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ABSTRACT 

A new approach to ultrasonic imaging which is designed to form 

faithful images in spite of severe propagation distortions is 

introduced. 

The difficulties associated with the formation of faithful images 

of soft mammalian tissue by conventional imaging methods are reviewed. 

The degrading effects of transmission speckle are demonstrated 

experimentally. The new approach is essentially statistical and 

involves the formation and subsequent combination of an ensemble of 

images with effectively independent distortions. Experiments show 

that the distortions of an ensemble of 128 images formed over 

contiguous narrow frequency bands spanning one octave (from 1.7 to 

3.4 MHz) are usefully independent and isoplanatic when the propagation 

medium is either water on its own or water with animal liver immersed 

in it. 

It is also demonstrated that, in certain circumstances, a 

suit~ble ensemble may be generated entirely within a computer from a 

single image. Experimental results for both one-dimensional and 

two-dimensional imaging situations show that coherent combination of 

such ensembles of images by either speckle interferometry or the 

recently developed shift-and-add technique gives worthwhile 

improvements. Processing of the images by (modified) Wiener filtering 

is also beneficial. An important property of the processing, namely 

its ability to reduce the effects of aberrations o~ the imaging 

instrument on the processed images, is demonstrated. 

The images presented pere are only of isolated objects. The 

latter were chosen mainly to allow repeatability of, and unambiguous 

interpretation of the results of, the experiments, rather than for 

their realism in important practical applications. However, the 

success of these preliminary trials suggests that it would be 

worthwhile to conduct further experiments using more realistic objects. 
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PREFACE 

Ultrasonic imaging is playing an increasingly important role in 

medical diagnosis. However, better resolution and lower artefact levels 

would further increase the diagnostic usefulness of ultrasonic images. 

The recent tremendous improvements in the quality of the images produced 

by conventiOfial ultrasonic imaging systems can be largely attributed to 

b~tter hardware (e.g. new transducer and display technology). However, 

the stage has now been reached where account must be taken of the 

distortions of the ultrasonic waves incurred during propagation if 

further improvements in image quality are to be realised. 

Mammalian soft tissue is a £ar from ideal propagation medium for 

ultrasonic waves. Inhomogeneities, of both propagation velocity and 

attenuation coef£icient distort the phases and amplitudes, respectively, 

of the propagating wavefronts. However, conventional diagnostic imaging 

systems assume the propagation medium is homogeneous. Consequently, the 

resolution of the images produced by such systems is nowhere near the 

theoretical limit. Furthermore, the have a characteristic 

'speckly' appearance. 

The work reported in this thesis is specifically concerned with new 

processing techniques designed to reduce the degradation in image quality 

caused by propagation distortions. These techniques are here termed 

'speckle processing'. The initial motivation for this work was to assess 

whether speckle processing could improve the quality of ultrasonic images 

formed through soft mammalian tissue. However, the work has been found 

to have significance for any kind of coherent imaging. 

The thesis itself is divided into two parts. The first consists 

basically of review material which is necessary to place ultrasonic 

speckle processing into its proper context. The physical basis for 

acoustical imaging is considered in Chapter 1. In ultrasonic imaging, 

the incident radiation (i.e. insonification) is under the investigator's 

control. Scattered radiation is measured. A description of the 

scattering of ultrasonic waves by soft mammalian tissue is embodied in 

the wave equation for an inhomogeneous medium. From knowledge o£ the 

incident and scattered radiation, it is desired to determine (and 

subsequently display) some material property of a body. Conceptually, 

therefore, ultrasonic imaging can be regarded as an aspect of inverse 
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scattering. Exact solutions of inverse scattering are only known in 

special circumstances and even these may not be useful practically. 

Consequently, fram the point of view of 'exact' scattering theory, any 

practical ultrasonic image formation process is necessarily approximate. 

Various approximate approaches are discussed in Chapter 1. 

Chapter 2 deals ~.,ith the principles of conventional ultrasonic 

imaging. Factors affecting resolution, such as the aperture size, type 

of insonification and propagation medium, are examined and a mathematical 

description of the image formation process is developed. The causes and 

importance of speckle, which is basically an interference phenomenon, are 

also discussed in Chapter 2. Details of practical ultrasonic imaging 

methods are re~iewed in Chapter 3. Since the most widely used methods 

are based on simple echo-location procedures, particular attention is paid 

to such met,hods. However, other ultrasonic imaging methods, such as 

holography and computed tomography, are also considered. The potentially 

important field of ultrasound mammography is also discussed. 

Part II of this thesis is devoted to a new approach to ultrasonic 

imaging, called speckle processing, and is mainly concerned with the 

author's original work. In Chapter 4, various ultrasonic speckle 

processing techniques are described. These were initially inspired by 

work done in the related area of high resolution optical astronomical 

imaging. However, unlike astronomical imaging, ultrasonic imaging is 

(usually) coherent. Also, the propagation distortions of ultrasonic 

waves through soft tissue fundamentally differ from propagation 

distortions incurred by optical waves in their passage through the Earth's 

atmosphere. Therefore, ways of adapting optical speckle processing 

techniques to the ultrasonic imaging situation are far from obvious. 

An essential preliminary stage of speckle processing involves 

obtaining an ensemble of independently distorted images of J:heobject. 

The images are then combined in such a way as to preserve the detail of 

the true image while reducing artefact levels. Two methods of obtaining 

the aforesaid ensemble for ultrasonic speckle processing, namely spectral 

decomposition and stochastic processing, are discussed in Chapter 4 along 

with various methods of' combining the images. 

Carefully controlled experiments were performed to test the efficacy 

of the various ultrasonic speckle processing techniques on images of 

actual objects. The experimental imaging system used to obtain the images 



(viii) 

is described in Chapter 5. This system provides a versatile, 

convenient and rather novel means of gathering the required ensembles 

of images. In Chapter 6 the results of speckle processing of one-

dimensional images are presented. The images were formed through water 

only and also through a combination of water and animal tissue .• : 

Noticeable, and in SO"le cases dramatic, improvements were obtained by 

speckle processing. The one-dimensional imaging situation was chosen 

to demonstrate the properties of speckle processing as clearly as 

possible. However, the two-dimensional imaging situation is of far 

great.er practical importance. In Chapter 7 the extension of speckle 

processing to the two-dimensional imaging situation is described and 

experimental results are presented. Again, encouraging results are 

obtained. The images are shown to compare favourably with images formed 

by a technique closely related to conventional ultrasonic imaging. 

This thesis concludes with Chapter 8, which assesses the significance 

of the work for ultrasonic imaging and in a general imaging context. 

It is emphasised in Chapter 8 that, while encouraging results have been 

obtained, this investigation has been of a preliminary nature. 

Consequently, further work is needed before these ideas can be applied 
.. 

routinely in practice. Suggestions for further research are 'presented 

in Chapter 8. 

The work reported in this thesis was performed during the period from 

October 1978 until April 1982. During the course of the work the 

following papers and presentations have been prepared: 

Robinson B.S. and Bates R.H.T. 1980. "The ultrasonic scattering 
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Conference proceedings p.26. 

Abstract: 

Robinson B.S. and Bates R.H.T. 1980. "Wideband ultrasonic diffraction 

measurements", Australasian Physical Sciences and Engineering in 

Medicine 3, 233-238. 

Bates R.H.T. arid Robinson B.S. 1981. "Speckle imaging a new ultrasonic 

viewing principle", Presented to the Christchurch Medical Research 

Society,Christchurch, New Zealand, November 1980. Abstract: 

New Zealand Medical Journal 93 (1981), p.168. 
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GLOSSARY 

The convention that temporal signals and spatial distributions 

are denoted by lower case characters and their Fourier transforms are 

denoted by the ccrresponding upper case characters is adopted in this 

thesis. The following symbols, relations, operators, abbreviations 

and functions are not always defined in the immediate context in 

which they are used. Note that a dot, i.e. ,.,, is here used to denote 

any variable or function. 

(i) 

t 

UJ 

x,y,z 

u,v 

T 

A 

'IT 

j 

o ( • ) 
§ 

(ii) 

« 

> (~) 

» 
E 

Symbols 

time. 

angular frequency. 

spatial co-ordinates. 

spatial frequency co-ordinates. 

a region in space. 

wavelength. 

infinity. 

3.14159 ... 

j 2 = -1. 

delta function. 

section. 

vector. 

unit vector. 

diffraction limited quantity. 

Relations 

is eq'lal to. 

is approximately equal to. 

less than (or equal to). 

much less than. 

greater than (or equal to). 

much greater than. 

element of. 

+-------~) Fourier transform pair. 
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(iii) Operators 

9 convolution. 

~ correlation • 

• * complex conjugate. 

I· I' magnitude. 

<.> temporal average. 

Re{·} real part of. 

/. phase of. 

L summation. 

cos(o} the cosine of. 

sin ( .) . the sine of. 

exp (.) exponentiation (base ~ 2.7l829 ..• ). 

in union with. U 
'V gradient Cv = x A A 

%x + y %y + Z %z}. 

dot product. 

(iv) Abbreviations 

DFT discrete Fourier transform. 

D8- 0 data set (refer to §5.2.l, Table 5.l). 

FFT fast Fourier transform. 

Fig. figure. 

FM frequency modulation. 

po_o processing option (§5.6.l). 

r.m.s. root mean square. 

S&A shift-and-add (§4.5). 

TX,RX transducers (Fig. 5.3). 

(v) Functions (one-dimensional speckle processing) 

m ensemble index (§ 4. 3) . 

a(y} incoherent speckle interferometry (§4.4.l). 

a (y) coherent speckle interferometry (§4.4.l). 
c 

c (y) contamination (§4.3). 
m 

e (y) narrow-band stochastic image (§4.6). 
m 

e (y) .. Tide-band stochastic image (§4.6). 



(xii) 

fey) source distribution (§4.3). 

ft(Y) temporal reconstruction (§S.3.l). 

H (v) ultrasonic transfer function (§4.3). 
m 

h (y) point spread function (§4.3). 
m 

q(y) scattering strength (§4.3). 

q(y) incoherent S&A image (§4.S). 

qc(y) coherent S&A image (§4.S). 

R (v) distortion function (§4.6). 
n 

S (v) distorted aperture function (§4.3). 
m 

s (y) speckle image (§4.3). 
m 

sm,n(y) super-distorted image (§4.6). 

ss (y) autocorrelation of s (y) (§4.4). m m 
s .. (y) estimate of h (y) (94. 7) . 
m m 

w (y) narrow-band Wiener filtered image (§4.7). 
m 

w(y) wide-band Wiener filtered image (§4.7). 

(vi) Functions (two-dimensional speckle processing) 

e (x,y) narrow-band two-dimensional stochastic image (§7.4). 
m 

e(x,y) wide-band two-dimensional stochastic image (§7.4). 

(x,y) two-dimensional temporal reconstruction (§7.6). 

(x,y) temporal reconstruction (Gerchberg algorithm) (§7.6). 

qf(x,y) focused S&A image (§7.3.l). 

qc(X,y) two-dimensional S&A image (§7.3.2). 

qt(X,y) transverse S&A image (§7.3.3). 

s (x,y) speckle image (§7.2). 
m 

w(x,y) wide-band two-dimensional Wiener filtered image (§7.5). 
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1. A PHYSICAL BASIS FOR ACOUSTICAL IMAGING 

1.1 INTRODUCTION 

This thesis is concerned with processing methods that have potential 

for improving the 'quality' of ultrasonic images of mammalian soft tissue. 

The ciim of this chapter is to construct a physical basis for acoustical 

imaging. From this basis the fundamental problems inherent in acoustical 

imaging become apparent so that the techniques described in subsequent 

may be more easily explained. 

Soft biological tissue is a far from ideal medium for the propagation 

of acoustical energy_ It exhibits spatial variations in den 

attenuation and refractive index. In spite of this, pulse echo imaging 

systems, based on simple echo-location concepts that make strong 

assumptions about the medium, very useful diagnostic information in 

practice. From a knowledge of the physics of the situation, and bearing 

in mind the increased availability of computers with powerful processing 

capabilities, there is cause for optimism that it may prove possible to 

generate even better images than those now routinely obtained with pulse 

echo techniques. This perhaps explains the widespread research into 

diagnostic imaging that i~ being carried out at present. 

The concept of wave motion is fundamental to the treat~ent of 

acoustical phenomena. This concept is intuitively satisfying for 

(longitudinal) acoustic waves, probably because we are familia.r with 

(transverse) waves on water and strings. The propagation of acoustical 

waves through biological tissue is governed (to sufficient accuracy for 

the purposes of this thesis) by the laws of classical mechanics. 

The appropriate form of the wave equation is derived in §1.2. This 

serves as the basis for the mathematical model that describes the 

scattering of acoustic energy. Solutions of the wave equation are 

discussed in §§1.3 and 1.4. The relationship of imaging to the general 

problem of inverse scattering is also pointed out. The concepts of rays 

and wave fronts are introduced in §l .. 5, where it is argued that curved 

rays usefully describe the propagation of ultrasonic energy in biological 

tissue. In §§l. 6 to 1.8 various practical solutions to the inverse 

scattering problem are dealt with. The approximations and limitations 

inherent in these methods are emphasised. 
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1.2 THE WAVE EQUATION FOR AN' INHOMOGENEOUS MEDIUM 

The wave equation describes the history throughout space and time of 

some departure of a medium from equilibrium. The dynamic redistribution 

of energy caused by the disturbance is conveniently handled by the concept 

of wave motion. This chapter is specifically concerned with the 

propagation of acoustic waves in mammalian soft tissue. Because the 

physical properties of soft tissue that govern the wave equation exhibit 

significant spatial variations it is appropriate to consider the form of 

the wave equation for an inhomogeneous medium. 

Several assumptions are required to make the analysis tractable. The 

medium is assumed to be time invariant, isotropic (i.e. the properties are 

independent of the wave direction) and dispersionless with respect to 

velocity (i.e. the wave is independent of frequency). It is also 

assumed to exhibit adiabatic compression (i.e. negligible heat flow at 

ultrasonic frequencies). Furthermore, the shear modulus is assumed 

negligible so that only compression waves can propagate and the amplitude 

of the disturbance is assumed small enough that the wave motion is linear. 

All of these assumptions are physically reasonable and accord w'i th 

practical experience (cf. Wells 1977 §§4 and 5). A further assumption 

(and one that is often made) that markedly increases the tractability of 

the analysis, is that the wave motion is lossless. Unfortunately, this 

last assumption is not reasonable from a physical point of view. However, 

the attenuation of ultrasonic waves can only be handled in an ad hoc 

fashion. Before showing how this is done, it is useful to examine the 

various acoustic loss mechanisms. 

The loss of acoustic energy by conversion into heat is termed 

absorption. Absorption in biological material is frequency, temperature 

and amplitude dependent. There are a number of absorption mechanisms 

possible. The classical mechanisms for absorption of ultrasound in fluids 

are internal friction and heat loss (Malecki 1969 §7). !nternal friction 

is caused by viscosity. A shearing force, proportional to the particle 

velocity, opposes the motion. The work done in overcoming this force 

represents a loss of mechanical energy. Heat loss arises because, in 

reali ty, the thermodynamics are described by a politropic process. The 

compression is not strictly adiabatic (i.e. it lies on the adiabatic/ 

isothermal continuum), and there is also thermal radiation. Thus not all 

the thermal energy of the wave is recovered as it propagates through some 
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region. Both the classical absorption mechanisms predict that the 

absorption depends on the square of the frequency. This relationship 

is observed in water, but not in soft biological tissues, where the 

frequency dependence is approximately linear. Actually, for soft tissue 

at typical diagnostic frequencies, the dependence lies somewhere between 

fl.a and fl.2 (Pauly and Schwan 1971) . Wells (1977 §4.5) states that the 

value of absorption predicted by the classical viscosity mechanism is 

about two orders of magnitude lower than that observed in practice. In 

view of these discrepancies, classical absorption is generally discounted 

as the predominant absorption mechanism in soft tissue. 

Relaxation phenomena occurring at the macromolecular level 

(cf. Malecki 1969 §7.4) can explain the observed linear frequency 

dependence. Molecular relaxation refers to a process whereby energy is 

shared between various 'compartments' (e.g. translational and rotational 

kinetic energy of the molecule). When the energy of one compartment is 

altered externally, the sharing process takes a finite time to achieve 

equilibrium. If the period of vibration is of the order of this 

'relaxation' time, not all of the energy can be recovered from the 

original compartment and loss results. For frequencies either much 

greater or much less than the relaxation frequency, there is either no 

energy transfer between compartments, or complete equilibrium is reached. 

Thus the absorption is at a maximum around the relaxation frequency. 

Several relaxation processes at staggered relaxation frequencies can 

explain the observed linear frequency dependence of absorption in 

biological tissue (Pauly and Schwan 1971, Edmonds 1962). 

Unlike the classical mechanisms, molecular relaxation also 

successfully accounts for the observed linear relationship between 

velocity dispersion and absorption (cf. Wells 1977 §4.5). It should be 

noted that the magnitude of the dispersion (less than 1% per frequency 

decade) is small enough that it is usually neglected. However, any 

acceptable absorption theory must be able to explain it. 

Another approach is to use a visco-elastic model. The Voigt model 

(Raichel 1972), which places the viscous and elastic components in 

parallel, describes the behaviour of viscous liquids which manifest some 

degree of solid-like behaviour. Thus it seems a physically reasonable 

basis for a model of mammalian soft tissue. Ahuja (1979) claims 

reasonable agreement for a model of a Voigt body with a single relaxation 
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frequency with observed frequency dependence of soft tissue. 

Knowledge of the exact mechanisms of ultrasonic absorption in soft 

tissues is, at this stage, still very tentative. One of the main problems 

is the paucity of data for modelling. For this reason, it does not seem 

worthwhile to attempt to include absorption, as a function of fundamental 

tissue properties, into the wave equation. However, absorption is always 

manifested as a phase difference between the instantaneous pressure and 

particle displacement about some point (Skudrzyk 1971 §§2 and 13). 

Therefore, no matter what the mechanism, absorption can be incorporated into 

the wave equation by introducing a complex, frequency dependent value for 

the acoustic velocity. This point is further discussed after the space-

frequency form of the wave equation (equation 1.7) is derived. 

The wave equation for a lossless medium is derived by considering the 

physics of a small element of the medium disturbed by the propagating wave 

(Skudrzyk 1971 §13). This yields two useful approximate equations. The 

first is Euler's equation for irrotational flow which is an expression of 

Newton's Second Law of motion: 

dV/dt = -'iJp/p (1.1) 

The second is the 'equation of continuity' for the medium which is a 

combination of the law of conservation of mass and the state equation: 

(1.2) 

where V is velocity of the infinitismal volume element (Le. the particle 

velocity in a solid), P is the pressure, p is the equilibrium density of 

the medium, and c is the velocity of the acoustic wave. 

of position in an inhomogeneous medium. 

The above is an Eulerian description of motion. 

c is a function 

The co-ordinate 

system for the fluid properties is fixed in space and the pressure, 

velocity etc. refer to whichever particles happen to be at a 'point' at a 

given time. An alternative bu~ for this purpose, less convenient 

approach describes the properties of an 'identified' particle. Thus, in 

the Lagrangian description, the co-ordinate system moves with the particle. 

The velocity V may be .eliminated by differentiating Euler's equation 

with respect to space and the equation of continuity with respect to time, 

so that 
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a/at ('V.V) - 'V. ('VP /p) 

, (1. 3) 

and 
(1. 4) 

combining equations (1.3) and (1.4) yields the pressure wave 

equation for an inhomogeneous medium. 

('V%) .\jp (1. 5) 

Both V and p may be obtained from P so that only the wave equation in P 

is necessary to obtain all the acoustic variables. 

The space-frequency dependence of P characterises it as completely 

as does its space-time behaviour. 

and temporal components, i.e. 

Writing P in terms of its spatial 

P (x, t) P (x) exp (jwt) (1. 6) 

the space-frequency wave equation is obtained from (1.5) by taking its 

temporal Fourier transform. Thus 

+ (wlc) (Vp/P) ·'VP (1. 7) 

where the exp(jwt} factor, common to each term, has been dropped (but 

it must be understood) . The spectral decomposition implicit in (1.7) 

allows absorption to be handled much more readily than for the spatio-

temporal form of the wave equation (1.5). Absorption is accounted for 

phenomenologically by making c a complex quantity. Its imaginary 

part, which is frequency dependent for soft tissue, determines the 

amount of absorption. However (1.7) treats each spectral component 

of the wave separately so that dispersion is not a difficulty. Since 

linear wave motion is assumed, the separate spectral components may be 

combined to give the total solution. 

It is convenient to define the (complex) acoustic refractive index 

n of the medium relative to water as 

n c /c 
w 

(L8) 
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where c is the acoustic velocity in water. 
w 

The wave number in water is 

k = wlc 
w 

and the term (wid 2 in (1. 7) is then k2n2 . 

(1. 9) 

The standard form of the wave equation is obtained from (1.7) by 

defining a wave function ~ such that 

p = ( 1.10) 

Substituting (1.10) into (1.7) gives 

(1.11) 

where 
(1.12) 

It is apparent from (1.12) that II may be neglected with respect to 

k 2n2 when the spatial variation of density is sufficiently small (i.e. the 
, 

medium is almost homogeneous) • This is known as the Picht-Bruns 

approximation and basically says that variations in the wave velocity of the 

medium predominate over density variations in causing scattering. For the 

case of ultrasonic wave propagation through soft biological tissue, this 

approximation is not really valid (Chivers 1978) and so it is not used here. 

1.3 INVERSE SC~TTERING AND THE WAVE EQUATION 

A physical interpretation of the wave equation may be gained by 

re-arranging (1.11) to give 

-ql/J (1.13) 

where 

q == 
2 2 

tll + k (n· - I) (1.14) 

(1.13) has the form of the wave equation for a homogeneous medium in which 

radiating sources are imbedded. Note that no terms relating to spatially 

varying properties of the medium are present on the left hand side of (1.13). 

The term on the right hand side of (1.13) represents the apparent density of 

the aforesaid radiating sources. These are not true sources since they are 

dependent on l/J. They are therefore called 'volume' or 'polarisation' sources 

(cf. Bates and Ng 1972). Such sources are entirely due to scattering (and 

multiple scattering) of some incident radiation field by inhomogeneities of 
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the medium and can (rigorously) be regarded as the 'seat' of the 

sca ttered field. For a homogeneous medium, both terms on the right 

hand side of (1.14) are zero and so the right hand side of (1.13) is 

also zero. Therefore, for the case of a homogeneous medium, there 

is no scattered field and an incident wave propagates unperturbed 

according to the ~omogeneous wave equation. 

A solution of the wave equation is obtained in the following manner. 

The total wave function ~ is divided into the sum of the incident and 

scattered wave functions, i.e., 

~ = ~. + ~ 
~ s 

(1.15) 

The geometry of the general scattering problem may be considered to 

consist of a three-dimensional space T partitioned (see Fig. 1.1) 

according to 

Fig. 1.1 

( 1.16) 

The geometry of the general scattering problem. 
The inhomogeneous region T_ is probed by radiation 
emitted by sources within T*. The sources (and 
therefore the incident field) are known. T+ is a 
free space region within which the radiation scattered 
from may be measured. The point P can be anywhere 
within T = T* U T U T , whereas Q is confined to T 

+ -(after Bates and McKinnon 1980). 
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T is a homogeneous medium (e.g. water with n = 1) that surrounds two isolated 
+ 

regions, T and T . 
* -

T* has imbedded in it known sources that give rise to 

the field ~. that is incident upon the region T_. 
1. 

T is the inhomogeneous 

region (or 'scattering object') that gives rise to the scattered field ~ . 
s 

An arbitrary point in T, with position vector x, is denoted by P and an 

arbitrary point restricted to T_, with position vector ~, is denoted by Q. 

Now, consider the wave equation describing an arbitrary wave function 

1). propaga ting through free space, i. e • 

=:: -5 (1.17) 

where 5 is the density of the sources that give rise to ¢. 

The solution of the differential equation (1.17) is (Jones 1964 §l), 

exp(-jklx - ~I)' 
5(~,k) 4'TfIX = ~I dv, (1.18) 

where dv is the element of volume (i.e. dv = d3~), and j = ;.:r . 

Nowpostulate that all space is free, with the inhomogeneities within 

T being replaced by apparent source densities (cf. equation 1.13). Since 

the sources of the incident field lie entirely within T*, it follows that 

( 1.19) 

Combining (1.13) to (1.15) and (1.19) gives 

-q~ PET, (1.20) 

where q = 0 outside T . 

and (1.18) to be 

The integral form of (1.20) is seen from (1.17) 

exp ( - j k I x - ~ I ) 
~(~,k) 4'Tf1~ = ~I dv . (1. 21) 

There are two general classes of scattering problem. The direct 

problem involves determining the scattered field, ~ , given ~. and q. 
s J. 

Difficulties in the direct problem lie mainly in the degree of accuracy 

required in the solution (cf. Keller 1957, Harrington 1968). 

class of scattering problem is known as the inverse problem. 

determining the material properties characterised by q, given 

The second 

This involves 

~. and ~ . 
1. S 
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Thus the inverse problem is synonomous with the gen~ral imaging problem 

(in which knowledge is gained about a body from the manner in which it 

scatters incident radiation), In contrast with the direct problem, 

the inverse problem still poses conceptual uncertainties, Exact 

solutions exist for a few special cases (cf, Newton 1974, Bates 1975), 

However, even in these cases, practical computational difficulties 

normally allow only an approximate solution to be calculated 

(cf, McKinnon 1980), 

In the usual imaging situation, the imaging instrument is rem':lt.e 

from the body, This means in practice that ~ can only be measured 
s 

in T+, 

T+ U T",. 

in (1. 21) 

Therefore the total wavefunction ~ is also only known in 

This leads to a difficulty, since the integration of ~ 

is throughout the volume of the scattering region T It 

is apparent from (1.13) and (1.17) that the equivalent source density 

within T consists of the product of what it is wished to characterise 

(i.e. q, the material properties) and the total wave function. Both 

of these unknown terms are present under the integral sign of (1.21). 

Therefore, there is a dimensionality problem (cf. Bates and McKinnon 

1980) • Since ~ is entirely radiating away from T , it is completely 
s 

described by a measurement on a single closed surface in T+ surrounding 

T. Remembering that the wave function is a function of space and 

frequency (i.e, k), the measured data is clearly three-dimensional 

(the two dimensions of the surface and one of frequency). However, 

the unknown quantity is four-dimensional (three dimensions of the 

volume of T and one of frequency). Consequently an exact solution 

of the inverse problem involves continuing ~ analytically throughout 

T. Any method attempting to do this will obviously be sensitive to 

errors that inevitably exist in the measured data (cf. Deschamps and 

Cabayan 1972). 

1.4 APPROXIMATE SOLUTIONS OF THE WAVE EQUATION 

Since an exact solution of the inverse scattering problem as posed 
\ 

in §1.3 is usually impractical, it is common to make an approximation to 

(1. 21) . The simplest approach is known as the Born (or alternatively, 

in classical field theory, the Rayleigh-Gans) approximation. It is 

assumed that the region T_ is sufficiently tenuous (i.e. similar to T ) 
- + 

that the total wave function in (1.21) may be replaced by the (known) 

incident wave function giving, 
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exp(-jkl: 
q(~,k) 1./Ii(~,k) 4~1: _ (1. 22) 

The condition for the Born approximation to be valid is that the 

scattering is very weak, i.e. 

(1. 23) 

(1.23) means in effect that radiation scattered more than once is 

negligible. In addition, the phase of the wave propagating through T 

must undergo negligible change due to the variable refractive index over 

all T • This condition is given by 

(1. 24) 

where L is the largest linear dimension of T • Relation (1.24) shows 

that the validity of the Born approximation depends on both the deviation 

of the refractive index from unity, and the extent of the region over 

which the deviation occurs. For example, given only a 1% deviation in 

velocity, (Le. n 1.01) the approximation breaks down (i.e. the phase 

is in error by, say, ~/2) after 25 wavelengths. In soft biological tissue 

at a typical diagnostic frequency of 2MHz, this corresponds to a distance 

of less than 20 rom. The Born approximation is most suited to regions in 

which weak scatterers, whose dimensions are limited to no more than a few 

wavelengths, are imbedded in a medium of constant refractive index. 

The Rytov approximation avoids some of the imperfections of the Born 

approximation. The method is similar to that of the Born approximation 

except that the wave equation is first transformed into a Riccati equation 

which (as in the Born approximation) is solved to the first order (cf. 

Wade et al. 1979). The advantage of the Rytov approximation is that it 

only requires the integrated deviation of the refractive index from unity 

per wavelength to be small (Chernov 1960 §5). Therefore the size of the 

scattering domain is unimportant. The Rytov approximation describes the 

wave function within T more accurately than the Born approximation for 

large scale inhomogeneities (i.e. when 'forward scattering' predominates 

this is discussed more fully in §1.5). However, it still does not 

the correct phase for the scattered wave function. 

Bates et ale (1976) have developed an extension to the Rytov 

approximation. Based on the W.K.B. solution of the wave equation (cf. 

§1.5, equation 1.31), it takes account of the term neglected 

by the standard Rytov approximation. 
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Since the additional term allows for extra phase shifts (and also, 

partially, refraction) caused by variations in refractive index, the 

extended Rytov approximation estimates the phase of the scattered 

field more accurately than either the Born or conventional Rytov 

approximations. This has been verified numerically by Dunlop et aZ. 

(1976) . 

The essential point is that both the Rytov and extended Rytov 

approximations can be written as equations of the same form as (1.22), 

and so can be solved for the appropriate scattering function q in the 

same manner. A simple inversion procedure is discussed in §1.8. For 

the extended Rytov approximation, q is defined differently than in 

(1.22). In this case the various terms of q may be separated out by 

obtaining solutions at three different frequencies (i.e. three sets of 

measurements for different k). In principle, of the three 

approximations, an imaging method based on the extended Rytov 

approximation should result in the most faithful images. Kaveh et aLe 

(1974) investigate imaging methods based on approximate solutions of 

the wave equation. They term their approach 'diffraction tomography' 

(see §1.7) and use both the Born and conventional Rytov approximations. 

1.5 RAYS 

The concept that wave motion can be described in terms of the 

propagation of rays is very useful. Ray descriptions greatly ease the 

analysis of certain problems (i.e. those where the required assumptions 

are applicable). Rays represent a high frequency approximation. The 

wavelength should be smaller than the scale of the inhomogeneities of 

refractive index so that local propagation may be considered as a plane 

wave. Rays form the basis of Geometrical Optics, which is successful 

in solving many optical problems not including diffraction. 

It is useful to separate the total wave fUnction into an onward 

propagating part ~, and a deflected part ~d' 

(1. 25) 

~ is similar to ~. but includes any significant 'forward; scattering 
~ 

(and also specular reflections) from large scale inhomogeneities. ~ 

incorporates the incremental phase delay which is neglected in the Born 
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approximation. In typical echo-location procedures (refer to §§1.6 and 

3.4) a beam is used to probe a region. ~ is the transmitted beam which 

may be regarded as a 'bundle of rays'. ~d represents that part of ~ 

that is scattered out of the path of the beam. ~d arises from scattering 

by small scale inhomogeneities and is assumed small everywhere compared 

with ~. 

The following analysis is known as the W.K.B. or phase integral method. 

Alternative approaches are used by Mawardi (1970) and Korpel (1970). A 

useful. approximate representation of ~ is the asymptotic series (Eorn and 

Wolf 1970 §3.1) 

00 

~ = exp(-jks) L 
m=O 

k-m A 
m 

(1.26) 

which has the form of a tube of rays. ks(x) is the phase of the wave 

function. Therefore surfaces where s(x) == constant are wavefronts, and the 

ray propagates in the direction of Vs. Substituting this expression for 

~ into the wave equation (1.11) gives a series in inverse powers 0f k. 

Terms associated with a particular power of k can be treated separately. 
2 From the term in the highest power (i.e. for k ), by equating the 

coefficient to zero the eikonal equation is derived, i.e. 

The solution of (1.27) is 

2 
= n 

x 
~ 

s == Ix n d,Q, 

~O 

(1. 27) 

(1. 28) 

where d~ is the element of arc along the path of the ray from the starting 

point ~O to the point x. s may be thought of as the 'acoustic path length'. 

The ray takes the path in space such that s is either minimised or unchanged 

(i.e. stationary) compared with nearby paths. Thus the eikonal equation 

incorporates Fermat's principle from which the Geometrical Optics laws of 

reflection and refraction are readily derived. 

In a similar fashion, considering the coefficients of terms in k
1 

gives 

the first transport equation, 

(1. 29) 

which may be solved for AO using the relation from (1.27) and (1.28) that 
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A 

Vs = ~n (~ is a unit vector in the direction of the ray) to give 

A = -! o n (1.30) 

Rays represent a high frequency approximation. For sufficiently 

high frequencies (i.e. k is large) the series of (1.26) can be 

approximated by the first term. Therefore, the appropriate form for 

a plane wave· (as for example, is found far from a localised source) 

propagating in a tenuous inhomogeneous medium is 

~ 1 

~ = (E/n~) exp(-jks) (1.31) 

where E is the radiation pattern of the source, (i.e. E varies across 

the bundle of rays). The n-! term accounts for amplitude changes 

as the velocity of the ray changes. Absorption is allowed for 

because n, and hence s, may be complex. The wave function of (1.31) 

is usually a valid description of the propagation of ultrasonic waves 

in biological soft tissue. Physically, it means that the acoustic 

energy can be thought of as travelling as rays. However, the rays in 

general follow curved paths due to variations in the refractive index. 

In other words, a plane wave entering biological tissue from water 

undergoes phase distortion so that, although generally propagating in 

the forward direction, the wave fronts are no longer plane. 

It should be emphasised that the rays of Geometrical Optics do not 

allow for diffraction phenomena. However, in situations where 

diffraction is important, it can be handled in a ray-optical manner by 

an extension of Geometrical Optics called the 'geometrical theory of 

diffraction (G.T.D.)' (Keller 1962, James 1976). In this method, rays 

are still used to describe the propagation. Usually, most of the 

scattered field consists of reflected or refracted rays described 

by conventional Geometrical Optics. However, when discontinuities 

(i.e. inhomogeneities whose radii of curvature are less than a wave-

length) are encountered, 'diffracted' rays are generated. Such 

discontinuities may be small spheres, edges, corners, vertices etc. 

Exact solutions for the diffracted rays may be calculated for each 

of these simple discontinuities. The total field then comprises the 

contributions from Geometrical Optics rays and the diffracted rays. 

The temporal wave function is easily derived from (1.31) 

(cf.Bates and McKinnon 1980). The definition of E is extended to 
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include the temporal spectrum as well as the source radiation pattern, i.e. 

E = E (x ,W) • Then, by including the exp(jwt) time dependence (understood 

from (1.7) onwards), and remembering that k = w/c , the following Fourier 
w 

transform relation is obtained: 

00 

f (E(::,W)I9- n!) 
_00 

00 

= r (E(::,W) 19- n!) 
J 
-00 

exp(-jks) exp(jwt) dW 

exp [ j w (t - sic ) 1 dw 
w 

'¥(x,t - sic) I 9- n! (1.32) 
w 

'¥(t) is called the waveform of the signal. The wave function '¥(x,t) is a 

particularly useful description for wideband signals, such as pulses, 

propagating in spatially confined wave bundles (beams). This type of wave 

function is commonly used in simple pulse echo imaging systems. Energy 

conservation considerations necessitate the introduction of the 1/9- amplitude 

factor into (1.32) to account for beam spreading due to diffraction. 

1.6 ECHO-LOCATION 

The most widely used imaging techniques employing ultrasonic waves are 

based on the principles of echo-location. The region T (Fig.l.2) I is 

assumed to contain small weakly reflecting bodies imbedded in an otherwise 

homogeneous medium (with n = 1 everywhere). Since n = 1 the ray paths are 

straight and the acoustic path length s (from equation 1.28) is simply the 

physical length 1:1. With reference to Fig. 1.2, a transducer that can 

both transmit and receive is located at the origin 0 and emits a narrow 
r. 

beam in the direction defined by r. Letting 1:1 = r, and denoting the 

transmitted waveform by '¥, it follows from equation (1.32) that 

'¥(r,t) = (l/r) '¥(t - ric) 
w 

(1. 33) 

If A(r) is the reflectivity of the small scatterers in T , then the 

deflected part of the wave function (i.e. echoes) received back at the 

origin is given by 

'¥ (t - 2r/c ). w 
(1. 34) 

Thus the reflectance fUnction along the ray in the r direction is 
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simply obtained by equating the time delay of the received waveform 

to range. The resolution in range is determined by the temporal 

resolution. A complete three-dimensional image of the reflectance 

function may be formed by scanning the transducer about 0' (i. e. 

'" changing the direction of r) so that all of T is probed. 

Fig. 1.2 The geometry for echo-location. 
The refractive index throughout all space (T+ U T_) 
is assumed equal to unity. A beam of radiation 
is transmitted from the origin, 0, into the region 
T_containing weak scattxrers. The direction of 
the beam is defined by r. 

Most practical ultrasonic diagnostic imaging systems use the 

echo-location principles described above. The operation and 

terminology of such systems is the subject of Chapter 3. However, 

aspects are briefly reviewed here in order to relate pulse echo 

imaging to the inverse scat,tering problem. 

A wide band signal in the form of a narrow pulse is transmitted. 

This gives good temporal resolution and also allows extremely simple 

signal processing since the location of the scatterer is determined 

by a time/range 'gate'. The narrowness of the beam is determined 

by 'the dimensions (i.e. aperture) of the transducer, and the 

distance 1:1. Attenuation is usually allowed for in an approximate 

manner (cf. Maginness 1979) by assuming an arbitrary value. The 

total weakening of the ray as it propagates is due to spreading 

(Le. diffraction) and attenuation. The latter comprises 

scattering from small inhomogeneities and pure absorption (i.e. 

conversion of acoustic energy to heat) . The attenuation coefficient 

of mammalian soft tissues (e.g. liver, muscle, etc.) is of the order 

of 1 dB ern-I MHz-l (Wells 1977 §4.4). Of thi~ absorption is 
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probably the most significant part. Scattering within a particular tissue 

type is generally weak although stronger sca·ttering occurs at tissue 

interfaces. 

It must be emphasised that the faithfulness of the image formed on the 

basis of elementary echo-location ideas depends on how closely the medium 

conforms to the simple model used to derive (1.34). In practice, geometrical 

distortions occur because the ray paths in soft tissue are curved and the ray 

does not travel at constant velocity. Both types of distortion caus~ the 

image of a point to be shifted (or 'misregistered') with respect to its true 

position. The scattering strength determined for each image point may also 

be in error, since the precise attenuation of the ray is unknown. This 

causes • shadowing' and 'enhancement' effects in the image. It is interesting 

to note that many of the errors and anomalies (provided that they are 

recognised as such) that occur in clinical images, in fact, convey valuable 

diagnostic information to the trained observer (cf. Kobayashi 1977, 

Nicholas 1980). 

The model used for echo-location is very similar to that of the Born 

approximation, i.e. weak scattering and negligible variation in n is 

assumed. Biological soft tissue generally satisfies the first condition 

but not the second. Also, as explained in §3.4, practical diagnostic echo~ 

location systems (cf. Wells 1977 §5) use small numerical apertures and 

neglect the phase of ~d (i.e. incoherent signal detection of the pulse is 

used) . Therefore, in the context of inverse scattering theory, echo-

location procedures represent only very approximate inversions of (1.22). 

1.7 RECONSTRUCTION FROM PROJECTIONS 

If the rays propagating through a medium are known to travel in straight 

lines, then an exact solution to the inverse scattering problem may be gained 

by employing projection (or Radon transform) theory (cf. Bates and Peters 

1971) • An image of some material property, a say, of the medium is 

reconstructed from measurements of the projections of 0(X). A projection 

essentially consists of integrals of 0(x) along straight lines. 
"-

dimensions the projection f(a~) is defined by (refer to Fig. 1.3) 

f(a~) A J cr(~) dl 
,;'x=a 

In two 

(1. 35) 
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where ~ • x = a defines the line of integration. d,Q, is the 

differential element along this line (which is perpendicular to the 
'" 

unit vector ~ , and a distance a from the origin). 

Fig. 1.3 The geometry for c~mputed tomography. 
The projection f{a;) is,,,the integral of a along the 
line perpendicular-to a~ 

Each projection is a function of angle (i. e. of ~) and position 

(a) . A complete set of projections is obtained by varying the angle 

over TI radians. Making use of delta function notation, (1.35) can 

be rewritten as 

ff a(x) <5{a - ~. x) dx 'f 
(1. 36) 

where the integration is over the entire plane. Taking the one-

dimensional Fourier transform of (1.36) (at the angle defined by 

~) with respect to a gives 

r (S~) = Iff a(x) <5 (a ~ 'x) expel dxda - ~ 

H a(x) exp(j2TIB ~ ·x) dx - -

(1. 37) 

(1.38) 
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"-

Defining a~ = u, then 
~ 

F(u) == If a(x) exp (j21T u.x) dx ~ (1. 39) 

which is simply the two-dimensional Fourier transform of a(x). Thus the 

spatial distribution of a may be obtained simply by computing one

dimensional Fourier transforms of each one of the complete set of 
"-

projections, laying these at the appropriate angles (given by ~) in Fourier 

space, and then calculating a single two-dimensional inverse Fourier 

transform. Practical implementation of image reconstruction from 

projections is usually by the 'modified back projection' algorithm (cf. 

Brooks and Di Chiro 1976). This involves convolving the projections with 

a 'filter function', spreading (or 'back projecting') the modified 

projections back along the appropriate ray paths and accumulating the values 

of each modified projection at image points intersected by each ray. 

Modified back projection is equivalent to, but in practice, computationally 

more efficient and accurate (since interpolations are performed in the 

image as opposed to the Fourier domain) than the method suggested by (1.39). 

The whole procedure is generally termed 'computed tomography', 

For ultrasonic computed tomography a has been variously taken as 

attenuation coefficient (Greenleaf et aZ. 1974), refractive index 

(Greenleaf et al. 1975, Bates and Dunlop 1977), integrated attenuation 

coefficient (Dines and Kak 1979), and reflectivity (Norton and Linzer 1979) . 

There is presently a great deal of research into ultrasonic computed 

tomography. However, image quality is not as impressive as that obtained 

in x-ray computed tomography. This is, for example, evidenced by 

comparison of the images presented by Kak (1979) in a review of diagnostic 

imaging methods based on computed tomography. 

Ray curvature appears to be a significant factor in the degradation of 

images obtained by ultrasound computed tomography. The integration in 

(1.35) should be along the true ray path (i.e. of the form of equation 1.28). 

Procedures have been suggested by Johnson et aZ. (1975a), Schomberg (1978), 

and Bates and McKinnon (1979) to correct for ray curvature. Essentially 

the methods involve reconstructing the refractive index assuming straight 

ray propagation, and then, from the initial estimate of refractive index 

(and hence ray paths), applying an iterative correction. An approach 

similar in concept to this has also been suggested by Vezzetti and Aks (1979) 

to correct for full wave solutions of the wave equation, using the inverse 
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Born approximation as an initial estimate .. No convergence bounds 

have been found for the above methods and it is uncertain whether 

the procedures necessarily converge to the correct value for n. In 

fact, McKinnon and Bates (1980) point out that there can exist 

'forbidden regions' into which (minimum propagation time) rays never 

penetrate. It is, therefore, impossible to faithfully reconstruct 

a within these regions. 

A different approach towards allowing for ray curvature is to 

treat computed tomography as a problem of inverting the wave equation 

(cf. Mueller et aZ. 1979, Kaveh et aZ. 1979, Mueller et aZ. 1980). 

Making use of the Born or Rytov approximations, the solution of the 

wave equation can be in terms of computed tomography with 

refraction (at least partially) accounted for. 

A significant advantage of ultrasonic computed 

tomography is that, in principle, quantitative images may be formed. 

At every point in the image a value of some acoustic parameter (e.g. 

acoustic velocity or attenuation coefficient) is calculated. Provided 

that the image values are accurate, various tiss~e types represented 

in the image may be differentiated rapidly and objectively on the 

basis of these values. For example, normal, benign and malignant 

breast tissue exhibit significant differences in attenuation 

coefficient (Calderon et aZ. 1976). 

Echo-location procedures normally yield only qualitative images. 

The reasons for this are outlined in the previous section. Tissue 

characterisation from such images is therefore very subjective since 

it is based on how the image of some region of tissue 'appears' to 

the observer. 

1.8 FOURIER IMAGING 

When the Born approximation holds, (1.22) can be inverted to solve 

for the scattering function q by simple Fourier methods (Wolf 1969). 

A similar procedure is used in the case of the Rytov and extended 

Rytovapproximations (Iwata and Nagata 1975, Bates et aZ. 1976). 

The incident field is made a plane wave, defined by 

l~ . (x ,k) 
l 

exp( x) (1. 40) 
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where the vector wave number k defines the direction ~s well as the 

frequency of the plane wave. 

large distance from T (see 

The scattered field, lPs~' is measured at a 

1.1), Le. 

1:1 » (1. 41) 

so that the term I~- §I in (1.22) can be approximated by considering only 

the first two terms of the binomial expansion, which results i.n 

(1. 42) 

Where I::-~I appears as the amplitude factor in (1.22) it can usually be 

replaced simply by the first term of (1.42), i.e. I ~ I. However, this 

cannot be done where 1::- ~I appears in the complex exponent. It is usual 

to consider the case where the smallest term of (1.42) can be neglected. 

This is possible when its contribution to the total phase is small (the 

normal limit is n/2 radians). Therefore, remembering that ~ is bounded 

by the condition is 

(1. 43) 

where k (1.43) may be rearranged to give 

2 1:1 > 21~1 II.. (1.44) 

This is the familiar far-field or Fraunhofer condition. It means that the 

scattered field is measured so far from T_ that lp takes the form of plane 
s 

waves propagating radially outwards from 

Using (1.40) to (1.44), (1.22) can be rewritten as 

k
2 

exp(-jkl:::l) 

4n :1 Iff 
T 

kx 
q(~,k) expr-j[~ - ~'I]' I: 

dv. (1.45) 

Provided that ~ is measured at a constant radius from the origin (i.e. 
s 

I~I = constant) and the vector u is defined by (see Fig. 1.4a) 

k kx/lx 1 (1. 46) 

(1.45) becomes 

Q (u) f 
( (I 
\ q(~) exp(-j21TU'~) dv 

J j J 
(1.47) 

T 

where Q(u) incorporates both 1j; and the constant 
'S 

and amplitude factor. 
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Since the right hand side of (1.47) is a Fourier integral, it is 

evident that q(~) can be recovered from the scattered field simply 

by taking an inverse Fourier transform. However, to specify 

Q(u) completely, more than one measurement of ~ is required 
s 

(remember u is a function of both k and x) . For a given incident 

wave, ~s is measured over a spherical surface (1:1 = constant). 

From Fig.l.4b it is seen that the spatial frequency variable, u, 

also traces out a spherical surface, (which is known as an 'Ewald 

sphere', cf. Guinier 1963 §l) in Fourier space as x varies. The 

surface of the Ewald sphere grazes the origin and from (1.46) its 

diameter is 2/A. Thus the spatial frequency components of Q 

available from the measurement of ~ , are restricted to 
s 

2/'A (1. 48) 

It is shown in §2.3.1 that spatial resolution is proportional 

to the reciprocal of the spatial frequency bandwidth. Inspection 

of (1.48) leads to the conclusion (which is very reasonable from a 

physical point of view) that the resolution of the imaging system 

is fundamentally limited by, and of the order of, the wavelength. 

