERVAL IS 2.1875 METERS
70 ' SHORTEST RANSE IS 10 METERS
80 ! BETA IS THE PHASE SHIFT CONSTANT

90 BETA=28P] /.00487 ' WAVELENGTH IS 4.87 NILLINETERS

100 OPTION BASE 1@ DEG

110 A$="0123456789ABCOEF*

120 DIK COHEX$(340)[401,X(b8),2(64) RANGE(10),PHI(10),U$(40]

130 ' ELENENT SPACING IS 0.1 NETERS ; BEAM SPACING 1S 0.2 METERS
140 ! STORAGE REQUIRENENT FOR DATA IS 64¥4085 BYTES

IS0 ' &4 ZONES , 5 BEANS , 20 HEX PAIRS PER BEAN

170 ASSIGNS 1 TO "HEXCODATA® ! OPEN DATA FILE

180 CLEAR

190 RINC=140/64 ! 2,1875 METERS PER FOCAL ZONE

200 RIERD=10

210 ! DATA TO ARRAY COHEX$; FOCAL IDWE BY ZONE , BEAMS 1 105
230 FOR K=1 T0 64 ! 68 FOCAL ZONES

240 PRINT "I0NE No T

250 FOR J=1 10 5 ' 5 BEANS PER ZONE

260 PRINT "REAN No.:',J

270 BEAN=-.4+.28(J-1) ' 5 BEAMS STARTING AT X=-0.4 ENDING AT X=0.4
280 7(K)=RIERD+ (K11 RINC

290 FOR I=1 TO 10 ' 20 COEFFICIENTS,10 PAIRS;ORDERED COS/SIN/COS ETC.
300 X{K)=.181-,55

310 RANGE{1)=50R (Z{K)*2+(X(K)-BEAM)*2)-1(K)

320 PHI{1)=BETASRANBE(I) ! PHI 1S THE REQUIRED FOCUSING PHASE IN RADIANS
330 PHI(1)=RTD (PRI(I) NOD (28P1 ))

340 C=128-1274C05 (181-PHI(I))

350 §=128-1274SIN (1B1-PHI(1})

360 GOSUB DECTOHEX

370 L=(K-1)154]

380 COMEX$(L)[481-3,481-21=Cs[1,2]

390 COHEXS (L) [481-1,4813=5$11,2]

400 NEXT 1

410 PRINT COHEXS (L)[1,40]

420 US=COREXS{L)[1,40]

430 PRINTA 1,L ; U ' STORE FOCAL IONE DATA , ONE BEAM AT A TINE
430 NEXT J

450 NEXT K

450 60TD 480

470 ASSIGN® 1 TO ¢ ! CLOSE FILE

480 END

490 DECTOHEX:

500 9=C

510 B=INT (RND 18,16))

520 A=Q/16-B/16

530 C601,11=AS[A¢1,A+1] @ C$02,2)=A8B¢1,B+1)

540 0=5

550 B=INT (RMD (B,16))

560 A=0/16-B/16

570 S11,11=AS[A¢1 A+1] @ S$12,21=A8[B+1,Be1]

58 RETURN
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10
20
30
40
50
60 !
70
80
90

PHEXSHAD ; A PROGRAN TO PERFORN THE BEAN SHADING
DISC ; THESIS

CREATED ON 7/2/84

P.A.FOX

4R R e et iettetataseaseestieieeytetsicitissitssss)
t THE HEX PHASE DATA 1S FETCHED FRON A FILE %8
t CALLED *HEXCODATA’ AND SHADING IS PERFORMED ¢t
§ THE SHADED DATA 1S RETURNED TO ’HEXSHADE’ 1
L F TR EetyeeRqtiqssiqsseitsstesiitingeintitttit

100 DIN COHEX$¢340}{40),5HADES(340){10]

110 ¢
120 !
136 !

180 ASSIGNE 1 TO “HEXCODATA® ! OPEN SOURCE FILE
150 FOR K=1 T0 64

160 F

OR J=1 10 3

170 L={K-1}454)
180 READ® | ; COMEX$(L)I1,40]

196 ¢

DISP COMEXS$(LI[1,40]

200 SHADES$ L} [1,101="0000000000"

210 NEXT J

220 NEXT X

230 ASSIGNE 1 7O ¢ ! CLOSE SOURCE FILE

246 !
250 !

260 FOR K=1 T0 &4 ! &4 FOCAL IONES

270 FOR J=1 T0 5 ! 5 BEMNS

280 DISP "FOCAL IONE No.:";K,"BEAN No.:":J
290 L={K-1)854]

300 DISP COHEX$(L)[1,40)

310 1
320D

F L<= 5 THEN BOTO RESHADE
ISP SHADE${L-5)11,101

330 DISPF "TYPE Y TO CHANGE SHADING";

340 1
350 1

360 SHADES${L)[1,10)=SHADES{L-5){1,103 @ DISP SHADES(L)[!,10]

NPUT ANSHERS
F ANSWER$="Y" THEN GOTO RESHADE

370 FOR I=1 TO 10

380 §
396 1
400 C

420 D

HADE=VAL (SHADE${L)[I,1])
F SHADE=1 THEN 410
DHEXS$(L)T(1-1)8441,184)="B0B0" ! SHADE TO IERO

. 410 NEXT ]

1SP COHEX$(L)[1,40) @ PRINT COHEXS{L}[1,40]

430 NEXT J
440 NEXT K
450 60TO SAVEFILE

460 !
470 !
480 !

490 RESHADE:

500 D
5101

ISP "ENTER SHADING e.g. 0011000000°;
NPUT SHADE${L)I1,10]

520 6070 370

30 !
546 !

550 SAVEFILE:
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B

940 ASSIGNS | TO “HEXSHADE®

570 FOR L=f TO 320

980 PRINT® | ; COHEX${LIL1,40]
990 NEXT L

600 ASSIGN® { TO & ! CLOSE FILE
810 !

620 !

$30 END
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1

PABE

Loc

0000
0000
0000
0000
0000
0000
0000
0000
0600
0000
0000
0000
0000
0000
0000

0000

0006
0000
0000
0006
0000
0000
0000
0000
0000
0000
Q000
0000
Q000
0600
000G
0000
0000
0000
0002
0005
0006
000
000A
000R
000C
000D
010
001¢
0C1¢
0013
0013
0013
002C
002F

APPENDIX IV

!

