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ABSTRACT

This thesis pfesents a discussion of state of the art in-
Computed Tomography 11C1) technclogy followed by the
introduction of an alternate approach using microwaves.

The mathematical and physical principles of CT- are
presented. The properties of X-rays and ultrasound for the

putpcse of reconstructiocn are glven.

This is folloved by a discussion of the mnerits of
eleétronagnetic (EM) waves in the microwave portion of the
spectrus as interrogating vaves. The use of a

parallel-blate chanber to study the scattering of EN waves

fron objects of arbitrary cosposition is examined.

Foilouing this 1is a presentafion of the actual design
procedure and fimal- configuraticn cf an instrusent used to
measure fields scattered frcm objects. Preliminary results
obtained using tpe instrusent are.presented and interpreted
as a function of ihe relative importance of refraction and

diffraction on the total tield,
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Chapter I
INTECLOCTION
. “
This‘éhaﬁte: contains the‘notivatioh, a statement of the

problem amd an outline of the thesis.

1.1 IHE BOIIVATIOR

<

The ability to view internal structures non-destructively
N

kas long beemn a goal in wmany fields such as pedicine,
geolggy, andf\enginefring phys;cs. Advances towards this
goal ggve been achié%éd in many of those disciplimes; but
ncne was as fast and as- explosive as the development of a
nev technique known as Ccmputer Aided Tcmography (C{T) in
medicine. The benefits obtalned using this techﬁigue are
demcnstrated by the clinical usefulness. of many xFray CAT

machines presently in operation.

—

There is growing interest in the investigation of the use
of eiectronagnetic fadiaticn in these fields of science.
The two-dimensional inverse scattering rfroblem has been
studiéd é;ténsively,- particularly for target recognition
using radar and sonar. RBowever, reconstructions using this

e

concépt are not available in cgen 1literature, but it is

4



2
quife possitle that advances have been nmade in military

apblications such as target shape estimaticn.

The greatest motivation for the 1investigation of
microvaves in coamputed tomography is that it has never been
attempted in the past., | Perhaps more infeormation can .be
gaine& vith their use; for e;anple, soft tissue in the human
body freqﬁently provides 1little contrast for X-rays; but
possibly higher contrast cam be obtained using microwaves.
hlso, the ability to sweep the source over a wide range of
frequencies may give additional insight on wave propagation
in arbitrary media. The need to study this area further is

the very incentive for this research.

1.2 THE PROBILEN

—_—— . | o

Three major tomocgragphic imaging modalities have already
been studied extensively; namely, - i-ray transmission,
radiation emission aﬁd ultrasound. ALl nethodst share the
Sanme goal: the reccnstruction of ‘a ;:;ntitative
cross-sectlonal inage of the Ainternal structure of an
unkncwn sample. The final display obtainediis a map of some
property of the interrogatipng- wvave in tﬂe mediam.
Reconstruction using X-rays and emission of radiation is
relatively easy by the very nature‘of these waves as will be

seen later., Ultrasound teomegraphy is more difficult due té

the increased effects of refraction and fimally, microwaves

~
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pose even further difficulties due to the combined effacts

3

-

of refraction and diffractiocn, ~
—

The scattered fields examined here come from objects made
of conducting or dielecfric materials. These objects are
irradiated with a uniform plame transverse electromagnetic
(1E¥) wave and the forward scattering is measured.  Several
projections are agzzz;éhxby reéeating the procedure 1n‘uény
directions. .Pron this projection data, an estimation of the
size, shape and cosposition of. the object is obtaifed by
reconstructing its internal dielectric properties using a

digital computer.

1.3 CUTLIRE

- — - —

This thesis deals with the design and testling of an
instrument to be used to study micrcwave computed tomography

(ACT).

The second chapter introduces the work previously done in
conputed tcmecgraphy, its = =cientific principles,
reccnstruction algorithas and scanning gecmetries. This is
folloved by a chapter on previous work in smicrowave inaging.
The fourth chapter presents the design criteria and the
configuration of the fipal instrument bullt apd tested in
the course of this inve?tigation. This is followed by a

chapter that summarizes the -experimental results obtained



with the instrument. The last chapter of this'theéis deals
with possible future directions and conclusions. Two
arpendices are also included ég present thh\ deriy;tion of
the expression for scattering froas metal cylihders and for

additional results.
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Chapter II

REVIEV OF COMEOTED TCMOGRAPHY

Computed Tomography (CT) is revolq;ionizing the field of
radiology amnd bas proven usefuif{%khgther areas such as
geolcgy, radioastronony and electron microscopy
[28}![6],[13].' The wcrd'tonography comas from the greek
vords tomos meaning "section" or "slice™ and graphy meaning
"to writen©, The technique kncwn as conputed tonography
consists in rteconstructing a plane of an unknown objec; fronm
Frojecticns taken at‘different angles. These projections
are weasurements of a transfornatiqn, such as attenvation,
that ap "interrogative waven undergoes as it propagates

.thrcugh theaobject. Because these projections areg taken on
the ofpposite side of the object from thq source, they are

also called shadows or signatuores of the obhject.

This chapter describes the evolution of this technique,
its mathematical and physical principles as well as a tew

Leconstruction algorithas,
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2.1 SBOBT HISIORI CF CONRUIED JORMQGRAPHY

The historical development cf tomography -has paralleled.
the develcpment of X-rays [38]. It started in 1695 when
Roentgen’  discovered the eftect of XI-rays on unexposed
thotégraphic fill. Within nine months, phatographic records
of the interior of the human bcdy were produced in many
laboratoriles. These photographs were just wmaps of the
attenuation of ' X-rays imn the bedy along the direction of
ptopagation; each direction beirng one ;rojectlon or shadow.
The major problem encountered in early radiology was that
all internal structures vwere superimposed om one another in

the tesuliing image.

In 1921, Bocage introduced focal-plane tonografhy to
alleviate this problesn, This is an X-ray transaission
technlque which lmages a particular plangﬂkﬁﬂ the éatient's
body (plane B'-B" in Fig. 1). The X-ray source and film are
maoved aleng special trajectories so that cnly ¢the desired
rlane (B'-B") remaimns 1in fodus, vhile the others are
blurred. Although focal-plane tcmography emphasizes the
desired plane, the final \image still contains all the

blurred planes superimpcsed o —1t.

The wmathematical fcundations of true tomography were
estahL&shed by J. Radon in 1917. He demcnstrated that an

object could theoretically be reconstrncfed from an infinite
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8
nulbé; of its projections or line integrals. Combined with
Roentgep's discovery, it would have been sufficient for the
development of 5 CAT scanper, but a hﬁlfhcentury tnterlude
passed before the advent of high speed digital computers

-

made this undertaking practically feasible.
L The first reconstructiocns from projections were performed
in 1956 by Bracewell [6]. Ae developed his technique for
reconstruction in radicastromomy. The purpose wvas to make a

oy
magp of the regions of the sun which emit micrbdwave

radilation.  The radio-astrononicai observations (;;de gave
only the intensity along strips of the sun; that is along
projections or line 1integrals over the surface of the sun.
By taking strip measurements from many directions followed

by a little processing, he showed that the true distribution

of microwave sources can be recovered.

After Bracevell's work, several researchers involved in
medicine experinented with the principle of projections.
Takabashi uqfkep-on I-ray tcmography in 19%7, Oldendorf used
gamma-ray traﬁsnission in 1961, followed by the work of Kuhl
(1963 and 1966) on emission and transmission methods. These
wvere Jjust iahcratory experiments that made use of the
principle of projections; the big breakthrough came in
1964-66 when A.N: Cormack derived the actuval mathematical

description of reconstruction, He also made good



reconstructions of phantoms ueing a cobalt source for

9

transsission measurements [9].

¢ The actual construction of a practical CAT device for
zedical applications began in the late 60°'s, Hounsfield
[20], who was vorking for the Central Research laboratories
of Blectronic Musical Instruments Limited (FM1), completed a

head scanmer in¢ 1972.

This original device has groved to be so popular that in
the short perlod of time following its introduction, §3ne—-”—‘\\\
1800 such devices produced by . 20 different manufacturers
have been sold worldwide. The wmedical importance of CT is
confiramed by the awvard of the 1979 Nobel ©prize in wedicine

to A.M, Cormack for his mathematical work and to G.N

Hounsfield for the englineering achieveaent of building the

first scannaer.

2.2 BATHEBATICAL PRINCIELES OF CONPUTED TONOGRAPHY

This section introdoces the tersinalogy and basic
derivaticn of the projection~-slice theorem which states that
the cne-dimensional (1-0) FPourier transform of a projection
is a 1-D slice of the 2-D spatial Fourier transtorm of the
function. Nersereau [ 29] presents a good derivation of the
mathesatics involved, a portlon of which can be found later

in this section. *

s



Basically, the reconst:uctiou_procéss is a problenm of
reccvering 2-p signals from thqir projections. ‘The
recenstruction algorithl? fall into two categorles: one,
vhere theoretically anm exact so}ntiop .can be obtaing’ and
the ‘other in which only an aﬁprPx mate solution is possible.
Exact methods carn bLe furthefj subdivided into space and
frequency apgroaches. nlthoSEh the projection~slice theoren
can be “derived directly in the signal Bpace, it is presently
derived in the freqnency‘spa;e for simplicity.

