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It may be a weed instead of a fish that,

after all ny labour, I may at last pul1 up.

Michael FatadaY
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This dissertation presents the results of an investigation of

the origin and characteristics of ultrasoníc volume backscatter in tire

I to 5 MLIz frequency range frorn fish muscle tissue as a function of the

tissue composition and condition. Scatiering by the tissue structural

components is analyzed with particular emphasis on scattering by rough

interfaces and thin membïanes. A fairly detailed physical optics treatment

for scattering by a rough surface of low reflectance is presented in this

connection. In the context of this work the problem of in situ diagnostic

pulse backscatter measurements for soft animal tissues is examined both

theoretically and experimentally. Various aspects, including the effects

of absorption, pulse bandwidth and scatterer response, are discussed and

analyzeð.. The problem of calibration, the derivation of a backscatter

coefficient and the use of broadband beam near-field measurements are

also examined.

The tissue neasurements are restricted principally to the lateral

myomere of ,1ake whitefish (Coregonus clupeaformis) , a fatty species, Ðd

pickerel (Stizostedion vitreum) , a lean species. However, additional

measuremetìts on rnodel media of aír and oil bubble suspensions, tissue

structural components and bovine muscle are included for comparison.

It is found that the backscatter from whitefish muscle

(transverse incidence wiih respect to the muscle fibers) in the frequency

range of 2.3 to 4.8 l,4tlz generally varies ^, ^-2'4, "here 
À is the wave-

lengtlr, compared to À t't fot pickerel and x'Z'O fot a sample of bovine
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skeletal muscle. The results are interpreted with the aid of theoretical

calculations based on a first order statistical scattering model of the

fish tissue, histological observations and measurements of the model media.

_l
The À-1'J dependence for pickerel appears to be due primarily to scattering

by the muscle fibers and tlie myosepta.

It is shown that, if the tissues are free of gas bubbles,

lipid inclusions are usually the dominant scatterers in rvhitefish; for

total lipid contents up to 6%, a roughly linear relationship between the

backscatter intensity and the lipid content is observed. However, it is

also shown that, as a result of decompression, gâs bubbles are almost

invariably present in wl'ritefish, in which case these tend to be the

predominant scatterers.

In addition to the system modelling of the composite tissue

scattering process and the ultrasonic ciraracterization of fish tissue,

the results are of significance towards the developnent of practical

ultrasonic inspection and/or c¿uality controL techniques in the fishing

inclustry, as well as other segments of the food processing industry.

The results may also be valuable for the development of ultrasonic diag-

nostic techniques in the biomedical fie1d.
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Tire need for better methods of obj ective evaluation and inspection

of quality in the processing and marketing of fish is widely recognized

fstevenson Q Ke1logg, Ltd. (1970)]. Although much progress has been made

in identifying and isolating the factors affeciing quality |FAO (1964),

(i969) ] , adequate means of grading and inspection are stilt lacking in

many important areas, particularly where rapid, non-destructive testing

applicable in situ is a key consideration. One such area is that of

inspection for parasites. The occurrence of these intramuscular parasites

in many economically important species (e.g. whitefish and cod) constitutes

a grave problem in the industry fMclvor (1965); Stevenson 6 Kellogg, Ltd.

(1970) ; FAO (1969) ] . Work on the detection of these parasites by means

of ultrasound lFreese (1969) ], particularly Triaenophorus crassus in

whitefish, showed that a pulse-echo technique lvas feasible but was hampered

by tissue scattering. Preliminary work on the ultrasonic properties of

tissue [Freese and Makow (1968.a.b)] suggested that ultrasonic techniques

might also be exploited for quality control and inspection purposes in

other areas, for example, to clistinguish fresh and frozen-thawed tissue

and to determine the fat content of round fish.

For the development of such methods and optimization of the

parasite detection process, a knowledge of the tissue backscatter charac-

teristics under all possible conditions is required. Although considerable

experimenta¡ d.ata on the ultrasonic propagation parameters for biological

CHAPTER 1

INTRODUCTION
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media is available [Eltpiner (1964); Dunn et al. (1969) ] ' including

fish tissue fHas]ett (1962); Freese and Makow (1968.b) ; Matsui and

Shibata (1971) ], it was found that quantitative data on the scattering

properties of fish, as well as of soft animal tissues generally, is

presently laclcing. In respect to hurnan tissue, for example, HilI (7972)'

in a recent paper given at the Workshop Conference on the Interaction

of Ultrasound and Biological Tissues, observed

very 1ittle indeed is known in quantitative terms about
the backscattering propelties of human tissues, and virtually
nothing about their frequency dependence.rl

until recently fAldridge and Tattersall (i971); Szilard and

Scruton (1973) ] , there has been little apparent effort made in exploiting

ultrasonic diffuse scattering for industrial, non-destructive testing

applications. Although ultrasound is widely used, with few exceptions

the methods rely on specular pulse reflection, absorption and velocity.

Similarly in the biomedical fieId, where ultrasound is widely used for

visualizaiion purposes, few attempts have been made to investigate and

measure scattering by clifferenc biological tissues in a quantitative sense

until recently [Senapati et 41. (L972); Waag and Lerner (1973)], although

its potential for characterizing the struciure of tissues has certainly

been recognized [".e.wi1d and Reid (1953); Reid and sikov (L972)).

The lack of progress in the developnent of scattering methods

is not hard to explain. In the case of many industrial applications,

where ihe sanple to be testecl is readily accessible and has a well-defined

geornetry, absorption and velocity can generally be deterrnined more easily

and accurately than the scattering properties. In addition, the

development of satisfactory diagnostic scattering procedures in both the



industrial and biomedical sectors has generally been deterred by obstacles

such as lack of accuracy, ambiguities in the resuits, high reverberation

1eve1s due to intervening interfaces (as, for example, in echoencepha-

lography), the presence of moderate to high attenuation in the tissues and

theoretical and experimental difficulties due to the complex nature of

the scattering media.

To obtain a proper perspective of these obstacles and to furnish

a realistic ¡rodel for the development of fish inspection techniques and

hardware, a detailed analysis of the tissue backscatter problem is necessary.

In this dissertation we present the results of an investigation

of volume bacl<scatter from fish tissues in the I to 5 M{z range, and we

consider the problem of pulse backscattering by soft tissues for in situ

applications. The origin and characteristics of the backscatter are

examined theoretically and experinentally, and are correlated with the

overall conposition and condition of the tissues. Although the measurements

are restricted principally to the lateral myomere of lake whitefish

(Coregonus clupeaforinis) and pickerel, also known as walleye (Stizostedion

vitreum), sone measurenents on model nedia and bovine muscle are included

for purposes of comparison.

The theoretical work falls broadly into two categories. The

first is concerned with the analysis of the different scatterers found in

fish tissues, and also to some extent in other animal tissues. The

obj ective may be summed up as an attempt to estimate the magnitude and

wavelength dependence of the backscatter by the various tissue inhomo-

geneities. In spite of the fact that we have specifically referred to
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volume scattering, a significant poïtion of the scattering in both

mammalian and fish tissues may be from thin membranes and organ inter-

faces intersecting the insonified volume. In the case of fish muscle,

a regular series of involuted thin nembranes bind the muscle segments

that give fish muscle its distinctive chevron-shaped appearance. These

membranes or iissue sheets are usually far from smooth at millimeter

wavelengths and may have characteristic impedances significantly different

from those of the surrounding tissues. Scattering from rough surfaces

and thin membranes is thus given najor emphasis and a fairly comprehensive

first order treatment is presented.

The other part of the theoretical work is concerned with the

analysis of the actual measurement problem. A.phenomenological view

of the stochastic scattering process due to Faure (1964), 01'shevskii (1967)

and Middleton (1967) , (1972) is adopted and a model of the tissue

scattering process is derived. The resultant model greatly facilitates

the analysis of the scattering process by illustrating in a straight-

forward manner the influence of the various scattering medium parameters

and those of the measurernent setup. It ís thus valuable in the design

and optimization of new diagnostic systems. Various aspects of the

scattering process, including the statistical properties, the effects of

absorption, the signal pulse characteristics and measurements in the

transition region between the near and far fields, are analyzed and

compared with the results of experiments.



1.1 Backgrouna g!4 Apltoalh

0f the two fundanental roles of scattering mentioned in the

introduciion, the inverse scattering problem represents by far the more

difficult problem. As in the case of the forward (input-output)

prob1em,l a*o basic techniques are coinrnonly employed in the solution of

the inverse problem. The first of these attempts to directly invert

the problem, while the second approach employs a comparison method

and might iherefore be more properly termed pseudo-inverse. Frequently

these two methocls are combined. we shall employ the latter method

which in its essential features is similar to regression analysis.

Unfortunately, as in the case of regression analysis, or to use the

analogy of a black box frorn circuit theory, two boxes may be equivalent

at particular frequencies but the contents are not necessarily identical '

This lack of uniqueness underlines the fact that, although in principle

scattering measurement,s can reveal a great deal about the structure of

a inedium, in practice additional information derived from other Sources

is required if the analysis of the scattering is to yield useful results '

1.1.1

prob 1 em,

microwave

Beckmann

Senapati

Scattering T9!þ!19!91

In applications where anisotropy and geometry are not a

some of the bistatic scattering technio,ues used in optical and

srudies ivan De Hulst (1957); Kerker (1969); hheelon (1959);

and spizzrchino (1963)] n,ry be employecl io advantage. Thus,

et al . (Ig72) examined rough surface scattering as a function

1Rigo"or], solution of the relevant statistical wave or diffusion equation

versus Monte Carlo methods.
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of frequency and angle fronr frog nuscle and liver tissues. However,

in general bistatic measurements are difficult to perform in the case

of scattering from tissue volumes or embedded surfaces because of inter-

ference by strong reflections fro¡n the outer surface. For inspection

applications of deep-1ying tissues in situ only monostatic volume

scattering measurements can normally be considered. Tiris entails some

Ioss of information but it should be remernbered that due to the absence

of polari zation effects, bistatic acoustic compressional wave scattering

measurements yield comparatively less information than do analogous

electromagnetic and optical measurements [Van De Hulst (1957) ] .

Nonetheless, it is clear that t.his aggravates the problem of measurement

ambiguities further. Depending on the nature of the application and of

the ambiguities, be it number, size and shape distribution and/or

composition of the scatterers, lh" backscatter measurements may have to

be supplementecl by aclditional information regarding the medium.

In some cases it may be possible to obtain this inforrnation

by other ultrasonic measurements, for example, absorption and velocity,

but just as often this proves impractical and some other means have

to be found.

r.1.2

Two principal lines of attack towards the solution of random

scattering problems are evident. The first of these is via the wave

equation for inhomogeneous media or the equivalent integral equation.

The inhomogeneous wave equation has the form

Scattering by Rando4 Me4lq

v2v(ì) *t2v(i) = q(i) (1.1.1)



wirere V(?) is the velocity potential an¿ q(T) represents the sources'

In regions of variable compressibility and/or density rvhich constitute

the inhomogeneites (bulk scatierers) in the mediurn, q(i) wiff differ

from zero giving rise to scattering of the incident waves.

Foreign boclies which sca.uter the sound (surface scatterers)

are usually more easily treated in terrns of an integral equation

... ,*. j kr- j ult
equivalent to (1.1.1). For an incident plane wave Vttr) = e' ,

one obtains fMorse and Ingard (1968) ]

.->. + - flf -!+ -! ->y(i) = vi(i).I,J'J'J,,, G(ílío) x(fo) Y(io) duo

J 'j

where G(ilio) is the Greents futtction, X(ïo) is the strength of the

inhonrogen eity, V(îo) is the loca1 velocity potential and ño is the

surface normal

f Jf, [*,*",,sP- G(it¡"r ryÍ*l d'o

Several approximation techniques (ibid.) have been developed

for evaluating either (i.1.1) or (1 .I.2). Anrong the best known is the

Born approximation technique obtained by substituting Vi(io) eor V(ìo)

in (I.L2) and then iterating to obtain the n-tuply scattered waves (n > 1)

The first order Born approxirrtation will be valid only to the

extent to which interaction of the scatterers including tself-ínteractionr

via the scattered field may be neglectecl. This implies that the scattered

field be much smaller than Y. (l).

The statistical pïoperties of the scattering may be found by

solving (1.1.1) or (1.I.2) for specified space-time statistics of the

(1.1.2)

1ocal

1ocal



scattering inhomogeneities. However, evaluation beyond the first Born

approximation is generally difficult, even in ihose few cases where

simple anaiytical statistical parameter distributions such as the

Gaussian distribution may be applicable. We sha1l use the Born approxi-

mation to evaluate scattering by a rough sheet in Chapter 2.

The alternate approach asslunes that the scattering results

fron equivalent discrete scatierers (in effect point-scatterers or

scattering centers) locateo randomly throughout ihe volume (or on the

surface) of the insonified ¡nedium. The scattering centers are essentíally

mathematical fictions but take on a certain physical reality when the

inpedance cliscontinuities are sufficiently sharply defined. Thus, air

bubbles with climensions less than the ultrasonic wavelength are rather

welI approximatecl by discrete scatterers. Larger scatterers may sometimes

be represented by an aggregate of scaitering centers physically

identifiable as the specular flare points, diffracting edges and points

of the scattering obstacle. The point-scaiterer approach is thus

conceptually closest to the geometrical theory of diffraction of

Kel1er (1953).

The stochastic nature of the scatterers may be taken into

account by clirect averaging over the scatterer statístical parameters

or by an equivalent very general procedure of averaging over the randon

configurations of the scatterers consistent with the statistical

information available. This method of statistical averaging was intro-

duced by Folcly (1945) to treat ,,th-o",1"t multiple scattering from

ranclom scatterers. When used in conjunction with the wave equation
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approach, this technique leads to the stochastic forms of the wave

equation (1.1.1) and (1.1.2).1

The point-scatterer theory has been greatly developed in the

field of underlvater acoustics within recent years by Faure (1964) '

ol,shevsl<ii (1g67) and Middleton (1967). The latter author, in particular,

has applied this method to sone veïy complex reverberation problems

fMiddleton (1972)].

What nakes the point-scatterer approach so attractive is the

ease with which various characteristics of tl're medium and the measurement

system can be introducecl. Thus, even if the impulse responses of the

point-scatterers are not initially specified making it inipossible to

calculate the actual backscatiel 1eve1, the scatterer model caJl stil1

be used lo analyze the influence of the measurement systern and nedium

parameters on the statistical parameters that characterize the resultant

scattering. with the impulse ïesponse specified, the point-scatterer

theory becomes a convenient vehicle for implernenting the analysis of the

pseudo-inverse scattering problem. I¡le sha11 mal<e use of the point-

scatterer theory in both of these contexts '

r.2

A brief review

muscle tissue outlining

l{esume

lD"aui1, of this proceclure and conclitions for the validity"of the method,

including urr "*u^*ination 
of the fundanental problein of ncn-order random

muliiple scattering--the lack of completeness, may be found in a pape" b{ 
-

Waterman and Truelî (fgOf); see also various papers by Twersky (1962, 1963) '

of

the

the structure and composition of skeletal

similarities and differences of mammalian
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ancl fish muscle is given at the beginning of chapter 2. The chapter,

holever, is devoted mainly to a tireoretical analysis of the scattering

cross-sec-uions of the various fish tissue inhomogeneities, although

sonìe experimental data is introduced to delimit and simplify the analysis '

Amajorpartofthechapterc]ealsivithscattelingbyroughsurfacesand

thin membranes. scattering by rougl-r interfaces of 1ow reflectivity

(normalizecl characteristic admittance near unity) ís analyzed using a

slightly modified form of the physical optics solution due to Beckmann

andspizzichino(1963).Theresultsarethenappliedtoaheuristic

tÏeatmentofscatteringbyarougirtlrinsheetandgenetalizedfor

narrow-beamwidth and short pulse incidence. At the end of the chapter

a working definition for the pulse backscatter coefficient is given

which serves as the principal basis for reporting of the experirnental

scattering results.

A conposite model of the tissue volume backscatter pÏocess

basecl on the Middleton-01'shevskii poini-scatterer theory is developed

inChapterS.ElementaryStat'isticalandsignalprocessingconcepts

are reviewed and expressions for the first and second moments are

derived, together with suitable first order corrections for the effects

of absorption and finite bandr'¡idth '

Thesignificanceofihepulsebandwidtlrintermsofthe

transmitter-receiver bandwidth, the effects of absorption, and the

resultant modificat.ions in the scattering and near-field distributíons

are examined in some detail. The latter is illustrated by a nurnber of

comparisons of experirnental near-field and transition region pulse

measurements with theoretical cw and lvideb and data. The use of these



measurements in the case of in situ Ineasurements is then considered

from a practical standpoint and various advantages and disadvantages

of such measurements are outlined.

Chapter 4 describes the experimental rnethods and instrumentation

used in the ;neasurements. Inrportant data is given on the beam and pulse

parameters, the reference calibrations and the various transducer and

instrument characteristics. The determination of the near- and far-field

equivalent insonified volumes is discusseci and the results are compared

with theory. Also described in this chapter are the different techniques

employecl to measure ultrasonic absorption and velocity and the methods

usecl to determine the various other tissue properties of interest.

In Chapter 5 the results of bachscatter measurements are

presentecl. The first section of tlìe chapter is devoted to an investi-

gation of the backscatter from a model medium of gelatin containing air

bubbles for the purpose of verifying the basic experimental approach and

the calibration of the setup. The results are compared with first order

scattering theory. The volume backscatter as a function of frequency

from the lateral muscles of whitefish and pickerel is then analyzed and

interpretecl in terms of the characteristics of the known inhomogeneities

considered in Chapter 2. Further evidence in the form of experimental

measurements on mocJel media of gelatin and oi1 bubbles and rneasurements

from excised pinbones and myosepta is given and compared with the results

of theoretical calculations.

The dependence of backscattering on the tissue composition,

the measurement conditions and the nature of the fish is investigated.

Other aspects examined are the problem of gas bubbles in the tissues

L.l
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and the stabílity of tlr.e resultant backscatter. Lastly, some results

of backscatter measurements on other species of fish and mamrnalian

(bovine) muscle are presented to round out the experimental investigation.

Chapter 6 summarizes the principal findings and conclusions.

A number of potential applications and possible extensions of the work

are outlíned.

material strictly of a review nature on reverberation process statistics

and statistical functions. Appen<iix C contains a detailecl treatmen-r of

the scattering of rectangular- and cosine-shaped pulses from a rough

surface for the case of a Gaussian beam.

The appendices, with the exception of Appendix C, contain

1.3

At the outset there always seems to arise the question as to

which units anci sign conventions to adopt. Unless the conventions are

clearly stated, the results can be very confusing because of the

mixture of standard mathematical, electrical and mechanical synrbols and

quantities commonly employed in the field of acoustics. Throughout

this thesis we will employ the following conventions and definitions:

(a) The pressure of an outward travelling wave is given by

Mathematical Conventions

where the time dependenc" "-jtt *i11 often be suppressed.

(b) The positive frequency phasor is negative and thus opposite

to accepted engineering usage. As a result, the mechanical reactances

have signs opposite to the arralogous electrical reactances.

Þ ++
-,Ì,. ^o ^j(k'r-ot)P(r,tj = n.- (1 .3. 1)
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(.c) Analytic or quasi-analytic signals lvill be expressed ín the

form V[t) = VoCt)"-jt'r"t. If the Fourier transform pairs are defined by

the equations

- i* ir¡ts(o) = rls(t)] = 
,J__ 

s(t)eJ*" dt

r*
s (r) = F-r [s (o) ] = + I s ¡,r¡ e- 

jot ¿o (r.3.2)
¿T )-*

the transforin of the analytic signal s(t) = so(t)"-jt'r"t becomes

The transforn of the derivative is given by

r[Å¡t)1 ; -jrso(o-ur")

rls(t)l = So(o - o.)

where the dot indicates differentiation rvith respect to time.

Alternatively, (1.3.4) nay be expressed in the inverse form as

r-1 [-jt:s(ur)] = -jo.s(t) * io[t)"-jt.,rtt

tr.J.óJ

(L.3.4)

(1 .3. s)



In order to be able to extract the maximum amount of useful

information from scattering data, it is important that one knows as

much as possible about the nature of the scatterers and the medium.

We will examine in this chapter the composition and structure of fish

muscle tissue and consider in some detail scattering by the different

tissue inhomogeneities. In the case of the latter, we will concentrate

on obtaining basic estimates of the backscatter magnitudes frorn the

scatterers, that is to say, free of any encumbrances resulting from

absorption by the tissues, non-ideal incident field characteristics

and various limitations and constraints associated with the experimental

setup. These latter aspects will be considered in Chapters 3 and 4.

lvith the exception of scattering fron certain niembranes (myosepta)

occurring in fish muscle, the analysis of tl're scatterers is

relatively straightforward.

SCATTERING FROM FISFI TISSUE INHOMOGENEITIES

CFIAPTER 2

I4

Unlike most of the other tissue scatterers, the myosepta

extend over the entire width of the incident ultrasonic beam and thus

require a more rigorous analysis. By treating the myosepta as rough

thin sheets, comparatively simple heuristic expressions for their

ClV reflectivities are derived in Section 2.3. Using Fourier transform

methods these expressions are then generalized in Section 2.4 for finite
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Gaussian beam ancl short pulse incidence. The discrete impulse scattereT

interpretation of the resultant pulse backscatier expressions leads to

a natural clefinition of the scattering strength in terns of the incident

pulse energy that is compatible rvith the use of short pulses. The

backscatter strength so defined is used as the principal basis of

reporting the experimental results '

l\Ie begin our analysis of fish tissue volume scattering with a

brief review of the nature of fish myomere'

2.7

Tire great majority of North American freshwater fishes can be

classified as either soft-rayed or spiny-rayed types. The two species

considered in this thesis are examples of these two types. whitefish

(coregonus clupeaformis) is a herring-1ike, soft-rayed species while

pickerel (stizostedion vitreum vitreun) is representative of the spiny-

rayed type. Although there are obvious external and internal differences'

fundamentally the anatomies of both types are the same. The most

signir'icant difference frorn our point of view lies in their cornposition'

specifically the fat content described in section 2.I.3. The effects of

this on the vorune scattering of ultrasound prove to be highly significant'

1

The Structur

1M,--,.1-, of the descriptive material in this section was taken from Vol' IIA
uy nrra"r in Flandbuch der Binnenfischerei Mritteleuropas, edited by

Denoll, Maier a I' edited bY

norgrrron (1961). Specific data for w]iîtefGñ-ãild piclterel, -except 
for

the data on ripía composition by Awad (1967), were obtained from measure-

ments performed bY the author.



2.I.I Arrangenent of the MYomere

perhaps the inost striking feature of fish skeletal muscle is

the segmentation of the muscles into layers, Fig. 2.I. The chevron-like

involution of ihe muscle layers or myomere, Fig,2.2, gives layers a cone-

shaped appearance in three climension. A cross-section of the body of a

whitefish (Coregonus clupeaformis) in the region between the dorsal fin

and the head is shown in Fig . 2.3. TLe distinctive patterns of the myomere

in a cross-section of fish (patterns vary in different parts of the body)

are characteristic of a species. Identical patterns may be found in other

species, particutatly mernbers of the same family. The individual myomere

are bounded by thin membïanes called myosepta. The thickness of the

myomere ancl myosepta varies depending on the species of fish, locatíon

within the body ancl age of the fish. The location of a series of fine

bones (pinbones) in the epaxial rnuscles shown in Fig, 2,3 should be noted.

The actual skeletal muscle consists of thread-like fibers or

muscle cells typically 75 to 200 pn in diameter. (When only a single ce1l

nucleus is present one speaks of a muscle ce1l in contrast to the muscle

fiber or myofiber which has many nuclei.) Except in the be1ly region of

the body, these cells run pgrallel jlo the bocly-axis. The length of an

inclividual fiber is thus greater than the thickness of the myomere segment.

The uryofibers are held in a matrix of collagenous components and elastin

fj-bril ca1led myocommata; the connective tissue coalesces to form the

myosepta, described in detail in Section 5.2.

L6

2.1.2

The differences between

apparent in the aggregation of the

ComÌ:arison of Mamnalian and Fish Myomere

fish nryomere and manmalian

myofibers. In mammalian

rnyomere

muscle,

are
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Fig. 2.2 View of individual
myotones in salnon

[reproduced from Greene

(lel3) l

Fig. 2.3 ltlhitefish cross-
section showing position
of pinbones

18

Fig. 2.4 ltlhitefish nyoseptum

section showing presence of
air bubbles;

nagnification 25x
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myofibers are joined together by connective tissue ce1Is to form bundles,

which in turn forn sti1l bigger bundles making up a given muscle. Thus,

the aggregate muscle fibers in rnammalian myolnere are longer than in the

case of fish. In mammalian myomere, the connective tissue corresponding

to t¡e myocommata is ca11ed the elrclomysium. The connective tissue

surror.¡nding a primary bundle, which consists of perhaps 40 fibers, is

referred to as the perimysium. The primary bundles which nay be conbined

into secondary and tertiary br:ndles are surror¡ndedby a thick sheath'of

connective tissue, the epirnysiun. The mammalian myomere contain a

proportionately greater amount of connective tissue (stroma). As a

result, one might expect that mamrnalian myomere ai run waVelengths would

appear less homogeneous than fish myomere assuming that corresponding

tissue components have similar acoustic impedances '

For comparison the brealcdown of the various protein fractions

ín beef and fish muscle is roughly as follows lDyer and Dingle (1961)l :

Fish
Proteins

Myofibrillar Proteins
(6s - 7s%)

Cytoplasmic Proteins
(20 - 30%)

lvlammalian
(Beef)

Proteins

Stroma Proteins
(2 - 3% in bony fishes - Osteichthyes)
iS - fft" in cartilage fishes - Chondrichthyes)

Actin
Myosin
Actomyosin
Tropomyosin

Myofibrillar Proteins
(so - ss%)

Cytoplasmic Proteins
(30 - ssu"1

Connective Tissue (Stroma) Proteins
(I0 - 20e")



2.I.3 Fai Content and Distribution

The amount of fat in the tissues varies greatly depending on the

species, the particular tissues and sites considered, available nutrients,

whether the fish migrates for spawning, seasonal and other environmental

parameters flJacquot (1961)]. In general, the soft-rayed species exhibit

a higlrer fat conient than niost spiny-rayed, fish. It should be cautioned,

however, that the range of fat content in the sofi-rayed species can and

does vary from negligible fat, i.e. <0.5eo, to a rather remarl<able 60eo in

siscowets (cristivomeï namaycush siscowet), a sub-species of lake trout;

variations of 15% within the same species are not uncotilnon. Some typical

values for whitefish and pickerel are given in Table 2.1.

TABLE 2.1

20

Whitefish (Fat >5.gø"1 þ)

Whitefish (Med . 1 .5 -5 .0e")

Whitefish (Lean <1.5%)

Pickerel (<0.7'")

pat pish(c)

Medium Fat Fish

Lean Fish

Fish

COMPOSITION OF FISFI }4TJSCLE

Water

o..o

(a) Glycogen may range uP to 0 ' 85%

(b) Average values observed in our experiments ' see Sec ' 4 '6

(c) Jacquot (1961)

(d) Two samples only (six replicates)

Protein

o,

75 .5

1'1 1

81.1

81.0

68 .6

77 .2

81.8

15.7

L7.9

76.6

i6.B
20

19

16.4

Lipid

o-.o

7 .6G)
3.3

1.1

0.6

l0
2.5

0.5

CarbohYdrates
and Ash

o,.o

T,2

r.4
r.3
r.3
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Awad (1967) found that in fresh whitefish myomere containing

5.8% lipid, 2I% was in the form of phospholipid,

and tire rernainder was

cholesierol (I.4e") .

intracellularly in the form of liposomes in the fibers. Depending on

species, migration period, etc., a smal1 proportion of the other lipids

may also be found intracellularly dispersed fGreene (1913) ] . In lean

ancl medium-fat fish the liposomes are seldom more fJnan 2 ¡rm in diameter.

Our interest will be centered on the great trunk or lateral

muscle of the fish, Fig. 2,I. The trunk muscle contains two dístinct

types of rnuscle, a superficial thinner portion of red muscle and a larger

in the form of free fatty

Most of the phospholipid would normally be located

deeper mass of white

much adipose tissue.

a very great amorxlt

73% was triglycerides

acids (+.6u"7 and

cross-section shown in Fig,2.3. The white muscle making up the bulk of

the lateral muscle is normally not nearly as fat; values of.2 - 69o lTa

typical of the white muscle in whitefish, although values in excess of L0%

are occasionally encountered. Greene (1913), in describing the storage

of fat in the muscular tissue of King salmon (Oncorhynchus tschawytscha),

muscle separated by connective tissue containing

The thin red muscle layer, which norrnally contains

of fat in fatty species, is visible i'n the whitefish

a soft-rayed species like whitefish, stated:

The fats of the pink (latera1) muscle are distributed in the
connective tissue between the rnuscle fibers--i.e. they are
intermuscular. The pink muscfe carries a relatively large
amount of connective tissue which supports the muscle fibers
and the blood vessels, and this connective tissue has a high
percentage of aclipose tissue. In it are found enoTrìous numbers
òf fot dioplets, which vary within a wide range of size. The

smallest dioplets are often not more than 1 or 2 Um in diameter,
but there aïe numerous fat globules of this region that are as

much as 100 Um in diameter.
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The above salmon myomere described by Greene contained 10.5eo 1ipid.

Our own observations suggest that a similar description is applicable

to the whitefish lateral muscle, although on the average the diarneters

of the droplets are smaller reflecting the lot^¡er fat content.

))

Although the muscle cells will not give rise to large discrete

echoes [scattering from them rnay contribute significantly to the total

absorption, Pauly and Schwan (1971)], there are several other larger

inhomogeneities that on occasion may give rise to observable echoes. In

estimating the relative importance of each of these, we have to examine

their structures and ultrasonic properties in more detail.

The objective of this and the nex-r section is to derive

theoretical esiimates of the relative and absolute scatterj-ng strengths

of the different tissue inhomogeneities 1ike1y to be found in myomere.

Scattering Cross-sections of Tissue Inhomogeneities

The emphasis will be on whitefish muscle.

Initially, we shall emPloY the

defined as [Crispin and Siegei (]968) l

lvhere r is the distance from the point of observation to the origin of

a coordinate systern centered at the scattering body, I til is the velocity

potential (or pressure) magnitude of the incident monochromatic (CW)

plane wave, and ltrl is the magnitude of the scaitered wave velocity

potential (pressure). This definition rvill be extended ín Section 2,4

to cover the case of an incident pu1se.

Limit 2 lorl2
r _) @ 41fr 

lql

backscatter cross-section (BCS)

(2.2.r)



2.2.7

A series of fine bones known as pinbones are found in the

epaxial muscles of nany species. In pickerel or walleye these bones lie

almost in the nedian plane of the fish and they can generally be avoided.

0n the other hand, in whitefish the pinbones project upwards and outwards

mahi-ng it difficult to avoid interception by the ultrasonic beam. The

bones will thus give rise to a smal1 arnount of backscatter that nay be

significant at lower freciuencies.

Pinbone Backscatter Cross-section

Long Wavelength BCS Approximation

At longer wavelengths the pinbones can be represented as

segments of thin truncated cylinclers rvith their effective lengths

determined by the inciclent beamwidth, pulse length and incidence ang1e.

The pinbone curvature over this length may be neglected and the

geometrical cross:section may be approximated by a circular area of

radius 6¡ = 1ffiÇr , where ar and br are the major and minor dimensions

of the area, respectively. With these approximatiens introduced, an

acoustic BCS may be simply derived by analogy with Churs formula for

the thin conducting wire fCrispin and Maffett (196S)], i,e.

23

_2,. .4 66 = ,lTL (klaj sLn 01

I tou- t'

lzq^* çt<ra sinor) 2 
[r,n(].¡tra sinor) - in/2]

-t2sln(.1(11, cos0rJ 
I

krL cosO,
L>>

,2
Pz - Ptl
p2 + prl

(2.2.2)
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2 .2where q^ = Y ry'a 
o fl sin" o,

e, is -uhe angle between the bone and the direction of incidence, a is
I

the ec¡uivalent radius, ! = 1'781 is the Euler constant' k = 2r/x'
)

p is the density, c is the velocity and pc' is the reciprocal of the

compressibility. The subscripts 1 and 2 denote the medium and bone

)
parameters, respectively. For p' orci = 0, (2'2'2) becomes identical

to Churs formula with the incident E-field directed along the wire'

Short Wavelen.qth BCS Approxilatign

At short wavelengths the physical op"tics

finite elliptic cylincler is useful ' The solution

cylinder fCrispin and Siegel (1968)] is

t u2b2L2 tina ln I 
2 

[ sin (kL 99! u)'ì '
o - tl l-

[(a cos4)'* (b sinq)of"'" I kL cose J

where 2a and 2b ate the respective niajor and minor axes, q is the

azimuthal angle and the other paranetels aÏe as before. Eq, (2'2'3) is

not applicable if the curvature of the pinbones is such that the

relative phase shift over tl'Ie effective length L at normal incidence

exceeds n/4. This requiremenl; may be expressed in terms of the radius

of curvature (R.) as L < ry

solution for the

for the elliptic

Since the bones are not completely rigid
,12

opaque, (2.2.3) is multiplied by a factor lRl-, the

(absolute) reflection coefficient given by

sinO - ß1( - slne;T
where ß is the normalizecl admittance p fJa2'Z'

kb >> 1 a>b (2.2.3)

but are essentiallY

square of the

(2.2.4)
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Depending on the species, condition and ha:rdling of a fish,

varíous other types of bouncled scatteïing inhomogeneities (anc1 combinations

of them) may be present; they include gas bubbles, oil globules and tissue

fluid inclusions.