08J

063F
110069
210027
7t

1z

23

13

05

£20800

£35000

£38B00

FOX ASSEMBLER 808GV1/2

LINE SOURCE STATEMENT

@~ o N o Ny e

— pen
— = O

. ]

13

4
)

13
16

-
;

19
20

~a
—

3

SIS RS
L

()
-

[ 3% TN W NN O |
< 0 o o~ tn

4 Ny

Ky

I g g LA Ly O Ly
—_— s 0~ O~ LN o O

(2]

F -
- )

wh

N s g B
< D m N o

STCE:
PHBASE:
INCHEC:
STAT:
BASGUT:
BASIN:
10NE:
YRIN:
VROUT:
BTEMP:
BSET:
GAIN:
ABASE:
BBASE:

Appendix

: Microprocessor software

EQu
EQY
EQU
EQU
EQU
EQU
EQU
EQu
£QY
EQU
£QU
EQU
EQU
EQU

OR6

Mv1
LX1
LXI
MOV
STAX
INX
INX
DCR
JNI

InF

ORG
JHF

$7FFF
$7EEC
$7EER
$7EEA
$7EEE
$7EES
$7EES
$7EEC
$7EES
§7EED
#2700
36900
$4000
$54460

$0000
B, 43

D, GAIN
H, 65ET

INIT

186

SOURCE FILE: IMAGE

;EDITOR FILE: MCPED
jASCIT FILE: IMAGE

Y
;HEX FILE: IMABE/HEX

)

sREVISION RECORD

11983 19/7,27/7,28/7,29/8,12/9,13/9,4/10
$1984 15/1,16/1

£1984 5/3,6/3,12/3,13/3,14/3

11984 4/6,5/6,6/6,7/6,12/6,13/6,1476,22/6
11984 23/6,25/6
SEIIRISEIILEIINIEEREILILLILNS

s DEFINE VARIABLES AND POINTERS

.
3

-

;5ET STACK ON TOP OF RAM (236 BYTES)
;VARIABLE BASE OF FOCAL ZONE PHASES
;STATUS BORD FOR RANGE SAMPLING
;STATUS WORD FOR PHASE TRANSFER
;VARIARLE BASE ADRESS OF OUTPUT PAD
;VARIABLE BASE ADRESS OF INFUT FAD
;VARIABLE Z0ONE INDEX

1VARIABLE POINTER IN INPUT PAD

; TENPORARY STORAGE OF BAIN BYTE

sROM LOCATION OF INITIAL BAINS

{RAN LOCATION OF CURRENT GAINS

;RAK ADRESS PAD A

:RAM ADRESS PAD B

H

R PRt e RReRER SRR EREAREL!

; TRANSFER INITIAL GAIN BYTES ON POWER UP

L

;04 BYTES TO TRANSFER
;POINT TO CURRENT GAINS
1POINT TO INITIAL BAINS
;FETCH INITIAL

;STORE IN CURRENT

am A e e

SKEEF AT IT TILL 68

-

SETESIETESRERLLELRARIRELEINLNL
; JUMF OVER INTERRUPTS
SESILESESEERALABESNILALALILLLIL
s INTERRUFT REDIRECTING

sRST 5.5 NEW IMAGE REGUEST
167G TX

R LRV LRt iRtRtRRtTRREIRILLIRIAE

IV



PAGE

Lot

002F
0034
0033
0036
0039
0039
003C
003D
0040
0042
0043
0044
0045
0046
0047
004A
G04R
0043
0044
0030
0033
0056
0059
003C
003F
0062
0062
0062
0064
0066
0068
(I
005C
006E
0076
0072
0074
0076
0078
0074
007C
007E
0080
0082
0084
0088
0086
008¢
0088
00E9

2

0B

DS
FS
£3c108

47
SAERTE
FEIC
78

s

ES

D5

FS

C36201

2
1

—
<>
oy O ¢

45

I pra B3 N R
[ Bl LS
m oo mm
w <o
TR A R e ]

MM & m m

(=]
m
—
~3

B3R
D333
SE49
D33

SEOGO
033

SETR
D333
3E00
0331
JEQ4
D331
SEBA
D333
JE49

k&4
wd

SEOC

D33z

JELE
3¢

FE

FOX ASSEMBLER B085v)/2

LINE SOURCE STATEMENT

0 N o U el g —

[,
[==]

— e
[ I

k4
>

14

c
o

16
17
18
19
20
21

]
4

23
24

25

26
27
28
25

-
8]

3
A
wi

7
v

-
¥

35
k1
7
38
39

4

84
42
43
44
45
I

-
/

48
45

3¢

INIT:

READY:

ORG
PUSH
PUSH
JNP

ORG
MoV
LDA
CF1
MoV
Ri
PUSH
PUSH
PUSH
JHF

ORG
Lxl
SHLD
SHLD
L3l
SHLD
SHLD

MVl
ot
MVl
gut
Mvi
oyt
M
oyt
BVl
put
BVl
out
BVl
ouT
WVl
oY
MVl
out

Ml
SIHK
El

i34
D
PSH
bout

1C

B,A

INCHEC
i

AR

H

D
PS5
ADIN

#0050

K, ABASE

RASIN
YRIN
4, BRASE
BASGUT
VROUT

A, 83
£, ¥49
§30
A, B00
§20
£, 874
§2
A, 800
3
f, 404
£
A, BBA
§23

A, 149
h, 800

$32

A, HIE
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SOURCE FILE: IMABE

7RST 6.5 REGUEST FOR MORE DATA

;SAVE D,E,A IN CASE INT OCURRS IN FAISET
1]

tPROCESS DATA REQUEST
FRERBBLRRRSLRIRISLELSLLILSILSLLY

;RST 7.5 RANGE SAMPLE INTERRUPT

;SAVE CONTENTS OF ACC.

;CHECK IF FINISHED WITH INPUT

;IF YES THEN NO RANGE SAMPLING

;RESTORE ACC. BITHOUT AFFECTING FLABS

b
+IN CASE DATA TD FIFD IS INT,
+IN CASE DATA TG PHASE SHIFTERS IS INT

$

;PROCESS RANGE SAMPLING

R EPRRI R R LR RS RE SRS REEE:
$MAIN ROUTINE
PREBIRTRALRLRLLERLILLLLRLILLLLLY

;FETCH ABASE ADRESS

1AND ASSIGN AS INPUT PAD

$SET POINTER IN INPUT PAD TO BASE
sASSIGN CUTPUT PAD TO BBASE

iAND INITIALIZE THE POINTER
TELLL]

$SET UP THE THREE COUNTERS
1COUNTER © MODE 5

1PRESET 10 73
+FIRST LSE
s THEN  HSE

1
;COUNTER 1 MODE 5

L
sPRESET TO 1024

!

;
;COUNTER 2 MODE 5

{PRESET 10 73

.
b
]
]

;FINISHED SETTING COURTERS

R PR e st R sttt itsiestitstst:
+READY FOR ACTION!!'!!

