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Abstract

The visual range of a diver can be limited to a few metres in turbid water, but if an
imaging system were to use sound, rather than light, to produce a real-time image, a
visual representation of objects, at a greater range, could be achieved.

An underwater, ultrasonic, imaging device has been constructed which operates at an
acoustic frequency of 1MHz, and uses a 49 element receiver array to produce an
image. A 100mm diameter, perspex, acoustic lens has been designed, with a focal
length of 150mm, and used to focus acoustic reflections onto the receiver array. The
reflections from objects in the system’s field of view, are initiated by a single
transmitter.

The device uses a time-of-flight technique to calculate the range for each receiver
element, and the final image, which is displayed on a PC monitor, consists of an array

of these ranges, which are emphasized by a pseudo 3d representation.
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Chapter 1 Introduction

1. Introduction

1.1 The Incentive for an Acoustic Imaging System

The attenuation of visible light, in clear sea water, is small in comparison to most
other electromagnetic frequencies, as shown in Fig. 1.1. The minimum attenuation
occurs for wavelengths between 480nm and 580nm, which corresponds to the green-

blue region of the visible spectrum[1.1].

Visible

Y —rays X—-rays uv Light ir microwaves radio waves
e .._:4 ale alle ale ale

1€ > P P > P

10 / /\
10 / \ \/\\
S 8 e
10’ / \

0 « \
10 \
10" \

=11 ~10 -8 -8 2 4 8

10" 0" 10" 10 10 10" 1 4 10 10
Wavelength (m)

y

Attenuation (dB m™)

Fig. 1.1: Graph of the Attenuation of EMF in Water
Under these conditions, visible ranges of 100m are possible, but the presence of
suspended matter in the water, leads to additional attenuation, through absorption and
scattering, and this can limit ranges to a few metres. The photograph, in Fig. 1.2, was

supplied by the D.R.A. (Defence Research Agency), and shows how the vision of a
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Chapter | Introduction

diver can be reduced in this way. The tethered, concrete-filled mine, shown in the

photograph, is 2m long and has a diameter of 0.6m.

Fig. 1.2: An Underwater Photograph of a MK14 Dummy Mine

It may be seen from the ranges which can be achieved with sonar devices, that sound
can travel much greater distances, in water, than is possible with light. Therefore, if an
acoustic device could produce a real-time image,-at an improved range, and with a
useful resolution, it would provide a diver, or the operator of a remotely controlled
submersible, with important additional information.

The purpose of this project was to develop an acoustic imaging system, which would
be small enough to be attached to a diver’s helmet. This would ensure that the device
would always point in the direction the diver was facing, and that the diver’s hands
would be free from encumbrance.

Although much work has been done on acoustic imaging, it has largely been in the

field of medical scanning[1.2] and in non-destructive testing.

S.R.Wylie Page 2



Chapter 1 Introduction

1.2 Image Production using Light or Sound

Conventional cameras require light from an object, to form an image, and although
this may be generated by the object itself, it will generally occur as a result of sunlight,
or light from an artificial source, being reflected at the surface of the object. There is
no sunlight analogy in acoustics, and as objects will rarely generate sound, particularly
at a suitable frequency, an acoustic imaging device will require a dedicated sound

transmitter to initiate object reflections.

1.2.1 Specular and Diffuse Reflection [1.3]

There are two distinct types of reflection, specular and diffuse. Specular reflection,
which is represented in Fig. 1.3(i), is characteristic of smooth surfaces, and the waves
which strike such a surface, will be reflected in a predictable and consistent manner.
Diffuse reflection, shown in Fig. 1.3(ii), occurs at rough surfaces, which scatter the
waves in all directions, and it is this property which enables the surface of objects to

to be seen.

p\v 4

() (if)

Fig. 1.3: Specular and Diffuse Reflection
In both cases, at each point on the surface, the law of reflection is obeyed, and the
angle of incidence is equal to the angle of reflection. The two forms of reflection are

the extreme cases and the reflective properties of materials can range between the two.
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The smoothness of a surface is a subjective characteristic, and is determined by the
wavelength of the incident signal. If the dimensions of the surface finish are small in
comparison to the wavelength, then specular reflection will predominate, if these
dimensions are large in comparison to the wavelength, then it will be diffuse

reflection that is predominant.

