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MICROWAVE TOMOGRAPHY SYSTEMS AND 
METHODS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application Ser. No. 61/315,707 ?led 19 Mar. 2010, 
entitled “Microwave Tomography Systems and Methods,” 
Which is incorporated herein by reference in its entirety. 

BACKGROUND 

[0002] The disclosure herein relates generally to micro 
Wave tomography. More particularly, the disclosure herein 
pertains to methods and systems of microWave tomography 
(MWT) for use in, e.g., imaging applications (e.g., tumor 
detection in human tissue, etc.). 
[0003] Tomography is imaging by sections or sectioning to 
convey internal structures of an object, for example, the 
human body or the earth. MicroWave tomography (MWT) 
systems irradiate an object of interest, or object to be imaged, 
With electromagnetic energy, measure or sample the resultant 
scattered electromagnetic energy, and generate or reconstruct 
an image of the object based on the resultant scattered elec 
tromagnetic energy. “Scattering” is a general physical pro 
cess 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 a 
medium through Which it passes. The “inverse problem” may 
be used to determine the characteristics of an object of interest 
such as its shape and internal constitution from the resultant 
scattered electromagnetic energy. 
[0004] An exemplary tomography system, e.g., a micro 
Wave tomography system, is described in Patent Cooperation 
Treaty PatentApplication Pub No. WO 2009/066186 A2 ?led 
on Nov. 21, 2008 and entitled “System and Methods of 
Improved Tomography Imaging,” Which is incorporated 
herein by reference in its entirety. 
[0005] Contributions to MWT have been made in all 
aspects of the technology, especially the development of 
improved inversion algorithms (see, e.g., T. Rubaek, P. M. 
Meaney, P. Meincke, and K. D. Paulsen, “Nonlinear micro 
Wave imaging for breast-cancer screening using Gauss-NeW 
ton’s method and the CGLS inversion algorithm,” IEEE 
Trans. Antennas Propag., vol. 55, no. 8, pp. 2320-2331, 
August 2007; A. Abubakar, P. M. van den Berg, and J. J. 
Mallorqui, “Imaging of biomedical data using a multiplica 
tive regulariZed contrast source inversion method,” IEEE 
Trans. MicroWave Theory Tech., vol. 50, no. 7, pp. 1761 
1777, July 2002; J. D. Zaeytijd, A. Franchois, C. Eyraud, and 
J .-M. Geffrin, “Full-Wave three-dimensional microWave 
imaging With a regularized Gauss-NeWton method-theory 
and experiment,” IEEE Trans. Antennas Propag., vol. 55, no. 
11, pp. 3279-3292, November 2007; and W. C. CheW andY. 
M. Wang, “Reconstruction of tWo-dimensional permittivity 
distribution using the distorted Born iterative method,” IEEE 
Trans. Med. Imaging, vol. 9, no. 2, pp. 218-225, 1990). 
[0006] Further, diverse antenna or transducer systems have 
been utiliZed in the actual physical setups used to collect 
electromagnetic scattering data in MWT systems (see, e.g., P. 
Meaney, M. Fanning, D. Li, S. Poplack, and K. Paulsen, “A 
clinical prototype for active microWave imaging of the 
breast,” IEEE Trans. MicroWave Theory Tech., vol. 48, no. 
11, pp. 1841-1853, November 2000; A. Franchois, A. Joisel, 
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C. Pichot, and J .-C. Bolomey, “Quantitative microWave imag 
ing With a 2.45-GHZ planar microWave camera,” IEEE Trans. 
Med. Imag., vol. 17, no. 4, pp. 550-561, August 1998; A. 
Broquetas, J. Romeu, J. Rius, A. Elias-Fuste, A. Cardama, 
and L. Jofre, “Cylindrical geometry: a further step in active 
microWave tomography,” IEEE Trans. MicroWave Theory 
Tech., vol. 39, no. 5, pp. 836-844, May 1991; S.Y. Semenov, 
R. H. Svenson, A. E. Bulyshev, A. E. Souvorov, A. G. NaZ 
arov, Y. E. SiZov, V. G. Posukh, A. Pavlovsky, P. N. Repin, A. 
N. Starostin, B. A. Voinov, M. Taran, G. P. Tastis, and V. Y. 
Baranov, “Three-dimensional microWave tomography: Ini 
tial experimental imaging of animals,” IEEE Trans. Biomed. 
Eng., vol. 49, no. 1, pp. 55-63, January 2002; A. Fhager, P. 
HashemZadeh, and M. Persson, “Reconstruction quality and 
spectral content of an electromagnetic time-domain inversion 
algorithm,” IEEE Trans. Biomed. Eng., vol. 53, no. 8, pp. 
1594-1 604, August 2006; C. Yu, M. Yuan, J. Stang, E. Bress 
lour, R. George, G.Ybarra, W. Joines, and Q. H. Liu, “Active 
microWave imaging II: 3-D system prototype and image 
reconstruction from experimental data,” IEEE Trans. Micro 
Wave Theory Tech., vol. 56, no. 4, pp. 991-1000, April 2008; 
T. Rubaek, 0. Kim, and P. Meincke, “Computational valida 
tion of a 3D microWave imaging system for breast-cancer 
screening,” IEEE Trans. Antennas Propag., vol. 57, no. 7, pp. 
2105-2115, July 2009; andA. E. Bulyshev,A. E. Souvorov, S. 
Y. Semenov, R. H. Svenson,A. G. NaZarov,Y. E. SiZov, and G. 
P. Tastis, “Three dimensional microWave tomography theory 
and computer experiments in scalar approximation,” Inverse 
Probl., vol. 16, pp. 863-875, 2000). 
[0007] In many previous MWT systems, the object of inter 
est and the antennas are contained Within a chamber, usually 
made from a dielectric material, such as plexiglass. The 
dielectric chamber is usually ?lled With a lossy matching 
?uid, e.g., a 87:13 glycerin:Water solution (see, e.g., T. 
Rubaek, P. M. Meaney, P. Meincke, and K. D. Paulsen, “Non 
linear microWave imaging for breast-cancer screening using 
Gauss-NeWton’s method and the CGLS inversion algorithm,” 
IEEE Trans. Antennas Propag., vol. 55, no. 8, pp. 2320-2331, 
August 2007; and P. M. Meaney, M. W. Fanning, T. Raynolds, 
C. J. Fox., Q. Fang, C. A. Kogel, S. P. Poplack, and K. D. 
Paulsen, “Initial clinical experience With microWave breast 