To obtain all the (spatial frequency) spectral information on 

the surface of the Ewald sphere requires that the measurement of 

¢ be made on a spherical surface enclosing T . 
s -

Frequently, for 

practical reasons, measurements cannot be made over the entire 

spherical surface. The physical aperture of the imaging instrument 

is that part of the enclosing surface over which ¢ is measured. 
s 

When the aperture does not extend over the entire surface, resolution 

is degraded because the spatial frequency bandwidth is reduced. 

The resolution theoretically possible from given aperture dimensions 

is known as the 'diffraction limit'. Apertures are further 

discussed in §2.2. 

1.8.1 Space-Frequency Equivalence 

The spatial frequency components available from a single 

measurement of ~ are restricted to those corresponding to values 
s 

of u lying on the surface of the Ewald sphere. Thus a single 

measurement gives only two-dimensional information. In order to 

obtain spatial frequency components over all (available) three-
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\ Ewald 

Cross-sectional views of object and Fourier space. 
(a) Object space. ~ is defined by the vector difference 
between the incident and scattered waves. 
(b) Four ier space. As x rotates, u traces .out the surface 
of the E1tlald sphere. I ~ 1-is maximum - \"hen k~/' x I -!5-, 
i.e. when backscattered radiation is measured.~ 
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dimensional Fourier space, it is necessary to move the ~wald sphere 

so that its surface sweeps through the entire spatial frequency volume 

defined by (1.48). Recalling from (1.46) that one point on the 

surface of the Ewaid sphere is always located at the origin of Fourier 

space, it is evident that changing the direction of the incident plane 
A 

wave (i.e. altering~) causes the surface of the Ewald sphere to pivot 

about the origin of Fourier space. By this means three-dimensional 

Fourier space is 'filled' out to the diffraction limit and q may be 

calculated by inverse Fourier transformation. 

It must be emphasised that the dimensionality problem mentioned 

in §1.3 does not apply here. The three-dimensional integrand of 

(1.47) is completely specified because, in the Born approximation, ~ 

is replaced by~. (which is known exactly). 
. ~ 

An alternative method of filling in (at least part of) Fourier 

space is to keep the direction of the incident wave fixed and vary 

This changes the diameter of the Ewald sphere. In the Born 

approximation, the information gained by varying the temporal 

frequency (i.e. I~I) is exactly the same as that obtained by varying 

the wave direction in space (i.e. § where I~I is fixed). This is 

an example of the 'equivalence of space and frequency' which is 

discussed by Kock (1980) and Farhat and Chan (1980). Therefore, 

the information gained by the frequency variation method may be 

regarded as being redundant. 

When the Born approximation does not hold, measured values of 

~s deviate from those predicted by the simple model. Furthermore, 

the values of Q(u) measured at 'equivalent' space-frequency -
co-ordinates are no longer equal. Therefore, the information obtained 

by the frequency variation method is not redundant when the Born 

approximation is invalid. This concept provides the basis of the 

speckle processing techniques described in Part II of this thesis. 

1.8.2 Lenses 

A lens may be used to perform Fourier transforms (cf. Goodman 

1968 §5.2). The Fourier transform of the angular distribution of the 

complex amplitude of a wave incident on a lens appears at the back 

focal plane of the lens. This effect is shown heuristically by using 



-the ray approximation in Fig. 1.6. 

intersect at the back focal plane. 
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Rays leaving at a common angle e 
Therefore a lens placed in the 

Fraunhofer region of T focuses the scattered field into an image at the 

back focal plane. Since the lens responds to the total wave function, it 

is possible that the transform of the incident wave (which is much stronger 

than that of the scattered wave) will obscure the image, unless steps are 

taken to prevent this. If the far field condition is not met (i.e.; the 

lens is too close to T ) then the image is focused onto a plane other than 

the tack focal plane. 

Fig. 1.5 The Fourier transforming property of a lens. 
All rays of angle e to the principle axis intersect at a point 
at the back focal plane (a distance f behind the lens). 
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The focusing action of a lens may be explained by Fermat's 

principle by noting that the lens equalises the time delays of all 

ray paths from a particular point in the object to another point 

(i.e. the 'image point'). 

Generally, only one plane of T is 'in-focus'. The extent to 

which the out-of-focus image structure degrades the image of the 

in-focus plane depends on the temporal bandwidth of ~ .• 
~ 

discussed in §2.3.3. 

This is 

Fourier imaging has been successfully applied in optics 

(cf. Goodman 1968) and x-ray diffraction (cf. Ramachandran and 

Srinivasan 1970) under conditions for which the Born approximation 

is valid. It should be mentioned, however, that x-ray crystallography 

suffers from a 'phase problem' (cf. Bates 1978), Due to the extremely 

short wavelengths involved, the phase of ~ cannot be measured (even 

by holography) in x-ray crystallography. 

As discussed earlier, the Born approximation cannot be applied 

with much success to acoustic waves in biological tissue. The Born 

approximation ignores multiple scattering and describes the propagation 

of the scattered wave in terms of the free space Green's function. 

In other words, from §l.4, the exponential factor in (1.22) is 

recognised as a straight ray. Since in practice the rays are curved, 

a diffraction limited image cannot be obtained by simple Fourier 

transforma tion. 

In terms of wave fronts, the focusing action of the lens can be 

described as transforming a spherically diverging wavefront into one 

that is spherically converging. In acoustical imaging through soft 

tissue, the wave fronts are no longer spherical due to phase distortion. 

They also suffer amplitude distortion because of spatial variations of 

the attenuation coefficient. However, probably because the average 

value of IT is usually reasonably constant, useful images can be 

obtained in practice. It would be expected that the problem of 

wavefront distortions due to the propagation medium would be more 

acute as the imaging instrument aperture is increased. Large apertures 

are desirable for high spatial resolution (§2.3.l). Foster and Hunt 

(1979) show experimentally that while propagation through soft tissue 

degrades resolution from the theoretical diffraction limit, an 
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improvement in resolution is obtained as the aperture is increased. These 

results, which are discussed more fully in §2.5.2, show that the improvement 

is dependent on the system bandwidth. 

1.9 DISCUSSION 

Scattering of an acoustic wave propagating through soft biological 

tissue is due to variations in either wave velocity or material density. 

This is embodied in the wave equation. Imaging systems are designed to 

gain knowledge about the scattering parameters of bodies from observations 

of the way in which they scatter radiation (i.e. inverse scattering 

concepts have to be invoked). Exact solutions of the .inverse scattering 

problem exist when. one of either the velocity or the density variations 

may be neglected (cf. Bates 1975). However, this does not apply for the 

case considered here, and besides the computations involved, are generally 

too protracted and unstable to be useful. Therefore, it is necessary to 

consider approximate solutions. These are the subjects of §§1.4 to 1.8. 

The scattering term of the wave equation (equations 1.13 and 1.14) 

contains three parts, i.e. inhomogeneities of density, propagation speed 

and absorption. The latter two are given by the real and imaginary 

components of the acoustic velocity. In general it is difficult to 

separate out the contributions of each part to the total scattered field. 

For the case of echo-location and Fourier imaging, the imaged parameter 
, 

is therefore often referred to as the 'reflectance function' (i.e. this 

includes scattering from inhomogeneities of density or propagation speed). 

The absorption is separated out in an ad hoa fashion by assuming some 

arbitrary value. Multiple scattering further complicates the matter. 

The precise scattering strength is, however, unknown because the measured 

scattered field is dependent on absorption. 

Both components of the acoustic velocity are in principle (neglecting 

ray curvature) available independently from ultrasound computed tomography. 

It has been suggested by Johnson et aL. (l979a) that quantitative data 

available from computed tomography could be used to correct for the problem 

discussed in the previous paragraph. 

The most useful approximate inverse scattering solutions (e.g. pulse 

echo, computed tomography and Fourier imaging) are all, in the first 
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instance, based on the straight ray approximation. However, since 

ray curvature is a more faithful descriptor of the propagation 

process, it seems possible that more accurate solutions could be 

obtained based on a correction for ray curvature. Any successful 

full-wave approach to this problem is most likely to be based on 

the extended Rytov approximation (§1.4). Research into these 

ideas is continuing (cf. Mueller et al. 1979, Johnson et ale 1979a). 

However, a new approach towards obtaining more faithful images 

was alluded to briefly in §1.8.2. The approach is essentially 

statistical and is termed speckle processing. Ultrasonic speckle 

processing techniques are designed to allow the formation of 

faithful images by optimal combination of the information contained 

in measurements of the scattered field made over a range of temporal 

frequencies. Speckle processing is the basis of the new imaging 

principle that is the subject of Part II of this thesis. 
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2. ULTRASONIC IMAGING - PRINCIPLES 

2.1 INTRODUCTION 

In Chapter 1 (§1.8) it is explained that the inverse scattering 

problem can be solved very simply under conditions where the Born 

approximation is valid. In this case the imaging operation basically 

consists of taking a Fourier transform and so is termed Fourier imaging. 

The principles of Fourier imaging are further developed in this chapter. 

By way of example, a mathematical description is developed for an 

experimental imaging system. This system is used to obtain the basic 

images required for the speckle processing techniques described in 

the second part of this thesis. 

Some basic terminology is defined in §2.1.1. The concepts and 

importance of apertures are discussed in §2.2. In §2.3 the equations for 

coherent. imaging are derived. It is also explained how the aperture size 

and temporal frequency bandwidth affect resolution. Fourier imaging may 

be implemented by a lens, or by beamforming or holography. The 

distinction between these methods lies in the sequence in which various 

processing steps are performed. The degree of spatial coherence of the 

object source distribution is of fundamental importance to the behaviour 

of an imaging system. In §2.4 the concept of coherence is introduced 

and the equations for incoherent imaging are derived. The influence of 

coherence on the appearance of an image is examined in the first part of 

§2.5. Image quality is significantly affected by the properties of the 

propagation medium. Inhomogeneous media tend to distort ultrasonic 

wavefronts. The success of Fourier imaging methods depends on whether 

or not the distortion is slight enough for the Born approximation to be 

valid. Research into the distorting effects of mammalian soft tissue 

is reviewed in the second part of §2.5. In the final sub-section of 

§2.5 it is shown how all these factors contribute to the important 

phenomenon of speckle. 

2.1.1 Definitions 

For convenience, some important terms are briefly defined in this 

sub-section. Some terms are already introduced in Chapter 1, while 

others are explained more fully in subsequent sections. 

aberration: any measurement (or processing) error within an imaging 

instrument that causes artefacts. 
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aperture: the region of interface between an ultrasonic field and an 

imaging instrument (§§2.2 and 2.3), 

artefact: spurious image detail not predicted by the theoretical model 

of the imaging system. 

bandwidth: the frequency range (or spectral extent). The qualifications 

'narrow' and 'wide l are relative. They refer to the fractional bandwidth 

(i.8. the ratio of bandwidth to the centre frequency). 'Monochromatic' 

refers to an infinitely narrow bandwidth (which is physically unrealisable 

since infinite duration is implied). Refer to §2.3.3. 

coherence: a measure of the ability of waves or signals to interfere 

(§2.4) • 

depth of field: the range over which the sharpest focus of an imaging 

instrument is sensibly maintained (§2.3.1). 

diffuse: having omni-directional properties. In comparison, 'specular' 

refers to highly directional properties (§2.5.l). 

field of view: the object region imaged by an imaging instrument. May 

be fied in terms of linear dimensions or by the angle subtended by 

the object region at the instrument aperture. 

f-number (f#): the ratio of the range of the object from the aperture 

(i.e. focal length) to the linear dimension of the aperture. See Fig. 2.1. 

N.A.:: sin f:3 A 
f# f /0 

Fig. 2.1 Definition of Numerical Aperture and f-number. 
An aperture A of dimension D is located a distance f from a 
point in the object region (T_). The aperture subtends 26. 
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Fraunhofer region: exists at distances so far from a of interest 

(e.g. an object or aperture) that all rays from (say) the object to a 

point in the Fraunhofer region are effectively parallel. 

the 'far field'. The 'near field' lies between the 

Also known as 

and the 

Fraunhofer region. The 'Fresnel region' lies within the near field and 

extends from distances comparable to the ouject dimensions to the 

beginning of the Fraunhofer region. 

between the near and far fields 

(cf. Silver 1949) specified as in 

The precise point of transition 

ill-defined, but is commonly 

(1.44), (3.2) and Fig. 3.1. 

frequency: a measure of the rate of repetition. Qualified by 

'temporal' or 'spatial' depending on whether the periodicity occurs 

in time or space respectively. 

image: a representation of (i.e. the result of some mapping operation 

from) an 'object'. The object may either be a primary source of 

radiation or a scatterer of an incident radiation field. 

imaging system: a collection of devices and procedures, operating 

remotely from some object, which enables the internal configuration 

of particular characteristics of the object volume to be estimated. 

The information is typically displayed in visual form. 

insonification: the creation of an incident acoustic field, i.e. the 

acoustic analogue of illumination. 

location: spatial position is specified by a variety of terms. 'Range' 

is the distance of a particular point from the aperture. The 

adjectives 'range' and 'axial' are synonomous, although the latter term 

is most used in the context of directional transducers. Dimensions 

perpendicular to the axis are referred to as 'transverse' or 'lateral' 

or (when specified in terms of angle) the 'bearing'. The latter is 

distinguished by orthogonal angular components of 'azimuth' and 

'elevation' • 

numerical aperture (N.A.): a normalised specification of the aperture 

size, dependent on the focal length. The optical definition is given 

in Fig. 2.1. The numerical aperture varies inversely with the f-number. 

point spread function: a mathematical description of the 

point object. 

of a 
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resolution: a measure of the fineness of detail observable by an imaging 

Qualified by 'spatial', 'temporal', and 'contrast'. Contrast 

resolution refers to the ability to distinguish between amplitude levels. 

resolution cell: the volume defined by the region in which the point 

fUnction has significant value. 

side lobes: any response heyond the nulls flanking the principal response 

(or 'main lobe'). 

speckle: a phenomenon that causes images formed by coherent imaging 

systems to have a grainy or mottled appearance. 

2.2 APERTURES 

Referring to Fig. 2.2, the object is contained in volume T bounded 

by a slilrface S. 'A' represents that part of S that the imaging system is 

physically interfaced to and is known as the of the imaging 

system. ~he effect is that of looking through a window (i.e. A) to 

observe internal details of T . The presence of some propagating field 

within T and sensed at A is assumed. If the field is produced by self-

radiating Objects (i.e. sources) then the system is termed passive 

(e.g. as in the case of astronomical imaging of stars). On the other hand, 

if the field is generated externally and its propagation is pertur~ed by 

inhomogeneities within ~, then the 

the case of echo-location imaging),. 

system is termed active, (e.g. 

The scattered field can be regarded 

as originating from 'equivalent sources' (1.13). The conceptual basis for 

active imaging is provided by inverse scattering theory (refer to §l.3). 

A fundamental limitation on the performance of any practical jrnaging 

system arises when, as is commonly the case I the aperture is restricted to 

some sub-area of S. It is intuitively obvious that, when the aperture 

is limited, information radiation or scattering in certain 

directions is lost and so the faithfulness of the image is degraded. In 

practice further may occur due to aberrations of the imaging 

instrument and distortion introduced by any inhomogeneities in the 

propagation medium. 

2 • 3 COHERENT IMAGING 

The basis of a two-dimensional imaging system is shown in Fig. 2.3 
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I 

Fig. 2.2 The imaging system aperture is represented by A. 

x 

It is desired to gain information about the properties of 
a point Q within the volume bounded by surface S. A 
is an area on S from which signals may be transmitted and 
received. In practice, A may consist of several discrete 
areas. 

y 

x 

2.3 The geometry of the archetypal two-dimensional imaging system. 
The sources are restricted to the region T and measurements 
are made on aperture 
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The co-ordinates and notation introduced here are alsooused to describe the 

experimental imaging system of Chapter 5. For convenience, the latter is 

restricted to two-dimensional imaging (i.e. in the x,y-plane). However, 

in principle, the theory and results are easily applied to three dimensions 

by extending the aperture in the I Z ' dimension. The development here is 

similaL to that of §1.8. It is desired to image a complex source (or 

induced source) density f(x,y), localised about the origin 0, by 

measurements of the field incident upon an aperture A. Thus f(x,y) is 

the object. P is a typical point in the aperture with cartesian 

co-ordinates (xl'Yl) and polar co-ordinates (R,8). It is initially 

assumed that the sources are imbedded in a homogeneous medium so that the 

propagation between the sources and aperture is described by straight rays. 

To begin with, monochromatic (i.e. single frequency) sources are assumed. 

The exp(jwt) time dependence of the field is therefore understood. 

Referring to Fig. 2.3, the field at the point P may be expressed in 

normalised form as (Skudrzyk 1971, §23) 

If f(x,y) exp(-jkr)/r dx dy 

T 

(2.1) 

where k is the wave number, T defines the extent of the source region, 

and 

r = (2.2) 

Retaining the first two terms of the binomial expansion of (2.2) gives 

2 2 
r = R + (x + y )/2R - xlX/R - Yly/R (2.3) 

The quadratic factor is neglected in the Fraunhofer approximation, (i.e. 

when R is sufficien"tly large, as discussed in § 1. 8) giving 

r::: R - xcos(8) - ysin(8) (2.4) 

The Fraunhofer approximation means that all rays propagating from T_ to 

the aperture point P are effectively parallel. Their direction is 

therefore specified by 8. The field observed at P becomes in the 

Fraunhofer approximation 

G(8) exp (-jkR) /R JJ f(x,y) 

T 

exp { jk [x cos (8) + YSin(8)]~ 
) 

ax dy . (2.5) 
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If the aperture is constrained to lie on a circula~ arc (of radius 

R), then the complex factor outside the integral is constant. 

the aperture function F(u,v) defined by 

F(u,v) = R exp(jkR) G(8) 

If f(x,y) exp{jk[XCOS(8) + YSin(8)J} dx dy, 

T 

where u and v are spatial frequency variables defined by 

u = cos(8)/'A. and 

v == sin(8)/'A. 

Therefore 

(2.6) 

(2.7) 

has the formal appearance of a two-dimensional Fourier transform of 

f (x,y) . It is not, of course, because u and v are not independent 

variables - this is further discussed in §2.3.2. However, in the 

following discussion, it is convenient to assume that F(u,v) is 

observed for u and v independently and so a two-dimensional image of 

f(x,y) is formed by calculating the inverse transform of the aperture 

function, Le. 

;(x,y) = if F(u,v) exp {-j2TI(UX + Vy )} du dv (2.8) 

A 

where the 'peak' indicates that the image is an estimate of f(x,y) since 

the integral limits (which are determined by the aperture) are finite. 

Inspection of (2.8) shows that the Fourier transform performs the 

imaging operation by compensating for phase shifts that are encountered 

during the process of propagation from within T to A. 

The imaging system configuration described above is particularly 

convenient for large apertures. Because the aperture is a circular 

arc located in the far field of the source region, difficulties 

associated with large aperture systems based on the Fresnel approximation 

are avoided. By virtue of its shape, the circle is perfectly focused 

at its centre (i.e. at 0 in Fig. 2.3). It is also well focused (to 

within the limitations of the Fraunhofer approximation) at all points 

Q within T_ after the appropriate compensating phase shifts described 

by the Fourier kernel of (2.8) are applied. In the Fresnel 

approxLmation the circular arc is, however, approximated by a parabola 

(cf. Goodman 1968, §4.l). The approximation is good for small 
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apertures, where only rays close to the x-axis (i. e. paraxial rays) are 

considered. However, it breaks down as the aperture size increases 

(cf. Boyer et at. 1971). 

In the derivation of (2.5) it is assumed that the aperture is in the 

far field of T. Often the aperture is located in the near field of T 

(i.e. relation (1.44) is not satisfied). In this case, if the aperture 

is too large for the Fresnel approximation to be successfully made, then 

the technique of 'backward wave propagation' (Sondhi 1969) also known as 

'migration' in seismic imaging (cf. Fitzpatrick 1979) may be used to 

accurately form an image. In this technique,' the propagation of a field 

from one plane to another, to it, is regarded as a linear phase 

filtering process applied to the angular spectrum of the field. The image 

is formed by inverse filtering (which is equivalent to propagating the 

plane waves constituting the angular 

plane to the source plane). A 

backwards, from the aperture 

of backward propagation is 

that it normally requires two Fourier transformations (cf. Powers and 

Mueller 1974) compared with only one Fourier transform for the (less 

general) method described in this section. 

2.3.1 Resolution 

In most acoustic imaging situations, because the wavelengths involved 

may be typically of the order of the detail that is required in the image, 

the spatial resolution is an important consideration. 

resolution is a measure of the fineness of detail available at the output 

of the system. However, there is no universal method for 

resolution as it is strongly dependent on the particular circumstances 

(e.g. image contrast, signal to noise ratio etc.). The Rayleigh 

criterion is useful for describing (and comparing) the ability of 

systems to distinguish two closely spaced point sources of comparable 

strength. It specifies the distance from the maximum of the image of a 

point source to its first null. 

It is well known from elementary Fourier theory (cf. Bracewell 1978 

§19) that the Fourier transform of a rectangular function of extent L (i.e. 

rect(u/L) ) is sinc(Lx) where u and x are the transform variables and the 

sinc function is defined as sin(TILx)/(TILx). This relationship is 

illustrated in Fig. 2.4. In a coherent imaging system the aperture has 

the effect of multiplying the spatial frequency spectrum of the object by 
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a rectangular function, the extent of which is determined by the size of 

the aperture. Thus the limits of integration in (2.8) may be made 
"-

infinite if F(u,v) of (2.B) is replaced by F(u,v} defined by 

F(u,v) = rect(u/L ,V/L )F(u,v} 
u v (2.9) 

where Land L are the extent of the aperture, in terms of spatial u v 
frequency (from equation 2.7) for u and v respectively. 

rect (u/L) sine (Lx) 

1/L 

-+----+-----+-u 
-l/2 o L/2 

Fig. 2.4 The rect and sine functions are a Fourier transform pair. 

The convolution theorem (cf. Bracewell 1978 §6) states that 

multiplication in one domain is the equivalent of convolution in the 

transformed domain. Thus the imaging operation may be expressed 

concisely as 

F(u,v}+.--+ f(x,y) ; f(x,y) 0 sinc(L x, L y) 
u v (2.10) 

where the double-headed arrow denotes the Fourier transform relationship 

and 0 is the convolution operation. f(x,y) is often referred to as 

the diffraction limited image since it is that image formed by an 

imaging system whose resolution is limited solely by diffraction from 

its limited aperture size. 

The point spread function of the coherent imaging system is 

(unless modified by apodisation, refer to §3.4) simply a sine function. 

Assume that the aperture of the imaging system depicted in Fig. 2. 3 is 

symmetrical about the x-axis with maxim~~ angular extent S. i.e. 

(2.11) 
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Recalling that cos and sin are even and odd functions , it is 

apparent from (2.7) to (2.9) and (2.11) t.hat the spatial frequency extent 

of the aperture is 

L = [1 - coS{S)]jA 
u 

L = 2sin (S)} A 
v 

(2.12 ) 

From (2.10), (2.12) and Fig. 2.4 it is evident that the spatial resolution 

according to the Rayleigh criterion along the two major axes is given by 

6x = A/[l - costS)] 

6y Aj2sin (13) (2.13) 

Thus the spatial resolution of the narrow-band coherent imaging system 

varies according to the direction considered. The resolution is a function 

of the aperture size and the wavelength. It is considerably better in the 

transverse direction (specified by the y co-ordinate) than in range (x 

co-ordinatel. 

Table 2.1 

aperture sizes. 

numerical, examples of the resolution for two different 

The aperture sizes in Table 2.1 are specified in 

normalised form by the f-number (§2.1.1). For the case of the imaging 

system configuration illustrated in Fig. 2.2, the f-number is from (2.11) 

f# = 1/2tan ( 13) 

Table 2.1 .A numerical example of the effect of different 
aperture sizes on resolution and depth of field. 

(2.14) 

The depth of field is the range over which transverse resolution is 

constant and is tabulated in normalised form in the final column 

of Table 2.1. It is evident that the depth of field is reduced as the 

size is increased. In optical imaging (where the object is 

an opaque surface) and in pulse echo imaging (where range 
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information is obtained by time delay measurements), a large depth of 

field is desirable. However, for narrow-band acoustical imaging of 

any object that has depth structure, a small depth of field is normally 

required since this implies good range resolution. 

The transverse resolution for the larger aperture in Table 2.1 is 

close to the theoretical maximum. From (1.48) the best possible 

resolution is O.SA. This resolution is achieved (with respect to 6y) 

when the aperture is a semi-circle. Obviously only a small resolution 

advantage is gained by increasing the aperture from a 120 degre~ arc 

to a full semi-circle. The aperture of the experimental imaging 

system described in Chapter 5 subtends 120 degrees. 

2.3.2 Focusing 

A method of two-dimensional image formation is suggested by (2.8). 

However, direct implementation of an imaging system based on (2.8) 

requires knowledge of F as a function of two independent variables 

(u and v). The position of P in the aperture (refer to Fig. 2.3) is a 

function of one parameter (i.e. R) and one variable (i.e. 8). The 

spatial frequency variables u and v are from (2.7), both functions of 

e, and are therefore not independent. 

calculated directly from (2.8). 

Thus an image cannot be 

The two-dimensional image is synthesised from a series of one

dimensional images, parallel to the y-axis. Each one-dimensional 

image is 'focused' at a particular range. The one-dimensional image 

focused at the range X is given by 

~(y) I = i {F(V) eXp[-jkXCOS(8)]} exp(-j2TIvy) dv , 
x=X A 

(2.15) 

where the relationship between v and e is given by (2.7). Thus the 

field measured over A, and expressed as a function of v, is premultiplied 

by a complex exponential 'focusing factor' before Fourier transformation. 

The result is a one-dimensional 'cut I . (at x := X) through the image. 

Since the point spread function is two-dimensional, any particular cut 

is, of course, 'blurred' by contributions from object detail lying in 

adjacent cuts. 

u and v become independent variables if the scattered field is 

observed for a range of frequencies, i.e. by varying A as well as 8 

(cf. §1.8.l). Strictly, f(x,y) should be written as f(x,y,A). The 
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frequency dependence of the scattering must therefore either be known 

a priori or, as is often the case, be assumed constant. 

imaging is the subject of the following sub-section. 

Wide bandwidth 

2.3.3 Bandwidth 

Unless very large apertures are used, the range resolution of a 

narrow-band active imaging system is considerably worse than the transverse 

resolution. When imaging an object with depth structure, the range 

resolution of such a system is often inadequate (cf. Penn and Chovan 1970) . 

A common method of improving range resolution involves utilizing wide 

bandwidth insonification (§1.8.l). Assuming that the source density is 

not frequency dependent, the normalised form of (2.5) becomes in the wide

hand case 

G(8,w) = 

WI 

J exp (;jwR/c) If f (x, y) exp{ jw Ix cos (8) + y sin (8)] Ie} dx dy dto 

Wo T 

(2.16) 

where the bandwidth is (WI - W
O

)/2n, and c is the acoustic velocity 

(assumed constant). (2.16) suggests that the wide-band image is obtained 

by coherently superimposing a continuum of narrow-band images. As the 

bandwidth is increased, both range and transverse resolution are affected. 

Keating et aL. (1975) consider the interaction between bandwidth and 

transverse resolution. If the insonification is assumed narrow-band but 

is in fact wide-band, then the transverse resolution is degraded. The 

degradation in this case becomes worse as points farther away from the 

axis are considered. 

Analysing a wide-band imaging system synthesised from many narrow-

band measurements, Sato and Ikedu (1977) and Sato et al. (1981a) show that 

range resolution is primarily determined by the bandwidth, whereas 

transverse resolution is primarily determined by the aperture size. For 

insonification which is band-limited by rectangular cut-off characteristics 

between Wo and WI' the Rayleigh range resolution criterion becomes 

approximately 

(2.17) 
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Inspection of (2.16) shows that the phase shifts introduced by 

both complex exponentials are proportional to frequency. 

property of the Fourier transform is (Bracewell 1978 §6) 

a(t-T) +(-----+ A(w) exp(jwT) 

The shift 

(2.18) 

where a(t) and A(w) are a Fourier transform pair. Therefore, wide-

band active imaging requires the use of actual time delays to compensate 

for the propagation delays. Narrow-band imaging requires only phase 

compensation. The need for time delays is intuitively obvious when 

short pulses are involved. However, the requirement holds for all wide

band signals (e.g. frequency chirps, Barker codes, pseudo-random phase 

sequences, etc.). 

2.3.4 Processing Sequence 

Acoustical imaging usually involves four basic operations. These 

are, 

(i) Spatial processing, to obtain an image from the acoustic field. 

(ii) Transduction, to convert the acoustic energy to electrical energy. 

(iii) Detection, to remove the high frequency carrier components of the 

signals. 

(iv) Display, which is the visual output of the imaging system. 

Sutton (1979) categorises the three main acoustical imaging 

techniques according to the sequence in which the first three above 

operations are performed. In this scheme he defines the following: 

(i) Focused imaging. The spatial processing is performed first and 

is achieved by a physical lens or mirror. The acoustic image is 

focused onto a transducer array that converts it to an electrical image. 

The latter is subsequently detected and displayed. 

(ii) Beamformed imaging. The acoustic field is immediately transduced 

to electrical signals. Spatial processing· is then performed by 

introducing appropriate phase or time delays at the ultrasonic frequencies. 

This may be done in analogue form on the actual waveforms or in digital 

form on digitised samples. The signals are then detected and displayed 

as an image. 

(iii) Holographic imaging. Again the first step is transduction. 

However, the signals are then detected so that the subsequent spatial 

processing is performed on just the complex field values rather than 
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at the ultrasonic carrier frequency. Again the final step is display. 

The spatial processing may be implemented either electronically (on 

analogue or digital signals), or optically. Quite often the detected 

signals are stored and the spatial processing performed at some later 

time. Any recording that enables the original ultrasonic field to be 

reproduced (either physically or notationally) is known as a hologram. 

Note that by this definition, any recording of the ultrasonic frequency 

waveforms in a beamformed system is also termed a hologram. However, the 

subsequent processing would be termed beamformed imaging rather than 

holographic. Wide bandt-ddth holographic imaging is possible if 

separately formed narrow-band images are combined coherently (cf. Nakayama 

et aZ. 1979, Emert and Karg 1979). 

In focused imaging, the lens defines the system aperture. The image 

is transduced either by an array of transducers, or by a single transducer 

which is scanned over the focal region. The field if view (§2.l.l) is 

determined by the area over which transduction occurs. The focal region 

must be sampled finely enough to ensure that spatial resolution is not 

degraded by inadequate sampling. 

In both beamformed and holographic imaging, the 

determined by the area over which transduction takes 

aperture is 

Again, 

transduction may be performed either by a fixed array of transducers, or 

by scanning a single transducer. The latter process is termed 'synthetic 

aperture' . The fineness of sampling of the aperture determines the field 

of view of both beamformed and holographic imaging systems. 

Each of the three techniques listed above can be implemented in 

in a variety of ways. In principle, for a given aperture and 

bandwidth, every scheme should produce identical images of a given object. 

However, in practice, difficulties peculiar to each particular 

implementation (e.g. lens aberrations, quantisation errors, positioning 

errors, drift, non-linearities, noise etc.) may cause significant 

differences in the supposedly identical images (cf. Sackman 1972, 

Vilkomerson 1972, Keating 1974, Wade 1975, Clark 1980) • 

2.4 INCOHERENT IMAGING 

The temporal correlation of the radiation at separated points in a 

field is an indication of the degree of spatial coherence. If the 

correlation is zero for all finite separations, then the field is spatially 



incoherent. If there is perfect correlation between all points, the 

field is termed coherent. The in-between situation is known as 

partial coherence. 

In a spatially incoherent field, the relative phases at various 

points are time dependent. Thus some finite bandwidth is required 

(i.e. the sources cannot be monochromatic). This leads to the concept 

of temporal coherence. The coherence "time is defined as the period 

over which the phase at a particular point in the acoustic field oan 

be regarded as being correlated (i.e. it is the duration of the 

temporal autocorrelation function). Allied to coherence time is 

coherence length. This is the distance that a wave passing through 

a point can travel before its phase is no longer correlated with the 

field at the aforesaid point. Thus the coherence length is related 

to the coherence time simply by the propagation velocity. Note that 

the coherence length is not (directly) related to the degree of spatial 

coherence existing in the plane normal to the direction of propagation. 

In §2.3 the field at a point is represented by its complex 

amplitude, e.g. f(x,y). The exp(jwt) time dependence is understood 

because W is constant. Provided that the fractional bandwidth is not 

too great, the incoherent field can still be represented by a complex 

amplitude f(x,y,t) 'modulating' the amplitude and phase of a carrier 

exp(jwt). In this case W is the average (or 'carrier') ultrasonic 

frequency_ This representation is particularly convenient since the 

incoherent imaging equations may be developed for f(x,y,t} in an 

analogous fashion to the treatment in §2.3. The condition for this 

to be possible is that the maximum difference in acoustic path lengths 

within the imaging system is less than the coherence length. 

When this condition is satisfied the radiation is given the term 

(borrowed from optics) 'quasi-monochromatic'. 

Making use of the quasi-monochromatic representation and the 

notation of §2.2, the correlation of the sources along the y-axis is 

1 JT <P(y,l;;) = lim 2T 
T+oo 

* f(y,t) f (y+I;;,t) dt, (2.19) 

-T 

where * denotes the complex conjugate and where f(O,y,t} is written 

f (y , t) • If the sources are incoherent, then <P is effectively zero 

for all y except where I;; is zero, in which case it is equal to the 
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source intensity (i.e. time averaged power). When the integral of (2.19) 

has infinite limits, the correlation function (for the case of spatial 

incoherence) may be represented by (Goodman 1968, §6.l) 

¢(y,1',;) = ICy) cS (1',;) (2.20) 

This representation is meaningful provided ~ appears within an integral, 

as, for example, occurs in (2.22). The intensity is defined by 

i (y) = <! f (y , t) 12> (2.21 ) 

where the triangular brackets indicate a time average, and the vertical 

brackets denote the modulus. When the sources are spatially incoherent, 

only the intensity of the image is of interest because the relative 

instantaneous phases (i.e. between different points in the image) vary 

randomly with time. The intensity of a diffraction limited image focused 

on the y-axis is, (for incoherent insonification) from (2.10) and (2.19) 

to (2.21), 

00 

'" ICy) If J f (y I' t) h (y - Y 1) 
_00 

00 

Jf <f(Yl,t)f*(Y2,t)> cS(Yl-Y2)h(y- Yl) h*{y- Y2) dYl dY2 
_00 

00 

=f i(yl ) !h(y-Yl)!2 dYl (2.22) 

where the coherent point function h is assumed one-dimensional for 

simplicity, and use is made of tile sifting property of the delta function 

(cf. Bracewell 1978 §5). The final form of (2.22) is recognised as a 

convolution. Therefore the point spread function for the incoherent 

imaging system is the squared magnitude of the coherent point spread 

function, and incoherent imaging is a linear mapping in intensity (cf. 

amplitude in the case of coherent imaging) • 

(2.22) is 

The Fourier transform of 

l(v) = l{v) {H(V) * H(V)} (2.23) 

where l::i is the correlation operation (cf. Bracewell 1978 §6). Equation 
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(2.23) shows that the effective aperture of an incoherent imaging system 

is the autocorrelation of the coherent aperture function. 

Incoherent imaging systems are perhaps most simply realised by 

utilizing acoustic lenses. Adaptation of conventional holographic 

systems for incoherent imaging is difficult because of the bandwidth 

requirements (cf. Erikson et al. 1975). Conventional synthetic aperture 

techniques (cf. §2.3.4) are unsuitable for incoherent imaging since they 

require coherence over the scan time. However, an aperture may be 

synthesised for incoherent acoustical imaging by the technique described 

by Sato and Wadaka (1975). This is based on the intensity interferometer 

(cf. Swenson and Mathur 1968) and involves scanning two receiving 

transducers. The complex correlation (or 'visibility function') of the 

field sensed at two points in the Fresnel region of an incoherent source 

distribution is related to the Fourier transform of the source intensit,y. 

The complete Fourier transform is synthesised by altering the spacing of 

the two receiving transducers. 

As defined in this thesis, the coherence of an imaging system is 

related to the degree of spatial coherence of the insonifying source. 

This terminology must not be confused with 'coherence' of the signal 

processing which refers to whether or not the phase is preserved by 

processing operations. 

The creation of a spatially incoherent field requires a spatially 

extended, diffuse source. The radiation from various parts of the source 

must be uncorrelated. Unlike typical light sources, most ultrasonic 

sources are inherently coherent. Spatial incoherence may be approximated 

by using multiple, independently driven transducers (cf. Havlice et al. 

1977), or passing a coherent beam through a random phase diffuser (cf. Sa to 

and Wadaka 1975, Alphonse and Vilkomerson 1979). The diffuser consists 

of a plate of randomly varying thickness which is moved through the beam. 

The coherence time is determined by the distance on the plate over which 

the incurred phase shift is essentially constant and the velocity of the 

plate. Roder and Scherg (1980) suggest a random phase diffuser based on 

scattering of ultrasound from small particiesmoving ina turbulent 

flow. 

2.5 IMAGE QUALITY 

Image 'quality' is difficult to define since it depends greatly on 
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the intended purpose of the image. In the clinical imaging context, 

image quality is ultimately gauged by the diagnostic usefulness of the 

image. This is related to the information content of the image. 

The spatial and contrast resolution of an imaging system are a measure of 

the amount of unique information available in any region of an 

Therefore, much of the emphasis in this section is on factors that affect 

resolution in acoustical imaging systems. 

2.5.1 Insonification 

The type of insonification used in active imaging can greatly affect 

how the object 'looks' to the imaging system receiving aperture. The 

major features of the internal structure of the human body (e.g. bones, 

interfaces between organs, blood vessels, etc.) tend to be smooth 

compared with a typical diagnostic ultrasonic wavelength (around 0.5 mm) • 

If insonified from a localised source then strong specular relections from 

these features tend to dominate the image. Specular reflections which (due 

to the geometry of transmitter, object and receiver) are not intercepted 

by the aperture, are not portrayed in the image. Thus, when 

objects with specular reflecting properties are insonified by a localised 

source, the image is 'patchy', consisting mainly of isolated 'highlights'. 

Strong signals received from specular reflectors may swamp lower level 

signals received from small scatterers if the dynamic range of the imaging 

system is inadequate. Such scattering is typically from structure within 

an organ and (in contrast with specular reflections) is diffuse. If the 

insonification is from a localised source, shadowing and enha~cement of . 
the image due to regions of high and low acoustic attenuation respectively, 

are pronounced. 

Detrimental effects on image quality caused by both specular 

reflections, and shadowing and enhancement, may be somewhat reduced by 

utilizing diffuse insonification (cf. Alphonse and Vilkomerson 1979). 

This is achieved in pulse echo imaging by a technique known as 'compound 

scanning' (refer to §3.4.2). For the case of imaging (in which 

most objects are diffuse reflectors) , optimal image quality is usually 

obtained from a combination of both diffuse and direct illumination (e.g. 

as obtained from the sun/atmosphere combination). Probably because there 

are a number of other interrelated considerations, little research has 

been addressed to the question of optimal insonification for acoustical 

imaging. 
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The degree of spatial coherence has a profound effect on image 

quality. From §2.3.l and 2.4 it is apparent that the point spread 

functions of coherent and incoherent imaging systems are fundamentally 

different. While the coherent point spread function exhibits phase 

reversals, the incoherent point spread function is always real and 

positive. However, for a given aperture size the distance to the 

first zero is the same in both cases. The question of the resolution 

of two point sources separated by the Rayleigh distance for coherent and 

incoherent insonification is considered by Goodman (1968 §6.5). He 

concludes that the performance of the coherent system strongly depends 

on the relative phases of the point sources. If they are in phase, then 

they are unresolvable. For 90 degrees phase difference they are barely 

resolved, and for 180 degrees they are well resolved. For incoherent 

sources the resolution is exactly the same as for the 90 degree coherent 

case. Therefore it is impossible to generalise as to which type of 

insonification gives the best two point resolution. 

images, however, some general comments can be made. 

For more complicated 

The image of each point in the Object is (by definition) the source 

density about the object point convolved with the point spread function. 

For coherent imaging these 'blurred' image points are capable of 

interfering with one another. The image of a line or step function 

exhibits 'ringing' caused by the interference becoming altexnately 

constructive then destructive. 'Out-of-focus' points are those not 

in the focal plane and hence blurred by a broader point spread function 

than that for 'in-focus' points. The images of out-of-focus points 

interfere with the focal plane image in coherent imaging systems 

(cf. Holbrooke et al. 1974). This is one form of the speckle phenomenon 

(which is discussed in detail in §2.5.3). Thus coherent images are 

in general characterised by high contrast, finely spaced, interference 

phenomena overlying, and usually detracting from, the desired true 

physical detail. 

For incoherent imaging, the point spread functions do not mutually 

interfere, but tend to average out to a constant level. Thus the 

transition between the two levels in the image of a step function 

becomes gradual with no ringing (as illustrated by Considine 1966). 

Similarly, contributions from out-of-focus points merge into a uniform 

background whose main effect is merely to degrade the contrast resolution. 
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It is possible for periodicout-of-focus 'structure to appear back 

in-focus for narrow band coherent imaging systems. These spurious 

images, known as Talbot images, are largely eliminated by wide-band 

imaging (cf. Korpel et at. 1974). 

Since the aperture function of an incoherent imaging system is the 

autocorrelation of the coherent aperture function (§2 .4), there is 

redundancy in incoherent imaging. The redundancy makes incoherent 

imaging relatively less sensitive to aperture errors. Such errors may 

be due simply to lens aberrations in the case of focused imaging, 

measurement or processing errors in beamformed/holographic imaging, or 

of a more fundamental nature (i.e. caused by distortion of the incoming 

wavefronts). Sato and Wadaka (1975) suggest that incoherent imaging 

may be less sensitive to the effects of imaging through a turbulent 

medium. A turbulent medium is one in which the inhomogeneities 

fluctuate with time. The reasoning of Sato and Wadaka (1975) is that 

incoherent imaging is basically a s,tatistical process. The redundancy 

is achieved by taking a time average. Therefore, incoherent imaging is 

relatively unaffected by additional variations in the field at the 

receiving aperture caused by propagation through a turbulent medium. 

2.5.2 Propagation Medium 

All Fourier imaging methods are based on the straight ray 

assumption (i.e. that rays propagate unperturbed from transmitter, to 

scatterer~to receiver). Absorption is assumed (known) constant and 

multiple scattering of the waves is assumed negligible (i.e. the Born 

approximation is used). However, as discussed in §1.4, these assumptions 

are unrealistic for propagation in mammalian soft tissue. It is 

therefore likely that the wave fronts incident on the receiving aperture 

are distorted in both amplitude and phase. 

Experiments performed by Marich et al. (1975) using a focused 

coherent imaging system confirm that biological tissue distorts 

ultrasonic wavefronts. They found that when placing approximately 7 em 

of bovine liver between the source of insonification and a simple (high 

contrast) target, the image suffered moderately from interference caused 

by out-of-focus structure in the liver. However, when the liver was 

located between the object and receiving aperture, the image quality was 

much more severly degraded - presumably due to distortion of the 
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scattered wavefronts while propagating from the (in-focus) object through 

the liver. 

Some attempts to quantify such distortion have been made. Halliwell 

(1978) reports that the beam pattern of a 2.25 MHz, 18 mm diameter 

transducer is considerably distorted after passage through an in vivo 

breast. In a series of experiments, he found that the main lobe of the 

beam was randomly displaced by up to 10 mm. Fry et aZ. (1978) investigate 

the phase delay (as a function of frequency) of a wave propagating through 

both normal and malignant in vitro breast tissue. They find considerable 

departures from the linear relationship between phase shift and frequency 

necessary for the Born approximation to be useful. The departures are 

especially marked for propagation through malignant tissue. Their results 

are of particular relevance to the processing methods developed in 

Chapter 4. 

It is not surprising that breast tissue distorts ultrasonic wavefronts 

in view of the heterogeneous structure of the breast. The breast of the 

adult, premenopausal female is a modified secretory gl'and composed 

primarily of glandular, connective and adipose tissue (Vorherr 1974 §4). 

The structure of the breast varies markedly during pregnancy at at menopause 

(when the glandular tissue atrophies leaving only connective tissue, large 

ducts and fat deposits). Minor structural changes also occur during 

each menstrual cycle. The constituent tissues of the breast each have 

distinct ultrasonic characteristics. For example, Kossoff et aZ. (1973) 

estimate the acoustic velocity in glandular, connective and adipose tissue 

as 1550, 1545 and 1470 m/sec. respectively. Variations also occur in 

the attenuation values (cf. Calderon et aZ. 1976, Fry et aZ. 1979). 

Foster and Hunt (1979) have quantified the defocusing effects of 

various types of tissue. Their experiments involved measuring the field 

at the focal region of a variable aperture transmitting transducer which 

was focused by a liquid freon lens. The receiving transducer was a small 

hydrophone (i.e. 'point' receiver). Various thicknesses of tissue were 

interposed between the lens and hydrophone. Both narrow and wide bandwidth 

(pulse) transmissions were used. Their main results were: 

(i) While near diffraction limited performance was obtained through 

water, the focus (i.e. system point spread function) wa~ broadened after 

propagation th~ough tissue. The focus (for wide band signals) was spread 

by factors of approximately 1'.5 for 5 em of liver, and 3 for 5 em of breast 

tissue. 
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(ii) The amount of defocus seemed to be linearly related to the tissue 

thickness. The constant of proportionality did not seem to be affected 

by the aperture size. 

(iii) In all cases one, the focus was as the 

transmitting aperture size was increased. It tha-t this trend 

would continue for apertures giving an f-number lower than the F2 limit 

of the experimental apparatus. The anomolous result was recorded for a 

sample of male breast tissue in which the focus broadened slightly as 

the f-number was reduced from F3 to F2. 

(iv) The focus was more stable (i.e. l~ss to changes in tissue 

orientation, thickness, etc.) as the aperture size was increased. A 

similar observation is made by Halliwell (1978). 

(v) While the wide-band F2 focus for 4.3 em of breast tissue was well 

defined, the breast tissue "had a disastrous effect on the CW beamll
• 

In the narrow-band case it was impossible to plot a focusing curve 

because the field distribution at the normal focal point consisted of a 

number of apparently randomly located peaks. The field extended beyond 

+/- 12.5 mm, whereas the extent of the ( wide-band peak was less 

than 3 mm (between the half-amplitude points). 

Foster and Hunt (1979) attribute much of the wide-band defocusing 

to an apparent shift in the centre of the pul se (caused by 

increased attenuation of the higher by the tissue). This 

explanation is supported by similar results obtained for focusing 

through castor oil. Castor oil has similar attenuation characteristics 

to breast tissue but is homogeneous. The peculiar narrow-band focusing 

behaviour is attributed by Foster and Hunt (1979) to interactions of the 

highly coherent source with the heterogeneous structure of the breast 

tissue. The extension from narrow-band to wide-band imaging 

therefore involves some sort of procedure, and is not as 

straightforward in practice as (2.16) implies. The phenomena observed 

by Foster and Hunt (1979) and Marich et ale (1975) are manifestations of 

transmission speckle. This is discussed in the next sub-section. 

2.5.3 Speckle 

Images formed by coherent imaging systems typically have a 'grainy' 

or 'mottled' appearance. This phenomenon is termed' It is 

as though an apparently random amplitude variation is superimposed on the 

actual image structure. speckle is usually undesirable because 
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it causes the amplitude at any image point to deviate markedly from the 

corresponding object amplitude. The imaging operation assumes that 

each point in the object scatters a perfect spherical wavefront. Because 

of the finite aperture and wavelength, the wavefront is not focused to a 

point but rather a finite volume, (i.e. the resolution cell) which is 

described mathematically by the point 3pread function. An equivalent 

view is that each image point responds to the integrated scattering from 

all object points within a resolution cell. Speckle is caused by 

deviations in magnitude and phase from the assumed spherical wavefront. 