1 *

Figure 2 presen?s the geonetrj' and terminology used
throughout this chapter. The wvariable f{(x,y) rapraesents the
modifications that the interrogating wave undergoes while travelling
in the object . For exalpla,l in the case of IX-ray
tomography, f(x,y) wvould be the linear ‘attenuation
coefficlents of various bhiological tissues: whereas in the
case of Ultrasound Computed Tomography (UCT), fix,y) could
represent the velocity profile co-pnézd from the Time of
Flight (Iof) through the tissue. A ray is a vector normal
to the vavefront pointing in the direction of propagation of
the vave. In Fig. 2, a few rays are shcwn equally spaced

and parallel to one another. The "value™ assumed by the ray

is usually the total attenuaticn of the wvave through the

-

ogject along the path of the ray; in the exaiple shown, this
path is a 1lime integral. The angle @6 1indicates the

projection angle; this is the angle the ray paths make with
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the ¥ axis, A projectiop_ﬁe(u) . 18 then a set of line
integrals of the function f(x,y) taken ip the direction of

the z axis and is given by the fclloving equation:
Po(w)= 7 £(x,y) dz _ (2.1)

The 2-D Fourier transfcra of the function £(x,y) is given

~

Flu,v)= {z f(x,y)eexp{-j2r(xutyv)) dxdy (2.2)

by:

A sufficient condition for the existence of F(u,v) is
that the functicn be well-behaved or absolutely i grable.

That 1is,

IT | E(x,y) | dxdy <o (2.3)

-

The original function cam alsc be obtained from its

Fourier transform according te:

f(x,y)= {Z F(u,v)rexp{j2u (xu+yv) } dudv (2.8)
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A projection pe(u) is a series of 1line integrals taken
along a series of rparallel lipes no;nal tc an axis which

forss an angle O with the x axis. The relationship between

(v,2) and (x,y) 1is simply one of rotation and 1is given ﬁy

the following equations: //
Y = wesin(e)+zecos(9) ___///4;/ ‘kZ.S)
*
X = Wecos(8)-zesin(e) (2'6)?
. L
o
S/

Thaerefore, the projectidn pe(u) can be axpréésed as:

Pe(w) =_Z f (wcos(8)~zsin(8) ,wsin{8)+zcos(0)) dz (2.7)

+

, .
The 1-D Pourler transfora of a projection is given by:

Pg (1) ={Z f(wcos(e)—zsin(e),wsin(0)+zcos(0))dz.expLjZQM&dw
13

(ncosd,usineg}

)

From Pig. 2, obe can see that in the frequency space,
gy,v) are related to- (un,¥) as polar coordinates are to
rectangqular coordinates. Therefore, equation (2.3) can be

-~

transformed to the following:

~

£(x,y) = ZZ Py (1) eexpl{j2my (xcoso+ysing) } [4dude (2.9)

A\

(2.8)
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The above equation has the significance that if pegu) is
known for all Yalues ‘of © andju, the criginal function
f(x;y) can be reconstructed exactly. In practice, pegé) is
known only at a number of discrete points and in a finite
number of directions. By using an algorithm such as the
FFPT, oﬁe ottains samples of the,qurier space along a polar
raster as shcwn in“Pig. 3. The uée of interpolation is made
to convert the known samples on the polar raster into the
reétangnlar raster required for the 2-D iqverse Foorier
transfora. If the sampling 1is done above tpe Rygquist rate,

hth?n the functios f(x,y) can theoretically te recomstructed

exactly.

(2.10)
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Pigqure 3:

Polar and Rectangular Baster
Linear interpolation as shown above is used
to resample the frequency space and convert
the sampled grid from polar to rectangular,
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2.3  PHYSICAL PRINCIPLES OF GOMEUTED IONCGEBAPHY R

The previous sectibn introdoced the concept of a ray.
Also, a projection was defined as the set cf line integrals
or shadow obtained by the propagaaion of the “interrogating
wave" through the object.,’ 1In this section, : the physical
properties oi tvo.“interrogating uéves" which are used to
-perfera CT are mnmentionned bhriefly; Janely, x—réy and
ultrascund, Since the projection-slice theoren was derived
under the assunmption of 1line integr&I;, the validity of

conventional reconstruction algorithms using these

techniques is discussed.

2.3.1 X-Ray Tcmography

In X~-ray tcmography, the ugve used is a beam of
high-energy photons. Thé parameter that is reconstructed is
Ehe linear att;;uation coefficient. Since an X-ray beanm is
ncn-coherent radiation, phase information is not awvailable.
X-ray transsission is presently the imagipg technique which
comes closest tc straight-line propagatidn. However, a few
artifacts are created which alter the fimal rececnstruction.

A collimated X-ray source will praduce a parallgl beam of
photons. Theoretically,~ tkis bean should be monoemergetic
and have a finite width. .Under this assusption, the nusber

of photens at ‘the output (N,) is related to the number of

rhotcns at tg;\input (B;) by the following equation:
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'No = Ni-exp{-_—lp(x,y)ds} (2.11)

4
vhere ds is an element alceng the path of propagation and

/u(x,y) is the aftenuation Ccefficient at point (x,y).

The above equation is enly trﬁe for monoenergetic X-rays
because in fact, /u is .also a function of enerqy. In
practice, the idea of having moncenergetic photons 1is not
valiqd. It is found that for a constant anode voltage, an
X-ray source will give a wide syectrun.i Traosforming the
previous equation +to include the dependance of the linear
attenvation coefficient om the energy og X-rays will give:

s

N, =] S;(E)eexpi-] u(x,y,E)ds) QE (2.12)

where 5;(E}  1is the 4incident fhoton energy and the

attenuvation coefficientjy is now a function of energy (E).

In pmany biclogical tissues, the 1lipear attenuation
decreases vith enargy; This means a polgchronatic source
vill cause lov energy photaons tc be more absorbed so that
the mean of the output spectrum will be higher than the mean
of the input spectrum. This is the major artifact caused by

X-rays and is called beam hardening.
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The "other artifact introduced ip X-ray tomography is
q;used by the Ecattering or"ﬁifftaction of X-rays at sharp
interfaces such as boneswater. Although this affect is
small relative to the dimensions of the object, it 1is
nevertheless visible in the final reconstruction. Kak [24 ]
gives a good discussion of the effects of beanm hardening on

the final X-ray image.

2.3.2  9ltrasoupd Tcmography

In the case of ultrasound tomography, the unknown object
1s iosonified and an attempt 1is nade te determine the
acoustic properties of the mediun. Because wltrasound is
cohefent, Reasurezents cf hoth phase and amplitude are
possible. Two parameters that are reconstructed are the
linear attenuatlon coefficient and the velocity profile
conputed fram the Time of Flight (ToF) in the uwpediun.
Whereas the fcrwer Farameter was suitable for X-ray CT, it
is less than adequate for UCT due to increased reflection,
refraction and diffraction effects, These effects indicate
types of propdgation and consequently leosses other than in a_

strajght line.

An vultrasonic vwave incident on \an interface has a
fraction of its energy reflected, agother refracted and part
of it diffracted dependiug on the type of interface

encountered and the angle of incidence. If the nedium
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contains only small variaticms in acoustic impedance, then
the vave can be assumed tc propagate along a stfaightlline.
Standard reconstruction algorithas can then be used ang
relatively good images are obtaipned [16], especially in
homscgenous tissues such as the female breast. S5cme
researchers have gone one step further And applied
geometrical optics thedry. In =uch cases, diffraction
effects are ignored and ray tracing is performed to find the
path of propagation through the chject [22]):this is done by
cemputing the refractive indices from the velocity profile
and applying refraction principles. flowever, better models
are clearly required for the general case ‘of wvave

propagation in an arbitrarily varying medium which would

take all effects into ccaonsideration.

Ona approach to this problem 1is the one attempted::by
Mueller et al. [31). It assunes only s@»all perturbatlons
but includes effects of refraction and diffractjion. This is
ihgre the firdt distinction is lade. between a ray and a
wavefront. Previously, only geometrical optics theory had
been used to describe vave propagation. The work by Mueller
at al. is an attempt at direct vavefrcnt reconstruction
which 1s probably the most sultable to describe acoustic and

electromagnetic wave propagation.



2.4  RECOBSIRUCTION ALGORIIHHS

Reccnstructlon algorithms are nsed to obtain the unknown
fqpctiou f(x,y) from its projections. Takle 1 gives a list
of these algorithes which are rperformed directly in the
signal space. This section describes the two reconstruction
algorithes uﬁich are the most ccomsmonly useq [19]; The first
one, the flltered back-projection or convolution technique
is analogous to the projection-slice theorem but it 1is
performed in the signal space; it gives an exact solution
after one 1iteration. The second one, the algebraic
reconstruction technique (ART) is also performed in the
signal space but refines an astimate iteratively; this is

the algorithn inplémented in the original EMI scanner.

TABLE 1

Signal space algorithas

4

1

1

1 Algebraic Reconstructicn Technigye ART
] Simultaneous Iterative Bsec. n SIRT
[ Back Projecticn Bp

| Filtered Back Projection FBP
1 Matrix Ianversion nI

I .

L

o o e e i e -
«

Pigure & shows the unkpown distribution £ (x,y). This

functico is also shown in sampled form £(i,j) for i,j=1,m.
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This laplies there are n? unknowns one wishes to solve for.
Since an nXn recomstructicn is desired, a system of n2
linearly independant equations are required to obtain a
unique soluticn. These equations are obtained from the line

integrals evaluated along all the rays within each

Frojection.

The classical approach to solving a set of equattions is
to vrite ¢them in a matrix fors and solve for the unknown.