imaging in Women With normal mammography,” Acad 
Radiol., March 2007). 
[0008] Further, in one or more previous MWT systems, the 
object of interest and the antennas have been enclosed by a 
circular metallic enclosure (see, e.g., L. Crocco and A. Lit 
man, “On embedded microWave imaging systems: retrievable 
information and design guidelines,” Inverse Problems, vol. 
25, no. 6, 2009, 065001 (17 pp); C. Gilmore and J. LoVetri, 
“Enhancement of microWave tomography through the use of 
electrically conducting enclosures,” Inverse Problems, vol. 
24, no. 3, 2008, 035008 (21 pp); A. Franchois and A. G. 
Tijhuis, “A quasi-Newton reconstruction algorithm for a 
complex microWave imaging scanner environment,” Radio 
Sci., vol. 38, no. 2, 2003; R. Lencrerot, A. Litman, H. Tortel, 
and J.-M. Geffrin, “Measurement strategies for a con?ned 
microWave circular scanner,” Inverse Problems in Science 
and Engineering, pp. 1-16, January 2009; “Imposing Zemike 
representation for imaging tWo-dimensional targets,” Inverse 
Problems, vol. 25, no. 3, 2009, 035012 (21 pp); and P. Mojabi 
and J. LoVetri, “Eigenfunction contrast source inversion for 
circular metallic enclosures,” Inverse Problems, vol. 26, no. 2, 
February 2010, 025010 (23 pp)). Still further, in previous 
MWT systems, the object of interest and the antennas have 
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been enclosed in conducting cylinders of arbitrary shapes 
(see, e.g., P. Mojabi, C. Gilmore, A. Zakaria, and J. LoVetri, 
“Biomedical microwave inversion in conducting cylinders of 
arbitrary shapes,” in 13th International Symposium on 
Antenna Technology and Applied Electromagnetics and the 
Canadian Radio Science Meeting (ANTEM/URSI), February 
2009, pp. 1-4). 
[0009] Obtaining quality images using MWT may require 
accurate collection of a substantial amount of electromag 
netic scattering data, Which may often be performed using a 
relatively large number of co-resident antennas. For example, 
many present MWT systems include antenna arrays that 
range from 16 to 32 elements in Which small monopoles or 
Vivaldi antennas have been used. These large antenna arrays 
may facilitate gathering of bistatic scattering data at many 
angles Without mechanically repositioning the antennas. The 
antenna elements themselves are not typically taken fully into 
account in the electromagnetic system model of the associ 
ated nonlinear optimiZation problem, although it may be a 
consideration in achieving good images (compare, e.g., the 
antenna compensation schemes in the folloWing: K. Paulsen 
and P. Meaney, “Nonactive antenna compensation for ?xed 
array microWave imaging. I. Model development,” IEEE 
Trans. Med. Imag., vol. 18, no. 6, pp. 496-507, June 1999; P. 
Meaney, K. Paulsen, I. Chang, M. Fanning, and A. Hartov, 
“Nonactive antenna compensation for ?xed-array microWave 
imaging. II. Imaging results,” IEEE Trans. Med. Imag., vol. 
18, no. 6, pp. 508-518, June 1999; and O. FranZa, N. Joachi 
moWicZ, and J.-C. Bolomey, “SICS: A sensor interaction 
compensation scheme for microWave imaging,” IEEE Trans. 
Antennas Propag., vol. 50, no. 2, pp. 211-216, February 
2002). 
[0010] Including the antennas in the MWT system model 
may be one Way of reducing modeling error that exists 
betWeen a numerical system model, used in an inversion 
algorithm, and the actual system, from Which data is col 
lected. Modeling error may also occur When assuming a 
homogeneous unbounded domain for the numerical system 
model (i.e., assuming that the matching ?uid extends to in?n 
ity) because the boundary conditions for the dielectric dis 
continuity, e.g., at a MWT system’s dielectric casing (e.g., a 
plexiglass casing), may actually be required to properly 
account for the ?nite extent of the matching-?uid region. 
Both the antenna and the boundary condition modeling errors 
may be reduced by using lossy matching ?uid of suf?ciently 
high loss such that electromagnetic energy returning from the 
boundary, or any passive antenna, to any receiving antenna is 
not appreciable. Although the use of a lossy matching ?uid 
may reduce modeling errors, the net effect of using a lossy 
matching ?uid in MWT systems may also be to reduce the 
accuracy of the complex permittivity pro?le reconstructions 
because the addition of any loss reduces the dynamic range 
and achievable signal-to-noise ratio of the system. 
[0011] A MWT system that uses a rotating metallic hex 
agonal-shaped container Where the object of interest is illu 
minated by Waveguides (e. g., each of the Waveguides acts as 
both a transmitter and a receiver) connected, or ?xedly 
attached, to each side of the metallic container has been 
previously described (see, e.g., E. Wadbro and M. Berggren, 
“MicroWave tomography using topology optimiZation tech 
niques,” SIAM J. Sci. Comput., vol. 30, no. 3, pp. 1613-1633, 
2008). In this system, a container, along With the attached 
Waveguides, may be rotated about the object of interest to 
collect additional scattering data, and topology optimiZation 
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techniques may be used to invert the data. At each rotation, 
hoWever, this system produces an identical incident ?eld With 
respect to the boundary (i.e., the boundary condition) of the 
enclosure because the microWave sources (i.e., the 
Waveguides) remain ?xed With respect to the boundary. In 
other Words, this system produces identical boundary condi 
tions With respect to its Waveguides (i.e., its transmitters and 
receivers) because the Waveguides are ?xedly attached to the 
enclosure, and therefore, rotate With the enclosure. 

