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) Abstract-—-—A novel focused actlve mlcrowave system is mvcstl-
~ gated for detectmg tumors in the breast. In contrast to X-ray

- and ultrasound ‘modalities, the method rewewed here explmts .

: _the breast.tlssue physma] propertles unlque to the mlcrowavef ﬁi | COI’lSKlGI'@d here [1] lS based llpOIl two fundamental propert1es

o spectrum, namely, the translueent nature of normal breast tlssues
~and the high dlelectrlc contrast between mahgnant tumors and o llterature (dlscussed ‘n detall in Se ct10n II)

N Slll'l‘Ollndlng les1on-free normal breast tissues. The system uses_- o

a pulsed confocal techmque and tlme-gatmg to enhance the

- detection of tumors while suppressing the effects of tissue hetero-
- geneity and absorptlon Usmg pubhshed data for the dielectric
- properties of normal breast tissues and malignant tumors, we

~ have conducted a two-dlmensunal (2~D) finite-difference time-
- domain (FDTD) computational electromagnetics analysis of the

- system. The FDTD simulations showed that tumors as small as

2 mm in diameter could be robustly detected in the presence -
of the background clutter generated by the heterogenclty of the
o surroundmg normal tissue. Lateral spatlal rcsolutlon of the tumor |
N location was found to be about 0 5 cam. B

A Physzcal Baszs of the Melhod

The confocal microwave breast cancer detectlon technology

of breast tissues at microwave frequenc1es as reported n the '

Property 1: Microwaves interact W1th b1olog1ca1 t1ssues pri-

manly accordmg to the tissue water content. This is a d1fferent -
‘interaction mechamsm than for X—rays The relevant physical-
- properties contrast between mali gnant tumors and normal
~ breast tissues is s1gn1ﬁcantly greater for microwaves than
for either X- rays or 'ultrasound, approachmg an order of
' magmtude This large dlelectrlc contrast causes. mahgnant
.tumors to have s1gn1ﬁcant1y greater microwave scatterlng Cross
‘__sect1ons than normal tissues of comparable geometry

- Property 2: Microwave attenuation in normal breast t1ssue' _

Index Terms...._ Blomedlcal e]ectromagnetlc lmaglng . cancef . 1S less than 4 dB/ Cm up to 10 GHZ ThIS may permlt eXIStng |

o FDTD methods, microwave antenna arrays, numencal analysrs,'

scattermg, tumors ST

I INTRODUCTION

_mlcrowave equlpment havmg standard sens1t1V1ty and dynamic
range to detect tumors located up to about 5 cm beneath the
~ skin. The microwave attenuation and phase characteristic of

B normal breast tissue is such that construct1ve addition is pos-

~ sible for W1de-bandW1dth backscattered returns usmg broad- :

recognized as the preferred method to detect breast cancer,

1t fails to detect as many as 20% of the mahgnant tumors o

. Further it may be uncomfortable or threatenmg to many of the
N patlents espemally w1th the pubhc percept1on that repeated X-
o ray mammograms 1ncrease the r1sk of cancer .ther modahtles
~ such as ultrasound and magnetlc resonance imaging (MRI) f'
are elther less effectlve or too costly Based in part on’ our
~work reported in th1s paper we beheve that pulsed confocal
microwave technology can complement mammography by o

f remedylng most of the above noted deﬁ01enc1es
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HERE IS cons1derable recent debate as to Whether 01' not-_; aperture confocal 1mag1ng techmques The confocal technique
A women under 50 years of age should have X-—ray mam-
. 'mograms This debate arises from the need to detect breast

- cancer 1n its earhest stage Early detectlon leads to longest_& __

survwal and greatest patient comfort. ‘While mammography is = D
~B Technology Baszs -

'suppresses returns from spurious scatterers such as a vein
. 1nterposed between the tumor and the surface of the breast '

Confocal mlcroscopy has long been used in opt1cs [2] We*' '

are investi gating a novel adaptatlon for tumor detection that:
1) focuses an 1llum1nat1ng microwave s1gnal at a potent1al '

tumor site; and 2) efficiently collects the microwave energy

| scattered by the tumor by refocusmg it at the pomt of orlgm i
- of the 1llum1natlon This prov1des spatlal resolutlon of both
transmltted and recewed s1gnals

The confocal ‘microwave technology 1S based on prev1ous *

. work under contract to the United States Federal Aviation Ad-

L m1n1Strat10n [3]1 and [4] That Work resulted in the successful
Manuscrlpt recelved November 4, 1997 rev1sed May 27 1998 Th1s work- :

was supported by the National Institutes of Health (NIH) under Phase-1 SBIR des1gn and teStmg Of a Confocal 94"'GHZ FM ch1rp radar to
N detect and 1mage metal and plastlc weapons ‘concealed under' _