1.2.2 Resolution

Both light and sound travel in waves. Light propagates in transverse waves, whilst
sound propagates, principally, in longitudinal waves. The wavelength of visible light
ranges from 390nm (violet) to 780nm (red), in vacuum, and it will become apparent in
subsequent chapters, that, for an acoustic imaging device to compete with a
conventional camera, in terms of resolution, a comparable wavelength is required. For
an acoustic signal to produce such wavelengths in water, however, would require
frequencies in the range of 1.9GHz to 3.8GHz. It was for this reason that
S.J.Sokolov[1.4], who worked in the field of ultrasonic imaging during the first half of
this century, proposed an acoustic microscope which was to operate at a frequency of
3GHz. The impracticalities of such a high frequency, however, prevented Sokolov
from realizing his design. Apart from the problems with the construction of such a
device, the absorption losses which occur in water, at these frequencies, would

prevent an acoustic camera achieving a useful range.

1.2.3 3d Imaging and Object Recognition
Although acoustic camera resolutions will never be as high as are possible with
visible light, they can make use of a further advantage over conventional cameras, and

this is the ability to produce 3-dimensional images. A monochrome image formed by a

S.R.Wylie Page 4



Chapter 1 Introduction

conventional camera, is essentially a 2-dimensional array of light intensies, and, whilst
acoustic imaging devices can also produce amplitude dependent images, if the range
to objects in the device’s field of view is measured, this additional dimension, rather

than the signal amplitude, can be used to form the image.

1.2.4 Range Measurement

Light travels in water at a velocity of 2.2x10°ms™, but the longitudinal velocity of
sound in fresh water (20°C) is 1481ms™ [1.5], so although the ranging methods
described in this section, can equally be applied to light, the far slower sound waves
are much more readily measured over the distances in question.

All the ranging methods described here, rely either directly, or indirectly, on the prior

knowledge of the speed of sound, in the particular medium

1.2.4.1 Phase Difference

By using a continuous signal, it is possible to calculate the distance a wave has
travelled, by comparing the phase of the transmitted signal, with that of the received

signal.

Time Delay Time Delay

Transmitted I‘—_ ﬁ‘ l(_
S T S

L Period J

r " e3> Time

Fig. 1.4: Range Calculation using Phase Difference
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The received signal, as shown in Fig. 1.4, will lag the transmitted signal, by an
amount, which is dependent on the time taken, for the signal to travel between the
transmitter and receiver. To produce a unique range solution, the wavelength must be
larger than the total distance travelled, as there is no way of detecting the presence of
whole periods in the lag time. The wavelength requirements for optimum image
resolution and for this ranging technique are therefore incompatible, but this problem
can be addressed by amplitude modulating the higher frequency, needed for

resolution, with the much lower ranging frequency.

The advantage of using a continuous waveform, is that there is a continuous input to
the receiver, from which the range can be calculated, without a delay occurring. The
disadvantage, is that a 180° phase shift can occur when waves are reflected. This shift
is dependent on the reflective properties of the object and so cannot be predicted or

corrected by the device.

1.2.4.2 Time-of-Flight

Measurement of the time-of-flight is probably the most straightforward ranging
method, and the principle is shown in Fig. 1.5. At the start of each range cycle, the
transmitter emits an acoustic pulse and simultaneously starts a counter. When the
pulse is detected by the receiver, the counter is stopped and the total distance travelled
can be calculated, by multiplying the time taken, by the speed of sound in the medium.

The object range is equal to half the total distance travelled.

S.R.Wylie Page 6
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Time

Pulse |
Received

Round Pulse
Trip Reaches Object
Time Object

Pulse
Transmitted = Distance

I
Camera Object Distance
Position

je——— Range ———>]

Fig. 1.5: Space-Time Diagram

In many applications, including medical ultrasonic imaging, short transmission pulses
are preferred. This enables multiple, distinct reflections to be detected, from
successive object layers, by a single receiver. The pulse width will be less critical, in
the proposed acoustic device, as its primary function will be to display just the closest

surface.

The main disadvantage with the time-of-flight method, is that there is a delay while

the measurement is taken, and this will limit the frame rate of the imaging device.