Gas Bubble and Liquid Inclusion Cross-sections

Long Wavelength BCS Approximations

Treating these inhomogeneities as snal1 spherical scatterers,

a formula for the backscatter cïoss-section may be derived from a series

development of the exact solution for the non-rigid sphere. The

resultant formula differs slightly from -uhe one based on the Rayleigh

approximation lRayleigh (1896) I . The first order approximation of the

solution is

25

-A(kra) 3
T ^2 ^^2I Pz'z - P1'1

t

l3o"cZ - o.,cl (kru)- (1 + jkrt)
L¿¿-rJ.

9z - ar

where A is

potential,

respect to

in (2.2.2)

2p2 * Qr

cos 0

the incident wave amplitude, a, tt the scattered

a ís the sphere radius, 0 is the scattered wave

the positíve z-axis and the media parameters are

[' #,'] 
]

ik.r
e' l-

k-r '
L

k1u

k1t

<<1

>>1

(2 .2.s)

wave velocity

direction with

as before



using Q-2.5) ancl Q-2-1) the BCS [0 = 0) for the sphere becomes

)L
4na" (k,a) '

In the case of an air bubble Orcl

2.-,2_')
p r.í (ka) " >> 3o rcl, (2 .2 .6) reduces -uo

22
Q-c..- Prc,

L¿-Ll-

trr.L - oi.í(kra)-(1 * jkr.)

a
IL

Pz - Ptl

Zpz * ptl

values o-r. (2.2,7) together with the exact cw values for a

pressure release (Dirichlet) sphere taken from Flickling's (1962) paper

are plotted in Fig. 2,5. In comparison rvith the rigid sphere the

ïesonance region contains very litt1e ripple thus indicating strong

attenuation of the creeping waves--a well-known fact.

The simpler Rayleigh BCS formula which neglects the factor

or.1 (1 + jkra) ¡tra)2 in (2.2.6) may be employed for fluid [water)

inclusions (ka << 1). For lipid gJ-obules, however, depending on the

value of ka, the full expression (2.2,6) must generally be used as

,r.3.t rf1. The computed BCS values for lipid bubbles are shown in

Fig. 2,5 and are seen to be several orders of magnitude smaller than

for air bubbles of comparable size'

26

ka<1

)
4Ta

-:_.4I + [kaj

2
Q z'z'

(2.2.6)

If, moreover,

ka<<1
(2.2.7)
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Resonant Gas Bubbles

For the denominator of the first (monopole) term in (2.2.5)

io rend to zero requires that (1ru)2 = 3A2ctr/prrl o", alternatívely,
c) ç30114 

-.-.,. 
---ri¿.

^ = t I "l which is l<nown as the gas bubble resonance condition.
o a {.pf /

The scattered wave causes damping of the resonance as is indicated by

(2.2.5). In practice there are also viscosity and other losses.

For this reason, it is normally necessary to replace the jka term in

tlre clenominator of. (2,2.5) by a more general damping factor, -jô(r,r)'

The scattered wave potential (2.2.5) may be rewritten in the useful

form fMorse and Fesirbach (i953), Chapter 11]

The BCS corresponding to (2.2,8) is given by

4r^2o=-
[1 - (uro/ur)-]- + ô-(r)

dn

-

(urolur)" - t - jô(o)

2B

)
wirich at resonance takes on the maximum value of o = x- /tr if the only

loss is due to radia'uion, i.e. ô = ka.

For very small bubbles the resonance condition must be

moclified to take the effects of surface tensíon into account. The

excess pÏessuïe due to surface tension ís given by Psr = 2T/a, where

T is the surface tension. The ïesonance condition for an air bubble

in the fish tissue is modified to

ikrrA- \

tã

1
(¡!-

o
a

(2.2.8)

r5\P r¡4I Otl-ll.p )

(2.2.e)

(2.2.L0)
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where y is ttr-e ratio of the specific heats of the gas, Po is the

atnospheric pressure and r = 1 + (2T/aPo) is a function of the buhble

raclius. The effective surface tension in the tissue may differ

somewhat fron the value in water rvhich is 73 dynes/cm'

A general formula ivhich also incorporates thermal conductivity

correction is given by Dunn and Fry (1961). Tirey give the corresponding

total cross-section defined later in (5.1.4) as

QB

L^uv-
1

;

where b = b. + b + b is the totat loss factor with
trv

3YPo 
2---T- + (¡P 

1

(m;T-,,22l- l, p., - "'olL + D û)

l+na I ^^2 llI t ea J)

b* = thermal dissipation pararneter--generally negligible

b = racliation damning parameter = 
or'=1" 

= 
notlt

- T - @r¡r'urrr6 y@^ ø¡¡rv wv¡ 
4re, 

_ 
^2b = viscous dissipa-uion parameter = n/¡as

)'l 1

e=t.Fct-:-n)
o

e = [1 + d (i + d)], rvith d =

PoP zco\4q = l--------l-l" i.2K)
K = thermal conductivitY

h="(/e;1<hcy

C = heat capacity at constant pressure
p

T = surface tension

Comparing the dissipation parameters br and

radii in a moderately viscous fluid) we note that the

n = viscosity of the tissue medium

(2.2.rr)

3(v - 1)
a^^L>d

b for sma1l bubble

viscous loss rvi11



become dominant as the frequency is decreased. Eq. (2.2.I7) is valid

for]<al<l,butisnotvalidforka>lclueto,cheappearanceof

lrigher order radiation modes. Solvin g (2.2.I0) yields a resonarlt bubble

raclius of 3' 2 pm a-ç 1'1 Nßlz (p = 1'05 gm/cm5 "ld 
ka = r'4 " to-2¡ '

Assurning viscosities in the rar-rge of 10 - 702 poise for the tissue and

0.5 poise for tl're iipid, the viscous damping at I.1 tr4Flz would be rnuch

too large to give rise to ally appreciable resonance scattering from

bubbles suspencled in these n,edia. For a resonant gas bubble suspended

in a larger fluid (water) bubble, e.B. in thawed fish, n is olro-21.

using (2'2'g) and' (2'2'rr) with 4n/(ot'u21 = 0'06 and taking the combined

damping constant as 6 = 0.1, the BCS of the resonant gas bubble (o""r)

is 2 x to-Zx2/n or 1.s, Io-2 mm2. The additional viscous damping thus

reduces or", bI a factor of 50 from the maximum value (n = 0).

The resonance Q ,-2n 
bSndwidth, for ô = 0.1 is approximately 10,
,o

which at 1.1 l.frlz is equivalent to a bandwidth of 110 Ktlz' Since the

banciiqidth of the incident 1.1 lßiz pulse is 290 KHz, it should be possible

to detect the presence of resonance scattering by the resultant narrowing

of the scattered Pulse sPectrum.

The stability of bubbles of this size is somewhat problematical.

Even if the tissues of the fish are saturated with gas, the bubbles would

probably shrink fairly quickly by gas cliffusion across the bubble wal1

clue to their excess pTessure. Fiolever, unlilce the situation in pure

wate1, the bubbles a1e surïouncled by a nore complex medium, and as a result

some of the bubbles, e.g. those lying next to myosepta, might have longer

life spans. The nature of the lrubble skin anci Lîat of the surrounding

nedium wi11, of course, affect the resonance frequency'

30



Short Wavelength BCS ApÞfoii

It is nore difficult to establish the exact shapes of the large

bubbles in situ. Although it may be an artefact, there appears to be

a tendency for the air bubbles in fresh fish to form on and within the

myosepta. As a result the majority of these bubbles appear ellipsoidal

in shape with one axis inuch snaller than the oiher two (Fig' 2'4)'

since in most cases the other two axes are equal or nearly equal, the

bubblescanbeapproximatedbyoblatespheroids.Inthecaseofthe

intermuscular lipid 91obules, however, the fiber connective tissue

constraints aay force the larger droplets to assume prolate spheroidal

rather than oblate spheroidal shapes '

Physicalopticscross.sectionshavebeenderivedforthe

variousquaclricsurfaces.Flowever,ingeneralrwewillrequirethe

t> )1 as the scatterers are randomly oriented' with the

possible exception of the air bubbles. Although (o) is often simpler

in form than the original aspect dependent BCS, obtaining a rigorous

average can be a forniclable task. On the other hand, the average of the

frequency independent geometrical cross-section (which constitutes the

leacling term of the physical optics solution when expressed in terms of

an asynptoiic power series) can be readily obtained with the help of

tlre following theorem: The average geornetrical cross-section of a \atge

inpenetrable,.convex body with random orientation is one fourth of its

surfaceaTea.Asimpleproofofthistvell-knowntheoremisgivenby

Van De Flulst (1957).

3T

lsee clefinition in (2.2.I5)
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Icleally,forthegeometricalBCstoprovideareasorrably

accuïate measure of the actual BCS, the ratio D/À. (largest dirnension

of the bocly in wavelengths) shoulcl be at least three and preferably

much greater. Nonetheless, if creeping waves are not dorninant, the

average geometrical BCS (o) will often yield a faLrly accurate

estimate of the actual average value for D/À as 1ow as 0.3. The

leason for this is that the higher order terms in the expression for

thephysicalopticscross-sectionwillbelargelyaveragedoutasa

resultofaveragingovertheaspectangleandthesizedistribution

of the scatterers in the mediurn fvan De Llulst (1957), Chapter 11; also

Kerker (1969), Chapter 7]. Tnis averaging occuTs in addition to the

inherentaveragingínthespecularpulsereturnstemmingfrornthe

finite pulse bandwidth.

The geometrical
,r? ,r,2 r¡2

ll .Lil.[.åJ =1is

where 0 and $ are the coordinate angles in the standard spherical

coordinaie system ancl a > b > c. The oblate spheroid is defined by

setting a = b, rvirile for the pÏolate spheroid it is desirable to

reciefine the major axis as c (to naintain the z.axis as the sylffnetry

axis) andseta=bcc.

using the relation (o) = r/4 s' where S is the surface

area of the convex scatterer, we obtain for the oblate spheroid

222nabc-/
- 2 ¿_ ¿, ,¿ . L^ . L,

[a'sin'Ocos-þ + b-sín-Osin-þ + c cos 0l

BCS of an ellipsoid defined by the equation

lCrispin and Siegel (1968) l

(2.2.L2)



t n 1' i - -^,1 ^r.:-^-t ^- +lra I '

wlìere e = (u" -.t)"/u. llllith the major axis redefined as the c-axis

(2.2.I3) i-s also applicable to the prolate spheroid'] For e = 0'

(2.2.13) reduces to the BCS of the sphere' For e = 1' the case of a

disc of radius a, (2.2.13) cannot be expected to hold as the theorern

is inapplicalrle. Nevertheless, (2,2.L3) does yield the correct cross-

section in the lin¡it as À -+ 0 '

The BCS of the perfectly reflecting clisc is given by

<"à
f ¡ .irl-IulI/2 Fr' 

* rac -fj

wlrere u = Zl<a sinô and ô is the angle of inciclence with

disc normal.

33

12?
na lKaJ cos ô

(2.2.r3)

The average cross-section (o)

where Q is the solid angJ.e '

for the disc, we find

-^)
lz.i, 

(u) l-l-lLU J

(o) 1=- 4n

îhe effect of tlie .o126

In the limit as ka + -,

I otn) do
)ç

(or)

(2.2.14)

respect to the

is defined as

Evaluating the integral to obtain (or)

)
'lt d
-'2 L

L

2J 
r(4t<a)

factor in (2.2.14) being negligible for large ka'

(2 .2.16) becomes identical to (2 '2 'I3) since c = 0 '

4ka

(2.2.1s)

(2.2.L6)



2.3 Scattering from the l4yosepta

The aim of this section will be to derive an estimate of the

nature ancl magnitude of tile bacl<scatter from the myosepta. The thickness

of the rnembranes being quite sma1l, we will employ the Born approxination

to obtain a first order approxima-uion of the solution by superposing

the fielcis from the tivo sides of the membrane. For this purpose we will

utilize a physical optics solutíon for a rough surface of non-unifornt

aclmittance that we will clerive based in part on the fornulation of the

rough surface problem by Beckmann and spizzichino (1963). lVe rvi1l begin

our analysis by considering geometrical reflection from a smooth

transparent thin sheet. This will provide us with a basis for superposing

the physical oPtics solutions.

2.3.r

A schenatic representation of reflection and transmission by

a transparent smooth thin sheet is si<etched in Fig. 2,6, An incident

plane wave of unit amplitude rvi1l give rise to a reflected wave (R),

a transmittecl ivave (Ti) and various higher order reflected and transmitt'ed

waves which may be simply expressed as

34

Specular Reflection by a Ttel¡put"tt S*ootffi

For lnl << 1, we have from (2.3.1)

T

T

Assuming a Plane wave

angle ô. with resPect

I n-l
(1 - R') (-R)'^ ' ,

(-1)'-1 ln l"-i

of pressure p, ¡-i; =

to the z-axis (Fig.

--1aalL - Lt 1t ¿.

(2.3.2)

J

p eJ 
Ki't i, incident at arr

o

2.6) on an infinite Plane

(2.3.r)



Fig. 2 .6

Tt

Reflections from a thin
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Pt" 
t

Pz"z

transparent sheet.

I -*--'-OI 
---'\ \,

2o_ei

Fig. 2.7 Coordinate system for scattering fron

€ rtx,Y

a rough thín sheet.



surface of admittance

becomes

R

or alternatively

8o = pfr/pzcz,

cos ô

where 6, is the transmission angle as shown in Fig . 2,6 and

assume that (cr/cr) > lsin6l l . Eq. (2.3.4) is the acoustic

the well-known Fresnel relations of electromagnetic theory.

t)-r)ro
cosô. + ß cosô.

10t

the reflection coefficient R

cos6. - ß1 'O

cos ô

For a plane sheet of average thickness .Q, the reflection

coefficient R, from the upper surface z = 0 is given by (2.3.3).

Similarly the reflection coefficient at the loler plane z = '9, is

given by

cosô. + g
:to

l1 ç.r/ cr)2

li
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(cr/cr)

sln
17,'ur]'

sin

If rve consider

reflected lvaves

ôil

(2.3.3)

Rz

ß cosô - cos6.'o t 1

only the incident plane wave

(Fig. 2.6), the field at the

Po (1 + R, * R, ej 
2a2L)

(2.3.4)

where we will

analogue of

In essence this is equivalent to the Born approximation which

usecl inclirectly. The phase Õ of the reflecied wave frorn the

surface relative to the incident wave is given by

B cosô + cos6.'o t 1 (2.3.s)

and the two fírst order

upper surface becomes

(2. 3.6)

is hence

lower



, i2a-9. h -'1 -\ ia.tg,
Ro, = Rt * R, eJ"o2o = -i, 

L#m] 
(sinor.e,) er *¿" (2.3.8)

ß cos ô.
where ,n ='o 

-- t 
.

cos6.

Summing the higher order reflections (transmission factors " 1)

j 0 = j2arr"

Digressing for a moment ive see that

= j2krl, cosô

Ithen the higher order terms are included the reflection coefficient for

a plane (fluid) layer of thickness .0 becomes

"ia2L fr - "i2a29' 
* "i|ozL...l = =--] ^2 cosart,

Rn = -j [+;fl tanare'

andform=1- e, Itl <<1

37

(2.3.7)

The exact solution of the layer boundary value problem fBrekhovskikh (1960) ]

i_I5

cosô. + ßo cosôt * jZ cotart"

We obtain for m = 1 - e, Irl << 1 ancl ur|, < r/4

RO, = -jÞ^etanart,

RU r - j%etanurl,

t( -

cosô. - ßo cosôa

(2.s .e)

(2.3.10. a)

(2 .3 .10 . b)

(2.3 .Lr)



rvhich is the previous result in (2 .3 . i0. a) . We note thai under these

conditions the layer beiraves lil<e a short-circuited transmission line.

For the scattered intensity where we are interested in lOl2,

we obtain either from (2.3.11) or from the first order result (2.3.8)

6ur simple model would thus seem to provide a satisfactory approximation

for Irl << 1, (oz[) < r/4 and (cr/cr) > lsin61l.

lon l'

2.3.2

22sln 02,[

The Kircl'roff solution for a plane wave incident on a perfectly

reflecting rough surface is derivect in detail by Beckmann and Spizzichino

(1965). Proceeding from Beckmannrs initial formulation of the probleni

we will generalize the analysis to include the case of finíte ¡ron-uniform

surface admittance.

We represent the myosepta membranes as a thin plane sheet of

average normalized aclniittance ß = QI"I/rZ where z, is the specific

acoustic impedance of the myosepta. The sheet j-s rough on both sides and

is orientecl with respect to the coordinate system in the manner shown

in Fig . 2.7. The actual reflecting surfaces S, and S, are described by

tlre functions z = Er(x,I) and z = Er(x,Y)-.Q,, where E, and E, are randorn

variables with zero means. Initially we consider scattering onl-y by the

Kirchoff Solution for a Rough Surface of Non-uni{oqU-44qil!¡lg9

I'l << 1

3B

(2.3.72)

top surface, i. e . we let t" -> -@.

Referring to Fig . 2.7, let us assume a monochromatic spherical

rvave given by

n1d,'r) Po!, (o) eJ"r t].
----;-

r.
].

(2.3.L3)



is incident on the surface; Po denotes the amplitude, {,(0) is a

far-field beam function and r. is the distance from the source

Ipoint Q on S.' The scaitered field pr(r,o) at a point P may be

by evaluating the l]elmlioltz integral fBaker and Copson (i950)]

surface S given for e-j't time dependence by

.+
where p = p(ío,r) is the pressure at point Q on the surface

local normal on S pointing in the positive direction and G

is the Greents function

n= (l,o) _ Ul"- -J,), 
L"

ap -o39..l ¿,ân'Anl
o()J

where r is the

Assuming that

approximations

39

G(,) (i lÈo)

disiance of the observation

Ii,I ancl liI
may be introduced

toa

obtained

over -uhe

and

p,. (ìi

ikre-

, r¡)

4trr

where r. and r are the respective distances of the-io- - so
j

observation point fron the origini ki, k, are the wave

incident and scattered rvaves, respectively, and lftl =

ikr. ^ .àãr -Io rKi.fO
P úfe) J- sJ'o'- ' T.

10

(2.3.L4)

G. (i lìo)

->
,il^

U

=Ç
û)

(2.3.rs)

point P from the point Q.

Fraunhofer or far-field

is the

(ilio)

" 

j l<rro 

"_ 

j-È= .To

4ntro

I
'Beckmann (ibid.) assumes homogeneous plane wave incidence.

r. >> r
ao (2.3.76)

>>r

source and

vectors of the

lk I = 2r/),.I sl

(2.3.L7)



Next it is assumed that the values of p and âp/ðno at any

poini on the surface may be represented by the field that rvould be

present on the tangerìt plane at that point, provided the local radius

of curvature is llot too small in comparison rvith the wavelength.

This key assump-uion is usttally referred to as the physical opiics

approximation. The boundary conditions may then be expressed as

rvhere

âpl
ôrt Iol

'S

pl,

R is the re

Substit

- tr,(¡J ! J
5

+->
1 =xa +o ox

+-k isth
S

Ris

(1 +R)p.

Ps(1,0) ' j

-c
I

u

P

e

Vp

lection

ting (2

^ik (rIo_.
4n

va+'o y

recoil

where

' 1:Ll = i(.'t-

40

n.fl - Rltl-'

co

3.

o'

eff

16-

ïso

r
SO

^,YU

cto

io

I.
1

i

1

)

(J

r

cien

s)i

if,
.->)^,
' lvit

+

o

-+ -)k.' n10

L.

nto (2.3.I4) one obtains

and hence

"2 2 2 2 .2,k-v*='J+u=(ls1n' 'x 'y

and

r-l=k'x
u=k'v
u=-k

E (x

VE

.+ -)
.],(io) (Ri - il' ilo eJ!'ro ds

(2 .3 . 18)

(2.3,20)

and ã is the unit vector along lo;

h components

(sinô. cosO. - sinôrcos0s)

(sinô. sinP. - sinôrsinç )

(cosô. ." sosôr)

(2.3.7e)

?

].

')
s].n Ò

J++
ú = k. + k

1S

- 2 sin6,
S1

sin6, cos (Þ-0. ) l

(2 .3 .2L)

(2.3.22)

(2.3.23)



Tne decreasing value of r¡(io) avay from the origin rvi1l assure

convergence of the integtal by effectively limiting the insonified

surface area. In the limit of homogeneous plane wave incidence

l,l,(io) = i witlì ¡n"trll remaining constant t, tio + -], apart from the

use of slightly different symbols , (2.3.20) becomes identical to

Eq. (18a), Sec. 3.1, Beckmann and Spizzichino (1965) '

Partly to sidestep ihe difficulties introduced by assuming

plane wave incidence, Beckmann normalizes his solution with respect

to the specularly reflected wave from a perfectly reflecting snooth

plane of the same dimensions, for the same angle of incidence and

clistance. I-ie clefines the resultant quaiìtity as the scattering coefficient

Analogously, we will define an acoustic scattering coefficient I as

where p, it the specularly reflected wave from the equivalent perfectly

smootir pressure release Plane.

4T

Except for the case of a smooth surface and/or perfect

reflectance, the integral (2.3.20) is difficult to evaluate in most

cases because of the dependence of R on ô. . However, if R can be

I_
n, (-i,r'r)

renclered effectively constant, e.g. by ensemble averaging, the integration

may be performed. Provicled certain conclitions aÏe met (chapters 4'4

and 5.4, ibid.) such a proceclure is jus-uified, ild the resultant ensemble

averagecl coefficient can tiren be expressed as

-D^r (2.3.24)

(r)r = <R> <f> (2.3.2s)



ancl the intensity scattering coefficieni (ttn), as

a

where <R> = R(ôi), çRn*) = In{Or) l' and the subscript f denotes the

finite non-zero admittance of the surface. A rnore rigorous treatment

leading to essentially the same results is given in a paper by Kuo (1964) '

The angle of inciclence 6. shoulcl be near normal if (2.3.25) and

(2.3.26) are to be valid for ßo = o(t) ' rn the case of the myosepta

this conclition is not rnet; hence , fluctuations in adlnittance either

intrinsically or due to variations in the loca1 angle of incidence may

affect the character of the scattering. üle will generalíze our analysis

to take this into account.

The problem of scattering by a surface of non-uniform impedance

was treated theoretically by l{eaps (1956), while the problem of admittance

variations due to the loca1 angle of incidence was considered by

parkins (1967). Parkinsr evaluation, however, is restricted to the

'))
case of ,1.<e') >> 1. A number of essentíal7y exaci solutions have

also been obtained for certain specialtzed surface geometries,

e.g. Twersky (1950, 1951).

Although intrinsic aclmittance fluctuations are not 1ikely

io be encountered in the case of tire myosepta, for the sake of generality

we will initially assume that, in addition to roughness, the surface

has a finite, noil-zero, non-uniform admittance ß. lVe will assume that

the follorving condiiions apply to the intrinsic variations in ß:

(lr*¡, ca <RR> <rr*>

42

(2.3.26)
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i) I does not vary significantly over a distance less than

a wavetengthl

ii) l¡el

Subject to these consiraints the tangent plane approximation and the

boinrdary conditions on p. given by (2.3.18) and (2.3.79) may be retained.

Assuming tfrat r1,[io) is siowly varying compared to the phase,

we may move it outside the integral of (2.3.20), i.e.

where

+
Þ^ tr,r¡J =

((j P- I I (Rü - il' ñ^ "ru'ro d,, s JJs o

The norinal

S, 4nT. f'10so

j1<(r. +*- -l
Po ìli (ôi,0i,o) eJ"\a10'rso'i

no is given by

and hence

-,n=
(J

v(z - 6)
l=;-.._-llvlz - l)

where frr=

az - lô*oj ax - lðyoj uy

ffi- [dxo ) \dy o)

'"ron (2 .3.4) we have

v (z - r,) a:rd dA = dxodlo.

It will be convenient to express

nds
o

(2.3.27)

= át dA

l|1le rvil1 show that, if the correlation dista¡Tce of the admittance
fluctuations is rnuch smaller than the rvavelength, the resultant
Rayleigh scattering ivil1 be negligible in comparison to the overall
tissue volume scattering.

(2.3,28)

R.-
L)1,

1 - m.
:-9_

1+m.
Ly.

R in terms of the pararneter m;

(2.3.2s)

(2 .3.30)

(2.3.37)



where
')??,

*i,¿ = B (sec'ôiu - @r/ cr)' ian" uiu) '

Ri, *i ancl 6. are given the subscript 1' to emphastze their

dependence. Setting *i.Q, = *i * A*iL, we obtain after some

of. (2.3.3I) and neglecting second order quantities

= ft. - ¡1 + R.)2
1 - 1-

1-m.
where R. = ----.---:t By one of

l" I + m.

turns out to have a relativelY

ß = ßo + Aß = ßo - (ßo/0, LO,

R. -R.
Ly, 1

2Am.
Ly,

¡r . -Uz

nA2
Am. ^ = -m.Ly. L p2

. -2
inmrn)

* -::----:2
¡r + mrJ

Àm.
Ly.
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For convenience we will assume that c, is constant so that

variation in ß is due solely to fluctuations o¡ a2. with

cation (2.3.34) reduces to

those for:tr:nate coincidences,

sinple derivative--namelY with

+ ßu/c, Lcr)

(2.3.32)

2-2
[-..|,9 b .u,.,'u.l
I t L"r,J 

*i ']

loca1

manipulations

A*ig .. (t + mr)

Am'^ s
Ly,

s+
rvhere ú' = nr

xy

^ßi ^ßo 
mi/go.

into (2.3.27) we

Lt2 
_

"z

(2.3.33)

(2.3.32)

l,-12Ll"
))
-r ß S1nÒ.I'O l-I 

-_---I m, cosJô,
Jr¡

ä_, È*.... = È, - (kizà) ' 9" =z' lxy i
Substituting (2.3.29) , (2.3.30) ,

get

¡ (ôi) 
r,

(2.3.34)

intrinsic

sinrplifi-

the

this

a
f \¿tc_ I

l-Ll andlc- t\ 1./

(2.3.33)

(2.3.3s)

and (2.3.35)



tühere

p, (i,r) = nrtt'(T,t)

nr(r) {T,r) = jP,

njtt) (i,,)

njttt) (1,,)

ff^ ,*,

nr(tt) (T,')

= -j!(t+Rr)' o,

with ü*, = i - uràri î*, uto io*y *i11 be similarly defined' p(t)
S

includes the specularly reflected wave and essentially corresponds

Becl<mann's solution subject to the approximation of (R) ¡y Ri'

-+ ->
u-v)

= -iQ.

->

I
))n
o2
¡.)

U

m.
1

" 

j u'to .rA

--)
L^ß. uz+^ß. u

P- ((5 ll3^ lìcos Ò- | |r jJn

nÍttt) (i,,)

¡r*Rr) 
2

The first term of nltt) (i,r) represents scattering resulting

primarily from intrinsic admittance variations, although the roughness

factor JVTE does appear in the integrand. If we were to set g = 0,

the first term becornes virtually identical to the result obtained by

Fleaps (1956) for the Fraunhofer approximation (Eq. 22 in his paper);

the two coincide in the backscatter direction.

Unlike Heapst solution, the first term of njtt) (i,') is not

reciprocal in ô. and ðr. Although only the complete solution as

represented by (2.3.27) is required to be reciprocal, there would appear

to be the same difficulty in tirat (2.3.27) is reciprocal only to the

extetÌt that R= is symmetrical or constant. Tnis shortcoming is a
1

consequence of the tangent plane approximation. Hot^¡ever, in the case

of tl're myosepta where boih ßo and cr/c, are near unity, R' will be

relatively sma1l and roughly constant over a significant Tange of ôt'

In practice, therefore, differences in the results for ô, I ô. will

be quite smal1.
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The second term o, nrttt'(Ì,r) represents an interaction

correction resulting from the intrínsic fluciuations in $ and the

roughness. The third component nr(ttt)(i,r) arises from the fluctuations

of the adnittance due to variations in the local angle of incidence.

Coherent Scattering

lVe will assume that I and the surface autocorrelation functions

C(-å) are Gaussian. If { has a variance h2 ancl <E> = 0, the first and

second order characteristic functions are given by lPatzen (1960),

Beclcmann and Spizzichino (1963) l

and

aa

nr(ur) = ("jute¡ = "-'h'v?

where

F ,(v r,

and d = l-,Ìl is the distance between any two points (*or, YoIi xo2, yo2)

on the surface.

The assumption of Gaussian surface-height distribution and

autocorrelation is obviously suspect in mariy instances. The main

justification for its use is that the resultant mathematical convenience

and sinrplicity more than offset the loss of accuracy in the results

since in most cases an exact analytical expression for the correlation

function is unavailable. Of course, if the approximation is io possess

- rr)

c (d)

= ("j u, (6r-Ez) ) =

.-2 /- - \ir \afzl
-a2 n?eç

.-n'u'r[1-c (d) J e .s .zB)

(2,3.37)

(2.3.3s)
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f any hidden periodicities

Gaussian distribution

distribution within a

correlation funciion

P(6') is also Gaussian,

lity the surface must be free o

tÌre scattered field, rvhile the

: representative of the surface

-he origin.

cent advantage of using a Gauss

:e-s1ope probabilitY distributi

I Spizzichino (1963), APPendix

T. I cg')z Tz,f

= ---2 exp l- -----------=-:l
2h'F L 4h¿ l

ed âE/ãyo are uncorrelated (g b

e averaging these stochastic va

2.3.36) yields

= (nlt)çi,,)) . (nrt'I)çÌ,,))

= (p, çî,r) ) * (pr(t) (i,rD

g (2.3.37) and denoiing ð l/aa T,

1 /"ju¿t¡ r fl. (R.u -v ) "jÌJ\- /'s))A'l-'z z'

" 2.2 t( .+ -+

iu R. e-42î P ll eJfxY'ror't-z'-L t j1n

(2.3.40)
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For an isotropic Gaussian surface, (njt'¡i,r)) reduces

(njt'¡i,,) ) =

Tlre integrals in (2.3.42-43) representing the well-known Fraunhofer

scattering pattern will have an increasingly narT'ow peak centered at

ô- = ô. as the area of the surface is increased. (nr¡i,r)) thus
sL

corïesponds to the specularly reflected r^Iave. llence, denoting the

scatiering coefficient for an equivalent perfectly reflecting srnooth

plaire bY fo, we have the tzeror order result

2 ) ) " 2'2
j t" (l*Rr)'o ,ß'it "-"'n

m. I- COS 0.1q1

(r fo')= o, ("ju"e¡

with

+f(. 'u )' ].XV 'Xy-

L
l(.

LZ

f o = sinc (u*1,1 sinc (irrl)

which is siurilar to (2.3.25) . (nrtt' çî,r) ) also contributes to the

coherent wave. I-lowever, since u*y [0,0] in the specular direction'

(nr(t) ¡i,r)) wirl be relatively smal1 in all directions. Combining

the coherent contributions, we obtain the following first order

approximation of (.f )f

to

ff^

4B

.+

"J 
ìr*y'roxy dA

))
-'¿tt -ILfo = Ri s-'zlt'7tt Io (Gaussian surface)

(2.3.44)
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'fhe Scattered Field IntensitY

The average intensity <Il for monochronatic plane waves may

be defineci as (Ir) = %(PrPr*)/prc, rvhere Pl is the complex conjugate

of p-. Suppressing the const ant 2(orcr)-1 t,d using (2.3.36)
--tr

1op*\=ïtt1o(t)o(nlr iil ,(n)-(m)*\ e.s.47)\Hs's / 'n=t vs 's '* ) * 
i,r=r (P; 'P; - "/
nln

In order to evaluate (2.3.47) we require the auto-covariance function for

the stochâstic variable Ag. . We will assume a normal function--nainely

*h""" .? = 1¡e?) is the variance, (¡0.) = Q. The evaluation of""-*- -i \*-il \'1l

(2.5.47) is then relatively straigl"rtforlard for the stationary processes

we have postulated.

The procedure we adopted to evaluate (2.3.36) was somewhai

clifferent fron the one used by Beckmann (integration by parts, loc. cit.)

in tirat we relied on a knolledge of the first moment of the slope

distribution. Flowevet, by first integrating by parts before ensemble

averaging, it would appear that explicit knowledge of the slope moments

is nor required for the evaluation of (nr(t)¡?,t)). This is correct

to first orcler, since for constant R the slopes do not affect the

coherent conponent in the specular direc-uion (u*y = 0,0) . For the

cliffuse scatter whicir is of concern mostly in directions other than the

specular clirection, the slope effects are sti11 not very significant
t)if. y'ht .. 1 ancl R. >> 0, but they become an essential factor when

R. ; 0. lVe then find that if we are to avoid obtaining non-physical
t-

(no, tÈor) ao, (?or* -cÌ) ) = ,? "-o' 
/"u
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(2 .3.48)



results the slope effects cannot

the so-called edge effects. To

obtain the specular scattering (irr) by means of partial integration and

enseml¡1e averaging bu

conditions we should

nr(I) [i, ') 
ei

Integrating bY parts

be treated in the manner

make the natter a litt1e

t lvitho

obtain

((
P, ll))A

yields

nr(I) ti,r) = jRiP, 
{t, ll_,

iñI f\,-1

ut neglecting the edge effects. Under these

tlre identical result to (2.3,42) . We had

^2 ( . ,ìfL lL u2*u2((L
-", l""lrtll "jurel "ju**o¿** 

*'vll 
"ji'ioaxay)- u t-f | -r- I =-, 

*"o r, 
)) -" o 'or

o 
( 2 .s.so)

e process is stationary and uniform, the expectation values along

located on the surface nust be the sarne. Therefore, ensemble

g and completing the integrations results in

.2 -2- ,2,2
(i,')) = i lu"- 

(tv) - | "-'<v;n- 
412 (sincp*L sincurl) oiP,\-'"// , L l, I

r,,L*z

for an
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that neglects

clearer, we will

Since th

any line

averagin

(nj')

E ru - E'u I 
"J 

u'ro dA (2 .5,49)-x'x 'y'y'

,+ ->

"J 
u'ro

area A = 4L2

^2.¿lJxL
dx dvo'o

.., .. L-L 2

= j r, e-'z:uztr (sincu*L) (sincurl) 4Lr R.P, (2.3.5I)

wlriclr is identical to (2.3.42). hhat is interesting is that the edge

effect contribution appears to cancel the net slope-term contribution

since we coulcl have obtained the above result wiihout resorting to

ensemble averaging of the slopes simply by neglecting the slope contri-

bution in (2.3.4g) in the first p1ace. By neglec-uing the line integrals

in (2,5.49) the resultant solution will contain the extra contribution
)))

ucyJ =u-.+u.,.
^l

| .rrl rL

lt"u*"1| ^iurel "juyre uul-;;-t ll " | 'o
f-x ))+ lo=-t

t,



Beckmann

The first and last integrals of (2.3.50) may

defines r"or this purpose the geometric factor

Tire

the

error in the diffusely scattered field intensity due

eclge effect is therefore proportional to

Clearly the error will be small in most applications for all angles not

rreal gTazing inciclence, and will be zero in the specular direction'

Llowever, since the correction ,"t,n pjtII) (T,r) depends expressly on the

slopes, it becomes essential that this dependence be carefully

approximated when Ri " 0 and Â8. = Q.