SUMMARY 

[0012] The disclosure herein relates to MWT methods and 
systems that use scattering data collected Within a plurality of 
different boundary conditions to reconstruct an image of an 
object of interest. For example, the object of interest may be 
irradiated With electromagnetic energy Within tWo or more 
different boundary conditions thereby providing tWo or more 
unique sets of resultant scattering data from Which an image 
of the object may be constructed. 
[0013] In at least one exemplary method of imaging an 
object using microWave tomography, the exemplary method 
includes providing one or more antennas (e.g., less than eight 
antennas) positioned relative to an object and providing 
boundary condition apparatus con?gured to present a plural 
ity of different boundary conditions (e.g., at least three dif 
ferent boundary conditions) relative to the one or more anten 
nas. The exemplary method further includes delivering 
electromagnetic energy using at least one of the one or more 
antennas to irradiate the object resulting in scattered electro 
magnetic energy for each of the plurality of different bound 
ary conditions presented by the boundary condition apparatus 
(e.g., delivering electromagnetic energy With each of the one 
or more antennas individually until each antenna has indi 
vidually delivered electromagnetic energy to irradiate the 
object for each of the plurality of different boundary condi 
tions), sampling the scattered electromagnetic energy using at 
least one of the one or more antennas for each of the plurality 
of different boundary conditions, and reconstructing an 
image of the object based on the sampled scattered electro 
magnetic energy. 
[0014] In one or more exemplary methods and systems 
described herein, each antenna of the one or more antennas 
may be in a ?xed position relative to the object and/ or at least 
one antenna of the one or more antennas may be attached to 