1.2.4.3 Frequency Modulation [1.6]

This is another continuous wave method, but this uses a linear, ramping voltage to
modulate the output frequency. By comparing the received frequency with the current
transmitter frequency, the time which has elapsed can be found, and the range can be

calculated.
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Frequency/Voltage

A
-1 )
) - |
- | s |
4 l g [
i | i |
i //
- 4 ~ /,
- L L” 5 Time
—= e— N » | | &

Time Delay L. o

Ambiguity Ambiguity

Transmitted Signal

————————— Received Signal

Fig. 1.6: Ranging using a Frequency Modulated Signal

Again, as this method uses a continuous output, there will be no time delay in
acquiring a range measurement, but, unlike the phase method, the frequency of the

carrier does not affect the ranging and it can be optimised for resolution.

This ranging method may appear to be ideal, but there are some inherent problems.
The first problem occurs because the ramp voltage cannot increase indefinitely, but
must have a finite amplitude, and therefore be periodic, as shown in Fig. 1.6. During
the ramp section of the cycle, the voltage which represents the received signal
frequency, can be subtracted from the voltage which represents the transmitted signal,
and the correct range can be calculated. When the maximum of the ramp is reached,
however, the voltage will not return to the minimum value instantaneously, but will
take a finite time. Errors will occur, as indicated by the circles in Fig. 1.6, if range
measurements are taken during this interval. The same problem will arise when the

demodulated receiver voltage returns to its minimum value, so range measurements
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must be interrupted once the transmitted signal reaches its maximum value, and not

recommenced until the time representing the maximum range has elapsed.

The other disadvantage with a modulating frequency, is that it requires the transmitter
and receiver to operate over a range of frequencies, around their resonant peak. It is
therefore limited to a short bandwidth, if efficiency is not to be compromised. As a
result, small changes in frequency will be used to represent significant changes in
range, and unless the imaging device and the object are stationary, errors may occur
because of Doppler shifts. If the relative motion between the diver and an object is
1.5ms™, for example, for a IMHz signal, then the returned frequency will have an

additional 1kHz shift.

1.2.5 Object Recognition using Range

Although the production of acoustic images which are based on range, rather than
amplitude, may be considered to be an unnecessary complication of the imaging
system’s design, in terms of object and feature discrimination, it is an important aid.
The lower resolutions, coupled with frequency-independent reflections, mean that the
texture and colour, which can be used for object discrimination in vision, are not
contained in an acoustic image. Object recognition must, therefore, be performed
using the spacial information, from the 2-dimensional receiver, and either the

amplitude or the range.
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Object 1

Object 2

Image (a) Image (b)

% 4
O\\

Fig. 1.7: Object Recognition using Range

It can be seen from Fig. 1.7, that the range is a more reliable source of information
than the amplitude, as it is not dependent on the reflective properties of an object. For
the two objects shown the diagram, it is quite possible that both could produce very
similar amplitudes at the receiver. This would result in an image resembling Image(a),
which appears to show a single object. If a range image is displayed, however, an
output, similar to Image(b) would be obtained, which does suggest the presence of
two objects.

The inclusion of range information in an acoustic image is very important, therefore,

if images are to be correctly interpreted.

1.2.6 Frame Rates
If an acoustic camera is to compensate for the reduced visibility of a diver, it must
produce continuously updated images. The minimum frame rate for conventional

cameras is 20 frames per second, which is fast enough for the human eye to believe a
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continuous image is being produced, and a similar rate is ideally required for acoustic
imaging.

Such a device, however, will have to overcome additional delays, which will occur
due to the speed of sound. For an object at a distance of 10m, for instance, the round
trip time will be 90.9x10™s for light, compared to 13.5x107s for sound. Even when
using a continuous wave ranging technique, if the camera is panned, this delay will
occur before a new image can be formed. As a singular delay, this will be
imperceivable to the operator, but if multiple delays occur as the image is built up, the
refresh rate of the imaging device may be compromised.

A further advantage of producing a continuous image, is that the observer is able to
reject spurious points which can appear across the image, by way of visual averaging,
which is a normal physiological response[1.7].