Although fundamentally it rnal<es no difference which technique

is usecl to evaluate (2.3.36) ancl (2.3,47), it would appear to be easiest

to employ direct ensemble averaging of the slopes. To save on notation

we witl let q = l1-(cr/crlznø2ot^rl¡f 7"os2Or1 and we will also use the

parameter g defined as (ibid.)

+ -+)(u ' u)-

- 2T cñT-.
1

+->luu

?
u

- u', = (2k cos6.L)' - ,?,

be combined;

L given by
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(2.3.s2)

to neglect of

G tt the general]zed Rayleigh criterion of the surface roughness' Ïts

physical meaning is clear when it is compared to (2'3'7)'

Ensemble averaging (2.3.47), we find that interaction terms of

g = ,2 hz = [kh(cos6. * cosôr)i2

the form

((l
llll (','l
)))) "juz 

(Er-{s) 
¡ "jl*y'-åo*y 

dArdA2

(2.3,s3)



((((

ljll (';';) (
(rvhere r,s = I,2,-r I s,

symrnetrical probabi 1 itY

of (2.3.47) from one to

inrensiry (r, {i, rl)

") 
vr(E

where

(tj') ) =

and i = 0 or 2) do not contribute real power for

distributions of E and q'. Renumbering the terms

eight, we obtain for the average scattered field

-es) 
¡ eJ Pxy 'oxy dA. dA' -"7-"2

(rj')) = lRip, ,fillLrl (Ej*ej*ej v7(E1-az)) .r?, (EirE)r'jvz(Et-eù¡

(r
ôô,-+ -\ r

" 
(r, ur.)/ = ¿

ll-a

ln. p l2t 1s' ,1 
IIII("ju'(Er-62))

¿r(r)5
\S /
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(tj", ¡?,,))

= 2 | ¡r+n ) 
20, 

I ' ,IIII(cnorl, {nor) r) ( "j 
u' (e r-e z)) 

"j 
ôd a^,an,

('jo)) = 21 ¡r*n.¡2n
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( t,(t) ) =

urr lR1(r+Rr)'ll,,l'

z,(B)r -Vs/

k cos ô.
1

aa
ura IRi (r+Rr)- I lPrl-

By using the following relation derived

order of clifferentiation and ensemble averagingl

ffII.

k cosô.
1

l-o
/r, Ft o-ivr(er-ez) ¡ = hz l*å'u. s k\eiotjß " / - " 

Lr J, I

wlrere i, j = 7r2, and cr,ß = XrY, hre obtain

lr, F1 "juz(er-Ez)¡ = 
rÉ.-u'n? 

"-s(1-c) tt\sioBzß' - - / - q.2 v Þ " l^'E L

2h2 -d2 tt? -pll-cl
= -T- e q e "' '

T¿

The contribution of the second term will be srnall

(kr*u*Ei* E)* * ktrure ireår) "ot vrGr-e))

IIII ,ç, *u*Ei2 *
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. .2,krrurE|-) cos p, (er- 4) )

"j 
öd ¿RrdAz

by interchanging the

"j 
Öd aRraR,

firsr rerm [wl-ren u-o'n? is large, (g, -orl2 n! is small and vice versa].

For g << L, we approximate 
"9C 

by I + gC. The evaluation of

tire resultant integrals can then be further expedited if it is assumed

that the surface area diarneters are mucir greater than the largest

correlation distance for any of the stochastic variables. For a circular

acl
TE] "-s(1-c) e.s.ss)

1tiri5, is permissible since the postulated Gaussian process is statioÍLary,
see Parkins (1967).

2(o[az)
(t * ge-d'? /T'zEf

(2 .3 .s6)

in comparison to the



alea A =

relation

I / 2rA.

2 ive obtaln

lllle
))))^

with the l're1p of tire

d

-^a2 ¡r2 
")Þ¿

and (2.3.s6)

(t,(t)) = (n")

and

(
I

cì4, dA, = 
|

LLI )O

(Limii)
a-+æ

t-\
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Fourier-Bessel trans form

(tj')) ' lRiPs l2 nuzznt'r'n' [1 *

? 2 2. .-+-' -z
Except for p' replacing (2k cosôi)- L- = (ú'i/v)-,

to Beckmannts result.

2 ,^2. -mu /lJo(kVu) e "'* /' udu

(pr) 
. * loro, l2 nazrs1'lr', "-z-e]<'vrù2

,2 ¡z^ ¡

('j" )

"- 
(ktr)2 / +n

Similarly, after substitut,ing (2.3.48) into

= 2l¡r+n.)2prl 
2 .zrlnu)' ,?" "-' trã " 

ç4kvrlz

and

(rlo)) = |(r+n )2p,I2 .!Gu)'(nr) 2 rn2nl trã " 
¡2tvrp)z * rr?.-(>'ktr")z1

(2 .3 .58. a)

,<g e (2ktT)2, 
"-e-?*tTr)2

rvhere 'I-2 = r^2 * t-2. As in the casecßç
proportional to the slope variance may

leacling teïms vaïy as 
^-' 

fo, (kyTU)

(2.3.s7)

(t,(t) )

('j'))

For I 
(5) we obtain
s

= 2l ¡r+n. ) 
2p, 

| 
2 (ru)'rr',

(2.3.s8.b)

is identical

(2,3.54) rve obtain

2

* eTZ^ "- 
(%kvT.)' 

,

(2 .3.59 . a)

or (tl')) , (tlo')
be neglected. We no

1.

rfr. .k. )' lxy ].xy-

(krr)'

(2.3.se.b)
which is

te that the

11 * "-P,ktrç)z1 "-s-(%ktr)z
(2.3.60)
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which vanishes as h2 * 0. Flacl rve used the partial integration and the

approximation discussed earlier, ive would have obtained

(tlt')o = kl[r*n.)2n,

which would seem to be

as h + 0.

The evaluarion of (tlu)) is more involved and requires the

fourth orcle:: moments. Alternatively, one can derive additional relatíons

of rhe rype (2.s.s5-s6) . I-lowever, as (tlu) ) i^u, a maxinurn possible

magnitude of + (nj1) Cî,r) )' fsee (2.3.43-44)], its contribution will be

negligible for g << 1.

Final1y, combining the interaction terms (tit)) and (tr(u))

we get for g << 1

+1
( 1:.

2 t^ixy Pxy'

incorrect since the leading term does not vanish

;\2[oi r/
q2 (n^)' lu'rzo * er2, "- 

?*f )2 , e-s

('l') ) ('j') )

(2.3.6r)

where lo= 2(kya)-t tr.(kya). since i*y = [0,0] in the specular direction,

the first term lvill be small everywhere, and as a resuli the second term

is litrely to be more significant. l{e note that both (tlt)) and

C (tjt)) . (rju)) I extribit ^ x-2 dependence for t(yTg << 1 similar to

(tlr) ) and (rr(o)) This seeilìs to be characreristic of surface

aclnittance variations in the long wavelength approximation

This completes the evaluation of Q.3,54) for g << l' As g

becomes larger it will be necessary to retain an increasing number of

ln. (r+Rr)'l lo, l2 ln^)' ,r,

.2-2 ^2,. , --(%kyTr)x La I'o + trtl+8.i e -

(Èr*r'i*r)

( -kir)

2,
*'<tiSe

znz /r2, "-E

-çuy'r r)2 /s,
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lrigher orcler terns, while for g rt 1, the integrals of (2,3,54) may be

evaluated asymptotically.

Beckmann (1oc. cit.) evaluates the integral
.@

L (kyu) e-s(l-C) uctu
)o o'

by tahing [e-g(1-C)] as the fast varying function with the stationary

point at u = 0 and lC"(O) I = Z/fz where C"(0) is the second derivative

of C(u) evaluated at ihe origin. This results in an intensity scattering

coefficient (rt) f corresponding to (tjt)) given by

where now the expression in the square brackets of (2.3.62) becomes the

slope distribution (2.3.40) in the geornetric optics limit, i.e.

) 2 ) ) 
1"_urrrrr/oep(s) = (r/2t¡127s-s-/2n- = 6?r/+n)G¿/e

ivhere L2 = h2lc,'(0) l, ond s2 = (vf,*r7r1rrzr. tA more general proof for

arbitrary slope distributions was given recently by Barrick (1968) ] .

Thus, with lu"l replacing (2k cosôr)l, we have for g >> 1

(.r.), = R. RT
L1 Grz ¡ n1 Kr2E/ s) "-n""' 

/ orl

The remaining integrals nay be evaluated in the same manner.

(r jt ) ) ., loro, 12 ln^)' ,'rr'ru-' "- 
çuYr ,)2 / 4 e

A number of comparisons of Beckmannts theory with experimental

baclcscatter data from surfaces with known approximate Gaussian surface-

height distributions and Gaussian correlation functions has revealed

sigr-rificant discrepancies uncler certain conditions. The nature of these

discrepancies and shortcomings of the theory have been extensively

(2.3.62)

(2.3.63)
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discussecl in the literature and various nrodifications and irnprovements

have been suggesred, e.g. clay and Medwin (1964); Horton et al. (1967);

Fung and Leovaris (1969); anci Melton and Florton (1970) .

.FungandLeovaris(1969),notingthat(2.3.62)on}yfitted

data from surfaces rvith gentle slopes, observect that Backmannrs asymptotic

evaluation had neglectecl the effect of the weighting factor u in the

integrand. By expanding C(u) about the correct stationary point uo and

setting

c(uo)*lc'(uo)luo = I , 8'>f (2'3'64)

where the prime indicates the delivative, and using the equation

) o o mr [1+ (kvT/m) -] -' -

they obtained

(rr.) = 
'Åt f- 

,"(kvu) "-8c'('o)' "d'-'Ja

. 2rL2 gct (uo)

(@?
I -- -mu/T T-

J^ro(kYule 
' udu = m

) --?ivhere B = lzkh¿C'ç.to)l '. As uo + 0, Eq. (2'3'66) -+ (2'3'62) ' As Fung

ancl Leovaris point ou-u in their paper, this result has -uhe advantage of

incorporating the true co1'relation function and appears to yield signi-

ficantly better agreement at both low and high grazing angles. At the

same time it may explain why workers had obtained consistently better

agreemen-L with the Kirchoff theory using an empirical exponential corre-

lation for surfaces that were Gaussian with Gaussian correlation functions '

_2

(znr2\ l.or2ol
= l- 4,7) ñ%-;;n2013/2

(2.3.66)



We shall noiv limit our discussion to

set Aßi = 0 as intrinsic admittance variations

significant in the case of the myosepta. This

(tjo)) leaving in rnost c.ases (trtt') as the

and R. I 0.

2.3.3

The orientation of the rough sheet with respect to the coordinate

system was given in Fig. 2.7. We will assume that reflection coefficients

of the upper and lower surfaces are both sma11, i.e. lRil .0.3, and that

the sheet's average tirickness g is a fraction of a wavelength' 0n the

basis of (2.5.8), the layer scaitering coefficient nay then be approximated

to first order bY

the problem at hand and

do not appear to be

eliminate, (tr(t)) and

dominant term for g << 1

We rvi11 represent the scattering coefficient for a particular member of

the ensemble of surfaces under consideration as
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where AI, is the fluctuating part having a zero mean'

WecanobtainaveTygoodinsightintoihelayerScattering

characteristics simply by considerir-rg the degree of correlation of the

scattered i{aves from the upper and lower surfaces expressed in terrns of

tire scattering coefficients. The aclvantage is that we need not specify

the actual surface probability distributions '

Using(2.3.68)and(2,3'67)theensembleaveragedintensity

scattering coefficient becomes

rf l"y"t
i2a.¡9,

f, J F ô' 4
l^-¡f-av

II LL

l^
I

<r>f * af f

(2.3.67)

(2.3.68)



<rr*>f rayer = <r)*(r) îr* 1r) ,,2(r) iz*<nrrrnrir) * (nrtrmir)

where we neglect the interaction of the lower surface roughness with the

upper surface roughness on the specular power since it is a second order

effect. orherwise (2.3.69) is quite general and includes the case of a

lossy Layer (o2 = ü - io)), clifferent roughnesses of -uhe two sides and

different reflection coefficients'

In the case of the myosep-ca,ut)9. will be negligible. For the

simplest case of À1 o À2 (lvithin the layer), Ril = -Ri2, and symmetrical

probability distributions of El anð' 1, rvith gt = EZ, and TEt = TEz

we have

* ((r) i,. <r >äz* (Ar'Arf2> *) "-i2aze'

+ ( <r> är 
(r) rz* (^f irorrz) 1 "i2o2*
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where í,i = I,2 and

(nrrrar¡¡) = r (^rr.orËr) 2 (nr r1^r ri) 
k, í I i

<r) ri

(nrrrnr;, )

(2.3.6s)

T is the cross-correlation coefficient of the ensemble of surface

reflectivities for the upper and lower surfaces of tire layer' Substituting

(2.3.70-72) into (2.3 .69) , (2.3'69) becomes

)
<rr*>f layer = 4sin'arl ((r>r<r>ä* <Ar#rä>)

+ 2(r-r) (t -2 sinzars) <^r#rä> Q '3 '73)

where in view of Q.3.7I) we have dropped the subscripts I anð,2.

= -1r) p

= (^rrjoti)

(2.3.70)

(2.3.7r)

(2.3.72)
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The principal result we observe is that the specular term

)
4 sin's^.c,<f> ^<r>1 is unaffected by the values of T; only the diffuse

scattering is affected.

values of T on <AfAf>

to the actual statistic
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Retaining only

(urrnrir) =

(e , tìo*r) Er(ì o*y

the first two terms

¡ã.

-z',r (ra2) ¡nrlz r?, 
I

)o

Comparing the above result rvith (2.3.72) shows that for K". = 0, K." = T.

For -1 rK." . 0 the above result appears to be approxirnate in that we are

consiclering only the first order term m = 1 of the cliffuse scatter. The

coefficients of the higher order terms of the 
"KgC 

,"ties alternaie
)?.

between cos'(o'Q,) for m odd, and sin-(oZL) for m even.

Three interesting cases, illustrated in Fig. 2.8, correspond

to T = +1, 0 and -1. If the two surfaces are perfectly positively

correlared, i.e.61(loxy) = Ez(ìo*y), then

. äl)

of the series ¡et 
"9Kccc(u) = "*u'

e-B(1-K".c(u)) ,o(kyu)udu + lo, l, <r> <r> 
*

n2 rc crdlcc

(lrl2)r layer
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'fhis result is the same as would have been obtainecl by multiplying the

scattered fie1cl intensity from tire single surface'51 by the effective

reflection coefficient of the membrane (2.3.11). If the two surfaces

are entirely uncorrelated, then

(lrl2)rlayer = 4sin2(oz,) l4r¡rl'* z(¡rr¡2r), r=0

= 4 sín? (are.) I I (i ) ,l ' . (l ar ¡2r) f

Final 1y

we have

qtrt2)

(2.3.7s)

, for the case of perfect negative correlation 5f(lo*y) = -E^(lo*y)

from (2.3.58.a)

r,^.¡n¡ = 4 sin2 (ozL)l(r> tl' * 4 cos? (oze.) ( lorl? ), r = -1t laYer - ¿ ' r' 
(z .s.76)

, T=1

(2 .3 .7 4)
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WH ITEFIShId)" 
MYOSEPTUfuî

Fig. 2.8 Examples of thin rough layer cïoss-sections
(a) surfaces co:i:re1ated, T - I
(b) surfaces uncorrelated, T = g

(c) surfaces negatively correlated, T = -1
(d) composite surface rnyoseptum model.

T=l
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T=0

ffiå =-l

Fig. 2,9 Geometry of a pulsed beam incident on a planar surface.
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The cliffuse scattering cerm m = 1 in (2.3.58.a) vanishes in tiror" directions

ivhere

This cloes not mean, however, that there is no scattering, only that the

scat'Ëering is greatly reduced in these directions.

o2L = Zttg,/X (cosô. * cosôr) = \(4n + 1) n

Comparing (2.3.74-76), the specular terms are seen to be r.rnchanged

while the diffuse scattering terms have different coefficients. For thin

layers (ar¡ << n/2), the diffusely scatiered intensity is increased by a

factor of. (2 sin2 srn)-l ", T decreases from +1 to 0.

Interestingly, for T = 0 the angular pattern of the diffusely

scattered intensity, apart from a factor of ttro, is indistinguíshable from

that of a single surface with the same surface characteristics. If the

lorver surface of the layer were to be plane, the equivalence of the diffuse

scattering would be complete. This finding is confirmed by recent experi-

mental results obtained by Leovaris and Fung (1973) working with thin

layers of the type above.

The case of T = -1 is perhaps a little unrealistic in practice.

i-lowever, if higher order terms of the series fot 
"KBC 

can be neglected

and cosar.¿ = 1, the diffusely scattered power will be doubled compared to

the uncorrelated layer and this ivould seen to be in accord wíth the

physical picture of the surface in Fig. 2.8(c).

Based on our histological examinations, the whitefish myosepta

membranes in situ appear to have a sandwich structure of the type shown

in Fig. 2.8(cl). The outer layers consist primarily of adipose tissue

while the inner layer is composed mostly of much tougher connective tissue.

n = 0 ,L,2.
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The extension of (2.3.67) and (2.3.69) to additional layer

interfaces is clear. The only difference is that the scattered waves

(subject to the Born approximation) from a particular interface must noh/

be delayed by the total delay incurred in passing through the various

layers, [The problem of n planar layers is considered in many texts,

e . g. Schoch (1950) i Brekhovskikh [1960) . ]

Effects of Curvature

In the region that is insonified the myosepta have only a

sliglrt curvature over the beam diaineter, see Figs. 2.2 anð 4,2.

(The beams were actually incident at a somewhat lower leve1 than is

indicatecl in Fig . 4.2.) It can be shown that for the specular (coherent)

scattering coefficient the effects of this cuÏvature may be approximated

by multiplying <f> by a cliveïgence factor derived from geometrical

optics consiclerations, see Chapter 11 of Beckmann and Spizzichino (1963).

In comparison to the effects of curvature on the coherent

scattering, its effects on the diffuse scatter are much less significant.

Qualitatively, we can see that the iwo main effects are a veTy slight

reduction in the effective correlation length (thereby broadening the

angular clistribution of the scattering) anð à snra1l increase in the range

of the angle of incidence. Since the beanilvidths used in the measurements

are relatively sna1l compared to the curvature, it would appear that the

effects of curvature on the backscaiter from an individual myoseptum can

be neglected, and only the change in the average angle of incidence for

the myosepta lying at different tissue depths need be taken into account.



2.4

The effect of beamwiclth was touched on in the previous section.

fn essence, if the beam does not vary appreciably over a distance equal

'ro several times the correlation lengths of the various stochastic

processes, the beam function may be moved outside the Flel¡rholtz íntegral,

see (2.3.20). Hence, under these conditions the effects on <I> and

( lrl2) are negtigible and the beain onJ.y limits the extent of the surface

insonified alt of which lies in the first Fresnel zone as is implied by

Effects of Beamwidth and Pulses on Rough Surface Scatterin

the far-field approximation.

With tlìe exception of

widths used in the measureinents

of the myosepta.

2.4.I Review of the Effect of Narrorv Beamwidth

The effect of a narrow Gaussian beaniwidth was considered by

Llorton and Muir (1967) using Eckartts theory (1953). for the case of 1ow-

frequency scatiering. The same approach^ may be employed to illustrate

tl're effect of beamwidth in Beckmannts theory.

We will assume that the incident beam amplitude variation on

the surface is given bY
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a few rneasuretnents at 7 WrIz, the beam-

are considerably greater than the Trrs

I lr 12

,.1, (i ) - exp l- '-oxYr 
11

"lr1o" \10e

rvhere the equivalent bea¡rwidih is defined as 2r.o0" and r.o is the

clistance of the source from the origin. Using Horton and Muir's approach,

it is convenient to rotate the coordinate system into azimuthal alignment

with the incident beam and rewrite (2.4.I) as

1)
. L^ . \lsln ö. cos (Q-Q.Jl

AI
(2.4.r)



where a =

we can sh

(nj') cî,

r!(xo,Yo,o)

I
L

ow

^))

Ãl
oe'
that

cosô. and b =
1

where Pio = Oo/4ntiotro. Comparing (2.4.3) rvith
)

wave result (2,3.42), the factor exp [-(%u*a¡- -

the place of the Fraunhofer pattern coefficient

that 
I '?-^' '?'o' J(r) ru = R. exn f i- -^ î)

exp

,. = ju-R., p., ^ "jk(rio+rro) 
(nab) exp tfD -,2 L TO L

a1
FLLl

| *o Yol
l- -z - 2lI a bl
T. - 0^. Substituting10e

The derivation of the scattered field intensity

more complex. Expressing the surface height correlation

rectangular coordinates as

(2 .4 .2)

(2.4.2) into (2.3.20)

66

22uâ'x

we can show that for

(tlt') * = (n,tt')

')?þ1-- |U.r' o I_ t _21
¡ 2lIJ

(2.4.3)

the

(4p..
v

r
U

c(e,n)

homogeneous plane
,)

b)'] is seen to take

Flence, it foIlows

,'2-2
where A = rrab, Iio = lPiol and m

second (diffuse scattering) term, a

exact equivalent of Eq. 51 in Ilorto

SimilarlY, for g >> 1 we

- exp l+fu. 4] l
<<1

(nj" ) *fb

¿, (i) 5\s /

,- ,2- 2 t+ lR. l-I. Au-gnIID exÞ I| 11 L0'z- ^ L

is slightly

function in

,12-.2
fb = lRil tio&zTrwv exp

-4

part

nan

obta

T
I

t_
t_

_) -) -t -)tþ.^--'l--r I - ¡r - U
,(

-ofro¡n the factor e ö,

d Muir's paper (loc.

in

(2,4 ,4)

11 ))um unx_y_

22
Þ *tt

(2.4.s)
_)

+ T '. The
v

is the

cit. ) .

aaLL1rr VI-vl
)lÞ)

,]

(2.4.6)
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-) -t -) -) -?. -?.
where w-z = u'" * gT*t , Y-" = b-" * gT; . The subscripts fb denote the

r"inite beamwidth.

In summary,we note that the implicit factor of one-half in

(2.4.5-6) represents the effect of the beam amplitude taper. otherwise'

^2))-)-)-')wnen we ser ! = Tz = 4T' ancl assum. a-" rb-" tt t4,T-', (2.4,5) and (2'4'6)
xy

become the same as the homogeneous plane wave results.

2.4.2 Effect of Pulses

The effect of using a Pulsed beam on

more easily appreciated by referring to Fig. 2

insonifiecl area for the CW beam is given by

For a pulse's(t), 2AT in duration, the rnaximum

from this equivalent area provided 2"io0" tanôt

grazing angles the area reduces to

Acw

22nr. 010e=. cosô.
1

where b is the range elenent width which on the average equals 4/3-r'o0"'

The effective insonified aTea at any given moment is thus variable'

Assuming that cÀT is sufficiently long so that pulse transient effects on

<f f *> may be neglected, the instantaneous coefficient <fI*> will

stitl vary depending on the ratios of A2 /qt? and (cÂT cosecô ,12 tt2*.

Fortunately, in the case of the myosepta both the average instanta:leous

effective beamwidth and the spatial pulse cluration rvill be considerably

greater than the correlation lengths. Hence, except in the region of

the reflectivitY can be

.9. The effective

Ar., = b (caT) cosecô '
P

(2.4 .7)

return will originate

< cAT. For srnaller

(2.4.8)



the nearest and farthest intercept point

prevail, the backscatter return will be

(nit'¡i,,))
J4 

,Ì* eJ 
Hxy-to*y ,lA (2 .4 .9)

where by the ciefinition (1 .5 .2), S (o) = (Poltio) -1 ¡ ln, (i,t) I and

nr(T,t) = Po/r.o s(t) is the incident wave.

Assuming a narrowband pulse of the form

= -iu R. p. 
"j1t(rio+rro).,2 L LO

6B

s when strong transíent condiiions

approximatelY

s (r)

witlr the retarclecl time give. Ot aro = | - (tio*tro) f c, we obtain aftet

multiplication of (2.4.9) by s-j"to *d integrating,

so (t) 
"- 

j (.,rst¡e- 0c)

2))2
s (o) 

"-(v" 
/b" +x' / a" +g/2)

(n, ci,tl ) =

I 1 p?a2 ,?-az g

wìrere fru" = "T 
. tT- * T, F(ô.,ôs)

is the velocity. Using (1.3.4) and the

-Flô..ô lR.P. At 1' s' 1 10

(n= ci,tl )

It I < ¡rI lol

It I > nT' ro'

iu R.P. Rltro
_ '' zc L ro 

I--.--_|
Zy.y'r It )t

ro

f:.

,twnere u = u t, , . Unless the rise time is comparable to the inverse.zc .zt k=u"/C

carrier frequency (i.e. the pulse is no longer narrowband but is

broaclband) the second term of (2.4.I2) rnay be neglected. For convenience

we will usually advance the phase of the incident pulse carrier by t/2,

'))
j r¡ s (o) e-Yí'" - j t¡tro 

dr.,i

(2.4,r1)

= (cos6. + cosôr) and c = u/k

convolution theorem we find

-^T

[so (tro-u) * j /r. io (tro-rr) ]

+AT

(2.4.r0)

"-u2 
/+",1-jr,r.(tro-u)+j0c ¿r, (2.4.r2)



i.e. we set Þ. = n/2.

rectangular (incident)

Scattered Pulse EnergY

To obtain the scattered pulse energy we make use of the

Wiener-l(rintchine theorem. The ensemble averaged autocorrelation

function (tCrl) o¡ ps(T,t) may be expressed'as

Eq. (2.4.72) is evaluated for cosine and

pulses in Appendix C.

The scattered pulse energy is then obtained by setting rr 0 and

multiplyi,re (E (rror)) by (2pc) -1 
.

Assuming the surface correlation functions, elevations and

beamrvidth are Gaussian as before, we obtain the following result

corresponding to (tlt))

( E ç,")) = * I-_(nr(î,t.,r)nr[Ì,')*) "-j"' 
d'

(E(rr(.,)) - lnrl2lProl2 
f _il
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where t ^TO¿
-+ -Lror T' 

r*
erfc(x) = I - erf(x) = f - 2lr 

I)o

is defined bY (2.4.4).

For g << I rve maY show (APPendix C)

rlî . .,2r n ,2r^ t2 .¡ (*
\ F(ôi,6sJ lRil lPi-ol {GaÐ¿ | z/=Tt=' i_-

* go (rab) (nmn) [* ,,4 ^-Ztfu
J__ '

and C(ç,n)

* e-Bl1-c(ç,n

..2.2 2.b2)

^b 
e-11Ç / a +\ /

(2.4.73)

A

ll r?l

(E(tl (rr)

lsCrl l2 "j 
(u*6+uyn) d6d¡ e-jt¡rr dur

(2.4,14)

"'r" f-4 "'¡" f--l-ìltt^) løa)

-u du

))
-a-

e-'Ylt¡ lS

2.
ls(,)1" "

. -,2
toj I

- j rurr

(2.4

e-Jrt" d,

.ù

.is)
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) ') ? -2 2 , 2o , \ju' = (%u*n)- * (>zvrn)- * 4qou
.)

.>

-'¿Yo 
lSCrl l, .-J orr 

dur

(2.4 .16)

that to a

a result,

may be

(-
(13b) I ,r,,,, 

"2t )_*

wlrere v1^2 = (%v*a)z * (4vrb)2 * t<Eo^

arìd g - Eo, = .-2h2(cos6' + coser)2,

For g >> 1 we lnaY show that

SO

As

and

1

(-
I t'
J_-

(r) l2 "-jott u,

In the case of the myosepta, a >> T and b >> T.-,xy
very good approximation u2w2 = ,f,,f,ts ^d 1t2u2 = ,f,'ltu '

(2.4,17)

By the autocorrelation theorem we then have the following equivalent forms

(e(ri (r")) = EonT*Ty "-2"o 
(eoc21-t ,*, Ko(tr) cos(¡crr

^2 ô 1 f *
= tont*ty e-t\o (eoc'¡-t "ott"t" I 

so(u)so(u+rr) du ' 8" tt 1

/ -Ø 
e.4.1s)

where Eo = F(6i,ôr)'lorl'loroi2[ntu¡ and Ko(rr) is the pulse envelope

correlation coefficient defined as (see Appendix B)

(- 
)k

Ko(rr) = I/Tef I s"C"l so(u*tr) du Q'4'19)
J_*

The integrals of (2.4,15) may be evaluated rvith the aid of the

)y and (wvo¿l are to all intents independent of wavelength
o-

movecl outside the integral of (2,4.16), yielding for 8" "

F (ôi, ur)' i Ri I 

2 
I 
oro l',

(r(rl(rr)) - p(ôi,ur)'lorl'lorol' "-"'o (nab) 'W *.o coo

2
U

2-.-2('zu*w) + l4vrv )

=-(e(il (.,))

where Y2 =
o

convolution theorem
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If rve now assume that the

bandwidth BW << üJc, we maI

order of o./o" or higher.

equivalent to neglecting t

1la
I
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(
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I W Lte' ¡ d(¡

-2AT
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L ,^ L-u /8y
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r +2LT
2y6
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r Q.4.20)
incident pulse is narrowband, i.e. the pulse

write , = ,. + oU and ignore all terms of the

Frorn (2 .4.20) ii can be seen that this is

ire derivatives of Ko(r, - u). Hence,

rt -2LT
lr 2. 2

| "-u 
/8\2 I(^ (r---u) coS6^(tr-u) du

I o--r ' --c.

) -7 +2LT

a-¿tLñ¡(-1)" 
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2^( lE;
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^ ,2b, l( Ê nlnn io c"c et

expanded about the carrier frequency oc yielding

2^( 2/n

Fina11y, if 2\lacBlv << 1, the exponentials in (2.4.15) may be

r
(T -¿LIlr 2 2

I 
" 
-u /8 ( 2 Ko (rr-u) cos'r" (tr-u) du ,

I) -7 +2LTr

t -(r)\" c.)) = 'ok3 l'ab e-2r?'^? -

(2.4 .22)

'Ihis confirrns, as night be expectecl from the form o', (2.4.1'0), that for

a sufficiently narroivbancl incident pulse the zero-order approximation

of tl're scattered pulse covariance may be obtained simpiy by multiplying

the CIV intensity expressions by tl're incident pulse shape covariance

[T"rKo(tr) cos,r.rri . of course, this approxiination is far better for

E. r, I than for the case of 8".. I since in the former case (tlt))

du

9" .. 1

_22
g.n* "-¿\2'"f TurKo(r") coSocrî

(2.4 .2r)



is essentially independeni of wavelength while for g. << 1,

- t-(1\\ -/ \ / \ *r -4( (Ir'^') - (pr) (nr) ) varies as À Thus, unless the pulse is

narrolband and/or the angle of incidence ô. is near zero, for Rayleigh

scattering ít will generally be necessary to employ either (2.4,75) or

(2.4.2I) clepending on zvf o"etV I r. The resultant average pulse

distortion is considered in general in connection with the effects of

absorption in Chapter 3, ivhile the particular cases of cosine and

rectangular pulse distortion are examined in Appendix C.

Analogously to the backscai.ter cross-section (2.2.1), rve nay

now define a backscatter strength irr terms of the ratio of the scattered

pulse energy to the incident pulse energy. When using short pulses

such a defínition is in some ways more appropriate, and corresponds

directly to the elemeniary signal description of the scattering process

which is employed in Chapter 3.

2.4.3
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where sr(t) is the instantarìeous reference pulse, Us (t) is the back-

scattered signal ancl t2 - tl = TU is the duration of the bacl<scattered

1

signal.r The time averaged bacl<scatter coefficient (0) is then obtained

by normal izíng o, with ïespect to the effective insonified volurne

VU = V(TO). The reference pulse may be obtained using a frequency

invariant scatterer or a suitable approximation thereof, see Section 4.2.

Unless Us (t) and sr(t) are the actual propagating plane lvaves--

they are not necessarily so restricied--the baci<scatter strength defined

by (2.4.23) and the BCS defined by (2.2.I) are entirely different.