;ENABLE ONLY RST S5.% FOR NEW INAGE

Y



PABE

LoC

008A
0088
008B
008D
008F
0092
0095
0098
0099
009C
(009F
0042
00A3
00RE
00A%
0047
00AC
00AE
00B:
00B4
00k4
00B4
00R4
O0RS
00R7
00Be
00R?
(0BE
00RC
00ED
Q0BF
00C¢
00C!
00C2
00C4
00CS
00C7
00C8
00C%
00CH
00CC
00CD
00CF
00D
00D1
00D
0004
00D5
0007
00DB

3

0BJ
16

D338
D333
210008
22ECTE
2REETE
EE
ZAEETE
22E67E
22E3TE
Eb
22E87E
2Z2E17E

JIFF7
e
J2ERTE
J2EETE

7E
JIRRSS

-
k!
&

JE
JIRRIN

2T
£

7E
D330
e

)
7t

T
RIS

nr
AL

JE

k&ts
[EN IS

nT
e

7E
D33
23
7t
p33C

nT
v

7t

Tom
KNS

-
23

-
!

D3iC

LR

sk
L

b

FOX ASSEMBLER 808591/2

LINE SOURCE STATEMENT

{ HLY
2
3 1 out
4 out
3 LxI
& SHLD
7 LHLD
8 XCHE
9 LHLD
10 SHLD
11 SHLD
2 XCHE
13 SHLD
] SHLD
15
16 LXI
17 BVl
18 STA
1§ STh
20
2
22
23 KoV
24 out
5 IRX
26 nov
e DUt
28 INX
29 DV
30 out
S INX
32 nov
33 Ut
34 INX
33 Koy
36 out
37 ILH
38 MDY
35 ouT
40 INX
4! HDV
42 i
43 INY
44 MoV
45 put
46 INX
47 Hov
48 ouT
49 INX
50 Hov

13
§5

wh O

H, $080¢
PHBASE
BASIN

BASOUT
BASIN
YRIN

BASOUT
VROUT

SF, STCK
A d00
10NE
INCHEC

fi

I

(19

$3C

W oy T ok > o th s O we X

X e I

>
oK

H
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Appendix

SOURCE FILE: IMAGE

sWAIT FOR NEW IMAGE REQUEST
1BEFORE TRANSMITTING PULSE
sSEND TX PULSE

;RESET ALL TIMERS

1BASE OF PHASE DATA AT #0800
+T0 PHBASE

:FETCH PREYIOUS INFUT PAD BASE
sKEEF IT IN D,E

sFETCH PREVIOUS CUTPUT PAD BASE
1AND EXCHANGE THEN

sINIT. POINTER IN INFUT PAD
sAND KEEP IN D,E

:DUTPUT PAD POINTER IN H,L

sAND INIT. POINTER

: :
1RESTORE STACK

;
;RESET THE IONE INDEX

Iv

$ANL SET THE FLRE TO ALLOW RANGE SAMPLING

SELELRLRLRELLRERILeRaNesLLL
: TRANSFER 32 BYTES T0 FIFD
+H,L POINT TG DUTPUT PAL
sFETCH OUTPUT DATA BYTE 1

B

SFETCH DUTPUT DATA BYTE
:FETCH OUTPUT DATA BYTE
;

FETCH OUTPUT DATA BYTE

wn

i
;FETCH DUTPUT DATA BYTE
;FETCH QUTPUT LATA BYTE
i

;FETCH OUTPUT DATA BYTE

SFETCH OUTPUT DATA BYTE

i
i
;FETCH QUTPUT DATA BYTE

«
!

)
.

;FETCH DUTPUT DATA BYTE §0



PABE

LocC

0009
00DE
000C
00DD
00DF
O0E0
00E1
Q0EZ
00E4
00ES
00E7
00E2
00E9
O0EB
00EC
00ED
O0EF
Q0F(
00F1
00F3
00F4
Q0FS
00F7
00F B
00F9
00FE
00FC
QOFD
{(0FF
010G
0101
0103
0104
01905
0107
G10E
0109
Ci0R
010C
010D
010F
0110
0111
0113
0114
0115
0117
0118
0119
011B

4

0BJ
D33
23
TE
p33C

nY
LY

Tt

k&l

el
nr
L

7E

Ty
vl

ke

&

7E

/E
330

Y
L

Tt
DIl

nY
ot

-

33C

T
i

7E
D33

nT
L

7E

Kads
Sathe

b k4
AN

7t
B3aC
23
7t
pait

33C

FOX ASSEMBLER 8083vi/2

LINE SOURCE STATEMENT

! out
2 INX
3 HOv
8 out
5 INY
b NOV
7 out
8 INY
g KOV
16 ouT
11 INY
12 MDY
12 out
14 INY
15 NOv
16 out
17 INY
18 MDY
19 ouT
26 IN§
2 MDY
2 ouT
2z Iy
2 HOV
%5 out
2 INY
77 MDY
2 ouT
29 INy
30 MOY
3 out
3 INY
3 MOV
34 0uT
47 INX
3 MDY
37 0uT
3 INg
39 KOV
40 0uT
41 “INX
4z Hev
[ ouT
44 INX
45 i
8 ouT
7 IR
48 HOV
85 ouT
50 INY

AN
$3C

AN
43

AN
$3C

AN

-

Ju

A, M
430

AN

$3C

$30

hH

T5
[

A
13C

fM

T
RIY

f M
i3C
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SOURCE FILE: IMABE

-

i

FETCH QUTPUT DATA BYTE
H
3

FETCH QUTPUT DATA BYTE

3
i
3
i
;FETCH OUTFUT DATA BYTE
;FETCH QUTPUT DATA RYTE
i
j

;FETCH DUTPUT DATA BYTE

3

i
FETCH DUTFUT DATA EYTE

1
;FETCH OUTPUT DATA BYTE

.
H

i
JFETCH QUTPUT DATA BYTE

;FETCH QUTPUT DATA BYTE

T

:FETCH OUTPUT DATA BYTE

an @# mp

FETCH OUTPUT DATA BYIE

;
;FETCH QUTPUT DATA BYTE
FETCH QUTPUT DATA BYTE

FETCH QUTPUT DATA BYTE

R T LI LIRS L e

-

FETCH OUTPUT DATA BYTE

FETCH QUTPUT DATA BYTE

can me ms =e e

Appendix IV



FAGE

Loc

011C
011D
O11F
0120
0121
0123
0124
0125
0127
0128
0129
0128
0126
012D
012F
0130
Gizl
33
0134
G137
0137

0137

0134
013
0138
0158
013B
013E
0140
0143
0145
0145
0145
0147
0144
014k
014C
014F
014F
014F
0152
01355
0156
0159
015A
0158
015C
015F
015F
015F

3

08
7E
D33
23
7€
D33
2
TE
D33
3
7E

33C

17,
&'