Refering to Fig. 4, ome can write the n? equations in a

matrix fors as followus:

P = Qu (2.13)

The solution of the set of equatlons,/ﬂ, is found by

inverting the matrix Q:

u=q P (2.14)

The only problea with this technique is that the siza of a
typical matrix is sec large that the inversion is
prohibitively lcng., . Pecr axample, if n=100, the matrix Q is
of size 10¢ x 10e. This becomes too lengthy for near real
time applications, Also, the set of equations obtained is
often not well behaved so that the solation obtained may not

be correct.
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projecticn number

weight of pixel (i,4) in ray Pe(k)
rrejection data in vector fora

£(i,3) in vecter fors {nZX1 vector]

Figure 4: Terminology
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2.8.%  Jlgekrajc Recopstructjop Techpigue (BRT)

This reconstruction technique comsists in iteratively
changing a solution uptil its projections are consistent
with the wseasured projection data [15]. This is done by
first making a guess and refining this guess 1terat1veiy
until it agrees with the projection data. Usually, the
average ls used as the initial guess; it 1is given by the

following:
pLo. o= A i,j =1,2,...,n (2.15)
vhere the superscript 0 is the iteration nuamber.
From this dipitial quess, future iterations can be

copputed using one of many methods. Tvoc major methods usad

for the correction factor in AR?T are additive:

g+l q .
b= x PR R) (2.16)
1,] i,J Ny g
or multiplicative:
g+l q P (k)
u. . = u. .. e N (2-11)

vhere Petk) is the measured projectiom data and PS(X) is the

projecticn data computed froam the solution at the qth

iteraticn.
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There are also other variations called partially and

fully constrained ART as shcwa pelon:

g+l _ g+l
partially: if < 0 then u = 0 )
i.3] i3 (2.18)
g+l g+l {2.19)
fully: if w > u then W=
i,3 max i,3 max

vhere /uhm(il the saxisus known value of the para-eter/q.

The SIRT algorithm is basically the same as ART excapt
that the correction is -performed on each pirxel using the
projecticn data from all projections. & major limitatiocn ot
ART, STAT and patrix inversiom is that all the data must be
acquired before the recomstruction 1is performed. The
sequential mnature of these Gfrocesses make Teal time
applications difficult. However, the ART algorithm is the

nost suitable to include path alterations due to refraction.

2.4.2 Filtered Back Proijection

The simple back projection method is an intuitive
approach to the solution c¢f the equations simce it 1is
basically the inverse process of data acquisition. The
nethod consists in converting all the 1-D projections into a
single 2;n structure. This is done by saearing each
frojection back ontc the unkncwn along the directiom of
propagaticn (the 2 axis in Flgqg. 2). The fimal back
projected density at each pdint has a contribution ftrom each

ray passing through 1t:



25

b
"

)
fix,y) = Z Py xcos6+ysing) do (2.20)

The major artifact created in the reconstruction is that all
pcints are blurred by the "star®™ shape of the 1impulse
response or point spread function. The effect of the point

spread function can be reduced by filtering techaniques,

The filtered back projection basically uses the sane
procedure as in simple back projection except tﬁe
grojections are modified before the back brojection is
perfermed [18].- A major tyge of filtering used |is
convolutional f£iltering where the point spread function is
reducad or eliminated by convolving each projection with the
ippulse response of the proper filter. The first step is to

revrite equation (2.9) such that:
fix,y) = z pg(xcose+ysin6) ae {2.21)

vhere:
P (w)= 7|1 Py(it)exp(i2n pw} dp (2.22)

¥ &

Bote that equation (2.21) 1is similar to equatiom (2.20);
the difference heing that p* is back ¢grojected rather than

E- This implies that a filtering technique must be psed to
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transfors all prejections from p to p*. Equation (2.22) can
be seen to be the inverse Pourier transform of the function

bAI sultiplied by PGEP). However, the convolution theorenm

states that: . )

-

a(x)=b(x) =_z A{uw)*B(w)-exp{j2rwd dw (2.23)
therefore, equation (2.22) can ke evaluated directly in the
signal space by convolving each projection with another
function or kernel. In order to suppress high frequency
noise, the coefficlents of this kernel are usually taken
from a simple boxcar filter at a frequency of 1/2R where 2

is the distance Letween adjacent pixels.

2.5 SCANNIRG CONPIGURATIONS OF CT BACHINES

The advent cf high spetd digital computers has made
possible the physical principles developed 50 years earlierc,
These dedicated computers control data acquisition, execute

the reconstructionm algoritha and display the final result.

The ability to sample the interrogating wave at nmany
points along many angles of view of the unkncwn object 1s-a
uéjor requirement of a scanner. The set of samples
gpllected vithin the sawme projection are obtained by moving
4 detector on the side of the object orposite from the

™ R
soﬁrce: this wmotion can. be either 1linear translation or

[
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radial tramslation of the detectcr. Successive projections
are achfred by the rotatlon of the source-detector asseubly

arcund the object or analogously, by the rotation of the

object.

Loring -the past decade these scaﬁners increased 1in
complexity while reducing data acquisition and computation
times, The reduction of data acquisition time is an
important factor in a commercial scanner since loné scan
times introduce artifacts due to the motion of the patient.
The reduction of computation time is also important so that
the radiologist can judge the quality of the image while the
ﬁatient is wvaiting. Figure 'S shows a few scanning
cﬁnfigurations. They «can be classified into three major

generaticns of machirnes.

Figure 5-a gives an example c¢f a first gqigration
scanper, These are single-source—single-detector scanners.
The scanning is performed by moving the source and the
detector sinultanﬁously in the y?ansnission and receiving
planes, The detector is sampled at specific 1locations so
that the ray paths consist of equally spaced parallel lines.
The source-detector assembly is then _rotated and  the
procedure rapeated for the suhseguqnt projections. ' The
original ENI scanner was of this genmeratiom; it required 4-5

uin. of data acquisition ‘;ng\) with 30 s additional
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pfocessing time. The final reconstruction contained
artitacfs‘dne_to fotion ‘during gcanning: never?heiess, it
demcnstrated the dramatic increase im contrast obtainable

;? using this technigue.

S5€eomd. generation scanners are of the
single-sdﬁrceL—-ultl-detector type. Figure 5-b,c and'd show
three such inplementations. These configurations are the
first tc wmake use of f;n beams in order to eliminate the
requirenent of mAny sources, Piqure S5-b represents the case
uPere the detector array is placed in a line. Each detactor
is theo sampled to give the required translation effect

' without actually having any soving parts. FPigure "5-c is
essenbﬁally the same’except tke detectors are placed in a
circular confignrag}on. The number cf detectors again
rangesﬁfinu 20 td:Eo. Finally, Fig. 5-d eliminates motion
of éhe detectors\célpiétely. In this case, approximately .

. ¢//”Bnb-soo detectorf/&ﬁz"placed in a circle. Only the source is
rotated and the proper detectors are sampled. Data
acquksition times ate then reduced to the order of 4-5 s.

-

The price of scanners is higher however due to the number of

detectors.

)
|

i : a -
Third generation machines are | of the
gulti-source—nulti-detector tyre [14]. +«The wunit baing

hgélt"at the Mayo Clirnic, called -the ynamic Spatial
. N \\_—
A ~ i

~
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Be‘constructor {DSH) , has as ,objective' real-tliee 1lmaging of
the heart. This reéuires 240 slices of 127:121_’ plxels atla
rate of 60 frames per second which iﬁplies acguisition and
cemputation rates of 60x290x127x12752.3x108 pixels/s. The
resulting images have high temporal resointion as well as
high ép_atial resolution. in the three diwensions of the

ébject under study.



"Chapter IIXY
REVIEW OF MICROWAVE IRAGING TECHNIQURS

- A

Microwave imaging is a technique consisting'fh the use of
microvaves as the interrogating vave to find the shape,
location and-COlposition (electrcamagnetic properties eand M)
of an unknown object, Both reflectéd and transmitted waves
{backward and forvard‘scattering) can be utiitized, MCT can
be considered to be a spacial case of microwave imaging
vhere a slice of the object is recénstructed. . Rarlier
developnept cf computed tcmography bas so far been direéted
‘towards the improvement of resolution and the dacrease in
reconstruction times. Temegraphic technigues uvsing X-rays
and ult:asoﬁnd have been studied greatly in the past and
sany advanced machines are available comaercially. However,
in certain applications; X-ray and ultrasound imaging have
lipmited capabilities, For example, X-ray tcmograms of the
lohgs provide lew coﬂtrast vbile ultrascund temograms suffer
from high attenvation in the luég tissue. In addition, the
use of X-rays occasiopaly necessitates the.injeétion of

contrast materials or tracers.

In this cbapter, nicrcwaves are compared with other

interrogating waves and the possibility c¢f their use to

e’

/ - 31 -



reconstruct an object from the transmission data is

32

investigated. Also, a revievw of previcus work on inhverse
scattering is presented, followed by a discussion‘ of the
requirements of an instrument to investigate @waicrowave
coaruted tomography.

3.1 NICROWAVES AS AB ISTERBOGATING WAVE

Although there is a large body of literature dealing U;Eh

the nfcrwvard”® scattering problenm f1z21.1251,[26], a
‘relatively smaller number of attempts have . been made to
solve the "inverse" scattering problem of reconstructing”¥ﬁgz
dielectric _properties of an irradiated object from the
knovwledge of the scattered field measured at discrete points

[213].[30].