Unlilçe the BCS ivhich for a given frequency and orientation is an invariant

of the scatterer, o, will normally depend on the transmitter and receiver

characteristics through sr(t) ancl Ur(t) a:rd, of course, on the incident

pulse bandwidth. os is thus a less rmiversal parameter than the BCS'

The reaso¡r for adopting such a broad definition is that in practice the

measured scattering will be depenclent upon the nature of the source and

receiver. I{owever, it should be noted t}rat if the scattelers are

frequency invariant over the banciwiclth of the incident pulse, the back-

scatter strength as clefined will be independent of the source-Teceiver

cliaracteristics provided the phase and amptitude variations of the

inciclent beam over the spatial coherence limits of the scatterer

are negligible.
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It has been the Practice

in analogy to the BCS definition,

lsin." the signal envelope squared
magnitude squared, s-(t) and U.[t)
corresponding enveloþes ErG) ánd

in imderwater acoustics to define,

a backscatter coefficient in terms of

is proportional
in (2.4.23) naY

Ã's (r) .

to the signal
be replaced bY their
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the ratio of the far-field scattered power per unit volume to the incident

power [01'shevskii (1967)]. By extendiirg this defínition to a band of

frequencies and including the effects of the source and receiver, an

average backscatter coefficien-u (averaged over the band of frequencies)

may be clefined if the spectral characteristics of tlie source and receiver

are l<nown, ê.g. Mohammed (1967). By neans of the Parseval theorem it can

be sirown that the backscatter coeffícient defined in this manner and our

definition (2.4.23) are equivalent.

Parsevalrs theorem requires that

f:* 
@çt1t2 at =

wlrere G(f) is the Fourier transforn of E(t). By setting E(t) = 0 outside

the interval TU we may extend the linits of the integral to +* arìd -æ.

The equivalent expression to (2.4.23) in the frequency domain is obtained

by applying the Parseval theorem to the numerator and denorninator of

(2.4.25). This is permissible since (2.4.23) is defined as the ratio of

separately measurable energies. Thus we have

(*
lo

I l.(r) l' ¿r =

)_- 4-"lc(rtl2 
ar

The close connection of (2.4,25) to the backscatter closs-section as

conventionally clefinect in (2.2,I) is evident. For CW incidence

Limit ^2õ=*41TKS K+O

lcrtr) l2 * ¡r¡r) l2 ¡uçr1 l"(r)6(f), rvhere I(f) is the incident intensitv,

Il(f) is the scatterer tïansfer function, F(f) is the equivalent receiver-

source transfer function and ô(f) is the clelta-function. Hence lf Cfl l2

cancels and (2.4.25) reduces to the conventional BCS definition.

f " 
lcs (r) l' ur

(2.4.24)

t@

I lc-(r)l'¿r
II)o

(2.4.2s)



wirh 0 = or/Y u, r\rhere os is defined by (2.4.23) or (2.4.25),

rve are now in a position to estimate the contribution of the myosepta to

the tissue volume backscatter.
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In the case of in situ measurements, it is in practice difficult

to approximate the rather idealized conditions postulated in the previous

chapter. Thus, in the case of tissues, absorption, anisotropy, complex

geometries and the effect of non-ideal incident fields must be taken into

account. To this must be adcled considerations of pulse shape and bandwídth,

various experimental and instrumental limitations and, of course, the

statistical properties of the scatterers and the medium. For the analysis

of such an array of parameters, the point-scatterer theory developed and

refinecl by Olrshevslcii (1966) and Middleton (1951, 1966, 1972) is probably

the best approach, at least if the problem is to remain at all tractable.

In the first tllree sections we will review the essential

features of the lvfiddleton-Oltshevskii theory for the case of static

reverberation and proceed to adapt the theory to the problem at hand.

Apart from the derivation of sone simple first order corrections for the

effects of absorption and finíte bandwidth, the adaptation is straight-

forward. In subsequent sections we wilt consider in greater detail the

effects of absorption on the pulses and the measurement accuracy, the

relationship of the receivecl signal to the actual ultrasonic pulse, and

the subject of near-field pulse backscatter measurements.

FIRST ORDER APPROXIIVIATION OF PULSE SCATTERING

CI_IAPTER 3

IN A RANDOM ABSORBING MEDIU},I
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3.I IntroductorY Rernarlcs

The key assumptions macle in the Middleton-01'sirevsl<ii statistical

model of volume reverberation are:

a) tjre scattering inhomogeneities may be repTesented by

equivalent Point-scatterers ;

b) in any sufficiently sma11 portion of the insonified

volume the point-scatterers aïe randonly, uniformly and

independently distributecl, thus defining the reverberation

process as a Poisson process (Appendix A) '

Furtirer it is assuned that:

c) tile scatterers reradiate independently;

cl) multiple scattering is negligibie.

uncler these conditions the resultant reverberation process may be repre-

sentecl as the superposition of M random events given by

M

x(r) = t. um(t,Tm,Am) (3.1 . 1)

.lu- L

--)-+-
where Um(t,ir,4*) is the elementary signal or event associated with the

n,th point-scatteret, ä^ denotes the other stochastic properties of the

point-scatterer and l'l is a ranclom variable with the Poisson probability

distribution given bY (4.1.5).

Clearly,scatteringbythemyoseptawouldappeartoviolate

conclition a) an.d most liltely also b). For this reason it will ire

necessary to exclude it initially and treat scattering by the myosepta

separately as a component process of tire overall composiie p1.ocess'
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3.2

In addition to the basic restrictions on the scatterers given

in the previous sec'Eion, we ivill assume the following conditions:

1) the tissue is anisotropic in only two dimensions with the

symbols Clll and (-D cienoting the directions parallel and

perpendicular to the muscle fibers, respectively. The

Phenomenological Ìtlodel of Tissue Volume Scattering

tissue is characterized by velocities c, 
I l, "Z_L, 

absorptions

ol l, ol_, and density p2i

2) the tissue scatterers are static over the pulse repetition.

interval;

3) monostatic operation;

4) the tissues are oriented with the nuscle fibers perpendi-

cular to the beam axis;

5) the incident beam is sufficiently narror{r so that the beam

ilay be consiclered perpenclicularly incident;

7B

6)

7)

far-field conditions prevail ;

the pulse bandwidth and spatial distances are such that

the effects of velocity dispersíor1 are completely

negligible in comparison to the effects of absorption;

B) the transducer is located in a non-dissipative medium

of impedance p1cl (water) adjoining the tissues;

9) tlre velocities c, and c2 are nearly equal (cr/c, < 1.05),

hence refraction of the incident beam at the water-

tissue interface is negligible.

With the possible exception of 5), none of these conditions

should prove too unrealistic or impractical. To meet 5), however,



the far-fielcl condition 6) nay be overly restrictive for in situ

measurements (Sections 3.3 and 3.6) .

The geometry of the experimental set-up is depicted in Fig. 3,7.

Tl-re clistance along the iransducer axis to the surface of the fish ís ro.

The interval (t2-t1) over which the bacl<scatter is to be analyzed is

clelayed by (to-tl) in orcler to avoid reflections from the surface. If the

scales are removed from the fish, the two-way ultrasonic transmission loss

at tire interface is negligible. I-lowever, for the sake of generalitL we

will assume a two-way transmission coefficieni T. = (1 - ¡n' 12) where Rt,

is tire reflectivity of the surface.

The elemental signul U,n received from the *th ,catterer located

at a distance li*l= to * .2r^ from the origin may be expressed as

ur[r,Tr,ä,n)

79

wirere S(o) = driving signall

r "j2k(ro+c2t*)'"" - 
,) [ 

-zcr(ur) c2rm 
om('¡, oa' öa)

4n (ro+crr,n) L

V(o,0,$) = equivalent beam tïansfer function (see Section 3.4)

e (o,0 ,ô ) = far-fie1d scattering pattern of the point-scatterer
m- ' a"a'

where 0" = 0o-0, öu = 0o-0 and 0o,0o are the equivalent random orientation

angles of the scatterer

q (o) = absorption of -uhe nedium (transverse direction)

r = local fixed time with respect' to the shifted coordinate systen
m

centered at, the interface (t = 0).

2,x Y lr¡,0,öJ

lThe relationship of the ultrasonic pulse
signal and the actual received pulse is

s (r)] (s.2.r)

to the applíed electrical
examined in cletail in Section 3.4.
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B1

l{hen the absorption cannot be neglected, the Fourier transform should be

replaced by the Laplace transform, Middleton (1972), Pt. III. However,

as it was assumecl that the rnedium is absorptive but non-dispersive,l

we may retain the Fourier transform formalisn if we define the absorption

coefficient o, as o = o(lrl) where s is Positive real. Tnus the received

signal pulse in the time domain becomes by (i ,4.2)

T r-+ + 'c I r ^ ?. 
) "-2o( 

lurl)c2r*-jotm d.u ,u-(t,í-,8) = --Z:Z I o*(o,0r,öu)Y-(r¡,0,0)s(o
llr llr ¡r gn.r^. ) _* 

* a

where t^ = t-2ro/.r.-rr^ is the retarded tine.

The determination of U*(t,lr,-d,n) is greatly simplified if

1tr2(r,e,ö) can be moved outside the integral. Assuming a sma1l increase

in error can be tolerated, we will factor V2(o,g,O) from under the
I

integral in (3,2.2) and replace i-u by the two-way beam pattern V'(r,:",0,Ö)

averaged as a function of frequency over the O"nli.ttlot t(r) and

')
referred to the center frequency. Essentially, 'y'(oc,0,0) is the beam

pattern neasured in the experiments when using pulses.

It will be useful to expand the scatterer fi¡nction Ö(u.rr0r,Ör)

about the center frequency u./Zr. A similar representation for o,(lrl)

woulcl be clesirable but is not possible because we are taking the absolute

value of r¡. Llowever, if cr varies only slightly over the bandwidth ß

of the pulse So (ur.) , i .ê.

> o (3 .2.2)

'ItThi, assunption, although a good approximation, is in fact non-physical
for in a rãal (causal) physical system the absorption and dispersion
are Hilbert transforms òf eac¡r other; see, for example, MacDonald and

Brachman (1956).

^tc dal eî T <<L 

-l 

DV^ilt¡lr r ¿ InaX,lr"l
r¡>0



then for all t over the bandwidth ß,
m

"-2o(lr[)c2.m = "-2o(lr"l)c2rm Itt

wherer.l= r - o. andkO = o./c - k - k. as before, andoUta1<es onboth

positive and negative values. Holever, the spectra of the signal pulse

So(a.r) will generally taper off faster tiran r-t ro that no convergence

problems will be encountered. In fish myomere the absorption in the

range 1 - 10 MHz is roughly linear fFreese and Makol (1968b) ] and we may

rtrerefore replace (ãalãrr: I ¡r" I 
) by a./ lr. I . Substituting (3 .2 .3) into

(s,2.2) we obtain the first orcler result valid f 11 ânÕ fgl"'ror lå rl¡- l.ã.l | 
.. t

we may put to a good

^ ôsl
- I ---l (r),Ç^T r

ôt¡11.. to¿ml-c I

um(t,Tm,äm) c

where

Tc o(kc,oa,0a)

-;;z-m

+->
-r(tm,r*,e*) =

approxirnation

j G.z.s)

82

Eq. (3.2.4) is rather intelesting. For example, it shows that

the distorting effect of a scatterer having a rising frequency response

may in fact be partially offset by the absorption of the meciium' For a

constant cross-section (AO/Akc = 0), Õ= Q(0*,0r) is dependent only on the

scatteïer orientation. If the absorption is zero, (3.2.4) reduces to the

simplest possible result where the backscattered pulse is a tine-de1ayed,

amplitude-scaled copy of the incident pulse'

Approximating the transmittecl pulse s (t) by a narrowband pulse

of the form

1 I *[- fu ao] '¿l ["r j__f . lo i-r.Ju" rrl ll

7rr"J*ñ 
"-2o( 

l''.1)c2r^ 
"-j'"t* f(rm,ln,Am)

- aal- 2 ml ^drzlû)t^
L

(3.2.4)

ro.) e- 
j'dt* dr.o'd' d

.l sI

s (r) -J

=Q

-iûr^t
o(tj 

*-
rl
lLl

I'l

A1

¿\l



where 2AT is the pulse length, and employing the

we obtain

¡(r*) = to (.n,) + ¡ l*so (tr)

r.¡ha*oR = [J.l-¿*l r 1ðoI ..-lrvne-"e bm = lia;rl. ; -, ar]
Lt 'Kc z 'ac 

t 
^)

¡fso (t) J

Thus to first order, the backscattered pulse in an absorbing medium

consists of a copy of the incident pulse plus a quadrature component

proportional to the pulse envelope derivative. This means that the

backscatterecl pulse exhibits phase modulation with the amplitude of the

quadrature component depending on the location of the point-scatterer

in the tissue. The nature of the pulse distortion will be examined

further by neans of exact solutions for specific examples in Section 3.5.

The next step consists of obtaining the moments of (3.1.1).

In principle one can obtain all the moments of the scattered field by

direct ensemble averaging but the amount of algebra required for moments

higher than the second moment becomes prohibitive. The higher moments

may be more easily obtained via the characteristic function derived in

Appendix A.

Inserting (3.2.4) ancl (3 .2.5) into (4.i.10) , the first moment

-j t^r.So (o¿)

transform relaiion

B3

(3.2.s)

becomes

(x Ct rl)

where

I
c

4r l()v-
v"

"(î) *'('",e,0) rCÌl (o [t<.,ü,1)r[t

L (Ì) "-2a(lo.l)c2rt-lt2lrl
, lÌl =to*"2'

r'i'il)ô u 
- j'"tt d,,

(3.2.6)



/(rr,T,t) = so(tr) + jB ;o(tr)

f,-
s(i,t) = ll*P*lll* o ,rLc

"(ì) = point-scatterer densitY

The ensemble averag" (o (k",?ñ)¡(tr,?,ì)) contains three terms

(. ß",-ì,-ð)¿(tr,î,üi ) = ( o(k.,-1,-4)) so(tr) n ) /cz (åfu) êo (tr)

- i' t'ï 'r' (o(k"'l'-4) ) sott')

2.r.o._+T = L-r1C.
.L

t d,^ Ia^Lt_ _ lr_-r_ c.Í Lc) lt¡.l ¿ 
|

J

Depencling on the circurnstance, one or both of the latter terms may not

be needed.

The second momeni from (4.1.1i) is given by

= l*ij',tt)tl .;,0)t' J(Ð (r2rt'",)r(tr2))*
"9,

"- 
j'" (t'1*tr2) ¿y * ( xcrr) ) ( xcrr)) G.2.7)

Eq. (3.2.6) ancl (3.2.7) now express the monents in terms of

the scatterer ïesponse, the point-scatterer density, the transducer

beam functions, the absorption ancl velocity of the tissue, the interface

transmission coefficient and the incident signal'
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3.3

The zero-order absorption is conmon to the inciividual processes

ancl varies only siightly over the pulse length. Therefore, it may be

factored (see Section 5.3.5) and the resulta:rt process compensaied if

the absorption coefficient is k¡roln. Assuming this is the case, we will

Backscatter Statistical Properties

rhen have îU¡'",r,OltCil exp 
Þ t"t.r']. 

rt will be convenient to
'c'

replace these functions by a more general gain function G"(ur.,r) which

is independent of absorption.

5.3.1

dv = 1.2c2 dA dtr

wirere t, = t - (2to/c, + 2r), aitd since

only in the interval (tr-^T,tï+AT), the

sated process Za&) may be written as

-rc r^r (

( z"rtl) = 
-'# 

,J_0, 
("(t-rï)) 

'Jnc.,)

li4ean and Variance of the Backscatter

Substituting G2(r",T) ancl effecting a change of variable

B5

The variance and

We now

volume Vn as

n(1) 6t)

(3.3.1)

-¡(tr,q) of (3 .2.6) is non-zero

mean for the partiallY conPen-

covariance nìay be obtained similarly.

define the effective beam cross-section in che insonified

62 [r., o, O,t-tr) (otr.",d') ¡(t

Io,.,

J:"'

* 
"- 

j'"tr 
dA d. (s .s,2)r

62 ir", o, Q,t) dA

r"'
y2 {r", 0,0,t) l,(-i) exp

",il)i

Þ d;t ",1 '2sin0 dödo

(3.3.3)



In order to avoid non-Physical

may be modified by redefining the pulse

s(t") = so(tr-AT) "-j'"(tr-^T)

In an arbitrary interval (trttrZ), scatterers outside (ttttrZ)

provide contributions to the process near the ends of the interval '

This problem is avoided by shifting the reference origin by aT as above,

but in orcler not to lose syrnmetry in the limits we define a new variable

=Q

tt = t -AT.rT
If ("Ctl) '

instantaneous effective

etc. , the rnean (3 .3,2)

results, the retarded tine t

interval for s (t) as

Ir -^Tl s tr'tr¡

It -¡rl t ¡t
'Tl

B6

n(1) çt) and

scattering

becomes

where s-,(t'-)oci- r

t\ c^t var/
l'"1 ¿

volume, i.e.

and

so(ti) + jB ;o(ti)

t=þ (F) ï '", *l r..r']

only negligiblY over the

(ntt-t,)) = ("(t)) '

rAT
I

"'il)a 'J-ort

Wiih B = 0, (3,3.4) reduces to the standard

scatter in the far field is independent of

Middleron (7967), Pt. 1.

2f
a-Lt ^(t-l-,----3-^T)' r 
"1

o¿(ri) "- 
jr'rcti 

¿1'

(3.3.4)

'') -LL^
-+-"-nT

c-I

fornr which for volume back-

the distance, see
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Thephaseangle,"'i=u"(t-2/c,-2t-AT)referredtothe

recep-rion point is randomized clue to the random distribution of the

point scatterers. In the general case the carrier may undergo a further

phase shift 0* u, a result of the scattering. These two (spatial and

temporal) phase shifts are additive ancl uniformly distributed over the

common interval 0 to 2r fBecicrnann and, Spizzichino (1963), Ch. 7]' For

a quasi-harmonic signar such as s(ti) = so(tf)"-j'"ti, (zr(t)) will

be equal to zero as will all of the odcl-order moments if the process is

strictly stationary (see Sectiou 3.3.5) '

The variance of the process Zu(t) may be obtained from (3'2'7)'

The real part is given bY

Var. [Re z a(t-)f = kllz 
^(t) 

Z* (t) > - <z a$)> <2. (t) > ]

rvhere

('3u ('i))o

_2^

-u'r'r 
= 

(r(t)) n(2) çt)
(an) "

=,1r,;, . [+] (ttrl'\¡,;lc'l;,

- + f--ls-]' .', u'"(ti)r2
¡a ¡o. I j ¿

(o (k",*¡)A

and

- /-r âo, ' o /ão \ äo
- 2.2 (.)o r¡,7 so(t|) so(ti)'r - 2 \ã*;¿ ãT%l- '

q

rATt^
I ('Íutt;))* at'
J-rr q

(3.3.s)

n(2) ¡t)

8n I /(+ --------- I ( lq(o)* L \t
q

=fjn(t)

ao l\ 1
_t ) 

-ðkJ / .2
q

FCr",t,+t l' oo

so(ti) sott;)

;lc'p]



For symmetrical

simplifying the

Var. [Re Za&)]

signals the terms containing so (t');o (t t)

equation to

= ,tt ('crl) n(z)¡t) {

t-
l1.e

Eq. (3.3.6) contains only seconcl order correction terms. It will be

shown in section 3.5 that for moderate absorptions and sufficiently

short delay ancl measurement intervals these correction terrns may be

ignored. Eq. (3.3.6) then reduces to the classical result for the

instantaneous (diffusely) scattered power

/[!e-12\ - (")-d
\ L¡r^J l* * n

U^ r{

. /âo\- * \m-/¿
L

BB

will drop out

<o(k.,ir to

.Jl
l'"1 'l )

4r

T2 c^
var. [Re zaG)J = 'a 

'È2. ( n(t)) n(2) ¡t)
(4n),

rAT

I

J -ot

AT

-0, 
t3t';'

222
t2'

t2 (r,) dt 'o- r' r

Integrating (3.3.6.a) over the interval Tu = t.-tt Yields

diffusely scattered energy from the equivalent insonified

The latter equivaleni volume is given by

Za
I

uÍÐ = I nÍ', (z) dz
,27

O, 'ìr)

"tr"r" njZ) e) is tl're normalizecl effective beam cross-section defined in

(s.J.s) ancJ. z = 1.rcrt The effective insonífieci volunt" vfl) may be defíned

in the same manner for the coherent scattering'

(3 .5 .6)

(o (k^ ,ü)>-,
"q.

tLl

I

J -or
=2 

(r') dt 'o- r' r

(3 .3.6.a)

the total

volurne uÍ" .

(3 .3.7)



It

in contrast

independent

should

to [n(t)
^1U,L J-.

3. 3.2 Probability Distribution of tþe Ba-ckscatter

The key role in deternining the character of

played by the process clensity parameter so which nay

be

(r)

noted that in the far field n(2) ¡t) varies as

12 fo, ihe cleterministic component which is

l-s

where (il ) is the average number of element

[= (n(t)) n(1) çt) ] artd t"f i' the equiv

latter may be conveniently defined in terms

or the signal energy int'egral ' With

(*
t)

Tef = I s'(t) dt
)_æ

r*
lref = 
,J-- 

so(t) dt

and the envelope so(t) normalized to unity'

[01'shevskii (1967)] that these definitions

(N ) r^.
UI

89

-2

the backscatter

be defined as

¡
Ë̂I

where 
^ ^ is "uhe equivalent
eï

the equivalent width of the

ary scattered

alent signal

of either the

(3 .3 .8)

signals received

duration. The

signal amPlitude

llerpite our initial assumption of randon scatterers, the existence of a

very small .cleterministic component in the total scattered power

þ'^,ali;1;l)- i, nor ruled our, see Middleton (1e67), Pr. 1.

2
^1=a^reï er

(5 .3 . 10)

it may be easilY shown

are related bY

width of the pulse power spectrum and I is

anplitude spec-Lrum (Appendix B) '

.2
Lef/ 3

(3.3.e)

(3 .3.1 1)
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At lorv deirsities [O(< 10)] there will be finite gaps of zero

amplitucle in the reverberation envelope resul-uing in a ô-function at the

origin of the corresponclíng amplitude probability density distribution

function fMiddleton (1960), Ch. il]. As sO ] * , the probability of zero

amplitucle will decrease to zero and the distribution of the backscatter

will tend toivard a Gaussian probability clistribution as required by the

central limit theorem fParzen (1960) ; Middleton (1960) ] . For intermediate

densities, a number of series replesentations have been derived such as

the Gram-Charlier series, see Marcurn (1948); 01'shevskii (1967) '

In order for the process Z(t) to tend towards a Gaussian

process, one of the conditions to be fulfilled is that none of the

elementary signals predoninates ovef. the otl-rers to the extent of yielding

a significant contribution to the sum process. In general, it is

preferable to treat these echoes separately. The probability distribution

of the sum process WIV(t)] can then be obtained via the characteristic

functions of the separate independent component processes.

3.3.3

nature

signal,

signals

Envelope Statistr-cs

So far we have onlY considered

of the processing chosen, nanelY,

the phase is eliminated and onlY

will be available.1

lsr.i.rly speaki¡g this is not correct. If we assune the original signal
is bancllimited tã some arbitrary upper frequency, the rectified signalrs
clerivatives being cliscontin.ro.-,t, it will contain frequencies to infinity
and thus in prinãiple the phase can be recovered within an integer
multiple of n.

the full signal. Due to the

ful1-wave rectificaiion of the

the envelope of the received



Expressing the backscatter signal

signal [Rice (194s) ]

x (r)

where X.o, = E(t)cos0(t), Xrir, = ¿'(t)sin0(t) and E(t),o(t) are the

envelope and phase of the signal X(t), respectively. Conventionally,

the components X.o, "td Xrin ut" clemodulated using quadrature detection.

In contrast to E(t) they may bear little or no resemblance to the

original signal. However, the choice of E(t) complicates the evaluation

of the probability distribuiion. The reason for this is that the

rectification process is non-linear. It can be shown (ibid.) that when

x(t) is Gaussian with zero mean, the envelope is described by the

Rayleigh distribution gíven bY

Re X(t)

E(t) e J Irct-0(i) ]

tx2 * x2 . 1L' ,or[, t * tan-l f**llt"cos "sin' -"" L-. [x.o,J]

9I

as an approximately analYtic

I
where o- is the

X

distribution of
)(X dlstrlbutlon

(3.3.12)

(3 .3. 13)

W (E) ET= _1 expl
LI

ot
X

variance of the Gaussian process.

the envelope intensitY I = E2 wiII

with parameters rt = 2 and o*)

where <r> = 1s2) = ,o?^.

Important parameters of the Rayleigh

require are:

¿1Ðt
1l.> ^.' J
X

!v (I) 1
= <i> exÐ t-'L

(3 .5 . i4)

The corresponding

be exponential

il<Fl

distribution that we will

(3 .5 . 1s)



mean ampl.itude 1u)= ,GE o*

nean in-uensity <t> = ,o'*

fluctuation varian r" o'" = Z(4 ' *)r2* = o'aso?*

coefficienr of variation ^,, = ffi!= # = 0.52

The envelope distributions of a number of known composite

processes have been derived. The Rice disiribution for the sum of a

nornal process and a consiant (sinusoidal) signal is perhaps best known

arid is applicable when the scattering process contains a coherent

(deterministic) comPonent .

The envelope distribution in this case is given by (ibid.)

!V (81) =

where E, is the envelope of the composite process

(3 3.16. a)

(3.3.16.b)

(3 .3.16. c)

(3.3.16.d)
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1

2
ox

b^ is the constant signal amplitude and io( ) is the zero-order modified
o

Bessel function of the first kind.

The determination of the envelope distribution for arbitrary

distributions of the reverberation is a much more difficult undertaking'

parricularly if the process densitl so is low [l'lu11en and Middleton (1958)] '

The correlation coefficients and power spectTa of the back-

scatter and of the backscatter envelope fluctuations are briefly reviewed

in Appendix B.

exp

t

rul . a2rl1_ førbol_{)'" m

V(t) = X(t) + b g-Jtlgu
U

(5.5 .17)



3.3.4 Composite Scatteríng Process

The total scatter process will be represented as the sun of

four independent Poisson processes plus a non-Poísson essentíaIIy deter-

ministic process Y(t).

4

v(t) = I, xi (t) + Y(t)
i=1

where each of the X. (t) has the form

Ivl

x. (r) = I. ui*(.,r,n,e*)
m=I

In particular, íf we assign the processes as follows:

X1 (r) - scartering from iipid globuies (Rayleigh region)

X2(t) - scattering from lipid globules (geometric optics region)

X3(t) - scattering from air bubbles

X4(t) - scattering from other tissue components (background

scattering from myosepta, nuscle fibers, myocommata,

i. e. connective and adipose tissues not constituting

part of the myosepta, and blood vessels)

Y (t) - ' leakage ' of surface interface and midline reverberation

and possibly scattering from pinbones.

One or two of the component processes will be dominant in most cases.

To the extent that Y(t) can be neglected and XO(t) approximates a Poisson

process, the composite process will be Poisson. Accordingly, a single

process clensity could be definecl if so desired; details may be found in

the papers by Middleton (1967), Pt. 1, and Faure (1964).
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(3.3.18)



given by

The moments in which

(v ctl )

(u'c.l)

4_r
L

J-- I

4ï
L

.:-1
I-l

we wíI1 be primarilY

If , in aclctition to being independent, the component

are zero, the conposite process covariance reduces

individual process covariances, i.e.

(x, ctt) . (v ¡tl)

Var . tv (t) l

(x? c.l)

(u'ctl)

4

(vctrlv(r2)) = *f, (x. ctrlxi(t2))
I-l

interested are

. (t'crl)
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- (uc.l ) 
t

3.5.5

The methods of sampling ancl averaging the data ate to a large

extent cletermined by the nature of tl'Ie stochastic process, the pararneter

or clistribution being measured and the intended application. However,

in nost cases sorne forin of tine averaging is sought in addition to

enseinble averaging in order to reduce the number of sample runs required'

The most stringent condition for the time averaging and ensemble

averaging operations to be completely interchangeable, subject only to

the constraint of independent samples, is that the stochastic process

be strictly stationaTy--a process being defined as strictly stationary

(3 .3. 1s)

Averaging and Stationarization

(3.3.2r)

process averages

to the sum of the

(3 .3.20)

r ( t.
\1,

(tr)Y (tz) ) (3.3.22)



95

if its statistical properties remain invariant under a shift of the time

axis [01'shevshii (1967)]. Depending on the previously mentioned factors,

the statistical properties may need to be determined at every poínt of

tire random mediurn or an aveïage measure oveT a given region may suffice '

hhile in the former case the process should be ideally strictly

stationary (for time averaging), the requirements ín the latter case

are much less stringent. Thus, in the present study we wilt generally

limit the investigation to obtaining estimates of the backscatter

statistics averaged over a specified tissue depth interval. Howevel,

before this can be done the process data must normally be free of any

dorninant deterministic trends.

If a particular process x(t) can be expressed in the form

where f(t) is a deterministic function and Z(t) is a stationary stochastic

process, the process may be stationarizeð'by multiplying x(t) by if(t)]-i'

In general, the resultant process will not be stationary in the strict'

sense; however, depencling on t'he siatistic, it may now be possible to

utíIize time averaging over some finite interval. The scattering

process was compensated for zero-order absorption in the above manner

but could not be stationarized because of the possible presence of
1

components having different range dependences '

x (r) f(r) z(t) t = Zt/c

1A .,,*bet of ways, other than using ensemble averaging exclusively, have

been employed to circumvent this probleiri. Símplest and most connon

perlrapsiStoneglectdifferencesinrangedependenceovert]re
measurenent inteiv aI by using a suffici"tttty great distance between the

source ancl insonified volume. Another method is to Ïange gate the

composite process into shorter segments and, assuming that the conponent

proL"rr", ão ,-rot overlap in the séle.tud intervals, use varying
compensation in the different segments '

(3.3.23)



It was recognized that essentially range independent and

stationary conditions could be realized over short iniervals in the

transclucer near field, particularly in the region centered on the axis
?

about {-/X fron the transducer. The field structure in this region ís
I

rather sinilar to that of a focussed transducer and for this reason is

exploited in many diagnostic applications. It turns out, as will be

shown in Section 3.6, that the response from both coherent and diffuse

scatterers in this region is almost constant. Since the bean cross-

section and therefore the number of insonified scatterers is also

nearly constant, the pïocess afier compensation for absorption (neglecting

di'"ferential absorption over the pulse BW) will be approximately

stationary if the scatterer distribution is homogeneous. Actual experi-

menis with unbounded model random media showed this to be the case,

the backscatter 1evel remaining essentially constant in the near field.

A combination of time averagíng and ensemble averaging was

employed. For each specimen the experimental moment averages and the

coefficient of vaïiation Y were calculated according to the following

formats:
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and

( Frvr )

(v ) =\ v/

where M is the

averaging over

- M(1¡l
ttMTJ

L i-=I ¿

.Mlr,
)ivf t

^. : -1l-- r

T

--z
L

Fi lv (-") I dt

number of aggregate members and the

the interval Tn.

^L- (n)"1 .''
ú
L.

1

(3.3.24)

bars denote time

(3,3.2s)
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Independence of the ensemble aggregate nembers was assured by

clisplacing the -uransducer lateralIy at least one beam dianeter from one

backscatter record to the next ' This also had the effect of randomiztng

the coherent eciroes from the pinbones (in whitefish) and the myosepta'

In general, holeveÏ, the inclination of the lnyosepta with respect to the

incident beam axis was sufficient for scattering from adjacent myosepta

to overlap within a given backscatter record'

3.4

transniitted acoustic pulse. Representing ihe electrical driving pulse

s(t)byitsFouriertransforms(ur)ancineglectinganyinteraction

effects, the received pulse tr""(r) rnay be represented as

sr""(r) " In"r(ur)H"r(r,r) J lH.r(o)Fl.r(o)l

RelationshiP of the

The received Pulse

Received Pulse to ihe Ultrasonic Pulse

differs significantly from the actual

where lt"a (o)

tl", (rrr)

H (r¡)tt-'
H lo)tr-'

* D.(r,Ì,lr)nr{r,T,-Èr) * Hr(r,r,T,È.,Êr)

(3.4.1)

- transmitter electrical network transfer function

- receiver electrical network transfer function

- transducer apeïtuïe transfer function (transmitting)

- transducer aperture transfer function (receiving)

O_ (ur,l) - beam diffraction pattern transfer function (transmitting)
L

p (r,T) - beam cliffraction pattern transfer function (receiving)
I

1 
"jk'r - propagation path trarsfer function

T

tt, (,r,T,1, ,lr) - scatterer trans fer function

1-T
T"

ej 2È'i 
s (r)
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In general, the propagation vector È is complex. D, and Da

are integral operators transforming ihe respective apeTture transfer

functions. When ernploying the same transducer to transinit and receive,

the radiator and receiver tTansfer functions are given by

H.. (o)

where Zr(u) and Zr(u) are the electro-mechanical impedances of the

transclucer element and Zr(o) is the mechanical radiation impedance of

the acoustic medium into rvhich ihe transciucer is radiating. It is

customaïy to normalize the radiation impedance with respect to the

urt (o)

Z, (ur) + Zr(u)

Zr(u)

Z (u)r

Zr(u) + Zr(u)

characteristic impedance of the medium so that for ka, > 5 the

normalized radíation impedance is essentially unity. In general, the

impeclances characterizing the transducer rvill be approximately the sane

whetlier transmitting or receiving so that we may put ZI(,,r) = Zr(u) and

thereby assure reciprocity at the transclucer inputs since nr(o,i) = Dr(orl)

The natching electríca1 netlorks are not necessarily the same

for transmitting and receiving although in our case they were. Hence,

if only lnonostatic far-fie1d operation is considered, the transducer

aperture and beam diffraction pattern tlansfer functions may be

combinecl into equivalent bearn transfer functions Y-(o) = Vr(or) as in

Section 3.2. With these simplifications, (3.4.1) becomes

(3.4.2.a)

(s.4.2.b)

sr". (r) = KHs (r, È:_ , -Èr) v2 (r) H2" Crl "2Yt 
s ¡r¡ (3.4 .3)



and for a non-dissipative nedium, by (1.3.2)

tr". (t)

(3 .4.4)

where K is a scale factor. If the scatterer is relatively frequency

insensitive in the frequency region where V2(r) ana Ul(ur) are of

significant amplitude for alternately, FI, oscillates about some nean

value much more rapidly than Y2tr) Hl(r)1, Hr(o,-È-,-Èr) may be equated

to a constant and moved outside the integral.