This may be due to (Abbott and Thurstone 1979): 

(i) interference between the wavefronts scattered by individual 

scatterers of random phase within the resolution cell, 

(ii) inhomogeneities of acoustic velocity and attenuation within the 

propagation medium, 

(iii) errors in the measurement or subsequent processing of the magnitude 

or phase of the received wavefront (i.e. aberrations). 

All of the above cause the image to look 'speckly'. The effect is 

illustrated by Penn and Chovan (1970) for both diffuse and specular 

targets and a variety of receiver apertures. Speckle is often regarded 

as noise because it appears as random granular structure superimposed on 

the desired image. It thus degrades contrast resolution. However, as 

pointed out by Wade (1976a), speckle contains information about the 

object but in a form that is difficult to interpret visually. For any 

combination of transmitter, object, receiver orientation and frequency 

the speckle pattern is deterministic. Thus, while appearing random, 

speckle is not noise in the usual sense. The typical size of an 

individual speckle (i.e. the correlation length of the speckle pattern) 

is (Burckhardt 1978) that of a resolution cell. Thus the spatial 

resolution is also degraded by speckle. For the related case of laser 

speckle, it has been shown by Kozma and Christensen (1976) that speckle 

may effectively reduce resolution by a factor approaching seven. Loss 

of spatial resolution is of greater importance in acoustical imaging than 

optical imaging because of the larger wavelengths involved in the former 

case. 

If the insonification~frequency is altered, the speckle pattern 

also changes. However, speckle is not averaged out by wide-band imaging. 

This is because of the coherent nature of most ultrasonic transducers 

(which respond to instantaneous pressure) . Wide-band imaging merely 
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coherently superimposes a continuum of narrow-band images and so (at 

least some) speckle remains. In this regard, ultrasonic speckle must 

be treated differently to laser speckle (cf. Abbott and Thurstone 1979) 

because optical sensors always operate incoherently due to their slow 

response (compared with optical frequencies). 

It is convenient to categorise speckle according to its cause. 

Speckle due to interference between individual scatterers within the 

resolution cell (type (i) in the first paragraph of this sub-section) 

is here termed reflection speckle. Reflection speckle includes 

interference from out-of-focus structure mentioned in §2.5.l. Speckle 

due to the propagation medium and instrument aberrations (i.e. types (ii) 

and (iii) ) is here termed transmission speckle. The contributions 

to the overall speckle pattern from the two types of speckle are usually 

indistinguishable. However, it is worth emphasising a fundamental 

difference. The effects of reflection speckle are restricted to the 

resolution cell. That is, reflection speckle mcdulates the imaged 

amplitude of each point. On the other hand, transmission speckle spreads 

the energy from each point in the object over distances greater than the 

dimensions of the diffraction limited resolution cell. In other words, 

the point spread function is no longer that of the diffraction limited 

imaging system. The reason being that the field at each point in the 

aperture affects every image point. Therefore errors in the aperture 

field incurred during the propagation or measurement process and errors 

in the spatial processing (§2.3.4) cause speckle that is potentially 

distributed over the entire image. 

There are optical analogues to reflection and transmission speckle. 

Reflection speckle is observed when objects are illuminated by laser 

light (Goodman 1975) • Transmission speckle occurs when images of 

celestial objects are formed with quasi-monochromatic light and large 

aperture telescopes (cf. Dainty 1975). The distorting medium in this 

case is the Earth's atmosphere. 

Burckhardt (1978) analyses acoustic reflection speckle. Assuming 

a large number of scatterers with independent magnitudes and phases 

(evenly distributed between 0 and 2TI) in the resolution cell, the 

statistics are described by the well-known 'random walk' model. The 

probability density function peA) follows the Rayleigh distribution 

given by 
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peA) = (2A/A 2). exp (-A (2. 24) 

where A is a particular amplitude and A2 is the average of the squared 

amplitudes. Defining the signal to noise ratio as being the ratio of the 

average amplitude to the r.m.s. deviation of the amplitude from the 

average, Burckhardt (1978) finds that the theoretical signal to noise ratio 

in the image of a 'uniform' field of scatterers is 1.91. This ratio 

roughly agrees with experimental results. Furthermore, he shows that 

speckle patterns become statistically independent if (for fixed 

insonification) the receiving aperture is translated. by about its own 

extent. 

A question which has not yet been thoroughly tackled is the 

determination of the relative contributions of reflection and transmission 

speckle to the total speckle observed in acoustical images. The results 

of Marich et al. (1975), Fry et al. (1978) and Foster and Hunt (,I979) 

which are discussed in §2.5.2, and the results presented in Chapter 6 of 

this thesis indicate that transmission speckle is a significant factor. 

Perhaps the answer depends on the aperture used. It seems reasonable 

that as the aperture is increased, the system becomes more sensitive to 

transmission speckle because a greater section of the distorted wavefront 

is intercepted. This alters the point spread function which in turn 

affects the reflection speckle behaviour. 

Another important question concerns the relative contributions of 

amplitude and phase distortion of the wavefronts to transmission speckle. 

Recalling from §2.3 that the amplitude and phase of the field incident 

on the receiving aperture corresponds to the amplitude and phase of the 

spatial frequency components of the object, it is likely that the image 

will be particularly sensitive to phase errors. phase errors cause 

'displacement' of the sine waves that synthesise the image. Amplitude 

errors merely alter the relative contributions of each spectral component 

to the final image. Work performed by Powers et al. (1970) and 

Mawardi (1972) on so-called 'phase-only' holography (with which reasonable 

images may be obtained even though the amplitude information of the 

aperture field is completely disregarded), by Gallagher (1979) on hologram 

information content, and by Ramachandran and Srinivasen (1970 §4), 

supports the notion that the phase contains the major part of the 

information required to reconstruct the image. Therefore phase errors 

are likely to be the major cause of speckle. Experiments performed by 
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Abbott and Thurstone (1979) involving the statistics of the amplitude and 

phase measured over an aperture also lead to the conclusion that phase 

errors are the primary cause of speckle. 

Techniques for speckle reduction (cf. Burckhardt 1978, Abbott and 

Thurstone 1979, Wells and Halliwe'll 1981) usually involve some form of 

incoherent averaging of statistically independent speckle patterns. 

I Speckle reduction' attempts to achieve a higher signo,l to noise ratio 

(as defined earlier in this section) so that the final image is more 

appealing visually. In the case of pUlse-echo imaging, the averaging 

is achieved by • compounding' the scan (refer to §3.4.2). However, this 

type of approach may not be optimal. Since the averaging is incoherent, 

coherence is not maintained over the effective aperture of the imaging 

instrument, and so the maximum potential resolution of the aperture is 

not realised. Also, such averaging is unlikely to ameliorate spreading 

of the point spread function caused by tranSIt1J.ssion speckle. 

2.6 DISCUSSION 

In principle, imaging systems based on Fourier transforms are 

inherently simple. However, in practice, many factors significantly 

affect the final image quality. Of particular concern here is the 

medical imaging situation in which the basic assumptions required for 

Fourier imaging (i.e. the Born approximation) are invalid. The effect 

of the imperfect propagation medium is to create speckle in the final 

image. Obviously a simple minded application of Fourier imaging is 

unlikely to result in the optimal use of the information available from 

the system aperture. 

From §2.4 it appears that there may be some advantages in employing 

spatially incoherent insonification. It is conjectured by Sato and 

Wadaka (1975) that incoherent imaging (as defined in §2.4) may be better 

than coherent imaging through a turbulent medium. However, the 

inhomogeneities of biological material do not change sufficiently rapidly 

with time to enable it to be considered turbulent. Also, virtually all 

ultrasonic imaging systems are intrinsically coherent. Therefore, to 

obtain higher quality ultrasonic images in the clinical imaging situation, 

it seems necessary to tackle the problem of large aperture coherent 

imaging through a distorting medium. 
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The finding of Foster and Hunt (1979) that, although biological 

material degrades resolution, relative improvements are obtained as 

the aperture size is increased, is encouraging. It indicates the 

potential for substantial improvements to the performance of the small 

numerical aperture, pulse-echo imaging instruments which are currently 

employed in diagnostic imagery. The speckle processing methods 

described in Chapter 4 are designed to overcome transmission speckle 

and so may eventually serve as the basis for improved large-aperture 

imaging systems. 
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3. ULTRASONIC IMAGING - PRACTICE 

3.1 INTRODUCTION 

The conceptual and mathematical bases of acoustical imaging are 

developed in Chapters 1 and 2. In this chapter, attention is given to 

practical ultrasonic imaging methodology and devices. An extensive 

review of this vast field is beyond the scope of this chapter. Rather, 

only important or particularly intere8ting and relevant schemes are 

discussed. Particular emphasis is placed on imaging devices using echo-

location procedures mainly because such devices are by far the most 

widely used in ultrasonic imaging practice. 

A review of the relatively short history of acoustical imaging is 

given in §3.2. The interface between the acoustic field and the 

remainder of the imaging system is an important factor in the performance 

of most ultrasonic imaging instruments. Various transduction methods 

are discussed in §3.3. §§3.4 to 3.6 are concerned with a variety of 

ultrasonic imaging methods. In §3.4 the relationship between echo-

location and Fourier imaging techniques is clarified. Tissue 

characterisation is intimately related to diagnostic imaging and is 

discussed in §3.7. Some clinical aspects, including a new and 

potentially very important application, of ultrasonic imaging are the 

subject of §3.8. The concluding section (§3.9) stresses the relevance 

of some of the findings reported in the lit.erature to the new imaging 

principle discussed in Part II of this thesis. 

3.2 PIONEERING WORK IN ACOUSTICAL IMAGING 

The most significant contribution to acoustic theory was made by 

Lord Rayleigh in 1877 with his publication of the "Theory of Sound". 

Experimental work in acoustical imaging began around the early part of 

the twentieth century_ It was primarily motivated by the need to detect 

underwater obstacles, but was hampered by the crude technology initially 

available. In 1912 Richardson patented a scheme for underwater ultrasonic 

echo ranging. The device was never built however. The first workable 

echo location equipment appears to have been constructed by Fessendon in 

1913 (cf. Graff 1981). It was a low frequency (540 or 1100 Hz) device 

utilizing a moving coil transducer, and was capable of detecting 

icebergs at ranges of up toa few miles. However, its main use was 
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for underwater signalling. 

The advent of submarine warfare during World War I increased 

activity in underwater detection. Langevin and Chilowski (1916) 

developed a submarine detection system for the French navy. By the end 

of the war the system could detect submarines at ranges of up to 1500 

metres. The high sensitivity achieved was due to the development of 

resonant piezoelectric transducers and vacuum~tub€ amplifiers. 

The work of the Russian scientist Sokolov stands out amongst the 

pioneers of acoustic imaging, in terms of quantity and foresight. 

Sokolov's productive work spanned more than three decades beginning in 

the 1920's. His principal concern was with devising apparatus to 

detect flaws in metals. Many of his techniques produced optical 

patterns corresponding to acoustic fields and so can be considered to 

be forms of acoustic imaging. In 1929 Sokolov proposed a liquid 

surface imaging system remarkably similar to modern liquid surface 

holographic systems. Thissystern was described in a paper in 1935 

(Sokolov 1935a). It was a transmission imaging device with a kind of 

holographic read out. The ultrasound scattered from a flaw within a 

metal test piece induced ripples on the surface of an oil film. The 

ripples diffracted light from a mercury arc source onto a screen. 

It is interesting to note that the configuration was the same as that 

for a 'Gabor-type' in-line hologram (cf. Gabor 1948, 1949). The 

undiffracted part of the sound beam formed the reference. Therefore 

it can be argued (cf. Wade 1976b) that Sokolov produced the first 

hologram a number of years before Gabor. However, Sokolov did not 

think of this apparatus in terms of holographic principles as they are 

currently understood (§§2.3.4 and 3.6.1). His images were of poor 

quality because he did not have a laser source for image reconstruction, 

and he used no spatial filtering to eliminate unwanted reconstruction 

components. 

Another system developed by Sokolov (1935b) used diffraction of 

light from a mercury arc source by sound wave fronts within turpentine 

as a means of read-out. Inhomogeneities within the metal test piece 

perturbed ultrasonic wave fronts passing into the turpentine column. 

The perturbed wave fronts would not produce the regular intense 

diffraction spots obtainable from a flawless test piece. Although this 

system did not produce an image, its principle of operation was 
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remarkably similar to modern Bragg diffraction imaging systems (cf. 

Ahmed and Wade 1979). 

A transduction device which is useful in high speed applications 

(cf. Jacobs and Pe~erson 1974, Addison 1974) is the 'Sokolov tube'. 

In this device, electric charge is induced on an unelectroded 

mechanically damped piezoelectric plate by an acoustic field. The 

charge pattern on the plate modulates the secondary current of a 

scanned electron beam in a similar fashion to a television vidicon tube. 

The Sokolov tube was patented in 1936. 

Sokolov also realised the potential for obtaining very high 

resolution from short wavelength ultrasound (Sokolov 1949). In 1936 

he proposed an 'ultrasonic microscope' utilizing 3 GHz sound to give 

micrometer order resolution. Technological limitations at that time 

prevented operation of the device at sufficiently high frequencies. 

However, acoustic microscopy is now well established (cf. Lemons and 

Quate 1974, Kessler and Yuhas 1979). Resolution approaching that of 

light microscopy has been achieved. A major advantage of acoustic 

microscopy is that most biological material exhibits high acoustic 

contrast (Lemons and Quate1975, Penttinen and Luukkala 1977). Therefore, 

staining procedures used in optical microscopy (and which interfere with 

the vitality of living biological material) are avoided. 

Much of the early work was devoted to transduction devices. 

Pohlman described an acousto-optic interface consisting of randomly 

aligned metallic flakes held in suspension (Pohlman 1937). 

Insonification of the flakes causes partial alignment, thus altering 

the bulk reflectance characteristics of the interface. This device, 

known as the 'Pohlman cell', featured high intrinsic resolution but 

slow time reponse. 

Firestone patented a flaw detector for the non-destructive testing 

of metals in 1942. The device, called a 'supersonic reflectoscope' 

(Firestone 1946), is generally considered the forerunner of modern pulse 

echo imaging instruments. 

It was realised quite early that ultrasound interacted with 

biological matter. Langevin reported that "fish placed in the beam 

in the neighbourhood of the source operating in a small tank were killed 
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immediately, and certain observers experienced a painful sensation on 

plunging the hand in this region" (cf. Graff 1981). Similar 

observations were made by Wood and Loomis (1927). The first attempt 

to examine the structure of the human body is credited to Dussik (1942), 

who endeavoured to form a transmission image through the skull by 

measuring the attenuation of a scanned ultrasound beam. The experiment 

failed, however, because the attenuation of, and reflection from, the 

skull masked any changes due to the internal fluid filled ventricles. 

Developments in electronics after World War II enabled higher 

frequencies and better displays to be utilized. The first successful 

ultrasonic pulse echo systems for examination of the human body were 

developed by Wild (1950), Reid and Wild (1952) and Howry and Bliss (1952). 

Work has since progressed to the stage that ultrasonic imaging has 

become accepted as a diagnostic tool by the medical profession. Notable 

achievements have been the development of doppler for blood-flow studies 

(Haugen et al. 1955, satomura 1957) I extended dynamic range displays, 

i.e. 'grey-scale' (Kossoff 1972, 1974, Taylor et al. 1973), 'real time' 

sector scans for dynamic heart studies (Asberg 1967, Eggleton et ale 

1974), and ultrasonic computed tomography from projections of either 

attenuation (Greenleaf et al.1974) or refractive index~reenleaf et al. 

1975, Bates and Dunlop 1977, Glover and Sharp 1977). Other significant 

developments in acoustic imaging include Bragg diffraction imaging 

(Karpel 1966), acoustical holography (Greguss 1965), arrays with beam 

steering (Somer 1968), and dynamic focusing (Thurstone and von Ramm 

1974), and acoustic microscopy (Kessler et al. 1972a, 1972b, Lemons and 

Quate 1974). 

Historical reviews of various aspects of acoustical imaging are 

provided by Wade (1976b), Kossoff (1978), Holmes (1980) and Graff (1981). 

3.3 TRANSDUCTION 

In the context of this thesis, a transducer may be regarded as any 

device used to create or sense an ultrasonic field. Berger (1969) and 

Haran (1979) survey ultrasonic detection methods. The six main 

categories are chemical (including photographic) ,_thermal, acousto

optic, magnetostrictive, mechanical and piezoelectric. Of these, 

piezoelectric is by far the most widely used. The main advantages of 

piezoelectric transduction are its good sensitivity, rapid response and 
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useful output form (i.e. electrical signals). 

Ferroelectric ceramics such as lead zirconate titanate (PZT) are 

the most common piezoelectric materials used in transducer construction. 

They are mechanically hard and stiff (although somewhat brittle) , 

chemically inert and unaffected by moisture. The design and fabrication 

of PZT based transducers that exhibit both wide bandwidth and high 

sensitivity is the subject of much research (cf. Foster and Hunt 1978, 

Goll 1979, Souquet et aZ. 1979). The main difficulty lies in matching 

the relatively high acoustic impedance of the piezoelectric material to 

that of water (or soft tissue) in an efficient manner and over a wide 

frequency range. Various matching and backing sections are employed 

to achieve this goal. Normally the transducer characteristics limit 

the bandwidth of an acoustic imaging system. 

Recently, interest has been shown in using piezoelectric 

polyvinylidene fluoride (PVDF) films for ultrasonic transduction (cf. 

Sui et aZ. 1976, Lerch 1979). This material is available in thin 

flexible sheets allowing shaped transducers to be readily fabricated 

(cf. Bennett and Chambers 1977, Foster and Hunt 1980). Reduction in 

sensitivity due to the lower piezoelectric coupling factor of PVDF 

(compared with PZT) is somewhat compensated by its closer acoustical 

impedance match to water. Thus PVOF transducers exhibit reasonable 

sensitivity and extremely wide bandwidth (Shotton et aZ. 1980). 

3.4 IMAGING BY ECHO-LOCATION 

The theoretical basis for echo-location is given in §1.6. It is 

assumed that the region being probed contains small inhomogeneities that 

scatter weakly. The refractive index is taken as being constant so 

that the propagation of the probing radiation is described by straight 

rays. The region is probed with a narrow beam of ultrasound. 

Inhomogeneities in the path of the beam scatter some of the incident 

radiation. Because the scattering is assumed weak, the greater part 

of the incident radiation continues to propagate undisturbed. Radiation 

scattered by 180 degrees with respect to the incident radiation is 

termed back-scattered orl simply, an echo. Eeho.esare sensed by the same 

transducer that generates the beam. The strength of the echoes depends 

on the scattering strength of the inhomogeneity, the attenuation of the 
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of the medium, and the spatial response of the transducer. The bearing 

(§2.l.l) of the scatterer is given simply by the direction of the (centre 

of the main lobe) of the beam. Location in range is (from equation 1.34) 

deduced by measurement of the time delay of the echo, and knowledge of 

the acoustic velocity. In biological tissues, the acoustic velocity is 

not uniform. Therefore, in practice the rays are not straight and the 

range is not simply proportional to the time The above two 

factors cause errors (i.e. mis-registrations) in the apparent lateral 

and axial locations respectively of the scatterers. 

Normally the transmitted waveform is a short pulse of only a few 

cycles duration. The pulse length depends on the system bandwidth 

(which is usually governed by the transducer characteristics) and 

determines the range resolution (refer to equation 2.17). The 

ultrasonic attenuation of biological soft tissue is approximately 

proportional to frequency at typical diagnostic frequencies (Wells 

1977 §4.4). Therefore, as the pulse propagates it tends to beccme 

temporally broader due to an overall downwards shift in its 

content. This effect may be somewhat offset by the so-called Rayleigh 

scattering characteristics of inhomogeneities whose dimensions are much 

less than a wavelength. The amplitude of the scattered wave in this 

case is proportional to the frequency squared (Morse and Ingard 1968, 

§8.2) and so the higher frequency components are emphasised. 

The range resolution typically obtained in the clinical situation is of 

the order of 1 ffiffi. In comparison, the resolution obtainable in 

transverse directions (§2.l.1) varies depending on, amongst other 

things, range. However, it is usually worse than range resolution 

with values of 5 to 15 ffiffi. 

The transverse resolution is primarily determined by the transducer 

aperture. In the far field of the transducer aperture the main lobe of 

the beam diverges (refer to Fig. 3.1). The transverse resolution is 

therefore a function of range. Provided the angle of divergence is 

not too great, the Rayleigh criterion (§2.3.1) is apprOXimately 

IJy= ARID .I (3.1) 

where R is the range and D the aperture dimension. The far field is 

normally taken (cf. §2.1.1) to be at ranges given by (from 1.44)J 



o 

Fig. 3.1 

-63-

(3.2) 

Fresnel Region Fraunhofer Region 

--

--- --- --
A convenient 'text-book' illustration of the main features 
of the ultrasonic field generated by a plane (unfocused) 
transducer. The dashed line represents the extent of the 
beam pattern from the transducer of dimension D. The 
field is non-uniform within the Fresnel region but 
collimated to the transducer dimension. The field is 
uniform in the Fraunhofer region and diverges a,t an angle 
e where, for narrow beams, e:::: sine == "A/n. Detailed 
plots of the Fresnel field are presented by Zemanek (1971). 
The width is, in fact, substantially less than D at a 
range of D2/4"A. 

The Fresnel region lies between the range specified by (3.2) and a 

range of approximately D. The insonifying field within the Fresnel 

region i,s highly non-uniform but with an effective transverse extent 

of less than or equal to D for an unfocused transducer (refer to Fig.3.1). 

It is possible to focus the field within the Fresnel region. With 

reference to Fig. 3.2, the focusing action (§l.8.2) essentially involves 

equalising the acoustic path lengths between all points on the aperture 

and the focal point by introducing phase (or time) delays (§2.3.3). 

Fig. 3.2 depicts the focusing action of an acoustic lens. Focusing 

may also be achieved by utilizing shaped transducers or by introducing 

delays into the signal paths of individual elements of an array (refer 

to § 3.5) . In practice, only 'weak' focusing is usually used (i.e. 

the phasing is not perfect). While stronger focusing increases transverse 

resolution, the advantage is maintained only over a relatively short 

range. Weaker focusing is found to giVe a better depth of field 

(§2.1.1) and so a compromise is reached (cf. Kossoff et ala 1968). 

Transverse resolution is also a function of the system bandwidth. 
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3.2 Focusing with a concave lens. The lens is constructed of a 
material with higher acoustic velocity than the propagation 
medium. The shape of the lens introduces a varying delay 
across the aperture so that an incident plane wavefront is 
converted to a spherical wavefront converging at the focal 
point. In practice, diffraction effects due to the limited 
aperture size spread the focal point into a focal region 
(i.e. the resolution cell). 

Narrow-band operation results in strong side lobes (§2.l.1). The width 

of the main lobe is not a strong function of bandwidth (Miller et al. 

1974) . However, side lobe response is greatly reduced as the bandwidth 

is increased (Hildebrand 1980). The phenomenon is easily understood for 

pulses. The pulse transmitted from various regions of the transducer 

aperture arrives in synchronism at the focal point (or along the axis 

of the main lobe in the far field region). However, away from the focal 

region the pulse arrival times are not coincident, and therefore the 

instantaneous field is diminished compared with the steady state (i.e. 

narrow-band) situation. Because of its importance to the perfonnance of 

ultrasonic imaging systems, a considerable amount of work has been done 

on both modelling and measurement of the near field transient response of 

transducers and arrays (cf. Robinson et al. 1974, Weyns 1980, Hefner et 

al. 1980, Arditi et al. 1981, Duerinckx 1981) . 
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Dow side lobe levels are an important practical consideration. 

The Rayleigh resolution criterion is reasonably satisfactory for two 

point targets of equal strength (§2.5.l). However, such a measure 

becomes meaningless if the sidelobes from a strong targ~t (e.g. a 

specular reflector) swamp the echoes from a theoretically resolved, 

but weak, scatterer. Eaton et at. (1980) claim that, for typical 

diagnostic images, low side lobe levels are more important than a 

narrow main lobe. 

A trade-off between main and side lobe responses can be made by 

a technique known variously as apodisation or aperture shading in 

optics, windowing in signal processing and illumination tapering in 

antenna engineering. The technique involves unequal weighting of the 

signals from various parts of the aperture (cf. Prabhu et at. 1977, 

Harris 1978). The point spread function is the Fourier transform of 

the aperture function (§2.3.l)« Therefore, apodisation alters the 

point spread function. Various apodised aperture functions and 

corresponding point spread functions are illustrated in Fig. 3.3. 

It is evident from Fig. 3.3 that low side lobe levels are obtained from 

window functions that gradually and smoothly taper the aperture response. 

The improvement is gained at the expense of a broadened main lobe. It 

is interesting to note that in systems using lenses, because most 

acoustic lenses are concave (Dunn and Fry 1980) and exhibit higher 

attenuation than water, some degree of apodisation is provided 

incidentally, An alternative to apodisation is a technique called 

'edge extension'. In this, the signals are smoothly extrapolated tc 

zero beyond the extent of the aperture (cf. McDonnell and Bates 1975), 

From §2.3.1 and (3.1) it is obvious that for a given physical 

aperture size, transverse resolution increases as the operating frequency 

increases. Therefore, the highest possible frequency is used in most 

imaging situations. The maximum practicable frequency is limited by 

attenuation. For a given transmitter output level, the range possible 

before returning edboes are lost in fundamental noise (i..e. from thermal 

motion, electronic amplifier noise etc.) is reduced as the frequency 

increases. In opthalmology, where only short ranges are required, 

centre frequencies of around 15 MHz are used. However, for the longer 

ranges required for abdominal investigations, frequencies are usually 

below 5 MHz. 

The attenuation of the pulse as it propagates is usually allowed for 
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Fig. 3.3 Various window functions on the left are shown beside their 
corresponding point spread functions on the right (linear 
scales) . 
(a) Rectangle or Dirichlet window. 
(b) Triangle or Fejer window. 
(c) Hanning or cos squared or raised cosine window. Of 
form cos 2 (UTIJL) = 0.5(1 + cos 2TIu!L); u, L defined in 
Fig. 2.4. 
Ratios of peak side lobe to main lobe for the three windows 
are -13 dB, -27 dB, and -32 dB respectively. Optimal 
performance windows are illustrated by Harris (1978). 
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in an ad hoo fashion (cf. Maginness 1979). A value for the attenuation 

coefficient is assumed and as more distant (and therefore weaker) echoes 

are received, the gain of the receiver circuitry is adjusted to 

compensate. This technique is known as time gain compensation (TGC). 

Sophisticated implementations of TGC allow the gain to be independently 

specified at various ranges or to be automatically chosen (adaptively, 

cf. DeClereq and Maginness 1975). 

The distinction between focused echo-location and wide-band Fourier 

imaging (discussed in §2.3.3) is actually rather tenuous. Focused 

echo location may be regarded as a particular case of wide-band Fourier 

imaging in which the same aperture is used for transmission and reception. 

Also, pulses are usually used in echo-location systems. Pulses simplify 

the electronics requirements when operating from a single transducer 

by enabling switching from transmission to reception functions. Ranging 

with pulses is performed simply by direct measurement of the echo arrival 

times. Except for a few recent experimental systems, most imaging 

instruments based on echo-location principles are of low numerical 

aperture (§2_l.l) and (for reasons discussed above) weakly focused. 

A final difference lies.in the way images are usually presented. For 

display purposes it is common to portray a three-dimensional volume 

as a series of two-dimensional slices (Robinson 1972). The depth 

of focus of large aperture, Fourier based imaging systems is limited. 

Therefore, these systems are naturally suited to an 'orthoscopic' display 

format in which the imaged parameter is displayed as a function of 

the two transverse coordinates. In comparison, the most popular display 

for echo-location imaging (the fB-mode' display which is discussed in the 

following sub-section) uses a format of range versus one transverse 

coordinate. 

3.4.1 Displays 

The information obtained from an echo-location system may be displayed 

in a great variety of ways (cf. Reintjes and Coate 1952 §4.4). Methods 

commonly practiced in diagnostic imaging are discussed below. 

The simplest form of display is the A-mode (Fig. 3.4). The 

vertical deflection of an oscilloscope trace is controlled by the 

'amplitude'of the echo signal (i.e. by the rectified and filtered pulse). 

The horizontal input to the oscilloscope is a conventional 'sawtooth' 
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waveform. Therefore, an A-mode display portrays echo amplitude versus 

range along the path of the beam. The pulse is repeated in 

synchronism with the sawtooth waveform (typically at around 1 kHz) to 

produce a flicker free display. Range ambiguity (caused by the 

repetitive transmit signal) is avoided if very distant echoes are 

sufficiently attenuated by the intervening tissue (Goldstein 1981). 

o 
..c. 
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Fig. 3.4 A-mode display of echo amplitude versus range for a variety of 
targets. 
(a) A point scatterer, 
(b) a diffuse surface, 
(c) specular reflecting surface orientated normally to beam 
axis gives strong response, 
(d) low response to an oblique specular surface. 

An image (in the usual sense-) is formed when the pUlse-echo 

information is displayed in the B-mode format. The brightness of the 

oscilloscope trace is modulated by the echo amplitude. The linear 

deflection of the trace is again proportional to range. However, the 

trace is deflected in a direction notionally corresponding to the 

direction of the beam. The trace begins at a point corresponding to 

the location of the transducer. Thus a received echo causes a bright 

spot to appear on the screen at a position corresponding to the location 
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of the scatterer. A two-dimensional image (or B-scan) is obtained by 

repetitively pulsing the transducer while scanning the beam within the 

desired plane (Fig. 3.5). 

the following sub-section. 

Various scanning regimes are discussed in 

Scan 
Ray _ 1 2 3 line #. 1 2 3 

b 

Transducer B -mode Display 

Fig. 3.5 Idealised B-scan. Straight, narrow beams are assumed. 
Ca) The transducer is scanned along a line. Three 
positions are depicted here. The object is a diffusely 
reflecting boundary_ 
(b) Received echoes cause the display to be brightened 
(as indicated by dots) at appropriate positions. Thus 
the boundary of the object is traced out. In practice, 
finite resolution causes the dots to be enlarged and the 
image blurred. 

An orthoscopic image is obtained in the C-mode. In this case, the 

position of the spot on the oscilloscope screen is determined by both 

transverse beam coordinates. The spot brightness is determined by the 

echo strength at a particular range. A complete image is obtained by 

transversely scanning the beam. C-mode is not used as commonly as 

B-mode since it requires two-dimensional scanning. 

The final important form of display is known as M-mode. Again, 

the spot brightness is proportional to echo strength. However, the 

beam is not scanned. In the usual format, the vertical deflection of 

the spot is proportional to range (in a similar fashion to A and B-modes) . 

The trace is also slowly deflected horizontally. Therefore, as the pulse 

is repeated, successive echoes from fixed scatterers are horizontally 
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displaced on the display. Any component of motion of the scatterer 

along the beam axis results in a vertical deflection of the corresponding 

spot on the screen. M-mode displays are useful in cardiology for 

depicting the motion of the heart walls and valves. 

3.4.2 Scanning 

There are a variety of scanning strategies possible for B-scan 

imaging (Fig. 3.6). In sector scanning, the transducer is rotated abou~ 

some (nearby) point. Thus t.he beam and corresponding • scan lines' 

appear to emanate radially from a single point. For linear scanning, 

the transducer is translated (with constant attitude) in a direction 

normal to the ultrasound beam. Thus the scan lines are parallel for 

linear scanning. 

linear sector compound 

Fig. 3.6 Simple (i.e. linear and sector) and compound scanning motions~ 
Lines with arrowheads denote 'scan lines'. 

Compound scanning is a combination of linear and sector scanning. 

Several sector scans taken at various transducer positions are combined. 

During compound scanning, each object point is viewed more than once, 

and so the resulting image may appear markedly different from that 

obtained by simple (i.e. sector or linear) scanning. For example, 

shadowing and enhancement (§1.6) becomes less pronounced and the image 

of specular reflectors (92.1.1) becomes less 'patchy'. The differences 

are due to the increased diffuseness of the insonification and the wider 

angle of view and usually enhance the clinical usefulness of the image. 

The resolution of compound scan images may be degraded however. During 

a single scan, refraction of the beam (due to spatial variations in the 

acoustic velocity) causes errors in the apparent location of a scatterer. 
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When several images of a particular scatterer are combined in a compound 

scan, the resulting image may be considerably blurred due to mis

registration of the individual images. 

The echo information from each transmitted pulse is usually stored 

and combined with that from other transmissions in a device known as a 

scan converter. Modern B-scan machines utilize digital scan converters 

. which are essentially arrays of digital memory (Ophir and Maklad 1979). 

To match standard television monitors, memory sizes are typically 

512 x 512 picture elements (pixels) with 16 or 32 levels (i.e. 4 or 5 

bits amplitude quantisation) for each pixel. Thus the image in the 

digital scan converter is quantised both spatially and in amplitude. 

Each pixel represents the aggregate of the scattering from some finite 

element of volume. There are some disadvantages with digital scan 

conversion. Relatively complicated and expensive electronics ar.e 

required (although with current trends in microcomputer technology, 

this is rapidly ceasing to be a major objection). The interaction 

between the spacing of the scan lines and the spatial sampling of the 

scan converter memory can leave patterns of 'holes' in the image where 

some pixels are never accessed. This is known as the moire effect and 

is particularly noticeable with sector scanning (Ophir and Maklad 1979). 

The advantages of digital scan conversion are considerable. The 

dynamic range (or 'grey-scale') is much improved over earlier analogue 

scan converters. This allows better visualisation of low level 

scattering and has considerable diagnostic value (cf. Jellins et aZ. 

1975, Kossof et aZ. 1976, Kobayashi 1979) . Post-processing of the 

digitally stored image can be easily performed. Useful procedures 

include (cf. Ophir and Maklad 1979) image expansion (i.e. 'zooming'), 

histogram equalisation, edge enhancement, smoothing, pixel filling (to 

eliminate moire patterns) and windowing or thresholding (to select 

echoes within a specified range of strengths). 

Some attempts (cf. Hundt and Trautenberg 1980) have been made to 

compensate for the finite resolution of B-scans by a technique known as 

deconvolution or Wiener filtering (further discussed in §4.7). The 

resolution improvement available from deconvolution procedures is, 

however, limited by their inherent noise sensitivity and the requirement 

of accurate knowledge of the point spread function. In practice there 

may exist considerable speckle noise (§2.5.3) on the image and the precise 
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point spread function {which varies according to position anyway) is 

unknown due to tissue distortions. 

There are a variety of ways of combining the common echo information 

fOr a pixel located along intersecting scan lines of a compound scan (cf. 

Robinson and Knight 1981). The usual method, termed 'maximum amplitude 

writing', is to record only the maximum amplitude echo received for each 

pixel. However, providing mis-registration is not too severe, l.'esolution 

is improved if either the minimum or average amplitudes are used. 

Minimum amplitude writing is the inverse of maximum amplitude writing. 

For the former l the 'screen' is initially white and each pixel value is 

changed only if the received echo amplitude is lower than the current 

pixel value. Minimum amplitude writing potentially discriminates against 

specular reflectors while emphasising small scatterers (cf. Linzer and 

Parks 1979). 

Although some speckle reduction is expected when maximum amplitude 

writing is used during compound scanning (cf. Burckhardt 1978), better 

speckle reduction (§2.5.3) is obtained by taking the incoherent average 

of all received echo amplitudes corresponding to each pixel (Wells and 

Halliwell 1981, Robinson and Knight 1981). 

3.4.3 Signal Processing 

Fundamental noise due to thermal motion is always present on any 

signal. Therefore, the signal to noise ratio of any received echo signal 

is always finite. Attenuation of the wave as it propagates means that 

the signal to noise ratio of received echoes is reduced as the range 

increases. Reducing the centre frequency of the pulse increases the 

signal to noise ratio but at the expense of resolution (§3.4). 

Therefore,the centre frequency used in conventional pulse echo imaging 

is determined by the required penetration and the minimum acceptable 

signal to noise ratio. Any method of increasing the signal to noise 

ratio allows higher frequencies to be used and so results in improved 

resolution. 

One means of increasing the to noise ratio is to boost the 

transmitted power. However, the transmitter power is ultimately limited 

by either the transducer breakdown characteristics or by safety 

considerations (discussed in §3.8.l). The duty cycle, and hence average 
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power of a pulse is low. Provided the transmitter can maintain a 

continuous power level comparable with its peak power rating (cf. 

Nahamoo and Kak 1981) the signal to noise ratio can be improved by 

increasing the average transmitted power. This is achieved by extending 

the duration of the transmitted signal so that for a constant power level, 

greater energy (relative to a pulse) is transmitted. To maintain both 

the system bandwidth and a constant power level, some form of phase 

encoding is usually utilized (cf. Takeuchi 1979, Sato and Wadaka 1979, 

Chapelon et at. 1979). Thus phase encoding is used to increase the 

'time-bandwidth' product of the signal. Since the transmitted signal 

is distributed OVer a longer time interval than that occupied by a simple 

pulse, a matched filter is used upon reception to recover the time delay 

information. This technique is also known as pulse compression. 

If the signal transmitted is get), then the impulse response of 

the filter matched to get) is given by (Rihaczek 1969 §2.5), 

h(t) = g(~-t) 

where T is the time delay (necessary for causality) of the filter. 

Taking the Fourier transform of (3.3) gives 

H(W) = G*(w) exp(jw~) 

From (3.4) the operation of the matched filter is understood. The 

(3.3) 

(3.4) 

absolute phase of each frequency component of the received signal is 

adjusted by the filter to be the same (i.e. zero) as that of all other 

frequency components at time~. Thus the output of the matched filter 

is maximised at time T (plus whatever propagation time delay there might 

be). In the time domain, the received signal is (at least notionally, 

if not actually) correlated with the transmitted signal. The increased 

signal to noise ratio arises because the noise present in the received 

signal is in general uncorrelated with the transmitted signal. Thus, 

for a given penetration, signal encoding and matched filtering techniques 

should allow higher frequencies to be utilized in ultrasonic imaging. 

Boyle et at. (1980)- speculate that, as well as showing resolution 

improvements, higher frequency images may be less prone to specular 

reflection effects (since surfaces will appear acoustically rougher). 

The range resolution when matched filtering is used is limited by 

the signal bandwidth. In principle, resolution improvements can be 
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gained by deconvolution or analytic continuation techniques. Signal 

processing based on these ideas is often referred to as 'super

resolution' • Super-resolution is, however, notoriously sensitive to 

noise. Practical implementations require special filtering (cf. 

Sawatari and Keating 1980) or an adaptive approach (cf. Papoulis and 

Chamzas 1979) and even then, improvements are usually modest in practice. 

Gammell (1981) suggests taking the magnitude of the analytical signal 

envelope rather than employing the usual detection a11d filtering 

procedure of pulse echo-location. The analytic signal is constructed 

from the received signal and its Hilbert transform (cf. Gabor 1946, 

Cook and Bernfeld 1967 §4.2). This procedure allows more precise 

measurement of the time delay. 

Advanced signal processing techniques, including those discussed in 

this section, are not commonly found in ultrasonic diagno~tic imaging 

practice. Undoubtedly the main reasons for this are the increased 

complexity, cost and processing time requirements. However, there is 

also the difficulty that the precise nature of the interaction between 

ultrasound and biological tissue is not yet all that well understood. 

For example, in experiments designed to measure ultrasonic propagation 

velocity, Kossoff et at. (,1973) report that considerable distortion of 

the pulse waveform occurred during propagation through certain sections 

of breast tissue. The distortion was critically dependent on the 

precise tissue and transducer configuration. Until phenomena such as 

this are better understood, it is unlikely that simple-minded applications 

of advanced signal processing techniques will achieve the hoped for results. 

3.5 ARRAYS 

An array is any configuration of discrete transducers. Arrays are 

used for a variety of reasons. In the simplest case, a 'linear array' 

may be used in B-scan imaging to avoid having to scan transducers 

mechanically. Each transducer in the linear array is pulsed and 

receives echoes in turn (cf. Bom et at. 1973). More sophisticated 

implementations coherently combine the signals from all array elements 

to provide beam steering and focusing. 

An array may be regarded as a sampled aperture. If the sampling of 
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the array is too coarse (i.e. the individual elements are too widely 

spaced) then by the sampling theorem (Bracewell 1978 §10) aliasing 

occurs. This is manifested by the array radiating (or receiving) 

strongly in directions other than that of the desired main lobe. These 

spurious responses or extra 'main lobes' are termed grating lobes 

because they were firqt observed in optical spectroscopy. To avoid 

grating lobes, element spacings should be less than one half a wavelength 

(Steinberg 1976 §5.2). In practice such fine spacings are unnecessary 

because the grating lobes (whose positions are frequency dependent) are 

diminished as the bandwidth is increased (cf. §3:4, von Ramm and Smith 

1978, Hildebrand 1980). Grating lobes are also reduced if the spacings 

between individual array elements are random (cf. Steinberg 1976 §8.l). 

In most applications the array is constructed from a collection of 

conventional transducers. However, integrated arrays are being 

developed for both ceramic (Plummer et ala 1978) and polyvinylidene 

flucride(Swartz and Plummer 1980) piezoelectric elements. Borrowing 

from integrated circuit technology, the array is fabricated so that 

the piezoelectric element becomes the gate electrode of a field effect 

transistor. Very fine element spacings can be achieved by this method, 

although sensitivity may be slightly less than for conventional arrays 

since the transducer backing (§3.3) may not be acoustically optimal. 

Steering and focusing of the beam can be accomplished by 'phasing' 

the array. The term 'phased array' is usually a misnomer because in 

wide bandwidth systems true time delays rather than phase shifts are 

required (§2.3.3). Beam steering is achieved by applying a linearly 

increasing delay to the signal for each array element across the aperture. 

Focusing requires a curvature in the delay function. Both beam steering 

and focusing may be achieved on both transmission and reception. For 

pulsed transmissions it is possible to change the receive focus delay 

function with time so that optimal focus is obtained at all ranges 

(Thurstone and von Ramm 1974). This technique, known as 'dynamic focus', 

overcomes the depth of field difficulties of conventional B-scan 

(§3.4) and so makes the use of larger apertures more attractive. 

The required delays may be physically realised by switchable wide

band lumped-constant analog circuitry (cf. Thurstone and von Ramm 1974) 

or by sampled analog (i.e. charge coupled device, cf. Maginness et ala 

1976), or digital (i.e. shift register or computer, cf. Duck et aZ. 
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1977) delays. A phase system based on tapped surface acoustic 

wave (SAW) delay lines is described by Havlice et ale (1974). In this 

system the delay is obtained by multiplying the array signals by signals 

available at taps on the SAW delay line. The phase delay depends on the 

particular waveform propagating down the delay line and may be chosen so 

that the array i~ automatically both steered and dynamically focused. 

All signals used in ultrasonic imaging are band limited. The 

bandwidth of the delay mechanism is only required to match the bandwidth 

of the actual signals used. Therefore savings in cost and complexity 

may be made by operating at 'base-band' • Gehlbach and Alverez 1981). 

For , a useful approximate means of delaying a pulse is to phase 

de the carrier at the ultrasonic frequency, time delay the 

(demodulated) envelope at the base-band, and then remodulate (Manes et al. 

1979). Obtaining the base-band signal does not necessarily involve 

multiplication and filtering. Powers et aZ. (1980) use quadrature 

sampling (at a rate corresponding to the signal bandwidth) to extract 

the base-band information. 

Non-linear processing is suggested by Melton and Thurstone 

(1978) as a means of increasing resolution. Logarithmic compression of 

the signals from each array element 

that consequent summation may be 

to delay and summation means 

as a multiplication operation. 

Such processing is claimed by Lobdell (1968) to reduce side lobes, 

increase depth of field and useful grey scale, and (in practice) improve 

signal to noise ratio. A similar approach involving taking the 

square-root is discussed by Corl et ale (1980). 

Often, for reasons of cost or complexity, the aperture is 

undersampled and/or sampled non-uniformly by the array. Such an array 

is termed 'sparse' or 'thinned', In the limiting case, a sparse array 

containing two elements is known as an 'interferometer'. A great 

deal of research has been undertaken to maximise the performance 

(particularly for two-dimensional geometries) of sparse arrays. The 

behaviour of sparse arrays is similar to that of arrays in which 

individual elements are located at random (cf. Thorn et al. 1980). It 

is found that the width of the main lobe is primarily determined by the 

aperture dimensions but the side lobe level is very sensitive to the 

number and location of array elements. Perhaps the simplest steerable 

sparse array that has good transverse resolution is based on two 
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orthogonal one-dimensional arrays (cf. Kossoff 1973, Fraser et al. 1975). 

One linear array is used for transmission and a second, mutually 

perpendicular, is used for reception. Multiplication of the respective 

beam patterns results in good resolution in both lateral dimensions. 

Nitadori (1975) overcomes the spurious responses of a sparse high

resolution transmit array by using the nulls of a smaller receive array. 

This technique is termed 'multibeam scanning' (Nitadori et al. 1980). 

Significant aberrations are introduced into an image if the axial 

locations of the individual array elements are in error by more than 

about one-tenth of a wavelength (cf. Steinberg 1976 §11.8). It is 

impracticable to construct a large microwave array to such an accuracy. 

Steinberg (1981) describes experiments designed to adaptively correct 

for phase errors in the signals from elements of a 27 m long 'distorted' 

microwave antenna array operating at 3 em wavelength. Pulse transmissions 

are employed and it is assumed that the time delays introduced by the 

positioning errors do not exceed the pulse duration. The critical part 

of the algorithm is identifying reference signals from some strong 

point source (e.g. either an active beacon or perhaps a scatterer within 

the target itself). The criterion for identifying a point source being 

the presence of approximately equal signal strength (allowing for clutter, 

antenna response patterns etc.) at the appropriate range 'bin' of each 

array element. Once a suitable reference is identified, compensating 

phase shifts are introduced into the signal path of each array element 

so that the array becomes 'phase synchronized' onto the reference source. 

It is then necessarily correctly phased for all object points (after 

focusing and steering). Using this algorithm, Steinberg (1981) has 

obtained near diffraction limited performance from a 'radio camera' based 

on the distorted array. His results are interesting in the context of 

ultrasonic imaging through biological tissue since it can be conjectured 

that varying propagation delays introduced by an inhomogeneous medium 

have similarities with the errors introduced by the distorted aray. This 

is further discussed in Chapter 4. 

Many array designs are based on single or concentric annuli (cf. 

Burckhardt et al. 1974, Vilkomerson and Hurley 1975, Alais and Richard 

1980). The axial symmetry of such configurations simplifies construction 

requirements. However, mechanical scanning is usually required. 

Macovski and Norton (1975) describe a system based on a weighted transmit 

annular array and conventional linear receive array. This can be 
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electronically steered and focused and has good resolution with low 

sidelobes'. 

Imaging systems employing arrays can be designed to provide a B-mode 

sector scan in real time by electronic beam steering (cf. Somer 1968). 

The actual frame rate is fundamentally limited by the ultrasonic 

propagation velocity but rates of 15 Hz are typical. An alternative 

method for 'real time' operation is to mechanically scan the transducer 

(or some reflector) rapidly. It is to note that speckle 

(cf. §2.5.3), which is very noticeable on a sector scan frame, is 

not so distracting in real time imagery (cf. Wells and Halliwell 1981). 