TE
D33C
23
L

7t

AT
Muutl

22EL7E

€p2202
DIEC
JAEGTE
D326

3E19
S2EATE
30

Fb
gp2202

21FFFF
JAEATE
A7
CAs5G1
2
70
B4

25201

35000

FOX ARSSEMBLER 80BIV1/2

LINE SDURCE STATEMENT

1

—
L4 B3 — O O o N oW oy

—_ e e

— e
4 o N g

— e
Rl = = Bt

20

o]
L

27

F o4

a3
&

24

14
J

26
7

o]
i

2

30
A
32

o

34

T

2J
36
37

-
3

K
8
41
a2
43
8

c
o

46
47
48
49
30

FAZIT:

DATIN:

TINGUT:
LOOF:

Hov
out
INX
nov
out
INX
Hov
out
INX
Hov
put
INX
MoV
out
INX
KoV
out
INX
SHLD

Myl
Sif
El

CALL
ouT
LD4

ouT

ni
STh
SIH
El
CaLL

LXi
LDA
ANA

7
L

DCX
nov
ORA
JINI

JHP

AN
M
H

A K
13

H
AN
13
H

A M
§3C

H
AN
130
H

AM
130

4
VROUT

A 81D

FAISET
$EQ
BTERF
$20

A, 419
STAT

FAZSET

H, 4FFFF
STAT

A

DATIN

H

Bl

H

LOOP

INIT
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Appendix IV

SOURCE FILE: IWAGE

;FETCH QUTPUT DATA BYTE

-e

FETCH OUTPUT DATA BYTE

FETCH OUTPUT DATA BYTE

2 mp AT ms m g an

sFETCH OUTPUT DATA BYTE 30

an A

FETCH OUTPUT DATA BYTE

-y WR e m®

;OUTFUT DATA RYTE NUMBER 32

; INCREMENT VROUT BEFORE REPLACING
;REFLACE VARIABLE OUTPUT PAD POINTER
{END OF INITIAL DATA TRANSFEK

i
sENABLE RST &.5 FOR DATA REQUEST {1101)

'

H

PRER R R Rt ss R iR s et iRtiny)
;SET UP FIRST SET OF PHASES

1 TRANSFER THE PHASES

;FETCH GAIN BYTE AND TRANGSFER
i
j

;ENABLE DATA REG. AND RANGE SAMPLE INTS. (1001!
1SET PHASE STATUS WORD NOW ZERD

b
sENABLE RST 6.5 ARD 7.5
1START SETTINE UF NEXT PHASES

s

H

(WAIT A LIMITED TIME AFTER PHASE TRANSFER
WHILE CHECKING IF PHASES HAVE BEEN APPLIED
1PHASES ARE AFPLIED EVERY 16 RANGE SAMPLES
: DURING EXECUTION OF SAMFLING ROUTIKE

1
b
:
N
4

éERRDR CONDITION GOTO INIT AND TRY AGAIN



Appendix IV

PABE ¢ FOX ASSEMBLER 80BSV1/2 SOURCE FILE: IMAGE

Lot omJ LINE SOURCE STATEMENT
0162 1 R PR REREREIERERSERES L

0162 ? 1A ROUTINE TO READ THE A/D CONVERTORS
0162 3 sALTERS REGISTERS A B C H L

0162 4 $THIS ROUTINE IS NOT INTERUPTABLE

0162 5 sA/D’s ARE STARTED AFTER BEINS READ
0162 6 s TONE NUMBER 1S DETERMINED AND UPDATED
0162 7 +1F TONE CHANGES THE PHASES ARE APPLIED
0162 8 $STAT 1S SET TO ZERO TO INDICATE THAT NEN
0162 9 i PHASES MAY NOW BE SET UP

0162 10 16AIN TRANSFER FOLLOWS ON PHASES

0162 1 ;

0i2 2AEITE 12 ADIN:  LWLD  VRIN sPOINT TO CURRENT INPUT PAD

0165 010004 13 LXI B, #0400 ;LOAD 1024 TO B,C

0168 DB28 14 IN 428 ~ ;READ REAM SAMPLE

016k 77 5 WOV MR ;STORE IN INPUT PAD

016E 09 g DAD B sMOVE TO NEXT SWATH

0160 DE2S 17 IN O #2 ;READ BEAR 2 SAMPLE

O16E 77 18 MOV M,A :STORE IN INPUT FAD

016F 09 19 DAD B sMOVE TO NEXT SWATH

0§70 DBZA 26 IN yi) sREAD BEAM 3 SAMPLE

0172 77 2 KOV NG sSTORE IN INPUT PAD

0173 09 vyi DAL B +HOVE TO NEXT SHATH

0174 DE2R 2 IN 42 'READ BEAM 4 SAMPLE

0178 77 24 MOV OMA sSTORE IN INPUT PAD

0177 09 25 DAD B sMOVE TO NEXT SWATH

0i78 DBZC 2% N2 sREAD BEAM 5 SAMFLE

0178 77 7 MOV KA sSTORE IN INFUT PAD

0178 28 : -

0178 DI2F 25 T 4 sRETRIGBER THE A/D CONVERTORS

0478 7C 30 KOV A tFETCH HI BYTE OF INPUT POINTER

0f7E D&i0 3 SUI #i0 1SUBTRACT 4096 AND RETURN POINTER

01B0 7 32 MOV H,A ; T0 H,L

0181 23 3 NG H s INCREMENT INPUT POINTER

0182 2%EIE 4 SHLD  VRIN sAND RETURN TO VRIN

0185 35 ;

0185 7D 3 NV AL sDETERNINING NEW ZONE INDEY

0186 E60F 37 CAND #OF sFRON LOK BYTE OF INPUT POINTER

0i88 C2AD03 38 IND O ONEXT sIF NO NEN IONE THEN CONTINUE WITHOUT REFOCUS
0188 39 ;

0i8R 40 ;

0185 2AECTE 41 RCHK:  LWLD  PHEASE tFETCH PREVIOUS BASE OF PHASE DATA
01BE 016400 42 L1 B, 80064 ;

0191 09 42 DD B sADD & 100 BYTE OFFSET FOR NEW IONE
0i92 22ECTE 44 SHLD  PHEASE ;

0195 3RESTE 45 LDA  IONE sFETCH CURRENT IONE INDEX

0198 L4014 46 ADI 40! sAND INCRENENT IT

0194 32ESTE 47 STA  IONE ;

019D FE40 48 CPl  #40 ;IF I0NE No. IS 64 THEW THE IMAGE IS COMFLETE
019F CABS(! 49 J1 INFIN JEXIT INFUT ROUTINE

0152 50 ;

191



PAGE

Loc

01A2
01A2
01R4
0147
01R9
01AA
G1AD
01AD
01AF
0180
0181
0182
0183
0184
0183
0185
0183
01BS
0187
01b8
01EB
(1BE
C1BC
018D
G1BE
01C1
QICs
1219
01C1
01C!
01C1
v1C1
01C1
01C1
GICe
01C3
01C4
01C4
01C7
04C8
01CA
01CB
01CC
04L0
01CF
0100
011
G1b3
01D4
0105