Finally, if S(t¡) = 1 corresponding to the spectrum of a

ô-function impulse at time t = 0, ihen it is clear from (3.4,3) that

tire nagnitude spectrum of the received pulse tr""(r) is proportional to

the power spectrum of the actual ultrasonic pu1se.

From the forms of the received pulse and the input pulse, the

network response and therefore the acoustic pulse ca¡ be evaluated,

although ín practice this may have to be done numerically. Referring

to Table 4.1, the -6 dB bandwidth of the magnitude spectrum lsr""tr)|

of the received 5.5 lvßlz pulse is 1.3 1vÍ12. This indicates that the

3 dB bandwidth of the ultrasonic pulse is about 1.3 li&iz. The percentage

banclwidih ( = 100%/Q of the ultrasonic pulse is therefore 36eo.

However, as the same transducer is being used to transmit and receíve,

the received pulse 3 dB bandwidth is more appropríate and will be

employed here.

= X l-_i-r, 
(,, Êr, -Èr) v2 (r) ul cr) s (o) 

"-) 
u(t-2r/ c) 

dr¡
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3.5

In Section 3.2 a first orcler correction for the absorption by

the medium was obtained by suitably redefining the absorption coefficient

Effect of Absorption on the Pul!es
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so as to permit the use of Fourier transforms. Trlis sai:ne technique may

be used to obtain rexactr soluiions. Comparing (3.2.2) and (2.4.II) or

(C.1.1), the forms of the integrals are seen to be similar. Thus with

appropriate changes in the interpretation of the parameters, (2.4,II)

can also represent a pulse propagating in a non-dispersive square-1aw

medium. To illustrate this for a rectangular video pulse, we set

)
cr - yz and t(n> In"lln ab k"J = l. Then, letting r" * 0, (C'1'5)

reduces to

- rt -ATr - rt +ATr
s(r) = f errl'- l-f,etr l-r-l (3.s.1)r-r' , lz/; ) " I z{" )

which is iclentical to the solution obtained by Gorshkov (1957) for a

rectangular video pulse propagaiing in a square-1alv absorbing medium.

With the above changes (C.1.3) and (C.1.5) represent the general

solutions for a cosine ancl a rectangular RF pulse propagating in a

square-1aw medium, resPectivelY.

Using the sane stratagem Gorshkov also derived the solution

for a rectangular video pulse propagating in a linear absorbing medium.

For a linear absorbing nedium we require transforms of exponential

integrals of the tYPe

(*
I "-t 

lr l s (,¡) 
"- 

jrtr d,
J-* "

where \ = 2ucr1. By the nethods eniployed in Section 2.4, the solution

may be readily obtained becoming for the rectangular video pulse of

width 2AT

- -rt - ATr . .rt- + ATr

sr(tr) =l.u'-t[-, l-ltun-'|.-., j G.s.z)



Flolever, the RF pulse expressions

the case of the square-law medium.

of rvidth 2AT we obtain

where

F(o) =

s, (tr)

101

are somer{hat more compiicated than j-n

For the unit amplitude cosine pulse

Je

and o, = rrla

exponential

- j t¡tro

Re fF(ur") + NF(trr) + \F(u)J

2r Iu-Y' E, (-vo- j ou) -"t' ur. (vur- j ou) ]

-0or12=t"*

integrai. defined

r-
E.(z) = IIf )z

As before, the solution for the rectangular pulse is simply F(o")

which reduces to (3.5.2) as t,lc + 0.

In contrast to the incident pulses, the scattere'd pulses

üJ and r¡ ='n/LT loo
as fAbramorvitz and

appear increasingly smeared out as (ocrr) increases. The greatest

distortion of the pulse will occur near t, = laT/Z, This is to be

expected sínce the loler and higher sideband frequencies are associated

with the portions of the pulse varying most rapidly. The pulse

clistortion is proportional to the pulse bandwidth. At the center of

ilre pulse s (tr) , the frequency is approximately equal to u"/2r and the

total attenuation is represented by exp (-Zu.crr). This can be seen

more clearly by considering the derivative (C.1.6) or the envelope

clerivative factor B ;o(tr) in (3.2.5). For the cosine pulse ana þ = O,
c

B;(t)becomeso- r'

-ì
--:-u^

u-L

u=t

(3.s.3)

E, (z) is the complex

Stegun (196s) l

(larg zl < n)

-^T

+AT



e so(tr)

where o = o" l*l, 
ro = n/¡T and t, = t - 2ro/c, - 2r

un
-a ._

Ir¡ It c'

Effects of Differential Absorption on the Measurements

Ar 5.0 M1z the absorption in fatty whitefish is about 3 dB/cm

or a/f = 6.9 x 10-8.r-1. Thus, for a sample thickness of 1.17 cm the

ïeturn (two-way) loss is 7 dB at (lJ.. For a bandwidth of 1.2 NlHz,

r- r ^ 'lts t = e./ x r0-" or less than 10e" distortion. The normalized signalI max'

ïeiurn s-^(t -) from an impulse scatterer in the absorbing medium afterr- T'

compensation at the cenl;er frequency may be expressed as

ttjO

= - 0, -T---î-c lo.l

c2r so(rï)

Gz') sinr¡ tor

sr(t") = A(tr) e-jô(tr) = 2 l(1 + cosS") - jB sinqrl

702

where ö = o t . The effect of the absorbing mediun can then be seen'r o r
by integrating the modulus squared of (3.5.5) from -n to n, or

(3.s.4)

Eq. (3.s.6

the integr

gave above

< 3.3 x 10

tional to

rAT
I

I

./ -¡t

) sho

ator

, the

-3.

the p

la¡tr) l' ut,

ws that to first order the apparent pulse intensity at

output is too large by tt = g2 /5. For the example we

maximum relative error in the measured pulse energy is

It should be noted that this error is inversely propor-

ulse width squared since

(s¡+ + u2 /Ð 
^T

(3.s.s)

(3.s.6)



T - 1-^ TtJ - zzw2t 
L

r ^2 r lo.l2
ãB- = 12 l- I(t./

Finally, if the backscatter is integrated over an

the average eïror for L = I.77 cm is reduced to ã, = 2.7 * 10-4.

22rL
r fd.l fil 11 2 1er s;:;r;_r l¡rj xl r dr = T6L LL l.c/ )o

It is slightly more difficult to conpute the error for the

pulse magnitude. Expanding the integrand corresponding to (3.5.6) for

lu*u*l .. t, tlr.e correciion becomes 
"l,l = B2 /2 or 509o greater than er.

The average error will be l" = å;r.
In view of the magnitude of the other sources of error, see

Chapter 4, we may thus neglect the effects of the differential absorption

in tire analysis of our experimental data.

(crr) 2

-^v
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3.6

(3.s.7)

)
re^.Lll' I

lr"ar,1

interval

in tlre radiating near field at a dístance u3r/X tto^ the transducer a

Near-fie1d Backs catter Measurements

number of practical advantages could be gained. Before discussing these

aclvantages it will be useful to briefly describe the beam structure and

point out the major differences between wideband and CW beams.

It was indicated that by performing the backscatter measurements

(3.s.8)

3.6.1

The most drastic

operation are observed in

Ultrasonic Beam Characteristics

changes in switching from CW to

the near-fie1d structure and to

pulsed

a lesser extent



in the síde-lobe structure of the far field. The sharp nu1ls and extreme

amplitude fluctuations characteristic of the CW near field ate gtealcly

smoothed ivith increasing bandwidth.

The well-known approximate solution for the circular aperture

due to Lommet (1885) yields an axial intensity of the form

with

r (z)

y=

where fr is the

aperture and a,

multiples of n,

¡Pr
" ljl

t.f 'J

2rftÀ lFr

)
tnrí = 2n@+/ù/z is the path difference of the rays from the ri¡n and

point source distance (positive or negatíve)

is the aperture radius. The nulls occur at

i.e. t<y = mfi. For a plane wave, f I is equal

center of the aperture to the axial point z. Many writers therefore

normalize the path lengths with respect to 
^2r/X, 

i.e. t = ,^/^1.

1l 2.;) ur
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Papadakis and Fowler (1971) investigaied the effects of

increasing the bandwiclth on the beam structure. In their paper they

present the results of numerical computations based on the CW solution

for the circular aperture using empirically determined Fourier

coefficients. Theii results show tha-u the near-fie1d structure is

free of sharp nulls if the bandwidth is ivide enough and this is also

confirmed by our measureinents, see Fig. 3.2(a) .

Adopting the convention of referring to the diffraction maxirna

and minima on the acoustic u*i, u, vj*) .n¿ y(-), respectively, withnn
y(*) the maximum at s = 1.0, the axial intensity variation in Fig. 3,2(b)

o

(3.6. i)

(3.6,2)

to the

integer

to - and
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indicates a pressure ratio t(*)' t{-) of approximately 1.9 in contrast to

a ratio o¡ - predicted for the ClV case. (The ordinates and contours in

Figs. 3.2 to 3.4 are normalized two-way received signal peak amplítudes. )

Along the axis in the interval s = 0.9 to 1.1, in what we will call the

transition region, the Vj*) nt*imum appears almost level and sLightly

broader than the CW beam. The beam profile at the Vl*) n"*imum for the.o
2.25 lvH'z transducer is sholn in Fig. 3.3(a). For radial distances less

than k arr the neasured and theoretical CW values are in close agreement.

At larger off-axis distances, however,

wideband beam are virtually absent.

3.6.2

Although

disadvantages, it

determinations of

Near-fie1d Measurement Considerations

)
criterion of 4a]/\, for a 2 cm diameter aperture the minimum range at

5 MHz is 120 cm. The -3 dB beam diameter at this distance is 2 cm which

is far too large for in situ measurements. Placing the specimen in the

transition region, on the other hand, provides a narrow beam and, in view

of rhe beam srructure fsee Fig. 3.2(a)], will yield approximate

stationarity of the diffuse scattering.l thitdty, the absorption loss

the use of transition region neasurements has inherent

has some important practical advantages for in situ

tissue backscatter. Using a conventional far-field

side-lobe fluctuations in the

1Ar. ulr"rnative is to use a focussed beam. It can be shown [Lommel (1885)

Cf. Born and lltolf (1964)] that the field distribuÊion in the plane of
the geometrical focus is the same as in the far field, see Fig. 3.3(b).
T¡e lmportant thing to remember, however, is that plane-wave conditions
rt" otliy realized if tne scatterer is located entirely within the main
lobe of the beam and vice versa. Another aspect of the use of focussed
transducers is the application of variable focussing as a sensing tool
f lsl'rimaru (1969)]. ft is clear frorn our discussion in Section 2.4 that
ã finel.y focussecl beam cou.irl be used to determine the surface relief
spatial correla-tio¡r ínielval.
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in a water colunn of I20 cm is about 14 dB at 5 WLz. Utilizing the

transiiion region, the transducer-target separation is decreased by a

factor of four and the absorption is reduced 11 dB thereby improving

the signal to noise raiio by 23 dB--an inportant advantage considering

the low leve1 of the backscatter signals.

The clisadvantages of this approach are the sacrífice of the

relatively simple far-field conditions and the lack of validity of

some of the theoretical results based on the Fraunhofer approximation.

^Llowever, this can be rather misleading. It is not difficult to show

[see lvlelton and Llorton (1970)] that under normal conditions, short of

zero beamwiclth incidence, the transducer lvill be in the Fresnel field

of the surface when it extends across the entire beam; this is sometimes

overlookecl. For a point source the criterion for validity of the

Fraunhofer assumption may be expressed approximately as (ibid.)

108

where 0 is the
o

condition for a

)
Tio = alr/X ana sinoo = aT/ rio, we see that the criterion is met for

a point receiver on the axis but not oveï the finite apertule of the

actual transducer. If we utilize the Fraunhofer far-field expressions

we should therefore expect sotne significant errors in the case of

coherent scattering from structures extending across the bean.

The error incurred may be estimated by conparing the measured

ancl theoretically preclicted reflection from a reflector situated in the

near field of the transducer. The average received CW signal has been

_1r. sin -0- < À/8100

half-angle beamwidth of the source. Restating this

surface located in the transition region, i.e. with

(3.6 .3)



Fig. 3.4 Near-field pattern
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a = 0.95, cm:

td
Õ
3
þ
l
ß_
Þ

¡J
æ

=(fr
CN
ü-d
M
n-

td
(5

ffi
k.¡

ä

O.E

o.6

109

o.4

@

o
A

X

l.l tulFlz

23 tulHz

3.5 tu1Hz

48 MHz

o.2

** THEORY
SEKI et ol (1956)

0.5

KFIIMUNIN (1972)

r.o

Fig. 3 .5

receiving
separation

2.4

Average normalized pressure amplitude over the

transducer aperture as a function of transducer
')

in units of al/X.

3.0 4.O 5.O

S !N t"jN¡T'Of aaZ h
( DISTAruCË FROftd THË APËRTURË}

6.0 7.O 8.O



computed for the equivalent problem of two identical pistons by

Seki et al. (1956) and more recently by l0rinnrnin (1972). The theoretical

values shol that the reflection is essentially independent of lta,

(rvithin 0.3e") for ka, > 50 and s > 1.0 (reflector at s t 0.5) and this

is also approximately conrcirrned by experirìents . Tire theoretical and

experirnental values of the received signai amplitude (proportional to

the average pressure amplitude over the receiving aperture) are plotted

in Fig. 5.5. The experimental values were obtained using the pulses

described in Chapter 4; the diarneters of the transducer crystals and

the reflector were 19 rnm ancl 50 nìm, ïespectiveJ.y. The latter therefore

did not intercept the entire beam at the farthest position (s = 3.9).

Nonetheless, the experimental results (compensated for the absorption

by the water column) are in substantial agreernent with the theoretical

Cüf values. Using the radiut 
"11) 

of the effective beam cross-section"eq
n(1) ¡s) given in Table 4.3 as tl're raclius of the equivaleni disc, the

discrepancy between the theoretical cross-section (2,2,I4) and the

measured value was on the average -4.6 dB.

It should be noted that the graph in Fig. 3.5 exhibits a point

of inflection at s = 2.0 (reflector at s = 1) and a response ihat ís

practically constant over the range from s = 1.3 to s = 2.8. Hence,

for the coherent planar scatterer extending norn:ally across the beam,

the response will also be approximately constanL as in the case of the

random point -s catt,erers

In rnany applications it is desirable to perforni the measurements

with the transducer either close to or in contact rvith the medium. An

exact evaluation of the resultant near-fie1d problem is out of the question.

110



However, by treating the incident field as a pseudo-random distribution,

the problenì can be treated in an approximate manner. Such an approach

has been used by tÌre author fFreese (1973)] and others, and is justified

by the fact that the equivalent point-scatterers are randomly distributed

with respect to the incident field. It follows r'roln an application of

the principle of conservaiion of beam intensity that in the absence of

coherent components, the backscatter 1evel for s < 1.0 will remain

nearly constant.

5.6.3

When using short pulses some distortion of the pulses is

unavoidable even in the far field. This is due to the pulse bandwidth

ancl the depenclence of the beam on wavelengih. As was indicated earlier,

factoring the bean function Y(ur,0,þ) from under the integral, e.g. in

(3.2.2), implies a constant beam pattern over the bandwidth of the

incident signal S(o). For this to be the case, the percent change in

the signal envelope must be only a small fraction of the time required

for this change to propagate across the transducer aperture. In other

Pulse Distortion in the Beam

111

worcls, we require that Lt = 2ar/c be much smaller than the pulse rise

tine ATr, where a, is the aperture radius and c is the velocity.

Ìr{aking use of the bandwidth rise time relationship for an RF pulse

AT" = 0.7 /BW, this condition may be expressed as

For an aperture 2 cm in diameter, the bandlvidth rvould have to be less

than 50 KHz. In contrast, the ultrasonic pulses used in the experiments

BW
0 .35c

"T



have bandwidths considerably in excess of 50 K'{z (Table 4.1). The effect

of this is a smoothing of the beam pattern in the near field as i{as shown

ancl also a certain amolint of clistortion at the bean periphery and in the

near field. ìloruever, provided the pulse duration is ai least several

cycles in length (r +) at the center frequency and there are no large

coherent scatteïers at the bearn periphery, tite error resulting from this

clistortion will normally be quite sma11 when performing measurements

either in the far field or in the tïansition region. The reason for this

is that the maximum contribution to the scaitering will be from an

annuiar region centered at an angle 0 = sin-l Q.a/kar) off axis, while

the distortion does not become significant until 0 = sin-lçn7f.n) at

s = 1.0. Another factor tending to reduce tite effects of distortíon is

the intrinsic averaging of the process. This becones important in the

case of near-field measurements of diffuse scattering at ranges less

than s = 0.75.

TI2



In this chapter the principal methods and means employed for

the experiinental measurements are described. The instrumentation and

tecirniques used for the measurement of ultrasonic backscatter, velocity

and absorption are discussed in the first four sections. These sections

also contain important calibration data, including the equivalent volumes,

the beam and pulse characteristics and various transducer and instrument

parameters that are required for the measurements reported in Chapter 5.

The last two sections describe the chemical and histological methods

that were used to cletermine Ehe composition and physical properties of

the di:.'ferent media investigated.

CHAPTER 4

EXPERINENTAL METHODS

7r3

4.r

This section Provides details of

calibration and accuracy of the electronic

for tl'ie backscatter measurements. Certain

of the pulses employed in the experiments,

the pulse distortion due to shortcomings in

the instrumentation, is also given.

Backs catt er Measurements

the operating characteristics,

instrumentation developed

data on the characteristics

including an examination of

the frequency response of
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processing of the backscatter signals is sholn in Fig.4.7. In essence,

the analyzer ís a high-frequency version of the familiar echo integrator

employed in studies of fisir abundance estimation and underwater sound

scattering. It has, however, a number of additional features not

normally found in sonar equipment of this type.

fur early version of the analyzet was described by DeGroot

(M.S., 1970). For this reason, since the instrument is not of primary

interest here, the circuit details will not be discussed except in a

few instances where subsec¡uent modifications significaritly altered the

instrument characteristics .

Instrumentation: Bacl<scatter Analyzer 0peration

A block diagram of an analyzer which lvas designed for

l\hen operating monostatically, a single transducer acts as

both transmitter and receiver. Different pulse carrier frequencies

(1 - 10 M-tz) nay be selected by ciranging transducers and switching in

appropriate matching networks (Fig. 4.1). The natching networks greatly

improve the S/N by both matching and bandlimiting the input and by

further shaping the RF pulse to approxirnate a cosine pulse of the form

774

s(t) =k(I *"orþ cos (o.t+q)

After pre-amplification of the RF signal, the signal is passed through

a time varied gain (TVG) amplifier.

The main function of the TVG is to compensate the backscatter

for attenuation rather than I/r2 spreading. This is required to approxi-

mately stationarize the backscatter as was discussed in Chapter 3'

=Q

I'l
t*t
Irl

fAT

>AT (4.1.1)
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The TVG amplifier consists of a voltage controlled wideband

IC amplifier; the gain varies exponentially with applied control voltage.

The TVG amplifier is triggered either by the transmitted pulse when

operating in the contact mode or the first echo return from the surface

of the tissue when using the immersíon mode as illustrated in Fig. 4.2.

Multiple and false triggering, e.g. on air bubbles in the water delay

path, are prevented by a lock-out circuit.

Following siationarization, the signal is gated. The depth and

width of the gate are varíable but typical values used for most of the

measurements are 7.5 Usec and 15 USec, corresponding to 5'8 nm and 11'6 mm,

respectively. The initial depth interval of about 6 mm is normally

sufficient to prevent the front surface echoes from contaminating the

backscatter from the nyomere. By using a sufficiently narrow gate width,

the envelope amplitucle as a funciion of time (depth) may be obtained'

After full-wave rectifícation, the gated signal is filtered to

remove the higher order sidebands which arise as a Tesult of the recti-

fication process. This is necess aTy to insure a uniform response at each

processing stage over the range of input frequencies (1 - 10 !Hz) and to

prevent the slope detector circuit from responcling to the higher band

signals (centered about even multiples of the carrier frequency).

The averager integrates the signal v(t) over the gate interval

T" forming the average

I[V(t)] = K'

L
(
I

I

)_-

Tr!,
'J"

(!:Ð
V (u) " 

RC 
clu

V(u) du (4.r.2)
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rvhere K is a constant and RC

The result is displaYed on a

Tire signal V(t) is

sel ected

i)

ii)

the integral of the envelo

applying E(t) to both the

yields E&)2, see Fig . 4 .4

delaying the Y inPut bY t

permits the point bY Point

function of the enveloPe

I[¿'(t) ¿'(t-r)] = * ft--
)o

is the time

panel rneter

determined

ii i)

constant

(Fie. 4.

according

of the

3) or on

-^ *1^^
LU LlIC

pe is obtaineci by selecting V(t) = E(t);

X and Y inputs of the IC multiPlier

;

psec by means of an external delay line

. measurement of the autocovariance

Tire integrator is prececled by a variable threshold (discrininator)

and clamping operational anplifier. The purpose of the clamp is to

restore the DC signal.

The variable threshold has several functions. The cumulant

distribution of the envelope (or envelope scluared) of a rnember aggregate

may be obtainect by varying 'che threshold which is calibrated to read

directly the equivalent signal amplitude. The ciensity distribution may

then be easily obtained from the cumulant distribution. The threshold is

also used to insure that the signal amplitudes do not exceed the dynamic

integrator.

a DVN{.

processing mode

118

¿'(u) ¿(u+t) du

range of tlte instrument.

The instrument becones a conbined pulse height analyzer anð

counting rate meter (CRM) when the constant amplitude output from the

comparator is applied by way of a one shot to the averager. This mode is

(4 .1 .3)



also used io check the gate triggering when ihe

employed and an oscilloscope is not available.

The repetition frequency may be varied

frequency of I KHz was selected. The frequency

the analyzer to the CAL. position.

The principal signal waveforms may be accessed for nonitoring

the operation of the analyzer and further processing, e.g. spectrum

analysis of the gated backscatter.

4 -r.2

Tþe attenuators in the instrument were calibrated against a

precision reference attenuator to an accuracy of 0.2 dB. 'l"ne gain of

the analyzer electronic circuitry was checl<ed by the insertion of a

S-cyc1e boxcar RF burst (usually 2,25 Mfz) at the analyzet transducer

input. Overall calíbration of the backscatter analyzer was verified

prior to each series of backscatter measurements by determilling the

pulse return from a stainless steel ball-bearing reference target placed
rrì

at tite Y\-/ maximum of the transducer. The short term stability of the
o

analyzer under nornal daytime operating conditions using the immersion

mode was better than t0 .2 dB/hr.

Multiplier Response

Analyzer Calibration

in¡nersion mode is

but normally a fixed

is verified by switching

119

The multiplier response was measured over a 20 dB range of the

input signal for frequencies between 60 KFIz and 1.5 lvlHz. The exponent

(squaring mode) decreased fro¡r the correct value of 2 .0 at 0 .5 ltßlz to

1.96 at 0.9 ìvll-lz. 0therlise, the response was essentially constant over

a 20 d.B dynamic range of the input signals. A table of correction factors



for the dir"r"erent signal pulses was

by means of point by point nunerical

mu1'tiplier response at the shortest

Carrier
Frequency

Nfll z

PIJLSE CI.IARACTERISTICS AND MULTIPLIER RESPONSE

established experimentally

evaluation. The naximum

pulse lengths employed is

RF
Pulse Wid"Lh

(FWHM)

usec

TABLE 4.1

1 .09

2.25

3.45

4.80

7 .00

Video Pulse
3 dB Bandwidth

Mlz
x0 .58

L20

(Table 4.1)

error in the

about 8%.

2.06

1.10

0.80

0.54

0.37

The integral of the ideal cosine pulse amplitude (4.1.1) is

given by I(E) = KA'AT where Ao is the peak envelope amplitude and 2ÂT is

the pulse width. The integral co-rresponding to the pulse energy is thus

t)I(E ) = 3/4 KA'AT. The performance of the instrument and the deviation

of the actual puJ.se from the postulated pulse were compared at the

different frequencies; the results are given in Tab|e 4.2. The experi-

mental and calcutated values are in generally good agreement,

The measured values of KAT correspond to the filtered video

pulse fu11 width half maxirnum (FI4illM) times the constant K; the filtered

Approximate
Fi I tered

Video Pulse
3 dB Bandwidth

Ml,z
x0.58

0.77

0,32

0 .44

0 .65

0 .95

Multiplier
Correction
Constant

(Experimental)

0.17

0.32

0.44

0.sB

0.70

I .06

I .00

1 .00

L.04

1 .08
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pulse banclrvidths were given in Table 4.1. The measurement accuracy of

the i.S - 7.0 lvHz values is about t5%. Bearing this in mind, a value of

KÂT less than the rneasurecl value indicates a narrower pulse than the

iclea1 cosine shape and vice versa. Thus, the 7.0 MkIz result indicates

significani stretching of the pulse (with about 102o overshoot) by the

filter network ancl consequently a considerable divergence of the actual

pulse from the cosine pulse (4.1.1). The faci that the rneasured value

of R2 at 7.0 M{z does not show atry significant fall-off is likely due
o

to overshoot.

TVG Amplifier ResPonse

The response of the IC anplifier was true exponential as a

fu¡rction of appliecl bias voltage to within +4eo oYêT a 20 dB dynamic

range at 3.0 lvHz. To improve the s/N of this stage only 13.5 dB of

this range was utilized, thus limiting the TVG to a naximum of B dB/cm

for a 7.5 Usec gate delay ancl 15 ¡rsec gate width. The linearit'y of the

ramp voltage (generated by an op-amp integrator) in the rarlge of interest

was approxima:uely !2eo (0 - 6 dB/cm ramp) yielding a minimum TVG accuracy

of about t6eo. The linearity of the ramp, ancl thus the performance of the

TVG amplifier, coulcl certainly be improved further. The problem,

of course, is to deternine the magniiude of the TVG, sínce even with

a TVG of 4 d}/cm a 50eo erlcor is possible if the absorpiion is ¡nknown'

The effect of this is shown in Fig . 4.5. Since the absorption increases

witl"r frecluency, the maximum possible error in l) rises exponentially with

frecluency, ancl as a result the measuremeni accuracy deteriorates rapidly

at high frequencies.

)



Fig. 4.4 Typical 2.3 NÍ12 back-

scattered signal- from whitefish
mus c1 e

i) RF signal; slieep = 2 vsec/div
ií) Gated envelope; TVG 3 dB/cm

iii) Square of envelope; y = 2x2

L23

Fig. 4.5(b) Effect of TVG error on a

Fig. a.5(a) Effect of TVG

on the signal envelope
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Rectifier Response

The offset in t,he rectifier stage was significantly improved

by employing Schottky l-{ot Carrier diodes. The renaining offset error was

furtlrer compensated by a counter offset o" 2.5e" (ful1 scale) in the

in'Cegrator in the linear operat,ing node and I ,2eo in ihe squaring mode '

Except at low signal levels beloiv about 0.1 V of the 0 to 1.1 V dynamic

ïange, the linearity of the reciifier was better than !3% ovet the range

of input frequencies.

I{easurernent Ac curacY

The standarcl errors of the I@2) calibration values used to

normalize the backscattered pulse eneïgy (backscatter strength) and the

stanclarcl errors of individual determinations of the backscatter strength

o ai.e tabulated irl Table 4.2. The error in o^ in this case does not
SS

inclucie possible errors in the TVG magnitude nor possible err.ors

associatecl with the experinental subject medium, e.g. interference from

surface reverberation. These are considered separately.

TL^ ^+andard errors of the magnitude measurements I(E) werelIle 5 LAIILl¿1LLr l'rLvrr vr

slightly lower than in the case of the f@2) measurements. At 2,3'Nnlz

ancJ.4.8 Ìvll-lz the standarcl errors of the normalized backscatter magnitudes

were 8 .2% ancl. 8 .4eo, respectively.
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4.2 Referei'rce Targe-t Calibralion

The problem of realizing a suitable target of l<nown cross-

section for the purpose of short pulse calibration is considered in

this section.
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The backscatter cross-section of a rigid sphere as a function

of inciclent waveletlgth is known to fluctuate appreciably for 2ra < 20\

IRayleigir (i896); stenzel (1938)]. Moreover, it has been shown

fttickting (1962)] that for a:r elastic solid sphere tjre fluctuations

can be even tnore extreme, nor are they, in general, attenuated with

increasing frequency. Aside frorn sirnpie weigirt considerations, this is

the chief leason why a Dirichlet type target is normally employed in

sonaï calibration. The absence of oscillations ín the cross-section of

tlre Dirichlet or rpressure releaset sphere, Fig. 2.5, beyond about ka = 5

is explained by the fact that the circunferential or creeping waves are

more rapiclly attenuated than in the case of the rigid sphere. Flowever,

if the banclwidth of the inciclent puise is sufficiently wide, then as

I-licklingrs results show, tirese variations are snoothed out and the

specular pulse return may be used for calibration purposes; only a small

correction is necessary to compensate for the finite impedarrce of the

spirere. The specular return, it shoulci be noted, is not contaminated by

any creeping wave contribution. Rheinstein (1968) investigated the

composition of tl-re backscattered pulses from a sphere by means of Fourier

analysis of their time domain cornponents. He showed that the specular

cross-section of the sphere varies smoothly as a fi-rnction of ka' Thus'

for values of ka < 40 this should be borne in mind'

The reason for preferring a rigid sphere for calibration is

the availability, lol cost ancl high precision of stainless steel ball

bearings. In contrast, an accurate ancl reproducible Dirichlet spherical

target rvith a smal1 cross-section is difficult to realize at high

frequencies. one would be more or less forced to use a pla:rar reflector
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which has the disadvantages of being aspect <iependent and causing pulse

distortion because of the gain dependence on wavelengtll.

The nrinimurn reference sphere diameter employed was ka = 14.6

at 1.1 MFIz. The corresponding effective echoing area diameter (Eaffl)

of 1.66 mm was sti11 small in conparison to the beam diameter of 9.5 nnt

at the Y(+) diffraction focus (see Table 4.3).
o

The effect of halving and doubling the diameters of the ball

bearings was investigated ai the various ivavelengths employed. The

measured changes were generally wiihin 10.5 dB of the predicted

change of 6 dB.

4.3

Experirnental values of the beam parameters of the various

transclucers ernployecl in the experiments, specifically the carrier

Transducer Parameters

l¿ì
frecluencies, the actual Y\-i clistances, the beamwidths and the equivalent

insonified volumes are given in this section. These values are compared

to theoretical results (some of wjricir were referred to earlier in

Section 3.6) and published experimental CW data for both near- and far-

field conditions.

The 1.1, 2,3, 3.5 ancl 5.0 tr&lz transducers were nominally 3/4 in.

cliameter immersion style supplied without tuning coils by Aerotech

Laboratories. The transducer crysials ll'ere lead metaniobate composition

ceramics and were sealed with flat epoxy matching layers. The Qrs of

the received pulses (Table 4.1) varied beiween 3.2 and 4.3.

using a I/B in.ball bearing target, the near-field patterns

of the transducers were mapped to determine the degree of field synmetry.



Tlre near-fíeld pattern at a distance of 20 mm from the 2.3 l4Flz transducer

is shown in Fig . 3,4.

The axial magnitudes were sinrilarly obtained (Figs. 3.2 and 3.3)

and the measured positions of the YI*) maxima were compared wíth il-re
o

calculatecl values , = 
^2 

/\.. ïre results are given in Table 4,3 and. agree

more closely than might be expeciecl in view of the pulse bandwidths and

uncertainties in the effective crystal dianeters. Some measurements at

7.0 lvlHz were made using a focussed transducer. The transducer, having a

nomínal diameter of 20 mm (the plated electrode diameter of an ídentical

transducer measured 19.5 mm), exhibited a naximum at 19 cm from the

aperture. In coinparison, the y(*) maximum of a similar but unfocussed

transducer tvould have been at 44.3 cm from the aperture.
f+\

The average -6 dB beamwídth at the Y\'/ maxina of the 3

and 4.8 MI-lz transducers as measured by the above ntethod was 5.45

which agrees well ivith the CIV theoreticaL predictions that the -3

beamwidth at the Vl*) *"*imum is approximately one quarier the
o
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transducer diameter [Zemaneh (1971)]. The 1.1 ltF{z beamrvidth was 6.4 nim

or 1.18 times wider than the mean value above. An increase in beamwidth,

lrowever, is also indicated as a/tr takes on values < 10 (ibid.); at I.I lúl,z

af ), = 6.9.

In order to compare measurements in the far field with

measurements made in the transition region, s = 1.0, the beam charac-

teristics were also determined at s = zÀ,/a2 = 3.9. Values of the -6 dB

beamrvidths are given in Table 4.4. Cl{ theory (ibid.) predicts a

beamwidth ec1ual to the piston (crystal) diameter at s = 3.89.

.5 MHz

mm

dB
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The measurecl values are seen to be only slightly greater on the average

than the nominal 19 nm crystal diameters.

To cleterurine tjie effect of tìre ball bearing ciiameter, the

measuïenìents at 3.5 li'll-lz and 4.8 lfllz were repeated using ba11s I/16 ín,

ín clianeter. 'ihe smaller target,s increased the resolution of the side-

lobes but had negligible effect on the resultant beamwidths. The

equivalent volumes at s = 1.0 were generally 5 to 10% greater. However,

as the possibility of errors due to interference effects is increased,

particularly at 3.5 NftIz, it was clecided to average the two sets of

neasurements (Table 4.3). The neasurements at I.1 lr4i-lz were obtained

with 1/4 in. and 1/B in. ball bearing targets.