%S, C ‘Hagness is with the Department of Electrical and Computer Engl— . passengers clothmg Rede31gn of the chirp-radar system at
“neerin Umversny of W1sconsm-Mad1son 1415 Engmeermg Dr1ve Madlson o -
% R 4—-—10 GHz perm1ts propagatlon of a focused, pulsed, low-
_power beam into the human breast Upon encountering a

~ McCormick School of Engineering and Applled Smence Northwestern Un1- i %,tumor the microwave energy is backscattered because the-

o - tumor has Sl gmﬁcantly greater ¢ dlelectrlc permittivity and con- -

duct1v1ty than normal breast tlssue Th1s energy 1 1S efﬁ01ently -

0018—-—9294/98$10 00 © 1998 IEEE



~collected by the sensor antonna Wthh lres at the out-of-
e in-breast
focal point to lie wrthm a set of preselected voxels a three- o

breast focal

point. By systematically scanning

' dlmenswnal (3 D) unage of ;.-.-the tumor can be cons j cted

Here, the lateral spatial resolutlon is dependent upon the -_
rture of the sensor antenna.

 size of the phy sical or synthetlc ap

The depth resolution is dependent upon the use of time-gating
. (“range-gatmg ). Range-gatmg can be achieved either directly
by using a narrow impulsive illumination or indirectly by using
FM-chirp-radar pulse synthesis. The sharpness of the lateral
and depth resolutions, and the consequent suppression of
clutter caused by the normally occurring permittivity variations
1n healthy breast tissue, is a function of the complexrty of
~ the microwave equrpment/sronal-processmg software and the

medtcal apphcatlon -

C Complementary Nature Relattve to X—Ray Mammography

The confocal microwave technolo gy under consideration

- contrasts tissues pnmanly accordmcJr to their water content '
and utilizes the backscattered return from the entire tumor.
mam: ography when used to
1at mtght

have appreciable water content but few mlcrocalcrﬁcanons ~worked on the

. techmque snmlar to that used in Bridges’ work [3] [4]. The

Th1s may complement X-ray .
~sense early-stage or other types of malignancies t

‘detectable by X rays.

The confoca.l mrcrowave technology would cause Zero 1on- B
~ Montreal, Canada, sponsored a session on impulse radar. Of

“the eleven papers, six concerned aspects of oround-penetratmg
‘radar to locate land mines or similar buried targets [16]-[21] .

-1zIng ‘radiation exposure It could be relatlvely comfortable
since 1t would require access to only one side of the breast

These safety and comfort features mrght fac111tate the use of
this technology for both frequent screening of the pubhc and
frequent monitoring of the pro gress. of the treatment protocol

for an mdlvrdual pattent

D. Background Ltterature

raphy) [8] was not consrdered promrsmg 1n two of these
reviews [J], [6] ' ' '

The hetero geneous nature of the breast pre sents forrru-
dable technical barriers in applymor active, nonradrometnc
microwave techmques to ‘tumor detectlon With the excep—- |
tion of the comprehensrve review, Medzcal Applzcatzons of

Mzcrowave Imagmg [9], there is 'sparse publlshed llterature

in this area. More recently, ‘there is pubhshed work re-

on unfocused

portlng blomedtcal imaging approaches base

microwave backscatter [10] [l 1] and matnx-mvcrsron of
multistatic, multlsensor 1mpedance data [12] or mlcrowave-

data [13]

The specrﬁc use of a short-pulse wrde bandpass confo- .
cal microwave system employmg backscattering to detect or
image breast cancers appears not to have been mvestlo'ated B
previously. However, some of the basic principles related to
this technology have been investigated for other purposes.
Examples include the work of Young and Peters [14], who
 demonstrated a vrdeo-pulse ground-penetrating radar to iden-

ttfy buried gas prpes and land mines. To form a 3 D 1mage

'STEM FOR BREAST CANCER DETECTION
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Comparrson of the permrttmty of hwh-water-content tissue such as

functlon of frequency

they moved a sensor alon g the earth’ ’s surface recorded the

time hlstory of the backscattered pulse at each sensor locatlon .