the object. 
[0015] Further, in one or more exemplary methods and 
systems described herein, the boundary condition apparatus 
may include a conductive enclosure (e.g., a triangular enclo 
sure) and the exemplary methods may further include posi 
tioning the object Within the conductive enclosure. Also, in at 
least one embodiment, the boundary condition apparatus may 
present each of the different boundary conditions by chang 
ing the orientation of the enclosure (e.g., rotating the enclo 
sure) relative to the object and the one or more antennas. 
[0016] Still further, in one or more exemplary methods 
described herein, the exemplary method may further include 
surrounding the object With a loW-loss ?uid. 
[0017] In at least one exemplary system for use in imaging 
an object, the exemplary system includes one or more anten 
nas positionable relative to an object to be imaged and bound 
ary condition apparatus con?gured to present a plurality of 
different boundary conditions relative to the one or more 
antennas. In this exemplary system, the one or more antennas 
may be con?gured to deliver electromagnetic energy to irra 
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diate an object to be imaged resulting in scattered electromag 
netic energy for each of the plurality of different boundary 
conditions, and the one or more antennas may be further 
con?gured to sample the scattered electromagnetic energy for 
each of the plurality of different boundary conditions. The 
exemplary system further includes processing apparatus con 
?gured to reconstruct an image of an object based on the 
sampled scattered electromagnetic energy. 
[0018] In one or more embodiments, the one or more anten 
nas are con?gured to deliver electromagnetic energy With 
each of the one or more antennas individually until each 
antenna has individually delivered electromagnetic energy to 
irradiate the object for each of the plurality of different 
boundary conditions. Further, in one or more embodiments, 
the boundary condition apparatus may be further con?gured 
to surround the object With a loW-loss ?uid. 
[0019] In at least another exemplary method of imaging an 
object using microWave tomography, the exemplary method 
includes providing one or more antennas positioned relative 
to an object to be imaged (e.g., Where each of the one or more 
antennas is in a ?xed position relative to the object), present 
ing a plurality of different boundary conditions relative to the 
object being imaged and the one or more antennas, and deliv 
ering electromagnetic energy using at least one of the one or 
more antennas to irradiate the object resulting in scattered 
electromagnetic energy for each of the plurality of different 
boundary conditions. The exemplary method further includes 
sampling the scattered electromagnetic energy using at least 
one of the one or more antennas and reconstructing an image 
of the object based on the sampled scattered electromagnetic 
energy. 
[0020] In at least another exemplary system, the exemplary 
system may include a rotatable, conductive enclosure Within 
Which transmitters generate electromagnetic scattering data 
that is collected at multiple static positions Within the enclo 
sure using a minimal antenna array having, e.g., as feW as four 
co-resident elements. The antenna array may remain ?xed 
With respect to the object being imaged and the boundary of 
the conductive enclosure may be rotated With respect to the 
antenna array. In at least one embodiment, scattered-?eld data 
may be obtained by taking bistatic measurements betWeen 
each pair of elements of the ?xed array at several different 
static positions of the rotatable enclosure. 
[0021] In one or more exemplary methods and/or systems 
described herein, the exemplary methods and/ or systems may 
use the inverse problem to construct images of the electrical 
properties of an object of interest. The inverse problem may 
be formulated for a tWo-dimensional (2D) Transverse Mag 
netic (TM) case and an enclosed-triangle boundary condition. 
In this exemplary system, antenna modeling error may be 
minimized because small arrays With as feW as four elements 
may be used. Further, a triangular-shaped enclosure (to pro 
vide the enclosed-triangle boundary condition) is the polygon 
that alloWs the greatest number of ?xed-angle, step-rotations 
(i.e., rotation about an axis perpendicular to the triangular 
cross-section) before producing a redundant con?guration (or 
redundant boundary condition). 
[0022] The above summary is not intended to describe each 
embodiment or every implementation of the present disclo 
sure. A more complete understanding Will become apparent 
and appreciated by referring to the folloWing detailed descrip 
tion and claims taken in conjunction With the accompanying 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 is a block diagram depicting an exemplary 
microWave tomography imaging system. 
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[0024] FIG. 2 is a How chart depicting an exemplary micro 
Wave tomography imaging method. 
[0025] FIG. 3 depicts an exemplary simulated object of 
interest, e.g., to be imaged by the systems and/or methods 
described herein. 
[0026] FIGS. 4A-C depict an open-region boundary condi 
tion, an enclosed-triangle boundary condition, and an 
enclosed-square boundary condition, respectively. 
[0027] FIG. 5A provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using 
seven antennas and the open-region boundary condition of 
FIG. 4A. 

[0028] FIG. 5B provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using 
seven antennas and the enclosed-triangle boundary condition 
of FIG. 4B. 
[0029] FIG. 5C provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using 
seven antennas and the enclosed-enclosed boundary condi 
tion of FIG. 4C. 
[0030] FIG. 6A provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using 
seven antennas and the boundary conditions of FIG. 4A & 
FIG. 4B. 

[0031] FIG. 6B provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using 
seven antennas and the boundary conditions of FIG. 4A & 
FIG. 4C. 

[0032] FIG. 6C provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using 
seven antennas and the boundary conditions of FIG. 4B & 
FIG. 4C. 

[0033] FIG. 7A provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using 
sixteen antennas and the open-region boundary condition of 
FIG. 4A. 

[0034] FIG. 7B provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using 
sixteen antennas and the enclosed-triangle boundary condi 
tion of FIG. 4B. 

[0035] FIG. 7C provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using 
sixteen antennas and the enclo sed-square boundary condition 
of FIG. 4C. 