The equivalent lroi,r*", vfl) uta v(2) were calculated from

the beam pattern profiles. Values of vfi) uta vfz) and the corres-

poncling equivalent beam radii are given in Tables 4.3 and 4.4,

To a good approximation, the ecluivalent raclius,'\?), at s = 1'0
eq

may be taken as one half of the -6 dB (two-way) beamwidth, for

G:?/(-6 dB beanrwidth))r=r.0 = 0.s2s.
1eQ /5=1.1.'

A comparison of the axial intensity ratios Il(s=I.0)/I(s=3.9)]

and the corresponcling volume ratios is useful. Values are given in

Tab\e 4.4. The intensity ratio values are subject to considerable error

due to uncertainty in the absorption over the acoustical path' Nonetheless,

rvitir the exception of the 4.8 Nll.lz value, the ratios are close to the

theoretical CW value of 6.35 fPapaclakis and Foller (1970)] ' Comparing the

various values for the 4.8 lvlltz transducer in Tables 4'3 and 4'4 suggests

tnat vf1)(s=3.9) nay be too large by 0.5 t^3'



The volume and intensity ratios for the focussed t::ansducer

are roughly three tiines greater than for rire planar apeltures ' From the

cliffraction forrnulae for ihe circular aperture flommel (1S85)], it may

be shown tl"rat tiìe ratio of the axial beam intensities and the focus

at the Y(n) *"*imum of a focussed ancl a:r ullfocussed aperture of tire same
o

d,ianeter and source sirength is given by

where f is the focal distance ancl a is the aperture radius. Using the

argument of conservation of beam energy and tal<ing into account the

0.0125 cm clifference in the transducer raclii, the equivalent beam area

cross-section ratio (and the equivalent voiume ratio) is 13'4' The

measured value (Table 4.3) is 9.2. Iirtegration of the patterns ¡zlr(u)/uJ2

^ 
(7),,,(2)r -c---^

and [2Jr(u) /ufa yíeLds a value for the ratio lv;'ilv;'i ] of approximately 2'0

conrpared to an experimental value of 2 '3 '

Tire main problems associated lvith the use of the focussed

transcluceT a:]:e that the equivalent beamrvidth at the focus may be too small

and that the beam pattern differs frorn that of a planar apeÏture'

AswasshowninChaptet2,tineeffectofthefinitebeamwidth

on the reflectivity for beamwidths less tllan the correla-uion distance

of the scattering surface (volurne) is essentially the same as that of the

correlation distance. Therefore, under these conditions -the bearirwidth'

like the pulse length, becomes one of the parameters determining the

backscatter strength per unit volume, lì. However, even if the beanwidth

r. (f)r-------T-
I ^(a- /X)

ulr l-
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24
Id---5--n
4f' 

^-
(4.3.i)



exceeds the correlation distance, the field distribution at the focal

plane of the focussed transducer is given -ro a first approximation by

the Fraunhofer pattern and thus differs signif:.canrly frorn the distri-

br-rtion in the ti") plane of the unfocussecl transducers. As a result,
o

the CI values are still not exactly comparable. The change in distribution

may be inferrecl from the results given in Tables 4.3 and 4.4. Thus,

ar s = 1.0, (uÍt' /vQ) )==r.0=s.0, while at s = 3.e, (u[t' /uÍ') ) r=s ,s=2.r;

this inclicates a significant change in the beam patterns. The latter,

it should be notecl, is in agreeiìlent with the theoretical value (22,0)

based on the Fraunhofer pattern

Having discussed the backscatter measurement system charac-

teristics and its calibration, we now turn in the next few sections to

briefly clescribe the principal methods used to determine the velocity

ancl absorption, and various chemical and histological properties of

the tissues employed in the experiments.
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4.4

Several different techniques r{ere used to determine the ultra-

sonic velocity and absorption of the various media investigated. Generally,

the methods were of the substitution type, involving distilled water as

the reference medium.

Velocity and Absorption Measurements

4.4.r

By rneasuring the change in time delay of an

reflector, first without the sample and then with the

beiween the transducer and reflector, the velocity in

Velocity Determinations

echo from a suitable

sample in place

the sainple may be



obtained from the relation

11
=_+

V^ V.¿I

where v, - sample velocity

11 - velocity in water

S - sample tirickness

"Z 
- 

"t 
- delay time difference

IKonenenko and Yakovlev (1969)] and checkecl by direct measurement, served

as the reference. Tire thicknesses of the tissue samples were gauged

ultrasonically and verified by neans of caliper measurements.

"2- "I

The velocity of pure water, obtai.ned from published data

2S

The maxinìum error for a single measurement of velocity using

samples at least 1.5 cm thick is about leo. The relative accuracies of

the velocity determinations obtained by means of a least squares fit of

four or five different sanple thicknesses (from the same fish) aïe

estimated at 0.3%.
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4.4.2

(4 ,4.r)

The methods employed in earlier measurements of velocíty and

absorption in whitefish were described by Freese and Makow (1968.b) .

For frequencies up to 3 Wlz a buffer rod technique was employed while at

higher frequencies a contact reflector method was used. Diffraction

and matching corrections were obtained by substituting distilled water as

the absorbing medium. The sanrples were coTnpressed by 5 to L\eo in the

Absorption Measurements
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measurement cavity which inay have caused sone ttvisting in orientation

and separation of the tissues. This in turn may have given rise to large

erroïs in measurements parallel to the muscle fibers. For this reason

i'l was clecicled to use ultrasonic gauging and a non-contact, reflector

methocl of the substitution type for subsequent velocity and absorptiorÍ

measurements on muscles.
/¿ì

using a narror\r beam with the sample placed ai the Y\'/

diffraction focus, the thickness of the sample can be gauged ultra-

sonically to within Seo with negligible loss of accuracy in the final

result. In this way contpression of the sarnples can be entirely avoided'

[Of course, the use of a narrow beam rec]uces the inherent averaging over

the sample and increases the sensitivity to tissue inhornogeneities,

hence resulting in a greater vaÏiation in the individual measured values '

I{owever, provicled the beam ivas not less than about 5 nrm in width (5 dB),

this dicl not Present a Problem.]

The maximum error in single transverse and parallel absorption

measurements (3.5 to 5.0 lvßlz) for a sample are estimateð at Igeo and 40eo,

respectively. A minimum sample thickness of 1.5 cm and an anisotropy

ratio of 1:4 are assumed. The much larger error in absorption

measulements para11e1 to the fiber clirection is the result of the effect

of alignment error.

Inthecaseofthegelatinmoclelmedia(Section5.l),the

experimentaL values of absorption were obtained froin observations of the

reverberation (backscatter) clecay rates, suitably corrected for bean

clivergence. The reason for using this method was to avoid disturbing

what tvas essentially a fluid medium. Employing a minim-un path length



of 4.5 cm, the probable error at the loivest bubble concentration measured

was estímatecl at 10.069 .n,-1 ot 10.6 dB/cm.

For the neasurements of the absorption in water, echoes from a

f1at, polished quartz reflector and a ball bearing were cornpared over

patlr lengths ranging from 59 to 230 cm. Applying appropriate diffraction

corrections fSeki et aI. (1956) ; Khimunin (1972); Gitis and l{rinunin (1968) ],
? 

= 2.9 x 10-4.^-1nßtr-2 *^, obtained which is in faira value of a*/f'

agreement with the published CW values '

4.4.3

The nethod basically consists of performing a power spectrun

analysis of extremely widebancl pulses before ard after passage through

the absorbing medium. Subtracting the resultant spectra then yields the

absorption spectrum of the medium.

The method was implenented by using a highly damped, focussed,

lithium sulphate , 3/4 in, dianeter, immersion style transducer (made by

Krautkrämer) to generate a nearly single cycle 12 Ml'z center frequency

pu1se. Hence, the RF pulse spectrum was more than 20 Mlz in width.

The transclucer was focussed on a I/B in. stainless steel ball reflector

at a distance of 12 cm (geometrical focus) in distilled water. The

reflected pulses (first without the sample, i.e. in distilled water, Ðd

then with the sample interposed) ivere amplified by a wideband, 1ow noise,

isolating pre-amplifier and gatecl with a non-additive gate (contained in

the model UTA-2 ultrasonic transclucer analyzer manufactured by Aerotech

Laboratories, see Fig.4.2). Tire power spectra of the gaied pulses were

measured on an FIP model 8553B-85528 spectrum analyzer and were recorded

PuIse Absorption SpectroscoPY
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on either polaroid film or graphically using an XY recorder. The results

were generally reproclucible to rvithin 10.5 dB.

The above technique is similar to the method of poiver spectrum

analysis referred to earlier for the backscatter (see Chapter 3 and

Appendix B). The main difference lies in ihe fact that in the case of

the absorption technique single pulses from a known target ate analyzed,

rvhile in the case of the tissue baci<scatter a train of pulses is analyzed

(and compared to the original incident pulse). Generally, the backscatter

porver spectrum must be averaged to e1i¡linate the effects of interference

due to the backscatter fine structure.

4.5

Cubes of tissue 5 to 7 nim in size were frozen with a blast of

CO2, or alternatively, they were frozen on a piece of aluminuni foil

clroppecl into isopentane held at -40oC (sti11 lower temperatures tended to

shatter the samples; moreover, this would also have required much better

freeze-drying facilities). The samples were then freeze-dried at a

temperature of -40oC and a vacuum of 2 microns (mercury). After freeze-

clrying for a period of 5 to 10 hours at -40oC, the samplers temperature

was allowecl to gradually rise to roon tenper:ature over a períod of about

12 hours. The clried sanples were trimnecl and embeclclecl in pa-raffin.

Sections 8 to 24 um thick were cut from the sample blocks. The sections

were examined under lol to nedium ntagnification with a polarizing

microscope and an interference contrast microscope. (Staining was avoided

as this gives rise io additional distortion of the samples.) Larger

samples for the purpose of measuring air bubble densities and other

Histological Examinations
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inhonogeneities were cui by hand with a sb,arp scalpel and were examined

under a lolv power stereo-microscope.

4.6 Chemical AnalYsis

The chemical analYses

and protein content of the white

4,6.I Extraction of Lipids from lvluscle

The method of Bligh and Dyer (1959) was used to determine the

toial lipid content of a white muscle sample. In this method a

chloroform-methanol-water mixture is employed to extract the lipids from

the muscle. A correction based on moisture content is made in the final

determination. In general, a beiter than 952o extraction of the total

iipid is possible i\'ith this method.

perforned were for total fat, moisture

muscle tissues.

4.6.2 Moisture Content

The moisture contents of the samples

the samples under vacuum. The accuracy of the

about 0.2v".

4.6.3

Total protein contents of the fish muscle samples were obtained

by the stanclard nicro-Kje1dah1 nitrogen determination method corrected

for non-protein nitrogen, the total protein being obtained by multiplying

-uhe nitrogen content by the factor 6.25. Duplicate extractions were made

for each muscle sample; the sanrples were nornally tal(en from the epaxial

regíon near the head.

Determination of Total Protein Content

were determined by drYing

deterrninations was



To acquaint the reader with the nature of the scattering

problem and to delineate the mixed body presented by the fish myomere,

a number of experimental results and observations relating to the

individual scatterels were introduced in chapïer 2. The backscatter

cross-sections of the different inhomogeneities encountered were derived

and discussed in some detail. In this chapter the enphasis will be on

the overall volume scattering plocess, although sotne'resul-us of

scattering measurements fron the individual scatterers will also be

given and compared with theory.

Using the experimental techniques described in Chapter 4, the

volume backscatter from myomere are measured as a function of coniposition

and condition. The experimental values are compared with histological

data and measurements on model media of oil and air bubble suspensions.

They are then interpreted with the aid of theoretical calculations based

on a first order statistical scattering process model of the myomere.

The significance of the results towards certain potential applications

is briefly discussed.

CHAPTER 5

EXPERIMENTAL RESULTS

138

Initially, to test the validity of the approach and verify

the calibrations, the backscatter from gelatin suspensions of air

bubbles (Section 5.1) and also oil bubbles (Seciion 5.2) are measured

and compared with theoretical predictions.



5.1

The model media were prepared in the folloling manner. Air

bubbles were introduced and evenly dispersed in partiaTTy jel1ed gelatin

consisting of two parts gelatin in nine paris of water (by weight).

The nixture was then refrigerated for forty-eigh-u hours after which

aciclitionat air bubbles were introduced rvith a few millilitres of cold

water adclecl to inprove the dispersal of the bubbles. This was repeated

until no further absorption occurred. Samples of different air bubble

concentrations were prepared.

Backscattering from Air Bubbles ín a Fluid Mediuni

5.1.1

Determinations of the bubble diameter dístribut,ions were made

for three of the media (G3, G4 and G5). The majority of the bubbles in

all of the samples were spherical in shape. Interestingly, however,

the surfaces of the bubbles, particularly the larger ones, were not

smooth; rather they had a slightly corrugatecl appearance with a rough-

ness estimated from photographs of the order of 1 to 10 pm. The

diameter distribution for the G3 sample having the second largest

concentration is shown in Fig. 5.1. The distribution of the G4 medium

was qualitatively similar to that of the G3 medium. 0n the other hand,

the bubbles of the G5 mecliu¡n were more uniform in size and this is

apparent from the bubble s'catistical parameters.

The statistical parameters of ihe media are sunmarized in

Table 5.1. The concentration V. refers to the fractional volume occupied

by the bubbles and is given bY

It4edia Statistical Parameters

139

A*7v. = <n> #<4"> (s.1. 1)
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where (,n) is

is the average

the average nu,nber of bubbles

volume per bubble.

Sample

G3

b4

G5

BUBBLE STATISTÏCAL PARAIVETERS

74L

per unit volume and P (a3)

<n>
bubb 1es/ cm3

TABLE 5.1

* Smal1 sample

330 t B0

42!6

550 t 150*

Both the backscatter and the absorption are proportional to

the scatterer density n to firsi order. Tne absorption should thus

furnish an additional measure of the scatterer density. Since the

absorption is also required for stationarizatíon of the baclcscatter, the

absorptions were determined simultaneously with the backscatter.

(a)
mn

0 .20

0.16

0. 19

)( a-)
2

tnm

5.r.2

Assuming that

the absorption constarit

approximately as

0,,
mgD

0. 0s6

0.041

0.043

Absorntion of the Gelatin I'ledia

V

x 10ó

26

a

27

the various absorption components

of the bubbly nedium omgb maI be

= O¿ +0, +CX,,
wgD

are additive,

expressed

(s.r.2)



where 0
i^/

cl, oõ

c[,
D

scattering by the air bubbles.

% ir given in terms of the average extinction or total closs-section

<Qe> of the bubbles by iFoldy (194s)l

c(.D _ (s. 1.3)

i^rater absorption

gelatin absorption

attenuation due to absorption, viscous drag and

where (.n) is the average

the help of the extinction

Waterman and True1l (1961) l

where As(0) is the forward scattered wave amplitude, Qu is the absorption

number of scatterers per

theorem fstratton (1941)

cross-section and Qs is the total scattering cross-section.

is clefined in terms of the bistatic scatiering c1'oss-section

142
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K

U

where 0r = 0,

incidence ang

Neg

assuming that

rvhich irnplies
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solution for
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unit volume. With

; Foldy (19as);
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- 01 and the integral is evaluated wíth the
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tion

i11

cts

l¿.¿

rse

(s.1.4)

by the air bubbles, i.e. Qu = 0, and

behave essentially as Dirichlet scatterers,

of the partial lvave resonances may be

.4) and the short wavelength asymptotic

and Ingard (1968) l

The latter

(oui) as

(s.1.s)



Qs

.24ra

r . ¡-z

Eq. (5.1.6.b) differs only by rhe well-known factor of two fron the

1

geometr1c IJUS.

The absorption component og of the gelat.in was obtained using

the pulse spectloscopic technique (Section 4,3.3) and a clear gelatin

sample. Over the range 1to 10 lvfHz, the abso-rption per wavelength was

linear, measuring 5 x 10-3c*-1MH"-1 at 20oC. The water absorption

component crw was cletermined by the comparison Ílethod described in

Section 4.4.2. The value of. u*/f2 obtained was 2.9 x 10-4 r -'I*1"-2. The

determinations of orgb were made from rneasurements of the backscatter

decay rate and also the spectroscopic method. For'the decay rate measure-

ments, a two-way path length of 5.35 cm was employed. In each case the

slopes of the resultant logarithnic graphs after correction for beam

divergence were constant over the first 4.6 cm.

- "*^2- LIA

- 2 sP 
z'22for (ka) -

2
P 1"1

kasl

ka>1

r43

(s.1.6.a)

Experimental and theore'cical values

using (5.1.6) and (5.1.2) are given in Table

(s.1.6.b)

1tThir problem has received much attention in the past. Basically the
problèrn is that, as the distance separating the scatterers and the
ieceiver is recluced, it becomes increasíng1y dir"r"icult in practice to
ciistinguish the forward scattered field from the incident primary fie1d.
Llowever, for ka >> 1, the forward scaitered field accounts for half of
the scattered poler and,as it acts in conceït with the primary field, it
must be taken into consideration. The net result is that, if the forward
scattered component is intercepted by the receiver, the extinction cross-
section scattering component wiil be effectively only half as great.
In our case ð = (^/4(a) ) >> (tr'/ ar), where ô is the forward-scatter
beamwidth ancl a, is the transducer iadius and therefore Q, is given
by (s.1.6) .

of absorption computed

5,2 for the G3 and G5 samPles.
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On the average the decay rate neasurenent values of cr,O aïe slightly less

than 30e" of the theoretical values.1 The reason for this cliscrepancy is

not clear. Waterrnan and Truel1 (1961) derive the following criterion

for ihe validity of (5.1.3)

Substituting the appropriate values from Tables 5.1 and 5.2, we obtain

for the worst case crÀ/n = 0.036 which is certainly substantially less

than r.mity. Nonetheless, although it would not seem to be in accord

with theory, the most like1y causes for the discrepancy would appear to

be the breakdown of (5.1.3) due io the onset of significant secondary

scattering, i.e. higher order multiple scattering, coupled perhaps with

the interception of some of tire nultiple scatt,ered bui initially forward

scatiered intensity (so that for ka > 1, we have Q, .2n^2, see footnote

on previous page). Unfort,unately, in spite of the fact that scattering

and absorption by air bubbles has been extensively studied le.g. Fox et al.

(1955); Kolttsova and Mikhailov (1969)1, absorption data for bubbles

in the range of ka = 1 to 5 and V" near 3% appears io be lacking so

that we were u¡lable to conpare our results with previous work. Finally,

we note that if 5 includes a cornponent clv pl:oportional to frequency as is

indicated by the measurements, the high-frequency asymptotic values of

(t) Q" 
". 1

k
(s.1.7)

1.^An experimental error, probably in
measurenìents, is indicated at the
in the values of e*_' obtained by
error may have ¡eeilg8aused by some
reverberation from the air bubbles

the spectroscopic attenuation
loler frequencies by the difference
the two methods (Tab1e 5.2) . This
degree of pulse overlap due to
in the spectToscopic determination.



(oO - ou) for G3 and G5 become

correspond to total scattering

geometric cross -sections .

5.1.3 Backscatter Results

The bacl<scatter measurements on samples G3, G4 and G5 were

performed with the samples placed in the transition region. For the

purpose of ascertaining the effects on the measurements of tire transition

region positioning, the measurements for G4 were then repeated with the

sample placed at s = 3.9 in rvhat is essentially the far field. The

measurecl values for G3, having the highest concentration, were averaged

over tr^Io measurements eacir, while G4 and G5 were averaged over three

measuretnents each. In all cases a 15 psec gatewidth was employed to

sanple the backscatter wliile the experimental decay rate values of the

absorptions were employed for the TVG. using the value, or vr(2) at
x,

s = 1.0 ancj s = 3.9 given in Tables 4,3 and 4.4, the experimental values

of (A) were then calculated according to the definition given in

Section 2.4.

0.16 and 0.2, respectively. These values

cïoss-sections uppto*itutely equal to the

r46

For the

scattering. The

approximated as

.24Ta

theoretical BCS values we again assume Dirichlet

cross-section for a spherical bubble can then be

-)

1 + (ka)-

Atka=

in (s.1

=

t

.8)

TA , ka > 1 (5'i'8)

value of o/(n^2) lies roughly midway of the discontinuity

may be seen from Fig. 2.5. The scatterer distribution thus

the

AS

)
" 

5Q 
"c"(ka)" ,, -Jf and ka S 1

P rtl



effectively

where ka = 1

found at the

Table 5.1.

averages over the discontinuity. Moreover, except at 1. I Wlz

for a = 0.2 rnm, relatively ferv scatterers with ka < I are

higher frequencies as may be ínferred from Fig. 5.1 and

The theoretical and experimental values of <0> are plotted in

Fig. 5.2. Despite the relatively large probable errors in fl and the

inherent statistical fluctuations, the experimental and theoretical results

are in comparatively good agreement over the range fron 1.1 to 3.5 MHz.

0n1y the 4.8 MHz results show any appreciable discrepancy. l{hether this

error, on the average 2 dB, is due to calibration and TVG setting eïrors

or to changes in the scattering is not certain. However, the results for

the gelatín-oil media (Fig.5.10) suggest that the increase is real. The

decreases in the values of (CI) between 1.1 ancl 3.5 MHz are approximately

by the predicted amount and the experimental and theoretical results

agree on the average within 1 dB over this range. Although the theoretical

and experimental results differ increasingly with increasing concentration,

the increase is within the range of experimental error. In contïast to

the absorption results, the relatively good agreement would seem to

indicate that the first order scattering node1, by taking into account

multiple scattering effects by way of the effective absorption constant,l

sti1l predicts the backscatt,er adequately for Yrneatly Zeo.

747

lsari.rty speaking, the model is then no longer a first order mode1.



EXPERIMENT
THEORY

s=zXlGz

20

@.* oo

-- 

--::-sès<- (^¿

\ 
oo6'on-oêeêv

¡f)

E
C)

ô¡\
E
E

@
c\Jo
X

e

o"Ð G3 (s=lo)

T4B

e.-=\.
*\

\\ \ p*._ G4(S=SS)
\ \- .",n=

\\
S=tO)

p

"p

G5(o)(- o.z)

G5(o)( - 02)

to
FREQUENCY IN MlHz

Fig. 5.2 tsackscatter coefficients for air bubble media.

2.O 30 4C 50 7.O



Except at 4.8 MHz, the results of the determinations on the

G4 sample in the transition a¡.d in the far field are seen to be in good

agreement. The 4.8 ìvßlz far-fie1c1 value appeals to foltorv tire trend of

the nteasurements for the other two samples.

5.1.4

The

the limit of

experimental

coefficient of variation and Probability Distribution

coeffi cient

the Rayleigh

values of Y
V

of the Bacl<scatter

of variation Y is defined by (3.3.16.d); in
V

distribution its value becomes 0,5227. The

as a function of frequency are shown in Table

Freq.

tYiIz

COEFFICIENT OF VARIAT]ON YV OF BACKSCATTER ENVELOPES

r49

1.1

2.3

3.5

4.8

G3

s = I.0

TABLE 5.3

.55

.62

.60

.59

The critical paraneter cleiermining the rate at rvhich the actual distri-

bution approaches the Rayleigh distribution is the process density

clefined by (3.3.8) as the nunber of insonified scaiterers times the

pulse duration. In the case of the G4 mediur,r, the Y.,rts at s = 1.0 are

gïeater on the average than the corresponding G3 anc G5 values.

G4 G4

s = 1.0 s = 3.9

.60

.64

.70

.86

5 .3.

.50

.52

.58

G5

s = 1.0

.55

.65

.o¿

.73
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e 4.1) . The results are

redictions.

lized envelope magnitude

ssed as

ivhere E-^- = (r')k, and g(g) is the probability density distríbuiion
TMS\/

of the envelope.

Some exainples of the envelope probabilities plotted on Rayleígh

clistribution graph paper are shown in Fig. 5.3(a-c). The points for

G4 at s = 3.9 and G5 at s = 1.0 follorv a straight line quite c1ose1y,

r,vhile the points for G4 a-t s = 1.0 show significantly greater scatter

rvith the lower levels having a gïeater probability than the higher levels.

This is characteristic of low density impulse type processes where the

probability of zero signal amplitude is often finite in contrast to the

Rayleigh clistribution which has zero density at zero envelope amplitude

[Ìr{ic1clleton (1960), Chapter 11]. This also accoLints for the fact that

tlre y-,rs in Table 5.3 are generally greater than 0.52. If a deterministic

component were..present, in the backscatter either rvhen ensemble averaging

or time averaging in the presence of a dominant echo (see Chapter 3),

Y would be less than 0.52 bu1 it would tend towards this limit as

c (")'t (u') ) unntoaches zero.

dE (s.1.e)
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Fina11y, in Fig. 5.3(d) an exanple of

clensity clistríbution of the intensity J = E2 is

approximate a straigltt line corresponding to an

as implied by the Rayleigh distribution of the

5.2

Measurements were performed on approximately 150 fresh white-

fish and 55 pickerel (Stizostedion vitreum vitreum). The whitefish were

obtained dressecl (guts removecl) and the pickerel in round form through

the agency of the Freshrvater Fish Marketing Corporation which operates

across central and northern Canada. The pickerel were frorn two to three

days old wirile the whitefisi-r varied in age frorn two to five days and up

to a rnaximum of ten to tlvelve days on rare occasions. ThuS, in most

cases the fish had passed through the rigor stage prior to the measure-

lnents. hrhitefish were obtained throughout the sunmer and winter fishing

seasons frorn about thirty lal<es in all. Although Lake lVinnipeg, which

produces a particularly fatty fish and is one of the principal producers

of whitefish, was underrepresented, the sample otirerwise represenis a

good cross-section. This is important as whitefish is a highly variable

species lScott and Crossman (1973) ] . The pickerel were obtained mostly

from tite Lal<e of the Woods area in north-western Ontario.

Prior to performing the measurements, the whitefish were

scaled in the epaxial region and clamped as shown in Fig . 4,2. In the

case of pickerel, the skin was entirely removed because of the difficulty

of scaling pickerel without bruising the flesh. The reason for this was

Bacitscattering from Fish Tissues

152

the relative probabilitY

given. Tire points closelY

exponential distribution

envelope in Fig. 5.3(c).



to recluce the transmission losses and the reverberation lvhich rvould

otherwise result. l

5.2.I

The whitefish were grouped according to the total lipid content

as shown in Table 2.1. The pickerel were nuch leaner and formed only

one group. Fixed TVG's were employed for all of the measurements in this

sectiort. The TVG values weïe obtaíned from absorption data for whitefish

published earlier lFreese and Makow (1968.b) ] and from absorption

measurements using the non-contact reflector substitution rnethod described

in Section 4.4.2. Tl-re values of TVG enployed, equal to tl^/o times the

aitenuation, are listed in Table 5.4.

T¡e measurements were performed with the sample volume placed

in the transition region. For the 1.1 M-lz measurenents a smaller window

(8 to 13 usec) and a greater clelay (15 psec conpared to 7,5 usec for the

other measurements) were employed. This lvas done in order to gate out

radial mocie transducer echoes and surface reverberation which tend to

become significant at this frequency because of the normally low

backscatter level and the greater pulse length

Fresh lVliitefish and Piclierel Lateral Myontere Backscatter

153

In addition to the average baclcscatter coefficient

rvi11 introduce an average envelope backscatter coefficient

will be defined as

1

'The tlo-r,Jay iransmission loss across the scales on the average was

3.0 t i.5 dB ai 4.4 lr[,-Lz for mediun-sized (trvo pound) whitefish and
4.S t 1.7 dB at 4.8 lrßlz for mediurn-sized pickerel. The average losses
clecreased witl-r frequency but the standard deviation increased. The

transmission losses across the scales varied with the size of the fish,
the measuïenent position, the condition of the fish (e.g. if drying of
the scales had occurred) and the origin.

(n) we

(.u) which



,u1.,"t" 
^(2) 

is

volunre ,Í') ,

(tr) mav be

be expressed

('u)

clefined as the effective beam cross-section of the insonified

see (3.3.5), and sr(t) is the reference pulse of width At.

compared to (n) which was defined in Section 2.4 and can

AS

W
)o

<E >

The choice of (5 .2.I) is made for ease of comparison but is to

soilìe extent arbitr ary as can be seen fron (3,2.7) , Ïf. E2 contains

contributions from coherent scatterers, the coherent component will be

proportional to t¡(t)]2 rather tltun 
^(2)

<-n \ - <f>\ùú /z _ 
^(z) fo. lsr(t) l, o,

)o

r54

-l

(s.2.1)

Freq . tahite fish

Nitlz ("2) dBlcm

TIME VARIED GATN (TVG) VALUES

1.1

2.3

3.5

4.8

7.0

Fat Lean - I'led.-fat

TABLE 5.4

1.5

3.0

4.5

6.0

8.0

Mritefish

(s.2 .2)

("2) dB/cn

1.3

2.6

4.0

5.4

7.6

Pickerel Beef Muscle Tissue

("2) dB/cm

0 .6s

1.5

2.3

2,8

("2) dBlcm

1 .65

3.5

5.3

7.5



The experiinental values of (n) and (tu) as a function of

frec.¡uency are plotted in Fig. 5.4 and 5.5, respectively. The much lower

values of (fì) and (t") of pickerel cornpared to whitefish are evident.

On the average they are 9 dB loner than the corresponding values for the

medium-fat whitefish. The greater irregularity of the pickerel values

is due to statistical sampling fluctuations. The pickerel measurement

values, with the exception of the 4.8 ìvßlz value, are based on 5 specirnens

each, 15 specimens in all. The 4.8 M-lz value is based on 11 specímens.

In the case of the medium-fat and lean groups of ivhitefish, the 1.1 and

3.5 lvillz results are based on the average oî 20 specimens each, averaged

over three independent measurements. The 2.3 and 4.8 Mlz values are

basecl on 7 and 15 specimens, respectively, while the values for the fat

group are basecl on 3 specimens. Due to problens encountered with the

transducer, the 7.0 lrfrlz values are based on 2 specimens. For reasons to

be explained, the data for specimens exhibiting values of Q greater than

three times the corresponding average values were excluded. Subject to

this qualification, the vertical bars in Figs.5.4 and 5.5 represent the

lower and upper bound standard deviations (s,d.) of the lean and fatty

whitefish groups. The s.d.rs of the pickerel values are indicated by

arrolvheads. The logarithmic s.d.'s as a function of frequency are

essentially constant for the rvhitefish groups.

The possible error in the values of ( 0) increases wiih

frecluency and, clecreases with the number of samples averaged. Since for

small TVG errors the corresponcling error in the value of 1og(CI) is

alnrost proportional, see Fig.4.5, ensemble averaging will average out

the errors in e due to the random TVG error. In the case of whitefish,
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the remaining possible systematic TVG error is approximately 10.5 dB/cm

at 4.8 lvrlz and 0.3 dB/ctn at 2.3 Ml.z ivith corresponding residual err:ors

ín (CI) of 0.55 dB ancl 0.33 dB. The only way the residual error in the

TVG can be reduced further is by performing simultaneous absorption

nìeasuremenis for each specimen as was done for the gelatin nedia. However,

the above residual errors are of the sane order as the ntaxillum standard

error in (sl> (0.3 dB at 4,8 Mlz excluding systematic TVG error), and

each of these errors is rnuch smaller -uhan the intrinsic s.d. in (0 )

of approximately 5 dB for a given group of whitefish, see Fig. 5.4.

The values of ( CI ) can be fairly accurately approximated in the

2.3 Lo 4.8 Nßlz range by (ç;' = (0o) (f/fo)x. For the lean and medium-

fat wlritefish the slope of 1og(0) measutes 2.3, i.e. the average wave-

length dependence is given by l-2'3. The 7.0 tr&lz values were obtained

using a focussed transducer and are rather sensítive to TVG error. The

result is therefore significant only insofar as it shows there to be no

precipitous change in slope betleen 4.8 and 7.0 i'¡112. The slopes of all

three groups are smaller in the 1.1 to 2.3 MJz range. This is attributable

to gas irubble scattering and, to a lesser extent' to scattering from

pinbones and the midline structures of the fish. The average dependence

for pickerel over the range from 1.1 to 4.8 ìvll{z is found to be 
^-I'25.

As in the case of (A), the slope error increases with frequency.

Llowever, the residual TVG error is partly cancelled when calculating

the slopes. The standarcl errors of the slope values for the lean and

rnedium-fat whitefish groups are 10.28 betleen 3.5 and 4.8 W,z and !0'23

between 2.3 and 3.5 l¡ft12. The average value over the 1.1 to 4.8 Nßlz

range is 10.26.

1sB
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Except in the case of pickerel and fat whitefish, the slopes

of the fog (rU) graphs (Fig. 5.5) are wi'cliin t0.Seo of one-half the

slope values of ihe corresponding Lo9<0> graphs. The slope for

pickerel averages 0.52, í.e. slightly less than one-half. Comparing

Fig. 5.4 ancl Fig. 5.5, rhe cause is seen to be the 3.5 M-lz (tU) value

whiclr is smaller than Lhe 2,3 NkIz (tU) value ín conirast to the

corïesponding (Q) values. This indicates a tack of statistical sample

homogeneíty. If the samples were statistically honogeneous, the slope

,/\of foe (rr) would be one-half the slope of 1og(n). The inhomogeneity

is due to the fact that tjhe 2.3 lvlFlz and 3.5 MHz rreasuïements were made

on two clifferent lots (or populaiions) of fish containing too few

specimens. The lower relative value of (fr) ai 3,5 MÉiz implies a

larger value of (tr) We find that (tr) at 3.5 ìvuz equals 0.7

comparecl to 0.58 at 2.3 MHz which indicates that the 3.5 MHz backscatter

contained a few large relatively distinct echoes.