It seems that slight motions of the tissue significantly alter the 

speckle pattern so that the system receives it as being non-

physical and disregards it. 

In practice it is found that the response of a~rays does not always 

accord with simple theory. When array elements have dimensions of the 

order of a wavelength, they suffer from coupling to transverse vibrational 

modes (Smith et al.1979). With close spacings, electrical coupling 

effects may also occur (Bruneel et ale 1979). The angular response of 

the array is degraded as a result. 

Another difficulty (especially with large apertures) is the 

degradation in focal response due to tissue distortions (§2.5.2). This 

leads Dietz et ale (1979) to conclude that the resolution improvement 

gained by decreasing the f-number (§2.l.l) below F2 is not worth the extra 

processing (i.e. time delays) and other complications involved. 

Nevertheless, in of these difficulties, imaging systems based on 

array techniques are in routine clinical use (cf. Ligtwoet et al. 1978, 

Morgan et ale 1978, Selbie et al. 1980, Assenza and Pappalardo 1980). 

3.6 UNCONVENTIONAL IMAGING METHODS 

This section is concerned with ultrasonic imaging whose 

operational principles are not readily identifiable with those of 

conventional echo-location. 

3.6.1 Holography 

A definition of holographic processing is given in §2.3.4. 

The holographic systems discussed here are generally analogous to 
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optical holographic systems and represent 'acoustical holography' in 

the commonly accepted but narrow sense. 

The first implementations of acoustical holography were direct 

adaptations of optical holography (Greguss 1965). The hologram was 

a 'sonographic' plate whose chemical composition was altered by the 

incident acoustic field. The hologram was then illuminated by a laser 

to reconstruct the image in the usual fashion. A more successful 

configuration also using laser beam read-out is described by Mueller 

and Sheridon (1966). Ultrasonic wavefronts scattered by the object 

and a plane (reference) wavefront are incident upon a liquid air interface. 

The reflection from the surface causes a radiation pressure that deforms 

the surface according to the interference between the wavefronts. The 

surface ripples are the hologram and are used to spatially modulate an 

incident laser beam. This system is known as 'static-ripple' or 

'liquid-surface' holography and is capable of real time operation. 

Although one of the advantages of holography is that it is potentially 

a lensless imaging procedure, best results are obtained in practice when 

the acoustic image is focused on the liquid surface (i.e. an 'image-

plane' hologram is formed). Similar systems in which the hologram is 

formed on a solid surface are described by Adler et al. (1968) and 

Kessler et at. (1972b). 

All .based on acousto-optic interaction suffer from a lack 

of sensitivity (compared with piezoelectric sensors) and are susceptible 

to additional speckle effects due to the coherence of the laser. When 

an acoustical hologram is reconstructed by laser light, the difference 

in wavelengths used to create and reconstruct the hologram, causes 

magnifications of the image. Unless extreme photographic scaling of 

the hologram (cf. Leigh et at. 1965) is performed, the lateral and axial 

magnification factors differ, resulting in geometrical distortion of 

the image. 

It was soon recognised in the development of acoustical holography 

(cf. Metherell et at. 1970) that/by exploiting the linear nature of 

piezoelectric transducers, the reference wave can be either simulated 

electronically or entirely dispensed with. In the former case, the 

signals transduced at each point in the hologram aperture are mUltiplied 

by an electronically generated reference signal. Alternatively, the 

signals and electronic reference may be added and then square-law 
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detected. The relative phase of the electronic reference signal at each 

point in the hologram determines the angle of incidence and shape of the 

simulated reference wavefront. In the latter case, known as temporal 

reference, the phase of the received signal is determined by inspection of 

the waveform at a particular time and, strictly speaking, no reference 

wave is used (Metherell et ale 1970). 

In all the above methods, a hologram is created in the form of a 

photographic plate which enables wavefront reconstruction using a laser. 

However, the reconstruction may be performed entirely within a digital 

computer (cf. Goodman 1969). The basic reconstruction algorithm is 

suggested by (2.1S). For computational efficiency, the Fourier 

transformation is performed by the fast Fourier transform algorithm (FFT) 

suggested by Cooley and Tukey (1965) and popUlarised by Bergland (1969). 

Digital reconstruction has many advantages. Geometrical distortions 

inherent in laser reconstruction are avoided. If the complex field 

values are recorded (i.e. the signals are quadrature detected) then no 

conjugate image need be reconstructed. Digital reconstruction offers 

greater dynamic range/linearity, and more versatile processing 

capabilities than the optical approach. The main disadvantages of 

digital reconstruction are the (usual) loss of real time capability, and 

a possible limit {due to memory on the amount of information (i.e. 

field of view and/or contrast resolution) in the hologram. 

3.6.2 Transmission Imaging 

and Le Croissette (1974) describe a scanned transmission 

imaging system similar in concept to familiar X-ray shadowgram equipment. 

In one mode of operation, the image brightness is dependent on the 

attenuation of a beam. as it propagates through the tissue. A complete 

image is created by scanning the beam in a transverse plane. In the 

second mode, the image brightness is dependent on the propagation time. 

The propagation delay is measured by a technique called time delay 

spectrometry. In this, the frequency of the transmitted signals varies 

linearly with time, and matched filtering (§3.4.3) is used upon reception 

to obtain the time delay information. Simi~ar signal processing is used 

in the experimental imaging system described in Chapter 5. 

Heyser and Le Croissette (1974) find that high contrast signals can 

be obtained by ultrasonic transmission time imaging. Similar conclusions 
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are reached by Mezrich et al. (1975) who use a sensitive interferometric 

technique known as phase contrast imaging. Inspired by 'phase contrast' 

or 'interference' microscopy, this technique involves interference of the 

transmitted wave with an undistorted wavefront. ~hase perturbations of 

less than 2TI are therefore readily visualised. Their system also has the 

advantage of being focused. Suarez et ale (1975) describe a focused 

real time attenuation transmission imaging system which can also operate 

in the C-scan reflection mode. Clinically useful breast images are 

reported by Greenleaf et al. (1980) for their acoustic velocity 

transmission imaging device. 

Early transmission imaging experiments showed that there are 

noticeable differences in both acoustic velocity and attenuation of 

various tissues. These observations, and the resounding success of 

X-ray computed tomography (cf. Kak 1979) has led to a great deal of 

interest in ultrasound computed tomography. The theoretical basis for 

this transmission imaging technique is discussed in §1.7, where the 

potential for quantitative imaging from ultrasound computed tomography 

is also pointed out. 

The method of image reconstruction from projections requires that 

some property of the tissue be expressed as a (straight) line integral. 

In ultrasound computed tomography, the line integral is approximated by 

an integral along the (g~nera11y) curved path of a finite width ultrasound 

beam. The accuracy of this approximation limits the accuracy of the 

resonstructed image. 

The first acoustic parameter to be imaged was attenuation (Greenleaf 

et ale 1974) • There are, however, many difficulties involved in 

measuring attenuation projections to sufficient accuracy to enable 

meaningful quantitative images to be reconstructed. To begin with, 

attenuation is due to both scattering (including specular reflections) 

and absorption (§1.6). The individual contributions cannot be 

conveniently separated. The attenuation along a path between two 

transducers is measured by comparing the transmitted and received energies. 

Refraction of the beam can introduce significant errors by causing the 

beam to be deflected away from the receiv1ng transducer. Carson et ale 

(1977) suggest that this effect may be minimised by employing large 

aperture transducers (in which case focusing is necessary to minimise beam 

width) . Interference effects at the face of the receiving transducer 
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also cause errors. Phase insensitive transducers are proposed by 

Klepper et al. (1981) to overcome interference problems. However, these 

suffer from low sensitivity compared with conventional transducers. A 

fundamental difficulty in wide bandwidth attenuation measurements is 

discussed by Dines and Kak (1979). This involves the interaction of the 

wideband signal with the frequency dependent attenuation of biological 

tissue and causes errors if the transmitted and received energies are 

used to straightforwardly calculate attenuation. 

Dines and Kak (1979) suggest a scheme based on reconstructing the 

slope of the attenuation coefficient frequency dependence. Measurement 

of the 'integrated attenuation coefficient' may be made in a variety of 

ways (cf. Kak and Dines 1978). Perhaps the most convenient is the 

frequency shift method (Dines and Kak 1979). This relates the 

integrated attenuation coefficient to the shift in the signal centre 

frequency after propagation through tissue. The advantage oftnis 

method is that it is insensitive to variations in the absolute signal 

level caused by reflection and refraction. 

Refractive index distributions may be reconstructed from acoustic 

velocity,projections (cf. Greenleaf et aL. 1975, Bates and Dunlop 1977, 

Glover and Sharp 1977). In this case, the propagation delay measurements 

may be made between two 'point' transducers. When multipath propagation 

occurs (due to large or rapid fluctuations in the refractive 

index), Dunlop (1978 §3.3) that most of the transmitted energy 

is likely to follow the most direct (i.e. straightest) path. Provided 

that the propagation delay time corresponding to this path is correctly 

identified, the measurement of acoustic velocity projections should be 

less sensitive to reflection and refraction effects than attenuation 

projections. However, reconstructions are, of course, still affected 

by ray curvature, as discussed later in this sub-section. 

Although not strictly transmission imaging, computed tomography of 

reflectivity is also discussed below. Norton and Linzer (1979a and b) 

point out that the backscattered signals received by a 'point' transducer 

may be expressed as line integrals along spherical surfaces (which in 

this case are the wavefronts). If separate transducers are used for 

transmission and reception, the integral is along elliptical surfaces. 

They show that the image may be reconstructed from these 'projections' in 

a similar fashion to conventional computed tomography. The spatial 
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resolution is theoretically limited by the bandwidth. Another scheme 

based on reflectivity is described by Wade et al. (1974). In this 

approach, the doppler components of the signal back scattered to a single 

large transducer from a rotating object are related to a (straight) 

line integral. 

An aspect of computed tomography of reflectivity that does not appear 

to have been considered in the published literature is speckle. As 

discussed in §2.5.3, reflection speckle occurs in any coherent imaging 

system because of interference of the signals scattered by individual 

scatterers within a resolution cell. The resolution cell always has 

finite range dimensions since the bandwidth is restricted (§2. 3. 3 and 3.3). 

Transmission speckle also occurs in biological tissue. Therefore, the 

quantity measured in reflectivity imaging is not simply an integral of 

the scalar scattering strengths. It is not presently known what effect 

'speckle noise' has on reconstructions. 

Spatial variations of the refractive index cause the exact path of 

integration to be unknown in all types of ultrasound computed tomography. 

Correction schemes are discussed in §1.7. Iterative reconstruction 

methods such as ART (cf. Gordon et al.- 1970) have some advantages over 

modified back-projection algorithms (Greenleaf et ala 1979). The former 

more easily incorporate ray tracing corrections, a priori information and 

are generally less sensitive to measurement errors. However, while the 

results of Carson et ala (1977) show that ultrasound computed tomography 

is feasible for regions containing bone, most emphasis is placed on 

imaging soft tissue regions such as the female breast. Current opinion 

(cf. McKinnon and Bates 1980, Farrell 1981) is that refraction corrections 

are not particularly helpful in these cases. Reasonable reconstructions 

are obtained using the straight ray approximation. The images are not 

greatly improved by correction schemes (cf. the results of Johnson et ale 

1975a, Schomberg 1978) which, in any case, are of unproven convergence 

(§l.7). 

The general configuration for an ultrasound computed tomography 

'scanner' is the same (e.g. a circular array of transducers) no matter 

what the reconstructed parameter. Greenleaf et ala (1978) suggest that 

mUltiple images of various acoustic pat'ameters be reconstructed from a 

given measurement data set. This approach maximises the clinical 

usefulness of the scanner since the information in the various images is 
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likely to be complementary. 

It appears that further refinements are possible in ultrasound 

computed tomography. The effects of anisotropy (i.e. directional 

dependence of an acoustic property) have only recently been investigated 

(Brandenburger et at. 1981), and may be at least as significant as 

refraction. Further work is required in choosing the optimal transducer 

aperture and configuration. Factors affect:i.ng' this decision include 

beamwidth, focusing, phase cancella~ion, operating frequency and 

sensitivity. 

3.6.3 Other Methods 

In this sub-section ultrasonic imaging methods that do not 

conveniently fit into any of the previously mentioned categories are 

discussed. 

Synthetic aperture is defined in §2.3.4 as any technique involving 

scanning of a transducer to create an enlarged aperture. However, in 

microwave radar, synthetic aperture has a much narrower meaning (cf. 

Rihaczek 1969 §13). Burckhardt et at. (1974b) describe an ultrasonic 

imaging system which is an adaptation of synthetic aperture radar. This 

system employs a combination of holographic and pulse echo techniques. 

A single wide beam transducer is used to transmit and receive in the 

pulse-echo mode. The transducer is translated along a line and the 

received signals are coherently detected and combined to form a series of 

one-dimensional holograms. Each hologram corresponds to a different 

range as determined by pulse-echo ranging. The holograms are optically 

reconstructed to form a two-dimensional image with both good range and 

azimuthal resolution. An interesting feature of this form of synthetic 

aperture imaging is that the lateral resolution is double that obtained 

if only one of either the transmitter, or receiver, is translated (while 

the other remains stationary). 

A very general imaging technique, known as synthetic focus, is 

described by Johnson et at. (1975b) and Corl et at. (1980). Synthetic 

focus is a beamformed approach (§2.3.4) where the signals from each array 

element are digitised and stored in a computer. The computer 

reG~nstructs an image by introducing the appropriate time delays to each 

signal sample, then adding. The technique is extremely versatile since 

signals from any transmitter/receiver combination may be used. For 
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example, an image equivalent to that obtained by synthetic aperture 

(in the sense described in the previous paragraph) could be synthesised 

by using only backscattered signals. Also, corrections for ray 

curvature due to known refractive index inhomogeneities (obtained for 

example, from ultrasound computed tomography) are easily incorporated 

into the image reconstruction algorithm (Johnson et al. 1975b). 

Synthetic focus imaging in the form proposed by Johnson et al. (l975b) 

requires complicated high speed, high precision electronics as well as 

considerable computer storage and processing time. A simplified 

synthetic focus imaging system designed around a microprocessor is 

discussed by Hanstead (1981). Savings in complexity are made by 

scanning a single transducer (in a similar fashion to the synthetic 

aperture of Burckhardt et al. 1974b) and only considering first arrival 

times of the received pulse echoes. The system is particularly 

interesting because its operational principles are related by Hanstead 

(1981) to holography, synthetic aperture, computed tomography of 

reflectivity and conventional echo-location (cf. the 'isochrone 

convergence' of Dow and Brown 19~7). Similar observations are made 

by Johnson et al. (1979b) whereby synthetic focus is related to the back

projection process of computed tomography. 

An interesting variation on the usual echo-location geometry is 

described by Foster et al. (1980). Their 'cylindrical transducer scatter 

scanner' is a large aperture imaging system that overcomes the depth of 

focus difficulties normally associated with large, strongly focused 

apertures (§3.4). The transmitting transducer is shaped as a 120 degree 

section of a cylinder. It therefore exhibits a sharp line focus along 

the cylinder axis. scattering from the focal region is sensed by a 

small receiving transducer whose main lobe is directed along the cylinder 

axis. 

The system responds to scattering at 90 degrees rather than a back-

scattered signal. An advantage of this configuration is that the 

'transverse' resolution is constant at all 'ranges' (where 'range' is the 

distance along the cylinder axis as determined by the echo delay). A 

B-mode scan is performed by translating the cylinder perpendicular to 

its axis. In some circumstances the geometry of the cylindrical scanner 

is inconvenient for clinical imaging. In these cases Foster et al. (1981) 

suggest a conical scanner. A conical section also exhibits a line focus 
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(cf. Burckhardt et at. 1973) and thus retains the advantages of the 

cylindrical configuration. 

Signal encoding techniques are discussed in §3.4.3. Sato and Wadaka 

(1979) suggest spatial encoding of the aperture. In their system the 

aperture field is modulated by a rotating phase disc, and then sensed 

by a single fixed transducer. Correlation of the received signals with 

the phase sequence encoded on the disc the original aperture field. 

The image is then holographically reconstructed by computer. An 

advantage of the technique is that transducer scanning is not required. 

It is instead replaced by the phase encoding and correlation procedure. 

3.7 TISSUE CHARACTERISATION 

In diagnostic imaging it is usually desired to differentiate between 

tissue types (e.g. between normal tissue and benign or malignant tumours). 

In B-scan imagery, one method of tissue characterisation is the grey-scale 

appearance of the tissue (§3.4.2). The 'grainy' nature of the grey-scale 

is in large part due to speckle (§2.5.3), and so is only tenuously 

connected with the actual physical structure of the tissue. More 

quantitative tissue characterisation techniques are obviously desirable, 

and this is one of the reasons why ultrasound computed tomography is 

potentially useful (§1.7). 

The determination of quantitative acoustic impedance information from 

echo-location data has been investigated in terms of a one-dimensional 

solution to the inverse scattering problem (cf. Kak and Fry 1976, Jones 

1976) . The tissue is treated as a linear system whose impulse response 

is obtained by deconvolving the received echoes by the transmitted signal. 

The acoustic impedance profile is calculated by integration of the impulse 

response. It is uncertain how successfully this approach can be applied 

to two-dimensional geometries in which inhomogeneities of attenuation and 

refractive index are also present. 

Many tissue characterisation procedures involve determination of the 

frequency dependence of some acoustic parameter. Noticeable frequency 

dependence of attenuation (cf. Le Croissette et at. 1979) and scattering 

(cf. Chivers and Hill 1975) is documented. Sokollu et at. (1976) 

suggest a simple modification to B-scan devices to display these 

phenomena. This involves frequency analysis of the pulse echo data into 



-87-

three coarse bands. The echo strength in each frequency band is used to 

modulate a different primary colour of a conventional colour television 

monitor. 

The observed frequency dependence of scattering is usually 

attributed to interference between signals scattered from individual 

scatterers (i.e. it is a manifestation of reflection speckle, §2.5.3). 

its significance for tissue characterisation lies in the degree of 

structural order of the tissue. For example, muscle tissue tends to 

be composed of comparatively regular arrays of fibre. At certain 

angles, which depend on the frequency and fibre spacing, constructive or 

destructive interference is likely to occur. This is analogous to 

'Bragg diffraction' in X-ray crystallography (cf. Ramachandran and 

Srinivasan 1970 ) . Thus information about scatterer spacing is 

obtained by measurements of the scattering as a function of either angle 

or frequency (Waag et aZ. 1978). The equivalence of space (i.e. angle) 

and frequency is discussed in §1.8.1. 

Nicholas (1979) reports that diffraction patterns measured for both 

normal and diseased liver tissue exhibit marked differences. He obtained 

narrow bandwidth diffraction patterns by Fourier analysis of the received 

pulses. The significance of the results of Nicholas (1979) to the work 

reported in this thesis is discussed in the conclusions to this chapter 

(§3.9). Results of experiments and simulations performed by Braun and 

Robinson (1980) show a high sensitivity of the location and contrast of 

peaks and nulls in diffraction patterns to the regularity of the array 

of scatterers. They suggest that the simple Bragg angle model for tissue 

scatten.ngmay be inadequate to explain results such as those obtained by 

Nicholas (1979). 

3.8 CLINICAL ASPECTS 

Ultrasonic B-scan imaging has become accepted as a valuable 

diagnostic tool by the medical profession (cf. Deter and Hobbins 1979). 

Its importance has grown markedly in the last few years as technological 

advances (e.g. increased dynamic range, real time operation, dynamic 

focusing, etc.) have improved performance. Wells (1977 §6.l6) reviews 

the various clinical applications of diagnostic ultrasound. The most 

important uses are in opthalmology, cardiology and virtually all 

abdominal investigations. It is the method of choice in obstetrics 
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because of its inherent safety. There is also a great deal of interest 

in ultrasonic examination of the breast. 

§3.8.2. 

3.8.1 Safety 

This is further discussed in 

The potential of ultrasound to cause harm to biological tissue has 

been recognised since the early experiments of Langevin (1916) in which 

small fish were killed while s#lmming in sonar beams (a3.2). The 

biological effects of ultrasound are reviewed by Wells (1977 §9) and 

(1979) • 

Internal heating caused by absorption occurs at all ultrasonic 

intensities. This phenomenon is exploited in therapeutic applications 

of ultrasound (Lehmann 1965). At high intensities other effects become 

pronounced. One of the most d~structive is cavitation, which occurs 

when the acoustic field causes the spontaneous formation of gas bubbles. 

The high energy density of collapsing bubbles has a far greater 

potential for causing localised damage than has the incident field 

itself. Another effect is streaming whereby net displacements are caused 

by unidirectional forces due to radiation pressure, viscous drag, etc. 

Whatever the causes, irreversible and in some cases harmful effects 

of ultr.asound are documented (e.g. Kaufman and Miller 1978, Roseboro 

et ale 1978). However, there appear to be threshold exposures (albeit 

not well defined to date) for these effects (Sokollu 1971). Below a 

certain exposure (i.e. product of intensity and time) the effects are 

not induced. Current opinion (cf~ Wells 1977 §9.12, Lele 1979) is that 

typical ultrasonic diagnostic exposures are 'safe' in the sense that 

they are well below the threshold levels. Certainly, the benefits 

gained from ultrasonic examinations seem to outweigh the potential 

risks. However, since ultrasound has been routinely used in clinical 

examinations for only about two decades, and subtle genetic effects may 

take many generations to become evident, exposures should always be 

minimised. 

3.8.2 Ultrasound Mammography 

The female breast was amongst the first organs to be visualised 

ultrasonically (Howry et ale 1954, Wild and Reid 1954). It is one of 

the most accessible structures for ultrasonic examination. Probably due 
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to its highly heterogeneous structure (§2.5.2), the breast has proven a 

difficult organ to image (cf. Baum 1978). Compound scans are degraded 

by mis-registration (Jellins and Kossoff 1973) • Nevertheless, B-scan 

imaging of the breast is clinically useful. Kobayashi (1975) reviews 

major advances in diagnosis of breast disease. Echo strength from 

tumours is comparable with normal tissue. The~efore diagnosis is often 

made on the basis of secondary signs in the grey scale image (cf. Jellins 

et al. 1975, Kobayashi 1979). For example, malignant tumours exhibit 

jagged irregular boundaries and posterior shadowing (presumably due to 

increased attenuation, cf. Calderon et ala 1976). 

There is considerable interest in utilizing ultrasound for the early 

detection of breast cancer. Breast cancer is the leading cause of all 

deaths amongst women between the ages of 40 to 44 years (Wells 1977 

§6.l6g). The mortality rate in the United States is approximately 75 

women per day (Kobayashi 1975). Treatment of breast cancer is primarily 

by radical surgery (i.e. masectomy, Simpson 1980) • Adjuvant treatment 

may include radiotherapy, hormone/endocrine therapy or chemotherapy. 

The success of the treatment is dependent on the stage of the disease. 

If malignant tumours are treated before metastisis (i.e. spreading to 

secondary sites) occurs, then the chances of a 'cure' are high (Croll 

1980) . The critical tumour dimension (before metastisis) is around 

one centimeter (Baum 1975, Menges 1979). 

Early detection is vital for the successful management of breast 

cancer. Mass screening has been suggested as a means of reducing the 

mortality rate from breast cancer. The philosophy of mass screening is 

to ensure early detection by examination of asymptomatic women. Thus 

all women (or at least all those who are statistically at high risk) 

would be asked to submit to examination at appropriate intervals. Mass 

screening has proven successful in the management of cervical cancer. 

unfortunately, there is at present no suitable technique for breast cancer 

screening. X-ray mammography is probably the most reliable early 

detection method. However, most authorities preclude its use in mass 

screening for safety reasons. Ionising radiation is known to be 

carcinogenic (Mole 1978) and it has been conjectured (cf. Bailar 1976) 

that mass screening by X-ray mammography may induce as many new tumours 

as it discovers. The risk versus benefit of X-ray mammographic 

screening is presently the subject of much controversy (cf. Miller 1978) • 
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B-scan ultrasound is useful for the diagnosis of some breast 

diseases (especially in the younger, dense breast, cf. Bertagnoli et ale 

1978, Harper et ale 1981). However, it has not proved a reliable 

enough early detection method to be considered viable for mass screening 

(Wells 1977 §6.16g, Wells 1979, Croll 1980, Fields 1980a). Early 

clinical trials of ultrasound computed tomograpny of the breast (cf. 

Carson et ale 1978, Greenleaf et al. 1980) are encouraging. 

Performance of this relatively new technique is likely to improve with 

further development (§3.6.2). However, it is uncertain at present what 

role (if any) ultrasound computed tomography could play in mass 

screening. 

An important early indicator of some types of malignancy by X-ray 

mammography is the presence of clusters of radiographically opaque 

microcalcifications in or sur~ounding the tumour (Glatzner 1977). 

Microcalcifications may be the first sign of the presence of a tumour. 

Unpalpablc tumours of 2 rom size have been detected by X-ray mammography 

and confirmed histologically on the basis of the presence of 

microcalcifications by Menges (1979). Microcalcifications are deposits 

of calcium hydroxyaptite or tricalcium phosphate and appear to be 

products of the tumour metabolism 1969). While most are 

microscopic, some can be as large as 1.5 mm in diameter (Millis et ale 

1976, Murphy and DeSchryver-Kecskemeti 1978). The number of individual 

microcalcifications in a cluster vary from one or two up to several 

dozen. The correlation between the existence of a microcalcification 

cluster and some form of carcinoma is considered to be of the order of 

40 to 60% (Spiesberger 1979). 

There is considerable cause for optimism that microcalcifications 

may be routinely detectable ultrasonically. This possibility is 

discussed in the first paper listed in the preface. Under normal 

circumstances microcalcifications are not demonstrated on conventionally 

obtained B-scan images (cf. Jellins and Reeve 1978, Croll 1980). 

However, Wells (1979), Dick et ale (1979), Perez-Mendez et at. (1979) and 

Fields (1980b) report that microcalcifications have been visualised by 

B-scan techniques under special circumstances. For example, Fields 

(1980b) uses digital post processing to enhance the image. Perez-Mendez 

et at. (1979) find that, .. on their commercial B-scan apparatus, "the 

gain controls and other features had to be set precisely in order to see 

the grain clusters without flooding the scan with extraneous reflections". 



They report that detectability is improved by using a special scanning 

regime. 

The essential idea of Perez-Mendez et at. (1979) is to employ a 

large aperture. Since a typical microcalcification has sub-wavelength 

dimensions, it behaves as a 'point' scatterer of ultrasound. Therefore, 

the scattered amplitude should be sensibly constant as the scattering 

angle varies (refer to the work of Steinberg (1981) discussed in §3.5). 

In comparison, epecular reflections are highly directional. The scheme 

they suggest involves insonifying a region of interest with pulses from 

a single fixed transducer. Wide angle scattering is received by four 

widely separated transducers. If all of the receive transducers receive 

comparable signals (from a common location) then these signals are likely 

to be due to a point scatterer. However, an interface orientated for 

specular reflection towards a particular receive transducer, will cause 

that transducer to detect a comparatively much larger signal. 

Discrimination against specular reflectors is provided by eliminating 

such large signals from the subsequent processing. Perez-Mendez et at. 
(1979) provide experimental evidence to support their argument for such 

non-linear processing. 

A difficulty with the technique of Perez-Mendez et at. (1979) is 

that several microcalcifications may lie in the resolution cell. In 

this case reflection speckle (§2.5.3) causes variations in the amplitude 

of the diffraction pattern. 

the next section. 

The implications of this are discussed in 

White and Cledgett (1978) report that noticeable doppler modulation 

is present on signals scattered from malignant tumours. The doppler 

signal originates from scattering from moving blood (especially during 

systole), and provides means of differentiating malignant tumors from 

normal tissue. As distinct from the conventional imaging case, the 

criterion is based on function rather than structure. The rapidly 

growing tumour apparently requires significantly greater blood flow 

than normal tissue and consequently exhibits a distinctive doppler 

signal. However, the results of White and Cledgett (1978) are 

inconclusive and it is not clear whether reliable detection of small 

tumours by doppler is possible. 
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3.9 DISCUSSION 

Ultrasound has only been applied in the clinical imaging situation 

for just over thirty years. However, it is now well established as an 

important diagnostic tool. The pace of research into the many aspects 

of ultrasonic imaging is showing no sign of slackening. To the contrary, 

a new journal dedicated to the field (i.e. "Ultrasonic Imaging") began 

in 1979 to cater to the demand for publication of new developments. 

Most of the improvements in the quality of ultrasonic images are 

directly attributable to technological advances. far the most 

common type of imaging system is the B-mode scanner whose operation is 

based on echo-location principles. The theory and practice of B-scan 

imaging is comparatively simple and well understood (cf. Fatemi and Kak 

1980). In Chapter 1 it is explained that the basic assumptions 

concerning the propagation medium required for all echo-location 

procedures (and indeed Fourier imaging methods) are not strictly valid. 

The limitations of the idealised model for B-scan imaging become 

apparent when advanced signal processing techniques (§3.4.3) or large 

apertures (cf. §2.5.2, Foster and Hunt 1979; from §3.5, 

Dietz et al. 1979) are used. Ultrasonic imaging through soft 

biological tissue has apparently reached the stage where either better 

understanding of the basic interaction between ultrasound and tissue, 

or at least the development of methods for compensation for the effects 

of this interaction on image quality, is required. Contributions 

towards the latter approach are the subject of the second part of thi$ 

thesis. 

The results of Nicholas (1979), which are discussed in §3.7, are 

particularly interesting. He finds that useful clinical information is 

contained in wide angle, narrow band diffraction patterns obtained from 

scattering by liver. The narrow-band signals obtained by Fourier 

decomposition of the received pulses form exactly the same raw data set 

as used in the experiments described in Part II of this thesis. However, 

the processing of the raw data in the studies reported here is more 

sophisticated than that employed by Nicholas (1979). Nevertheless, his 

successes are encouraging. 

An exciting prospect for ultrasonic imaging is the possibility of 

visualising microcalcifications which are often precursors of breast 

cancer (§3.8.2). Reliable detection procedures are likely to require 
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a wide aperture approach. Large apertures are necessary for high 

resolution, high sensitivity and discrimination against specular 

reflections. The technique of Perez-Mendez et aZ. (1979) goes part 

of the way. However, they combine the signals obtained from various 

parts of the aperture incoherently and so do not benefit from the full 

potential of the aperture they use. For example, in their method the 

resolution cell is comparatively large and so speckle is a problem. 

A practical difficulty with using large coherent apertures to image 

through biological tissue is transmission speckle caused by propagation 

through inhomogeneities of attenuation and refractive index (§2.5.3). 

The speckle processing methods described in the second part of this 

thesis are designed to ameliorate the effects of such speckle. It is 

speculated that these new imaging principles may form the basis of an 

imaging instrument useful in the early detection of breast cancer. 

As a mathematical description of acoustical imaging is developed in 

earlier sections of this thesis, distinctions are made between imaging 

methods based on echo-location and those based on Fourier transforms. 

This is done mainly for convenience. While B-scan imaging is best 

explained by echo-location principles, narrow band holography is more 

suited to description by Fourier imaging theory. In §3.4 the relationship 

between the two categories of imaging is resolved. It is pointed out 

that focused echo-location is in fact a special case of wide bandwidth 

Fourier imaging. 
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4. SPECKLE PROCESSING TECHNIQUES 

4.1 INTRODUCTION 

The second part of this thesis is directly concerned with techniques 

to improve the faithfulness of ultrasonic images formed through distorting 

media (spec~fically mammalian soft tissue). If ultrasonic waves scattered 

from some object propagate through a distorting medium, the image formed 

from the distorted waves has a grainy appearance. This phenomenon is 

given the name transmission speckle in §2.5.3. Thus, techniques designed 

to overcome transmission speckle are here given the generic name 'speckle 

processing'. 

Speckle processing methods essentially involve a statistical approach. 

An ensemble of images, whose distortions are statistically independent, is 

required. The successfulness of a particular speckle processing method 

depends upon its ability to average out spurious image detail due to 

transmission speckle, while preserving detail of the pristine image. 

Speckle processing techniques have been applied to optical 

astronomical images for over a decade. The difficulties involved in high 

resolution imaging through the Earth's atmosphere are briefly reviewed in 

§4.2 in which the relationship to ultrasonic imaging is pointed out. In 

§4.3 a possible means of obtaining an ensemble of independently distorted 

images is discussed. To simplify the exposition, the argument is 

restricted to the one-dimensional imaging situation by suitably modifying 

the notation introduced in §2.3. 

are the subject of §§4.4 to 4.8. 

4.2 OPTICAL ASTRONOMICAL IMAGING 

Various speckle processing techniques 

The work reported in this thesis is inspired by the successes of 

speckle processing techniques applied to the related problem of imaging 

celestial objects through the Earth's atmosphere with ground-based optical 

telescopes. Everyone is familiar with the twinkling of the stars. The 

scintillations are due to phase perturbations of the wave fronts caused by 

propagation through regions of fluctuating refractive index. The 

fluctuations are attributed to redistributions of the atmosphere due to 

tnermal effects. The atmosphere is thus regarded as being 'turbulent'. 

Atmospheric turbulence causes difficulties when high resolution 
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astronomical imaging is attempted. It is found that, under normal 

conditions, the (diffraction limited) resolution potential of very large 

(i.e. greater than about 1 meter aperture diameter) telescopes is not 

achieved. In conventional practice, resolution is not improved if the 

aperture of the telescope is increased beyond about 10 em. The only 

advantage of using apertures larger than 10 em is a greater light 

gathering capability. A point source (such as an 'unresolvable' star) 

is focused into a 'seeing disc' whose size is typically much larger than 

that of the 'Airy disc' predicted from the diffraction limit. For 

large telescopes, the size of the seeing disc roughly corresponds to the 

Airy disc of a 10 em telescope regardless of the actual telescope 

aperture. 

Labeyrie (1970) pointed out that, under certain conditions, a 

photographic exposure of a stellar image exhibits detail (within the 

seeing disc) on a scale comparable with the diffraction limit. It is 

necessary to take a very short exposure (less than 10 ms) so that the 

atmosphere is effectively 'frozen'. This avoids the averaging out of 

the detail which occurs during a conventional long duration exposure. 

It is also necessary to pass the light through a narrow bandwidth filter 

so that the radiation is quasi-monochromatic (§2.4). This latter 

requirement is necessary because the detail observed within the seeing 

disc is actually speckle. It is due to interference between radiation 

incident upon various parts of the aperture. For speckle to occur, the 

interfering radiation (from all parts of the aperture) must lie within 

one coherence interval (§2.4). Bates and Cady (1980) discuss a 

situation in which the bandwidth requirements can be somewhat relaxed. 

An image formed under the two conditions mentioned above is naturally 

termed a 'speckle image'. 

An ensemble of speckle images with statistically independent 

distortions is obtained by taking a series of short duration exposures, 

sufficiently separated in time (typically around one second) for the 

atmosphere to redistribute itself. Labeyrie (1970) proposed a speckle 

processing technique termed 'stellar speckle interferometry', to 

obtain diffraction limited resolution from such an ensemble of speckle 

images. His method yields the autocorrelation function of the image, 

from which useful information, such as the extent of a resolvable star 

or the separation of the two components of a binary star, can be obtained. 

Speckle processing methods developed since 's original idea have 
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been aimed at forming diffraction limited images (rather than 

autocorrelation functions) • Important developments include 'large field 

speckle interferometry' (Liu and Lohmann 1973), 'speckle holography' 

(Bates et al. 1973, Gough and Bates 1974), the 'KnOX-Thompson algorithm' 

(Knox and Thompson 1974), the 'LWH method' (Lynds et al. 1976), 'speckle 

masking' (Weigelt 1977), 'speckle masking/correlation processing' (Bates 

and Milner 1979) and 'shift-and-add' (Bates 1976, Bates" and Cady 1980). 

Reviews of speckle processing techniques are provided by Worden (1977) 

and Cady (1980 §4). 

Although there are similarities regarding the nature and origin of 

speckle in optical astronomical imagery and ultrasonic imagery of soft 

biological tissue, there are also important differences. These include: 

(i) Astronomical sources are spatially incoherent. Furthermore, the 

response time of optical sensors is around 105 cycles (cf. Abbott and 

Thurstone 1979) so that these respond to intensity rather than amplitude. 

Therefore, the imaging equations and behaviour of (coherent) ultrasonic 

and incoherent astronomical imaging systems are fundamentally different 

(cf. §§2.3 to 2.5). 

(ii) Astronomical imaging is passive whereas ultrasonic imaging is active 

(§2.2) • Thus, in the latter case, parameters such as the waveform and 

direction of the insonification are directly under the experimenter's 

control. 

(iii) The inhomogeneities of the atmosphere are generally regarded as 

affecting only the velocity of light. Variations in the attenuation of 

the light waves are less marked and are often neglected. In comparison, 

there are significant spatial variations in acoustic attenuation in 

biological tissues (§2.5.2). 

(iv) While the atmosphere is certainly turbulent, the time scale 

associated with any variations in acoustic properties of biological tissues 

is so great that it cannot be considered turbulent. Therefore, the method 

of Labeyrie (1970) for obtaining an ensemble of statistically independent 

speckle images is not available to the ultrasonic investigator. 

(v) The Earth's atmosphere forms only a very small and relatively 'thin' 

part of the total optical path between the celestial body and the telescope. 

Furthermore, it is effectively located comparatively close to the 

telescope's aperture. In the typical clinical imaging situation, 

biological tissue is continuously distributed over the entire propagation 

path (i.e. from insonifying source, to target, and back to the receiver 



98-

aperture) . 

These differences are significant and must be born in mind in any 

attempt to adapt established astronomical speckle processing procedures 

for use in ultrasonic imagery. 

4.3 ENSEMBLE FORMATION BY SPECTRAL DECOMPOSITION 

From §§4.l and 4.2 it is evident that an ensemble of speckle 

images with statistically independent distortions is required for 

speckle processing. Because soft biological tissue is not turbulent, 

such an ensemble cannot be obtained for ultrasonic imaging in the simple 

manner possible for astronomical imaging. Examination of a very 

simplistic model for ultrasonic imaging through a distorting medium 

suggests a possible means of creating the required ensemble. 

Fig. 4.1 A model for a very simple distorting medium. 
The propagation medium lying between the object region T 
and the aperture ARC consists of three homogeneous regions 
T+, Tl and T2 , T+ and T2 are both lossless but with 
different refractive indices. Tl has the same value for 
refractive index as T+ but exhibits loss, 

Consider the imaging scenario depicted in Fig. 4.1. The region T 

contains polarisation sources induced by scattering of an incident wave 

from inhomogeneities (§1.3). For the remainder of this chapter, the 

notation introduced in §2,3 is continued, However, for simplicity, the 

case of one-dimensional imaging is discussed. It is assumed that the 
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scatterers are restricted to the y-axis. Therefore, the source density 

along the y-axis, written as fey) lx=o in (2.1S), is here denoted as fey). 

It is further assumed that the object consists of isolated scatterers, 

whose dimensions (in the x-y plane) are less than a wavelength, which 

are imbedded in an otherwise homogeneous region (i.e. T_). Such 

sub-wavelength scatterers behave as 'point sources' when insonified. If 

the insonifying field is a plane wave travelling in the positive y 

direction, the source density is represented by 

fey) = q(y)exp{-jky) (4.1) 

where q(y) is a scalar function representing the scattering strengths of 

the inhomogeneities. Some liberties are taken with the definition of 

q(y) in (4.1). It is well know (cf. Morse and Ingard 1968 §8.2) that the 

amplitude of a wave scattered from a sub-wavelength diameter sphere is 

proportional to frequency squared. This 'frequency scaling factor' is 

ignored in (4.1). In other words, q{y) is regarded as a 'representative' 

or average scattering strength. It should be noted that this type of 

approach is used implicitly when interpreting the outputs of conventional 

pulse-echo imaging systems. Only the 'aggregate' scattering strength 

over the frequency bandwidth is of interest. 

displayed by B-scan (cf. §3.4.l). 

This is the quantity 

Since q(y) is defined as being real, phase shift of the scattered 

wave is also ignored. For the case of a sub-wavelength scatterer, the 

phase shift is not a strong function of frequency and so is unimportant. 

To summarise, q{y) is defined by (4.l) as a real, frequency independent 

function characterising the scatterers. It is desired that the output 

of the imaging system should resemble q(y) as faithfully as possible. 

Plane wave propagation is implicit in (4.1). Propagation in soft 

biological tissue is more accurately described by curved rays (cf. §1.5). 

Therefore/the physical path length y in (4.l) should strictly be replaced 

by the acoustic path length (1.28). However, the latter is in general 

unknown. The error introduced by this approximation is discussed in 

§4.4.l. 

Referring to the caption of Fig. 4.1, the distortions introduced by 

the propagation path are attributed to two distinct regions. The first 

region, T
l

, attenuates the waves scattered from T . The second region, 
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T2 , delays the waves. Since the dimensions of both Tl and T2 vary, the 

attenuation and delay of a ray passing through both regions is a 

function of position and direction of the ray. The total attenuation 

along the straight path from 0 to P is defined as A(e). Similarly, 

the additional time delay due to the presence of T2 along the same path 

is defined as L(e). 

G(e) is the field scattered from T and observed at on ARC 

under ideal propagation conditions (i.e. in the absence of Tl and T2). 

It is assumed that the 'actual' field G(e) observed on ARC after 

propagation through Tl and T2 can be written to a good approximation as 

G(e) ~ A(e)exp[-jwL(e)]G(e) (4.2) 

For (4.2) to be a valid approximation, reflection and refraction 

at the interfaces between the various regions must be small. This 

implies that the departures of the relevant properties of the regions 

Tl and T2 from those of are slight. Furthermore, (4.2) requires 

that all rays from T undergo essentially the same amplitude and phase 

perturbations. to Fig. 4.2, it is seen that this requirement 

is met if the separation of the two rays is such that both propagate 

through approximately equal thicknesses of T (which represents a 

combination of Tl and T2 of Fig. 4.1). Thus the extent of T must be 

limited in accordance with the rate and degree of variation of A and T 

wi th respect to e. The extent of T is, in any case, limited in the 

Fraunhofer approximation (§l. 8, equation 1. 44) and it is physically 

reasonable to expect that variations of A(e) and L(e), although possibly 

more rapid than desirable, are continuous. Also evident from Fig. 4.2 

is that (4.2) is more likely to be a good approximation the closer T is 

to ARC. 

Transmission speckle is caused by both propagation distortions and 

imaging instrument aberrations (§2.5.3). Aberrations may, for example, 

be due to amplification mismatches in the individual signal paths of 

elements of an array (or drift in the gain of a single scanned 

transducer), errors in the positions of array elements, and so on. 

However, no matter what the mechanism, aberrations cause all rays from 

T to undergo the same amplitude and phase perturbations. An equation 

of the form of (4.2) is therefore exact when considering aberrations in 

the absence of propagation distortions. 



-101-

Fig. 4.2 Rays from all points within T contribute to the field observed 
at P. The two rays depicted-undergo approximately equal 
perturbations in amplitude and phase after propagation through 
T since (as P is in the Fraunhofer region of T ) they are nearly 
parallel and the boundaries of T exhibit relatIvely gradual 
spatial variations. 

One-dimensional image formation by inverse Fourier transformation 

requires that the scattered field, measured as a function of 8, be 

expressed as a function of v, where v = sin(8)/A (§2.3). From (2.6), 

(2.9) and (4.2), the observed aperture function F{v) is related to the 

ideal aperture function F(v) by 

F(v) ~ R exp(jkR) A(8) exp[-jwT(8)] G(8) 

(4.3) 

'The form of the final right hand side of (4.3) suggests a possible means of 

obtaining an ensemble of distorted aperture functions and hence images. 

Both the amplitude and phase perturbations are expressed as functions of 

a non-linear function of v and A. Since the argument of the non-linear 

function is scaled by A, it seems reasonable that the distortions of F(v) 

should be significantly dependent on frequency. Therefore, aperture 

functions obtained from scattering patterns measured at different 

frequencies are likely to exhibit distortions that vary with frequency in 

a manner that is at least quasi-random. Such an approach, which is . 

further justified below, is used to create the required ensemble of speckle 

images in the work reported in this thesis. Because many narrow-band 

speckle images are obtained from a single wide bandwidth measurement, the 
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approach is termed • spectral decomposition'. 

Speckle processing techniques require statistical independence 

(i.e. lack of correlation) between members of the ensemble of speckle 

images. The number of independent speckle images obtainable by 

spectral decomposition is obviously finite and dependent on the 

bandwidth. The subscript 'm' ,is now introduced to denote members of 

the ensemble. Thus any function which is frequency dependent is 

qualified by a subscript m, e.g. f (y), where m is an integer running 
m 

from I to M in steps of 1. In other words, total frequency band is 

partitioned into M narrow bands, each of which is identified by a 

particular value of m. For the experiments reported in the following 

chapters, the narrow frequency bands are contiguous. 

Since the right hand side of (4.3) is written as a product, its 

Fourier transform is a convolution (§2.3.1). Thus the distorted image 

is the convolution of the ideal image with a point spread function 

determined by the properties of the distorting medium and the imaging 

instrument. Note that, in this representation, all image points are 

blurred by the same point spread function. Such distortion is termed 

'point spread invariant' in the image/signal processing literature and 

'isoplanatic' in optics and astronomy. 

adopted here. 

The latter terminology is 

The preceding discussion is an heuristic attempt to justify an 

intuitively reasonable concept. The discussion on space-frequency 

equivalence when the requirements for Born approximation are invalid 

(§1.8.I) also supports the notion that a useful ensemble of distorted 

images may be obtained by separating out diffraction patterns or images 

according to frequency (i.e. by spectral decomposition) • The 

observations made by Fry et aZ. (1978) and Foster and Hunt (1979), 

discussed in §2.5.2, further support this concept. Of course it is 

only by experiment that the viability of these ideas can be properly 

tested. Any detailed theoretical investigation is likely to require, 

for reasons of tractability, assumptions that would inevitably place 

the realism of the model in doubt. 

The model used to derive (4.2) is highly contrived. In practice, 

the entire region between T_ and the aperture.ARC (Fig. 4.1) exhibits 

spatial variations in attenuation coefficient and propagation velocity, 
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A realistic model must include all the imperfections that may arise in 

practice (even if they are not accounted for explicitly) • Therefore, 

the Idistorted aperture function' obtained from the diffraction pattern 

measured through a distorting medium (at a frequency identified by the 

ensemble index m) is written as 

s (v) 
m 

A 

H (v)F (v) + c (v) m m m (4.4) 

where H (v) is the mth 'ultrasonic transfer function' (UTf'), and ,represents 
m 

that part of the distortion that is isoplanatic. The magnitude and phase 

perturbations represented by H (v) are termed the 'isoplanatic amplitude' 
m 

and 'isoplanatic phase' distortions respectively. c (v) is termed the mth 
m 

'contamination' function. It accounts for any non-isoplanatic distortion 
A 

as well as all non-linearities and measurement noise. The function F(v) 

equals F(v) within the aperture of the instrument and is zero elsewhere 

(see equation 2.9). This notation is adopted to emphasise the finite 

diffraction limit. By definition, the Fourier transform of (4.4) is 

the mth speckle image, i.e. 

A 

S (y) = h (y)8f (y) + c (y) (4.5) 
m m m m 

where h (y) is the mth point spread function, f (y) is the diffraction 
m Am 

limited image (i.e. the Fourier transform of F(v) } and c (y) is the 
m 

form of the mth contamination in the image domain. When no distortion 

is present (i.e. h (y) = O(y) and c (y) = O),s (y) is simply the diffraction 
m m m 

limited image. 