[0036] FIG. 8A provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using 
sixteen antennas and the boundary conditions of FIG. 4A & 
FIG. 4B. 

[0037] FIG. 8B provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using 
sixteen antennas and the boundary conditions of FIG. 4A & 
FIG. 4C. 
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[0038] FIG. 8C provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using 
sixteen antennas and the boundary conditions of FIG. 4B & 
FIG. 4C. 
[0039] FIG. 9 depicts an exemplary boundary condition 
apparatus, i.e., a rotatable, triangular enclosure. 
[0040] FIG. 10 provides exemplary images of the object of 
interest of FIG. 3 reconstructed using scattered electromag 
netic energy collected in a simulated MWT system using four 
antennas and the rotatable, triangular enclosure of FIG. 9. 
[0041] FIG. 11 provides another exemplary simulated 
object of interest, e.g., to be imaged by the systems and/or 
methods described herein. 
[0042] FIG. 12A provides exemplary images of the object 
of interest of FIG. 11 reconstructed using scattered electro 
magnetic energy collected in a simulated MWT system using 
six antennas and the rotatable, triangular enclosure of FIG. 9. 
[0043] FIG. 12B provides exemplary images of the object 
of interest of FIG. 11 reconstructed using scattered electro 
magnetic energy collected in a simulated MWT system using 
16 antennas and the open-region boundary condition of FIG. 
4A. 
[0044] FIGS. 13A-B provide exemplary enhanced images 
of the images of FIGS. 12A-B, respectively. 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 

[0045] In the following detailed description of illustrative 
embodiments, reference is made to the accompanying ?gures 
of the draWing Which form a part hereof, and in Which are 
shoWn, by Way of illustration, speci?c embodiments Which 
may be practiced. It is to be understood that other embodi 
ments may be utiliZed and structural changes may be made 
Without departing from (e.g., still falling Within) the scope of 
the disclosure presented hereby. 
[0046] Exemplary methods, apparatus, and systems shall 
be described With reference to FIGS. 1-13. It Will be apparent 
to one skilled in the art that elements or processes from one 
embodiment may be used in combination With elements or 
processes of the other embodiments, and that the possible 
embodiments of such methods, apparatus, and systems using 
combinations of features set forth herein is not limited to the 
speci?c embodiments shoWn in the Figures and/or described 
herein. Further, it Will be recogniZed that the embodiments 
described herein may include many elements that are not 
necessarily shoWn to scale. Still further, it Will be recogniZed 
that timing of the processes and the siZe and shape of various 
elements herein may be modi?ed but still fall Within the scope 
of the present disclosure, although certain timings, one or 
more shapes and/or siZes, or types of elements, may be advan 
tageous over others. 
[0047] FIG. 1 shoWs an exemplary imaging system 10 (e.g., 
a MWT imaging system) including processing apparatus 
(block 12), boundary condition apparatus (block 20), and one 
or more antennas (block 22). The processing apparatus (block 
12) may be operably coupled to the boundary condition appa 
ratus (block 20) and the one or more antennas (block 22) to 
facilitate imaging of an object of interest using the boundary 
condition apparatus (block 20) and the one or more antennas 
(block 22). Further, the processing apparatus (block 12) 
includes data storage (block 14). Data storage (block 14) 
alloWs for access to processing programs or routines (block 
16) and one or more other types of data (block 18) that may be 
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employed to carry out the exemplary imaging methods (e. g., 
one Which is shoWn generally in the block diagram of FIG. 2). 
[0048] For example, processing programs or routines 
(block 16) may include programs or routines for performing 
computational mathematics, matrix mathematics, compres 
sion algorithms (e.g., data compression algorithms), calibra 
tion algorithms, image construction algorithms, inversion 
algorithms, signal processing algorithms, standardization 
algorithms, comparison algorithms, vector mathematics, or 
any other processing required to implement one or more 
embodiments as described herein. Exemplary mathematical 
formulations/ equations that may be used in the MWT tomog 
raphy systems and methods described herein are more spe 
ci?cally described herein With reference to FIGS. 3-13. 

[0049] Data (block 18) may include, for example, sampled 
electromagnetic energy (e.g., sampled or collected using the 
one or more antennas (block 22)), data representative of mea 
surements (e.g., electromagnetic scattering data), results 
from one or more processing programs or routines employed 
according to the disclosure herein (e. g., reconstructed images 
of an object of interest), or any other data that may be neces 
sary for carrying out the one or more processes or methods 
described herein. 
[0050] In one or more embodiments, the system 10 may be 
implemented using one or more computer programs executed 
on programmable computers, such as computers that include, 
for example, processing capabilities, data storage (e. g., vola 
tile or non-volatile memory and/or storage elements), input 
devices, and output devices. Program code and/ or logic 
described herein may be applied to input data to perform 
functionality described herein and generate desired output 
information. The output information may be applied as input 
to one or more other devices and/or processes as described 

herein or as Would be applied in a knoWn fashion. 