Perhaps one reason for the 1limited amount df rasearch in
the area of inverse scattering is the cémplexity introduced
by the increased contritution of the diffracted-tiald to the
total field. .Théfelectric field at all points must satisfy

the wave éqyation:

(T4 KZ)-Ez(x,y) =0 (3.1)
vhere:
2 2 A
2_2 2
v = )_xl+ B—ya , K=2r/A=wipe } (3.2)
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The total field is the sum of the incident field and the

scattered field:
ET = E. + E {3.3)

vhere E, 1s the incident field and E, is the scattered

field. -

Ciffraction 1is a phenomencn that occours when the
vavelength of the incldent wave is of the samé order of
magnitude as the dimensions cf the scatterer. Table 2 gives
a cecararison of the vavelengths in air for the three imaging

techniqués.

TABLE 2

e

Wavelength in air for the three modalities

modality frequency vavelengtk
X-ray av '17.4x10r8. Hz 0.172 A
Ultrasound 5 MHZ 0.007 co
Bicrowave 10 GEHz 3 co

I S wsh N WS MR ey

-

R e

In the case of X-rays, the wavelength is many crders of

ragnitude smaller than the dimensions of the details of the

irradiated objects and the enerqy propagates aleng straight
&



34
lines (rays). Therefore, because of its sililarity.to light
propagation, !-iay projections are sometimes called shadows.
The wavelength in air of 10-GHz uicrouaﬁe radiation is the
longest of the three and is therefore the longest compared
to the dimensions of the irradiated object. This implies
that diffraction effects may be expected to p:edominate over
other type; of propagation. The complexity of the problenm
is then 1increased since the diffractioh effects camnot be
derived using the special case of geometrical optics theory.
Also, if a vavefront several wavelengths wide is needed, the

use of microvaves necessitates larger apparatus.

Tables 3 and 4 give a .compariscn of the wavelength and
attenuaticn of 5-MHZ unltrascund along with micrcwaves (3 and
10 GBz) in various materials. Apn important observation that
can be made from these tables is the fact that ultrasound is
attenuated greatly in air while frropagating easily in wvater.
The inverse holds for microwaves; they are are not
attenvated in air and undergo a 30-dB/cw® attepuation 1in
water. |
Also, from Table 3, the difference in wvavelength between
sicrocwaves and ultrasound intrcduce a cceparable loss of
resoleticn in the scatterer. Hicrowvaves (10-GHzZ) have
wavelengths apggoxipately 15-20 times longer than 5-MHz
ultrasound and hence a comparable loss of resolution aight

be expected in the fipmal reccmnstruction. Bicrowave imaging

o,
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TABLE 3

Wavelength (c») in a fev materials

Ls 1
: Nicrovave :
| Haterial SHHz Ultrascund 3 GHz  106Bg |
i 1
! air (STP) 0.0066 10.0 3.0 1
1 hone " 0.066 3.5 1.4 |
| fat €.029 4,2 1.4 [
{ muscle 0.032 1.4 0.47 [
1 Eolyethylene 0.04 2.0 2.0 i
| skin 0.031 1.9 0.47 1
i vater (30°C) 0.031 1.1 0.47 !
|

L !

TABLE 4

Attenuation (dB/cm) in various materials

1 4 a
: Bicrowvave :
] Material 58Hz Ultrascund 3 GH=z2 10GHZ i
{ I
| air (sTp) 60.0 0.0 0.0 !
[} - bone 10.6 1.118 2.8 {
| fat 3.5 : 1.032 2.2 '
] ruscle 7.0-14.0 5.381 3C.0 !
| polyethylene 25.0 - 0.0007 0.0007 1
] - skin - 5.691 23.0 |
| water, (309C) 0.011 2.75 30.0 1
!

L !

may howvever improve the contrast in some objects, especially
in biclogical tissues. For exanble, the linear attenuation

constapt of 60 keV X-rays in biclegical tissues varies

roughly between 0.19 for fat and 0.222 for red blood cells
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(Cata takep from Zaklad [35)). On the other haand, for
10~-GHz microwaves, the corresgonding 1limear attenuation

constants are 0.6 for fat and 0.001 for blcod cells {Data

L

Electromagnetic radiation cf wavelength mear 1 c¢m. reduces

taken from Jchnscn and Guy [23].

resclutidnv;uhile enhancing contrast, so that they may
provide a good trade-off beotween the two. Also, microvaves
are similar to nltrasound. in that coherent sources are
avallable; hence, both amplitude and phase information can
be retrieved. The possibility cf recordimg a complete phase
and asplitude hmlogx:.all.l nay yield more information about the
scatterer. However, a relatively complex signal procegsing

system is reguired for the raconstruction.

Since little 1is knovp about WCT, there is a need to
further investigate this area of science, Image

reccastruction nsin 4 vave 1ipn the wmicrcwave part of the

~

spectrum is a new concept; it is therefore worthwvhile to
study the propagation characteristics in an object of

arbitrary composition,

- . -

'A hclogram 1is a record of the applitude and/or phasa
distribution measured in the observation plane.
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3.2  EBARLIER BICPOWAVE INAGING IBCHBIQUES

Earlier work using microvave imaging techmigues has been
directed mostly towards scattering fros metal objects, the
detection of buried structures and recently, msedical imaging

(257,011.027].

Scattering fros metal objects is a prcblem arising in
many areas. One of these applications which 1s of military
jnterest is an area of continuing research; that of target
shape estimation using radar. This type of signal analysis
involves reflection measurements at very large distances
[a]. On +the other hand, several researchers have been
involved - with the forvard scattering problems whare
transmission information 1is used. In the mid 50's King
[25], Kodis [26) and Row [32] studied forward scattering
from @metal obstacles of siosple geometrical shapes. The
invé\se_prthen arises when the scattered field is known at
sp fic pdints and an attempt ig made to determine the
shap€ and position of the scatterer. Imbraille and Mittra
[21) examined the problem of 2-D inverse scattering. They
used an iterative technique to estimate the points of zero
electric field representing the boundary of the metal
obstacle. After computing a number of these points of zero
total field intensity, they plotted the results and compared
them to the original structure. - This tachnique 1is

relatively lengthy and laborious in corder to get a good
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astimate of the shape 0f the object. Also, it can only be

used to solve for scattering from objects with siaple

boundary conditions such as metal surfaces.

Detection of buried objects is ancther area which
received some attention in the past. Anderson [1] used
microvave hclography to detect dielectric as well as matal
Ecatterers conéealed in low-loss media. In this case, the
direction of rropagation of the 1nterrégating vave 1is
perpendicular to the plame of reccastruction. Both phase
and amplitude are measured in the observation plane and the
image is nfocused back"™ in the object plane. Lytle [ 28]
attempted to locate buried mine shafts. - This was done by
lowering the microwave source 1q dne borehole, the detector
in apnother and using the cross-borehcle transmission data to
recoenstruct the medium 6§tueen the two vwhich is known to
contain the tunnel. By selecting the proper frequency and
with the use of ART, fairly accurate cross-sections of the
tunnel were obhtained. This reconstruction algorithn
neglects diffracticn effects and assumes straight line
propagation; hence, the final recomstruction clearly showed

the diffracted field around the edges of the tunnel.

Applications oriented tovards medicine have been few and
slow in coming. It is only recently that interest has been

kindled in this area. Greg et al. [17] have wused ART to
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reconstruct an object fros 10-GHz microvave transaission
data. The object was matched tc the surrounding mediuaam by
ipserting it in oil. ' The best resolution obtained at this
frequency is about 1 cam. They attempt the recomstruction of
tvo separate ‘lucite rods 1.6 ca in diameter and separated by
7.3 cm. The scattering from the lucite rods 1is clearly

visible in the fimal reconstructions.

Larsen and Jacobi [27] are the first to perfornm nicrovaye
imaging of am organ. They obtain the spatial distribution
of microwaves transmitted through a canime Xxidney. The
kidney is ismersed in water +to match the surrounding medium
to the object. The object 1s then irradiated with 4-GHz
microvaves and,the attenvation and phase chift are measured
on the ofpposite side (this gives one Frojection only).
Plots of both these parameters show the general structure of
the kidney, bnt;athey contain many art;facts due to

diffraction.

In all these attempts, there 1$ one ccamon factor; the
object dimensions are comparahle to the vavelength and hence
the total field contalns large contriputions due to
diffraction, Rather than -ignore diffraction effects;
perhaps it may be possible tc interpret diffraction as
valuvable infcreation altout the object and incorporate this

in the reconstruction algoritha. Hence, there is a need for

{\
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an iﬁstrunent tc systematically study the characteristics of
electromagnetic waves scattered frocm obijects of arbitrary
comgosition, This instrument would have a chamber in which
various objects can he inserted in orderl to measure the
Ferturbance of the electric field tﬁat they create. The

next section presents the requirements of such an

instrument.

e —

3.3 DESIGN CRITERIA OF A BICHONAVE IBAGIEG INSTRUMEN

Since the instrument is to be used to study scattering
from arbitrary objects, it is advantageous to sinplify the
geometry of the problem. This can be done by performing the
meacsurements inm a controlled environment such as a
parallel-plate chanmker, The idea cf using a parallel-plate
coﬁfiguraticn is basically to make obijects placed inside
appear eiectrically as infinitely long, oniform cylinders
[25]. In this :hy. 3-D scattering problems are reduced to 2
dimensions. Furtheraore, to ipsure propagatiom im the TENM
nodelonly, which results in a sinplificatioq\ in wavefront
analysis, the plate separation must be less fban 172 of the
shortest wavelength.

