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(57) ABSTRACT 

The present invention is a system and methods of improved 
tomography imaging such as microwave tomography 
(MWT). An improved inversion technique surrounds the 
imaging region with an electrically conducting surface to 
create ?eld distortions producing an improved tomographic 
image. The improved inversion technique of the present 
invention creates a new physical situation for proposed imag 
ing systems. 
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Real Part of Reconstructed Contrast for Square - With Enclosure 
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SYSTEM AND METHODS OF IMPROVED 
TOMOGRAPHY IMAGING 

FIELD OF THE INVENTION 

The present invention relates generally to tomography 
imaging. More particularly, the present invention relates to an 
improved inversion technique that surrounds the imaging 
region With an electrically conducting surface to produce an 
improved tomographic image. 

BACKGROUND OF THE INVENTION 

The present invention is discussed in the folloWing largely 
With reference to the medical industry, but the present inven 
tion is applicable to a variety of contexts and environments, 
each of Which may utiliZe or bene?t from an improved tomo 
graphic imaging system, for example, archaeology, biology, 
geophysics, materials science, electron microscopy, security 
scanning, industrial nondestructive testing, astronomy and 
others. 

Tomography is imaging by sections or sectioning to convey 
internal structures of a solid object, for example the human 
body or the earth. Slices of the object are vieWed Without 
physically cutting the object. A device used in tomography is 
called a tomograph. A tomograph generates a tomogram, or 
image. 

The image, or tomogram, can be achieved by tomography 
applications such as acoustic tomography, atom probe tomog 
raphy (APT), computed tomography (CT), confocal laser 
scanning microscopy (LSCM), cryo-electron tomography 
(Cryo-ET), electrical capacitance tomography (ECT), elec 
trical resistance tomography (ERT), electrical impedance 
tomography (EIT), functional magnetic resonance imaging 
(fMRI), magnetic induction tomography (MIT), magnetic 
resonance imaging (MRI), formerly knoWn as magnetic reso 
nance tomography (MRT), neutron tomography, optical 
coherence tomography (OCT), optical projection tomogra 
phy (OPT), process tomography (PT), positron emission 
tomography (PET), quantum tomography, single photon 
emission computed tomography (SPECT), seismic tomogra 
phy, and X-ray tomography. 

Electromagnetic and acoustic tomography requires the 
inversion of a Wave equation. More modern variations of 
tomography involve gathering projection data from multiple 
directions and feeding the data into a tomographic recon 
struction algorithm processed by a computer in order to create 
a tomographic image. The reconstruction algorithm includes 
an inversion technique. 

Various inversion techniques for Wave equations arising 
from electromagnetic and acoustic scattering imaging sys 
tems have been developed since the early 1980s. Scattering is 
a general physical process Whereby some forms of radiation, 
such as light, sound or moving particles, for example, are 
forced to deviate from a straight trajectory by one or more 
non-uniformities in the medium through Which it passes. It is 
the inverse problem to the direct scattering problem that 
determines the characteristics of an object such as its shape 
and internal constitution from measurement data of radiation 
or particles scattered from the object. 
A substantial amount of research during the last decade or 

so has focused on a full non-linear inversion problem, or a 
non-linear inversion technique. These inversion techniques 
have matured to the point for possible use in biomedical 
imaging and identi?cation, and experimental systems have 
already been created that shoW good potential for electromag 
netic imaging of limbs and breast tumors. 
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2 
An advantage of the full non-linear inversion technique, as 

opposed to a lineariZed technique, is that a quantitative inver 
sion of material parameters such as conductivity and permit 
tivity signi?cantly improves solving the clinical identi?ca 
tion problem, e.g., tumor or no tumor, and makes the non 
linear inversion technique much more useful for biomedical 
applications. 