[0051] The program used to implement the processes 
described herein may be provided using any programmable 
language, e.g., a high level procedural and/or object orien 
tated programming language that is suitable for communicat 
ing With a computer system. Any such programs may, for 
example, be stored on any suitable device, e.g., a storage 
media, readable by a general or special purpose program, 
computer or a processor apparatus for con?guring and oper 
ating the computer When the suitable device is read for per 
forming the procedures described herein. In other Words, at 
least in one embodiment, the system 10 may be implemented 
using a computer readable storage medium, con?gured With a 
computer program, Where the storage medium so con?gured 
causes the computer to operate in a speci?c and prede?ned 
manner to perform functions described herein. 

[0052] Likewise, the imaging system 10 may be con?gured 
at a remote site (e.g., application server) that alloWs access by 
one or more users via a remote computer apparatus (e.g., via 
a Web broWser), and alloWs a user to employ the functionality 
according to the present disclosure (e. g., user accesses a 
graphical user interface associated With one or more pro 

grams to process data). 
[0053] The processing apparatus (block 12), may be, for 
example, any ?xed or mobile computer system (e.g., a per 
sonal computer or mini computer). The exact con?guration of 
the computing apparatus is not limiting and essentially any 
device capable of providing suitable computing capabilities 
and control capabilities (e.g., control the imaging set up con 
?guration and acquire data, such as electromagnetic scatter 
ing data) may be used. Further, various peripheral devices, 
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such as a computer display, mouse, keyboard, memory, 
printer, scanner, etc. are contemplated to be used in combi 
nation With the processing apparatus (block 12). 
[0054] Further, in one or more embodiments, the output 
(e. g., an image, image data, an image data ?le, a digital ?le, a 
?le in user-readable format, etc.) may be analyZed by a user, 
used by another machine that provides output based thereon, 
etc. 

[0055] As described herein, a digital ?le may be any 
medium (e.g., volatile or non-volatile memory, a CD-ROM, a 
punch card, magnetic recordable tape, etc.) containing digital 
bits (e. g., encoded in binary, trinary, etc.) that may be readable 
and/ or Writeable by processing apparatus (block 14) 
described herein. 
[0056] Also, as described herein, a ?le in user-readable 
format may be any representation of data (e.g., ASCII text, 
binary numbers, hexadecimal numbers, decimal numbers, 
audio, graphical) presentable on any medium (e.g., paper, a 
display, sound Waves, etc.) readable and/ or understandable by 
a user. 

[0057] Generally, the methods and systems as described 
herein may utiliZe algorithms implementing computational 
mathematics (e.g., matrix inversions, substitutions, Fourier 
transform techniques, etc.) to reconstruct the images 
described herein (e. g., from sampled electromagnetic scatter 
ing data). 
[0058] In vieW of the above, it Will be readily apparent that 
the functionality as described in one or more embodiments 
according to the present disclosure may be implemented in 
any manner as Would be knoWn to one skilled in the art. As 
such, the computer language, the computer system, or any 
other softWare/hardWare Which is to be used to implement the 
processes described herein shall not be limiting on the scope 
of the systems, processes or programs (e. g., the functionality 
provided by such systems, processes or programs) described 
herein. 
[0059] One Will recogniZe that a graphical user interface 
may be used in conjunction With the embodiments described 
herein. The user interface may provide various features 
alloWing for user input thereto, change of input, importation 
or exportation of ?les, or any other features that may be 
generally suitable foruse With the processes described herein. 
For example, the user interface may alloW default values to be 
used or may require entry of certain values, limits, threshold 
values, or other pertinent information. 
[0060] The methods described in this disclosure, including 
those attributed to the systems, or various constituent com 
ponents, may be implemented, at least in part, in hardWare, 
softWare, ?rmware, or any combination thereof. For example, 
various aspects of the techniques may be implemented Within 
one or more processors, including one or more microproces 

sors, DSPs, ASICs, FPGAs, or any other equivalent inte 
grated or discrete logic circuitry, as Well as any combinations 
of such components, image processing devices, or other 
devices. The term “processor” or “processing circuitry” may 
generally refer to any of the foregoing logic circuitry, alone or 
in combination With other logic circuitry, or any other equiva 
lent circuitry. 
[0061] Such hardWare, softWare, and/or ?rmWare may be 
implemented Within the same device or Within separate 
devices to support the various operations and functions 
described in this disclosure. In addition, any of the described 
components may be implemented together or separately as 
discrete but interoperable logic devices. Depiction of differ 
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ent features, e.g., using block diagrams, etc., is intended to 
highlight different functional aspects and does not necessar 
ily imply that such features must be realiZed by separate 
hardWare or softWare components. Rather, functionality may 
be performed by separate hardWare or softWare components, 
or integrated Within common or separate hardWare or soft 
Ware components. 