_ Another desired characteristic of the insfrument is that
the incident wave be uniform and plane. These constraints
placed on the source facilitate the calculations since the
asplitude and phase of the wave are equal along a plane

perpendicular to the direction ¢f propagation,
- .

\
!
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The =minimilzation of the intermal reflections from the
valls of the chamber- and the detoctor 1is another
consideration. In cther words, the field measured at the
detector shouyld have its main coﬁtribntion'dne to scattering
from the object and comtain minimal contributions introducead
by the reflections from the walls.
If all the above conditions are satisfied the problem
reduces to that of a unifors plane vave incident upon the
object and the field measured in the observation plane has
components only duve to the 2-D scattering from the object.
The néxt chapter introduces the actual design pfocedure and
tﬁe final chamber characterist;cs'that neet these“ design

criteria,



. éhapter Iv

BXEF@IHERI&L APPARATUS

It this chqpter, a description of they NMCT-I sysjem
designed to study microwave «©o@aputed tomography (MCT) 1is
presented. This nanme v&s chosen simply kecause it is the
first version of an instrument to be used to study microwarve
coﬁputed tcmography. _ l '

The first section gives the cverall objective-of'sqch an

instrument folloved Ly sections des ribing respectively the

system bardware and scftware,

\

4.1 OBJECTIVE OF IHE BCI-I SYSIE EF‘vLHﬂ

The\g\erall objective of the RMCT-1 system is to enable
the use o study the feasability of using blcrowaves to
‘reconstruct the spatial distribution of the dielectric
pr&perties-cihﬁp’unggovn objecﬁt Eventually, it is hoped
that the 59re general tﬁ;eé"iﬁimensional Freblem can be
solved hy\ uSing principles derived from the sippler

two-dimensional case. v

S~
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The MCT-1 system requires a sou:celof aicrowvave tadiat;on

43

as well as a chamber or wavegulde for them to propagate in
and a d?gggggf\gd’leasurg the electric field 1ntensity. The
source and detector sust be able to, respectively, radiat;
and measure the field vithout disturbing it in any vay. The
>a.mplitude of the elect?ic field is measured behind the object

for a number of different directions or projections.

-Thisii; acconplished by mcving the source and detector along

p%éscribed trajectories under coamputer control. Since the
ipstrument 1is a research tool rather than a commercial
device, speed optimization is of no ccncern. Therefore, the
implementation of simple scanning configuraticns and data
acquisition technigues are thé 1nmediate‘objectives of the
systen. The transaission data, be it amplitude, phase, or

both, is then stored om a disk feor future proéeSSing.

The characteristics wmantionned above are -tha basic

-

. requirenents of the MCT-I systean. It enables the operator
. - %

- tc >quickly determipe the scattered field from arbitrary

objects. The following secticn will present the design

procedure and final specifications of the system hardware.
/

4.2 MCI-I SYSTEHN BAEDEARE

The scanner is basically a single-source single-detector
device as described ip first generation X-ray machipes. All
operations of the scanner axe ccotrolled_cor performed by a

~)
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PDP11/34 multi-user wminicomputer ruoning om RSI-711M. The

PDP11/34 has three BLO1 disk drives giving 1t a total

storage capacity of 15 Mbytes.

Figure 6 shows the MCT-I system in block diagram form.
The system contalns two major sections: a microyaée section
vhere the experiment itself ig " performed and a  digital
section vhich controls the apparatus using a PDP11. The
microvave section is ccmposed of an oscillator which
produces the incident plane wave, a fparallel-plate region
wvhere the object is inserted and a detector to measure the
:esulF&B@ field distribution.

)

The digital section is used to control and monitor the
mechanical maotlons of the scapnfier as well as perfora the
calcﬁlations required by the experiment. The PDP11 can
pcsition the object and the detector by driving two separate
stepper motors. It also coantrols data acquisition using the
K~series peripherals {(A/D converter and digital I/0) LS,HaL}
as display the resulting data. The next three subsections
will describe,' respectively,the chanber, the microwave
circuit and the digital instrumentation of the HCT-1 systen.

4.2.1 Chamber Descriptiom

L)

There were two basic approgpﬁis used in the design of the

parallel-qlate chamber. The original configuration had a
: gp
~ / ( -
) AN
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circular slot «c¢ut in the top plate through which a dipole

vas inserted and vas used as a detector antemna. The reason

. belng that the distance between the detector and the phase

center o# the source remalned constamt at 1 a throughouf the
scanning proce@u:e, thus sinplifying phase computations.
Hovever, errxrors due to mechanical vibrations. and vertical
motion of tﬁe dipolq\iy the slot turned out to be too great.
These detector posit*oning imnacuracies forﬁed the adopfion
of a configuration using linear tramslation at the ena/of

the plates.

Figure 7 _spovs the extermnal dimensions L3f the
parallel-plate ‘chamber incorporated im the NCT-I systen.
Like the. nanme igplies, the chamber consists of two metal
ﬁiﬁkes éarallel tc one another. In this case, the
6t cm (2') x 122 cm {4') x 0.159 cm{1/16") +thlck plates are
made of brass and aluninums for‘the tor and bottom plates
respectively. The 1.27 ca (1/2") separation  between the
platés is chosen for electrical and mechanical
consideratidns. First, operéticn arcund 10 GHz in the TEN

node only is desired. This iasplies a plate separation of at

most a half of a vavelength which equals 1.5 ca at 10-GEz.

The dimension available in stock in stores which is smlaller than

half of a wavelength is 1.27 em ({1/2%' ). /
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The external dimensions of the plates are 61 cm by
122 cm; or 1n-terns of wavelengths, 20 by 40 . ideally,
the dimensions should be infipite so that the effects of
reflections froa the walls are minimal. Although the plates
King used in his experiments are approximately twice this
area, 7442 cm? {8 £t2) is ¢f sufficient size for initial
measurements as will be seen in~ _chapter 5 where the results
are rresented. The analytical problem of taking accurate
account of the finite plate diamensions is prohibitively
difficult. 1Instead, the effect of edge reflections is made
negligible with the addition of absorbing material along the

ipside perimeter of the chamber.

Figqure 8 shows the internal configuration of the '
abscrbing material within the chamber. ' There are two
materlals alcng the ©periphery of the chamber; nanely,
aluminum bars that provide the required 1,27 cm separation
of the plates and atsorbing material glued alongside it to
lipit internal reflecticns from the walls. In this vay, the
plates electrically appear to be of infinite dimensions
although they are only 7442 cm?. This absorting material is
placed arocund the chamber in two layers. The first layer is
simply 6f rectangular cross-section and is placed Qlongside
the metal separators. The second laye:,'bt innermost layer
is ccaposed of small tapered triamgles to further reduce

internal reflections.

™
f ~
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The distance between the sou;ce and the obstacle vithin

the plates can be varied but is generally of the order of 30

vavelengths, At this distance, the anmplituda of the

incident vave is essentiélly constant over the width of most
it

obstacles imnserted. Therefore, the assumbtion of a plane

~wave incident on the obstacle is a relative{z)good one.

Fron the\ diagram of the <chamber, omne can also observe
that the scanning geometry used is linear tramslation. This
can be seen by observing that the detector is mocunted on a
sliding aluminume bar at the end of the plates. The detector
protrudes within the plates by passing through the absorbing
material and is therefore the c¢nly metal part inside the
chanber except for the sectoral horn at the source  end.
Thlis entire assembly, which also 1includes a plece of
rectangular absorbing nmaterial, theraefcre appears &gf a
"gatched wall™ at the back of the chamber. This matched
wall can move along 2 sets of éulleys so0 that the detector
can sample the €lectric fie1d4@ﬂ; various points aiong the

cbservatlon plane without disturking 1it.

®ith all these precautions, the field measured at the
back of the chamber is still not that of a plane wvave. It
includes the remaining effects of internal raflections
within ‘the chamber as uéll as the ﬁcn—uniforn radiation

pattern of the horm. In crder to take thesé effects into
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consideration, a calibration procedure is perforsmad. This”’
consists of leasn:ihg the enpty;chanber scattering
characteristics and subtracting it from the field observed

vith the object inserted in the platés.

4.2.2 Hicpowave Cirgult

In the previous section, the parallel-pl#te chamber was
described in detail; it is now introduced as an element
within a microwave circuit. A description of the'ipdividual

components of this microwave circuit is also presented.

The microwave components contaiped in the HCT-I systenm
are shown in block diagram form in Fig. 9. An HPB690B sweep
oscillator 1is wused tc provide the source of 10-GHz
electromagnetic radiation. This 1is squarevave modulated
with a 27.8 KHz signal from the amplitude analyser and fed
to a Qirectional coupler: The directional coupler 1is
cennected to a sectoral horn which radiates a plane TER wave
in the chaamber; it is alsec used to get part of the input
signal as a reference for the HPBT755A sert aaplitude

analyser, The signal is then detected with an HP11664}

crystal detectoTh

Io practice, it is difficult tc cbtain a perfectly plane
wave of radiaticn from a source. The design for the chamber

of the MCT-I system was that it be relatively plane within

/\) -
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the éggle subtended by the object. The first measurements
were done with an open-ended@ waveguide and this condition
wvas obeyed, but it had only a small gain, thus varranting
the design of a sectoral horn. In addition, since the
open-ended waveqgulde had a relatively large beam width, the
incidence angle ontc the walls of the chamber was large,
thereby increasing the 1;terna1 reflections, The sectoral
hore is designed so that the radiated energy 1is directed
mostly toward the object, and hence stray radiation om the
valls of the chamber are reduced. The horm is flared in the
B-plane and so is called an\ﬂ-plane seéctoral horn2. The
aperture of the horn is 1.2§-cn x 14 cm (0,823 x 4,66 in
teras of 3 ca free space wavelengths). With these
dimensions, a gain of 9.5 dB is obtained and:.the”
" ccrresponding half-power beam width is 169, which 1is the
angle of detectcer motion at the end of the chamber.