In practice, the UTF's and contaminations are unknown. This is 

unimportant as far as the speckle processing techniques considered in this 

thesis are concerned, provided the H (v) and C (v) form ensembles that are, 
m m 

in effect, statistically independent. However, it is necessary that the 

contamination term, c (y), does not I swamp' the first term on the right 
m 

hand side of (4.5). If it does, then the desired information (i.e. q(y), 

the diffraction limited image of q(y) ) is sinply not present in the speckle 

images in sufficient strength to be recoverable. 
A 

q(y) is related to f (y). 
m 

(4.1) indicates how 

All speckle processing techniques are based on the assumption that 
" the quantity sought is constant over the ensemble. The f (y) depend upon 
m 

the ensemble index and so are not constant over the ensemble. However, 

because of (4.1), the form of this dependence is known a priori. Further 
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aspects of this basic consideration are discussed in §4.4.1. In the 

following sections it is assumed that an ensemble of distorted aperture 

functions fulfilling the two requirements discussed in the preceding 

paragraph is available. 

4.4 SPECKLE INTERFEROMETRY 

It is suggested in §2.5.3 that phase errors are likely to be the 

major cause of transmission speckle. Speckle interferometry is the 

form of speckle processing which was originally introduced by Labeyrie 

(1970) • Only the magnitude of the distorted aperture function is 

measured. Speckle interferometry is thereby insensitive to any 

isoplanatic phase distortion introduced by the propagation medium or 

imaging instrument. 

It is worth noting that the term 'speckle interferometry' has two 

distinct interpretations in the scientific literature. Both are 

related to the kinds of speckle phenomena that occur when coherent or 

quasi-coherent radiation is used. In one sense, speckle interferometry 

is the type of speckle processing discussed in this section. In the 

other sense, it refers to the use of coherent radiation (specifically 

laser light) for the measurement of roughness and/or displacement of a 

surface (cf. Ennos 1975). In this latter sense, it is similar in 

concept to holographic interferometry and is sometimes referred to as 

'speckle metrology' (cf. Erf 1978). 

It is convenient to express the magnitUde of each UTF as 

IH (v) I == 1 + I::. (v) m m 
(4.6) 

where I::. (v) is the isoplanatic amplitude distortion term for the mth 
m 

member of the ensemble of distorted aperture functions. For the time 

being, assume that F (v) is independent of frequency and consider the 
m 

expression for the squared magnitude of S (v), i.e. 
m 

Is (v) 12 = IH (v)~(v) + C (v) 12 m m m 

where {o} denotes the 'real part oft. If the propagation medium 

introduces only isoplanatic phase distortion (i.e. I::. (v) 
m 

C (v) :::::: 0) , 
m 
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then (4.7) reduces to ]F(V) 1

2
, the Fourier transform of which is the 

diffraction limited autocorrelation function denoted by ff(y), i.e. 

A ? I F (v) 1- +-----)-> f (ypa (y) If (y) (4.8) 

However, in general, both amplitude distortion and contamination 

is likely to be present in each Is (v) 12. Therefore, an improved 
m 

A 2 
estimate of IF(v\ I can be expect.ed to be given by the average of the 

intensities over all M ui the distorted aperture functions, i.e. 

M 

(11M) I Is (v) 12 = H(v) IF(v) 12 + C(v) 
m=l m 

(4.9) 

where H(v) and C(v) are here called the 'composite UTF' and 'composite 

contamination' respectively. Provided the 6 (v) are statistically 
m 

independent, and M is sufficient.ly large, H(V) tends to be closer to 

unity for all v than any of the individual H (v). 
m 

By the same ar~~entr 

the distortion due to the composite contamination is less than that of 

any of the individual C (v). When variations with m of the F (v) are 
m m 

significant, the above ensemble average is no longer useful as it stands, 

as is explained in the next sub-section. 

4.4.1 phase Correction 

When the ensemble of distorted aperture functions is obtained by the 

spectral decomposition method suggested in §4.3, a modification has to be 

made to (4.9). This is most easily understood by considering the complex 

source distribution f (y). 
m 

From (4.1), the diffraction limited 

autocorrelation function of a particular f (y) is 
m 

ff (y) = j f* (~) f (y + E;) d~ 
m m m 

f ~*(E;) exp(jkE;) ~(y + E;) exp[-jk(y + ~)] dE; 

exp(-jky) {q(y) ~~(y)} (4.10) 

Note that ff (y) is complex even though it is the Fourier transform of the 
m A 

real quantity IF (v) 12. This is because the anti-symmetric part of an 
m 

autocorrelation function is necessarily imaginary. The phase of ff(y) 
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is seen from (4.10) to be frequency The autocorrelation of 
A 

q(y), i.e. 

A A A 

qq(y) q(y);::q(y) 

(4.ll) 

is of frequency and, as explained in §4.3, is the desired 

output from Interferometry. 'Phase correction' is used to 
"-

fo~ an estimate of qq(y) by multiplication by the 

factor exp(jk y), i.e. 
m 

qq(y) :;:j (y) exp (jk y) 
m 

correction 

where k is the best available estimate of the average v.ave number, 
m 

h th b d' h . T to t e m narrow an In t e reglon • The error 

(4.12) 

introduced by the phase correction procedure depends on both the error 

in the e~timated value of k and the distance over which the phase 
m 

correction is applied. Thus, quite significant errors in the estimate 

of k can be accepted provided sufficiently small ranges of yare 
m 

considered. This is to restricting the field of view. 

Other reasons for restricting the field of view are discussed in §4.3. 

Note that any errors introduced by imperfect correction must 

the finally processed autocorrelation (or image) since the 

is effectively different for each value of m. 

An approximation similar to that 

used in echo-location imaging (cf. §1.6). 

for phase correction is 

In this, an average value for 

the propagation velocity is assumed. Since the approximation is applied 

over all space (i.e. T_U T+U T in Fig. 4.2) the accuracy of the assumed 

value is more critical for echo-location 

Taking the Fourier transform of (4.12) gives 

1

2 + II), ) 
m 

(4.13) 

where;\ = 2TI/k. It follows from (4.9) through to (4.13) that speckle 
m m 

interferometry with correction involves estimating IQ(v) 12 by the 

calculation of 

M 
(11M) l I (S (v + 1/:\ ) 12 

m=l m m 
(4.14) 
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Fourier transforms are linear. Therefore, the spatial average of the 

transform of ·1 S (v + llA ) 12, Le. m m 

M 
(y) :::: (11M) I {s (y)~s (y)} exp (jk y) 

m=l m m m 
(4.15 ) 

is an equivalent operation to (4.14). 

Thus a (y), as defined by (4.15), is an estimate of qq(y) obtained 
c 

by speckle interferometry. Equation 4.15 describes the algorithm used 

to obtain the results presented in §6.2. The ave~aging operation is 

implemented in the image domain mainly for convenience and accuracy. 

Benefits in accuracy are expected to be gained because, in practice, 

sampled data must be processed. Therefore, it is necessary to interpolate. 

Exper ience in computed tomograpliy (cf. § 1. 7) has shown that if interpolation 

is carried out in the spatial frequency domain, there is a tendency for 

artefacts caused by interpolation errors to spread over the entire image 

domain. These artefacts are particularly objectionable when interpolation 

errors occur at high spatial frequencies (i.e. large v). However, the 

effects of image domain interpolation errors are localised to the part of 

the image in which they occur. 

The subscript I C ' 

average is calculated. 

atta.ched to a (y) in (4.15) indicates that a complex 
c 

Provided that the phase correction is applied 

successfully and the distortions characterised by 6 (v) and C (v) are not 
m m 

too severer the members of the ensemble within the summation of (4.15) 

should, for the most part, be real, i.e. 

Re{[s (y}~s (y)]exp(jk y)} ~ I [s (y)~s (y)]exp(jk y) 1 m m m m m m 
(4.16) 

It is therefore interesting to compare the results of 'coherent' 

speckle interferometry, i.e. a (y), with speckle interferometry based on 
c 

terms of the form of the right hand side of (4.l6), i.e., 

M 

~(y) :::: (l/ril) I Is (y)*s (y) 1 
m=l m m 

(4.17) 

where aCyl is defined as the result of 'incoherent' speckle interferometry. 

Such comparisons are made in §6.2. 

4.4.2 Speckle Holography 

Speckle interferometry produces an estimate of the autocorrelation 
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A 

function qq (y) . It is convenient to call the 'extent' of q(y) the 

length of the shortest single connected segment of the y-axis outside of 

which q(y) is identically zero. Provided q(y) is of finite extent, the 

extent of qq(y) is necessarily twice the extent of q(y) for all 

physically likely distributions q(y) • The exception is when 

IQ (v) 1=1. In this case', q (y) is itself a speckle pattern (or a delta 

function), and its autocorrelation f,mction is a delta function. Such 

an object 'transparent' to speckle processing - the meaning of this 

is explained in §6.4. However, all other distributions of q(y) can be 

'resolved' to the diffraction limit. Here,. resolution is taken to 

mean that the extent of q(y) can be determined by estimating the extent 
A 

of qq(y) • This is useful practically. For if it is known 

a priopi that an object consists of two isolated point sources, the 

spacing of the sources can be determined by speckle interferometry. 

(a) 

-0/2 o 0/2 

(b) 

Fig. 4.3 Speckle holography. 
(a) A (real) object distrihution q(y) consisting of a delta 
function by vertical arrow) offset from the 
remainder of the object by s-cr/2. 
(b) A sketch of the corresponding autocorrelation function 
qq(y) . 

There are in general many different functions having the same 

autocorrelation function (cf. Bates 1969) . However, there exists a 

class of object distributions for which an image is obtainable directly 

from the autocorrelation function by 'Fourier holography', Fourier 

holography requires that the object consists of two distinct parts, one of 

which is an unresolvable reference (i.e. a delta function). The 
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distribution is therefore written as 

q (y) bey) + 8(y - ~) , (4.18) 

where bey) is the part of the object that it is desired to image and 

8(y~~) is regarded as an offset 'reference'. 

fUnction of a(y), i.e. 

The autocorrelation 

qq(y) f {b (~) + 8 (~ - * } {b(~ + y) + 8(~ - ~ + y)} 

* =l {b {y)~b (y)} + 8 (y) + b (y + Z:-) + b (-y + ~) (4.19) 

consists of four terms. The first two terms on the right hand side of 

(4.19) are the autocorrelations of bey) and 8(y) respectively. The second 

two terms are the cross-correlations of bey) with 8(y-~) and vice versa. 

Because of the sifting property of the delta function, the cross

correlations reduce merely to shifted versioDs of the desired image bey) 

and its mirror image or 'reflection' b*{-y). From Fig. 4.3 it is seen that 

the image terms are separated from the other terms of qq(y) provided that 

z;; - cr/2 > cr (4.20) 

which is the 'separation condition' for Fourier holography (cf. Gough 

and Bates 1974). It says, in effect, that the reference must be separated 

from the rest of the object by more than the extent of the latter. Unless 

the position of the reference relative to the object is known a priori, 

there is ambiguity in Fourier holography as to which image is the true 

image, and which is the reflection. However, since it is often only the 

form of the image that is important, this is not a significant practical 

objection. 

Speckle interferometry provides a (diffraction limited) estimate of 

qq(y). Therefore, if the object contains a suitable reference meeting 

the separation condition, an image can be obtained directly from the 
'" estimate of qq(y). The fidelity of the image is of course, dependent on 

/\ 

how accurate is the processed version of qq(y). The whole procedure is 

conveniently termed 'speckle holography' (cf. Gough and Bates 1974). 

An insight into the operation of speckle holography is gained by 

recalling that the field in the Fraunhofer region of a point source is a 

plane wave. This is the reference plane wave of conventional Fourier 

holography (cf. §3.6.l). Interference between the reference wave and 
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waves scattered from the object forms the hologram. Now consider the 

case where the reference and scattered waves pass through the same phase 

distorting medium. Provided the reference and scattered waves undergo 

identical phase perturbations, the interference pattern at the aperture 

is unchanged by the presence of the distorting medium (cf. Goodman 1968 

§ 8.9) . Therefore, a faithful image can be formed through a distorting 

medium by conventional offset Fourier holography, When the propagation 

distortions are more severe, speckle holography provides an improved 

estimate of the image via the averaging process of speckle interferometry. 

4.4.3 Relation to Stellar Speckle Interferometry 

Speckle interferometry as discussed above, is an adaptation of 

Labeyrie's speckle processing method for optical astronomy. It is 

instructive to point out some differences between ultrasonic and stellar 

speckle interferometry. Provided that the field of view is restricted 

(i.e. to the 'isoplanatic patch'), the contamination in astronomical 

images is negligible from 'photon noise' for faint objects. As 

discussed in §4.2, amplitude errors incurred during propagation through 

the atmosphere are small and, in any case, amplitude errors cause 

comparatively less image distortion than phase errors (cf. §2.4.3). 

Therefore, isoplanatic amplitude distortion is often neglected in 

astronomical imaging by making the assumption that IH (v) I = 1. 
m 

Astronomical imaging is incoherent and so is concerned with intensities 

rather than ampltidues (cf. .2) , Italics are here used to denote 

the Fourier transform of the intensity of a term in (4.5). Using this 

notation and (2.23) and (4.4), the squared magnitude of the Fourier 

transform of the observed speckle image intensity is 

2 2 A 2 
Is (v) I ::: IH (vP~H (v)1 IF(v)1 

m m m 
(4.21) 

In optics, H(v) is referred to as the 'coherent transfer function' and 

{H (v) ~ H (v) } as the 'optical transfer function I Goodman 1968 §6.3). 

When the coherent transfer function is of unit magnitUde and exhibits 

quasi-random phase variations, the optical transfer function, although 

strictly of twice the extent, falls off to an appreciably lower level 

outside the 'correlation length' of the phase variations. This property 

is illustrated in Fig. 4.4. 

calculated, i.e. 

M 
(IJM) 2: Is (v) 12 

m:::l m 

Therefore, when the ensemble average is 

A 2M 2 
IF(v) I I IH (v)3;;H (v)1 

rn m 
m=l 

(4.22) 
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(a) I H (v) I 

V 
0 

4 

'1J 
0 
~ 

( b) 121 v 

-4 

(c) IH(V)~H(v)1 

o CL 

(d) I h (y) I 

Ih(Y)~h(Y)1 

__ ------__ --~~~OO---~~----~y 
a 

Fig. 4.4 Properties of a coherent transfer function R(v) that has 
(a) unit magnitude (out to the diffraction limit) and 
(b) quasi-random phase variations, correlated over extent 'CL'. 
(c) Magnitude of the autocorrelation function. This has twice 
the extent of R(v) but is concentrated within +/- CL of the origin. 
(d) Magnitude of the Fourier transform of R(v). hey) is the point 
spread function and exhibits random magnitude, i.e. speckle. hey) 
is plotted on the same scale as 
(e) the magnitude of autocorrelation function of hey). h(y)~h(y) 

is necessarily a sinc function regardless of the exact form of hey). 



further processing is necessary to recover a useful estimate of 1 F(v) 12. 

It is usual to divide the ensemble average by the best available estimate 

of the average squared magnitude of the atmospheric optical transfer, 

function. This estimate may be thought of as a 'calibration function' 

of the atmosphere. 

The calibration function can be obtained by making a series of 

observations of an unresolvable under statistically similar seeing 

conditions. For an unresolvable star IF(v) 1
2 is constant across the 

aperture. Therefore, the calibration function is directly available 

from the output of stellar speckle interferometry (4.22). Another 

approach is to predict the calibration function from a model of the 

statistics of the atmospheric coherent transfer function (cf. Roddier 

et a"l. 1978). 

4.5 SHIFT-AND-ADD 

In most situations of practical interest, the separation condition 

(4.19) required for holography does not hold and therefore 

speckle interferometry produces only an estimate of the autocorrelation 

function. It is desired to form an image. Shift-and-add 

(henceforth abbreviated to 'S&A') is a speckle processing method 

designed to produce an image. 

proposed by Bates (1976). 

It is an adaptation of a technique 

The essential idea of S&A is that the distortion in a speckle image 

is likely to be least where the image is 'brightest' (i.e. the magnitUde 

is greatest). In other words, the brightest point in a speckle image 

is likely to correspond to the brightest point in the object. Consider 

an image calculated in the following manner. Each speckle image in an 

ensemble is shifted (without rotation in the case of two-dimensional 

imaging) so that its brightest point is located at the centre of image 

space. The shifted speckle images are then added together. In the 

resulting image it is likely that distorted images of the brightest 

object point are superimposed. It follows that, provided 

the distortion is sufficiently isoplanatic, similarly distorted images 

of all other object points are also superimposed in their correct 

relative positions. Thus the S&A algorithm is likely to superimpose 

the desired image detail. Of course the spurious image detail (i.e. the 

point function hey) convolved with the object detail, and the 
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contamiriation) of each image is also superimposed. However, assuming 

that the distortions in each speckle image are statistically independent, 

the averaging process of S&A can be expected to increase the contrast 

between desired and spurious image detail. 

When S&A is applied to the 90herent imaging situation, it is necessary 

to ensure that the phases as well as the positions of points in each 

speckle image correspond. This requires two operations on the basic 

speckle images. Firstly, as explained in §4.4.1, a phase correc~ion 

factor must be multiplied to each speckle image to (attempt to) correct 

for the functional dependence of the phase of fey) with frequency. 

So, each s (y) is replaced by s (y)exp(jk y). Denote y as the value of 
m m m m 

y at which Is (y) I is greatest and suppose that 8 is the phase at this m m 
point (i.e. the phase of s [y ]). 

m m The second operation is the phase 

normalisation 

s (y) exp [ j k (y - y )] exp ( - j 8 ) 
m m m m 

(4.23) 

which ensures that the phase of the 'brightest point' is set to zero. 

The above operations imply that the S&A algorithm is mathematically 

described by 

M * 
(11M) I s (y )exp(jk y) s (y + Y )/1 

m=l m m m m m 
(4.24 ) 

where q (y) is the 'coherent S&A image'. Following the development in 
c 

§4.4.1, by considering only the modulus of the speckle images, an 

'incoherent S&A image' may also be calculated. 

image is defined by 

M 

q (y) = I Is (y + y ) I 
m=1 m m 

The incoherent S&A 

(4.25) 

This can usually be expected to be inferior to q (y), but is, of 
c 

course, simpler to calculate and is less sensitive to errors in a priori 

assumptions concerning the propagation medium. 

A S&A image can only be a close replica of q(y) if one point in the 

latter is of appreciably greater magnitude than any other point. Consider 

an object having two points whose magnitudes are equal and considerably 

greater than the magnitudes at any other point of q(y) . The brightest 

point in a typical s (y) is just as likely to correspond to either of the 
m 
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aforesaid two points. Therefore, the S&A image can be to 

consist of the sum of two versions of q(y). The versions are 

displaced by the separation of the two aforesaid points. This 

phenomenon is termed ghosting. Experience has shown that ghosting is 

likely to occur unless the brightest point is at least twice as bright as 

any other point in the object. The 'amount' of ghosting (i.e. the 

strength of a ghost image relative to the 'main~ image) also seems to 

be related to the severity of the propagation distortions as is 

demonstrated by the experimental rp.s~lts reported in §§6.3 through to 

6.5. 

4.6 STOCHASTIC PROCESSING 

Experience shows that nearly diffraction-limited astronomical 

images can be obtained by speckle processing evan with severely 

aberrated (cf. Karo and Schneiderman 1977, Cady 1980 §6. 5) • 

It is argued in §4.3 that aberrations are likely to produce statistically 

independent distortions in an ensemble of images, created by 

spectral decomposition. However, the distortions produced by an 

aberrated are constant in each image. Therefore, it 

is not immediately obvious why speckle should produce the 

results of Karo and Schneiderman (1977) and Cady (1980). Dainty (1977) 

reports that speckle processing can only 'take out' telescope 

aberrations if the random distortions introduced by the turbulent 

atmosphere are more severe (in the sense that they are correlated over 

a smaller ranger of v, refer to 4.4) than the aberrations. In 

fact, Dainty (1973) suggests that, when the atmospheric distortions are 

not severe enough, random phase perturbations might be introduced in 

front of the telescope! The phase fluctuations are multiplied 

with the diffraction limited coherent transfer function (cf. §4.4.3). 

Because astronomical imaging is incoherent, any such additional 

distortions must be introduced as the images are being formed. 

There exists the intriguing possibility of introducing random 

distortions into a single ultrasonic speckle image with the aim of 

ameliorating (by speckle processing) the image degradation due to both 

propagation distortions and imaging instrument aberrations. This 

provides the basis for • stochastic processing' (cf. Bates 1976). 

For coherent imaging, the phase of the wavefronts incident on the 
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the aperture may be 'recorded by some form of holographic technique 

(cf. §2.3.4). Therefore, the random distortions can be introduced 

after the holographic recording is made (i.e. ultrasonic stochastic 

processing may be performed a posteriori) . This approach is adopted 

for the results presented in §6.4 for which stochastic processing is 

implemented entirely within a computer. 

functions' R (v) is created such that 
n 

An ensemble of 'distortion 

IR (v) I : 1 n 
(4.26) 

and the phase 0J R (v) varies quasi-randomly with v but with a finite 
n 

correlation length 'CL'o The subscript 'n' is an integer identifying 

each member of the ensemble. The phases of different members of the 

ensemble are uncorrelated. The correlation length governs the severity 

of the distortions represented by R (v). 
n 

A convenient method of 

generating functions having the required correlation characteristics 

utilises a first order Markov procress. In this, a series of correlated 

phases is derived from a series of totally random phases. To achieve 

correlation, an element of the series of correlated phases is obtained by 

combining the phase of the immediately previous element of the series 

with a random phase value. The correlation length is determined by the 

relative weighting applied to the two phase values. This procedure 

results in a somewhat noisy sequence. Therefore, averaging is 

employed to give a smooth phase variation. An example of the quasi-

random phases generated by the above method is shown in • 4.4b,. The 

method is also used to generate distortion functions used to obtain the 

results presented in §6.4. 

Anyone of the S (v), as defined by (4.4) I is multiplied by each 
m 

member of the ensemble of random phase functions to create an ensemble 

of 'super-distorted' aperture functions defined by 

S (v) 
min 

S (v) R (v) 
m n 

(4.27) 

where the ensemble index is nand m is constant. Provided that the phase 

distortions of the R (v) are more severe than the distortions of the 
n 

single S (V), it can be expected that the distortion terms of the members 
m 

of the ensemble of S (v) are effectively statistically independent. The 
min 

Fourier transfDrm of (4.27) gives the 'super-distorted' image 

s (y) = s (y) 0 r (y) 
min m n 

(4.28) 
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If Y is the value of y for which Is (y)1 is greatest, then the 
m,n m,n 

'narrow-band stochastic image-, calculated by S&A, is defined by 

N 
e (y) :::: (lJN) I s* (y . rs (y. + Ym,n)/lsm,n(Ym,n) I m 1 m,n m,n m,n 

n= 
(4.29) 

The image is referred to as narrow-band since it is calculated for a 

narrow range of A only. Therefore, (4.29) is similar to coherent S&A 

(4.24), except that phase correction is not necessary because the 

wavelength is the same for each image. As explained previously in this 

section, e (y) is calculated entirely within a computer. The number of 
m 

artificially distorted images N, and the correlation length of the phase 

distortions CL, are parameters of the computer program. 

In practice, since isoplanatic amplitude distortions and also 

contaminations are likely to be present in each s (y), further improvement 
m 

can be expected by combining the ensemble of em (y) by S&A. The '~.,ide-

band stochastic image' is defined by 

M 
e(y) = (l/M)L e (y)exp(jk y) 

m"'l m m 
(4.30) 

Note that e(y) is the coherent S&A image, as defined (4.24), with 

the s (y) replaced by e (y). 
m m 

The terms in the summation in (4.30) are 

than those in (4.24) because the e (y) are already shifted and 
m 

the phases normalised. Therefore, only phase correction is necessary 

in (4.30). 

4.7 WIENER FILTERING 

Examination of (4.3) and (4.4) shows that the mth speckle image has 
"'-

the form of a signal, i.e. f(y), that has passed through a linear filter 

(with transfer function H (v» and has been contaminated by additive 
m 

noise, i.e. c (y). This is expressed in the transform domain by (4.3), 
m 

Le. 
A 

S (v) = H (v)F(v) + C (v) 
m m m 

(4.3) 

A 

One of the concerns of signal processing is the recovery of F(v) from 

S (v), given H (v). In the absence of noise, i.e. C (v) = 0, the problem 
m ~ m 

is triv'ial. F(v) is recovered exactly by 'inverse fJltering', Le. 

A 

F(v) S (v)/H (v) m m 
(4.31) 
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If (4.31) is implemented in the signal (or space) 

domain, the process is termed 'deconvolution'. 

Of course, noise is present in any physical signal. Extra 

contamination, called quantisation noise, exists on any signals that 

are digitised. The Wiener filter is designed to produce the best 
A 

estima te o-f f ('1) (in a least squared sense) from s (y) in the presence of 
m 

Ga ussian noise. The transfer function of the Wiener filter is (Brault 

and White 1971) 

[l/H (v)] 
m Ps 

* H (v) 
m 

(4.32) 

where 

(4.33) 

is the 'signal' power, and 

is the noise power. PS(v)/ (v) + PN(v)} is known as an 'optimum' 

filter because it gives the optimum estimate (in a least squared sense) 
"-

of H (v)F(v) assuming that C (v) obeys Gaussian statistics. Inspection m m 
of (4.32) shows the Wiener filter is simply a combination of an inverse 

filter and an optimum filter (cf. Brault and White 1971). 

The Wiener filter requires exact knowledge of both H (v) and the 
m 

signal to noise power ratio. Since neither of these are usually known 

exactly, practical implementation of a Wiener filter necessitates 

An estimate of H (v) may 
m 

be obtained by performing a 'reference' measurement. The object is 

replaced by a point source at the origin (i.e. fey) = o{y) ). Out to 

the diffraction 'limit, the resulting distorted aperture function provides 

an estimate of H (v), i.e. 
m 

s'-(v) == H (v) + C'-(v) 
m m m 

(4.35) 

where the superscript dash is used to denote that the distorted aperture 
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function is measured for a point source (and has no connot~tions of 

differentiation) . The contamination is assigned a superscript dash in 

(4.35) since the contamination for the reference measurement is likely 

to differ from the contamination measured when the actual object is 

present. (4.35) shows that S~(v) is a good estimate of H (v) only if 
m m 

c~ (v) is relatively small. 
m 

Therefore, when this estimate is used in a 

Wiener filter, an improved image can only be expected if C~(v) is 
m 

relatively small. Thus, the outcome of a trial of WieneT filtering 

provides an indication of the degree of cont~mination present in 

experimentally measured distorted aperture functions. 

The signal to noise power ratio is usually not known a priori. It 

is usual to make the assumption that both the signal and the noise powers 

are constant out to the diffraction limit. This implies that the noise 

to signal ratio is constant so that {IH (v) 12PN(v)/P (v)} is replaced by m S 
a constant, which is here called the filter constant, denoted by <P. An 

approximation to the Fourier transform of the true Wiener filtered 

speckle image is then 

W (v) 
m 

s (v) 
m 

* ~ (v) ] 

(4.36) 

The transform of (4.36) is termed the 'narrow-band Wiener filtered image' 

and denoted by w (y). 
m 

This terminology is used for convenience but it 

is emphasised that w (y) is not strictly a Wiener filtered image since 
m 

H (v) is unknown. 
m 

The faithfulness of the narrow-band Wiener filtered image is 

compromised by the presence of contaminations. Following the same 

arguments used in preceding sections, further improvements can be 

expected by combini~g the ensemble of narrow-band Wiener filtered images 

by coherent S~, i.e., 

w(y) 
M * 

(11M) \' wm (Ym) exp (jk y) w (y + y ) Ilw (y ) I l. m m m mm 
m=l 

where y has the same meaning as in (4.24). 
m 

(4.37) 

Inspection of (4.36) shows that <P prevents the output of the Wiener 

filter from becoming excessively large when S~(v) is small. 
m 

The filter 
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constant is often chosen by trial and error to be the value that gives 

the most 'satisfactory' result. This practice can be misleading. 

There is the danger that ~ might be adjusted to give an image closely 

resembling an expected, but incorrect, image. 

It is interesting to note that if ~»Is~(v) 12 then W (v) is 
m m 

proportional to, from (4.36) 

* * s (v) [s '" (v) 1 = [H (v) F (v) + C (v)] [H (v) + C .. (v) ] 
m m m m m m m 

where C~(v) represents the sum of all terms involving contamination. 
m 

The Fourier transform of (4.38) is 

w (y) ::: {h (y) ~h (y)} 0 f (y) + c ~ (y) 
m m mm 

(4.38 ) 

(4.39) 

If IH (v) 1 = lout to the diffraction limit, then the autocorrelation of 
m 

h (y) is a sinc function. 
m ' 

This is true regardless of the phase 

variations of H (v), as shown in Fig. 4.4. 
m 

Thus, provided the levels 

of the isoplanatic amplitude distortions and contaminations are low, 

misapplication of Wiener filtering (e.g. by choosing <P too large) may 

still result in useful images. The results of Wiener filtering of 

experimentally measured speckle images are presented in §6.5. 

B-scan images of the brain are usually of very poor quality. The 

impedance mismatch between the skull and the brain tissue causes strong 

reflections at the skull interfaces leading to troublesome reverberations. 

The skull itself introduces severe attenuation. Thus it is difficult 

to obtain high signal to noise ratios. Furthermore, the propagation 

delays vary with the skull thickness, causing what is here defined as 

transmission speckle (§2.5.3). Phillips et al. (1975) consider the 

possibility of correcting for phase errors incurred during propagation 

through the skull. Their model for ultrasonic imaging of the brain 

through the skull is very similar to that for optical astronomical imaging 

through the atmosphere (cf. §§4.2 and 4.4.3). In particular, only 

distortions incurred during propagation through the skull are considered. 

These distortions are regarded as occurring directly in front of the 

aperture. Therefore, isoplanaticity over a large object region is 
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assumed. Phillips et ale (1975) suggest estimating the phase shifts 

introduced by the skull by measuring the phase of the field generated by 

a small transducer located on the opposite side of the skull. The 

estimated phase shifts are used to correct the phases of signals from 

individual elements of an array. Preliminary results using this method 

are encouraging (cf. Phillips et al. 1975). The method is an inverse 

filtering approach. However, only phase corrections are applied, It 

is possible that better results would be obtained if Q full Wiener filter 

was implemented since this should compensate for amplitude errors and 

better cope with noisy signals. 

The point source employed by Phillips et ale (1975) is not located 

in the object region. In situations where the distortions are highly 

non-isoplanatic, it seems probable that successful application of Wiener 

filtering would require the point source to be in the object region. 

This constraint probably applies to imaging of soft tissue regions such 

as the female breast because the distortions occur more or less evenly 

over the entire propagation path in these situations. 

4.8 ADAPTIVE PROCESSING 

All the speckle processing methods discussed so far in this chapter 

are of the 'open-loop' form (Fig. 4.5a). An input (e.g. the ensemble 

of distorted aperture functions) is processed according to a particular 

algorithm to give an output which is designed to be a faithful version 

of the true image. Another approach involves the use of a feedback 

loop (Fig. 4.5b). In this, the processing is adaptively controlled so 

that the output meets some chosen criterion, hence the term 'adaptive 

processing I • 

The critical part of adaptive processing is deciding on a suitable 

control criterion. This is because the criterion has as much influence 

on the output as does the input itself. There exists a convenient 

criterion for adaptive processing of atmospherically degraded stellar 

images. Recall from §4.2 that astronomical imaging 

simplici ty, assume that ]H (v) I = 1 and C (v) = O. m m 
notation of §4.4.3, the 'image sharpness' criterion 

Buffington 1974) is 

j s 2 (y) dy 
m 

maximum 

is incoherent. For 

Following the 

(cf. Muller and 

(4.40) 
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where italics are used to denote that s (y) is the intensity of the 
m 

speckle image. 

( a) 

IN UT 

(b) 
Processor 

INPUT OUTPUT 

Decision 
feedback 

CRITERION 

Fig. 4.5 Comparison of the essential features of (a) open loop and 
(b) adaptive processing. 

Hamaker et al. (1977) provide the following that when the 

sharpness criterion is met, atmospheric distortions are removed. By 

Parseval's theorem (cf. Bracewell 1978 §6) and (4.21), (4.40) is 

to maximising 

which, since F(v) is determined by the source distribution, involves 

maximising IH (v)~H (v) I for all v. 
m m 

H (v) = exp[ja (v)] 
m m 

Define H (v) as 
m 

where a (v) is a random phase function. 
m 

The autocorrelation of 

H (v) is 
m 

H (v)~H (v) = f exp[jam(v + ~) - ja (~)] d~ m m m 

(4.43) is an integral of a continuum of complex numbers whose phases 

are given by 

a (v + ~) - a (l;) 
m m 

(4.41) 

(4.42) 

(4.43) 

(4.44 ) 
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For (4.43) to be maximised for every value of v requires that ¢ must be 

independent of ~. This is equivalent to specifying that 

a (v) = E: + yv 
m 

where E: and yare arbitrary constants. 

(4.45) 

Thus the image sharpness criterion ~tates that the sharpest image, 

as defined by (4.40),is obtained when the coherent transfer function has 

unit magnitude and a linear phase shift. with respect to v. Apart from 

introducing a trivial image shift, this is exactly the overall transfer 

function required for distortionless imaging. 

Babcock first suggested the use of adaptive processing for 

astronomical imaging in 1953 (cf. Babcock 1958). Muller and Buffington 

(1974) developed suitable control criteria and practicable processors. 

The processor (cf. Fig. 4.5b) essentially consists of a mirror which is 

segmented into an array of eleme~ts. The position of each element is 

controllable (in a direction normal to its surface), Such a mirror is 

therefore termed a 'rubber mirror' and fa1ls into the category of 

'deformable' or 'active' optics. Each mirror element perturbs the 

phase of a section of the incoming wavefront. The element positions 

are varied until the image sharpness criterion is satisfied. It is 

then known that the phase shifts introduced by the rubber mirror have 

compensated those due to the atmosphere and (ideally) a diffraction 

limited image is obtained. Adaptive processing is performed on one 

speckle image (i.e. for one value of m). Each mirror element must be 

smaller than the correlation length of the pha·se distortions. 

Therefore, a large aperture rubber mirror telescope requires many 

elements and must be capable of adapting rapidly enough to follow 

atmospheric turbulence. Its construction therefore, presents many 

technological challenges. However, McCall et al. (1977), Buffington 

et al. (1977) and Pollaine et ala (1979) report useful images from 

rubber mirror telescopes employing from 6 to 19 elements. 

Adaptive processing has applications in many other branches of 

optics besides astronomical imaging. Extensive reviews of adaptive 

optics are provided in the March 1977 issue of the J. Opt. Soc. Am. 

(Vol.67 No.3) and by Hardy (1978). 

The use of adaptive processing seems attractive in the context of 
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diagnostic imaging. For the reasons discussed in §4.6, such processing 

could potentially be performed a posteriori. Unfortunately, there do not 

appear to be any suitable criteria upon which coherent adaptive processing 

might be based. The work of Steinberg (1981), which is discussed in §3.5, 

may be regarded as coherent adaptive processing. Steinberg's algorithm is 

based on isolating reference signals from a point source from the remainder 

of the echoes. The criterion employed is that the of the incoming 

reference wavefront is constant across the aperture. The delays in the 

signal paths of each array element are adaptively altered until the 

criterion is met. It is then assumed that delays due to the propagation 

medium and incorrect positioning of the array elements are compensated for. 

Such a criterion is not entirely satisfactory because of the difficulty in 

isolating a suitable reference. For this reason, adaptive processing was 

not investigated in the work report in this thesis. However, such an 

approach may prove a fruitful avenue for future research (refer to §8.31. 

4.9 DISCUSSION 

In this chapter, processing techniques designed to reduce the 

distortion of ultrasonic images formed through soft biological tissue are 

described. The inspiration for these techniques comes from the success of 

speckle processing in high resolution astronomical imaging. However, 

ultrasonic imaging is (usually) coherent and the effects-of soft tissue on 

ultrasonic waves are markedly different from those of the atmosphere on 

optical waves. Therefore, there are fundamental differences between the 

ultrasonic speckle processing techniques introduced in this chapter and 

stellar speckle processing methods. These differences are discussed in 

detail in §§4.2, 4.4.3 and 4.8. 

It is a relatively simple technical task to measure the scattering of 

wide bandwidth ultrasonic waves from mammalian soft tissue over a large 

numerical aperture. However, it is not so simple to recover all the useful 

information from such a measurement. The difficulty is due to distortion 

of the ultrasonic waves caused by the propagation medium. Conventional 

wide bandwidth ultrasonic imaging ignores propagation distortions and 

processes the measured data in a straightforward way (cf. Part I of this 

thesis) . This approach is unlikely to be optimal when imaging through a 

distorting medium. 

The aim of speckle processing is to form faithful images by recovering 
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as much of the useful information in the measured data as possible. 

Ultrasonic speckle processing to achieve this by spectrally 

decomposing the measured wide-band data in such a way as to create an 

ensemble of distorted narrow-band (i.e. speckle) images. Members of 

the ensemble are then recombined so that the high spatial frequency 

content of the true image is retained Tnhile spurious detail is reduced. 

By way of comparison, conventional wide bandwidth ultrasonic imaging 

may be thought of as combining the narrow-band data in a straightforw3.::cd 

average. Both incoherent and coherent ultrasonic spedde processing 

may be performed. Only the former is for stellar speckle 

processing. 

To the author's knowledge, speckle processing has not been discussed 

in a~y of the literature concerned with coherent imaging by an:t1 other 

researchers. Therefore, the concepts of (coherent) speckle processing 

form the basis of a new coherent imaging principle. The viabillty of 

processing in ultrasonic imaging can only be confirmed by 

experiment. The results of preliminary experiments are presented in 

Chapters 6 and 7. 
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5. THE EXPERIMENTAL IMAGING SYSTEM 

5.1 INTRODUCTION 

The ultrasonic speckle processing techniques discussed in Chapter 4 

require an ensemble of statistically independent speckle images. In this 

chapter, an experimental imaging system designed to construct such an 

ensemble by the spectral decomposition method (§4.3) is described. 

The basic specifications for the imaging system are a large numerical 

aperture (for high potential resolution) and a wide bandwidth (to obtain 

a sufficient number of independently distorted speckle images). Synthetic 

aperture holographic imaging (in the sense defined in §2.3.4) is used to 

form the images. Essentially, this involves coherently detecting and 

recording narrow-band signals scattered from some object as a function 

of position on an aperture. An image is then calculated from the 

appropriately scaled diffraction patterns in the computer by an algorithm 

based on (2.15). The ensemble of images is obtained from diffraction 

data measured over many narrow frequency bands, each of which has a different 

centre frequency. 

This thesis is concerned with speckle processing techniques for 

restoring distorted images rather than image formation per se. The 

advantages of employing a computer to record and reconstruct the hologram 

lie with the versatility of the digital computer. Algorithms to 

implement a particular speckle processing method are easily created and 

modified by 'software'. Exactly the same raw data (i.e. recorded 

diffraction pattern) may be the input to different algorithms. 

Therefore, the processed outputs of the various algorithms may be directly 

and meaningfully compared. Also, techniques such as stochastic 

processing (§4.6) are ideally suited to computer implementations. One 

disadvantage of using computers for image formation and restoration is 

the (usual) loss of real-time imaging capabilities (cf. §3.6.1). This is 

not a major objection in the experimental imaging situation described here. 

In addition to its data storage, formation and processing roles, 

the computer is also used to control the data collection aspects of the 

imaging system. In particular, the computer controls sections of the 

signal processing electronics and also the mechanical scanning motion. 

Again, this approach has the advantage of versatility. System 

parameters, such as the aperture size and sampling rate, are easily 
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changed by software modifications. 

The experiments reported here were designed to test the efficacy of 

various speckle processing techniques. The experiments are of a 

preliminary nature since, to the author's knowledge, they are the first 

application of speckle processing to ultrasonic imaging. Co~sequently, 

a well defined (but necessarily very simple) imaging situation is 

considered. The experiments are restricted to the two-dimensional 

imaging situation. The objects consist of two-dimensional 'point 

scatterers'. These are physically realised by arrays of thin parallel 

cylinders whose axes are perpendicular to the 'scattering plane'. This 

approach enables the essential features of speckle processing to be 

demonstrated, while resulting in considerable savings in hardware and 

processing requirements. B-scan imaging systems also produce cross 

sectional images (§3.4) and so the results obtained here are readily 

related to conventional imaging practice. 

The author was fortunate to 'inherit' an ultrasound scanner 

originally designed to obtain 'time delay projections' for ultrasonic 

computed tomography. This equipment is described in detail by Dunlop 

(1978 §§4.7 and 4.8). Being a • first generation' design, it entailed 

mechanical motions for both translation and' rotation. The rotate 

motion (actuated by a geared stepper motor with a final angular increment 

of 0.072°) was a convenient basis for the mechanical hardware of the 

imaging system described in this chapter. The diffraction patterns are 

measured by scanning a single receiving transducer along a segment of a 

circular arc. The physical layout of the imaging system is described 

in the following section. The arrangement of the sca,ttering objects 

and the manner in which distorting media ~e introduced into the 

propagation path are also discussed in §S.2. 

Dunlop (1978 §4.4) employed linear frequency modulated (EM) sweeps, 

bandwidth sampling and matched filtering in order to make the high 

precision time delay measurements needed for ultrasonic computed 

tomography. Linear FM sweeps are also used in the imaging system 

described here since they are particularly convenient for spectral 

decomposition. The signal processing is described in §S.3. Signal 

processing at the • front-end' of the imaging system is implemented in 

analogue circuitry. Subsequent signal processing is performed in a 

digital computer. Considerable care is to ensure that the 
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phase of the field is measured accurately in a coherent imaging system. 

Problems encountered, and solutions used, in making precise phase 

measurements are discussed in §5.4. In §§5.5 and 5.6 the algorithms used 

to obtain ensembles of narrow-band diffraction patterns and speckle images 

from the measured wide-band data are described. Examples of experimental 

results are presented in §§5.3 through to 5.6. Images of one-dimensional 

configurations of scatterers are shown in §5.6.1. These are presented as 

profiles of the images along the y-axis (rather than as grey-level displays). 

Since the quantity being imaged is the scalar scattering strengths of the 

targets (cf. §4.3), only the magnitudes of the images are plotted. The 

relative, rather than absolute, scattering strengths are all that are 

important in these studies. Therefore, all images are normalised to the 

same maximum value and plotted between zero and this maximum value. To 

facilitate meaningful comparisons, identical scales are used for all plots. 

While being simple, the measurement system provides very convenient 

and versatile means of obtaining wide bandwidth diffraction data. A brief 

description of this system has been published in the second paper listed 

in the preface. 

5.2 PHYSICAL CONFIGURATION 

Two-dimensional imaging is performed in the horizontal x,y-plane. 

A schematic of the configuration in this plane is shown in Fig. 5.1. 

y 

Fig. 5.1 Radiation from a source at Q, having cartesian coordinates (x,y) 
is sensed in the far field at p. having polar coordinates (R,e). 
Animal tissue is located in the hatched region to distort the 
wave fronts. The three circ:es on the y-axis represent cross
sections of the scatterers. For the experiments reported here, 
R = 25 em, lei < 60°, and T = 4 cm or 20 em. 
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The scattering objects consist of vertically suspende~plated copper wires 

and nylon monofilaments. These are henceforth referred to as the 

'targets'. The diameters of the targets are less than the wavelength 

throughout the range of frequencies employed. The scattering strengths 

are determined by both the diameters and compositions of the targets. 

The intersection of the targets with the x,y-plane forms circles of 

varying diameters, three of which are depicted lying on the y-axis in 

Fig. 5.1. Precise location of the targets is ensured by passing each 

wire or monofilament through accurately located (0.3 rom diameter) holes 

drilled in two 3 rom thick perspex plates. One plate is located 20 em 

above the x,y-plane. The second plate is located 12 em below the 

x,y-plane, and its horizontal position is adjusted to be directly 

underneath the first plate by means of a plumb bob. The wires and 

monofilaments are anchored to the top side of the upper plate and pulled 

taut by means of small weights attached below the lower plate. 

arrangement is illustrated in Fig. 5.2, 

plate 

y 

te 

weights 

This 

Fig. 5.2 The target arrangement in elevation. The x,y-plane is 
horizontal and a cross-sectional view of these targets is 
depicted in Fig. 5.1. (Not to scale.) 

Fig. 5.3 indicates the transducer/target configuration, as well as 

the main functions of the electronics. The transmitting transducer, 

labelled TX, insonifies the target region (which is centred about the 

origin in Fig. 5.1). Ultrasound scattered from the targets is sensed 

by the transducer labelled RX. RX (located at P in Fig. 5.1) is 
s s 

scanned across tl~ indicated aperture. Signals sensed by the other 

receiving transducer, RX , can be used to monitor and compensate for 
r 
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PREAMP 

GAIN 
CONTROL 

a'S)(t) 

lOW PASS 
FILTER 

b (t) 

SAMPLER 

COMPUTER 

GAIN 
CONTROL 

Fig. 5.3 The measurement system and signal paths. The position of 
RXs and the operations of the frequency sweep generator 
and gain stages are under computer control. TX and RX 

r 
are both located 13 em from the-centre of the target 
region, whereas RX is 25 em from the origin. 

s 
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phase drift. phase compensation is explained in detail in §S.4.1. 

The transducers were fabricated in the Electrical Engineering 

Department's workshops and have matched characteristics (Dunlop 1978 

§5). They consist of 10 mm diameter (Phillips PXES PZT discs of 

nominal 2 MHz resonant frequency. Backing and matching sections are 

employed to increase the bandwidth without introducing excessive loss. 

The resonant frequency of the matching section is arranged to be higher 

than that of the piezoelectric disc so that the transducer centre 

frequency is 2.5 MHz and the half-power bandwidth is 1.2 MHz (cf. Dunlop 

1978 .6) • The transducers exhibit useful response over the 1.7 MHz 

range of the FM sweep to §S. 3.1) • 

The region of tissue depicted in Fig. 5.1 was interposed between 

the target region and the arc scanned by RX • 
s 

Either bovine or ovine 

liver was used to provide a medium with realistic propagation distortions. 

The animal tissue, submersed in standard saline solution at room 

temperature, was contained by 0.12 mm thick walls of a cylindrical 

section 'box'. During the experiments, the thickness of the tissue was 

arranged to be nominally constant at 4 em and efforts were made to expel 

any entrapped air from the vascular structure. However, it is probable 

that the effective length of the ultrasonic propagation path varieo 

appreciably with e and it is unlikely that all air pockets were removed. 

The targets, tissue holder and transducers were all immersed in a 

90 em diameter water tank. The walls and bottom of this tank were lined 

with sponge rubber to minimise reverberation. As the tank was filled, 

the water flow was stopped at the desired level of the x,y-plane, and 

the heights of the transducers adjusted so that the transducers were 

flush with the water surface. Filling was then resumed. The 

transducer scanning gantry was adjusted to be horizontal by means of a 

spiri t leve 1. This simple alignment procedure ensures that the axes 

of the targets are perpendicular to the x,y-plane and that the transducers 

are in that plane. 

In actuality, the targets, tissue holder, TX and RXr (Fig. 5.3) 

were all attached to the scanner gantry and rotated while RX remained 
s 

stationary. This arrangement was ~onvenient physically, since 

everything except RX could be suspended from the rotating gantry_ It 
s 

also allowed RX to be securely mounted at the relatively large distance s 
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a 

b 

( 

Fig. 5.4 The experimental ultrasound scanner showing 
(a) electronics rack and water tank. The scanner gantry is 
suspended from the top of the tank by the triangulated spider. 
(b) Tissue holder with RXs in foreground. 
(c) Close up of transducers with tissue holder removed. TX 
is in foreground, RXs on left and RXr on right. The central 
wire of a 7 wire target (configuration 'b'; refer to Fig. 5.5) 
is just visible between TX and RX . . r 
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from the centre of rotation needed to meet the far field condition (1.44). 