[0062] When implemented in softWare, the functionality 
ascribed to the systems, devices and methods described in this 
disclosure may be embodied as instructions on a computer 
readable medium such as RAM, ROM, NVRAM, EEPROM, 
FLASH memory, magnetic data storage media, optical data 
storage media, or the like. The instructions may be executed 
by one or more processors to support one or more aspects of 
the functionality described in this disclosure. 
[0063] The imaging system 10 further includes boundary 
condition apparatus (block 20) and one or more antennas 
(block 22). Generally, the boundary condition apparatus 
(block 20) and the one or more antennas (block 22) are con 
?gured to be utiliZed together to provide a plurality of differ 
ent incident ?elds (e.g., ?elds incident on an object of inter 
est) resulting in a plurality of different scattered ?elds, to 
sample or collect data from the resultant scattered ?elds, and 
to provide the resultant, scattered-?eld data to the processing 
apparatus (block 12) such that an image may be constructed 
based on such data. 

[0064] The boundary condition apparatus (block 20) may 
be any apparatus con?gurable to present at least tWo, or a 
plurality of, different boundary conditions relative to the one 
or more antennas (block 22). Each different boundary condi 
tion presented by the boundary condition apparatus (block 
22) may provide a unique or different incident ?eld resulting 
in a unique or different scattered ?eld to sample. 
[0065] Exemplary boundary condition apparatus (block 
20) may include a conductive enclosure and/or one or more 
conductive Walls con?gured to provide the plurality of differ 
ent boundary conditions relative to the one or more antennas 
(block 22). The plurality of different boundary conditions 
providable by the boundary condition apparatus (block 20) 
may include an open-region boundary condition, one or more 
enclosed-region boundary conditions, and one or more par 
tially-enclosed-region boundary conditions. 
[0066] The open-region boundary condition may be, for 
example, a boundary condition that is assumed to extend to 
in?nity. For example, the boundary condition apparatus 
(block 20) may be a conductive enclosure that is moveable 
aWay from one or more antennas (block 22) to provide the 
open-region boundary condition. 
[0067] An enclosed-region boundary condition may be, for 
example, a boundary condition that is a knoWn, ?nite bound 
ary. For example, the boundary condition apparatus (block 
20) may be a conductive enclosure that surrounds the object 
of interest. 
[0068] A partially-enclosed boundary condition may be, 
for example, a boundary condition that is partially-open and 
also partially enclosed or bounded. For example, the bound 
ary condition apparatus (block 20) may be a partial, conduc 
tive enclosure that partially surrounds the object of interest. 
[0069] The one or more antennas (block 22) may be any 
apparatus (e.g., detectors, sensors, transmitting, receiving 
components, etc.) capable of delivering and sampling/col 
lecting electromagnetic energy (e.g., microWaves) contem 
plated to be used in microWave tomography and in combina 
tion With processing apparatus (block 12) of the system 10.As 
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used herein, each antenna of the one or more antennas (block 
22) may include a transmitting portion, e.g., to deliver elec 
tromagnetic energy, and a receiving portion, e.g., to sample/ 
collect electromagnetic energy, Which may or may not be the 
same portion. During the imaging of an object, the one or 
more antennas (block 22) may be positioned relative to the 
object so as to be capable to deliver electromagnetic energy to 
irradiate the object resulting in scattered electromagnetic 
energy (also knoW as the resultant scattered ?eld) and also 
sample the scattered electromagnetic energy resulting from 
the irradiation. 
[0070] The one or more antennas (block 22) may include 
more than about 1 antenna, about 2 antennas, about 3 anten 
nas, about 4 antennas, about 5 antennas, about 6 antennas, 
about 8 antennas, about 10 antennas, about 12 antennas, about 
16 antennas, about 20 antennas, about 24 antennas, and about 
36 antennas and/or less than about 2 antennas, about 3 anten 
nas, about 4 antennas, about 5 antennas, about 6 antennas, 
about 8 antennas, about 10 antennas, about 12 antennas, about 
16 antennas, about 20 antennas, about 24 antennas, and about 
36 antennas. Further, the one or more antennas (block 22) 
may be spaced in any manner capable of delivering electro 
magnetic energy to irradiate the object and also sampling the 
resultant scattered ?eld. 