The frame rate will be most important when the object is moving with respect to the
camera. For correct imaging, the capture time must be fast, compared to the
movement, if the direction of the movement is to be correctly determined by the

operator.

1.3 Existing Underwater Acoustic Imaging Devices

Several techniques have been successfully used, to detect acoustic waves underwater,
and to produce acoustic images. These methods include: the piezoelectric effect,
which is used in Sokolov’s image converter, the detection of changes in mechanical
alignment, as used in the Pohlman cell, and the detection of optical refractive index

variations, which occurs in Bragg diffraction.
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1.3.1 The Pohlman Cell [1.8]

The Pohlman Cell, was designed in 1937, and was the first successful acousto-optical
converter. It consisted of a xylene-filled chamber in which tiny flakes of aluminium,
between 10um and 20pum in diameter, were suspended, as shown in Fig. 1.8. The
orientation of the flakes was changed, when the cell was subjected to an acoustic
wave, and, if the cell was illuminated by a parallel beam of light, an optical image of

the wave front could be obtained.
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Fig. 1.8: A Pohlman Cell
The disadvantages with this method, were that a high intensity ultrasonic beam was

required to rotate the flakes, and the formation of the image took several seconds.

1.3.2 Sokolov Image Converter

It was after the Pohlman cell, that the Russian scientist S. J. Sokolov, proposed his
3GHz acoustic microscope, and although it was never built, the principle proved to be
realistic at a few megahertz, and much work was done, in the intervening years, on

systems based upon his design[1.9][1.10]. The device, which became known as the
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Sokolov Tube, is shown in Fig. 1.9, and consists of a quartz crystal and an evacuated
glass casing, containing an electron gun and an electron multiplier. When the quartz
plate is subjected to an acoustic signal, it produces a corresponding electric charge
across its surface. According to J.L. Dubois [1.11], the high mechanical Q of the
piezoelectric crystal, means that regions, which are separated by at least A/2, are

mechanically decoupled, and can therefore produce different charges.

Electron
Multiplier

&

Secondary
Electrons

Electron

Gun Piezoelectric

Plate

| —=
J Primary

Electrons

VACUUM

Fig. 1.9: Sokolov's Tube

As the electron beam strikes the back of the quartz plate, secondary electrons are
emitted, and these are collected by the electron multiplier. The ratio of secondary
electrons to primary electrons, changes according to the charge distribution on the
crystal surface, and so is modulated in response to the acoustic signal. The output
from the electron multiplier is then used, via a video amplifier, to produce a visual
image on a monitor.

The main disadvantage with this method, is that these devices, being evacuated, are
not particularly rugged, and have a tendency to implode because of the water pressure
[1.12]. For this reason, and because of the high voltage which is required by the

electron gun and multiplier, these devices have been limited to use with water tanks
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and are mounted externally, with the just the surface of the piezoelectric plate making

contact with the water.

1.3.3 Bragg Diffraction [1.13]

When an acoustic wave propagates through a transparent liquid, the compressions and
rarefactions produce a periodic variation in the optical refractive index. If
monochromatic light is transmitted through the liquid, at right-angles to the direction
of progagation of the acoustic wave, these variations produce a transmission phase
grating, which causes the light to be diffracted. The wavelength of the acoustic signal
determines the grating separation, and although the grating is actually moving at the
speed of sound, in comparison to the speed of light, it is effectively stationary.

If an object is placed between the acoustic transmitter and a converging beam of light,
the sound beyond the object is scattered and the diffraction of the light is altered. The
diffracted light can be focused on to a screen or a camera, thus enabling an optical
image of the object to be produced.

All these techniques were developed to produce acoustic images of objects under
controlled condition which could be applied in non-destructive testing, such as the
ability to place objects in a desired position and to transmit sound from behind the
object. Of these approaches, the Sokolov tube is the closest to a practical solution for
imaging in open water, with its use of a piezoelectric receiver, although the electron

scanning technique must be replaced by a more rugged design.

1.4 Conclusion

If the visibility underwater is poor, a diver would benefit from the additional

information that an acoustic imaging device could provide. Ideally, the wavelength
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used by such a device, would be at least as small as the wavelengths of visible light.
This would ensure that the effects of diffraction would be minimal, and would allow
the acoustic camera to achieve similar resolutions to those of conventional cameras.
The absorption of acoustic waves, however, increases with frequency, so if the range
of the camera is not to be seriously reduced, a compromise frequency must be used.