Large classes of inversion techniques for Wave-type equa 
tions are formulated as non-linear optimiZation problems 
Which are then solved using an iterative method. Most of 
these methods require the use of a Green’s function and, 
typically, these methods have been implemented using the 
Green’s function associated With a scatterer located in an 

unbounded homogeneous region. HoWever, this assumption 
rarely matches the physical situation for proposed imaging 
systems. For example, several recently proposed and imple 
mented biomedical imaging systems utiliZe a matching 
medium, or ?uid, contained in a tank made of material such as 
plexi-glass. The assumption of a homogenous background 
Green’s function in the inversion technique ignores the ?eld 
distortions caused by the matching medium, and leads to 
inversion artifacts. 
An improved inversion technique that matches the physical 

situation for proposed imaging systems by creating ?eld dis 
tortions needed to produce an improved tomographic image. 
The present invention satis?es this demand. 

SUMMARY OF THE INVENTION 

The present invention is a system and methods of improved 
tomography imaging such as microwave tomography 
(MWT). An improved inversion technique that surrounds the 
imaging region, otherWise referred to herein as image region, 
With an electrically conducting surface to create ?eld distor 
tions producing an improved tomographic image. The 
improved inversion technique of the present invention creates 
a neW physical situation for proposed imaging systems. 
The method for an improved tomographic imaging system 

according to the present invention comprises de?ning an 
image region. The image region is surrounded With an elec 
trical conducting surface to form a shaped-boundary. Upon 
applying radiation to the image region, the system creates 
?eld distortions re?ected by the shaped-boundary thereby 
producing an improved ?eld distribution. The ?eld distribu 
tion is accounted for in a mathematical inversion technique 
alloWing for an improved tomographic image. 
The present invention surrounds the imaging region With 

an electrically conducting surface to create ?eld distortions to 
produce an improved tomographic image. The electrically 
conducting surface acts both as the container for the matching 
medium as Well as a shield against external sources of radia 
tion. The inclusion of the conductive surface differs from 
existing tomographic imaging systems, Which typically have 
a plexi-glass or similar surface. 
The ?eld distortions are used in the inversion algorithm, via 

the appropriate Green’s function. While the use of a conduct 
ing surface to surround the imaging region is not particular to 
any given inversion algorithm, the present invention is dis 
cussed herein in regard to the Contrast Source Inversion (CSI) 
algorithm, particularly the Multiplicative-RegulariZed Con 
trast Source Inversion (MR-CSI) algorithm. This CSI algo 
rithm has been chosen for illustrative purposes only as it is 
contemplated that the present invention is applicable to any 
inversion algorithm. The CSI algorithm has been chosen for 
discussion of the present invention since it is knoWn to be 
successful in solving the inverse problem for homogenous 
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backgrounds. In addition, the CSI algorithm is suitable for a 
Wide range of MWT problems. 
As an example, results of the present invention are shoWn 

for the case Where the electrically conducting surface is mod 
eled by a Perfect Electric Conductor (PEC) in the shape of a 
circular cylinder. While the shape of the surface considered 
herein is a cylinder, any shape is contemplated for Which a 
closed-form of the Green’s function is knoWn. The Electro 
Magnetic (EM) radiation is modeled as a 2D Transverse 
Magnetic (2D-TM) problem. A form of the 2D-TM circular 
cylinder Green’s function that is easily utiliZed in existing 
electromagnetic codes is formulated. The formulated Green’ s 
function takes into account the ?elds re?ected by the bound 
ary formed by the electrically conducting surface. The for 
mulated Green’s function according to the present invention 
improves the performance of the inversion as compared to 
using an unbounded homogenous medium Green’s function. 

While the formulation discussed herein applies to a 2D 
scalar Wave equation, the formulation is equally applicable to 
a 3D scalar Wave equation as Well as vector problems. 

Several different synthetic examples are discussed herein 
that test the performance of the inversion technique When the 
PEC surface is present. Results shoW that, in many cases, the 
tomographic image is signi?cantly improved. It is believed 
the improved inversion results are likely due to the increased 
interrogation energy deposited into the imaging region. 
Results are also shoWn herein that demonstrate the problems 
Which may arise if the unbounded domain Green’ s function is 
used in an MWT system that utiliZes a matching medium of 
?nite extentiproblems Which are overcome by the inclusion 
of a PEC surface on the exterior of the MWT system. 