7

ORJ

D3EO
JAEOTE
D320
AF
S2ERTE

3E19
30
Fi
D!
El
FE
ce

JELC
a0

J2EHTE

FB
7
F3

CIBSGE

JECE

.-
ol

2RE1TE
7E

33
FB

7

-

7t
33C

nY
v

7t
D338
23
7t

7Y
PR

1
2

[, Q- Ny |

—pa s e = e
LN g Ll P = S O O O

—_—
o~

—

e = gm T
O N I - =]

R

$u e
O~ en

PHOUT:

NEXT:

INFIN:

DouT:

FOX ASSEMBLER 80BSV1/2

LINE SOURCE STATENENT

0T #E0
LDA  GTEMP
T 420
SRA A

STA  STAT
Wl A,H9
SIM

POF  PSH
POF D

POF H

3

RET

W1 AL
SIN

STA  INCHEC
3

HLT

i)

NP INFIN
W A, 0B
SIN

LHLD  VROUT
MDY AN
Ut #3C
£

INNH

WV AN
DUT  #3C
NG H

KV AN
TR X1
N H

WY AN
ouT 43
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Appendix IV

SOURCE FILE: IMABE

'

}APPLY PHASES

1FETCH BAIN FROM TEMP STORAGE
1REPROGRAN BAIN

'
sSET STAT TO IERD TO INDICATE PHASES APPLIED

iREENABLE RANGE AND DATA INTERRUPTS {(1001)

T

;RETURN TO SETTING UP PHASES

R U823 E88E22220823R R 0022 400 R0 20¢888328R28% 1
;AT END OF SWATH INPUT SERVICE ONLY NEW IMAGE AND
1MORE DATA REBESTS

;ENARBLE ONLY RET 5.5 AND 6.5

H
;SET THE INFUT CHECK FLAD NOW IERC

!

tWAIT FOR INT.

;DISABLE RANGE SAMPLINE OW RETURN

+AND GO WAIT FOR NEW DATA REBUEST

;EXIT ONLY VIA NEW IMABE REQUEST
FEREEReReasaeesitnisiitcstatsinesaiessss
;DATA OUTPUT ROUTINE

R RER AR R238R R R 8RR RRRIRRE3RE224RL
;REGISTERS H L A ARE AFFECTED

+A REQUEST FOR DATA HAS BEEN RECIEVED FRON FIFD
:OUTPUT 20 BYTE OF PREVIOUS IMAGE

;FORMATTING IS PERFORMED HERE

:ENABLE RANGE SAMPLING INT. WITHOUT RESETTING
1BUT ONLY AFTER AT LEAST ONE BYTE IS TRANSFERRED

§SET UF H,L TO POINT TD OUTPUT PAD
+FETCH OUTPUT DATA BYTE |

1y
H
H
.
]

sFETCH OUTPUT DATA BYTE

!

! .
sFETCH OUTPUT DATA BYTE

L

{FETCH OUTPUT DATA BYTE



PAGE

Loc

0107
0108
0109
01DB
01DC
01DD
01DF
01E0
01E1
01E3
01E4
01ES
01E7
01E8
01£9
OiEE
O1EC
GIED
O1EF
QIFC
GiF!
O1F3
01F4
01FS
01F7
01F8
01F9
01FB
04FC
QiFD
O1FF
0206
0201
0203
0204
0205
0207
0208
0209
0208
020C
020D
020F
0210
0211
0213
0214
0215
0217
021

8

0BJ
23
7t
D33C
23
TE
D33C
23
Tt
D33C

73
Lv

TE
IRRH
23
3

T
NI
n7

kot

7E
D3I

%7
-

TE
33C
23

-
I

D33C
23
3
33C
23
7t
D33C
23
JE
330
23
TE
D33C
23
TE
033t

L

7E
D33C
23
3
D33C
23
3
b33
23

22E17E

FOX ASSEMELER 8085vi/2

LINE SOURCE STATEMENT

1 INX
2 KOV
3 ouT
4 INX
5 KoV
6 ouT
7 INX
8 NOY
9 out
10 INX
11 KOV
¥ ouT
13 INX
14 Oy
15 ouT
16 INY
17 i
18 ouT
19 INY
20 oV
21 out
2 INY
23 KOV
24 out
5 INX
26 KoY
77 out
28 INY
29 Hov
30 ouT
3 INX
32 KOy
33 ouT
3 INX
35 NOY
36 ouT
37 INX
38 KoV
39 out
40 INY
41 NOY
42 out
43 INY
44 KoV
45 ouT
4 INX
47 NOV
48 ouT
4 INY
50 SHLD

H
AN
130
H

AN
13
H

A M
§3C
H

AN
13C

$3C

I e I>
[ L“‘I

N -

A e
) x>

I e > g e 3> T e
o - .
o x

YROUT

193

SOURCE FILE: IMAGE

i
$FETCH DUTPUT DATA BYTE
i
i
;FETCH OUTPUT DATA BYTE
i
i

FETCH OUTPUT DATA BYTE

j
;FETCH OUTPUT DATA BYTE

i
;FETCH OUTPUT DATA BYTE

Y

1
-3FETCH QUTFUT DATA BYTE

b

$
+FETCH OUTFUT DATA BYT

FETCH DUTPUT DATR BYTE

;FETCH OUTPUT DATR BYTE

N e MO um WAE mp A% mp

:FETCH OUTPUT DATA BYTE
;
+FETCH OUTPUT DATA BYTE

y

N

sFETCH OUTFUT DATA BYTE
i

éFETCH DUTPUT DATA BYTE
gFETCH OUTPUT DATA BYTE

sFETCH OUTPUT DATA BYTE

’
;FETCH DUTPUT DATA BYTE

j
; INCREMENT AND...

Appendix IV

]

10

20

;REFLACE VARIABLE OUTPUT PAD FOINTER



[ U R S

3R

=4
-3 I
(o]
[ ]

9

0BJ
3EL9
30
Fi
1)
FRB
£e

JAESTE
210069
85
bF
JE
J2E07E

FB

1A
D340

v

1A
D3go
13

14
4
13
1A
D381
17

—

14
D34z
13
1A
D382
13

20

N R B
ol py -

[SS IS IS R R o B 08 )
PN < T '~ T B~ S S

A N AL

o w m A [ I R R ]
S — o O D~ o~ CA o G py

N

L

TN o 2 o B o
S o O~y O Lh

&=

FAISET:

FOX ASSENBLER 8085V1/2

LINE GOURCE STATEMENT

nvi
SIM
pop
POP
El

RET

DI
LHLD
XCHG

LDA
LXI
ADD
NOV
MOV
STh

El

LDAX
out
IRX
LDAz
out
INX

LDAX
oLy
INX
LDAX
put
INX

LDAX
out
INX
LDAX
put
INX

£, 419

PSH
D

PHBASE

10NE
H, BAIN

LA
Ak
BTENF

$40

#8¢
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Appendix IV

SOURCE FILE: IMAGE

sREENABLE DATA REQUESTS AND RANGE SAMPLING

R RER s tiaasiesieissiissitetisaitiyy

‘aE aw ES we WE e A% aw

;THIS ROUTINE SETS UP THE PHAGES

;PRIOR TO THEIR APPLICATION TO THE ARRAY

;A SINGLE GAIN BYTE FOR THE IONE IS FETCHED
tH.L ARE USED BRIEFLY WHILE INTS ARE OFF

:D,E ARE USED THROUBHOUT , MUST NOT BE ALTERRED

-

s INTS ARE DISABLED WHILE THE IONE INDEX IS USED
sFETCH CURRENT BASE ADRESS OF PHASE DATA

H
;D,E NOW POINTS TO THE SET OF PHASES

e e caw

iPOINT TD GAIN BYTE FOR THIS IONE
;FETCH BAIN EYTE
;PLACE IN TEMPORARY STORASE

H
sFINISHED WITH H,L RENABLE INTS.
1START OF TRANSFER

VBEAM | ELT 1

BEAM § ELT 2

BEAM | ELT 3

‘me me BF me ‘RS MR e AT ma wA ue w8 sms e e

-e e au

--



Appendix IV

10 FOX ASSEMBLER 8085V1/2 SOURCE FILE: IMAGE

0BJ LINE SOURCE STATEMENT

1 ;
14 2 LDAY D ;BEAM 1 ELT 4
D343 3 ouT 443 ;
12 4 NN D ;
1A 5 LDAX D ;
0383 6 ouT 483 ;
13 7 NN D ;
8 ;
14 9 LoAx D ;BEAM 1 ELT §
344 10 0UT  #44 ;
13 1 NG D :
14 12 LDAY D :
D384 K OUT  #84 :
13 14 NN D ;
13 H
14 16 LDAX D tBEAR § ELT &
D345 7 oUT 445 o
13 18 Ny :
1% 19 LAY D ;
0385 20 0T #8S ;
12 21 INY D ;
22 :
1A UK LDAS D sBEAM 1 ELT 7
D346 24 0UT  #4e ;
13 25 Ny D :
14 2 LDAY D ;
0386 2 0UT  #86 :
13 2 NG D :
29 H
14 30 DAY D tBEAM 1 ELT 8
D47 3 ‘ CUT  #47 ;
12 32 NG D :
14 33 LDAY D ;
D387 4 oUT 487 :
13 35 ING D :
36 H
14 37 LDAY D ;BEAM 1 ELT 9
0348 38 0T 448 :
13 39 NN D ;
14 40 LDAY D ;
388 41 ouT 488 ;
13 42 iNy D ;
14 44 (oA D sBEAM { ELT 10
D349 45 oUT 849 :
K 46 N D ;
14 47 LDAX D :
D389 48 0UT  #89 ;
K 3 Ny D ;
50 $E883888880048  NEXT BEAM
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PR

PAGE

Loc

0284
0285
0287
0288
0289
0288
028C
028C
028D
028F
0290
0291
0293
0294
0294
0295
0297
0298
0299
(298
029¢C
029C
0290
029F
0240
0281
02A3
02R4
(ZR4
0245
0247
(ZAB
0ZA9
024K
02AC
02AC
02AD
02ZAF
0280
02R1
0283
0254
0204
0285
02R7
0288
0289
(0ZBB
0ZEC
028C

i1

08J
1A
D344
13
1A
D384

13

1A
D34K
13
1A
D38E

T
N

14
D34C
13
1A
D38C

13

1A
034D
13
1A
D3BD
13

14
D34E
13
1A
D38E

13

1A
D34F
13
1A
D3BF
13

14
350
1A
D3%¢
13

1A

FOX ASSEMBLER B0BSV1/2

LINE SOURCE STATEMENT

1

—
o 0 o~ o N e NN

. = b aa e
[= SN A B S N I O R

4

—
0 m -~

20
21
22

2T
i3

24

c
o

26
27
28
29
30
i

T
vi

k&4
[N

34
35
36
37

-
o

39
40
41

43
44

[
s

46
47
48
49
S0

LDAX D
OUT  #4A
INN D
LDAX D
DUT  #BA
INN D
LDAX D
OUT  #4K
INN D
Lbax D
1T} S 11
NN D
LDAX D
OUT  #4C
INN D
LDAY D
OUT  #8C
INN D
LDAX D
OUT  #4D
INN D
LDAX D
OUT 48D
NN D
LDAY D
ouT  $4E
IRy D
LDAY D
OUT  #BE
INN D
LDAx D
OUT  #4F
INN D
Lbax D
OUT  #8F
INX

LDAY D
oUT  #5¢0
NN D
LDAX D
ouT  #90
NN D
LDAX D

196

SOURCE FILE: IMAGE

;BEAM 2 ELT |

BEAM 2 ELT 2

ae mS lae MR 4e 'AS ae Ae e A" a

+BEAM 2 ELT

Cd

sBEAM 2 ELT 4

o« ..
o
m
I
b= 4
[S%]
m
(A
—d
wn

sBEAN 2 ELT ¢

an my mn mw

TBEAN 2 ELT 7

.
H

Appendix IV



Appendix IV

PABE 12 FOY ASSEMBLER BOBSV1/2 SOURCE FILE: IMAGE

LOC O0BJ  LINE SOURCE STATEMENT

028D D351 g T T ;

028F 13 2 NG D ;

0200 1A 3 LDAX D ;

02C1 D391 3 TR LT ;

0263 13 5 NN D :

02C4 b :

02C4 1A 7 LOAY D ;BEAM 2 ELT 9
0265 D352 8 owr 452 ;

0207 13 9 INN D :

0208 1A 10 LDAX © ;

0269 D392 1 0T 492 ;

02CR 13 12 WD ;

02CC 13 ;

02CC 14 14 LDAX D SBEAM 2 ELT 10
026D D357 15 Ut #53 ;

02CF 13 16 NN D :
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APPENDIX VI

The paper reproduced on the following pages describes
the status of this project in early 1983 after the

preliminary design phase.

The paper appears in:

"Acoustics and the Sea-Bed",

Proceedings of an Institute of Acoustics,
Underwater Acoustics Group Conference,
Edited by N.G. Pace,

Bath University Press,

Bath, U.K., (1983).
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Electronically Focussed, Multibeam Side Scan Sonar

P. A. Fox.P. N. Denbigh
University of Cape Town. South Africa)

SUMMARY

The system constraints of a high resolution electronically focussed sidescan
sonar are discussed. A design is described which provides a good compromise in
terms of resolution and signal processing complexity. The necessary phase
shifting is obtained using programmable gain amplifiers under microprocessor
control.