It does not matter which transducer is moved because it is only the 

relative motion of TX and the targets with respect to RX that is 
s 

important, It is more satisfying conceptually to regard the targets, 

tissue, TX and as being stationary while RX rotates. Such an 
s 

approach is adopted in §§1.8 and 2.3 and is therefore continued for the 

remainder of this chapter. Photographs of the scanner, including close-

ups of the transducer/target arrangement are shown in Fig. 5.4. 

Sampled waveforms are digitised and stored in a computer (refer to 

Fig. 5.3). The computer used to control the scanner and to store the 

'raw' data is an EAI-640. This computer was acquired by the Electrical 

Engineering Department in 1968 and is, by today's standards, rather 

archaic. It does not .possessfloatingpoint hardware, and so requires 

considerable time to perform extensive arithmetical computations. In 

1980, the Department acquired a Digital Equipment Corp. VAX-ll/780. This 

computer is at least fifty times faster than the EAI-640 in performing 

protracted complex arithmetical computations such as 1024 point FFT's. 

Therefore, the raw data is transferred to the VAX-ll/780 for all signal 

processing, image calculation and speckle processing operations. 

5.2.1 Data Sets 

The raw datg is stored in the VAX-ll/780 as a disc file. Each file 

consists of a header to identify the particular experiment, information 

concerning the amplifier gains and the raw data itself. Just under 105 

bytes of storage are required for each file. Many such files were 

created to record measurements made for a variety of targets and 

propagation media. Those files used obtain the results presented in 

this and subsequent chapters are listed in Table 5.1. For convenience, 

the information in each file is referred to as a 'data set' (DS). Each 

data set is identified by a particular number (e.g. DS-l, DS-2 etc.). 

For each data set, the wires and nylon monofilaments were arranged 

in one of the three target configurations illustrated in Fig. 5.5. The 

target configuration employed for each particular data set is listed in 

Table 5.1. S&A processing requires that the object contains a point 

that is noticeably brighter than all other points in the object (§4.5). 

The single copper wire target was incorporated into configurations (b) 

and (c) of Fig. 5.5 to fulfil this requirement. Although the precise 
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Table 5.1 Specifications of the targets/distorting media configurations 
corresponding to the raw data submitted to various speckle 
processing algorithms. Exactly the Sfu~e distorting medium 
was used for DS-9 and DS-lO. The ox liver was fresh and kept 
under refrigeration until use. The sheep's liver had been 
frozen before use. 

Data Set VAX File Target Propagation T (em) 
# Name Configuration Medium (Fig. 5.1) 

(Fig .. 5.5) 

DS-l IDEAL b Simulated data 
DS-2 SINGIE a Water -
DS-3 TRI b Water -
DS-4 LIVERF b Ox Liver 20 
DS-5 LlVERN b Ox Liver 4 
DS-6 SEPT c Water -
DS-7 SEPTF c Sheep's Liver 20 
DS-8 SEPTN c Sheep's Liver 4 
DS-9 TROIS3 b Ox Liver 20 
DS-IO TROISI a Ox Liver 20 

-

scattering strengths of the targets are unknown, the results indicate that 

the copper wire scatters at least twice as strongly as the nylon 

monofilaments. Notice that for configuration (b), the copper wire is 

separated from the nearest of the nylon monofilaments by 5 rom. Since 

this distance is greater than the spacing of the two monofilaments (2 rom) , 

the offset condition (4.20) for Fourier holography is satisfied. 

speckle holography can be expected to produce an image of the two 

monofilaments. 

Thus, 

The diameter of the copper wire is less than one half a wavelength 

at the highest operating frequency (refer to Table 5.2, §5.6, for the actual 

wavelengths employed). The extent of the (diffraction limited) point 

spread function for a fully enclosing aperture is, by the Rayleigh 

criterion, A/2 (cf. §1.8). Since the targets are smaller than this 

distance, they are termed 'unresolvable' or simply 'point' scatterers. 

5.3 SIGNAL PROCESSING 

Referring to Fig. 5.3, the signal transmitted by TX is a linear FM 

sweep. The rate of change of frequency is low so that the bandwidth of 

the sweep is very nearly the difference between the maximum and minimum 
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a y b c 

• iii 

Fig. 5.5 The three target configurations. The larger circles correspond 
to the cross-sections of 0.183 rom diameter strands of plated 
copper wire. The smaller circles correspond to 0.125 rom 
diameter nylon monofilaments. Nominal co-ordinates (in rom) 
are 
(a) (0 ,-4) • 
(b) (0,3) I (0,1) I (0,-4). 
(e) (0,0), (0,4), (3.46,2), (3.46,-2), (0,-4), (~3.46/-2), 

(-3.46,2) • 
For this configuration, the monofilaments are located on a 4 rom 
radius circle and separated in angle by 60 degrees. 

transmitted frequencies (cf. Cook and Bernfeld 1967 §6.3). 

transmitted signal is represented by 

a (t) 

If the 

(5.1) 

where Wo is the angular frequency at time t = 0, W is the frequency sweep 

rate, and and 9 are arbitrary constants, then the signal received (via 

either the 'reference' or 'scattered· paths) after a time delay T is 

(5.2) 

The output of the low pass filter is 

bet) (5.3) 

where K2 and K3 are constants and 9LP is the phase shift introduced by 

the low pass filter. K3 is proportional to the strength of the received 

signal, the low pass filter response and the various amplication factors 

in the signal path. (5.3) shows that the filter output for a particular 

time delay consists of a narrow-band signal centred at a frequency 

proportional to that time delay. This is readily appreciated by 

inspection of Fig. 5.6. Denote the spectrum of the low pass filter output 
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a 

WT ------------------------------------b '-_______________________ D t 

Fig. 5.6 The difference frequency between a linear and delayed linear 
FM sweep is constant. 

signal as B(W) , where W is the angular frequency. B(W) can be 

interpreted directly in terms of amplitude of the received signal as 

a functio~ of time delay. From (5.3), the time delay is given by 

. 
T = w/w (5.4) 

The phase of bet) for a particular time delay is proportional to 
• 2 

(WOT - WT /2). The sweep parameters are: 

7 -1 
1.06 x 10 rads 

(5.5) 

with these parameters, the contribution of the quadratic phase term for 

delays corresponding to a water path of up to 5 ern can be neglected (with 

14° error). Therefore, over a region having linear dimensions of around 

5 ern, the phase of bet) is proportional to T. Exactly the same 

relationship between phase shift and propagation delay exists for a 

monochromatic insonifying signal at angular frequency W00 Use of this 

property of low sweep rate linear FM is made in the phase compensation 

technique described in §5.4.1. 

5.3.1 Measured Waveforms and Spectra 

The frequency of aCt) increases linearly from 1.687 MHz to 3.372 MHz 

in 26.2 mS. Thus the sweep covers nearly one octave with a bandwidth 

of approximately 1.7 MHz. bet) is sampled at a rate of 39062 Hz for 
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1024 samples. The sampling rate is accurately controlled by a crystal 

oscillator. By the sampling theorem (cf. Bracewell §10), aliasing occurs 

at frequencies above half this rate, i.e. 19531 Hz. Therefore, the low 

pass filter cut off (Fig. 5.3) is set to (or below) the latter frequency. 

From (5.4) and (5.5) the maximum time delay that can be measured with this 

cut off frequency is 303.7 JlS (which corresponds to the propagation delay 

of a 44.9 em water path). The sweep is repeated, and the filter output 

digitised, for 64 distinct values of e (Fig. 5.1). e ranges from 

-60.0° to 57.0° in equal increments of sin (e) (refer to §5.5). 

From Fig. 5.3 it is seen that a(t) consists of the summation of 

signals received via the reference and scattered paths (i.e. a(r) (t) and 

a(s) (t) respectively). The gain control stages are individually adjusted 

by the computer so that the peak values of the corresponding base band 

signal components, b(r) (t) and b(s) (t), are approximately equal and the 

peak sum is just below the maximum input level of the analogue-to-digital 

converter, i.e. 

I b (r) (t) + b (s) (t) I < 2. 5 vo lts • (5.6) 

To achieve the required signal levels, the gain of one path is set to zero 

while the gain of the other path is adjusted until the peak magnitude of 

b(t) is approximately one volt. This gain value is recorded. The 

procedure is then repeated for the other path. Finally, both paths are 

turned 'on' and b(t) is digitised. Thus the gain control system ensures 

that the dynamic range of the 12 bit analogue-to-digital converter is 

fully utilized no matter what attenuation is present in the propagation 

paths. The computer records the particular gain values used for each 

sweep to enable the true signal strengths to be recovered. 

Fig. 5.7 shows the magnitude of the spectrum of b(t) calculated by a 

1024 point FFT. The target and propagation medium for this result is 

specified by DS-2 (Table 5.1) and for RX located at e = 0°. 
s 

The peak 

at around 11. 2 kHz corresponds to the reference signal ~'lhile the peak at 

around 16.3 kHz corresponds to the scattered signal. It is emphasised 

that the relative magnitudes of the two peaks in Fig. 5.7 cannot be 

meaningfully compared since the gains of the respective signal paths are 

different. However, since the time delays of the reference and scattered 

paths are different, the two peaks in Fig. 5.7 are distinct. Therefore, 

the reference and scattex'ed path signals are readily separated by 
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I B (w) I 

121 5 1121 
w/21f 

15 2121 

Fig. 5.7 The magnitude of the spectrum of bet) calculated from DS-2 for 
'right-angle' scattering off a single copper stand. The magnitude 
is plotted from zero to the maximum value. This convention is 
adopted for all graphs unless otherwise stated. 

b 

Notice that the matched filter gives a good signal to noise ratio 
in spite of the low transmitted power (100 ~W, cf. Dunlop 1978, 
§5.6.l). The horizontal frequency axis is labelled in kHz. 

b(r)(t) volts 

1 

-1 

b(s) (t) volts 

1 

-1 

Fig~ 5.8 Plot of 1024 samples of bet) (the spectrum of which is shown in 
Fig. 5.7) filtered to extract 
(a) reference path and 
(b) scattered path signals. 
The signal puration is 26.2 ms. 
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multiplying B(W) by appropriate 'spectral filters'. For example, a 

suitable scattered path filter ranges from W/2TI = 15.5 kHz to 17.5 kHz 

(with rectangular cut off-characteristics). 

implemented in the computer. 

Such a filter is easily 

The inverse Fourier transforms of the B(W) shown in 5.7, 

calculated after filtering to remove either the scattered or reference 

components, are shown in Figs 5.8a and S.8b respectively. Because 1024 

sample values are plotted, only the envelopes of the signals are apparent 

in Fig. 5.8. The sweep rate used in this system is low compared with the 

propagation delays. Therefore, since there is a linear relationship 

between frequency and time, the horizontal axes of Fig. 5.8 can be 

regarded as representing the instantaneous ultrasonic frequency. Thus, 

Fig. S.8a is a plot of the imaging system frequency response for the 

case where the transmitting and receiving transducers are in line. In 

this case the response is mainly determined by the transducer 

characteristics. It is observed in 5.8b that the responss at higher 

frequencies is emphasised. This could be due to frequency dependent 

scattering. The intensity of a signal scattered at right-angles to the 

axis of a sub-wavelength diameter cylinder is proportional to frequency 

cubed (cf. Morse and Ingard 1968 §8.l). Another possible explanation 

is that the target is in the near field of TX. According to (1.44) the 

far field region of TX is at a distance of 23 em for the lowest transmitted 

frequency, and at 46 em for the highest transmitted frequency. However, 

the centre of the target region is only 13 em from TX. Therefore, the 

strength of the incident field in the target region is frequency 

dependent. At the extremes of the frequency sweep, the transducer 

bandwidth is the predominant factor in shaping the time domain response. 

Because the resPQnse is 'tapered' to low levels at the beginning and end 

of the sweep, apodisation (§3.4) is generally unnecessary when calculating 

B(W) • 

As discussed in the first part of this section, B(W) represents the 

amplitude of the received signal as a function of time delay. 

plot of B(W) is equivalent to an A-mode display (cf. §3.4.1). 

Thus a 

Such a 

plot is termed a 'temporal reconstruction' when expressed as a function 

of the spatial co-ordinate along the y-axis and is accordingly denoted by 

The relationship between the time delay, as determined from (5.4), 

and the spatial co-ordinate depends on the scattering angle. Conventional 

pulse-echo A-mode deals with only back-scattered signals (i.e. e = -90°) • 
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For an arbitrary scattering angle, the temporal reconstruction, is 

related to the spectrum of b(t} by 

. 
ft(Wc/[l - sin(e)lw} = E(W} (5.7) 

where c is an estimate of the acoustic velocity in the region. 

If the periods at the beginning and end of the sweep, when the 

transmitted and received signals do not • overlap , , are neglected then 

the temporal resolution (according to the Rayleigh criterion,cf. §2.3.l) 

is the reciprocal of the sweep bandwith, EW. From (5.7) the spatial 

resolution is a function of e and is given by 

~y = 0/[1 - sinCe)] EW 
t 

(5.8) 

which shows that the resolution along the y-axis obtainable from back

scattered signals is twice that possible for signals scattered at right 

angles. When e =- 90° I liy is infinite. 
t 

In other words, no resolution 

is possible along the y-axis when scattering is measured in the forward 

direction. 

-1 
For pure water at room temperature, c is 1480 ms (cf. Jellins an~ 

Kossoff 1973) . In practice, the acoustic velocity is temperature 

dependent (1.4% for 100e temperature change) and is affected by 

impuri ties. For example, the velocity increases by 0.7% when standard 

saline is substituted for water (cf. Jellins and Kossoff 1973). Taking 
-1 C as 1480 ms I the Rayleigh resolution criterion for a temporal 

reconstruction is ~y t = 0.88 rom when e ::::: 0°. A typical temporal 

reconstruction is shown in Fig. 5.9a. This is calculated for DS-3 and 

e '" 0°. The frequencies labelled below the y-axis in Fig. 5.9a 

emphasise the relationship between (y) and E(w). The targets for 

DS-3 consisted of three isolated scatterers and the propagation medium 

was water. Water is generally considered to be a nearly ideal 

propagation medium. However, the resolution of the ft(Y) presented in 

Fig. 5.9a is obviously degraded. 

Several factors prevent the theoretical resolution being attained 

in practice. Firstly, the bandwidth of the signal actually transmitted 

is not EW. The reduction in the effective bandwidth is caused by 

limitations in the transducer frequency response characteristics (cf. 

Fig. 5.8a). Secondly, non-linearities of the FM sweep degrade the 
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Fig. 5.9 For D8-3 and right-angle scattering (8 = 0°) f 

(a) magnitude of the temporal reconstruction ft(y). The 
origin of the y-axis is arbitrarily chosen. 
(b) The inverse Fourier transform of ft(Y) depicted in (a). 

temporal resolution. The combination of the analogue signal processing 

operations, depicted in Fig. 5.3, and the digital FFT spectral analysis 

forms a matched filter (cf. §3.4.3 and Cook and Bernfeld 1967 §6.7). 

However, this implementation of the matched filter assumes that the 

frequency modulation of the transmitted waveform is linear with respect 

to time. Thus, any departure from linearity degrades the temporal 

resolution, and resolution becomes a function of the degree of non

linearity and the time delay of the particular path being considered. 

Considerable care was taken by Dunlop (1978 §4.5) to ensure sweep 
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Another factor affecting the useful resolution has to do with the 

manner in which (y) is calculated. ft(y) is obtained by computing 

the FFT of bet). The FFT is a numerically efficient algorithm for 

calculating the discrete Fourier transf~m(DFT). Both the input and 

output of a DFT consist of a series of samples. For the case considered 

here, ft(y) is sampled at spatial increments of 0.88 rom. Therefore, it 

is not possible to meaningfully 'resolve' two scatterers separated by the 

Rayleigh limit since this is equal to the sample spacing. This 

difficulty with sample spacing is termed the 'picket fence' effect 

(cf. Bergland 1969). It can be overcome by interpolating the sampled 

image with sinc fUnctions. For computational efficiency, such 

interpolation is often implemented by 'zero-packing' in the transform 

domain (cf.Bergland 1969) • It must be emphasised that interpolation 

does not increase the actual resolution in the image but it may increase 

the amount of information that can usefully be extracted from an image. 

Spurious peaks are also evident in the temporal reconstruction shown 

in Fig. S.9a. It is reasonable to interpret Fig. S.9a as showing five 

resolved scatterers. The spurious peaks, and the comments about 

resolution, emphasise that it is not straightforward to form faithful 

images using echo-location principles, even under virtually ideal 

propagation conditions. 

Fig. S.9b shows the inverse Fourier transform of the function 

displayed in Fig. S.9a. It is therefore that part of bet) corresponding 

to the scattered path signal. The modulation of the envelope is due to 

'beating' of the distinct spectral components shown in Fig. S.9a. 

The effect of propagation through animal tissue on the temporal 

reconstruction is illustrated in Fig. 5.10. ft(Y) is calculated for 

DS-4 and e = 0°. In comparison with the case for the water path 

(Fig. S.9a), there appears to be a higher random background when the 

distorting medium is present. This is possibly due to multiple scattering 

within the tissue. However, although the image is certainly altered by 

the presence of the tissue, it is not significiantly degraded. 

5.4 COHERENCE 

Diffraction patterns are complex functions. They incorporate both 

the magnitude and the phase of the scattered signals. In the imaging 
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Fig. 5.10 Temporal reconstruction for DS-4 and right angle scattering. 
The presence of the tissue noticeably affects ft(y). 

system discussed here, diffraction patterns are obtained by scanning RX 
s 

over the system aperture (Fig. 5.3). At discrete positions on the 

aperture, scattered signals are sensed by RX, Formation of useful 
s 

diffractionpatterns requires that the phases of the signals are correctly 

related at each position of RX. Consider a path with a fixed time delay 
s 

T. The phase of b(t) measured for this path must be the same for 

consecutive sweeps. In other words, there must be coherence between 

sweeps. 

Modifications to the original electronics (§5.1) were necessary to 

obtain coherence between sweeps. b(t) is sampled at intervals which are 

determined by the period of a crystal oscillator. In the original design, 

the sweep began on command from the computer. The time at which the 

command was sent defined t = 0 in (5.1). Since the computer command was 

asynchronous with respect to the crystal oscillator t the time at which 

samples were taken varied randomly from sweep to sweep. This difficulty 

was overcome by adding circuitry to delay the beginning of the sweep until 

synchronism with the crystal oscillator ~vas obtained. In this case, 

t = 0 is defined as the time at which the first sample is taken. 

. A more subtle problem had to do with interference. The input of the 

sampled and digitised values of b(t) to the computer is under interrupt 

control, Signals from the scanning tank and associated electronics 
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(Fig. 5.4a) are connected to the computer via 15 m of cable. The 

12 bit parallel output of the successive approximation analogue-to

digital converter originally ran in wires immediately adjacent to 

wires carrying the interrupt signals. For certain values of input 

signal, many of the output lines of the successive approximation 
\ 

analogue-to-digital converter change state simultaneously. For these 

inputs, switching transients, coupled over the long cable length to the 

interrupt lines, were sometimes sufficient to cause spurious interrupts. 

When this occurred, the time relationship between samples was destroyed 

and therefore, the phase measurement became meaningless. Once 

identified, this problem was solved by running the interrupt signals in 

shielded cables. 

5.4.1 Phase Compensation 

The phase measurement is sensitive to changes in the sweep 

parameters. During a typical scan, after RX is moved from one position 
s 

on the aperture to the next, a period of a few seconds elapses before the 

frequency sweep is transmitted. This delay is introduced to allow 

mechanical vibrations in the structure supporting the transducers and 

targets and also motions of the water to decay_ The complete data 

collection process therefore takes several (typically 5) minutes. The 

linear FM sweep generator (Fig. 5.3) is a free-running voltage controlled 

oscillator. Over a period of a few minutes, the 'natural' frequency of 

the voltage controlled oscillator drifts significantly. This causes an 

uncertainty, denoted by ~t, in the time to at which the frequency is Wo 

(cf. (5.1) assumes that to :::: 0). Consequently, a significant phase error 

(denoted by ~$) is introduced for a path with a propagation delay 'I, where 

(5.9) 

The approximation discussed in the paragraph containing (5.5) is used to 

obtain (5.9). The purpose of RX is to monitor each sweep via a 
r 

'reference path' with fixed time delay 'I. The phase error in the 
r 

reference path is 

~$ = ~t~ T (5.10) 
r r 

Combining (5.9) and (5.10) allows ~$ to be calculated, i.e. 

;::; ~$ TIT r r 
(5.11) 
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T and can be obtained from the positions of the respective peaks in the 

spectrum and (5.4) if unknown a priori. ~¢ is applied as a correction to 

the phase value measured for the path with delay T. Therefore, variations 

in the phase of B(W) measured for each sweep via the reference path, can be 

used to compensate for phase drift of the scattered path signal. This 

technique is termed 'phase compensation' (and should not be confused with 

phase correction, cf. §4.4.l). 

A practical difficulty may arise with phase ccmpensation. ~¢ is 
r 

usually obtained as a module 2rr value. This can cause the value of ~¢ 

calculated according to (5.11) to be in error if ~¢ crosses a '2rr 
r 

boundary' (i.e. an integer mUltiple of 2TI). 

the ratio of T to T to be a whole number. 
r 

One solution is to arrange 

Then,whenever ~¢ crosses 
r 

a 2TI boundary, so does ~¢. A second solution is to 'track' ~¢ across 
r 

the 2rr boundaries and add or subtract 2rr as appropriate. This latter 

approach requires that the variation of ~¢ between sweeps is small 
r 

compared with 2rr. In practice, provided sufficient warm-up time (about 

30 minutes) is allowed, the total variation of ~¢ during an entire scan 
r 

is less than 2rr. Therefore, neither of the above solutions is necessary. 

PHASE (rad) 
3 

2 

1 

o .+----=,2 O~--=-r:::~t-:+--.,------, S WEE P NO. 
100 

-1 

-2 

... 3 

Fig. 5.11 Phase stability results for 100 sweeps separated by 
approximately 1.5 seconds. ¢ and ¢ are measured phases for 
reference and scattered paths ?espectfvely. The position of 
RX is fixed. ~ I attained by phase compensation, is 

s 'c 
approximately constant. 
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Fig. 5.11 shows the phase values measured for spectral components 

of B(W) corresponding to the reference (~ ) and scattered (~ ) paths. 
r s 

Both paths were constant (i.e. RX and RX were fixed) over the 100 
r s 

recorded sweeps for this measurement. The interval between sweeps 

was approximately 1.5 seconds. The variation in the value for the 

corrected phase is less than ±0.2 raoians. 

5.5 CALCULATION OF DIFFRACTION PATTERNS 

In this section it is explained how an ensemble of diffraction 

patterns is obtained by spectral decomposition (§4.3) of the (detected) 

linear FM sweep waveforms. A computer is used to both store the 

waveforms and perform the calculations. Since sampled quantities are 

stored, the calculations are implemented in discrete form. For example, 

the integral of a function of a continuous variable is replaced by a 

summation of samples of the function. 

The signals scattered from the target region are received by RX 
s 

which is scanned across the aperture (refer to Fig. 5.3). e ranges from 

-60.0'" to 57.0°. (2.7) shows that the spatial frequency co-ordinate,v, 

is proportional to sinCe). This allows the distorted aperture function, 

S (v), to be obtained directly from a narrow-band diffraction pattern 
m 

measurement (cf. §4.3), 64 sample positions are used since this is a 

convenient number for use with the FFT (i.e. it is an integral power of 2). 

The implications of the spatial frequency sampling rate are discussed in 

the following section (§5.6). 

When a function is sampled so that the sampling theorem (cf. Br~cewell 

1978 §lO) is satisfied, its value is known exactly at any position between 

samples. The function is also known at distances of up to the sample 

spacing beyond the last sample. For the sample spacing used, the aperture 

of the imaging system effectively ranges from e = -60.0° to e = 60.0°. As 

discussed in §2.3.l, such a large numerical aperture allows the diffraction 

limited resolution in the y direction to approach the theoretical maximum 

for a given wavelength. The extent of the aperture in terms of spatial 

frequency is defined as V, where, from (2.12), 

v = 2 sin(n/3) /A (5.12) 

It follows from the preceding discussion that the spacing 6v between 

samples of the distorted aperture function is 



-146-

!::'v =: V/64 (5.13) 

The narrow band diffraction patterns are obtained b (t) 

(filtered to extract the scattered signals) into 128 contiguous 'time 

segments I. As explained in §S.3.l, there is a direct between 

t and the instantaneous ultrasonic frequency. Because the sweep rate is 

low, it is assumed that the ultrasonic frequency corresponding to each time 

segment is approximately constant. !n fact, t.he spectrum corresponding 

to a segment of the sweep occupies a flarrow band. 

approximately 

(3372 - 1687)/128 13.2 kHz. 

The bandwidth is 

(5.14 ) 

This is a narrow-band signal in the sense that the bandwidth is Q.52% 

of the centre frequency of the sweep. 

The filter output obtained from the sweep transmitted for one of the 

64 positions (specified by n) of RX is written in discrete form as 
s 

b. (i!::,t) n i 0,1023 n = -32,31 (5.15) 

where i and n are integer values 

temporal sample spacing (25.6 ~). 

the indicated ranges and!::,t is the 

each time segment covers 

1024/128 = 8 samples. Following on from §4.3, the index m is used to 

denote a member of the ensemble of distorted aperture functions formed 

at a particular frequency. The frequency is given by the centre 

f d ' h th , , requency correspon 1ng to t e m t1me segment, 1.e. 

::::: (1680.46 + I3.l7m) kHz (5.16) 

(5.16) specifies the transmitted frequency. This is higher than the 

received frequency due to the propagation delay. . This delay corresponds 

to about 10 temporal and is not compensated for in the results 

presented here. Only a one percent error is introduced by neglecting 

the delay. This is comparable with the error due to uncertainty in 

propagation velocity of the water (cf. §5.3.l). The effect of the error 

is to scale the slightly. 

th d'ff . t . bt' d The complex value at one point in the m 1 ract10n pat ern J.S 0 a1ne 

h 1 h . 1 h th . f h by coerent y t e s1gna t em t1me segment o' t e 
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sweep. This process is implementecr as an 8 point DFT, i.e. 

7 
S (n 6.v) == I b ([8 (m - 1) +t] 6.t) exp (j 2'IT3.1(,/8) 

m R,:::Q n 

m ::: 1,128 n = -32,31 (5.17) 

Inspection of (5.17) shows that the third harmonic component of the DFT 

is calculated. For the sample rate used here, this compon~nt is at 14.7 

kHz (i.e. this is the centre frequency of the DFT filter). Since the 

duration of the time segment is short, the spectral response of the DFT is 

broad. In this case, the first zeros occur at 9.7 kHz and 19.5 kHz. Thus 

the frequencies of components of bet) corresponding to time delays of the 

scattered path (e.g. 15.5 to 17.5 kHz) are well within the passband of 

the DFT filter. 

Fig. 5.12 

FILTER OUTPUTS 
envelope 

. etc 

...... ---it-:::--::-----------4- t or f 

NARROW BAND DIFFRACTION PATTERN 

S"ln~,~g~ 
-32 31 

111M RXs 
position n 

The narrow-band diffraction pattern at a particular frequency 
is obtained by taking a • slice' through a stack of filter 
output waveforms recorded for different scattering angles. 
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Fig. 5.12 is an illustration of the process represented by (5.17). A 

flow chart of the main signal processing operations performed in the 

computer to obtain the diffraction patterns is presented in Fig. 5.13. 

5.5.1 Examples Involving Measured Data 

The magnitude and phase of the 75
th 

narrow-band diffraction pattern 

obtained from DS-2 are shown in Figs 5.14a and b respectively. This 

represents scattering from a single copper strand located on the y-axis 

at y = -4 mm. Because of thp. Lon-linear increments of S, the diffraction 

pattern is equal to the distorted aperture function S (v) where m = 75. 
m 

The simple model of the system predicts that the magnitude of the 

diffraction pattern should be constant. In practice, IS
75

(v) I shows 

rapid fluctuations superimposed on a slow but substantial variation across 

the aperture. The diameter of the scatterer at the highest transmitted 

frequency is less than one-half a wavelength. The scattering pattern is 

therefore expected to be almost constant (cf. Faran 1951) and so the 

scatterer dimensions can probably be discounted as the cause of the 

variations observed in Fig. 5.14a. More likely explanations include: 

(i) Interference effects caused by imperfect alignment. For example, 

the axis of the scatterer may not be exactly perpendicular to the x,y~plane. 

If the deviation from the assumed geometry introduces path differences of 

the order of a wavelength, then destructive interference can occur. 

(ii) The beamwidth of RX is comparable with the size of the scattering 
s 

region. Therefore, as RX rotates, the response to particular scatterers 
s 

changes. This is especially so for scatterers displaced from the 

principal axis of RX . 
s 

However, whatever the cause, the magnitude variations observed in 

Fig. 5.14a do not seem to produce particularly severe degradation in the 

image plane. This is mainly due to the relative insensitivity of the 

image to magnitude errors (cf. §2.5.3). 

The linear phase variation with v in Fig. 5.14b makes interpretation 

of this plot difficult. For the purposes of this discussion, the linear 

phase is removed by multiplying S75(v) by exp(0.004jv). phase 

compensation for an estimated drift of 0.4 radians is also applied to 

The phase of the result is shown in Fig. 5.14c. It is 

evident that good coherence is maintained over the aperture. The 

remaining curvature in the phase is most likely due to the scatterer not 
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INPUT 
ObtCli,..., r-ClW dClto Fr-om disc 

64 sweeps .oF : 

(11Zl24 Glomples .... 2 9 0i ,..., volues) 

J 00 WHILE ,..., = -32 .. 31/ 

Colcu10te Gilpectr-um (112124 pt FFT) 

I.-010t_ r-eFerence ond scottared 
poth .-i91""'l01.-

Scottered poth 9 0i ,..., correctiol""'l 

PhoGl:e compGllI""'lGl:otion iF reCluir-ed 

Co 1 c::::u 1ot .... ..:cotter-ed pClth time;;, 
woveFor-1'I"I (11Zl24 pt inverse FFT) 

J 00 WHILE == 1 , 128 / m 

DO WHILE ,.., -32,311 

Colcu10te diFFr-oc:::::tio,.., 
potter,.., vc1ue (8 pt OFT) 

OUTPUT 
diFFrcctio,.., pctter-,..,<;; of' 64 sOrMples: 

5.13 A summary of the computer signal processing operations required 
to obtain diffraction patterns. 
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IS 7S (v)1 

a 

/S7S{V) 

b 
1J 

!J 
t. 

-3 

Fig. 5.14 Diffraction pattern for DS-2 and m = 75. 
(a) Magnitude of 875(v). 
(b) phase of 875 (v) . 
(c) phase modified to remove linear phase shift and phase 
compensation (§S.4.1) applied. 
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being precisely located on the y-axis. Fig. 5.14 serves to illustrate 

the difficulties in obtaining the expected diffraction patterns even 

under favourable propagation conditions. To facilitate meaningful 

comparisons, the 75th narrow band is chosen for other results presented 

in this chapter. 

Is
7S

(v)/ 

a 

5.15 Diffraction pattern for DS-IO and m = 75. 
(a) Magnitude of S (v). 
(b) Phase modified7~o remove linear phase shift (phase 
compensation also applied). 

Fig. 5.15 shows the diffraction pattern for the same target as for 

Fig. 5.14, but measured through 4 em of ox liver (DS-IO for m = 75) • 

The linear phase shift is removed and phase compensation applied, to 

obtain the phase plot of Fig. S.lSb. In comparison with Fig. 5.14, it 

is apparent that the tissue introduces severe propagation distortions. 

In particular, the phase fluctuations are rapid and large (compared with 

2Tf) • 



-lS2~ 

IS
7S

(v)1 

a 

-3 

Fig. 5.16 Diffraction pattern for DS-3 and m = 75. 
(a) Magnitude of S S(v). 
(b) Phase of S7s(v1. phase compensation is applied for this 
graph. 

The diffraction pattern for a three-point target measured through 

wat~r is presented in Fig. 5.16 (DS-3 for m = 75) • Both the magnitude and 

phase variations appear to be random. These are mainly due to the 

interference between the signals received from each scatterer. As the 

narrow-band images presented in the following section show, there is 

useful information in S7S(v) for DS-3. However, the information is easier 

to comprehend when presented in the image rather than the transform domain. 

5.6 IMAGE FORMATION 

th Sample values of the m speckle image s (y) are calculated from the 
th m 

64 samples of the m distorted aperture function by inverse Fourier 

transformation. Denote the increment between spatial samples in the 

image as 6y. The discrete form of the Fourier transform is then 
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31 
s (ib.y) = 1 s (nb.v) exp(-j21Tnb.vib.y) 
m n=-32m 

(5.18) 

where i is an integer. For (5.18) to be implemented as an FFT requires 

that 

i "" -32,31 (5.19) 

3.nd 
b.y ::; l/V (5.20) 

Inspection of (2.13), (5.12) and (5.20) shows that b.y is also the Rayleigh 

criterion. With the reservations about the resolution of sampled images 

discussed in §5.3.l in mind, b.y may be regarded as the limited 

resolution of the speckle image. The image spans a distance 

y =: 64 b.y == l/b.v (5.21) 

along the y-axis. However, the distance between the 1st and 64
th 

sample 

is only 63 b.y. This is simply a property of sampled data, and the same 

effect occurs when considering the actual and effective sizes 

• §5.5}. 

In practice, a certain amount of 'data shuffling' is when 

implementing the FFT. In , use is made of the cyclic nature of 

the DFT so that the index values i and n are made to run from 1 to 64. 

However, in this discussion, it is more useful to consider that the image 

is calculated according to (5.18) and (S.19). 

Fig. 5.17 

y 

t 
o 

~ 
R 

Exaggerated representation of the angle a subtended by RX s ' 
D is the width of RXs and R is the distance of RXs from 
the region. R = 25 em and DIem. Therefore 
sin(a}~ D/R, or a ~ 2.3°. 
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The finite dimensions of RX have an impor,tant effect on the imaging 
s 

system performance. To a good approximation, the transducer responds to 

the integral of the ultrasonic field incident upon its face. With 

reference to Fig. 5.17, the angle subtended by RX at the origin is 
s 

denoted by a. The measured diffraction pattern therefore consists of a 

convolution of the actual diffraction pattern with a rectangulaL function 

of spatial frequency extent sin(a}/A. Since a is very small (2.3°), the 

approxima tion 

sin(:l}/A ::: D/AR (5.22) 

is accurate. In the image domain, the effect of the finite width of RX 
s 

is to multiply the true image by a sinc function. The width of the sinc 

function from its maximum to the first zero (cf. Fig. 2.3) is the 

reciprocal of (S.22), i.e. AR/D. An equivalent view of this phenomenon 

is to consider the finite beamwidth of RX • s 
From Fig. 3.1, the angle of 

divergence of the beam (from the principal axis) is A/D. With reference 

to 5.17, it is seen that the width of the response on the y-axis (from 

the origin to the first zero) is also AR/D. Thus, the dimensions of RX 
s 

place a fundamental limit on the field of view (§2.2.l). This is physically 

reasonable. Consider the fringes of the interference pattern generated 

by two separated point sources. As the spacing between the sources 

increases, the fringe spacing decreases. A stage is obviously reached 

when a sensor of finite width spans the fringes. At this stage, it is 

impossible to tell that two separated sources exist. 

Notice from Fig. S.17 that the case of e = 0 (Fig. 5.1) is examined 

in the preceding paragraph. As e varies so does the effect of the width 

of RX. Therefore, it is impossible to define an exact value for the s 
field of view. However, the field of view is usefully taken as being of 

the order of AR/D. This expression gives a field of view for the imaging 

system of 2SA. 

The effect of aperture sampling is now examined. The spatial 

frequency increment between samples of S (v) is ~v (5.13). By the 
m 

sampling theorem (cf. Bracewell 1978 §lO), the extent of the object must 

be less than l/~v to avoid aliasing errors. From (5.12) and (S.2l), this 

extent is given by Y = 37A. For the targets used here (cf. Fig. 5.5) it 

is known a priori that Y is not exceeded. However, in theory, the 

approximate 25A limit on the field of view should minimise aliasing 

problems for objects exceeding Y. 
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The field of view could be further· restricted by utilizing the time 

delay discrimination capabilities of the wide-band FM sweep. Thus, 

signals scattered from within a particular region.could be isolated by the 

filtering process used to separate reference and scattered path signals 

(cf. § 5. 3.1) . However, as explained above, this precaution is not 

required here. 

Table 5.2 System parameters determined b;'7 the ensemble index m. 
propagation velocity is taken as 1480 meters/sec. 

W/2'IT (kHz) A (mm) t::.v 
-1 -1 t::.y (mm) m mm V mm 

1 1694 0.87 0.031 1. 98 0.50 

33 2115 0.70 0.039 2.48 0.40 

64 2523 0.59 0.046 2.96 0.34 

75 2668 0.56 0.049 3.12 0.32 

128 3366 0.44 0.062 3.94 
I 

0.25 

The 

Y (mm) 

32.3 

25.9 

21. 7 

20.5 

16.2 

A summary of important system parameters is presented in Table 5.2. 

(5.5), (5.12), (5.13) I (5.16), (5.20) and (5.21) are used to calculate 

the values listed in Table 5.2. It is evident from these equations that 

both the sample spacing and extent of the computed speckle image depend 

upon the ensemble index m. In general, samples are not coincident for 

different values of m. Thus, members of the ensemble of sampled speckle 

images cannot be directly added in a meaningful manner. Each speckle 

image (or autocorrelation function) is therefore interpolated onto an 

array with constant sampling interval. For all results presented in 

this and subsequent chapters, linear interpolation on both magnitude and 

phase values is used. The spatial increment between samples of the 

interpolated images is 0.1 mm. 

5.6.1 Processing Options and Examples 

Narrow-band images of the three point target (DS-l and m 75) are 

presented in Fig. 5.18. DS-l was calculated in the computer from an 

idealised model of the imaging system assuming a perfect propagation 

medium. Thus, the images in Fig. 5.18 are diffraction limited and provide 

'benchmarks' for comparison with images formed from measured data. 
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Fig. 5.l8a shows the image obtained by calculating a 64 point inverse 

Fourier transform on the 75 th diffraction pattern. The difference in 

apparent strengths of the two simulated nylon monofilaments 

is due to finite 

diffraction 

spacing of the 64 point image (§5.3.l). 

is packed with 192 zeros and a 256 pt inverse 

transform is calculated. This has the effect of performing an 

The 

interpolation using sinc functions in the image dON~in. The.result is 

shown in Fig. 5.l8b. Notice the severe 'ringing'. A Hanning window 

(cf. Fig. 3.3) is applied to the diffraction pattern to obtain the image 

in Fig. 5.l8c. The window is also applied (over the 64 samples only) , 

along with zero packing to 256 points, to obtain Fig. S.18d, The effects 

of the alternative methods of calculating narrow-band images from given 

diffraction data are marked. The effects of these 'processing options' 

(PO) on wide-band 

§6.3. 

obtained by speckle processing are discussed in 

A code is now introduced to identify the processing options used to 

calcUlate an image. It consists of one or more letters. These are: 

'0' . Indicates that no options are used, cf. Fig. 5.18a. (i) 

(ii) 'p' . phase compensation (cf. §5.4.1) is applied to the diffraction 

patterns. 

(iii) 'HI I A Hanning window (§3.4, 

diffraction patterns. 

(iv) 'Z' . The image is 

3.3) is applied to the 

to 256 points (by a sinc 

interpolation). This is implemented by zero-packing the diffraction 

patterns prior to the FFT. 

This code may be understood by examining the caption of Fig. 5.18. 

Speckle images of single scatterers for the 75
th 

narrow band, formed 

through both water and water/liver are presented in . 5.19. These 

are the point spread fnnctions (plus whatever contamination there might be) 

h .. h 5th d' Th' t 4 . c aracter~s~ng t e 7 me ~a. e spur~ous response a y rom ~n 

Fig. 5.19a is attributed to the magnitude fluctuations observed on the 

diffraction data (cf. Fig. 5.14a). Apart from this, however, the image 

of the scatterer is reasonably faithful when formed through water. In 

comparison, the severe speckle introduced by propagation through the 

animal tissue is patent in Fig. 5.l9b. The single scatterer is 

unrecognisable in the image presented in Fig. 5.19b. Similar narrow-

band images (formed through breast tissue) are reported (cf. §2.5.2) by 

Foster and Hunt (1979). For both DS-2 and DS-3, the tissue holder was 
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b 

1121 -1121 1121 

\. 

11'2! -11'2! 

Images of the three point target (configuration b) calculated 
for simulated data (DS-l). 
(a) Basic 64 point FFT on raw diffraction data, i.e. the 
processing option is PO-o. 
(b) With zero packing to 256 points, FO-Z. 
(c) Hanning window and 64 pt transform, PO-H. 
(d) Hanning window and 256 transform, PO-HZ. 
All images are linearly interpolated onto an array with 0.1 rom 
sample spacing. 

removed from the tank. When the tissue holder is in place but filled with 

saline only, the images are essentially the same as those obtained for the 

water path. Therefore, the possibility of the tissue holder itself 

causing the distortions evident in Fig. 5.19b can be discounted. 

The effects of phase compensation are examined in the image of a 

three point target formed through water (Fig. 5.20). phase compensation 

(§5.4.1) is applied to the diffraction pattern to obtain Figs 20b and 20d. 
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15
75 (y)1 15

75
(y)1 

Fig. 5.19 Magnitudes of the speckle images of a single scatterer obtained 
from measured data through 
(a) water path (DS-2 and PO-PHZ) and 
(b) ox liver (DS-IO and PO-PHZ). 

The diffraction patterns are shown in Figs 5.14 and 5.15 
respectively. 

The improvements gained employing the other processing options (this 

time on measured data) are also evident in the second row of Fig< 5.20. 

Comparisons of Fig. 5.18 with 5.20 shows that even under ideal 

propagation conditions, artefacts are present in the image. This is 

perhaps expected from the measured time waveforms and diffraction patterns 

(cf. Figs 5.9 and 5.14). Some possible causes of the artefacts are 

discussed in §5.5.l. Other possibilities include: 

(i) Imprecise location of the targets (i.e. the imaging instrument 

out-of-focus) . 

(ii) Mechanical vibrations in the structure supporting the taxgets. 

(iii) Imperfections in the scanning mechanism (i.e. R of Fig. 5.1 is 

not constant or e is in error). 

(iv) Imperfect compensation of phase drift. 

(v) Thermal effects. 

(vi) Noise. 

5.7 DISCUSSION 

The experimental imaging system is specifically designed for 

investigations into processing methods to overcome the deleterious effects 

of transmission speckle (§2.5.3). Thus, only very simple target 
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speckle images of 3 point targets 
for various processing options 

(b) PO-P 
(d) PO-PHZ 

o 
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Fig. 5.21 The phase of the reference signal of D8-3 for W/2TI = 11.254 kHz. 
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configurations are imaged. Of course, the advantages of this rather 

contrived in vitro approach is that the form of the true image is known 

a priori. The relative positions of the insonifying transducer and the 

targets are fixed. The propagation path between the insonifying 

transducer and targets is water. Therefore, the form of the object is 

expected to be constant over the ensemble of speckle images. The target 

spacings are such that the individual scatterers are resolvable in the 

diffraction limited image (cf. Fig. 5.5). It follows from §2.5.3 that 

reflection speckle does not. occur in the diffraction limited image. 

The speckle observed in Fig. 5.l9b is almost entirely due to propagation 

through the animal tissue. The point spread function is broadened to 

such a degree (by the distorting medium) that all the scatterers of target 

configurations (b) and (c) (refer to Fig. 5.5) occupy the resolution cell 

and are thus unresolvable. In these cases, the speckle in the images 

consists of both transmission and reflection speckle, but the primary 

cause of the speckle is the propagation medium. 

Inspection of Figs 5.14 and 5.15 shows that the main effects of 

propagation through ox liver appear to be random distortions of the 

phase of the wave fronts. The sensitivity of the image formation process 

to phase errors is emphasised by the success of the phase compensation 

procedure in Fig. 5.20. This is for an error of about TI radians across 

the aperture which is small compared with the errors evident in Fig. 5.15b. 

Artefacts are apparent even when narrow-band images are formed through 

water (cf. Figs 5.l9a and 5.20). As explained in the preceding section, 

aberrations of the imaging instrument are likely causes of these 

artefacts. No attempt was made to isolate and remedy the mechanisms of 

the aberrations because one of the purposes of the work reported in this 

thesis has been to study how speckle processing combats imaging instrument 

aberrations (cf. §4.3). 
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6. EXPERIMENTAL RESULTS FOR ONE-DIMENSIONAL 

SPECKLE PROCESSING 

6.1 INTRODUCTION 

Ultrasonic speckle processing techniques are described in Chapter 4. 

The arguments presented in Chapter .4 te justify the va:r;ious speckle 

processing techniques are essentially heuristic. The only meaningful way 

to test the viability of these ideas is by experiment. In this chapter, 

the results of trials of speckle processing on experimentally measured 

ultrasonic images are presented. The experimental imaging system 

described in Chapter 5 was used to obtain and process the images. Only 

one-dimensional processing of images of one-~imensional configurations of 

scatterers is considered in this chapter. Two-dimensional configurations 

and corresponding two-dimensional speckle processing algorithms are the 

subject of Chapter 7. 

It is explained in §5.1 that only the forms of the image magnitUdes 

are of interest. Therefore, all images presented in this chapter are 

normalised and plotted on identical scales (running from zero to the maximum 

normalised value of each image~. An ensemble of 128 narrow-band diffraction 

patterns is calculated for each data set (cf. §5.5). Members of the 

ensemble are identified by the index m. To facilitate meaningful 

comparisons between different data sets and processing methods, the same 

values of m, namely m = 33,34,74 or 75, are used when presenting typical 

narrow-band images, autocorrelation functions etc. 

Autocorrelation functions and images calculated by speckle interferometry 

and shift-and-add (S&A) are presented in §§6.2 and 6.3 respectively. Some 

of these results are published in the fourth paper listed in the preface. 

Images obtained by stochastic processing are presented in §6.4. Also 

included in §6.4 are the results of a computer simulation study of stochastic 

processing. Because stochastic processing uses coherent S&A, the results 

of the simulation study are of particular relevance to coherent S&A in 

general. The results of stochastic processing are the subject of the 

fifth paper listed in the preface. In §6.5, Wiener filtered images are 

presented. This chapter concludes with a summary and discussion of the 

findings (§6. 6) . 
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6.2 SPECKLE INTERFEROMETRY 

In §4.4 it is explained how stellar speckle interferometry can be 

adapted for use in ultrasonic imaging. Fig. 6.1 shows the results of 

speckle interferometric processing of data measured for a single scatterer 

and a water propagation path. In the top row, the magnitudes of two 

typical narrow-band autocorrelation fUnctions are plotted. Since 

autocorrelation functions necessarily exhibit complex conjugate symmetry 

about the origin (cf. Bracewell 1978 §3) all autocorrelation functions 

presented in this section are plotted for y>O only. The speckle image 

corresponding to Fig. 6.lb (although calculated according to different 

processing options, refer to §S.6), is shown in Fig. S.19a. The artefact 

evident in Fig. 5.l9a is present in Figs 6.la and 6.lb (cf. the spurious 

peak, at y == 7.7 mm) • The artefact is also observed in the output of 

incoherent speckle interferometry (Fig. 6.lc) but not in the output of 

coherent speckle interferometry (Fig. 6.1d). 6.lc is calculated 

from the ensemble of 128 narrow-band autocorrelation functions according 

to (4.17). Fig. 6.ld is calculated from the same ensemble but according 

to (4.15). 