The present invention and its attributes and advantages Will 
be further understood and appreciated With reference to the 
detailed description beloW of presently contemplated 
embodiments, taken in conjunction With the accompanying 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates an embodiment of the tomographic imag 
ing system according to the present invention; 

FIG. 2 graphically illustrates an embodiment of a Green’s 
function according to the present invention; 

FIG. 3 graphically illustrates an embodiment of a square 
scatterer reconstruction according to the present invention; 

FIG. 4 graphically illustrates an embodiment of a loW 
contrast concentric square scatter reconstruction according to 
the present invention; 

FIG. 5 graphically illustrates an embodiment of a tWo 
cylinder scatterer reconstruction according to the present 
invention; 

FIG. 6 illustrates an embodiment of a simulation of a 
tomographic imaging system according to the present inven 
tion; 

FIG. 7 graphically illustrates the results of the reconstruc 
tion of the simulated tomographic imaging system of FIG. 6; 
and 

FIG. 8 is a block diagram of a general computer system 
according to the present invention. 

DETAILED DESCRIPTION OF EMBODIMENTS 
OF THE INVENTION 

The present invention is an improved inversion technique 
that surrounds the imaging region With an electrically con 
ducting surface, or enclosure, to create ?eld distortions in 
order to produce an improved tomographic image. A sche 
matic of the imaging region 20 is shoWn in FIG. 1. An 
unknown scatterer 22 is embedded in a matching ?uid 24, 
Which is surrounded by an electrically conductive surface 26, 
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4 
here a cylinder. The conductive surface 26 serves as both the 
enclosure for any possible matching ?uid 24 and a shield from 
outside interference. The inclusion of the conducting enclo 
sure considerably changes the distribution of the ElectroMag 
netic (EM) energy as compared to that of an open system. 
Most importantly, the distorted ?eld is taken into account in 
the inversion algorithm, via the appropriate Green’s function 
discussed more fully beloW. Again, While the shape of the 
surface considered herein is a cylinder, any shape is contem 
plated for Which a closed-form of the Green’s function is 
knoWn. 
A 2D scalar Wave equation, here a 2D Transverse Magnetic 

(2D-TM) problem is used With a scalar ?eld quantity (in this 
case, EZ,) represented by the symbol u. The conducting enclo 
sure is modeled as a Perfect Electric Conductor (PEC). The 
governing differential equation is the 2D scalar Wave equa 
tion. A frequency domain model With an assumed elm’ time 
dependency is used. A series of transmitters, With positions 
labeled kIl . . . K, illuminates an unknoWn scatterer With an 

incident ?eld denoted Umck. The scatterer is located entirely 
Within a region D and is embedded in a homogenous back 
ground medium With a background permittivity of ab, and a 
non-magnetic medium With a permeability of free-space 
(H10) 
The scattered ?eld is measured outside the region D, and 

given by the data equation: 

1 
MW) = kifgm r’mr’mmdr’ r e D. ( ) 

D 

Where r is the location of the receiver, g is the background 
Green’ s function, uk is the total ?eld of transmitter k and uksc 
is the scattered ?eld. 
The background Wave-number is given by: 

kbIOJ eblib (2) 

Where no is the radial frequency. The contrast, X is: 

(3) 

Where k2(r) and e(r) are the Wave-number and complex per 
mittivity inside the scattering region, respectively. The fre 
quency dependence of permittivities, for either the scatterer 
or background, is assumed to arise only from the direct cur 
rent (DC) conductivity of the medium, and alloWing the 
expression of the real and imaginary parts of the permittivity 
as: 

For the case Where the background is lossless, i.e., eb":0, the 
contrast may be expressed as: 

(5) 

Thus, for lossless backgrounds, the imaginary part of the 
contrast is non-positive. 
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The ?elds inside the region D are modeled by the domain 
equation: 

Where noW r is located inside the scattering region D. The data 
equation (1) and domain equation (6) form a nonlinear 
inverse problem for the unknoWn contrast, X and the ?elds 
inside the imaging domain D. 