INTRODUCTION

In side scan sonar systems the factor determining the operating frequency is
the required maximum operating range. This paper describes a sidescan sonar
aimed at an operating range of 150 meters. A system calculation (Denbigh and
Flemming, 1982) using appropriate source levels, figures for sound attenuation,
backscattering strengths, etc. show that a suitable operating frequency is 320
kHz. Having determined the operating frequency the resclution is determined by
the length of the transducer. For a line socurce of length D meters, and a
wavelength of * meters, the beam diverses with an angle of A/p radians
(Macovski, 1979). Increasing D will lead to a decrease in beamwidth and a
corresponding improvement in along-track resolution. Unfortunately the resolu-
tion in the near-field of a transducer array is approximately equal to its own
length. Since the near-field extends to a range (Macovski, 1979) of D*/ ) it
is apparent that the resolution cannot be arbitrarily increased unless the trans-
ducer is focussed. See Fig. 1.

For a 1 meter transducer, operating at 320 kHz, the nearfield extends to over
200 meters. In order to realise the available resolution of such a transducer
over an operating range of 10-150 meters, it is necessary to focus the trans-
ducer onto the point to be imaged. The realization of an imaging system with an
along-track resolution of approximately 0.2 meters is not without problems.
Since the imaging must be performed out to a maximum range of 150 meters, and
the corresponding two way propagation delay of an ultrasonic pulse in water is
200 ms, it follows that a single swath can only be imaged every 200 ms in order
to avoid range ambiguities. This constrains the maximum towing speed of the
‘fish' bearing the transducer to 0.2 meters in 200 ms, or 1 meters per second.
This is considered to be too slow.

The focussing of a transducer array is achieved by dividing a transducer into
an array of smaller transducers, and then applying a phase shift to the indivi-
dual elements which varies quadratically over the length of the array. This
realization leads to the possibility of steering the beam by applying, over and
above the quadratic phase shift, a linear phase shift. Multiple non-overlapping
beams can easily be realized by forming a number of beams, focussed at the same
range, but having different linear phase shifts so as to image adjacent swaths.
By imaging 5 adjacent swaths simultaneocusly, the imaging rate increases from
0.2m in 200 ms to 1 m in 200 ms, or 5 meters per second. See Fig. 2.
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The focussing and steering of a multibeam array in real time is a task well
suited for a microprocessor. To this end a sidescan sonar is currently under con-
struction. This uses a 1 meter long ten element transducer array, in conjunc-
tion with a bank of digitally controlled phase shifters and a microprocessor, to
realize a dynamically focussed and steered transducer array forming 5 similtane-
ous beams. '

TRANSDUCER ARRAY

The transducer is a contiguous array of ten elements, each 10 cm in length.
For each element the radiated beam (or equivalently the beam of sensitivity) has,
to a first approximation a constant beamwvidth of 10 cm in the near field, i.e.
to a range of 8 meters. Beyond this range the beam associated with each indi-
vidual element diverges with an angle of @ = 0.047 radians.

Focussing and beam steering with N elements can only be achieved in that
zone in which the N elements have beams that overlap. This is illustrated in
Fig. 3 for the case of three elements.
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Fig. 3 shows two image points or pixels which lie on the same swath but at

different ranges R o and R,. It is clear from the diagram that an echo
from the pixel at range R, 1s only received by the transducer element labelled
1 . An echo from a pixel at range R, , well within the 3 dB beamwidths of

all three elements, will provide approximately equal amplitude signals from each
of the three elements. These signals will only differ in phase. By applying
the correct phase shifts to the received signals they can be made to add in
phase, thus realizing a focussed, steered beam. (See appendix A for further
details). ‘ : :

It is apparent fram the above discussion that not all the elements in a ten
element array are useful in imaging at short ranges. Therefore, for each of the
beans formed, the number of elements should be made to progressively increase
with range, commencing with only one element at very short range, and increasing
to the use of all ten elements at maximum range. In order to focus an array, a
minimum of three elements are necessary. Two element arrays may be steered but
not focussed. It follows that at those ranges where two elements are used, the
best resolution obtainable corresponds to the near-field resolution of an un-
focussed linear array two elements long. The near-field resolution of a two
element array is the length of two elements, or 20 cm, in the system under
construction. The along-track resolution thus varies from one element length
at short ranges where only one element is used, to two element lengths at
slightly greater ranges. Beyond the near field distance associated with a two
element array, at ranges where the beams of N elements overlap, the optimum
resolution becames that of a focussed array N elements in length. At 150
meters this corresponds to the product of range and far-field beamwidth. This
1s 0.7 meters for a 1 meter array operating at 320 kHz. It is interesting to
note that if the array length were increased to 2 meters, comprised of ten
elements of 20 cm, the resolution at 150 meters would be improved to 0.35 m.
However, at those lesser ranges where two elements only are used, the resolution
would equal two element lengths which would now be 40 cm. For a ten channel
processor the 1 m array is considered to provide the more attractive system.

The procedure used to determine the number of active elements for a given
range is outlined in Appendix B. The results are shown in Table 1.

TABLE 1

RANGE NO. OF ELEMENTS ACTIVE ARRAY LENGTH RESOLUTION
10~14 meters 3 0.3 meters 0.14-0.25 meters
14-17 4 0.4 0.17-0.22

17-25 5 0.5 0.18-0.22

25-31 6 0.6 0.18-0.20

31-34 7 0.7 0.17-0.21

34-37 8 0.8 ' 0.18-0.21

37-44 9 0.9 0.18-0.21
44~150 10 1.0 0.19-0.70

348



Appendix VI

Fig. 4a. Fig. 4b.
FIELD INTENSITY OF FOCUSSED TRANSQUCER FIELD INTENSITY OF FOCUSSED TRANSDUCER

A three dimensional plot of the radiation pattern of the array described

above is shown in Fig. 4a, while contours of constant field intensity are shown
in 4b.

PROGRAMMABLE PHASE SHIFTERS

The phase and amplitude of each element is controlled by passing the received
signal from the element through a programmable phase shifter, which has been
designed in such a way as to make amplitude control possible. A block diagram
of a single phase shifter is shown in Fig. 5. '

cosiwt+al Programmable Acos|wt+ajcosb
gain amptlifier

cosi{wt+al

Fixed o
———ﬁph.ase 90

shift

—»{ P.G.A. >—
sin{wt+aj
( Apress Bus (" DpATA BUS {

Fig.5.
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The phase and amplitude control is achieved by passing the signal, say
oos(wt+a), through a 90 degree phase shifter, so as to obtain the quadrature
signals, cos(ut+a) and sin(wt+a). These signals are then passed through two
programmable gain amplifiers. The cos term is multiplied by Acos(b) and the
sin term by Asin (b). These two gain constants are read from a lookup table by
the microprocessor and outputted to the amplifiers. The two scaled quadrature
signals are then added, the result being

Acos (nwt+a) cos (b) +Asin (wt+a) sin (b)
or A cos(ut+a+b) .