&

The approach used in the design of the detector is a bit
more ccmplex. The 4idea is to measure the electromagnetic
field 1in the chamber without disturbing or altering it.
Figure 11 shows a tree structure of the various detectors
that vere tried. Initially, the top plate had a slot cut in
it vhere a detector was imserted. This detector vas mocunted

on an are pivoting- about the phase center of the source.

2The gain and Lteam width are taken frcm: J.D. Kraus,
"Aptennas®, BcGraw-Hill Bock Co., H.Y., 1950, pp.371.-381.

- '
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Both an electric dipole and a magnetic loop antenna were
tried. In the two cases, variations of ép to 3 4B in
attenvation were due to vertical mction of the antenna
within the plates. The present HACT-I systenm uses linear
translation at the end of the plates. Linear translation is
adopted because -echanicil positioning inpacuracies can be
made s»aller 3t the end of the‘jplates. . The antenna
presently used is a dielectric filled waveguide with quarter
vavelength chokeé on each surface providing electrical
contact with the plates. This wvaveguide is inserted through
an aluminum sliding wall at the end ef the plstes. The
aluwinum baf has some absorbing material glued on its inside
surface so that the only iétal inside the chamber 1is the
aperture of the wvavegquide. This antenna is connected to a

detector of the swept amplitude analyser.

F

The swept énplitnde analyser measures the ratio of the

detected signal to the reference sigmnal at the hora.. This
ratioc gives a measure of the transmission 1loss in. dB's
between the source and the detector, The PDP11 can read
this attenuvation by 'salpling channel 0 of an A/D converter
vhich is connected to a DC signal proportiomnal to the power
ratio. The empty plate characteristics obtained using this

]
detector are included in the next chapter. on results.

1
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The measurement error intrecduced by the A/D convebtér is

minimized by averaging. The PDP11 performs 5 consecutive A/D
conéersicns while allowing proper settling time betwveen
thew; the measured valub.is thén taken to be the average of
these readings. Since most if%éfinents are‘ﬁgffarued using
a 5-dF per division =setting, the .quantization error
introduoced is {/QO dB's and can therefore be neglected for

the purpocse of this project.

The circuit described above is therefore used to generate

the interrogating wave, irradiate the obiject to be studied

and finally, measure the amplitude of the scattered electric

"field at specific locations behind the object. The next
subsection describes how a EDP11 is Efgﬂfﬂtg_gontrol the

-

'apparatus.

4.2.3 Digital Instrumentatjon Circujit

In order lto autclafe t;e hCT-I_systém, the PDP11 must
controi linear tramnslation of tﬁe detector and rotation of
the  obiject. This inteéface is acccaplished using the
K-series laboratory peripherals. The A/l converter (model
AE11-K) 1is a 12—bit—successive-/ﬁrproxinatiSn converter with
16 channels having input voltage anges - of t5 Volts and
settling tined%ﬁg 20)ﬁsec. The digital I1/C (model DR11-K)

is a general purpose device fcr tramsfer cf up to 16 bits of

data in parallel.

N
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transduction, Thiﬁ‘ is_accomplished with the use of two
~

—

Superior Electric Slg‘ r stgp actors (madel H0D92-FCO09).
The torqug requireasgnts df these !oto:s are couputéd fronm
the mechanical driving reqd??gients of the detector and the
object. In this case, both actors are rated at 1.412 XN-m
(200czy4n) torque and 1.8°/§tep. The gctors are actually
controlled by STN-103 trapslators to simplify the eleezzical
driving requirements; these being S V pulses, 30/;sec.long.
These TIL-level pulses }e pgd;lded by the 4 1LSB o the
digital 1,0. ﬁits 0 (apd~) ‘are used respectively for the

v

clockwise and counterc;ockv

g _mction oY the detector motor

- L
while bits 2 and 3 arﬁs obMect rotation 1in the sanre

directions. .
, , °

The driving mechangg;
Pig. 12. Bach 1.89 step th
uOij cf linear displaceientl etector. There are 962
steps possible between :Syéz;uo microswitches at either end
of the detector driv;\\ thus allowing user~-definable
resolution within. each p;ggection. The microswiches are
connected to chanpnels 1 and 2 of the A/D converter and are
sanpled’after each step tc fprovide position feedback to the

PDP11. They also prevent damage of the detector drive by

disatiing the mctor vhen the detector positicn exceeds these

57

y The actual interface between the PCP11 and the experiment
jrﬁiﬂ:;—htherefore in the fcrm of a digital signal to Bmotion

2se ﬁﬁé& the detector is shown in

btor makes is translated into
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limits. Although accurate positioning encoders would be
1dea1, these tvwo microswitches can be used to repeat an
entire projection if the number of steps taken between then

is not correct.

The object drive used- in the NCT-I systenm is much
simpler. The object is driven .hy the second stepper motor
using a synch:onggs belt drive with 2‘g€prs. The gear ratio
is 4:1 so that a 1.8% motor step is éranslated into a 0.45°
angle of rotation of the object. This allows a possible.B0O
projections over a complete ravolution. of the object; the
operator can therefore select the desired nuzber of
projec£ions by double or triple stepping the motor. There
are Preﬁﬁﬂfli no position detection devices on the obiject
drive,f hut\ they carn be easily added if the need arises.
Figure 13 shows the object.drive mechaniss. The objects are
attached to the shaft of the larger gear with a section

protruding through the bottom plate.

The remaining corponents in the digital instrumentation
section include various distlay devices that can be used to
chov the collected data or final reconstructions.  These
joclude a 9155 graphics tersinal, an X-Y plotter and
eventually, a graphic display. Presently, the ¥T55 is used
for imnediate results 'since it is on a 9600 baud 1line

vhereas the X-Y plotter isééx 600 baud which is much slover.
\

—
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{
4.3 BCI-] SYSJIEN SOFTUARE

This section presenmts the software developed for the
MCT-I system; - this includes data acquisition, storage and

.display programs for various devices.

The data acquisition 1itself is relativély sinple; it
‘ ‘Fonsists in rdngigg‘channel 0 cf the A/D converter. The
(/-\data acquisition program (ACQUIRE.FTN) averages the readings
and checks the microswitches for correct displacenent of the
detector. This is done by reading chanmels 1 and 2 of the
A/D converter regularly; the vcltage read indicates whether

Ed
the corresponding microsuitch is on or off.

Pigure® 14 shows a flow chart of the data acquisition
érogran. As mentionped earlier in the hardware section, the
detecter drive has 962 motor steps betveen microswitches.
Bovever, the user may want cnly 100 samples -within a
projection so that a user step would egual approximately 9
actor steps in thls case. This implies the operator must
specify how many user steps and how =®many projections he
vishes to do on a particular scan. The program ACQUIRE.FTN
'thenfég;;i:;é the corresponding number of motor steps per -
user sigg\for both detecter actien and object rotation.
Fros these variables, the actwal scan 1is pertormed until all

projections are stored on disk and  the data file is closed.
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The present needs of the ACT-I system are to acquire and
display cne projéction it a time. This is required to get
an insight on the properties of wave propagation within the
plates.’ Therefore, the data acquisition, calibration and
display is performed oLe projection at-a time. Presently, a

conzand file |BXPHT.€ED) perforids thege tasks sequential;y

(see Pig. 19). o

s
»

The first thing the/:;;iand file does 1is to execf?f
ACQUIRE for 1 projection. It then asks the operator if
calibrated data is required. If so, the empty .plata
characteristics are subtracted from the projection data.
The operator is <then asked which display device is desired
and one of the folloving programs is executed: GBAPHS,/PTN
for the HP7201 plo g& or GBAPH6.PTN for the VTS5 graphics
display. ) &)

2

Figure 16 shows a flow chart of the prcgram GBAPBG.FTH
which digplays a single projection af data on the VT55
graphics tersinal. / The operator nbrlally chooses this
disélay since the results are available to him immediately
after the =scan is complete, whereas the plotter 1is much
slouer. Hosever, the VT55 display 'has 256 lipes by 512
pcints so that the resoclution is nmuch lower than the HP

plotter which has 10¢ x 10¢ points.
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_ START _ _
ENABLE VTS5,
CLEAR SCREEN
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PLOT BOTH
AXIS AND LABELS
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Figure 16: PFlow Chart of GRAPH(.FTE (VY55 display)
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The HP plotter, which accepts data in the EBCDIC format,
requires a separate driver tc convert the data before
trapsslssion. The driver contains a set of subroutines
vhich perforam the fundamental requirements of a plotter;
namely ELOT,PTN which plots a single point, DRAW.PTN which
accepts am array co¢f pcint ccordinates and plots then,
PRT.FTN which dravs alphanuvmeric characters and TRANS.PFTH '
which transforms the data into BRBECLIC and sends it to the
plotter. The plotter is ccnnected through a 600 baud line
so that it is.ﬁuch slower than the V15%; hence, it is only
used when the coperator needs a hard copy of the result,

Figure 17 is a flow chart of the program GRAPHS.FTN,.
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Chapter Vv

BRRSOLIS

This chapter presents the initial results obtained us;pg
the MCT-I system. - These include the eampty chanbe%v
characteristics, scattering from @wmetal cylinq?rs and
projection data for a few dielectric cylinders. Also
included are reconstructions of simulated X-ray data; they
aré perfcrmed to test +the  recomstruction algorithas which
could possibly be modified for MCT at a later date.