A consequence of employing a longer wavelength, is that many objects will have
smooth surfaces, in comparison to the wavelength, and specular reflections will be
produced. These will lead to large directional signals being received, but only when
the positioning of the transmitter and receiver is correct.

By employing range, which is relatively straightfoward to measure, rather than
amplitude, to create the acoustic image, a less ambiguous picture can be presented to
the diver.

Just as with a conventional camera, if a clear image is to be produced, a lens or other
focusing device, will be required.

And finally, the acoustic imaging system should be small enough to attach to a diver’s

helmet.
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2. Sound Theory

2.1 Introduction

If an underwater acoustic imaging device is to be designed, it is essential to
understand the fundamental properties of sound. This must include a knowledge of
how sound propagates in water and of the conditions which govern its reflection and
transmission. It will be necessary to understand how sound waves can be refracted, if
an acoustic lens is to be designed, and an appreciation of the diffraction which will
occur at ultrasonic transducers and at a lens, or focusing reflector, will be required.
The properties of stationary waves will also be described, as these are an important

part of acoustic transducer design.

2.2 Sound Waves

Sound waves occur as a result of a mechanical disturbance within a medium. With the
exception of shock waves and other high energy waves, the strain caused by sound
waves will not exceed the elastic limit of the medium and Hooke’s law will apply.
The remainder of this chapter will concentrate on these elastic sound waves, as the
acoustic signals which will be used by the acoustic camera, will be of this type.
According to Tucker and Gazey[2.1], the power levels used by sonar systems are
fairly low because the limiting factor in echo detection is generally reverberation,
which is the sum of reflections from objects, such as minute air-bubbles and particles,
which are suspended in the water. As this background noise is related to the
transmitted power, using an increased power output will only increase the amount of

reverberation.
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2.2.1 Elastic Sound Waves

Sound energy is generally transmitted through a medium by longitudinal waves,
although shear waves, Rayleigh waves and Love waves, can also transmit acoustic
energy[2.2]. Longitudinal waves and shear waves are homogeneous and propagate
equally well in all directions. Rayleigh and Love waves are inhomogenous, and are
severely attenuated, in all but one plane. As a result, these two waves occur at the top
layer of a medium and are known as surface waves[2.3]. As all these waves will
produce purely elastic deformations, the sound will propagate at a constant velocity,

and this property will enable range measurements to be made.

The term particle, which is commonly used to describe these wave motions, refers to a
volume element, of a continuous medium, which is small enough for any acoustic
variable to be considered constant, throughout its volume. The particles in a medium
do not travel with the wave, but are displaced about a mean position[2.4] and the
medium exerts a restoring force on each particle, to return it to its equilibrium
position. As each particle reaches this position, however, its inertia, forces it to
overshoot and, in a lossless material, this movement would produce an equal

amplitude on both sides of the quiescent position.

2.2.1.1 Surface Waves

Rayleigh waves, shown in Fig. 2.1, are similar to the wave motion of the sea, and the

movement of the particles in the medium, describe elliptical patterns.
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Direction of Propagation

=
Direction of
Particle Motion

Fig. 2.1: Rayleigh Wave Propagation

Love waves, shown in Fig. 2.2, are transverse waves, which are polarized in the plane
of the surface. They only occur in thin layers, which are bounded by a solid layer and

a fluid layer, both of which must be of sufficient size, so that reflections from their

other boundaries are negligible.

Fig. 2.2: Love Wave Propagation

Although these surface waves can be observed in the upper layer of the sea-bed, they
will not propagate in open water and so the acoustic waves, which will be detected by

the proposed imaging device, must be homogeneous.
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2.2.1.2 Shear Waves

Shear waves are transverse waves which generate shear stresses. For this reason, they
will only be propagated in solids, or in high viscosity liquids, that can sustain these
stresses without shearing. The attenuation that occurs in other liquids, including water,
is very high, so sounds which are propagated over any great distance in water, will be

in the form of longitudinal waves.