In the case of the fat whitefish group, the slope of 1og (rU)

over the range 2.3 to 4.8 lvHz measures 1.35 which is significantly less

than one-half the corresponding 1og<fl> slope. Flere again the problem

is one of sample statis-uical inhomogeneity but in this case caused by

one specimen becoming dominant, a-e high freo,uencies.

Although the graphs are useful for signal processing design,

e.g. for parasite detectíon, they fa11 short in that they do not indicate

the relative probability of the values. For this the probability

clistribution of ihe Q values is required. (The s.d. bars in Figs. 5.4

ancl 5.5 mark the s.d.'s of the lean and fatty groups; they are not the

s.d. of the combined three groups.)



In order to avoid confusion, we ivj-ll denote the ensemble and

tine averaged values for a given specimen by the subscript n, and define

the average of the given populaiion, e.g. <fì>, by using no subscript.

The relative frequency clistribution of (lì)n' ai 3.5 lvlFiz is

showrr in Fig. 5.6. Except a'c i.I îvtlz, similar distributions are observed

at the other frequencies. The scatter in the values of (CI)* is

extremely large. Although the two highest values (7.6 and S.t **27cm31

are missing fron the figure, unlike in Figs. 5.4 and 5.5 no values have

been excludecl in calculating <0>. Based on 60 specirnens, the average

backscatter coefficient (n) = r.27 
^^2/r^3 

and the meclian value
)<((A)*)S0 = 0.92 mn'/cm". The two largest values therefore significantly

weight the average, which is why we excluded then earlier. The rnedian

value is given because for detection systerns it is of greater significance

than the average value. Excluding the tivo highest values results in

average and median values of 1.03 and O.SO nn2/.*3, 
""rpective1y, 

while

tlre s.d. of (a) is reclucecl to 0.75 from I.52 nn2¡cns, The above results

shol that the probability of occurrence of whitefish exhibiting very

large <A>m may be slightly greateï than was thought earlier fFreese (1973)],

although perhaps still only 3 io 4% of the totat.

Summarizing, the graphs of Figs. 5.4 and 5.5 show the average

backscatter levels (excluding anonalous values) and their dependence on

frequency (wavelength). The average dependence of the composite back-

scatter is clearly not À-4 in the I to 7 l'¡lfz lange. The graphs poínt to

a dependence on the fat contenc and also confirm to some extent the

presence of gas bubbles in the whitefish tissues. The average backscatter

coefficient at 3.5 XfIz is about t.S nn2¡c*3 and, if we exclude the

160
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anomalously high values, 1.0 ^2¡.nt. Values at other frequencies in the

range îrom 2 to 5 ¡GIz may be approximately calculated using a value of

2.3 for the logarithmic sloPe.

5.2.2 Effect of Gas Bubbles

The existence of gas bubbles in the flesh of vírtually all of

the whitefish speci¡nens (but in few of the pickerel) was confirmed

experimentally. An example of moclerately high saturation of the flesh is

slrown in Fig.2.4 (the scale in this photograph is 9:1). The effect of

the gas bubbles is brought to the fore vividly in Fig.5.7 in which the

<A>m values at I.1 and 3.5 MFIz are plotted as a function of the percent

total lipid (weight). Although the dependence on lipid content is evident

frorn the fact that only three or four points fall below the diagonals

clrawn in the figures, the presence of aír bubbles is primarily responsible

for the very large scatter of the values. [Fig. 5.6 showed the frequency:

distribution of the (Q), values plotted in Fig. 5.7 (b).]

Microscopic exarnination of the tissues of post rigor whitefish

showed a wide distribution of bubble diameters, with the average diameter

ranging between 160 and 440 Um. Interestingly, the average diameters of

the bubbles showecl little increase with increasing concentration. I{owever,

as the examination sites were mainly in the regions lying next to the

myosepta, we cannot be certain that the measured distributions are entirely

repïesentative. In many specirnens the bubbles showed a tendency to

form clusters.

Nurnerical values of the backsca'cter cross-seciions at short and

long wavelengths for bubbles of clifferent shapes are tabulated in Table 5.5
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Shape Monostatic Radius f ka (") f o (o)
BCS (a) ts

um l{[rz **2

APPROXIMATE BACKSCATTER CROSS-SECTIONS OF GAS BUBBLES

Resonant .t A
Sphere ô=ka 

^'/r¡ 
3,2 1.1 0.014 0 0.62 1.9x10'

ô = 0.1 4ru2¡a2 3.2 1.1 0.014 0 0.013 4.0xL02

Sphere ?k >> k Ara'^ 100 1.1 0 .446 0 0.11 3 .3rÈs T-7í:-¿rr \^cL'' too 2.s o .933 o o .07 2 .r
n^2 1oo g.s r.4 o o.og 1.o

200 4.8 3.9 0 0.13 1.0

0b late
Spheroid n^4 ¡.'

(end on,9=0) 200 4.8 3.9 0.6 0,2 1.6

TABLE 5.5

(Disc) n^2 çku72
(o=01

0b1 ate
Spheroid (oe)

Eq. (2 .2 .r3)

164

Truncated
Cylinder Eq. (2 .2 ,2) 50 1 . 1 0 .223 0 .0g L2 0 .89 L
L >> À (o=soo¡ 100 1.r 0.446 o.L7 L2 0.83 L

kaL2 too 4.8 1.95 r.gs L2 g ,75 L

(o=9oo)

tEccentricity

0.87 0.5 4.0

1.00 1.9 LS.z

0.6 0.r2 1.0

0,87 0.10 1.0

1 .00 0.06 1 .0
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for sorne representative diarneters. For purposes of comparison, tÌre BCS

gains are also included. It is apparen-L tl"Iat in -uhe case of the spherical

bubbles with diameters in the range fron 150 to 400 pm, the backscatter

1evel lvil1 decrease by several clecibels as the frequency is increased'

A decrease of this orcler provicles a good indicator of the presence of air

bubbles, as well as a rough measuÏe of their average diameter, as was seen

for the gelatin media in Section 5.1. Hol'rever, attemPts to estimate

directly the contribution of the bubbles to Q were unsuccessful as the

following example illustrates. In the case of specimen #408 with a lipid

content of.2.69o, Lhe mean equivalent dianeter of the bubbles was 380 pm

with a s.d. of 140 pm; a sample of myoseptuln surface taken from #408 is

slrorvn in Fig . 2.4. The bubble density was estimated roughly at 250/cn3,

Calculating e as in Section 5.1, a value of 28 ^'¡r3 is obtained which

is about ten times greater than the observed value of 2,66 nmz¡cn3 ('ft"

maximum error due to TVG error is 2 dB). whether the disagreement was

causecl by poor statistics clue to using too sma11 a sample, unrepresentative

sampling, or departure from sphericity of the bubbles is not clear.

Flowever, ín all of the cases examined the measured values of Q were at

least qualitatively proportioiral to the relative number of bubbles

esti:nated, making due allowance for i:he lipid content

Using the results of rnicroscopic exaininations together with the

data frorn Fig. 5,7, the measurenents were grouped according to the lipid

conient ancl the estimated gas bubble concentrations: 1ow (L) - less than

7
15 bubbles/cm-; moderate to moderately high (M) - 15 to 150 bubb1.,¡t3;

high (tl) - more than 150 bubbles/cm3. The resultant values plotted as a

function of frequency and the corresponding slopes are shown in Fig' 5'8(a-c)
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In the case of the lean and medium fat specimens containing few bubbles

iFig. 5.8(a)], the two groups were conbined for the purpose of determining

the slope.

comparing Fig. 5.8(a) ivith Fig. 5.4, the slopes of the lean and

¡nedium fat group show only slight changes in the 2.3 to 4.8 MHz range'

altl-rougl"r the (Q) values are, of course, much lower. Thus, the slope of

the lean group plotted in Fig. 5.8(b) shows a slight decrease from 2.30

fo 2.11 over the 1.1 to 4.8 lr,lHz range. In contrast, the medium fat group

shows a slight increase from 2.30 to 2.53, while the fat group shows a

substantial clecline from 3.I4 to 2.42 atlesting to the effect of the one

fat and highly saturated specimen fmarked VH in Fig. 5.8(c)] referred to

in the previous section.

In the 1.1 to 2.3 lvÍ12 range only the medium fat group of the

titree groups supposedly containing few bubbles shows a distinct change in

slope. This would still seem to be primarily due to residual gas bubbles,

although, as point.ed out earlier, scattering from pinbones and interference

from surface scattering could be factors. lVe note that as the gas bubble

concentrations increase, the slopes in the 1.1 to 2.3 Mllz range generally

decrease, see Fig. 5.8(c), inclicating an increasingly larger contribution

by the gas bubbles to the overall scattering process. The apparent

increase in strope in the range from 2.3 to 4.8 llflirz at very high concen-

trations is an aïtifact stenning from the use of fixed TVGrs (due to the

gas bubble scattering losses, the absorption no longer varies as 
^-1).

I-lowever, this is not where the problem lies.

If we subtract -uhe responses for similar lipid contents to obtain

the response of the gas bubble process, we obtain in the case of mediuni
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bubble concentlations an average slope of 2.1 t 0.5 in the 2.3 to 4.8MHz

range, which is nearly the sarne as for the basic tissue scattering process.

This is most unfortunate for it inplies that n¡e cannot obtain a correction

for the gas bubble contribution to the scattering process (in order to

determine the lipid) by siniply measuring the backscatter at two frequencies

such as 1.1 lrßlz and 3.5 lvßlz or frecluencies close to these.

Comparing the frequency responses in Fig. 5.8(a-c) with the

ïesponses for a single spherical bubble in Table 5.5 and for nultiple

bubbles (to first order) in Fig.5.2, as well as the

disagreement, suggests that at these

composite process description which

as a cloud of spherical scatterers

Referring to Table 5.5, none of the scatterers exhibits a x'2

response with the exception of the disc. However, if there is a greater

tendency for the bubbles to fortn at the sites of the Tnyosepta, the

resultant coherent scattering (Sections 2.3 and 2.4) would cause a decrease

in the backscatter with increasing frequency as the bea¡r is not perpen-

dicularly incident. It is clear from Table 5.5 that at shorter wavelengths

concentrations

approximates the

a slight eccentricity of the

in Íì if the axes of rotation

is invalid.

indicated quantitative

our first order

bubbles in the tissues

lire IICS values for the oblate spheroid in Table 5.5 are only approximate
since the ka value is actually too small even for the more cornplex physical
optics solution [Crispin and Maffet, Chapter 4 of Crispín and Siegel (1968)]
wirich should be used in evaluating end-on scattering (0 = 0o). However,
for multiple scatteïers, the effect of averaging over a distribution of
ka values significantly reduces the contribution of higher order terms of
the form sin(2kc)/(kc) as has been pointed out in Chapter 2. For the exact
solution in terms of spheroidal fturctions see Chapter 22 of Skudrzyk (i971),

bubbles can result in a significant increase

are aligned along the incident beam axir.1
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Although this would appear un1ike1y, the possibility of the gas bubbles

assuming prolate shapes as a ïesult of the constraining influence of ihe

muscle fibers cannot be ruled out. Ilowever, in the lirniting case of a

thin rocl, the rnaximum wavelength dependence for Dirichlet conditions is

only of the orcler of ¡,-1 for long wavelengths and À at short wavelengths'

Thus, the disagreement does not seem to be caused by the bubbles not

being spherical.

Stabilitv of Gas Bubble Bacltscatter
t.

In general, it was observed that in fish containing moderate

to high bubble concentrations the backscatter was unstable if the fish

were sti11 in rigor immeclíately prior to the measurements being taken'

In iire case of those specimens exhibiting extlemely high backscatter 1eve1s

of ui: to 20 *^2 ¡rn1 at 1.1 lvß12, the largest change tencled to occur at

this frequency. As much as a five-fold decrease was observed over a

periocl of twenty-four hours. This behaviour is consistent with the

explanation offered in ChapÍet 2 that in some cases the tissues become

supelsaturated as a result of decompression when the fish is brought to

the surface and a very broad bubble spectrum is formed. Afterwards, since

the excess pressuTe of the smaller bubbles is greater, the larger bubbles

will tend to grow at the expense of the smaller bubbles either by

coalescing with them or by gas diffusion. The smallest bubbles of the

order of a few microns would thus tend to ciisappear. The fact that rigor

mortis is gradually resolved probably accelerates this process'

The backscatter coefficient for a group of four whitefish

(conmon origin) still in rigor at the time of measurements is shown in
,l

Fig. 5.9(a). The abrupt decrease in Q by nearly 7 dB in the range from
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1.1 to 2,3 Nillz may indicate resonance scattering. Similarly, specimen

#491, rvhich was from a different lake, initially had an (Q), vaiue of
17?3

2.8 nnt"fc¡nJ at 1.1 lr,fFlz. The value had decreased to 0.57 nn"/cm" by the

follorving clay when rigor had essentíaIIy disappeared. Tiiis would seem

to inclicate that the resonant gas bubbl'es, if there are any, are largely

eliminated by the time rigor lnortis is resolved. Once this initial

eciuilibriu¡n has been reached, the backscatter tends to remain stable over

a periocl of a week or tnore of chilled storage. Changes in the chi1l

temperature appear to have little effect, with changes from 0.soc to 20oC

seldom increasing the backscatter by more than 1.5 dB.

5.2.3

The clepenclence of the backscatter on lipid content was already

pointed out in the last section a¡rd is quite apparent in Fig,5.4, 5.5,

5.7, 5.8 and 5.9(b-c). The percent total lipid refers to the total lipid

content of the white muscle as cleterrnined by the Bligh and Dyer (1959)

method clescribed in Section 4.6.L To determine the lipid, the tissues

in the epaxial region located just in front of tire dorsal fin were excísed

after the ultrasonic measurements and any superficial adipose tissue was

removed before honiogenization of the f1esh. UsualIy at least two repli-

cates were perfornled. Significant variations in fat content and moisture

were observecl when samples were tal<en from other parts of the body,

particularly the tail region. Although tire differences in the replicates

o¡r the average were less than 10% of their mean values for low and

medium-fat fish, the error ín tjre case of the fatty fish could range as

high as 20% in a few instances due to differences in preparing of

the samples.

Bacltscattering by Lipid Inclusions

L7T



Based on Fig. 5.7, the clependence of the bacl<scatter intensity

on the lipid content appears to be approximately linear for lipid contents

up to at least 4%. If we assume that the cliagonals in Fig, 5,7 (b) mark

the loiver limit of the backscatter variation in whitefish, we obtain a

value of 0.20 n,rnz¡cms|z tipia at s.5 tr&lz. Although it may have been a

mere coincidence, it is interesting to note that even in whitefish specimens

containing large concentrations of gas bubbles the backscatter sti11 shows

a high correlation to the lipid content, see Figs. 5.9(b-c).

In view of the above dependence of CI on the lipid content, it

is clear that in the absence of gas bubbles lipid inclusions will usually

be the dominant scatterers in i^¿hitefish at frequencies above 2'3 NMz'

The average background contribution from otlier scatterers and intracellular

liposomes appeaïs to be less than O.tS nn2/c*3 at 3.5 'lwz, see Fig' 5'7(b) '

If we consider fat whitefish muscle with a tolal lipid content

of 5.9%by weight, I.2eo might be found in the myosepta adipose tissue,

4.0% in the intramuscular-intercellular connective and adipose tissue and

the remaincler (consisting predominantly of phospholipids) intracel1ular1y.

Talci¡g the average equivalent cliameter of the globules in excess of 20 um

(rvhich contain perhaps two-thirds of the total intercellular lipid) as

40 pn, the average BCS of the oil globuLes (Fig. 2.5) becones

-4 ?. _ _ _^-7 2
6 x lg-a (n^") = 7.S x 10 nÌn- at 3.5 M-tz. This is based on values of

0 = 0.91 gm/cmS md c = 1465 m/sec for the lipicl lGourv and Vlugter (1967)].

The number of scatterers n obtainecl from V" via (5.1.1) comes to

^71.15 x 10o bubbtes/cmt. The resultant backscatter coefficient equals

0.86 mn27cm3. The contribution of the remain<ier of the small oil globules

(. ZO pm in diameter) is hardly significant and increases 0 to 0 .g 
^^2 

/r^3 .

a 1a



randonly distributed g1obu1es. Holever, the latter is decidedly not the

case. Experiment.ally ii is o'bserved, particula'rly in fat fish, that the

globules are arl:angecl rnore lihe beads on a string due to the constraining

forces of the adjacent muscle fibers. Such an arrangernent ivas also noted

by Greene (1913) when sectioning salmon lateral rnuscle. However,

consiclering that we have broadside incidence (transverse to the fibers),

the rnaximum possible effect this could have is a dependence somewhere

between À-3 and À-4 for diameters of ka .4 1, and a possible À-1 dependence

We have assumecl here simple Rayleigh (f-4) scattering from

for ka 11. It should be noted tl-rat the latter is consistent with

scattering by the ce11s themselves in iernts of the background observed in

-'l )q,pickerel (À ^'"").

The possible scattering contribution by sone of the larger oí1

bubbles presents more of a problem both in terms of their range of

diameters and their actual number. It is primarily the presence of these

larger globules that accounts for the dependence of CI on À being less than

l-4 in the case of fat fish. This is illustrated rather well by the

results of backscatter neasureinents performed on suspensions of oil

(p = 0,916 gm/cil3, v = 1465 m/sec) in gelatin.

Media of different oi1 concentrations tvere prepared froin gelatin

with care being taken to exclude all air bubbies. The measurements

results are shown in Fig. 5.10. In the case of the LG3 medium, the average

bubble cliameter was approxirnately 25 pm with few bubbles exceeding 50 pm.

As a result the scattering is almost strictly Rayleigh with the scattering

varying in the 2.3 to 4.8 lvlHz range u, À-3'5. The difference from an

-Lexact À-* dependence is attributable to the presence of a few larger
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bubbles and experimental error due to the fact that all the backscatter

levels were near t,he sensitivity limits of the antalyzer. The 1 .1 ìrÉlz

measurement particularly was subject to considerable experimental error

at this level because of interfeïence from the rnain bangr reverberation.

In contrast to the LG3 medium, the average oil bubble diameter of the

LG2 mecliun \{as estimated at nearly 200 pm. Moreover, the distribution

of tire bubble dianeters was quite wide, varying from 50 pm to as much

as 400 pm. We fincl that the backscatter varies only as À-0'63 in the

2.5 to 4.8 Mlz range, increasing to À-1'1 at 1.1 l4FIz. The LG2 backscatter

leve1 is also comparable to the 1evel exhibited by fat whitefish free of

gas bubbles.

Returning to the calculation of the lipid backscatter, the

approximate geometric BCS of an individual globule is obtained by multiplying

the BCS of the perfectly reflecting scatterer by the square of the Fresnel

reflection coefficient (2.2,4) at normal incidence. Furthermore, if
, ),
ln'l << 1 ancl the refractive index (cr/cr) t 1, the average backscattered

power will be roughly doubled since the rear-axia1 specular reflection

will be only slightly smaller in anrplitude than the front-axial specular

reflection. Using the above values of 9rcr, R = 0,10 at normal incidence

so that the bacl<scattered power fron a lipid globule at short wavelengths

is about L7 to 18 dB loler than from an air bubble of the same size

(Tab1e 5.s).

Based on observations of thick sections from specinen #435

containin g 5.9% 1ipid, the average equivalent diarneter or' the large

globules (r 7S pm) was estimated to have been at n'ìost 200 pm (some of the

largest cel1s measured 150 x S00 pmZ) with perhaps 100 ,to 300 of these
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large globules p.t .*3. Assuming 200 globules/"*3 
"r,d 

a total geometrical

contribution Q-^o* of 0. 3 ^ 
2 (equal to the measured value of 1. 32 mm2

ge

less the total Rayleigh contribution of 0.9 nun2 and the backgroi.irrd of

2.0.1 rnm') yields an equivalent V.(geom) of approxinately .002. This

indicates that these large globules contain less than Seo of, the nearly 6eo

total l-ipid present in the tissues.

Using these values and utilizing the gelatin-oi1 media results,

we nor{ compute Q at intermediate frequencies. Assuming that Ogeo* decreases

by 35% (LG2 in Fig. 5.10), the calculated value of Q at 2.3 Ml'z becomes

O.4S nmz /"r3 .oulpured to a measuïecl value of 0. 45 mm2 ¡r 3 . Similarly,

assuning that Q^ - cleclines to O.OS mm27cm3 at 1.1 l\¡ftlz (À-1'5 dependence)- geom

ancl the bacirground (varying as À-1'25 using pickerel as the model) declines

to 0. o2s tnnS/crs, th" calculated value becones .Ogs mÍt2/.*3 .o*p"red to a

measured value of ,OB2 ^2¡.^3. Although the moclel is obviously crude,

the globules having a very wide roughly exponential distribution, the model

does predict the Values of fl at the lower frequencies rather we1l.

5.2.4 BackScattering from Pinbones

The position of the pinbones in whitefish may be seen in Fig. 2,3.

Roughly speaking, the bones proj ect at alì angle of 45o in the cross-

sectional plane, backwards at about 30o ivith respect to the median plane

ancl at approximately 25o in the vertical p1ane. In practice, the incidence

angle with respect to the pinbones will be in the neighborhood of 72o

(beam inciclent about 1 cm above the meclian plane perpendicular to the body

surface, see F:- g. 4,2). The cross-section area of, the bones is roughly

halfway between rectangula'r and elliptical in shape. Towards the outer
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ends the pinbones grow finer, tapering from an avelage of 0.38 x 0.5 mm

to about 0,2 x 0.35 mm2. Assurning tfiat tl're pinbone specific acoustic

impeclance resembles that of scales fFreese and Makow (1968.b)], one

obrains using (2.2.2) ancl (2.2.3) the results shown in Table 5.6.

f
MI-Iz

1.1

P]NBONE BACKSCATTER CROSS-SECTIONS

Àka
mm Radians

TABLE 5.6

I .41

3.5

0.60

0.4s

0- L--,L elr
Degrees mm

a = 0.18 mm

b = 0.10 mm

,3
Q2 = I.4L g/cm 

-,J
91 = 1.u55 g/cm

2.5r

90

79

7)

59

90

B5

7?

61

The calculated values shol ihat the bacltscatter for an angle of

inciclence neat 72o is nearly an orcler or" magnitude greater at I ' 1 MFIz

than at 3.5 þlFIz. Moreover, comparing these values ltith the BCS values

for gas bubbles of the sizes rnost frequently encountered (75 to 300 Um)

in Table 5.5, ive see that the gas bubble BCS values are of the order of

5.1

2
mm

1.6

2.5

6.2

1.8

7.r
3,2

8.0

4.7

"2

I
R

0

X

X

a
10-

_)
Lu
_ ^-31U

= 1.87 x

= 1.55 x

= 50 m¡ir

105 cm/sec

105 cm/sec

_tx10-
_7x10"
-Lx10



10 dB greater than the pinbone BCS at 1.1 lvtrlz. Experimental measurements

on excised pinbones at 3.5 and 5.0 ir{-lz for broadside incidence yielded an

average value of 1.1 r,n2 rvhich is in good agreement rvith the calcuiated

value. Thus , apart from an occasional large echo from a pinbone that is

neal noltÌtal incidence, scattering from pinbones in comparison to other

sources will be negligible above 2.3 Ml.z and this is confirmed experimentally.

s.2.5

Except in very tean fish and possibly in large fish (> 2 Kgm),

it is clear fron the earlier results that bacltscattering by the myosepta,

although they constitute a vely distinctive feature of the myomeÏe, is

not a major factor. Nonetheless, it is of interest to estiniate their

contribution -uo the total bacltgrouncl to see whether we can explain the

clifferences in the wavelength dependence observed for pickerel and

whitefish. Before calculating the bacl<scatter we will describe the myosepta

in somewhat gïeater detail and analyze their surface characteristics.

Backscattering bY the MYosePta

778

PhIj;igal Structure of the Myosegta

The myosepta separating the individual myomere are composed

chiefly of connective tissue, which in fai fisir are often crorvded with

aclipose tissue. In whiiefish the nyosepta aÏe clad with a very thín

opaque mernbrane as sholn schematically in Fig. 2.8(d) giving the myosepta

a milky appearance [Fig . 2.4). Near the body surface they are often

thicker due to agglomerations of lipid cells as can be seen in the white-

fislr cross-section sholn in Fig. 2,3. Viewecl eclge-on the myoseptum in

whitefish resembles a curvecl rough layer of large and sma1l scale roughness'



The pickerel myosepta are translucent and considerably sinoother in

appearance than the whitefish myosepta. They are rwo to three times as

thick and are very much tougher than the relatively fragiie whitefish

nyosepta. Sections of whitefish and pickerel muscle cut at approximately

riglrt angles to the myosepta are shown in Figs. 5.I2 and 5.13.

The specific admittance of the myosepta connective tissue is

probably constant. The density of whitefish myosepta samples consistently

averaged about 1.07 t 0.005 gn,7"*3. The velocity is estimatecl at

(1.58 1 0.02) * 105 cm/sec yielcling a normalized specific admittance

of 0.964 ! 0.013.

The principal surface parameters of whitefish and pickerel

nìyosepta were determined from enlargements of lean sample seciions. For

the 1.s. roughness the sections were salrpled at intervals of 150 ¡rm over

3 to 5.7 mm lengths of the myosepta, while rcor ihe s.s. roughness a

sampling interval of 74 um was used. In determining the 1.s. roughness

a value of unity was assumed for the cross-correlation coefficient K""

(see Sectíon 2.3,3), although perhaps 0.9 is a nore realistic value.

The correlation rcunctions of the roughnesses C(d) were

t79

deterrnined for myosepta cross-sections lying para11el to a vertical line

ín the median plane of the body of the fish. The correlaiion functions

in the case of the l.s. roughness approximateð. a Gaussian clistribution

rather well near the origin, see Fig. 5.il. For values of d , rEn

(1.s.correlaiion constant) it was difficult to evaluate C(d) due to the

distortion and curvature of the samples. Hoivever, there did not appear

to be any periodicity.
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Fig. 5.11 Experimental roughness

autocorrelation of whitefish
myoseptum surface; specimen #430;

myomere lipid content I.Seo.

180

10 20 TÈ

d ('.O34)¡tm )

Fig. 5 . 12 Edge-on view

of nyosepta in medium

whitefish; myomere lipid
content approx. 3%.

Fig. 5.13 Edge-on view

of myosepta in a large
pickerel (1.8 Kg).
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The correlation lengths and the r.m.s. roughnesses for whitefish

are given in Table 5.7. Some correlation of the magnitucles of the h,¿, h,

ancl l^ values was apparent. The s.s. roughness correlation distance is
o

very much smaller than the shortest wavelength utilized and hence will not

give rise to coherent scattering. Any contribution by the s.s. roughness

to the diffuse backscatter will be insignificant in comparison to the

ctiffuse scatter resulting from the 1.s. roughness íf the cross-correlation

constant for the two sides of the layer is slightly less than unity as

is indicated.

Parameter

STATISTICAL PARAMETERS OF I,\IHITEFTSLI MYOSEPTA

Tliickness (lo)

Large Scale
Roughness

r.rr.s. elev. (iin)

Corre lation
Distance (TE*)

Snra11 Scale
Roughness

r.rn. s. e1ev. (h=)

Corre 1 at ion
Distance (Tts)

TABLE 5.7

Average

Dimension

um

Nonnali z e.l( 
1)

Value at 3.5 lt{llz
, - -1.[xÀ )

50

50r25

630 ! 230

(1)À=45ourn

0.11

0. 11 t 0.055

1.4 1 0.5

0.016

<0.18

-7

<80

Comments

Tanges between
20 - 130 pnt

values given are
for lean-nedium
whitefish iveighing

0.5 - 1.0 Kgnt

radius of curvature
of nyosepta in
insonified region

2-4cm
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The 1.s. roughness of the pickerel is simílar to the 1.s.

roughness of rviritefish given in Table 5.7, while the s.s. roughness appears

to be stil1 smaller. No adipose tissue was noted wiihin the myosepta of

any of the pickerel samples exa¡iined.

Finally, it should be nentioned that in pickerel weighing about

1 Kgm the nyotone thickness ranges from 5 to 6 mm (fiber length is

6 to 9 mm) compared to 3 to 4 rul in whitefish of the same weight.

Therefore, pickerel muscle contains 35 to 50% less myosepta area than

whitefish muscle.

Comparison of Backscatterj-ng by the Myosepta as a Function

of the Angle of Incidence

Considering the surface roughness parameters in Table 5.7, we

observe that at 3.5 N{.LIz the value of Tgg/À is only 1.4. Ideally we

should have T- >> À for the Kirchoff approximation to be valid. I{owever,
¡"

comparisons of the Kirchoff values for a variety of periodic rough

surfaces ivith the moïe accurate values obtained using the Rayleigh methodl

suggest that in many cases the l(írchoff method still yields an acceptable

estimate of (I) for TO/À approaching unicy; Tn is the surface perio-

dicíty and has a role similar to the surface correlation distance Tr.

[Beci<rnann and Spizzic]rino (1965) give a numl¡er of comparisons in their

monograph.] Although the above is encouraging, because we are essentially

exceeding the limits of validity of the physical optics theory, we should

not expect the theory to yield more than a qualitative estinate.

1Tl-re Rayleigh rnethocl is
but ís also applicable
Chapter 4,loc. cit.).

basically the inverse of the Kirchoff procedure
when edges are present on the surface (see



Values of the pulse intensíty scattering coefficient (rf),.,., =

(tt*)fUp layer, where the subscripts f, b and p denote the finite reflec-

tivity, beamwidth and pulse, respectively, were computed for different

membrane thicl<nesses. For the lower range of surface roughness, hn = 25 }rm,

tlre maximum value (normal incidence) of the Rayleigh parameter (2.3.53)

at 3.5 lßlz is 0.4866. Therefore, we employ (2.4.22) together with (2.3,73),

In the case of the specular component, we used either (2.3.II) or (2,3,I2)

for the layer reflectivity depending on the layer thiclcness. To effect

the change to the exact expression for the layer reflectivity, we replace

+lnrl2sinzort by the square of the absolute value of Rn given by (2.3.11).

fWe note that for o2L = wr t r/2, where n = 1 ,2..., Rg = Ri. In contrast,

the value based on (2.3,12) would be in error by +6 dB.] Values of

I (rr-) fbp layerçt<a¡2cos2orJ for the upper ïange of surface roughness

were calculated at 4,8 li&lz, ivltere g = 8,52, ôi = 0. In this case we use

(2.4.I8) and (2,3,73) , A furtirer modification was the subsiitution of the

asymptotic evaluation (2.3.66) due to Fung and Leovaris (1969) in place

of Beckmann's evaLuation (2.3,62) for g >> 1.

The admitiance of the myoseptum rnembranes was determined by

excising a number of membranes and comparing the specular reflection at

normal incidence with the specular pulse from a rigid planar reflector.

In calculating the theoretical values of (at)fbp layer care was taken to

employ tl-re appropriate equivalent radii. For the coherent component,

i.e. for the beam pattern 8a912 una the gain (k^)2, "i1) applies, see""r------- 
L . J 

o \ eq

Table 4.3. As discussed in Section 3.6, tlne gain is then reduced by

3.9 dB measurecl at 3.5 lr&lz. For the cliffuse compon"nt, t(l) is applicable

for the equivalent insonified area.

183
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The calculated values of [< r¡*¿k2u2"or2orì for different

mernbrane thicknesses are plotted in Fig. 5.14 (a) , while the backscatier

strengtirs at 3,45 Mlz are plotted in Fig. 5.14(b). A number of experi-

mental values are also shown in Fig.5.14(b). Consídering the degree of

approximation introduced to the problen, the experimental and theoretícaI

angular dependences of the backscatter are in surprisingly good agreement,

at least for angles up to 10o. Moreover, the values appear to be roughly

in quantitatíve agreement as we11. The different membrane thicknesses

are seen to have very little effec-u on the diffuse backscatter, the back-

scattering being essentially all diffuse for ô. t 30. Flowever, at 3.5 lvflz

tlre diffuse backscatter for angles of ô, : 40o and g = .286 is clearly

negligible.

The situation is quite different at 4,8 MLIz for g = 8'52

Altlrough rhe backscatrer strengtils at 4.8 irßlz (given Uf (fl.fC1r^12nuz.or'6t,

wlrere tra? = ZZ.S nnz) ancl at 3.45 l[rIz are approximately equal in magnitude

at ô. = 1So, unlike for the latter, the decrease of the 4.8 Mllz backscatter

rvith angle is mucli more gra<1ua1. Some ripple is also introduced into

the angular response as the nembrane thicl<ness becomes greater. However,

evenforthisroughness(hg=75um),tl.iebackscatterstrengthat.

ô. = 40o is still only 2 * 10-3 mm2. The fact thai the membrane thickness
1

has little effect on the magnitucle of the diffuse scatter in part explains

the lower backscatter leveI of pickerel compared to whitefish.

Assuming that in the case of ivhitefish the insonified volume

lvil1 be intercepted on the average by three myosepta, the total contri-

bution by the nìyosepta to the tissue scattering process at 4.8 lrßlz would

be at most of the order of ,02 ^ 
2 ¡.^3 or apploximately 20% of tlne

observed background.
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5.2.6

Comparisons of the bacl<scatter coefficient for whitefísh with

the total protein content usually sìrowed a vely sligirt negative correlation,

rvhicir can probably be ascribed to the slightly negative correlation of

the lipid and protein conteni (Tab1e 2.L) .

In contrast to the relatively low correlation with protein, the

correlation of Q with the inoisture content u/as actually higher than for

the lipid content. For homogeneous groups of whitefish, the correlation

coefficient of lì versus percentage total lipid was typically of the order

of 0.80 at a level of significance of 0.5% or better, while for Q versus

percentage moisture it would range as high as 0.95. The dependence, of

course, is spurious since the moisture artd lipid content are highly

negatively correlated (Tab1e 2.I) . Typically the correlation of lipid

with inoisture observed for whitefisit was in the range of -0.8 to -0.9 at

a level of significance of 0.Ieo or better

The higher correlation of CI with moisture than with the lipicl

content would seem to be mainly attributable to ihe significantly greater

overall accuracy of the moisture determinations.