-~

5.1 EBETY PLATE CHARACTERISIICS

in crder to evaluate the performance of the chamber, a
parameter of interest 1s the Standing Wave Ratio’;(SHR)
measured at the horn and detector for various frequencies.
" These SWR measurements give a wmeasure of the propagation of
energy from, respectively, the horn to the chamber or fronm
the chamker to the detector. .Pigures 18 and 19 give the SWR
measzured at the horn and detector respectively. These
measurements are #aade at freguencles swept from 8-12 GHz.
One can see that the SWE at the!bcrn is well below 10-4B for
most frequencies betueen- 8 and 12 GHz. This implies that
90% of the energy propagates from the horm to the chamber

indicating a relatively good Iétch.

- 68 =
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NS

Figure 19 1is the SWR measured at the _petector as the
. fraquency is swept froas 8-12 GHz. It 1is fo;nq to be
‘relatively independant c¢f positiop'as the detectﬁr 1S moved
from one end of the observation plane to tﬁe other. One can
see that a good match cnly cccurs at specific frééqenc;es;
nasely, 8.6, 9.4, 10.2, ;11 and 11.9 GHz. Operation is

therefore presently limited  to those freguencies so that a

Ll
saxisum amcunt. of enQSgy'lay propagate from the horn to the
. N

~

detector,

a

The quality of the chaaber can also be evaluated quickly

by examination of the.ptojéction data cb;aingd-iith the

plates empty., This gives am indication‘of the apount of

internal tefle_tioﬁs in the chaibet as well as‘the radiation

pattern of the antenna. A number of these measurements are

taken at varfous frequencies'and‘ resoluticn settings of the

svept asplitude amalyser. Pigure 20 shows the empty chamber.

cha;acteristics at ‘10.2-GHz with a resolution of 1-dB/cm on
the swept amplitude ana}yser. The horizontal axis is
labelled in ca from the center, of the .chservation plgne.
The balf-pover teanm width can be sean to occur at
approxi;atély t17ce. si%cé the oﬁservgtioh pIanefié 1.2 m
fros the. phase center of the source, this translatés-inxo'a
160 ‘tialuidth, which agrees with the value obtained in the

design ﬁ? the hern.

R o .
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Fiéure 21 ié essentially the same as Pig. 20 except that
the resolution of the swept aamplitude analyser is $-dB/ca.
This is the scale iost frequently used experimentally since
scattering fros typical ohj§cts create a perturbange of the
order of 15—65.- ,/fig;;e 22 is the same Beasurement except
the frequency 1is decreased to 8-GHz fron 10.2-GH;. The
variation in frequency alters the position and amplitude-of
the "oscillations™ in ﬁoth curves, These fluctuations are
of the order of 0.5~ dB (see Pig. 20) and are due to
reflections from the valls of the chamber as well as to the
non-uniform radiation pattern of the sectoral horn. | Their
magnitude beinmg of the order of 1-dB, a relatively 1§rge SHR
is obtained with scatterers that perturb the e#ectric field
in the order of 15-as. |
The pat/tern obtained with the empty chamhe}‘is‘relatively
unifcrm as seen in fig. 2;. This. plot is nov used as a
calibration curve for 'neasurenent§ madg at 10.2-GHz. By
subtracting thji curve from K the scattered electromagnetic
field from an obstacie, it will approximate the measurement

of a scattered electric field due to M-obstacle only.
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5.2  SCATTERING EROS METAL CILIFDERS
N T"’J ' )
- : The purpose of iancluding a u nts of scattered fields
W : .
from metal cylinders is +to yerify the perforfhance of the

jeld from metal

chamber. I:ifj/is because the scattered
”

cylipders well known; its theoretical derivatign 1is
inclhded in appendixfa.' All measurementis in this section
are performed at 10-GHz so that the ﬁree' space wavelength
(3 Zm): is an exact-diviéor.of the diameters of three metal

disks that vere made (3,6 and 9 cn).

\? /> The first measuremBents were pérformed on the wmetal disk
\@ ce in diameter (1 uavéleugfb)w Pigere 23 shows the
scattereg7 field froﬁ the metal disk when it is placed
111.0 cm from thezgha§e center of the source. The "smooth":
curve, which is t&& cotrespondlng theoretical r?sult,‘agre s
> with the experimental result to within 10.75dB.;>Q£2£can e
seen, 5 the typical pértnrhation of £he field is quite large °
in reiation to the nomn-uniformities of the calibration éurve
of Fig. 21. Figure 24 shows ;he scattered field from the
same dis# Qhen it is placed 87,0 co, froe the source. In
5¢5P | . this case, only the €irst mcycle® of the diffraction pattern
is seen and once.’again, agreement uith‘theorf is within

\ ’ 1-2 dB. . . - .

. .

‘Pigures 25 and 26 show scattering froa metal dis’ks_L

// respectively 6 cn  and 9 ca in diéneter (2 and 3

,-_
~—
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vavelengths) . In both cases; the disk is placedfafﬁxa
distancé of 111.0 cer from the phase center of the sour ;.
The theoretical curves (smooth curves) once again agge

e

relatively vell with the experimental results.

The eipeg#{intal results of the 4 scatterers used conforn
relatively well to the theoretical results. This holds true
for obstacles creating a 5-4dB perturbance as vell as one
] . -

creating a 35-dB perturbance. ‘The chaabkr is therefore of

sufficient gquality so that scattered fields of this order of -

’

sagnitude can be accapted as corfegzl\\EFor attenuations

larger tham 35-dB's, the intensity of th . reflections from
the walls wmay dominate over .fhe actual scattered field so
that the results vouldfbe falsified.  Hovever, the 40-dB
dynamic range of the HCT-I systen elininates the possibility

of this problen.

v
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included in this sectiom have all béen done at 10.2-GHz and

show the actual object positions im relation to the imcid

Y

82

5.3  SCATTIRING PROM DIBLECTRIC BMATERIALS

This section incluées initial nmeasurements on. dielectric
materials. mhé objects studied are made of h;gh-density
polyetpylene or of a fat phanton, The attenuation constant
of polyethylene can be found in chapter 3, whereas that of
the fat phantom is 2-dB/ca. The cbject configurations used
are either a 3 cm disk or a large 15 cm disk.with a 3 ca
holé offset\fron the center. Various objects wvwere studied
by using different combinations of larje disk with a snallef

| -

disk inserted in 1it. The scatterimg characteristics

have not been verifiead matheamatically as in the case of

- metal cylinders. - - . .

&

An additional test of the performance of the chamber is

done by verifying the symnetry of the measored

-alectromagnetic field for symnetrical objacts. -The model

utilized is that of a 15 cm diameter fat phantom disk with a

3 cm diameter metal disk inserted in it. Figures 27 and 2

vave along.uith their-respective scattering characteristics.
As can be seen, both curves are mirror images of one another
(to within a few dB's) as expecteéd. In this instance, the

small discrepancies may be due tc pcsitiopal errors within

-

the chamber as well as to a 2 dB offset difference~ on the

swept anplitude amalyser.
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) <= ‘
Gther moasurements of scattered fields from dielactric

cylinders are shown in Fig. 29, 30, 31 and 32. Pigure 29 is .
the scattering from a' 15 cm diameter polyethylene disk. The
two "dips™ are due to the diffraction at the airsdisk

»

interface; they are found to wary in pbﬁié&nn anh amplitude
‘as , the disk is nmoved in th; dﬂth;mber along  the
source-detector line. Lytle [ 28] léde use of these dips to
determine ;he shape‘and location of tunnels and he obtained
satisfactory results. Pigﬁre 36 shows’ the scattering/fro-
the 1S cm fat phantom disk.  The first observation that can
be made is the expegted httenuation behiqq?}ﬁé disk conpareﬁ
to the non-lossy polyethylene; The actual pattern obtained

is once again the characteristic ®signaturem . of the

1nterﬂfering— scattered fleld@ '
| | . ¢ ‘ .

Figurgs 31 apd 32 show the measured fields scattered froa
the 3 cnm polyetﬂfleﬁe'd;s; placed,inside the fa:‘ phanton
disk for ‘two ditferent positions. The‘éignificance of the.
differgnce in the,curves-is that two seéarate Signatures are.
~obtained with objects of differing intersal structure.=\$\\g
Although the ‘mathematics of "this problem are not solved,
this is én encouraging result.

| R

~

) ’ /
Many cthe? feasiremetts were also performed, a few of

. =t

which are included in appendfx-B.

Lo
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5.4  BECONSIRUCTIONS QE.§I!9LLI£D XI-BAY DAT}

The results shovn in this gectiocn are reconstructions of
X-ray data simulated on the PDP11 minicomputer. Tha

algorithis isplemented are that of ABT and comvolution.