The fundamental difference in moving from an open sys 
tem to a system With a conductive enclosure is that the 
Green’s function in the data equation (1) and domain equa 
tion (6) changes from a relatively simple Hankel function to a 
more complicated analytic expression for the Green’s func 
tion of the enclosed problem. The closed-form expression for 
the modi?ed Green’s function applicable to the circular cyl 
inder is discussed more fully beloW. Many of the advantages 
associated With the proposed imaging system derive from this 
change in the Green’s function for the inverse problem. 
As mentioned above, the Contrast Source Inversion (CSI) 

algorithm has been chosen for discussion of the inversion 
technique according to the present invention, particularly the 
Multiplicative-Regularized Contrast Source Inversion (MR 
CSI) algorithm. Again, the present invention is not particular 
to a speci?c inversion technique and the inverse problem may 
be solved in a multitude of Ways. Speci?cally, the MR-CSI 
algorithm is selected since it has shoWn extensive success as 
an inversion technique applied to both noisy computational 
and experimentally collected data. Additionally, the MR-CSI 
algorithm does not require any a-priori probability, although 
it may easily be taken into account if desired. A-priori prob 
ability is probability calculated by examining existing infor 
mation. Moreover, no forWard solver is required in the opti 
mization procedure, the manual selection of a regularization 
parameter is not required, and it has a computational com 
plexity of only approximately tWice that of a forWard solver. 
The MR-CSI algorithm is also suitable for Wide-band simul 
taneous multi-frequency inversion. The formulation of the 
MR-CSI algorithm does not depend on the particular Green’ s 
function used, and the use of a conducting enclosure does not 
substantially affect the method. 
The data equation is ?rst re-Written as: 

fm) = kifgv. wwwmd/ r e D. (7) 
D 

Where fk is the measured data. It is assumed that equation (7) 
does not hold exactly, as the data are unavoidably corrupted 
With noise. In symbolic notation, the data equation is noW: 

Where the operator GS is de?ned as: 

(8) 

and S is a measurement surface (or set of discrete measure 
ment points). Similarly, the domain equation is Written as: 
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6 
Where the operator GD is de?ned as: 

Next, contrast sources, Wk(I‘) are de?ned as: 

By multiplying both sides of the domain equation (10) With 
the contrast, X, and utilizing the de?nition of the contrast 
sources, it is Written: 

The MR-CSI algorithm formulates the inverse problem as 
an optimization function in tWo variables: the contrast, 00, and 
the contrast sources, W. The objective function is minimized 
via an iterative optimization scheme. The core of the MR-CSI 
algorithm is the objective function: 

Where each term on the right hand side is created by summing 
over the transmitter locations: 

(14) 

(15) 2 2k "Mun 
. 2 . 

2k "Marni. 

Here p is the data error, de?ned as: 

and rkm, knoWn as the domain, or object, error, is de?ned as: 

(16) 

The index n:l . . . N represents the iteration number. The 

normalization terms in both FS and PD of equation (15) are 
utilized to balance betWeen the tWo terms in the overall objec 
tive function. 

The inclusion of the domain equation inside the objective 
function obviates the need for a separate forWard solver. The 
minimization over both unknowns X and Wk is performed 
sequentially by taking alternating steps of the conjugate gra 
dient minimization algorithm on each unknown. Closed-form 
expressions used in this minimization algorithm are avail 
able, Which signi?cantly increases computational e?iciency. 

Multiplicative Regularization (MR), Which is based on 
minimizing the total variation of the contrast, enhances the 
CSI algorithm. MR signi?cantly improves the performance 
of the algorithm in noisy environments and eliminates the 
need for a user-selected regularization parameter, such as that 
required in Tikhonov regularization. The MR-CSI objective 
function becomes: 

Where: 

(18) 

Where A is the area of the imaging region D, €),;12:l3,;1DA_2 
and A is the length of a side of single cell in the discretized 
domain, in other Words A'2 represents the reciprocal of the 
area of a single cell area of the domain D. For example, on a 

rectangular grid A_2:l/(Ax Ay). 