To allow meaningful comparisons, narrow-band autocorrelation functions 

and the results of speckle interferometry for other data sets are presented 

in the same format as Fig. 6.1. Fig. 6.2 shows the results obtained for 

.a single scatterer when the diffraction pattern was measured after 

propagation through a combination of water and ox liver. Comparison with 

Fig. 6.1 shows that the artefact levels in the narrow-band autocorrelation 

functions are higher when the liver is present. When the magnitudes of 

the 128 narrow-band autocorrelation functions are combined by incoherent 

speckle interferometry, the distortions appear to average into a relatively 

smooth background (Fig. 6.2c). The output of coherent speckle 

interferometry (Fig. 6.2d) contains very low artefact levels. 

Several important conclusions can be drawn from the results presented 

in Figs 6.1 and 6.2. Autocorrelation functions are relatively 

insensitive to isoplanatic phase distortion (§4.4). Therefore, the 

artefacts evident in the narrow-band autocorrelation functions are mainly 

due to either isoplanatic amplitude distortion or contamination. 

presence of the tissue significantly raises the artefact levels. 

The 

This 

suggests that propagation through soft tissue introduces significant 

isoplanatic amplitude distortion and/or contamination in addition to any 

isoplanatic phase distortion. Even for a single point scatterer, it is 
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Fig. 6.1 Autocorrelation functions and results of speckle interferometry 
for DS~2 and PO-O. 
(a) Narrow-band autocorrelation (m :;: 33). 
(b) Narrow-band autocorrelation (m :;: 75). 
(c) Incoherent speckle interferometry. 
(d) Coherent speckle interferometry. 

not possible to determine the relative contributions of isoplanatic 

anlplitude distortion and contamination towards the total artefact levels. 

The artefacts in the two autocorrelation functions of Figs 6.2a and 6.2b 

are markedly different. The artefacts in the individual autocorrelation 

functions (obtained after propagation through liver) are smoothed out by 

incoherent speckle interferometry (cf. Fig. 6.2c). This result indicates 

that there is a significant degree of statistical independence between the 

distortions of the ensemble of distorted functions obtained by 

spectral decomposition (cf. §4.3). The artefacts observed in Figs 6.la 

and 6.lb are similar. For this data set, incoherent speckle interferometry 
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Fig. 6.2 Autocorrelation functions and results of 
for DS-IO and pO-a. Refer to caption of 
of the individual 

fails to remove the spurious response at y = 7.7 mm. 

2121 

interferometry 
6.1 for details 

Presumably there is 

a lack of statistical independence in the magnitudes of the artefacts in 

the autocorrelation functions calculated for D5-2. However, coherent 

speckle interferometry reduces the artefact levels almost to zero in both 

cases (cf. Figs 6.ld and 6.2d). There must therefore be effective 

independence in the phases of the artefacts in the autocorrelation 

functions of D5-2. Another consideration is that while incoherent 

averaging must always result in finite artefact levels, there is the 

possibility of complete cancellation of the artefacts by coherent averaging 

(because complex numbers are involved in the 

Results are now presented for an object consisting of three scatterers 
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6.3 Autocorrelation functions and results of speckle interferometry 
for DS-3 and Po-o. The format of this figure follows Fig. 6.1. 

(ta-rget configuration (b), Fig. 5.5). The ideal autocorrelation function 

in this case consists of a peak at the origin and six lesser peaks at 

y = +/- 2 mm, +/- 5 mm, and +/- 7 mm. The peaks at y = 5 mm and y = 7 mm 

are of equal magnitude and, because the holographic offset condition 

(cf. §5.2.1) is met, are a true image of the (scattering strengths of the) 

nylon monofilaments. The peak at y = 2 mm represents the cross 

correlation of the scattering from the nylon monofilaments and is 

consequently the smallest of the peaks. Figs 6.3 through to 6.5 are for 

propagation through water only, and for propagation through ox liver 

located near to the aperture and near to the scatterers respectively. 

None of the narrow-band autocorrelation functions, p10tted in the upper 
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Fig. 6.4 Autocorrelation functions and results of interferometry 
for DS-4 and po-a. The format of this figure follows Fig. 6.1. 

rows of Figs 6.3 to 6. are particularly faithful versions of the true 

autocorrelation function. However, the differences between the two 
\ 

narrow-band autocorrelation\functions plotted for each data set are marked. 

For DS-3 and DS-4, speckle i;;terf~rometry provides much improved estimates 

of the autocorrelation function. 

results for the single 

As would perhaps be expected from the 

Figs 6.1c and 6.2c), incoherent speckle 

interferometry averages the artefacts into a smooth background. Thus, the 

true _autocorrelation function appears to be raised upon a 'pedestal'. 

Side lobe structure from the main peak at y == 0 renders the peak at y:: 2 rom 

less distinct than the peaks further out from the origin in Figs 6.3 and 

6.4. However, in each of these figures, the outer two peaks are clearly 

resolved by speckle interferometry (i.e. as shown in the bottom rows). It 

is explained earlier that these can be regarded as images of the 



1 88
33 (y) I 

a (y) 

Fig. 6.5 

-167-

18875 (y) I 

b 

112l 112l 

Autocorrelation functions and results of speckle interferometry 
for D8-5 and pO-a. The format of this figure follows Fig. 6.1. 

nylon monofilaments. Thus, speckle holography allows faithful imaging 

of the nylon monofilaments through both water and a distorting medium 

located at T = 20 em from the targets. 

Inspection of the results presented in Fig. 6.5 leads to the 

conclusion that the effects of the propagation distortions are more severe 

when the liver is located close to the scatterers(i.e for T = 4 em). This 

phenomenon is predicted by the simplistic model discussed in §4.3 (refer to 

.Fig. 4.2). It is reasonable to expect the distortions to be appreciably 

non-isoplanatic in this case. However, the two nylon monofilaments can be 

recognised in both Figs 6.5c and 6.Sd. - The advantages of the higher contrast 

provided by coherent speckle interferometry over incoherent speckle 

interferometry are also clear in Fig. 6.5. 
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Fig. 6.6 S&A for a single seatterer (and PO-PHZ in each case). 
(a) Incoherent 8&A, 08-2 (b) Incoherent S&A, 08-10 
(c) Coherent 8&A, 08-2. (d) Coherent S&A, 08-10. 

6.3 SHIFT-ANO-ADO 

S&A algorithms are described in §4.5. Results of S&A processing of 

speckle images of a single scatterer are presented in Fig. 6.6. The upper 

row of Fig. 6.6 shows the outputs of incoherent S&A (4.25) for both water 

and water/liver propagation paths. The outputs of coherent S&A (4.24) 

for the same data sets are presented in the lower row of Fig. 6.6. 

Typical speckle images for these data sets are shown in Fig. 5.19. 

Incoherent S&A is not successful in removing the artefact evident at 

y = 4 rom in Fig. 5.19a (cf. Fig. 6.6a). When the propagation path 

includes tissue, the image obtained from incoherent S&A suggests there are 

perhaps 4 scatterers. The 4 peaks are raised upon a high and 'noisy' 
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Images of three scatterers 
(a) Speckle image, m = 33. 
(c) Speckle image, m = 74. 
(e) Incoherent S&A. 
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background. However, for both data sets, coherent S&A gives a single 

sharp peak and very low artefact levels. The improvement of Fig. 6.6d 

over Fig. 5.19b is very marked. The width of the central peak in Fig. 

6.6d is very similar to that obtained when only water is present in the 

propagation path (Fig. 6.6c). Furthermore, the artefacts are reduced to 

very low levels. This result d~monstrates that the (complex values of 

the) distortions in the speckle images are effectively independent. Of 

course, it is not surprising that S&A produces a dominant peak at the 

origin when imaging a single scatterer. Itis necessary to examine the 

results of S&A on speckle images of mUltiple targets to see if 'secondary' 

peaks (i.e. those away from the origin) are demonstrated in the processed 

images. 

Examples of applying S&A to speckle images of three isolated 

scatterers and a water propagation path are presented in Fig. 6.7. Also 

shown are four typical speckle images calculated from two pairs of 

adjacent narrow-band diffraction patterns (i.e. for m = 33,34,74,75). 

Notice that there are significant differences between the speckle images 

calculated for adjacent narrow bands. Incoherent and coherent S&A images 

(Figs 6.7e and 6.7f respectively) clearly indicate the two nylon 

monofilaments with the correct relative positions and amplitudes. The 

contrast in the coherent S&A image is superior to that obtained by 

incoherent S&A since the artefact level is almost zero in the former case. 

For this reason, emphasis is mainly placed on the results of coherent S&A 

in this chapter. 

The effects of the various processing options ( .6.1) on coherent 

S&A images are now examined. Fig. 6.S shows the results of coherent S&A 

on simulated data. Note that since no propagation distortions are 

simulated, a conventional wide-band coherent imaging system (cf. §2.3) 

would, in principle, give the same images as coherent S&A from this data 

set. Examples of narrow-band images calculated according to the same 

processing options as the images in Fig. 6.8 are shown in Fig. S.lS. 

Whereas there are marked differences between the images in Fig. 5.18, the 

differences between the images of Fig. 6.8 are relatively small. Side 

lobe levels of the unwindowed S&A images are much lower than those of the 

corresponding narrow-band images (cf. Figs S.18a and 6.8a) and are 

comparable with the levels of the windowed S&A images (Figs 6.8c and 6.8d). 

Side lobe reduction is a well known property of wide-band imaging (cf. 

§3.4). The images presented in Fig. 6.8 may be regarded as 'benchmarks' 
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for the various processing options of coherent S&A ~hen used in a 

diffraction limited imaging system. 
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6.8 Effects of processing options on the results of coherent S&A 
on simulated data (three scatterers, DS-l). 
(a) PO-o. (b) PO-Z. 
(c) PO-H. (d) PO-HZ. 
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Coherent S&A images calculated after various processing options are 

applied to the sarne data set used to obtain Fig. 6.7 are shown in Fig. 6.9. 

The phase drift of the reference path signal for this data set is shown 

in Fig. 5.21 and corresponds to-an estimated phase error of under 1T 

radians across the aperture. Speckle images calculated for various 

processing options are shown in Fig. 5.20. 

affect the resolution of the images in 

Processing options noticeably 

6.9. In particular, phase 
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Various processing options for 
(a) PO-Z. 
(c) PO-H. 
(e) PO-HZ. 

coherent S&A on DS-3. 
(b) PO-PZ. 
(d) PO-Po 
(f) PO-PHZ. 
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compensation (§S.4.l) yields sharper peaks and lower artefact levels. 

The most faithful image is obtained when all processing options are 

employed Fig. 6.9f). However, all the coherent S&A images are 

superior to the speckle images of Figs 5.20 and 6.7. 

The distortions are so severe when liver is introduced into the 

propagation path that the three scatterers can not be distinguished in 

the speckle images presented in Fig. 6.10. The format of Fig. 6.10 is 

the same as that of Fig. 6.7. Again, there are noticeable differences 

between the speckle images calculated for adjacent narrow bands. Fig. 6.l0e 

shows that incoherent S&A is virtually useless when severe propagation 

distortions are present. However, the two nylon monofilaments are clearly 

demonstrated by coherent S&A on this dataset (cf. Fig. 6.l0f). In Fig. 

6.11 coherent S&A images for various processing options are presented. For 

this data set, application of the Hanning.window (PO-H) tends to detract 

from the image quality. For example, ghost (§4.S) are noticeable at 

y = -5 mm and y = 2 mm in Figs 6.llc, 6.lle and 6.llf. Interpolation 

between the 64 image samples with sinc functions (i.e. PO-Z) appears to 

improve the coherent S&A images. A possible explanation for this is that 

the finer sampling of the interpolated speckle images allows the positions 

of the brightest points to be determined more accurately. However, the 

improvements gained by interpolation are not great (cf. Figs 6.l0f and 6.1la) • 

In contrast to the results for DS-3 (Fig. 6.9), phase compensation makes very 

little difference to the coherent S&A images presented in Fig. 6.11. The 

drift of the reference path signal is plotted in Fig. 6.12a. This 

corresponds to an estimated phase error of just over TI radians across the 

aperture, which is slightly more than that for DS-3 (cf. Fig. 5.21). Fig. 

5.15 suggests that the variation in the phase shifts incurred by 

propagation through the liver is much greater than the phase error due to 

drift. The significance of this is discussed in §6.6. 

The results of applying coherent S&A to speckle images formed when the 

liver is close to the scatterers are shown in Fig. 6.13. The two nylon 

monofilaments are recognisable in each image of Fig. 6.13. However, their 

apparent scattering strengths are slightly lower than those observed when 

the liver is close to the aperture (cf. Fig. 6.11). As mentioned in §6.2 

(with reference to Fig. 6.5), the distortions are probably less isoplanatic 

when the liver is close to the scatterers. If this is the case, then the 

magnitude of the ultrasonic transfer function is diminished relative to the 

contamination term in (4.4), and so the relative brightness of points other 
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Fig. 6.10 Images of the three scatterers formed through liver at T ::: 20 em 
(DS-4, PO-O) • 
(a) Speckle image, m = 33. (b) Speckle image, m 34. 
(c) Speckle image, m = 74. (d) Speckle image, m ::: 75. 
(e) Incoherent S&A. (f) Coherent SM. 
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Various processing options 
(a) PO-Z. 
(c) PO-H. 
(e) PO-HZ. 

d 

for coherent S&A on DS-4. 
(b) PO-PZ. 
(d) PO-Po 
(f) PO-PHZ. 
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6.12 Phases of the reference signals of 
(a) DS-4 for w/2TI = 11.333 kHz, and 
(b) DS-5 for w/2TI = 11.368 kHz. 

than the brightest point can be expected to be diminished after S&A 

31 
n 

processing has been applied. This is because the contamination alters the 

position, magnitude and phase of the brightest point of each speckle image 

(4.5) • However, it is interesting to note that, when the liver is close to 

the scatterers, coherent S&A reveals the nylon monofilaments more clearly 

than coherent speckle holography (cf. Figs 6.5d and 6.13a). The comments 

regarding the effects of processing options on the images in Fig. 6.11 

apply equally to 6.13. In particular, phase compensation has little 

effect and windowing actually degrades the images. 

this data set is shown in Fig. 6.l2b. 

The phase drift for 

Fig. 6.14 shows the effect of adding the images without shifting. When 

the speckle images are combined incoherently without shift, the three 

scatterers are recognisable for propagation through water (Fig. 6.l4a), but 

not through water/liver (Fig. 6.14b). The images in the lower row of 
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Fig. 6.13 Coherent S&A images of three scatterers formed through liver 
at T = 4 em (D8-5) • 
(a) PO-O. (b) PO-Z. 
( c) PO-H. (d) PO-HZ. 
(e) PO-Po (f) PO-PZ. 
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b 

. -HZ! 

d 

. 6.14 S&A without any shift (PO-O). 
(a) D8-3 incoherent 
(c) DS-3 coherent. 

(b) D8-4 incoherent. 
(d) DS-4 coherent. 

Pig. 6.14 are calculated by coherently adding the phase corrected (§4.4.1), 

but unshifted, speckle images. When simulated data (e.g. DS-l) is 

processed in this fashion, the result is identical to the coherent S&A 

image. However, for measured data, both images (Figs 6.14c and 6.14d) 

are very speckly and unrecognisable. In principle, exactly the same 

images as those shown in the lower row of Fig. 6.14 would be formed by a 

conventional (sampled aperture) wide-band coherent imaging system. The 

benefits of coherent S&A over conventional imaging (for DS-3 and D8-4) are 

clear from Figs 6.7f, 6.1af , 6.14c and 6.14d. 

importance of phase correction (§4.4.1) is demonstrated by the 

images of the three scatterers shown in 6.15. These images are 
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obtained using the coherent S&A algorithm (4.24) without first applying 

phase correction to the speckle images. AS in (4.24), the phases of the 

speckle images are adjusted so that the phases of the brightest points are 

zero. Thus, there is necessarily a peak at the origin. However, since 

the phases at other points in the ensemble of speckle images are no longer 

correctly related, the processed images are nearly zero at points o~her than 

the origin. This is true for both simulated (Fig. 6.l5a) and measured 

(Fig. 6.lSb) data. The almost complete cancellation of detail when 

coherent S&A is used without phase correction indirectly provides further 

evidence that spectral decomposion of wide-band (i.e. one octave) diffraction 

patterns yields an ensemble of effectively independent speckle images. 

b 

Fig. 6.15 S&A without phase correction (PO-O) 
fa) DS-1. (b) DS-3. 

The results presented in this section clearly show the superiority 

of coherent over incoherent S&A. For this reason, only coherent 

processing is discussed in the following sections, which are concerned with 

stochastic processing and Wiener filtering. 

6.4 STOCHASTIC PROCESSING 

A modification to the coherent S&A algorithm, which is termed 

stochastic processing, is described in §4.6. Essentially, stochastic 

processing involves introducing extra random phase distortions into each 
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Fig. 6.16 A simulation of narrow-band stochastic processing (Fig. 6.16b 
is the input). DS-l and PO-O. 
(a) Diffraction limited image. 
(c) CL = 86v, N 1. 
(e) CL ~ 86v, N = 50. 

(b) 
( d) 
( f) 

Speckle image, CL = 206v. 
CL 86v, N = 15. 
CL = 86v, N = 500. 
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distorted aperture function. It is explained in §4.6 that, for the case 

of coherent imaging, stochastic processing can be performed a posteriori. 

The results of a simulation study of narrow-band stochastic processing are 

presented in Figs 6.16 and 6.17. The diffraction limited image of three 
th scatterers calculated from simulated diffraction data for the 75 narrow 

band is shown in Fig. 6.16a. The somewhat distorted appearance of this 

image is due to sampling (refer to §5.6.1). The Fourier transform of this 

image is multiplied by a random phase function. The random phase function 

is generated by the method described in §4.6. The correlation length of 

the phase function is, in this case, CL = 20~v, (cf. Fig. 4.4). The 

product is a 'distorted aperture function' (cf. equation 4.4), the inverse 

Fourier transform of which is the speckle image shown in Fig. 6.16b. The 

artefacts in this image are comparable with those obtained when images are 

formed through water (cf. Fig. 6.7). The speckle image of Fig. 6.16b is 

the input to the narrow-band stochastic processing algorithm, defined by 

(4.27) to (4.29). The distorted aperture function corresponding to Fig. 

6.16b is multiplied in turn by each member of an ensemble of N independent 

random phase functions. The random phase functions are henceforth referred 

to as I distortion functions' (cf. §4. 6) • 

distortion functions is, in this case, CL 

The correlation length of the 

'super-distorted images' (cf. §4.6) is obtained. 

So, an ensemble of N 

The results of combining 

the ensemble of super-distorted images by coherent S&A for various values of 

N, are shoWh in Figs 6.16c to 6.16f. Since N 1 in Fig. 6.16c, this 

figure represents a typical (shifted) super-distorted image. Notice that 

the three scatterers are not discernable in the super-distorted image. 

Inspection of Figs 6.16d to 6.16f shows that as the number of super

distorted images combined by coherent S&A is increased, the three scatterers 

are revealed with increasing clarity. The image in Fig. 6.16f is noticeably 

different from that of 6.16a. Narrow-band stochastic processing has not 

produced an exact replica of the diffraction limited image. However, the 

former image can fairly be said to be as faithful a reconstruction of the 

hypothetical scattering function as the latter. 

Fig. 6.17 shows the effects on the narrow-band stochastic images of 

altering the correlation length of the phase distortions. The speckle image 

shown in Fig. 6.16b is again the input to the stochastic processing 

algorithm. Fig. 6.17a shows a (shifted) super-distorted image for CL = 4~V. 
When 500 such super-distorted images are combined.by coherent S&A, the 

image shown in Fig. 6.17b is obtained. This narrow-band stochastic image 
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is similar to that of Fig. 6.16f except that a ghost peak at y = -5 rom has 

been generated. It is found that if CL is reduced below 4/::':v, ghosting is 

greatly increased. Fig. 6.17c shows a shifted super-distorted image for 

CL == 32/::"v. In this case, the distortions are less severe than those 

used to obtain the image shown in Fig 6.16b. Thus, it is not surprising 

that Fig. 6.17c is only a slightly distorted version of F~g. 6.16b. 

Fig. 6.17d shows the narrow-band stochastic image resulting from the 

combination of 500 images distorted in a similar fashion to the image 

shown in Fig. 6.16c. Fig. 6.17d is almost identical to Fig. 6.16b. 
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Fig. 6.17 Simulated narrow-band stochastic processing using the image 
Fig. 6.1Gb as input. 
(a) CL = 4/::"v, N = 1. (b) CL = 4/::"v, N == 500. 
(c) CL = 326v, N = 1. (d) CL ::: 326v I N = 500. 

113 

in 
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The results of the simulation study presented in Figs 6.16 and 6.17 

demonstrate the capability of stochastic processing to remove certain 

of artefacts from a single image. This result is very interesting 

for the following reason. 

from (4.4) and (4.27) 

A single super-distorted aperture function is, 

A 

s (v) =: {H (v) F (v) + C (V)} R (v) 
m,n m m m n 

(6.1) 

For the simulation study, IH (v) I = 1 (out to the diffraction limit) and 
m 

C (v) = O. Therefore, (6.1) becomes 
m 

A 

S (v):::: H (v) F (v) R (v) 
m,n m m n 

which has the Fourier transform 

s (y) = h (y)ef (y)0r (y) 
m,n m m n 

Although the distortions represented by h (y) are convolved with the 
A m 

(6.2) 

(6.3) 

diffraction limited image, f(y), they are somewhat surprisingly removed 

by stochastic processing (cf. Figs 6.16b and 6.16f) • The following 

consequence seems inescapable. 

Let y be the point at which Is (y) I is greatest and 8 be the 
m,n m,n m,n 

phase 'of s (y ). The narrow-band stochastic image is, from (4.29) 
m,n m,n 

e (y) 
m 

A N 
= h (y)0f (y)e(l/N) 2 exp(-j8 ) r (y + y ) 

m m n=l m,n n m,n 

which has the Fourier transform, 

A N 
E (v) "" H (v) F (v) (liN) 2. exp j8 - j21Tvy ) R (v) 

m m m n=l m , n m , n n 

/\ -

(6.4) 

= H (v) F (v) R (v) (6.5) 
m m m 

where R (v) is a 'composite distortion function' for the mth narrow-band. 
m 

The simulation study shows that the narrow-band stochastic image can be a 

good approximation to the (shifted) diffraction limited image. Ignoring 

a trivial linear phase factor, this result implies that 

R (v) ~ l}H (v) 
m m 

(6.6) 

In other words, the composite distortion function is an approximation to 



-184-

the inverse filter (cf. §4.7). 

The author has not been able to devise any rigorous analysis to justify 

(6.6) • However, the following heuristic argument explains in a physically 

reasonable fashion how stochastic processing can effectively remove the 

distortion represented by H (v). Suppose that the sc~ttering object is 
m. 

a delta function, i.e f (y) '" 6 (y). The width of an individual speckle in 

either s (y) or s (y) is determined by the extent of the aperture and is m m,n 
comparable with the diffraction limited Rayleigh resolution distance, ~y, 

cf. §2.5.3. Thus, the complex amplitude at a point farther than ~y away 

from a given point in a speckle pattern is effectively uncorrelated with 

the complex amplitude at the given point (cf. Figs 4.4d and 4.4e). Assume 

that the correlation length of the phase distortions represented by R (v) 
n 

is less than the correlation length for the distortions represented by 

H (v). 
m The distortions of R (v) therefore 'swamp' those of H (v) n m 
(cf. Figs 6.l6b and 6.l6c). By definition, there is statistical 

independence between the distortions represented by individual members 

of the ensemble of R (v). 
n 

Therefore, for any value of y, the complex 

amplitudes of the super-distorted images are likely to be uncorrelated. 

In other words, in general 

s (y);r s (y) 
m,n:t. m,n2 (6.7) 

provided nl ;r n2. Stochastic processing shifts the brightest point in 

a super-distorted image to the origin and sets its phase to zero. 

Therefore, the amplitude of e (0) is necessarily relatively large. 
m 

However, it is unlikely that there is significant correlation between the 

(shifted and phase normalised) super-distorted images at points farther 

than ~y away from the origin. At these points, e (y) is therefore 
m 

relatively small. Thus, .e (y) consists of a single peak at the origin. 
m 

The extent of the peak is comparable with that of the diffraction limited 

point spread function. Thus, for a single scatterer, narrow-band 

stochastic processing removes the image artefacts caused by h (y). m 

Now consider an object consisting of several scatterers. As is 

explained in §4.5, provided the brightest points in the super-distorted 

images correspond to the strongest scatterer, images of the other 

scatterers are necessarily superimposed in the correct relative positions. 

Thus, a faithful image can be obtained by narrow~band stochastic 

processing for complicated objects. Support for this conjecture is 
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provided by the images presented in Fig. 6.16. In particular, notice 

that the width of the peak at the origin in Fig. 6.16f is much sharper 

than the apparent width of the peak at y = -4 mm in Fig. 6.l6a. The 

spreading of the latter peak is caused by the side lobes of the point spread 

function (cf. Fig. 5.1S). Coherent S&A apparently emphasises only the 

brightest part of the main peak. 

There are similarities between S&A and the adaptive processing 

schemes discussed in §4.S. (6.5) shows that each super-distorted 

aperture function is multiplied by the linear phase function 

exp(-jG -j2rrvy ) before addition. The phase function is determined by m m,n 
the criterion that the brightest point of each super-distorted image should 

have zero phase and be shifted to the origin. In other words, coherent S&A 

attempts to make the point at the origin as bright as possible. In doing 

this, the point at the origin is also made sharp. In fact, S&A attempts to 

make the image of the point at the origin as sharp as the diffraction limit 

will allow. It necessarily follows that (6.6) holds. If it did not, the 

peak at the origin would be spread. 

Thus, the criterion used for S&A has similarities to the image 

sharpness criterion (4.40) used in adaptive processing for incoherent 

imaging. Both attempt to obtain a diffraction limited image by 

concentrating the energy of the image in the The image sharpness 

criterion (which can be proved analytically, cf. §4.8) takes into account 

all points in the image. On the other hand, S&A is of open loop form 

(cf. Fig. 4.5a) and is essentially a statistical approach. It relies on 

correctly identifying the brightest object point in a substantial number of 

speckle images and making the image of this point as bright/sharp as 

possible. 

brightest 

Consequently, it seems likely that coherent S&A requires the 

of the object to be a point source for (6.6) to be possible. 

The discussion has so far been concerned with stochastic processing. 

However, the comments about coherent S&A apply equally when the ensemble of 

images, which are the input to S&A, are obtained by spectral decomposition. 

A corollary to the above discussion concerns the case of an object that is 

a speckle pattern (i.e. its Fourier transform has unit magnitude and random 

phase). Assume that the propagation medium introduces phase distortions 

that are correlated over a smaller length than the correlation length of 

the variations characterising the object. It follows that the output 

of coherent S&A is a single sharp Thus, S&A cannot image successfully 
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any object which has a Fourier transform of constant magnitude. In .other 

words, this particular class of objects appears 'transparent' to S&A 

processing. It is pointed out.in §4.4.2 that the same class of objects 

is also transparent to speckle interferometry. 

Results of stochastic processing on measured images are now 

presented. Fig. 6.18 shows typical super-distorted images and the outputs 

of narrow-band stochastic processing for: three scatterers viewed through 

water. The distortion fQ~ctions were given a variety of correlation 

lengths when obtaining these results. The images, which should be 

compared with Fig. 6.7d, are similar to those obtained from simulated data. 

Ghosting is evident when CL = 4~v (Fig. 6.18b}. When CL = 8~v, the 

narrow-band stochastic image (Fig. 6.l8d) exhibits narrower peaks and 

lower artefact levels than the speckle image from which it is calculated 

(cf. Fig. 6.7d). However, when CL is large, the narrow-band stochastic 

image (Fig. 6.l8f) is differen.t from, but no better than, the speckle 

image. Combining each of the 128 narrow';'band stochastic images by 

coherent S&A yields the wide-band stochastic images shown in Fig. 6.19. 

These should be compared with the image obtained by coherent S&A on the 

basic speckle images (Fig. 6.7f). The peaks in the first four images 

of Fig. 6.19 are narrower than those present in the image shown in 

Fig. 6.7f. The benefits of stochastic processing for this data set are 

clear. It is interesting to note that wide-band stochastic processing 

produces a faithful image even for N = 1 (cf. Fig. 6.19a). In this case. 

each speckle image is severely distorted (cf. Fig. 6.18c) before S&A. The 

only advantage of making N > 1 seems to be a slight reduction in the 

artefact levels (cf. Figs 6.l9a to 6.l9d). Recall from §5.5 that the 

speckle images are calculated for contiguous narrow frequency bands. The 

improvement evident in Fig. 6.19a (compared with Fig. 6.7f) is probably 

due to a greater degree of independence between the 128 images combined 

by coherent S&A. As perhaps expected from the narrow-band stochastic 

processing results, when CL is either very small or very large, the wide-

band stochastic demonstrate severe ghosts (Fig. 6.1ge) or no 

improvements (Fig. 6.19f) respectively. 

In Fig. 6.20 the results of stochastic processing of images formed 

through ox liverrlocated near the aperture, are presented for various 

values of CL. The images shOUld be compared with those of Figs 6.l0d and 

6.10f. Narrow-band stochastic processing gives some reduction in artefact 

levels. However, the nylon monofilaments cannot be clearly seen in any of 
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Fig. 6.18 Narrow-band stochastic processing for DS-3 and PO-O. 
(a) CL == 46v, N = l. (b) CL :::: 46v, N =: 500. 
(c) CL = 86v, N l. ( d) CL :::: 86v, N ::::: 500. 
(e) CL = 326v, N ::::: 1. (f) CL = 326v, N = 500. 
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Fig. 6.19 Wide-band stochastic processing for DS-3 and PO-O. 
( a) CL = S/::,v, N = l. (b) CL == 8D.v, N "" 15. 
(c) CL 8D.v, N = 50. (d) CL SD.v, N = 500. 
(e) CL = 4D.v, N = 50. (f) CL == 32D.v, N = 50. 
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Stochastic processing for 
left, wide-band on right. 
(a) & (b) CL 46v, 

DS-4 and PO-O. 
N = 50. 

(c) & (d) 
(e) & (f) CL == 166v. 

Narrow-band on 

CL == 86v. 
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the narrow-band stochastic images •. , The wide-band stochastic images are 

plagued by ghosts. The ghosting is so severe in Fig. 6.20b that this 

image is very similar to the autocorrelation function (cf. Fig. 6.4d). 

Stochastic processing is also not particularly successful when the liver 

is located near the scatterers. Fig. 6.2lb should be compared with 

Fig. 6.l3a. Inspeccion of these images shows that wide-band stochastic 

processing gives no discernable improvement for this data set. 

5 (y) I \ e (y) I 

b 

-H2I 

Fig. 6.21 Stochastic processing for DS-5 and PO-D. CL = S6v and N = 50. 
(a) Narrow-band. (b) Wide-band. 

6.5 WIENER FILTERING 

Wiener filtering is described in §4.7. DS-9 and DS-IO were measured 

through identical distorting media. Since DS-IO contains diffraction data 

for a single unresolvable scatterer, it can be used to compute estimates 

of the point spread functions of the ensemble of speckle images calculated 

for DS-9. For example, the speckle image shown in Fig. 6.22a is an estimate 

of the point spread function of the image shown in Fig. 6.22b. The 

distorted aperture function from which • 6.22a is calculated is shown in 

Fig. 5.15. To compare Wiener filtering with other speckle processing 

techniques, the outputs of coherent speckle interferometry and coherent S&A 

for D8-9 are shown in Figs 6.22c and 6.22d respectively. Notice that 

coherent S&A is not particularly successful with this data set. Strong 

ghosts are evident at approximately y = -5 rom and y = 2 rom in Fig. 6.22d. 

These ghosts occur because the brightest points, in a significant number of 
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Fig. 6.22 For DS-9 and pO-a. 
(a) Estimate of the point spread function s~75(Y)' This is 
actually (y) for DS-IO. (b) Speckle image. 
(c) Coherent speckle interferometry. (d) Coherent S&A. 
(e) Narrow-band stochastic image for N = 50 and CL = 16~v. 
(f) Wide-band stochastic image for N = 50 and CL = 16~v. 
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Fig. 6.23 (Continued) Narrow-band (left) and wide-band (right) Wiener 
filtered images of DS-9 for pO-a. The point spread functions 
are obtained from DS-IO. Filter constants are: 
(a), (b) <P =:; O. 
{el, (dJ tP = 0.1. 
(e), (f) <P == l. 
(g), (h) <P = 10. 
(i), (j) <P 1000. 

speckle images, correspond to the inner nylon monofilament rather than 

the copper strand. This monofilament is separated from the copper strand 

by 5 mm. Hence the ghost image is displaced -5 rom from the principal 

image. Speckle interferometry, on. the other hand, provides a reasonably 

faithful version of the autocorrelation function. It is interesting to 

compare these results with those obtained for D8-4 (which is nominally 

similar to DS-9). For the former data set, the performance of coherent 8&A 
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(Fig. 6.l0f) is comparable with that of coherent speckle interferometry 

(Fig. 6.4d). Stochastic processing (Fig. 6.22f) also shows severe 

ghosting compared with the result for D8-4 (Fig. 6.20f). 

The results of narrow-band (4.36) and wide-band (4.37) Wiener 

filtering on D8-9 for various filter constants are shown in Fig. 6.23. 

Narrow-band Wiener clearly demonstrates three peaks when the 

filter constant is chosen as ~ = 0,.1,1 and 10. The peaks are in the 

correct relative positions. Because the reference scatterer is nominally 

located at y = -4mm, the narrow-band Wiener filtered images are translated 

to the right by approximately 4 ffim. Thus the left-most peaks in Fig. 

6e23 are located near the origin. The relative magnitudes of the peaks 

are, however, obviously incorrect for small values of ~ (cf. Figs 6.23a 

and 6.23c). It is therefore not surprising that.noticeable ghosts are 

present in the wide-band Wiener filtered images calculated for small values 

of ~. As ~ is increased, the wide-band Wiener filtered images become more 

faithful. Figs 6. and 6.23j are for ~ = 1000. 

high estimate of the noise to signal power ratio. 

This is a ridiculously 

However, the wide-band 

Wiener filtered image shown in Fig. 6.23j is a good approximation to the 

diffraction limited image. It is explained in §4.7 how this result might 

arise. The argument hinges on the autocorrelation functions of the 

s#(y) being sharply peaked. Typical autocorrelation functions are shown 
m 

in Fig. 6.2. 

appreciable. 

The artefacts in these autocorrelation functions are 

Therefore, wide-band Wiener filtering gives a better result 

than narrow-band Wiener filtering for the same reasons that 

interferometry improves narrow-band autocorrelation functions. It is 

interesting to note that while Figs 6.23g and 6.23i are significantly 

different, the wide-band Wiener filtered images in Figs 6.23h and 6.23j 

are almost identical. 

The Wiener filter has the effect of convolving the image with a 

filter function. In this implementation of the Wiener filter, both the 

and filter function are of extent Y (cf. §5.6, equation 5.21). 

Therefore, the extent of a filtered image is potentially 2Y. All sampled 

representations of data imply periodicity of the data record in the Fourier 

domain. For this reason sampled convolutions are often termed 'circular l 

or 'cyclic' (cf. Bracewell 1978 §18). Therefore, if the Wiener filtered 

image is calculated for a record of the same spatial extent as the 

original image, it may suffer from 'wrap-around' (cf. Bergland 1969), 
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which is the term "used to, identify aliasing due to under-sampling of spatial 

frequency spectra. Strictly, the distorted aperture fUnctions should be 

interpolated to 128 points using sinc functions before being Wiener filtered. 

However, it is known a priori that the extent of the true image is less than 

one-half Y (refer to Table S.2) at the highest frequency used. Therefore, 

the speckle images are sampled at oveL twice the necessary rate and so only 

64 point narrow-band Wiener filtered images are presented in 6.23. 

course, the contamination may suffer from wrap-around in the narrow-band 

Wiener filtered images. However, provided that the contamination is 

uncorrelated over the ensemble of speckle images, the artefact levels are 

reduced by wide-band Wiener filtering. 

Of 

The improvement gained by narrow-band Wiener filtering is obvious (cf. 

Figs 6.22b and 6.23e). As discussed in §4.7, this result indicates that the 

contamination terms do not completely dominate the speckle image. Therefore, 

reasonable estimates of the ensemble of point spread functions are obtained 

from DS-IO. The widths of the three deconvolved peaks in the narrow-band 

Wiener filtered images are comparable. This is a further indication that 

the point spread function does not vary greatly with position or, in other 

words, that a significant part of the distortion in DS-9 is isoplanatic. 

6.6 DISCUSSION 

The results presented in §§6.2 to 6.5 demonstrate that ultrasonic 

speckle processing can markedly improve certain ultrasonic images. 

Therefore, these results vindicate the concepts of speckle processing and 

show that useful ensembles of images can be obtained by spectral 

decomposition. In other words, the imperfections in measured u~trasonic 

diffraction patterns vary rapidly enough with frequency that the 

distortions in an ensemble of the 128 diffraction patterns (measured for 

contiguous frequency bands spanning one octave) are effectively 

independent. Further evidence for this is provided by inspection of 

speckle images. Figs 6.7 and 6.10 show that the artefacts in images 

formed at widely separated narrow frequency bands are markedly different. 

There are also noticeable differences for images formed at adjacent narrow 

bands. 

Water is a nearly ideal propagation medium for ultrasonic waves and 

yet the narrow-band images formed through water (cf. Figs' 5.l9a and 6.7) 

contain noticeable artefacts. Therefore, these artefacts are likely to be 
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mainly due to aberrations of the imaging instrument (§S.7). The 

artefacts present in narrow-band images formed when animal tissue is 

introduced into the propagation path are so severe that the true images 

are unrecognisable (cf. 5.19b and 6.10) and the images are dominated 

by speckle. It is explained in §5.7 that the observed speckle is caused 

purely by transmission speckle. The imaging system employs a large 

numerical aperture. Therefore, these results suggest that transmission 

speckle is likely to significantly degrade images of soft mammalian tissue 

formed with large numerical aperture ultrasonic imaging systems. 

In §4.3 the imperfections in each 'distorted aperture function' are 

partitioned into two types (i.e. isoplanatic distortion and contamination). 

It is not possible to isolate the exact contribution of each type of 

distortion to the overall distortion. However, some general comments can 

be made. Speckle processing cannot provide satisfactory results if 

contamination completely dominates each distorted aperture function (cf. 

§4.3). Since all the trials of speckle processing were (at least 

moderately, if not completely) successful, the f·irst term on the right~ 

hand side of (4.4) must contribute significantly to each distorted 

aperture function. Autocorrelation functions are somewhat insensitive to 

isoplanatic phase distortions (cf. equations 4.7 and 4.8). Since 

significant artefacts are evident in the autocorrelation functions shown 

in the upper rows of Figs 6.1 to 6.5, it seems that isoplanatic amplitude 

distortion as well as contamination contributes appreciably to the overall 

distortion. As discussed in §6.5, the results of narrow-band Wiener 

filtering also suggest that a significant proportion of the distortion in 

each distorted aperture function is isoplanatic. The artefacts remaining 

in the narrow-band Wiener filtered images of Fig. 6.23 are due to 

contamination. These artefacts are greatly reduced in the wide-band 

Wiener filtered images. This indicates effective independence over the 

ensemble of contamination terms (cf. equation 4.4). 

Comparisons of incoherent and coherent speckle processing (cf. §§6.2 

and 6.3) show the clear superiority of coherent processing. In all cases 

incoherent processing results in a substantial, though smooth, background 

upon which the image detail is raised. This background lowers the 

effective contrast of the image. Similar findings are reported for 

speckl~ processing of optical images (which is of practical necessity 

incoherent) by Bates and Cady (1980) and Bates and Fright (1982). These 

authors refer to the background as a 'fog' through which the true image is 
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observed. However, they show that incoherent speckle processing gives 

useful images of incoherent sources even when the propagation distortions 

are severe. In comparison, the experiments reported here show that, 

when the propagation distortions are severe, incoherent speckle processing 

of the images of coherent sources fails to provide useful results (cf. 

Figs 6.5c and 6.l0e). The background levels resulting from coherent 

speckle processing are ,very low and the imagesjautocorrelations are more 

faithful than those obtained by incoherent processing. These results 

confirm that the phases of the distortions are independent over the 

ensemble. 

Speckle processing improves the autocorrelation functions and images 

formed through water (cf. 6.3 and 6.7). It seems that speckle 

processing is, in these cases, ameliorating artefacts caused by 

aberrations of the imaging instrument. Comparison of Fig. 6.7f and the 

images presented in Fig. 6.9 reveals that coherent S&A is sensitive to 

the processing options used, in forming the speckle images. In particular, 

phase compensation results in sharper peaks. However, this trend is not 

evident in coherent S&A images formed through liver (cf. Figs 6.l0f and 6.11). 

For these, phase compensation makes little difference. The phase drifts 

for DS-3 and DS-4 are comparable (cf. Figs 5.21 and 6.l2a). Of course, 

a linear phase drift merely causes a shift of the image. Since S&A is 

insensitive to image shifts, it is the curvature of the phase drift that 

is important. A possible explanation for the differences in sensitivity 

to phase compensation is provided by the experience gained with stochastic 

processing. The distortions introduced by the liver are apparently much 

more severe than the aberrations of the imaging instrument itself (cf • 

• 5.1) • They therefore ameliorate the aberrations by the same mechanism 

that stochastic processing uses to improve images formed through water 

(cf. Fig. 6.l9a). Stochastic processing makes little difference to images 

formed through liver (cf. Figs 6.20 and 6.21). This is probably because 

the propagation distortions due to the liver were particularly severe. 

More severe distortions could not be introduced by stochastic processing 

without introducing excessive ghosting. 

Ghosting places a limit on the severity of the distortions that coherent 

S&A can deal with. Ghosts occur when the brightest peak in a speckle image 

does not correspond to the brightest point in the object. The amount of 

ghosting is related both to the object distribution and the severity of the 

distortions. Ghosting proved to be particularly bothersome with DS-9 
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(cf. Fig. 6.22d). Perhaps because ghosts cause the image to take on the 

appearance of an autocorrelation function, speckle interferometry (cf. 

Fig. 6.22c) gives a much better result for DS-9 than does coherent S&A. 

However, the converse proved true for DS-5 (cf. Figs. 6.5d and 6.13a). 

Clearl~many more experiments are required to thoroughly resolve this 

matter. 

It is mentioned in §3.8.2 that one of the potential uses for 

ultrasonic speckle processing lies in the detection of clusters of 

microcalcifications. These can be expected to behave as isolated 

scatterers. Typical spacings are such that individual micro calcifications 

should, in principle, be resolvable by large numerical aperture imaging 

systems. Of course, propagation distortions prevent attainment of 

diffraction limited resolution. It is here suggested that speckle 

processing techniques could be employed to overcome this difficulty. 

Provided this is the case, clusters of microcalcifications can be expected 

to exhibit a 'grainy' image which could prove a sensitive 'signature' for 

microcalcifications. A grainy image can also have a grainy autocorrelation 

function. The relative merits of speckle interferometry and S&A for 

detecting and identifying granular scatterers are, at present, open to 

speculation. Perhaps S&A may have some advantages. For example, if 

the grains are very close together, the autocorrelation function may not 

appear very granular because there is a chance that the majority of the 

grains may overlap. S&A, on the other hand, appears to naturally emphasise 

granular structure (cf. §6.4}. Consequently, S&A may prove to be a 

sensitive means for detecting granular scatterers while discriminating 

against specular reflectors and general contamination. Both speckle 

interferometry and S&A can be expected to produce a peak at the origin. 

Therefore, it is only the detail observed away from the origin that is 

of any consequence in either speckle interferometry or S&A. 

There is the possibility that the information gained by speckle 

interferometry and S&A may be complementary. For example, Bates and 

Fright (1982) use 'composite processing' to correct degraded optical images 

(obtained by S&A) with faithful but ambiguous autocorrelation functions 

(obtained by optical speckle interferometry). It is not certain at this 

time if such an approach will prove useful in ultrasonic imaging. 
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7. TWO-DIMENSIONAL SPECKLE PROCESSING 

7.1 INTRODUCTION 

The target configurations used for the results presented in Chapter 6 

were one-dimensional. Consequently, only one-dimensional speckle 

processing is considered in the preceding chapter. However, two

dimensional imagery is of much greater practical interest. This chapter 

is concerned with two-dimensional speckle processing techniques. Two

dimensional speckle processing is performed on (two-dimensional) images of 

'point scatterers' arranged in both one-dimensional and two-dimensional 

configurations. The co-ordinates of the two-dimensional images are range 

(x) and a cross-range or transverse co-ordinate (y). Thus the image 

format is the same as that used in conventional B-scan imaging (cf. §3.4.l). 

All the images presented in this chapter are calculated with processing' 

options (cf. §S.6.l) PO-O. Although PO-O does not always result in optimal 

images (cf. §§5.6.l and 6.3), using the same processing options in each 

instance allows images obtained by various speckle processing methods to be 

directly and meaningfully compared. 

There are a variety of methods for presenting two-dimensional images. 

The author used a high quality television monitor, attached to a 

microprocessor based interactive image processing system (cf. Cady 1980 §2} 

to view the images. This has allowed qualitative assessment of the images. 

Unfortunately, it is difficult to consistently reproduce images from the 

screen of the television monitor in satisfactory printed form. Therefore, 

in this chapter, the magnitudes of the images are presented as either 

computer generated 'grey-scale' displays or as perspective displays. For 

the grey-scale display, the image is quantised to eight levels. The 

minimum level is displayed as white and the maximum level as black. The 

computational requirements of two-dimensional imaging are considerable 

(cf. §7.7). The number of pixels in the two-dimensional images are 

therefore restricted to 3721. These are arranged in a square (61 x 61 

pixel) array'with 0.2 mm increment between each pixel. Thus, a 

reasonable compromise between computation time and field of view (cf. §2.l.l) 

is reached. For consistency, profiles through the two-dimensional images 

are plotted to the same vertical and horizontal scales used in the 

preceding chapters. However, for practical reasons, the grey-scale 

illustrations are magnified by a factor of two relative to the profiles. 
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When several profiles through the same image are presented, they are all 

normalised to a common value. All spatial quantities are in units of mrr •• 

The formation of tWo-dimensional narrow-band images is considered in 

§7.2. In keeping with the preceding chapters, the 75th narrow-band is 

chosen when typical images are displayed. Because of the success of one-

dimensional coherent shift-and-add (S&A), this chapter concentrates on 

speckle processing methods involving coherent S&A. Various methods of 

cambining narrow-band images by S&A are considered in §7.3. The method 

described in §7.3.2, known as 'two-dimensional S&A', the subject of the 

sixth paper listed in the preface. In §7.4, the results of stochastic 

processing of two-dimensional images are presented. These are followed by 

the results of applying Wiener filtering in two dimensions (§7.5). In 

order to relate the results of speckle processing to more conventional 

imaging techniques, images formed by 'temporal reconstruction' are 

presented in §7.6. It is explained in §7.6 that the image quality of 

conventional B-scan systems is similar to that obtained by temporal 

reconstruction. Typical processing times for the various speckle 

processing algorithms are listed in §7.7. 
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Fig. 7.1 Computer generated grey-scale representation of the magnitude of 
the imaging system narrow-band point spread function. As with 
all other images presented in this chapter, the image is 
normalised so that black represents the maximum value and white 
zero. Eight distinct levels of grey are employed. 