In this connection it should be pointed out that the correlation

of tiie lipicl content wíth (, )' [see (5.2.1) ] ivas usually also somewhat

higher tÌran for <CI>. The reason for this would seem to be the smaller

relative contribution of the occasional large interfering echoes from

other scatterers to (f-) contpared to <0>. For practical applications,\ L'/

e.g. determining the lipid content using backscatter, it is therefore

preferable to time average (integrate) the gated stationarized backscatter

Effect of Other Tissue and Measurement Parameters on the

Myomere Backscatter

186
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envelope before squaring. From the point of view of the circuit desígner

this has obvious advantages in that it requires only a r'raction of the

multiplier bandwidth that is needed for squaring the signal envelope.

The effects on the backscatter of various other factors

including temperature at the tiure of rneasurement, storage tíme on ice,

pre-rigor or post rigor condition, mechanical damage of the tissues

(bruising) and the effect of probe positioning were briefly investigated.

The first three factors were considered in Section 5.2 in connection with

the stability of the gas bubble bacl<scatter. The temperature and storage

time in the post rigor stage were of secondary importance. Similarly the

effect of mechanical damage ou the backscatter in post mortem fish unless

quite severe, that is resulting in major lesions or open gashes of the

f1esh, was also a relatively minor factor.

The effect of the probe positioning on the backscatter appears

to be significant. For low backscatter levels the backscatter from the

upper epaxial region seems to be slightly greater than fron the lower

epaxial region, Fig. 5.15. 0n tl're oiher hand the backscatter from the

lower epaxial region along the lateral muscle roughly between the nape

and a position halfway between the dorsal and anal fin did not differ

significantly on the average.

Seasonal variations although not specifically investigated

presumably would be mirrored in the nutrj-tional state of the fish

(usual1y poorer, i.e. loler lipid content, at the end of winter or at

spawning time) and also by rnovements of the fish from warmer to cooler

water so that the probability of fish with higher gas bubble

concentrations in the tissues is likely to be greater in the surnmer.
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This concludes our consideration of backscattering by fish

myomere. In the next section we very briefly consider the results of

sorne prelíminary bacl<scatter neasurements on tr^/o samples of bovine

myomere.

5.3

The beef samples (sirloin) were obtained from a local butcher.

As a result little was knoln about the samples other tl"ian that the meat

was fresh and graded A 2. The meat was well-marbled with fat and

relaiively free of any thicl< tendinous connective tissue sheaths. The

absorption Ìvas similar to the absorption values obtaíned previously by

Freese and Makow (1968,b) for beef muscle, see Table 5.4.

The values of the backscatter coefficient based on averages of

tivo independent rneasurembnts per sample are plotted in Fig. 5.16. The

low values of Q at 3,5 MHz relative to the values at the other

frequencies are probably the result of a measurement error. Assuming

this to be the case, the average dependence on wavelength over the range

from 1.1 to 4,8 MHz is found to be 
^-2'4, 

rising from À-2 in the 1.1 -

2,3 WIz range to À-3 in the 2,3 - 4.8 MFiz range. The experinental

accuracy of the wavelength dependence is approximately 10.5. Although

the present backscatter results give ai best only a c¡ualj,cative

indication of the backscatter coefficient, the average value of Q appears

-uo be significantly greater than for fish myomere free of gas bubbles

which would seem to be in accord with tire histological picture of the

bovine myonìere.

Backscattering by a Sarnple of Bovine Slceletal NIuscle
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The results of this investigation would appear to confirm the

validity of the Ineasurement technique for the determination of volume

scattering by tissues, subject to the qualification that there are no

large coherent scatterers, i.e. large with respect to the beam diameter,

dominating the scattering. The significant scatterers in the fish

nìyotnere were isolated and their contributioir to the overall scatteríng

process, as well as their dependence on wavelength, was deterrnined.

The results also demonstrate the value of the Middleton-Oltshevskii

phenomenological approach for analyzing complex scattering situations

such as the muscle tissue scattering process.

CI''IAPTER 6

CONCLUS IONS

6.1 Sumnary

191

The coinparison of the bacl<scatter measurements on the geiatin

model media with first order theory yielded substantial quantitative

agreement in the 1.1 to 3.5 NIFIz frequency range, provided that the

experimentally determined absorption values for the media were employed.

The experiment Tepresents a test of the validity of the first order

scattering theory, the statistícal moclel, the scattering coefficient

definition (2.4.23), the stationariza'cion (3.3.5), the backscatter

characteristics of the suspended gas bubbles, the equivalent insonified

volurne det,erminations, the reference cross-section calibration and the

instrument calibration. Implicit is the restriction on the pulse
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banclwiclth, which should not exceed the iímits set as deiermined by the

absorption of the rnedium and the maxirnum path length used for the back-

scatter measurements (Section 3.5) .

The clecrease in <a> in the 1.1 to 2,3 Wlz range (Fig. 5.2)

and tire quantitative agreement inclicate that, as far as the backscatter

is concerned, the gas bubbles behave approximately as spherical Dirichlet

scatterers for 0.7 < ka < 4. 0n the other hand, the experimental

absorption coefficien-u at high volunìe concentrations was significantly

lower than the calculated value based on first order theory. The values

differed on the aveïage by more than 3:1. The disagreenent was greatest

at 1.1 M]z where, theoretically, the toial cross-section of the bubbles

is also greatest. This suggests a breakdotvn of the single scattering

assumption and needs to be further investigated.

The far-fie1d and near-fie1d neasurements in the transition

region were in agreement (Fig. 5.2), rvith the exception of one value at

4.8 MI-lz. Llowever, this value was in agreement rvith the trend established

by the other transition-field measul'ements.

It was found that the clependence of the backscatter from the

myomere (transverse incidence) in the frequency range of 2.3 to 4.8 M-lz

can be approximately described by a power latv of the form f¿ = Qo(Ào/À)x,

where À is the wavelength. In the case of rvhitefish, Q generally varies

-2.3 -1.3 . :-1.- . ^-2.4as À ''" conparecl to roughly À -'" r'or. pickerel and À -' ' for a sample of

bovine lnuscle. The À-1'3 depenclence in pickerel is due primarily to

scattering by the muscle fibers and the myosepta.

The scattering measurements on whitefish reveal a strong

clependence of the backscatter on the total lipid content and, if the
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tissues are free of gas bubbles, lipid inclusions are liliely to be the

dominant scatterers. Ilowever, it is also shown that, as a result of

clecompression, gas bubbles are alnost invariaLrly present in whitefish,

in which case these tend to be the predoninant scatterers. The fact that

gas bubbles were much more comlìon in whitefish than in pickerel is

probably explained by the preference of whitefish for deeper, colder

water with the attendant increase in pressure.

The average backscatter coefficient Q of whitefish myomere free

of gas bubbles and containing 3% ïotal lipid is approximately 0.5 *m27cm3

at 3.5 M-lz. For total lipid contents of up to 6%, a roughly linear

relationship between the backscatter intensity and the lipid content is

observed, rvith CI varying at a rate of roughly 0.2 
^rr2¡.3¡% 

lipicl.

The dependence of Q on moisture, which actually shows a slightly

higher correlation, is thought to be spurious since the moisture and lipid

content tencl to be highly negatively correlated (Table 2,I). The higher

correlation is probably mainly attributable to the greater overall

accuracy of the moisture determinations.

Only a veïy slight correlation of backscatter and protein content

was evident in the case of rvl'ritefish.

The residual backscattering or background leve1 in the case of

ivhitefish free of gas bubbles and having negligible lipid content (. Iu")

appears to be of the order of 0. I ^ 
2 ¡r 3 

a-v 3.5 Mlz (Fig. 5.7). The

greater nunber of inyosepta and scattering by pinbones at the lowest

frequencies woulcI appeaï to account for the slightly higher background

in iviritefish conrparecl to pickerel (Fig. 5.4). Under normal circunstances,

however, scattering by the Inyosepta in whitefish does not appear to be a

s j-gnificant factor (Fig. 5.14) .



It was found that the bacicscatter level does not differ

significantly with position along the lateral muscle in 'che region of

tire dorsal fin. I{orvever, for lolv backscatter 1evels, the bacl<scatter

from the upper epaxial region nay be slightly greater than from the

lower epaxial region (Fig. 5.15).

The major obstacle encountered i¡r determining lipici content

from the bacicscatter is the presence of gas bubbles in the tissues as a

result of decornpression. In over thro thirds of the whitefish specimens

measured the gas bubbles were the dominant scatterers. Tire significance

of this, for example, in tire nìeasurenìent of the absorption in fish

tissues, does not appear to have been ful1y appreciated in the past.

The effect of the bubbles increases the backscaiter leve1 an average of

3 Lo 4 dB at 3.5 MHz. Taking scattering by the gas bubbles in-uo account,

the average backscatter level in rviritefish is thus 10 to 11 dB higher

than in pickerel (Figs. 5.4 and 5.5).

In general, it was found that the wavelength dependence of the

scattering by the gas bubbles in the myomere was not compatible with

first order scattering by a clouri of sphericat bubbles. In selected

rvhitefish free of gas bubbles the dependence on hlavelength did not díffer

significantiy (increasing on the avei'age t,o X-2'4) from rr'hitefish

containing moderate concentrations of gas bubbles (Fig. 5.8). This

appears to rule out a simple differential measurement technique using

two frequencies for determining the lipid content for ivhitefish.

On a feiv occasions anomalously higÌr baclcscatter was observed.

These fish rvere invariabty veTy fresh and still in rigor. The back-

scatter in -uhese cases was unstable, with the level decreasing over a

194



period of one day by 3 dB or

This may be attributed to a

spectrum as a result of the

bubbles. Once this initial

renain at a stable level.

195

nore at 1.1 lt&lz (less at higher frequencies)

shift in the nean diarneter of tire bubble

absorption and aggregation of the smaller

period had passeci the backscatter tended to

6.2

extended to other types of tissues. Volume backscatter by human tissues,

boih healtlly and diseased (e.g. turnors, oedeina), is of obvious interest.

Llolvever, there are also a number of potential applications involving

1ívestock such as cattle, swine and poultry.

Backscatter properties from other colnmercially important fatty

fish species likely to be reasonably free orc gas bubbles could be

deterinined,with a view towards implenentation of non-destructive lipid

content measurernent for which there is presently a need. The most

lihely candidate in both of these regards appears to be inshore caught

salmon. Other commercially important species worth examining are

herrirrg and sardines.

The lack of experímental scattering and extinciíon data at high

scatterer concentrations reported in the open literature is most apparent.

It is suggested that multiple scattering and secondary interaction be

systematically studied using ¡nedia ivhose first order scattering

characteristics are well understood. The most useful dependent parameter

is probably the extinction cross-section. Suspensions of gas bubbles of

increasing concentrations rvith bubble diameters in the range 0.1 < ka < 0,7

might be suitable for this purpose.

Suggestions for Furiher l\torl<

The investigation of the backscatter properties could be



of finite reflectivity should be checked experimentaily. Two aspects

to be considered are the use of (R) or R. as defined in the text and

the validity of (2.3.45) and (2.3.54), more specifically (2.3.58),

(2.3.60) and (2.3.61) for nonostatic scattering. A surface interface

having a small Brewster angle and no critical angle, i.e. I < .J.2 < P2/QI,

woulcl be the preferred choice for the latter. Unfortunately, such a

system is physically difficult to realize as there should be no mode

conversion at the interface, nor should the second ¡irediu¡r be lossy. A

rough surface of soft rubber in a mediurn of alcohol night be satisfactory,

although the resultant Brewster angle (O60¡ is hardly snial1.

The tl-reoretical results reported in this thesis for a surface
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The equivalent point-scattereis are assurted to be randomly and

independenrly distributed in the insonífied tissue volurne. Specifically,

it is assumed that in any sufficiently small subdivision AVn of the

volume VU tire following conditions prevail:

(i) the scatterers are statistically independent or if P{Ni}

is the probability of N. scatterers in a volume element

dV. in ÀV^ then P{N=, N.} = P{Nr}P{N.} where dV, and dV.- 1 - 9., i-' i' ' 1- J- L J

are non-overlaPPing regions ;

(ii) if dV. is sufficientlY smaI1

P{Ni t 1} << P{1.} or P{0.}

POINT-SCATTERER MODEL STATISTICAL FRI.T4EIVORK

APPENDIX A
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or the proba'oility of finding nore than one scatterer

in ciV. is negligible compared to the probability of

findii'ig one (or none);

(iii) the probability of finding one point-scatterer in tlie

volume element clV. is P{li} = n.dV. where n. is the volume

clensity of scatterers (N per unit volume) and n' is

entirely non-random.

These conditions suffice to specify the Poisson distribution

of the scatterers in the volume elenent AVø given by fParzen (1960) ]



An elemental volume has been specified because, in general, nU is not

corìstaut throughout the bourded volume VU. Rather, n¿ may be a function

of position in Vu. Criteria for mininum volumes are derived by

01 'shevsl<ii (1967) .

If an independent elenientary event U(t, i, ü) is associated

with each point, a resultant process X(t) may be defined as the super-

position of M independent randoln events

PiN}
¡nnAVn) 

N

tT
exp (-nuAVn)

¿L

where ?* i.r the spatial coorclinate of tlte m"" point and
m

other associated stochastic properties.

The rnoments of X(t) may be obtained directly from the

N{

X(r.) = J U-(t,-ì
-lil

m=1

hierarchy of probability density distributions \ of the process or,

alternatively, via the characieristic function. One may thus write

for a process dependent function E(X)

205

(4.1.1)

t'd*)

wirere ä :.s the

the advantage

(E ¡x¡t¡ r)

lThe notation {, l, i^rhere { refers to
scatterer and Ì to its random spatial
into a single configuration vector.
over t,he configuration sPace.

configura

of providi

(4.1.2)

d* d"ttoaus its

f-I w.(t, â) E
It

J _*

tion vector. l

ng more direct

[x(ã, r) ] dã

This direct metirod has perhaPs

physical insight into the

the randorn properties of the
coordinates, are often conibined

The integration is performed

(A. 1 .3)
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averaging process but in order to evaluate (4.1.5) ihe probability

density distribution Wr(t, ä) must be detennined. Flowever, the moments

can also be determined by differentiation of the characteristic

function which i-s normally considerably simpler than integration of the

probabí1ity densiiy.

The clerivation of the nth otd"" characteristic function

Fn(j-¿l^V[) is given by Middleton (1960, 1967). For the Poisson

clistribution, Frr¡¡f laVn) turns out to be

Fn uË l^vs)

(A.1.4)

wherej=/-t,the

scatterers in the volume eiement AVn ancl m inclicates the *th ,catterer.

It should be remembered that I an¿ t* will be depenclentmm
through the relation t* = 2lf,nl/c wtren operating monostatically;

Fjr(jËlAVø) is ciefinecl for a time L = t' at which the process is jointly

considered. The key to deriving F' explicitly is that, although the
r\ -à -)

component states of the pïocess X = I U*(t,n, e*, t,n) are in general not
m

independeirt, each component state X* (a member of the set tr) is the

result of exactly N rar-rdom variables over the identical configuration

space. Ensemble averaging of tl-re Xru must therefore yield the sane

result as averaging the underlying rarrdorn variables (on which the X,

are dependent) according to the theorem on the transformation of

probabilities fParzen (1960) ] . The important difference is that by

our earlier assumption the N events are norv indepencient. The condition

of statistical independence of the events results in considerable

símplification.

explnuVn((exp
If

JL
P=1

En u(rn - tr,d,l)>d.,î - 1)l
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In (4.1.1) rve indicated that the point-scatterer density nU

mi.ght be a function of the coordinates of AVU. Integrating with respect

io AVu + dV over the volum" V.0, (4.1.3) nay be generalized to tire

non-homogeneous Pod.sson process where now

It i.s clear that rvith n¿ constanE throughout the volume VO we require

also a constant volurne cross-section as a fi¡nction of t = 2r/c if the

process is to be homogeneous. Subject to certain restrictions this

can be arranged in the experiments.

Making use of the fact that

P{Ni = ifLe
1N-t

v) exp

(the ÀVt are non-overlapping and independent), one obtains

[-f" nu (v) *]

Fn(jÈlv¿) = l=r Fn(jÈlavu)

Fn(jÈlv¿) = eXp I nuii) ( exp , lÏ_, ,n u[(tm-tp)
,UO ' tn=t Y ¡rr

(A.1.7)

which for a constant scatterer density nn reduces to (4.1.4) with AVU

replaced by V.c,. Note that n refers t,o the order, while nn denotes the

scatterer density.

Following Middleton (1960), the Lth order moment of X is given

oy

(A. 1. s)

-(L)t - r..Luir,...n.,., = (-iJ

n
\vlltli:'r"r t'= l,

L=ì

(A. 1.6)

,A,ir]

¡ìì.
^¡-

aeil ae\z...r8Ï'

- 1)+ dv
q

^Ld Fn(iÈ¡nvu) 
|

rÈ=ð

(A. 1 .8)



Because of the forn of

the semi-invariants or cumulants

K,.,UÈlnvu) = .Q,n F,r¡¡f Invu). rhe

À 
(L)
nì1m2...m

The semi-invariants may be expressed in terms

conveniently, in terns of the central moments,

the one-dimensional distribution Wl (X) as the

the clistribution. The first moment (XCtrl)

(4.1.4) it is advaniageous to

of the process. The cumulant

semi-invari*t, ¡. 
(L) are given

, ..1
I-J J

ðETl uEI, ..usþ

(xctrl) = (-j, 4lr=o L, 
nn{Ì) (rtcr,

' 'vL

L
iJ

since Fl(jElluulin =0 = 1. Similarly the seconcl moment may be obtained
lç1-'

a?p I

(xcrr) x(t2) ) = (-) 5ç.;Ll.'r - ¿ltt,Er=0
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employ

function

by

+l
lK-uÉl^v")ll* _.Ir " lE=Ó

of the moments or, nore

defined in the case of

nonent about the mean of

becomes

The integral of (A.i.li) is

By setting tl = t, tl"re total

(A.1.e)

(

= | nn tì) ( u(.r-t*,ü,T)u(t2-tm,-d,i¡ ) *av * (xitr)) (*t.r)
Jy^* (A' 1' 11)

-rm),A,Tl) ¿ 
u" (A.1. 10)

referred to as the covariance of the process.

(coherent and incoherent) intensity is obtained.



Instantaneous Process

TÌre correlation coefr"icient K(t1,t2) furnishes an inportant

and convenient tool for ascertaining broad stationarity of the rever-

beration process and also investigating, for example, the effects of

near-fie1d operation and scatterer coherence. For finite signal pulses

s(t) = so(t)"-j'ot, J ron-¿ispersive neclium, and impulse (ô-function)

scatterers, the correlation coefficient I(x(rr) of the insta¡rtaneous

process X(t) becomes

CORRELATION COEFFICIENTS AND POI{ER SPECTRA

APPENDIX B

** (tr)

ivirere ,, = tZ - lI

K f'r I is real andx- T'

of tire correlation

x* (tr)
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2 cosr¡ , fT- ltrl/z
t-J"l/__T^ i ro(r_

et /o

and T", is defined by

synunetrical about t, =

coefficient Kx(tr), it

Kfrlcosoro'r' c r

As an exatnple, for the cosine pulse

^ I -r-ls(t) = cos2 i+J l"-i"(t-r)
I u^ -l

tt.
;-) s- tu¿t)

(5.3.e).

^ 
Tf\.,. II

fo1 lows

T
1.+ ;-) du

z

For so(t) real,

t<o(tr) is the envelope

from (8.1.1) that

(B. I .2)

(8.1.1)

lt - rl = r

It - rl , r (8. 1 .3)



(8.1 .4)

T¡e copelation coefficient if the nedium is dispersive is much

more complex and in contrast to (8.1.1) is time dependent. Expressing

the zero and first order terms of the variance [Re Z(t)] defined by

(3.3.5) as

and one obtains using (8.1.i) and (8.i.2)

Ko(,") = +it' +f [,*2.o,+{ . l,r''nll"l

r nl'"| ì-4f sin+ j l""l s2r

7- -ì,., l- I
GvG)'4 

"-J 
tDc " 

, L a, (t) so, (t)
r-I

where

T2 
"^cv(r1) ='"'È4n(tr);' n(2) ttr) <o>->

and

aJ

,i, 
ar(t) sor(t) = ul'o(t) * "rio[t) + ar(t) iott)

and employíng the definition fsee (4.1.11)]

( z*(tr) z(tr+tr)) - (z,.ctrl) ( zttr+."))
rtT t) =

rhe term (z.ttr) z(tr+t")) of (8.1.6) has the form
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(B.1.s)

i.ì :: .

K, (tr, tr) =

(8.1.6)



t3
(tìz¡tr+tr)) = Ç lt-)cos, t I Iv- 1- . t lili

Referring to (3.3

Envelope Fluctuations

5t
+)l Llili)
.4) an

Subject to the assumptions of Gaussian quasi-harmonic rever-

beration stationary in an interval much greater than the correlation

interval tor, it may be shorvn [01'shevskii (1967)] tirat the correlation

coefficient Ko (t-) of the reverberation envelope fluctuations is

approximately equal to the square of tire correlation coefficient

envelope K^ (r -) . Retaíning only t-he first two terms of the series^ o- r'
derived for K-(t ), 0lrshevskií gives the following expressionE'r"

( aî (tr) a

f ,"t(tr) a. (tr+tr)roi (r1),

(3.3.5), ul = I and only a, is

j (.t*.r) ro:. (tr) roj (.1*t

27r

.l
,) )* dr l (t .1.7)

q)

time dependent.

oi(tt*rr))* ut
q

t<, ( t")

which indicates tirat KU(tr) falls off sometvhat more rapidly than

The reverberation statistical poiver spectrum for a

non-stationary process may be defined via a Wiener-Krintchine-like

rel ationship

0.91

= Q.gt x2lt I + 0.09 i<4ft )o' r' o' r'

rc2 {rr) +
L

0.058 K'(r ) + ...o- r-

lvr((,),t1)
2=Õ
X

l-
j 
_* 

**,rr, al*-r) 
" 

j "t dr,

Gv(r1) [s¡r,tr) l2

(8. 1 .8)

r<2 {rr) .

(B.1.s)
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.2where o- = G ft-lT ^ is the Þrocess variance: G lt-) is defined as before.x v- i- er ' v- r-

If there is any rDC powert, i.e. (rCtl) f O, it must be added to the

spectrum at the origin o = 0 as a ô-function scaled proportionally to
1

llz(t) >' I .

For the real signal,

spectrum ís separated into two

S (,r, tr),."r,

and the real power spectrum is hence

i.e. Re s(t), the signal pulse amplitude

paris

I IS(rrr,tr) + S*(o,tr)1

while for the conplex

The power spectrum of

ls ¡o, tr) ,"url'

L ISo(o-rr-r",tr) + So(o+o",t1)]

Wor(ur.,tr)

signal the power spectrum is simply lSo(rrr-ur", tI)(.

the reverberation may similarly be rewritt,en as

ì¡ , - rl2
I ùo l.(])-(¡c, L1J 

I

Ijor the real signal we multiply *or(rn,tl) by the factor one-half, or

alternately, ive restrict oO to positive frequencies only.

The envelope fluctuation spectrum ltrrr(o) may be expressed as

the auto-convolution of the poler spectrum of the envelope of the

reverberation correlation coefficient Ko(.r). If the second term

"1 I--*o 
(., , tr+rr) 

" 

j todtr ¿t

cv(t1) ¡sotru) l2

(ur-ro.) 2 g

(8.1 . 10)

(8.1.11)

(¡d = uj-oc (8.1.12)



of (8. 1 .B) is neglected

therefore by (8.1.12) and the convolutíon theorem

lVur(o, tl)

W-"(o, t") 3
I]II

"@.lLIo-l

'fhe fact that KU(tr) falls off

that 'Elìe actual sPectrum of the

wider then WUr(o, tf).

K2
o

)oE l-

-t

)l2r T'- Ietl ,_6

(tr' "r) "J"t 
d,

lso[v , tì( iso["-u, .r) l' ¿u

(B. 1 . 14)

')
slightly faster than Kl(rr) implies

envelope fluctuations is slightly

213

(8. 1 . 13)
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SCATTERING OF RECTANGULAR. A¡,iD COSINE-SHAPED PULSES

pression

pulse was

dr¡ (C.1.1)

oo = n,/AT,
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FROÌU A ROUGII SURFACE

cide

ged

t
e- ,1

T,

etr

.)
'/4\

in

era

r¡)

l=

th

-L (C,1,2)

sian beam

senble av

f-I j, s(
)-*

3) with A

cê, using

I

us

eil

A

ud

e

io

-narrowband

2.4 .2 for th

-Frô..ô )R.Ps' ].

.1"-,3r1-juctro [",r[l;-. ¡,.r,] - errtJï[. ,"',J]

*,u.-,7t!-i,2tro 
[",t[}.- 

. ¡,rrrJ - errt#ï .,,rrrJ]

*,."-'?^rl-jortro 
[",t[k#. ¡,rrrJ - "'r['ä;;ot . ,,rrr]]]

(c.1.3)

10

B.

L

e given by (

=(¡-u.co
22-Y(¡ -lot

.1.

Hen

For quasr

deríved in Section

/ --+ -\
(n, (r, t)2 =

For the cosine puls

^Z = ,a + t,.lo and cu,

(-
rl re
2rI

J_-
2v/,dr¡

(n, (í,t)2 = jkur"R. P. 
oA

we obtain



In contrast to the incident pulse, the averaged scattered pulse

appeaïs smeared out and exhibíts no discontinuities in its derivatives

unless Yl = 0 [i.e., g = 0 (snooth surface) and i*, = [0,0] or the

inciclent beam is homogeneous] . A stÍ11 clearer picture of tÌre distorting

effect may be obtainecl by considering the simple rectangular pulse

defined by

s(r) = "-joctro l.rol 5 or

= Q ltrol > aT (c'1'4)

si¡rce rve may rvrite t"t'[;hJ = (1 + cos ttt/tT)' the amplitude for the

rectanguiar pulse is contained in tl"le first square brackets of the

cosíne pulse solution (C. I .3) , i. e '

22
(n, Ci,tl) = i'zv r"RrP. oA e-ocYl

t ^ lr"o_aT -. I ^-^. f 
rro*ot .l

* lerf l}}a + jr.y. I - err t-;-. j'.vrJ | "-i'"t"o. 
Lttl.Tq-* 

JocYlj - tirrtzti - -))

215

, f" ..2
wlrere erf (x) = k Jo"-" 

du

The derivative of (C.i.5) is referred to

given by

â

âr ( u, ci' tl)
ro

As can be seen, the coherently scattered pulse becomes

smeared out near the edges as Yt increases' Although

p_ R p ^A f -r, - ^r2l b# . j, or-lffi".n tïq-.] 'i"n l,,i J

exp [- jr"tro] - j0c (n, tî,tl)

(c. i. s)

in Chapter 3; it is

(c. r

increasinglY

this behaviour

.6)
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only applies to the ensemble averaged pu1se, the effeci is exactly the

same as if the pulses had passed through a square-law absorbing medium.

The ensemble averaged autocorrelation function (tCtl ) is

given by

(c.1.7)

Scattered Pulse Energy or Process Intensity

+ nt

ps(l,t + tr)) ut

=xr+E:andyr=y,
(2.4.4) and for a

ps (l,r)) "-i"t d,

= 
uo' 

i-u' tl exp I * ':* * '4 dx,dr, r'rs(,)r'- ; j-**'jjo."^" a J u2 b2 o' )
I

(l l- -2 21 ^r, rr* ll exÐ l- 9=- !,-l e-gll-c(ç'n)J "juxe*ju/n d6d¡ (c.1.8)
))Az ^ L ^t b')

- ¡'(ôi , ur)' l or l' l oro l' . If tlte rough surface is sufficiently

that the bearn amplitucle is small near the edges, the limits of

ral over A, maI be extended to 1* yielding

Eon I i"o lf, 
-"*n 

I + 4 ",r"iÇ'l errc[-!-l ^-B[l-c(ç,n)]= ir ) 7 ,J,J__'^o ;J J)-"-'rpu1 "'-"1,ø) "

* 
" 

j u*E* j uIn d6rla n, 
I 
r (r) l, u, (C. 1 .9)

= 
f :(n, 

ci''r

Wiener-l(rintclline theorem, bY

Employing rectangular coordinates with x,

becomes for the Gaussian beani defined by

surface (in the broad sense)

.@

1 I t *.-+
= h | (n'(r'o)

J_*

trÏ//(e

the

where nlCì, rl - ¡lps (?, t) I .

( E c',1)

or, uslng

( t c",l)

st at ionary

( e c."l)

where E
oÌ1

large so

the integ

(E c.,l)



where

For the Gaussian surface considered in chapter 2, (c.1.9) may

be evaluatecl asymptotically for the case of g >> l and a > T*, r t tr.

Uncler these conditions the coefficient exp l-s/z (e2 /t2 . n't(ll

climinishes rapidty away from the origin so that we may set

erfc(6)erfc(¡) : l. Similarly for g << 1, (C.i.9) may be evaluated in

the same manner provided u ,t T* and b tt Ty. However, if Tx and T,

are of the sante order as a and b or greater, it will be necessaTy to

evaluate the integrals term by term. Normally, however, a and b will

be substantially greater than the correlation lengths. We shal1

evaluate (C.1.9) for this latter case and g << 1.

setting erfc(e)erfc(n) = 1, we have for a pulse of duration 2¡T

(xz
erfc(x) = 1-!-l e-u clu

G )o

E k2nabT
(E(t-)) = oc er
\ r , Zlr,E;
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T

f,

For

l_5

-¿L I

e

+2LT
T

E k2s nmnTo c"c er

the rectangular pulse define<i by (C.1.4)

easity derived

-u2¡a'/ Ko(t"-u) cosr"(rr-u) du

2y 2/ñ

t-2LT . .( r -u" /Byile
It -a +2LTr

t", Ko (u)

Substituting (C.1.11)

energy becomes

2^r - l"l
0

Ko(tr-u) cosoc(t"-u) du ,

8" .. 1 (C.1.10)

the autocovariance function

into (C.1.10) and setting t" = 0,

l"l r 2nt

l"l > 2Lr (c.1.11)

the pulse



(E col )

)
2k"E ATnabco
y_/ñ

t r"

The integrals of (C.1.12) may be expressed in

Ar 
^-u2 ¡et! ,.|J LT

2k2 o E ATnrnncoc o

¡2AT _u

l"/o

^(2ffi

2..2 @

/4Y (1 - u /ZtT) costo"uclu = 2aT [-
m=0

ç2LTl")o

u/2nT) cos (o"u) du

2.^-,2-u /EY2 G - u/zLT) cos(o.u) du

(c.1 .13)

fte llr,n(jX) are Hermite polynonials of complex argument'

The form of the complete solution is not all that illuminating

for, although necessarill ATo" >> 1, LT/'trí may be larger or smaller

than unity. For simplicity let us assume Ói = 0, then by our previous

assumption (a >> T*) tl i" the backscatter direction reduces to

.2 tl ':"u, * :o , ô, = 6itz = __J__,

and hence for ô. >> 0

2LB

s <<1oc

series form as

?.m
Hz*( j Yur") (lTlY) -

-Y I I
P=0 q=0

,

(c. I . 12)

I2(m + 1)

( -r¡ P+t (2o.AT) 
2P 

ç¡r ¡ y721*L

(2p+2q+I) (p+q+1) l-g EP-

In other words LT /\ 2 > /T

the surface plane exceeds

AT=
Y

¿̂

cAT , Txsin6. ,, /T h cosô.

signifies that the spatial pulse length along

',8 times the correlation length. This condition



is less restrictive than -uhe condi tion 2y2

if (2.4.22) is to be valid. Normally tÌre

apply for the myosepta and accordingly we

(C.1.12) to æ. For the rectangular pulse

(u tor ) u,

q,s

-1-u.
L

=Tf

)
u
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r¡^ BW
L

criterion LT/^{^ > ll wiTI
z

may extend the limit 2AT in

this results in

where

D(x) = x e

is Dawson's integral which is

Stegun (1964) I . ClearlY as AT

<E(0)> /(2LT) approaches the

For the cosine Pulse

s nnuì E
o

{'

znr .-2Y1^?

zY717
eLwõ r,

nñ

and

T"fKo (tr)

n(X.¿t¿-xlt ledt
I/o

tabulated IASMS5,

increases, the a

CW result (2.4.5)

of duration 2AT,

lr - 2D(1

The first part of (C.1.15) is simply the rectangular pulse component for

rvhich the solution has been obtained above, and the remaining components

may be evaluatecl by letting 'o = n/AT and setting 'I = '. - tro and

,2= r, + oo as for the pulse amplitude (C.1.3) and then using the

trigonometric identities. For the rexactt solution in terms of Hermite

polynomials we require the additional relation

* {" l+, 11 * %cos +;1-,

l"l S znr

trt.)l ) '
o((loc

(c. 1 . 14)

ed. by

verage

Abramowitz and

intensity

r2LT 2 ..",2| -u /41
| " 

* 
'- sin(utu) du =

)o

see (8.1.3), Tef = 3/4LT

3+-
4r¡

. nl,rl ìsrn -ir* /

l"l > 2Lr (c. I . ls)



Tî AT/Y^, ,E')
cosirle pulse,

(ucoi) u =u.S1
ó=n's

a result
i^r. e.

comparable to (C.1.14)

_2Ks rmn
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-lI oi¡^e4u
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AT

ã r,

[1 - Zn(lz tru

Brll

for the
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zr'"r?

euL
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ã,r,,
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"rr]
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2

(c. I . 16)