'They are ested vith varying degrees of additive gaussian

noise (AGH) . Shile they cannot bhe used directly on data
collectedi with the ACT-I systen, perhaps they can be
modified to operate .on prdjections obtained from a
refraction dominant object, This type of propagation could
possibly occur if the worst case mismatch between any two
points in thé chamber 1is 'siali such that‘the refraction
-effeets ﬁ&ninate over diffraction_effects(

The ARI algoritho inmplenented uses the length of rays
through '1nd161Qual pixel§ as the welight applied in the
correction factor. Figure 33 is a flow chart of the ART
algoritha. figure 34 'shows the reconstruction of a model
with no noise and 2 levels of AGN. The model cénsists ot
- muscle with a circular bone cffset from the center to
eliminate circular symmetry. It can be seén that even at
10% AGN, the bone 9an still pe distinguished.

Another algorithnm inplélented is the convolution
algorithm. Pigure 35 is a flow chart of this feconstruction

algorithm; it is a direct isplementation of the technique

described 1in the secticn on convolution. . Pigure 136
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demonstrates the effect of varyimg the nusber of projections

.
of noiselass datd to recomstruct the same model as in ART.

1.
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Chapter VI

CONCLUSIONS AND POTURE DIRECTIORS

6.1 FUTORE LIRECTIONS
F

Since this 1is a ne% area of investigation, it offers
linitless possibilities for future research. One obvious
recommendation is to incorporate phase measurements in the
systen, This would allov the wuser a possibility of

\recording a couﬁ}gte phase-aaplitude holég;an of the
. scattered field,. Once these measurements are incorporafad

/

in the systen;\/}the next step "involves the analysis of
;iffraction and more precisely, the solutiocn to the inverse
scattering problenm. In crger to take diffraction into
consideration}-ntbere are basiééilgf_tvo apﬁroaches tb;t can

be used. One igithe minimization of diffraction while the

other involves its utilization. // A
A
6.1.1 Mipimization of ggz%s.t_ioﬁ . /
)
-‘,,_/

The obvious way to" ainimize diffraction 1is to use the
instrument only with objec;s containing’ sloulf vagyiag
dlelectric properties. In this vay, the mismatch befueen
any two points lying inlthe chamber is small. One dr@vback

: . “
of this sethod however, is that most objects that one wishes

. ' e

@
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to image do indeed have significant changes in dielectric
properties ;hich the operator cannot altekt to suit the
instr0nent; |

‘ e 0
Diffraction can also be minimize?” E}\tatchinq the Qource
and detector to the object under study. f’In the expérilents
perfcrmed so far with the MCT-I systen, the greatest change
in attenuation constant occurs at the air-ohject interface.
Although “the -diffracted field at thia interface gives

information about the interface; it is seldom useful since

the external qecmetry' of tgz'object is already known. BY

eliminating the contribution of scattered fields from this .

interface, perhaps small perturbation theory would hold

within some objects and the prpblem‘can thus be simplfified.

Another method that can be used to decrease diffraction

is to increase the frequéncy of the scurce. This reduces
\

the ratic of wavelength to object digensions. This

approaches an interesting portion of the spectrum; that of

microwave-infrared radiation. However, sophisticated

v

instrumentation would be required to operate at these higher

frequencies,

This alternative is scmevhat more conplﬂéated. It

invelves the rigorous mathematlical solution of the );pve

-+
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propagation problem. The formulation of the solution of the
inverse scattering problem would have to include all aspects
of wave ©propagation, including higher order modes of

propagation if they occur.

Information abouﬁ a larger portion of the scattered field
uayvalsc be necessary. Presently, the MCT-I system canm only
,mea§gig a 16° section of the scattered field. It may prove
ﬂéée;séry to gcnstruct a circular chanber with detector
motion covering a wider angle.

t

6.2° . COBGLUSIONS

-4

~ £

~ -

The performance of tgg MCT-I systenjis quite satisfactory
fof the p&rpose of studying two-dimensiomal electromagnetic
scatteiing. The use of a parallel-plate chamber provides an
excellent method of simplifying the geonmetry of the problen.
In addition, the ability to perfors measurements of

scattered fields quickly and under computer control makes

the HCT~I system a poverful research tocl.

An examination of the field disfributions included in
chaptar 5 indicate that siample geoﬁetrical optic theory
cannot be used to interﬁiet the results. Therefore, the
original hypothesis of ray tracing in the object cannot be
applied here, | It seems apparent that resolution of the

order of one wavelengfh with objects containing sharp

»
&l
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discontinuities can be obtained only by consideration of the
co-plq& diffraction model. Perhaps only;objects composed of
substances having relatively‘ﬁniforn dielectric properties
can be éeconstructed with the use of ray tracing.
Therefore, a gcod pathepatical model of diffractioq appears
to he Fheu solution to the‘iqverse écatteriné probiem{‘ and
the BCT-I system 1s capable of praviding a quick, efficient
means of measuring these .scattered fields accurately.

\

The topic discussed in this thasis, which is the design

and testing of an MCT device, 1s a very interesting area of

engineering physics. The exact solution of the inverse

-gscattering still renmalns unsolved. However, the

construction of the first version of an NCT system has
. . ’ o
provided an insight on the problenm and the experience gained

may prove invaluable in the design of a later version of the

‘instrument. It would appear that this second version must

have a wider angle of view, perhaps as ruch as 180°, along
with matching of the surrounding‘nedium to the object by
immersing the object in liquid. These additional
constraints may provide a larger portion of the scattered
field which would not contain any contributioﬁgﬁirom the

external interface of the object.
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Aﬁiqafix A

SCATTERING FRON METAL CYLINDERS )

The extent to which the instrument approaches 1idedl
performance is best determined vith a problenm in
electromagnetic scattering that can be solved ex;ctly.
Probably the simplest bogndary condition that ome can have
is that of a cylindrical wetal abstaclas. This appendix
gives the derivation of the theoretical expression for

'scattering from metal cylinders cf different radii.

The equation describimng a parallel wvave is the same form

for sound as for electromagmnetic waves and is given by:

e21riv/c-(x-ct) _ eZniv/c-(r cos¢ —ct) (a.1)

This parallel wvave can be expressed as a sum of circular

waves:

e2niV/Cf(x—ct) -2nivt

= nio A cos(m¢)'Jm(énvr/c)~e (h.2)

3p,A, Morse, nyibration andMSeqn?r, McGraw~-Hill, N.Y.,
19“2:PP-191—200,3Q6‘370.
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—

After computing the coefficients ln{ one gets”¥€e following

expression for the wvave: \\;J
. -ct .
e2n1v/c(x ct) _ g gt 2nzr )

N
2ﬂvr)}é;2ﬂivt

+ . 2iMcos (me) I_(Z

N @a.3)

[

The incident sound pressure vave can therefore bhe
expressed in the followving manner:

eik(x—ct) eik(r coséd -Ft) (A.4)

p:Po = P-

Utsing k=2nv/c and equation (A.3), this becomes:

p = P{ Jo(kr) +m£

lzim-cos(m¢)-Jm(kr)}e'ZTth (1-5\

The velocity of the wave can be found using Newton's law of

potion:

L)

v o= .3
P 1wp ¢

]

(A.6)

Using equation (A.3), this becomas:
P .e—2nivt

Vp = s -{iJl(kr) |
+ FA™ha, ) (k)T (kD)) cos (me) ) (RLT)

In addition to this incident plane wave, there 1is a

scattered wave from the metal c¢ylinder of radius a. If we

A



express this vave in the same mannét as-aquation (A.2), one

-

e
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‘gatss: ?
, . -ZTIin A 8
P = ndo Am-cos(m¢%{Jm(kr)+l Nm(kr)}-e (-8
Using egquation (A.6),
w
1 . :
v, = E_c_.{p,o-l(Jl(kr)+ iN, (kr)) + (2.9)
. %) . ’ . : _ —2Wivt
1/2 ‘m£1 AmCOS (m¢) {Jm+l (kr) _.Jm_l (kr) +1Nm+l (kr) le_l (kﬁ]}e

3

Por the particular case of a metal cylinder of radius a,

simgply subject the boundary condition that the valocity at‘

the surface (r=a) equals 0,

Vg + vp =0 at r=a - (R0}
Solving for 2 ,
m \\\‘
A = -Engp.im+1.e"(lYm)-sin(ym) (A.11)
co =l . e=2 , tan(yy = _J1(k@)
vhere: _EITEET
tan(Ym) - Jm_l(ka)—Jm+l(ka)

. Ny (kat=N__. (ka)
Therefore, aquation (i.8) becomes:
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__ e m+l = (iy ) . . .
pg = nko fm Eql e m -51n(7m) cos (mg) (.12)
L.
.-Hl (kr)-eTzﬂth
m
'where:
Bhx) = 0 (x) + i-N (x)
v v - AV .

In electromagnetics, this traasforas to:

_ _ikrcoss @ Sm+l . L a7 (is (ka))
: Ez(r,e) = e - mEo tm°t -51n(6m(ka)) e m

l .
-Hm(kr)-cos(me) (£;13)
In equation (A.13) above, the total field is expressed as

the sum of the incident and scattered fields.u



Appendix B

ADDITICNAL BESOLTS

This section ‘includes additional results that give good
exanples of scattering. Inforwmation on how the measurement
is made and with which object 1is indicated on the diagram

itself using the same format as in the chapter on results.
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b) Same as a) Hut iith
3% gaussian/noise
added to data.

Beconstruction of 4§ pixel wide "bar™ with 3
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Photograph cf the MCT-I Systea

Figqure 40
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