The multiplying constants are quantized into two 8-bit bytes. At unity gain the
phase resolution is optimum and one degree phase increments are readily obtained.
The phase resolution decreases with decreasing gain. This is not, however, a
problem since the contribution of an element with less gain is smaller, thus
allowing less need for an accurate phase shifter. A photograph of the completed
phase shifter is shown in Fig. 6.

MULTIPLE BEAM FORMATION

As mentioned in the introduction, the achievement of high resclution, and
the constraints of towing speeds necessitates the formation of multiple beams.
By imaging 5 swaths simultaneously a 5 times increase in towing speed is
achieved. The required hardware for the formation of these multiple beams is
shown in Fig. 7.

The focussing and steering of a single beam synthesized with a ten element
array requires ten phase shifters. To focus and steer 5 beams requires 50
phase shifters.
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TOWING SPEED VARIATIONS

The use of a microprocessor for setting up the required phases has the
advantage of flexibility. This is used to great advantage in dealing with
variations in towing speed. Consider the problem of the array being towed at
twice the design speed. In this case the array moves 2 meters between trans-
mitted pulses. Since the imaged swath is only 1 meter wide, it follows that
there will be 1 meter wide gaps in the image. This is considered to be
unacceptable. If a higher imaging rate is required, resolution must be
sacrificed in the interests of obtaining an image of contiguous swaths. This
is achieved by having a number of lookup tables of focus and steer data, one
for each range of towing velocity. At the larger towing speeds the beams are
defocussed (i.e. the swaths become wider) and steered to image more widely
separated swaths. This is illustrated in Fig. 8a and 8b for towing speeds of
5 and 10 m/s respectively. A similar problem exists when the array is towed
slower than 5 m/s. In this case the beams are steered inward without
defocussing, so as to image a smaller total along-track swath with each pulse.
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IMAGE STORAGE AND DISPLAY

After the 5 beams have been formed in the summing amplifiers shown in Fig. 7
the resulting signals are passed through an A.G.C. network to a sample-and-hold
amplifier and thence to an analog~to-digital converter. The digitized image of
the 5 swaths is then stored in a random access menmory. It is desirable for
standardization purposes to have the image available in a format compatible with
a chart recorder.

A standard chart recorder forms an image line by line. The multi-beam
imaging process, on the other hand, forms the image 5 lines at a time. It is
thus necessary to store the image in one 'page' of random access memory while
it is being formed. When the image of the 5 swaths is complete, it is trans-
ferred to an output buffer, from which the pixels are read out in order of
increasing range, line by line. The 8-bit words, corresponding to the echo
intensity at that pixel, are read into a digital-to-analog converter and the
resulting analog levels are then used to intensity modulate the chart recorder.
Thus the image is formed a negligible 150 ms, later than real time.

MICROPROCESSOR SYSTEM

The required phase shifts for each pixel are stored in a read only memory
(or lookup table), where they are accessed by the microprocessor and placed in
temporary latches. The temporary latches are required in order that the phase
shifts are applied simultaneously to all elements. Since each phase shifter
requires two bytes, it follows that the setting up of 50 phase shifts requires
the microprocessor to access and output 100 bytes. The access and output of
a single byte takes over 7 microseconds. Thus over 700 microseconds are
required to set up all the phase shifters for a given range.. Fortunately the
depth of field of the focussed beam is significantly greater than a single
range cell and focussing thus does not have to be updated for every range cell.
While the image is being formed over a number of range cells, the data required
for focussing is placed in the temporary latches. As soon as the 100 bytes
have been read out a single command transfers the data to the programmable gain
amplifiers in the phase shifters, thus achieving an instantaneous change of
focussing and steering.

In summary then, the total system comprises the following subsystems:
1. Microprocessor 6. One D/A for image output
2. Two pages of random access memory 7. Transducer array of ten, 10

cm elements
3. A lookup table of focus and steer

data for each towing speed 8. Transmitter
4. 50 phase shifters ' 9. A towed 'fish' bearing the
array.

5. 5 suming amplifiers and A/D
converters

215



Appendix VI

The system configuration is shown below in Fig. 9.

Summing Amplifiers

5x A.G.C. C.PU.
A/D Converters OUTPUT 8085
4x8 Page ROMs Serial _1/0
M /
N iRA %\ ]
SSSINUVGHSGE Rack no. 6
- YVVVvVv VvV
NN N A
994 VY yvy Bus
9%%%%%%%% kB\Bmm
V V 4 -
50 Phase Shifters y 1
24999999999
%%%%%%%%%2%Z RV
VYV VYV VYV VY, Rack no.1
%%%5%59%% e e
Each rack holds 13 1cards 13
Fig.9.
APPENDIX A: Consider the gecmetry in Fig. 1. A monopole source at position
(u,0) has a radial velocity S(u) at its surface. It sets up
a pressure plv,z) on a plane at range 2z meters.
1] ' v

A

(up)

v
[

Fig.l.
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Appendix VI

The resulting pressure at (v,z) is related to the source through an ampli-
tude term that varies as 1/r and a phase term that varies as

exp(=jfv (v-u)?+z? )

Thus (Clay and Medwin, 1977) T )

p(v,z)%s (u)exp (~-3j8v

Assuming that the '/Tr term varies significantly more slowly with r than the

phase term the approximation
p(v,z)=k,S(u)exp(-3jRY/ (v=u)2+z? )

can be made on the plane of interest.
The field of a continuous array is described by an integral over the source

P‘vrz>=k1/s () exp (360 TR 7727y

-ad

For an array of N point sources with spacing U the resulting field is
described by .
p(v,z)=k-LS (mAu) exp (-jRY (v=mbu) 2 +z2 )

The required phases for focussing an array are found by setting Au =4
where d is the element spacing and N is thus the number of elements.
S(md) is then determined such that the sum above is a maximum. The result is

S(md) =exp (+3j8v (v-md)2+z? )
A table of S(md) for the points (v,z) is stored in the ROM.

APPENDIX B: Having determined the phases required for focussing for various
values of N (from N=3 elements to N=10) the field intensities are calculated
for ranges from 10 to 150 m.

The contour lines of field intensity are plotted and the 0,2 meter wide
swath is drawn in. The technique of selecting the number of elements is to use
the minimum number of elements consistent with the -3dB intensity lying within
a 0.2 metre swath. The three element array is found to be useful over the
range from 10 to 14 meters at which point the -3dB contours diverge out of the
0,2 m swath. At this stage another element is introduced and the -3dB contours
are found to remain within the desired limits until a range of 17 meters.

This procedure is adopted until all 10 elements are being used. '
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