2.2.1.3 Longitudinal Waves
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Fig. 2.3: Properties of a Sinusoidal Longitudinal Wave

The vibrations in longitudinal waves, occur in the direction of propagation, producing

alternating compressions and rarefactions, as shown in Fig. 2.3.
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2.3 Introduction to Acoustic Quantities

2.3.1 Specific Acoustic Impedance

An important property of a sound carrying medium, is its specific acoustic impedance,
as this will determine its transmission and reflection coefficients. If an acoustic signal
is to be transferred from one medium to another, without loss, then the two media
should have the same specific acoustic impedance. If a strong reflection is to be

obtained, however, a large mismatch in the impedances is required.

In order to define the specific acoustic impedance, it is necessary to introduce some

acoustic parameters, a number of which are shown in Fig. 2.3.

The particle displacement, &, is the displacement of the particle from its equilibrium
position and the particle velocity, u, is the derivative of this displacement with respect

to time.

J_dE

= 2.1)

The acoustic pressure, p, is defined as the difference between the instantaneous

pressure (P) and the ambient pressure (P,).
p=P-P, (2.2)

and the acoustic intensity, I, is the average rate of flow of energy per unit area, normal

to the direction of propagation.

==
—?Lpu dt (2.3)
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where T is the period of the signal.
In the case of a plane progressive wave [2.5],

p = pcu 2.4)
where p is the mean density and c is the propagation velocity.

The intensity of a sinusoidal plane progressive wave is therefore given [2.6] by

eqn(2.5)

j o 2.5)

where p is pressure amplitude.

The specific acoustic impedance, Z, can now be defined as the ratio of acoustic

pressure to particle velocity.
z=L 2.6)
u

Therefore, for a plane progressive wave, Z is real and equal to the characteristic

impedance, which is given by eqn(2.7).
Z=pc (2.7)

The characteristic impedance is so called, as it is dependent on the properties of the
medium alone. The units of characteristic impedance are kgm'zs, but are also known

as Rayls, in recognition of the work of Lord Rayleigh.
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2.3.2 Acoustic and Electrical Analogy
An analogy exists between acoustic and electrical theory, linking acoustic impedance
and electrical impedance and acoustic wave equations and those of electrical

transmission lines. Table 1 shows how these properties are related.

Acoustic Quantity Electrical Analogy
Particle Displacement Charge
Particle Velocity Current
Pressure Voltage
Density Inductance/metre
1/pc? Capacitance/metre

Table 1: Acoustic and Electrical Analogies

As an example of this analogy, the characteristic impedance Zo for an electrical

transmission line is given by eqn(2.8)[2.7]

Zo=Lv = [= (2.8)

where L” and C’ are the inductance per unit length and capacitance per unit length

respectively and v is the velocity of the voltage and current waves.

2.3.3 Acoustic Properties of Materials
Table 2, provides a list of acoustic media with values for density, velocity of sound,
and characteristic impedance. The acoustic velocity for solids is based on the bulk

modulus, which is used for extended solids, that are not free to change their transverse
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dimensions. The alternative velocity measurement is concerned with bars and is based

on the Young’s modulus.

Material Density Acoustic Velocity Characteristic
(Bulk for Solids) Acoustic
Impedance
(kgm‘3) (ms™) (kgm?s™)
Aluminium 2700 6300 17x10°
Brass 8500 4700 40x10°
Lead 11300 2050 23x10°
Steel 7700 6100 47x10°
Glass(Pyrex) 2300 5600 12.9%10°
Perspex 1200 2650 3.2x10°
Fresh Water(20°C) 998 1481 1.48x10°
Sea Water(13°C) 1026 1500 1.54%x10°
Air(0°C) 1.29 331 428
Air(20°C) 1.21 343 415

Table 2: Relevant Properties for a Selection of Materials

2.3.4 Transmission and Reflection Coefficients

Fig. 2.4 is a representation of the reflection and transmission of acoustic energy,
which occurs at a boundary. As mentioned in the previous section, the proportion of
the acoustic signal which is transmitted, or reflected, is dependent on the specific
acoustic impedance and the ratio, for a particular boundary, can be calculated in terms

of the pressure and intensity reflection and transmission coefficients.
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