[0071] In at least one embodiment, the antennas (block 22) 
may be equilaterally spaced around a target area (e.g., the 
target area may be the area Where an object to be imaged may 
be located). For example, in an exemplary MWT system that 
includes four equilaterally-spaced antennas, the ?rst antennas 
may be located at 0 degrees, the second antenna may be 
located at 90 degrees, the third antenna may be located at 180 
degrees, and the fourth antenna may be located at 270 degrees 
about the target area (e.g., as shoWn in FIG. 9). Exemplary 
antenna con?gurations are described further herein With 
respect to FIGS. 3-13. 
[0072] The positions or locations of the boundary condition 
apparatus (block 20) and the one or more antennas (block 22) 
With respect to each other (e.g., the distance therebetWeen, 
etc.) is used in the exemplary methods and systems described 
herein. In at least one embodiment, the location of the bound 
ary condition apparatus (block 20) and each of antennas 
(block 22) may be determined using a calibration procedure 
(e.g., using a laser calibration system, using the antennas 
themselves, etc.) before imaging an object of interest. In at 
least another embodiment, the boundary condition apparatus 
(block 20) and the antennas (block 22) may be movably or 
?xedly attached to a structure (e.g., a ring) such that their 
locations With respect to one another are knoWn. 

[0073] As described herein, generally, the boundary condi 
tion apparatus (block 20) and the one or more antennas are 
con?gured to be utiliZed together to provide a plurality of 
different incident ?elds (e.g., ?elds incident on an object of 
interest) to result in a plurality of different scattered ?elds. To 
provide the plurality of different incident ?elds, the boundary 
condition apparatus (block 20) is con?gured to present at 
least tWo, or a plurality of, different boundary conditions 
relative to the one or more antennas (block 22). The boundary 
condition apparatus (block 20) and the one or more antennas 
(block 22) may operate in conjunction such that the boundary 
condition apparatus (block 20) provides the plurality of dif 
ferent boundary conditions relative to the one or more anten 

nas (block 22). 
[0074] Generally, one of both of the antennas (block 22) 
and the boundary condition apparatus (block 20) may be 
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con?gured to move relative to one another so as to provide a 
plurality of different boundary conditions With respect to the 
one or more antennas (block 22). For example, the one or 
more antennas (block 22) may be ?xed (e.g., non-movable) 
relative to an object of interest, or the target area Where the 
object is to be located, and the boundary condition apparatus 
(block 20) may be con?gured to move relative to the one or 
more antennas (block 22). Further, for example, the boundary 
condition apparatus (block 20) may be ?xed relative to an 
object of interest, or the target area Where the object is to be 
located, and the one or more antennas (block 22) may be 
con?gured to move relative to the boundary condition appa 
ratus (block 20). And still further, for example, both the 
boundary condition apparatus (block 20) and the one or more 
antennas (block 22) may be both con?gured to move relative 
to one another and an object of interest so long as each 
movement by either of the boundary condition apparatus 
(block 20) and the one or more antennas (block 22) results in 
a different boundary condition With respect to the one or more 

antennas (block 22). 
[0075] In at least one embodiment, the antennas (block 22) 
may be attached or a?ixed to the actual object of interest (e. g., 
attached to the object). For example, the antennas (block 22) 
may be attached to a human breast or limb. 

[0076] In at least one embodiment, the boundary condition 
apparatus (block 20) includes a conductive enclosure that is 
con?gurable into multiple con?gurations, each con?guration 
providing a different boundary condition. Such enclosure 
may extend 360 degrees around an object or less than 360 
degrees around an object (e.g., the enclosure may use a single 
parabolic Wall). The enclosure may further include at least 
one opening for receiving the object to be imaged. 
[0077] In at least another embodiment, the boundary con 
dition apparatus (block 20) may include a plurality of recon 
?gurable conductive Walls (e.g., metal Walls, metal coated 
Walls, etc.). The recon?gurable conductive Walls (e. g., one or 
more recon?gurable conductive Walls) may be recon?gured 
into multiple con?gurations to provide multiple different 
boundary conditions and thereby provide multiple unique/ 
different electromagnetic incident ?elds. Such recon?gurable 
conductive Walls may extend 360 degrees around an object or 
less than 360 degrees around an object (e.g., the enclosure 
may use a single parabolic Wall). In at least one embodiment, 
the boundary condition apparatus (block 20) may be a single 
Wall or more than a single Wall (e.g., one or more Walls that 
may be positioned proximate to the object of interest) Which 
may be con?gured to provide a plurality of boundary condi 
tions relative to the antennas (block 22) and further, to pro 
vide, in conjunction With the antennas, unique/ different elec 
tromagnetic incident ?elds (e.g., incident to the object to be 
imaged). 
[0078] In at least one embodiment, the boundary condition 
apparatus (block 20) may be an equilateral triangular enclo 
sure (e.g., as shoWn herein in FIGS. 4B & 9) to provide 
enclosed-triangle boundary conditions. Exemplary enclo 
sures, hoWever, may be any siZe and/or shape operable to 
assist in the imaging of an object of interest (e.g., triangle, 
square, octagon, pentagon, and/or any other multi-sided 
enclosure). Further, the exemplary enclosures may be modi 
?able With respect to the object and the antennas (block 22) 
(e.g., modi?able in orientation and/or volume). For example, 
an enclosure may be rotated around the object to present each 
of the plurality of different boundary conditions relative to the 
object to be imaged. 
