201-

7.2 NARROW-BAND IMAGING 

A narrow-band two-dimensional image is obtained by combining a series 

of narrow-band one-dimensional images. Each one-dimensional image is 

focused at a different value of x (cf. §2.3.2, equation 2.15) which is the 

same as being focused on a difterent line parallel to the y-axis. It is 

therefore convenient to call a narrow-band one-dimensional image a 'line 

image' • A complete narrow-band two-dimensional image is formed by laying 

down a series of line images, side-by-side, at the appropriate positions 

in image space. Following the terminology introduced in Chapter 4, when 

propagation distortions or aberrations cause the narrow-band two

dimensional image to differ markedly from the diffraction limited image, 

the former is referred to as a speckle image. 

Fig. 7.2 Perspective display of the point spread function depicted in 
Fig. 7.1. Notice the 'ripples' due to the unapodised aperture. 
If A is the magnitude of the point spread function, then the 
cartesian co-ordinates of the point of view chosen for this 
display are (30,-126,10A). The axes of other perspective 
displays presented in this chapter are orientated similarly to 
this figure. 

Fig. 7.1 shows the (computed) image for the 75th narrow-band of a 

single scatterer located at the origin assuming an ideal propagation medium 

and imaging instrument. Thus, Fig. 7.1 is a grey-scale representation of 

the diffraction limited two-dimensional (narrow-band) point spread function. 
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The same image is presented in perspective in Fig: 7.2. Profiles along 

the x and y axes are plotted in Figs 7.3a and 7.3b respectively. 

Figs 7.1. to 7. 3 it is evident that the transverse resolution is 

From 

considerably better than that in range. This is expected from (2.13) 

(cf. Table 2.1), However, while Fig. 7.3b has the form of a (sampled) 

sinc function, Fig 7.3a does not. The reason is that the aperture is 

sampled in equal increments of sin (8) (cf. §5.5). However, when 

x ~ 0, a cos(8) term appears in the phase factor of (2.6). 

b 

7.3 Profiles of the narrow-band point function. 
(a) x-axis (y = 0) • (b) (x := 0) " 
As with all other profiles presented in this chapter, the plots 
are restricted to within 6 rom of the origin. 

(2.7) and (2.8) show that sampling in equal increments of cos(8) is 

required to obtain diffraction limited performance along the x-axis. It 

is, of course, impossible to sample in equal increments of both cos(8) 

and sin(8) simultaneously. Thus an effectively continuous rather than 

sampled aperture is necessary to obtain diffraction limited performance 

over all image space. The slight asymmetry observed in Fig. 7.1 is due 

to the asymmetry of the sampled aperture (i.e. n runs from -32 to 31 in 

equation 5.18). 

Fig. 7.4a shows the two-dimensional speckle image calculated from 

measured data for the 75th narrow-band of DS-3 (cf. Table 5.1). The three 

scatterers (nominally located on the y-axis) appear displaced by 

approximately -1 mm along the x-axis in Fig. 7.4a. Thus the profile 

presented in Fig. 7.4b is more faithful than that of Fig. 7.4c (which is 

somewhat defocused). It is emphasised that the one-dimensional speckle 
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(a) Grey-scale. 
( c) Profile for x ::: 0 nun. 

I s75 (-l,y) I 

-1121 

= 75. 
(b) Profile 
(d) Profile 

As with all images presented in this chapter, 
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'Y (mm) 

for x = -1 nun. 
for x = 1 nun. 
po-o is 

used and the profiles (of each image) are normalised to a 
conunon value. 

processing reported in Chapter 6 was performed on images focused along 

1!2l 

the y-axis (cf. Fig. 6.7) Note that the magnitude of a speckle image 

can be appreciable in regions in which no scatterers are present (e.g. 

as shown by Fig. 7.4d). This is due to the large extent of the point 

spread function. It follows that some scatterers may not be clearly 

visible in individual speckle images of complicated configurations of 

scatterers (even when the propagation medium is water) . For example, 

a typical speckle image of a two-dimensional configuration of 
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scatterers is shown in Fig. 7.Sa. It is not clear where any of the seven 

isolated scatterers are in either Fig. 7.Sa or in any of the profiles 

(Figs 7.5b to 7.Sd). 
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Fig. 7.5 Speckle image for DS-6 and m = 75. 
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( c) Profile for x = 2 mm. (d) Profile for x == 3.4 mm. 

Typical examples of speckle images of both one-dimensional and two

dimensional configurations of scatterers formed through animal tissue are 
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shown in Fig. 7.6. As would be expected from the results presented 

in Chapter 6, these images are severely distorted. 
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7.6 Speckle images for (a) DS-4 and (b) DS-7 (fu = 75). 

7.3 WIDE-BAND IMAGING 

The results presented in §7.2 emphasise the limited usefulness of 

straightforward narrow-band two-dimensional images even when formed 

under nearly ideal propagation conditions. The primary reason is the 

poor range resolution. The introduction of animal tissue into the 

propagation path degrades both the range and transverse resolutions of 

narrow-band two-dimensional images (cf. Fig. 7.6). In §2.3.3 it is 

explained that wide bandwidth imaging improves range resolution and in 

§6.3 the improvements in transverse resolution gained by one-dimensional 

coherent S&A are shown. Since S&A combines many narrow-band images, it 

is a form of wide-band imaging. It therefore seemed an obvious 

extension to the previously described work to investigate whether the S&A 

principle could give similar improvements to two-dimensional images. 

Various approaches are examined in this section. Since the superiority 

of coherent S&A over incoherent S&A is clearly demonstrated in §6.3, only 

the former type of speckle processing is considered here. 
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7.3.1 Focused Shift-and-Add 

This sub-section introduces a hybrid one-dimensional/two-dimensional 

technique. At a particular range (x = X say), the ensemble (cf. §4.3) 

of 128 line images, focused at x = X, are calculated according to (2.15). 

These are then combined by the one-dimensional coherent S&A algorithm 

(cf. equation 4.24). The resultant one-dimensional image is referred 

to as a 'focused S&A image' and is denoted by qf(X,y). Notice that the 

results of one-dimensional S&A presented in §6.3 and denoted by q (y) 
c 

apply to images focused on the y-axis. They are therefore the focused 

b 

-1121 121 lIZ! 

(4,y) I 

d 

-1121 1121 121 -ll21 121 
(mm) y 

Fig. 7.7 Focused S&A for DS-3. Focused at 
(a) x = -1 rom, 
(c) x == 1 rom, 

(b) 
(d) 

x = 0 rom, 
x = 4 rom. 

Note that for illustrative convenience, all S&A images of 
scatterers arranged in configuration (b) (refer to Fig. 5.5) 
are translated by -4 rom in the y direction in this chapter. 

lIZ! 

1121 
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-S&A """''''''''"1<0'''' qf (0 I y) • Examples of focused S&A images calculated from 

DS-3 and DS-6 are presented in Figs 7.7 and 7.8 respectively. 

b 

10 o 1121 

d 

-10 0 1121 -1121 0 
(1"1'11"1'1) 

1121 
Y (1"1'11"1'1) Y 

Fig. 7.8 Focused S&A for DS-6. Focused at 
(a) x "" 0 rom, (b) x :: 1 rom. 
(c) :x: = 2 rom, (d) :x: =: 3.4 rom. 

Calculation of focused S&A images is straightforward because each 

range is treated separately. Koweve~ as explained in §§4.3 and 6.4, 

S&A is able to compensate for imaging instrument aberrations, including 

defocus. Therefore, a scatterer located at:x: Xl may be visible in 

the focused S&A image Qf(X 2 ,y) where X2 is very different from Xl" This 

is the same as saying that focused S&A has a large depth of field (cf. 

§2.1.1). It is explained in §2.3.1 that a large depth of field is 

generally undesirable for two-dimensional imaging. For example, Fig.7.9 
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depicts a series of adjacent focused S&A images arranged to form a two-

dimensional image. Notice that the images of the three scatterers in 

Fig. 7. 9a are much ext.ended in the x direction. 
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Fig. 7.9 Two-dimensional presentation of focused S&A. 
(a) 08-3. Refer to the caption of Fig. 7.7 for details of 
position of this image. 
(b) DS-6. 

Focused S&A is unsuccessful in imaging the two-dimensional configuration of 

scatterers (configuration (c), refer to Fig. 5.5). The two scatterers 

known a priori to be near the line x = 3.4 mm are not visible in Figs 7.Sd 

and 7.9b. This is probably due to the brightest points in the line 

images focused at x = 3.4 rom actually corresponding to (defocused) images 

of the strong scatterer located at the origin. Since focused S&A 

apparently produces a sharp image of the strong scatterer at all ranges 

depicted in Fig. 7.9b, images of the aforesaid two scatterers are 

necessarily defocused (to the extent that they are not visible) . 

7.3.2 Two-Dimensional Shift-and-Add 

The poor quality of the images produced by focused S&A is caused by 

the S&A operation being carried out independently for each value of x. 

It is shown in this sub-section that this disadvantage can be overcome by 
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employing a true two-dimensional extension of one-dimensional S&A. 

To do this, each (two-dimensional) speckle image is inspected over the 

x,y-plane and its brightest point is found. phase .. correction and 

normalisation (cf. §§4.4.l and 4.5) are performed on each speckle image, 

which is then shifted in two-dimensions (without rotation) so that 

its brightest point is located at the origin. Finally, all similarly 

phase corrected, phase normalised and shifted speckle images are added 

together to form a 'two-dimensional S&A image' which is denoted by 

q (x, y) • 
c 
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"" E 
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...... 
• ... 8 .. " 

~
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"filii .... 

* "'" III '" ~ " " ... ~ .. 

Fig. 7.10 The computed point spread function for images processed by 
two-dimensional S&A. 

Fig. 7.10 shows the (computed) coherent S&A image of a single 

scatterer located at the origin assuming an ideal propagation medium 

and imaging instrument. Thus, 7.10 is the diffraction limited 

two-dimensional point spread function obtained with S&A. The point 

spread function is shown in perspective in Fig. 7.11 and profiles along 

the x and y axes are shown in • 7.12. As explained in §7.3, S&A 

is a wide-band imaging technique. The improved range resolution and 

reduced side lobe response resulting from the wide bandwidth is clearly 

displayed (cf. Figs 7.1 to 7.3 with 

shows that the computed S&A point 

7.10 to 7.12). Fig. 7.11 also 

function exhibits a 'spiral' 

response off the major axes. This is in fact an artefact caused by 

interpolation errors. Each line image is obtained from a one-

dimensional 64 point FFT. As explained in §5.6, it is necessary to 
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Fig. 7.11 Perspective display of the point spread function depicted in 
7.10. The point of view is the same as for Fig" 7.2. 

b 

-1121 121 11'21 

Fig. 7.12 Profiles of the point spread function for two-dimensional S&A 
through (a) x-axis (y = 0), (b) y-axis (x 0). 

interpolate between the 64 samples calculated by each FFT in order to 

obtain values on the regularly spaced grid of pixels. To ease 

computational requirements, both the magnitudes and phases of the samples 

are interpolated linearly. However, sinc interpolation should strictly be 

employed. Fig. 7.13 emphasises this point. It shows the wide-band 

point spread function calculcated without making use of any interpolation 

scheme. 7.13 is obtained by coherently adding each member of the 

ensemble of the 128 narrow-band two-dimensional images of a point scatterer 

located at the origin. However, the DFT rather than the FFT is used to 
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calculate the narrow~band images. This enables the value of each pixel 

in each narrow-band two-dimensional image to be calculated at the 

co-ordinates of the pixel. Thus, interpolation is unnecessary and so 

the spiral artefact is not evident in Fig. 7.13. However, in spite of 

the spreading due to interpolation errors, the system point spread 

function (for coherent S&A) is usefully sharp, makiny more accurate 

interpolation schemes unnecessary. Figs 7.10 to 7.12 are to be regarded 

as 'benchmarks' with which images obtained from measured data can be 

compared. 

Fig. 7.13 Perspective display of the (exact) wide-band point spread 
function. The point of view is the same as for Fig. 7.2. 

Fig. 7.14 shows the results of two-dimensional S&A processin~ of 

speckle images calculated for DS-3. The grey-scale image (Fig. 7.l4a) 

is faithful and well resolved. It is also evident from Fig. 7.l4a that 

the scatterers were not aligned exactly parallel to the y-axis. Compare 

the profiles parallel to the y-axis (Figs 7.l4b to 7.l4d) with those 

obtained by focused S&A (Fig. 7.7). Profiles through the strongest 

scatterer are similar in each case (cf. Figs 7.7a and 7.14b). However, 

the two-dimensional S&A image is clearly superior to the focused S&A 

image in terms of range resolution. 

Fig. 7.15 shows the results of two-dimensional S&A processing of 

speckle images of a two-dimensional configuration of scatterers ~S-6). 

Again, two-dimensional S&A gives a much more faithful image than does 
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Fig. 7.14 Two-dimensional S&A for DS-3. 
(a) Grey-scale. (b) Profile for x = 0 mm. 
(c) Profile for x == 1 mm. (d) Profile for x :; 2 mm. 

focused S&A (Ffg 7.9b). Each of the seven scatterers are clearly resolved 

in their correct relative positions in the two-dimensional S&A image. 

Fig. 7.l5c, which is a profile through a part of the image not 

containing any scatterers, a~phasises how low the artefact level is. 

However, th~ relative strengths of scatterers, as determined from the two-

dimensional S&A image, are in error. For example, the'peaks at +/- 2 mm 

in Fig. 7.1Sd should be of equal magnitude. The error is not necessarily 
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7.15 Two-dimensional S&A for DS-6. 
(a) Grey- scal e. 
(c) Profile for x = 2 rom. 
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(b) Profile for x = o rom. 
(d) Profile for x :: 3.4 rom. 

due to S&A itself. possible causes of the error are discussed in §§5.5.1 

and 5.6.1. A perspective display of the image is presented in Fig. 7.16. 

The results of two-dimensional S&A processing of images formed when 

animal tissue is placed in the propagation path are shown in Figs 7.17 and 

7.18. Fig. 7.17 is for a one-dimensional configuration at scatterers. 

The three scatterers are clearly visible in each image presented in • 7.17 

although the artefact level is higher than when the propagation path is 
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Fig. 7.16 Perspective display of two-dimensional S&A for DS-6. If 
A = Iq (0,0) I then the point of view chosen for this display 
is (7S;-78,9A). To prevent noise from detracting from the 
main features, a lower threshold of O.06A is employed in this 
display. 

entirely water. The image is noticeably degraded when the liver is close 

to the scatterers (as opposed to close to the aperture, cf. the upper and 

lower rows of Fig. 7.17). The same effect is evident in the two-

dimensional S&A images of the two-dimensional configuration of scatterers 

(Fig. 7.18). Not all of the nylon monofilaments are clearly visible in 

either image presented in Fig. 7.18. However, Fig. 7.lSa is superior to 

Fig. 7.ISb. Ghosts are noticeable in Figs 7.17a, 7.lSa and 7.1Sb. It 

should be mentioned that sheep's liver was used when obtaining D8-7 and 

DS-8 whereas ox liver was used for DS-4, DS-5, DS-9 and DS-IO (cf. 

Table 5.1). 

7.3.3 Transverse 8hift-and-Add 

This sub-section is concerned with a S&A technique which is 

intermediate between focused S&A and two-dimensional S&A. The 'transverse 

S&A image', which is denoted by qt(x,y) is calculated in the following 

manner. The two-dimensional focused S&A image (cf. §7.3.l) is formed 

and its brightest point, at (Xl,O) say, is located. By definition, this 

point is contained in the one-dimensional focused S&A image qf(XI,y). 
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Fig. 7.17 Two-dimensional 8&A images for 
(a) D8-4 with (b) Profile for x = -0.4 mm and 
(c) D8-5 with (d) Profile for x = -0.4 mm. 

The shifts (and phase normalisations) of the line images used to 

calculate (XI,y) are then applied to line images focused at all 

values of x. To do this, the position (i.e. Y
m

' cf. equation 4.24) 

and phase (i.e. 8 , cf. equation 4.23) of the brightest point in each 
m -

line image (cf. §7.2) used to calculate qf(XI,y) is recorded. The 

complex amplitude of the transverse 8&A image along the line x = X
2 

112J 
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is calculated by combining the ensemble of line images focused at x = X
2 

in 

a similar manner to one-dimensional S&A (cf. equation 4.24). However, the 

shifts and phase normalisations are determined by the values of y and e 
m m 

obtained from qf(Xl,y) (as described above) rather than by identifying the 

brightest point in each line image focused at x ~2. Performing this 

operation on ensembles of line images focused at successive values of x 

results in a two-dimensional transverse S&A image. Thus, the same shift 

and phase normalisation is applied to any line image calculated for a 

particular narrow band. The term 'transverse' is introduced to emphasise 

that the shifts occur in the y direction only. 

Transverse S&A images obtained when there is only water in the 

propagation path are shown in Fig. 7.19. These are very similar to the 

images obtained by two-dimensional S&A (cf. Figs 7.l4a and 7.l5a). When 

animal tissue is introduced into the propagation path, the transverse S&A 

images depicted in Fig. 7.20 contain higher artefact levels than th8 

corresponding two-dimensional S&A images (cf. Figs 7.17a, 7.l7c, 7.18a and 

7.18b). However, images of the nylon monofilaments are also comparatively 

brighter when obtained by transverse S&A. It is therefore not clear from 

this series of experiments which of the two speckle processing methods 

(i.e. two-dimensional S&A or transverse S&A) is superior. 

7.4 STOCHASTIC PROCESSING 

Stochastic processing is described in §4.6. It essentially involves 

modifying the phases of each measured narrow-band diffraction pattern by 

multiplication by an ensemble of 'distortion functions' (cf. equation 4.27). 

This results in an ensemble of 'super-distorted apertUre ,functions , , the 

Fourier transforms of which are an ensemble of 'super-distorted images'. 

In this section, the results of combining the super-distorted images by 

two-dimensional S&A are presented. 

Fig. 7.21a shows a narrow-band 'two-dimensional stochastic image' 
th calculated for the 75 narrow band of DS-3. This is a two-dimensional 

analogue of the narrow-band stochastic images presented in §6.4. As with 

all other examples of stochastic processing presented in this section, the 

parameters CL = l06vand N = 50 (cf. §4.6) were used when calculating 

Fig. 7.21a. Combining the 128 narrow-band stochastic images by two-

dimensional S&A results in the 'wide-band two-dimensional stochastic 

depicted in Fig. 7.2lc. Profiles of the narrow-band and wide-band 
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Fig. 7.20 Transverse S&A images for 
(a) OS-4, Xl = 0.4 mm. 
(c) OS-7, Xl = 1.6 mm. 

(b) OS-5, Xl = 2.0 mm. 
(d) OS-8, Xl = 2.2 mm. 

stochastic images along the y-axis (Figs 7.21b and 7.2Id) are similar to 

those obtained by one-dimensional stochastic processing (cf. Figs. 6.IBd 

and 6.1gc respectively). Stochastically processed ~ages of a two-

dimensional configuration of scatterers viewed through water are shown in 

Fig. 7.22. Wide-band stochastic processing, for this data set, has the 

effect of lowering the artefact levels compared with two-dimensional S&A 
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DS-3, CL = 10 (}v 

profile for x .= 0 rom. 
profile for x == 0 IllItl. 

(cf. Fig. 7.15). 

in Fig. 7.22b. 

However, one of the nylon monofilaments is not visible 

When animal tissue is introduced into the propagation path, wide-band 

stochastic processing produces images (cf. Fig. 7.23) that are similar to 

those obtained with two-dimensional S&A. Comparison of Fig. 7.23 with 
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Fig. 7.22 Two-dimensional stochastic processing for DS-6 1 

N ::: 50. 
(a) Narrow-band stochastic image. 
(b) Wide-band stochastic image. 
( c) Profile of (b) for x ::: o rom. 
(d) Profile of (b) for x 3.4 rom. 

b 

d 

CL = 10/J.vand 

Figs 7.17 and 7.18 reveals that stochastic processing produces a slight 

but noticeable reduction in artefact levels. However, as explained in 

§6.4, ghosting ultimately restricts the improvements that can be gained 

by stochastic processing of images formed through severely distorting 

media. 
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Fig. 7.23. Two-dimensional stochastic processing with CL= 10~vand 
N = 50 for 
(a) DS-4 with (b) profile for x = -0.4 mm, and 
(c) DS-7 with (d) profile for x = 0 mm. 

7.5 WIENER FILTERING 

It is explained in §6.5 that speckle images of DS-IO may be used 

1121 

1121 

to Wiener filter speckle images of DS-9. The Wiener filtering operation 

is described in §4.7. The results of combining the ensemble of narrow-

band two-dimensional Wiener filtered images by two-dimensional S&A are 
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Fig. 7.24 Wide-band Wiener filtered images for DS-9. Estimate of point 
spread function obtained from DS-I0. 
(a) 1>:::: 0.1. (b) 1> :::: 1. 
(c) 1> = 1000. (d) 1> 1000, profile for 

x = -0.4 mm.. 

presented in Fig. 7.24. The various images in Fig. 7.24 correspond to 

different values of the filter constant 1> (cf. equation 4.36). As 1> is 

increased, ghosting is reduced. For q, = 100~ a moderately faithful image 

is obtained . Figs 7. 24c and 7. 24d) . This image is significantly 

better than that produced by one-dimensional wide-band Wiener filtering 

(cf. Fig. 6.23j). It is explained in §4,7 how a faithful image can be 
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Fig. 7.25 (a) Two-dimensional S&A image for DS-9 and 
(b) profile for x == 0 rom. 
(c) Transverse .S&A image for DS-9, X 1= 1 rom and 
(d) profile for x ::: 0.6 rom. 

obtained when such a large filter constant is used. 

Fig. 7.25 shows the results of two-dimensional S&A and transverse 

S&A of speckle images calculated for DS-9. Comparison with Fig. 7.24 

clearly demonstrates the advantage of Wiener filtering. It is 

interesting to note that, while two-dimensional S&A is not very 
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successful with this data set (cf. Figs 7.25a and 7.25b), transverse S&A 

produces a reasonable image (cf. Figs 7.25c amd 7.25d). The profile 

shown in Fig. 7.2Sd is also superior to that obtained by one-dimensional 

coherent S&A (cf. Fig. 6.22d). 

7.6 TEMPORAL RECONSTRUCTION 

Wide-band coherent imaging (cf. §2.3.3) can be thought of as a 

combination of narrow-band Fourier imaging (§1.8) and echo-location (§1.6), 

as is explained in §3.4. Speckle processing techniques, such as coherent 

S&A, are closely related to wide-band coherent imaging. It is therefore 

interesting to compare images obtained by two-dimensional speckle 

processing with those obtained by using the time delay information 

available from the wide bandwidth transmissions. The latter images are, 

.1.:'1 this thesis, referred to as 'temporal reconstructions'. 

It is explained in §S.3 how a matched filter receiver is easily 

implemented for linear FMsweeps. One-dimensional temporal 

reconstructions along the denoted by (y). are presented in 

Figs 5.9 and 5.10. These are for right-angle scattering (i.e. e = 0°, 

Fig. 5.1). Assuming a homogeneous propagation medium, the scattered 

waves undergo constant propagation delays for any scatterer located on an 

elliptical surface having TX and RX (Fig. 5.3) as foci. 
s 

This suggests 

the following approach to obtaining two-dimensional images by temporal 

reconstruction. 

Over a small region, such as is occupied by the scatterers in the 

experiments reported here (refer to Fig. 5.5) f the intersection of the 

aforesaid elliptical surface with the x,y-plane is very nearly a straight 

line. Therefore, it is here assumed that signals received after a 

particular time delay correspond to the combined scattering from scatterers 

located along the straight line. Similarly, signals received after other 

time delays correspond to other (parallel) straight lines. Thus, the 

spectrum of the output of the low pass filter (cf. Fig. 5.3) can be 

regarded as a projection (cf. §1.7) of the scattering strengths. The angle 

of the projection is determined by the relative locations of TX and RX . 
s 

Therefore, as RX 
s 

is rotated about the origin, a set of projections can be 

calculated. The set is not complete, however, since e only spans -60.0° 

to 57.0° (cf. §S.S). Furthermore, as indicated by (5.8), the resolution 

is degraded as e is increased. of typical temporal 
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,reconstructions sho~\TS that projections with useful resolution are only 

obtained for e less than about 20°. Therefore, for the results 

reported here, only the 45 projections for which -60 0 ~ e < 20 0 are used. 
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Fig. 7.26 Various temporal reconstructions for D8-3. Obtained by 
(a) unmodified back ection 
(b) modified back projection (first tGerchberg' iteration) 
(c) 'Gerchberg' processing (2 iterations) 
(d) 'Gerchberg ' processing (5 iterations) 
Note that only positive parts of the images are presented (i.e. 
white corresponds to zero amplitude) and ' that the field of 
view of all temporal reconstructions is limited to +/- 5 rom 
of the origin. 
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There are several possible ways of attempting to reconstruct an image 

from a set of projections. One method is to simply back project (cf. 

Sl.7) the magnitudes of the known projections. Such an approach is used 

by Hanstead (1981) and (implicitly) by compound B-scan sy.stems employing 

amplitude averaging (cf.§3.4.2). A two-dimensional temporal 

reconstruction, denoted by ft(x,y), calculated for by this method is 

shown in Fig. 7.26a. The three scatterers are visible but with low 

contrast. Note that the widths of the beams of TX and RX both exceed 
s 

1 em in the region containing the scatterers. Therefore, if the 

apparatus could be used in a compound B-scanmode, an image very similar 

to that shown in 7. 26a would be expected. The only significant difference 

being thatB-scan normally has TX coincident with RX (thus maximising 
s 

~ange resolytion at all positions on the aperture). 

It is known from projection theory (cf. §1.7) that the projections 

should be modified (i.e. convolved with an appropriate filter function) 

before back projection (cf. Brooks and Di Chiro 1976). This approach 

which is discussed in connection with acoustical imaging by Norton and 

Linzer (1979a and b) is also tried here. In this study, only the 

magnitudes of the projections are used in the calculations. However, the 

filter function introduces negative parts into each modified projection 

which, in turn, may result in negative regions in the finally processed 

image. For convenience, the amplitudes of negative regions of the finally 

processed image obtained by 'modified back projection' are set to zero. 

The resultant image is denoted by (x, y) • Such an image, obtained from 

the same 45 projections used to calculate Fig. 7.26a, is shown in Fig. 7.26b. 

Notice the apparent increase in contrast (over Fig. 7.26a). It is 

emphasised that parts of the finally processed image corresponding to Fig. 

7.26b were negative by up to one-third of the maximum positive value. 

Notice also that the resolution is still very poor in what is effectively 

the cross-range direction due to the restricted range of e. Hence, the 

image has a 'streaky' appearance. Accurate image reconstruction by the 

modified back projection method requires that a complete set of projections 

is available. As explained previously, a complete set of projections is 

not available from the experiments reported here. Sato et al. (198lb), 

Tam and Perez-Mendez (1981) and Heffernan and Bates (1982) consider 

methods of image reconstruction using incomplete sets of projections. One 

approach is to attempt to estimate the 'missing' projections by an iterative 

algorithm similar to that employed by Gerchberg (1974). Essentially, the 

'Gerchberg algorithm' involves iterating between two domains while 
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successively applying constraints in both domains. The author employed 

the following scheme to implement the Gerchberg algorithm: 

(i) A 'complete' (although possibly erroneous) set of projections is 

formed by combining the 'known' projections (i.e. those that have been 

measured) with the best available estimate of the missing projections 

(Le. the projection domain constraint is that known pro.jections are used 

whenever possible). 

(ii) Each projection is modified and back projected. 

(iii) The image is constrained to be positive by setting to zero any 

negative parts in the image formed in step (ii) above. For the nth 

iteration, the resulting image is written as f (x,y). 
n 

av) Projections of f (x,y) are then calculated, providing new estimates 
n 

of the missing projections. 

(v) If the new missing projections differ from the previous ones by less 

than some 'threshold' (set at the beginning of the procedure) I the 

iterations are stopped and the latest f (x,y) is taken to be the best 
n 

available estimate of the image. 

beginning from step (i). 

Otherwise, the process is repeated, 

A convenient way to begin the algorithm is by setting the initial 

estimates of the missing projections to zero. Therefore, the image obtained 

by 'modified back projection' (e.g. Fig. 7.26b) of the original data is 

taken to be 

When the above form of tr~ Gerchberg algorithm is applied to measured 

data, the author found that the f (x,y) tended to diverge after about 
n 

half-a-dozen iterations. This is attributed to numerical errors inherent 

in the simple 'reprojection scheme' used in step (iv) above. Heffernan 

and Bates (1982) show how to improve reprojection accuracy_ However, 

since reasonable results could be obtained with n no greater than 6, and 

since these computations are not central to this thesis, no trials were 

made with more accurate reprojection schemes. 

The results of the second and fifth iterations of the Gerchberg 

algorithm on projections calculated for D6-3 are presented in • 7.26c 

and 7.26d. Although both are different from the image shown in Fig. 7.26b, 

no real improvements can be claimed for eitherthe image shown. in Fig. 7.26c 

or Fig. 7.26d. 

Temporal reconstructions calculated in the same manner as those of 
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Fig. 7.27 Various temporal reconstructions for DS-4. 
figure follows that of Fig.' 7.26. 

The format of this 

Fig. 7.26, but for measurements made when ox liver was intro~uced into the 

propagation path (i.e. for DS-4) , are shown in Fig. 7.27. The presence 

of the tissue does not particularly degrade the temporal reconstructions. 

This result further confirms that a significant part of the distortion 

incurred during propagation through the animal tissue is isoplanatic 

(i.e. the signals scattered from each target undergo approximately the same 
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Fig. 7.28 Various temporal reconstructions for DS-6. 
figure follows that of Fig. 7.26. 

The format of this 

attenuation and phase shifts). It is emphasised that the temporal 

reconstructions presented here are obtained by incoherent processing. 

Therefore, although the temporal reconstructions are relatively 

insensitive to distortions introduced by the propagation ~edium, this 

insensitivity is achieved at the expense of inherently poorer resolution 

than that potentially obtainable bTwide-band Fourier imaging. This is 

clearly illustrated in Fig. 7.28, which shows temporal reconstructions of 



-230-

of a two-dimensional configuration of scatterers. The poor resolution 

allows only three of the seven scatterers to be visualised in Fig. 7.28. 

In comparison, all seven scatterers are clearly visible in the two

dimensional S&A image (Fig. 7.15). 

While the temporal re~onstruction algorithms used to generate 

Figs 7.26 to 7.28 could no doubt be refined to produce slightly more 

faithful images, they are adequate to enable realistic comparisons to be 

made between images obtained by speckle processing and those obtained by 

more conventional imaging methods. 

7.7 COMPUTATIONAL REQUIREMENTS 

In this section, the computational requirements for some of the 

speckle prucessing algorithms are listed. The author was fortunate to 

have a powerful computer (namely a VAX-ll!780 with 1.25 Mbytes of memory) 

available to perform the processing (cf. §5.2). This processing power 

allowed programs of a very general investigative nature to be written with 

little regard to computational efficiency. It is anticipated that the 

computational requirements for a particular speckle processing technique 

could be substantially reduced by employing dedicated software (and also, 

of course, hardware). 

The raw data obtained ftom the scanning apparatus consists of 64 PM 

sweeps digitised to 1024 12-bit samples (cf. §5.2). Therefore, the raw 

data requires 96 Kbytes of storage (where 1 K = 1024). Each member of the 

ensemble of the 128 distorted aperture functions (or the ensemble of 128 

speckle images) consists of 64 complex numbers. Since each complex 

number requires 8 bytes, the diffraction data requires 64 Kbytes of 

storage. Of course, the speckle processing techniques discussed in this 

thesis do not require all of the raw data or diffraction data to be in 

memory at once and so could be implemented, but more slowly, on smaller 

computers. 

The following list is for central processor (CPU) times and thus gives 

an indication of the overall processing times. For (ii) onwards, it is 

assumed that the diffraction data is already calculated. 

(i) Calculation of diffraction data from raw data (i.e. the algorithm 

summarised by Fig. 5.13) - 52 sec. 

(ii) One-dimensional S&A (both incoherent and coherent images calculated, 

cf. §4.S)- 32 sec. 
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(iii) 

(iv) 

(v) 

Narrow-band two-dimensional (speckle) image (§7.2) - 13 sec. 

Focused two-dimensional S&A image (§7.3.1) - 2006 sec. (33.4 min.). 

Two-dimensional S&A image (§7.3.2) - 2B49 sec. (47.5 min.). 

(vi) Transverse S&A image (§7.3.3) - 4055 sec. (67.6 min.). 

(vii) Narrow-band one-dimensional stochastic image (§4.6) - 0.07 sec/ 

iteration (e.g. N 50 requires 3 sec.). 

(viii) Wide-band one-djjmensional stochastic image (§4.6) for N 

464 sec. ('7.7 min.). 

50 -

(ix) Narrow~band two-dimensional stochastic image (§7.4) - 20 sec/ 

iteration (e.g. N 50 requires 1044 sec.). 

(x) Wide-band two-dimensional stochastic image (§7.4) for N 50 -

1.33 x 105 sec. (1.55 days!). 

(xi) Calculate projections from raw data (§§5.3 and 7.6) - lB sec. 

(xii) Unmodified back projection (§7.6) - B sec. 

(xiii) Modified back projection (§7.6) - 15 sec. 

(xiv) Gerchberg algorithm (§7.6) - 34 sec/iteration. 

The significance of these CPU times is assessed in the following 

section. 

7.8 DISCUSSION 

The results presented in §§7.3 to 7.5 clearly demonstrate the benefits 

of two-dimensional speckle processing. Even when the scatterers are 

arranged in a one-dimensional configuration, two-dimensional S&A gives 

better results than one-dimensional S&A (cf. Figs 6.7f and 6.10f with 

Figs 7.14b and 7.17b). The probable explanation is that the brightest 

point in a two-dimensional speckle image is likely to be shifted in both 

x and y. Therefore, two-dimensional S&A is more likely to identify the 

'true' brightest point. The importance of identifying the true brightest 

point is demonstrated by the failure of focused S&A to faithfully image 

two-dimensional configurations of tar.gets (cf. Figs 7.B and 7.9b). 

The success of transverse S&A (§7.3.3) is interesting. In one case 

(i.e. for DS-9) , transverse S&A results in a better image than two

dimensional S&A (cf. Figs 7.25a and 7.25c). For DS-7 and DS-B, the 

transverse S&A images (Figs. 7.20c and 7.20d) are arguably as good as 

those obtained by two-dimensional S&A (cf. Fig. 7 .1B) . The reasons for 

this are uncertain. Transverse S&A is based upon the concept that the 

brightest point in the two-dimensional image obtained by focused S&A 

is likely to correspond to the brightest point in the object. Thus, the 
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shifts applied to the line images focused at any value of x are obtained 

from the shifts used to calculate the focused S&A image for just one 

value of x (i.e. Xl corresponding to the brightest point, cf. §7.3.3). 

Therefore, the success of transverse S&A implies that there is a high 

degree of isoplanaticity in the x direction. 

The two-dimensional images calculated from DS-3 confirm the 

capability of stochastic processing to reduce the effects of imaging 

instrument aberrations. These images show that the scatterers were not 

located on the y-axis for this data set (cf. Figs 7.4 and 7.19a). In 

other words, the one-dimensional speckle images used to obtain the 

results presented in Chapter 6 were out-of-focus. However, 6.18d 

and 6.19d show that both narrow-band and wide-band one-dimensional 

stochastic processing 'take out' the blurring due to the defocus. The 

main effect pf wide-band two-dimensional stochastic processing (compared 

with two-dimensional S&A) is a slight reduction in artefact levels 

(cf. Figs 7.l4b and 7.15b with 7.21d and 7.22c). However, the relative 

strengths of the desired peaks (other than the brightest peak) are also 

reduced by stochastic processing (cf. Figs 7.15d and 7.22d). Therefore, 

taking into account the enormous computational requirements of wide-band 

two-dimensional stochastic processing (df. §7.7},the use of this speckle 

processing technique does not seem particularly worthwhile (at least, for 

the images studied here). 

The CPU times listed in §7.7 indicate that, while the computational 

requirements for speckle processing are heavy, they should not (with the 

probable exception of wide-band two-dimensional stochastic processing) 

prohibit the use of speckle processing in routine imaging applications. 

Notice that the computational requirements of narrow-band two-dimensional 

stochastic processing are quite reasonable. Comparison of the upper rows 

of Figs 7.4 and 7.21 shows that narrow-band two-dimensional stochastic 

processing can markedly improve a single speckle image. Therefore, in 

situations where only one speckle image is available, narrow-band stochastic 

processing could prove an attractive means for improving image quality. 

Two-dimensional wide-band Wiener filtering results in more faithful 

images than those obtained by S&A (cf. Figs 7.24 and 7.25). Provided 

that the filter constant is made large, the Wiener filtered image is free 

of ghosts. This result strongly suggests that the distortions are both 

significantlyisoplanatic 3ndhave the statistical properties discussed in 
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§4.7, and so confirms the usefulness of the simple model developed in 

§4.3. Once again, the advantages of two-dimensional, over one

dimensional speckle processing are clear (cf. Figs 6.23j and 7.24d). 

It is explained in §7.6 that the temporal reconstructions are 

realistic indications of the types of images that would be produced by 

conventional imaging techniques. Since the temporal reconstructions 

are calculated from the same data used for the trials of speckle 

processing, images formed by the two modes of imaging may be meaningfully 

compared. Such comparisons make the potential benefits of speckle 

processing of ultrasonic images clear. 
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8. CONCLUD ING REMARKS 

8.1 SPECKLE PROCESSING OF ULTRASONIC IMAGES 

In Part I of this thesis, it is explained that distortion of 

ultrasonic waves incurred during propagation through mammalian soft 

tissue causes a loss in quality of ultrasonic images of such tissue (when 

formed by conventional means). Part II of this thesis is concerned with 

speckle processing techniques designed to improve the faithfulness of 

ultrasonic images formed through distorting media. Speckle processing is 

essentially statistical. An ensemble of 'speckle' images with 

effectively independent distortions must be available. The speckle images 

are combined in such a way as to recover the true image detail while 

reducing artefacts. Thus, there are two facets to speckle processing. 

The first involves obtaining a suitable ensemble of speckle images. In 

§4.3 it is suggested that the ensemble can be obtained by spectral 

decomposition of wide bandwidth diffraction data. In situations where 

only one speckle image is available, it is suggested in §4.6 that a 

suitable ensemble can be generated within a computer (i.e. by stochastic 

processing). The second facet involves recombination of the speckle 

images. Various methods, namely speckle interferometry, shift-and-add 

(S&A) and Wiener filtering are discussed in §§4.4, 4.5 and 4.7 

respectively. 

The arguments presented in Chapter 4 to justify speckle processing, 

although intuitively satisfying, are largely heuristic. Therefore, 

carefully controlled experiments have been conducted to investigate the 

feasibility of speckle processing. To enable straightforward evaluation 

of the results of speckle processing, these experiments have necessarily 

been of a preliminary nature. Only very simple configurations of 

scatterers were imaged and the propagation path between the insonifying 

transducer and the scatterers was water. While the images presented 

in this thesis are not of the kind usually of interest in practical 

applications, some quite general conclusions can be drawn from the 

results reported here. These are discussed in detail in the previous 

chapters. However, for convenience, the principal conclusions are 

summarised below: 

(i) Narrow-band ultrasonic images formed through mammaliah soft tissue, 

specifically liver, are severely degraded by transmission speckle. 
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(ii) The tissue distorts both the amplitude and the phase of propagating 

waves. 

(iii) Speckle processing can dramatically improve the faithfulness of 

such 'speckle' images. This confirms that 

(iv) an ensemble of speckle images with the necessary properties (i.e. 

effectively independent and sufficiently isoplanatic distortions) can be 

obtained by spectral decomposition, and that 

(v) the methods used to recombine the speckle images are efficacious. 

(vi) 

(vii) 

Improvements can also be obtained by stochastic processing. 

Speckle processing can also greatly improve images formed with 

aberrated imaging instruments. 

(viii) Coherent processing is superior to incoherent processing. 

(ix) Two-dimensional processing is superior to one-dimensional 

processing. 

(x) Images formed by speckle processing are superior (in the cases 

reported here) to those formed by more conventional ultrasonic imaging 

techniques. 

Speckle interferometry, S&A, stochastic processing and Wiener 

filtering have all proved successful. However, many more experiments are 

required to assess the ultimate practical significance of these techniques. 

It is interesting to note that all of the techniques studied in this 

thesis that produce an image involve some form of reference measurement. 

For example, speckle holography ( .4.2) requires that the object 

contains an isolated unresolvable source meeting the separation condition. 

The bright point required b¥ S&A may be regarded as a reference. The 

results of the simulation study presented in §6.4 suggest that the bright 

point should also probably correspond to an unresolvable source. Wiener 

filtering requires that a reference measurement (also of an unresolvable 

source) be made separately. Thus the reference requirements differ for 

each technique. 

8.2 SPECKLE PROCESSING IN A WIDER IMAGING CONTEXT 

The work reported in this thesis has been orientated towards the 

problem of ultrasonic imaging through soft mammalian tissue. However, 

the results have implications for mahy other forms of coherent imaging. 

Applications are found for coherent imaging in diverse fi~lds, including 

underwater acoustical imaging, non-destructive testing, seismic imaging 

and microwave imaging (RADAR). These forms may also suffer from 
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propagation through less than ideal media. For example, Williams (1976) 

reports that imperfections in the ocean ultimately restrict the 

resolution obtainable from conventional underwater imaging systems. 

It seems possible that speckle processing could also prove beneficial for 

these forms of coherent imaging. This comment applies even when there 

is negligible propagation distortion since it has been demonstrated here 

that speckle processing can compensate for imaging instrument 

aberrations. Thus, the usual tolerances required in the fabrication of 

imaging instruments (with diffraction limited performance) can be relaxed 

if speckle processing is employed. This is an important practical 

consideration in fields such as large aperture microwave imaging (cf. 

Steinberg 1981) • 

It is desirable for diagnostic imaging to be non-invasive. 

Therefore, it is not possible in the diagnostic imaging situation to 

perform a reference measurement, suitable for Wiener filtering, in the 

manner described in §4.7 (although it is suggested in §8.3 how such a 

measurement might be made) • However, it is easy to conceive of other 

imaging situations in which a suitable reference measurement could be 

performed. For example, in underwater imaging, an active unresolvable 

source (i.e. a 'beacon') could be positioned in the region of interest. 

By simply switching the beacon on and off, signals emanating from the 

beacon could be identified from amongst the other returns, and hence the 

reference measurement could be made. 

8.3 SUGGESTIONS FOR FURTHER RESEARCH 

The results reported here of initial trials of ultrasonic speckle 

processing are very encouraging. They also suggest many avenues for 

further research. The relative merits of speckle interferometry, (the 

various implementations of) S&A, stochastic processing and Wiener 

filtering should be established by a comprehensive series of experiments. 

These would require the design of realistic 'figure-of-merit' criteria. 

Experience has so far not shown any of the speckle processing techniques 

to be critically dependent on the precise method of implementation. 

However, the techniques should be tested for sensitivity to various 

parameters (such as errors in the values of k chosen for phase correction 
m 

(§4.4.l), or the methods used to generate the distortion functions for 

stochastic processing) . Also, it would be interesting to see if further 

refinements to the algorithms are possible. Take S&A for example. There 
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may be some benefits to be gained by weighting the speckle images 

(according to, say, the magnitude of the brightest point) prior to adding. 

Foster and Hunt (1979) report that different types of soft tissue 

distort ultrasound beams differently. Therefore, the ability of speckle 

processing to counteract the distortions caused by different tissue types 

should be investigated. Any study of this kind should be concerned with 

topics such as the relative amounts of transmission speckle introduced by 

various propagation media, and the amount of ghosting evident in the 

corresponding S&A images. 

It would also be useful to perform a statistical analysis of the 

properties of the ensemble of speckle images obtained by spectral 

decomposition. For example, the results presented in Chapters 6 and 7 

show that the distortions of the speckle images are effectively 

independent over the ensemble and that there are noticeable differences 

between speckle images calculated for adjacent narrow bands. A study 

of the correlation between individual speckle images would more clearly 

indicate the degree of statistical independence. Investigation of the 

statistics of the locations of the brightest points in the ensemble of 

speckle images may also reveal something of the nature of the propagation 

distortions. 

Of the various techniques discussed for combining the ensemble of 

speckle images, S&A has the least stringent requirements for the reference 

(cf. §8.l). Also, S&A is attractive from a practical point of view since 

the processing required is very simple. Experiments should be performed 

to test the behaviour of S&A when the object consists of extended targets 

(i.e. specular reflectors) • Of particular interest would be the case 

where the brightest point is part of an extended target (refer to the 

discussion in §6.4). Initially, these experiments could be performed on 

simulated da~a in the computer. The outcome of such experiments should 

further aid in the understanding of the nature of coherent S&A. 

It is mentioned in §8.2 that it is impossible to make a straight

forward reference measurement which is suitable for Wiener filtering in the 

diagnostic imaging situation. However, the results presented in §§S.3.1 

and 7.6 show that it is sometimes possible to isolate the signals from an 

unresolvable source by temporal reconstruction. When this is the case, 

these signals can constitute the reference measurement and allow the 

Wiener filter to be implemented. Steinberg (1981) has employed a similar 
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approach (which is discussed in §4.8) with some success in microwave 

imaging. 

For the experiments reported in this thesis, the scatterers were 

insonified via a water path. The reasons for this are discussed in §8.l. 

It would be of great practical interest to image scatterers actually 

embedded in soft ,tissue. It can be speculated that the phase correction 

procedure (cf. §4.4.l) would then be more critical (since the refractive 

index would vary over the region containing the scatterers) and would 

therefore ultimately limit the useful field of view. However, a larger 

field of view could be obtained by combining into a mosaic, images from 

contig.uous restricted fie of view. 

Further information regarding the scatterers could presumably be 

gained by varying the direction of insonification (cf. §1.8.l). However, 

speckle processing requires that the form of the object should be constant 

over the ensemble (cf. §4.3). Varying the direction of insonification can 

be expected to alter the form of the object when the insonification path 

includes soft tissue. Therefore, it seems likely that coherent speckle 

processing is best performed only on images insonified from a common 

source and that some form of incohere~t average should be used to combine 

the (speckle processed) images corresponding to different sources of 

insonification. 

Ultimately, speckle processing of images formed in vivo should be tried. 

This would necessitate construction of a riew imaging instrument. The 

apparatus described in Chapter 5 is well suited for experimental 

investigations but too cumbersome for clinical trials. In particular, 

the data collection would need to be performed in 'real time' to prevent 

unavoidable movements of the scatterers from blurring the images. Thus, 

scanning would be unsuitable and some form of array would be necessary. 

Other practical considerations. are whether diffraction patterns should be 

measured (and images reconstructed in a computer) or actual images should 

be formed (e.g. by a lens or mirror). If the latter approach was adopted, 

the quality of the lens or mirror employed would not be critical since 

aberrations are of secondary importance when speckle processing is used. 

Also, is important to use as large an aperture as possible. If an array 

was designed to enclose the object, then the geomatry would also be 

suitable for ultrasound computed tomography. The images formed by speckle 

processing and by computed tomography may prove to be complementary. 
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The results reported in this thesis encourage the author to suggest 

that speckle processing techniques may play an important role in future 

high resolution ultrasonic imaging systems. 
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