- and used the method of time-shifting the received pulse to

develop data for imaging the underground target. Cribbs [15]
;ame problem, applytnf-!r an FM synthetrc pulse

recent (July, 17) North Amencan Radlo Science Meetmg n

The signal processmer proposed for the confocal microwave

‘technology (tested via numerical modelmg later in this paper) '
- employs a robust approach analogous to that used in video-

~ pulse oround-penetratmg radar [14] and GeOphysmal seismic
- prospecting [22], wherein impulsive returns from subsurface

'  fea ures observed at a set of receiver locations along the
Nonmammographlc breast-rmaorng techmques other than '

ultrasound and MRI have been studied, and several reviews of |
such alternative technologles are avmlable [5}-[7]. Althouoh '
extensively studied, passive microwave radiometry (thermog-

surface are time-shifted to add coherently. The time-shifted
to provrde a 3 D image of the

L BREAST TISSUE DIELECTRIC PROPERTIES -

A Dtelectrzc Contrast Between Malzgnant Tumors .
and Surroundmg Normal Breast Tssue o

' Measurements of 30 different tissue types by Gabncl et

' al [23]--[26] 1ndlcate that the relative dielectric permittivity,

€, and conductlvny, o, of hloh-water-content tissues (such as

“muscle or malignant tumors) are about an order of magmtude

oreater than those of low-—water-content tissues (such as fat
or normal breast trssue) As illustrated in Figs. 1 and 2, this

“contrast between high- and low- water-content tissues perS1sts

over the entrre radro-frcquency (RF) spectrum from power
frequencws through millimeter waves.

Joines et al. [27] measured to 0.9 GHz the ¢, and o of
freshly excised tissues from the colon, krdney, liver, lung,

‘breast, and muscle Each tissue sample was taken from four
‘to seven different patrents and each samme was measured at
three different posmons Chaudhary et al. [28) ‘measured to

3 GHz the € and o of normal and malignant breast tissues
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Flg 2. Comparrson of the conductlvrty of hl oh----water-content tissue such as
muscle with low-water-content tissue such as fat asa functlon of frequency o

accordmg to Gabnel et al [23]—[26]

obtained from 15 patrents The data of Jolnes et al at 0 9

GHz indicate that o of mali gnant breast tumors exceeds that
of normal breast tissue by 6.4:1, and ¢, of rnahgnant breast
~ tumors exceeds that of normal breast tissue by 3.8:1. J oines

et al. further found that for breast tissues of the same type
 the dielectric contrast betWeen rnallgnant and normal tissue
~ is greatest for the mammary gland. The .

ata of Chaudhar

et al. up to 3 GHz indicate corresponding malignant tumor-
n good o frequency for normal breast tissue as measured by Joines et
~ al. [27] to 1 GHz

~ Both groups’ data are in good agreement, apparently because
~ both used protocols that preserved the tissue water content and '
 carefully segregated malignant from normal tissues.

cifications.  The measured

‘Some benign tumors may also have a hlgh water content and
~could produce a backscatter response 'similar to that generated
) by mahgnant tumors. However charactenzmg and analyzmg o
such benign tumors is an extensive subject by itself and is not

~considered in this paper Here we focus only on mahgnant T

~ to-normal breast tissue ratlos of 4.7: l and 5 1
- agreement w1th J oines et al. S

) B Mahgnant Tumor Propertzes

ThlS paper addresses the 1ssue of detectmg mahgnant tu-

mors, especrally those with little or no micrc

tumor propertles

al. [31] separately measur
and found values above 1
~ for normal high-water
‘cases, €, and o for1

GHz that are almost the same as
content tissues such as muscle. In some
1alignant tumors were significantly .

1 GHz [30].

Swarup et al [32] stud1 the onset of the 'gh values of €
umors by measuring MCAL fibrosarcoma
15, and 30 days after inception. No 35 follows
umor age.

While the larger tumors exhrbttcd a necrotlc 1ntenor they o

and o in malignant

‘mouse tumors at 7
 significant variation of € and o was seen with

- showed little difference in ¢, and o above 0. 5 GHz.

Surowiec et al. [33] perfonncd rneasurements of crn-srze ‘
~ malignant human breast tumors and adjacent tissues and found
~ an increase In €, and o of the normal breast tissue near
malignant tumors. This effect may be caused by infiltration
. data Equatmns (2) and (3) and the selected parameters ylelded

cross-section and thereby a:td in the co“-- -ocal microwave

or vascularization. It could enlarge the microwave scattering

- detectlon of the turnor

2 A . ~7 - 3 . - e

Foster and Schepps [29] Rogers et al 301, and Pelso e Here f is the £

d ¢, and o of mahgnant tumors " the parameters €, = = 10, €00 =

o = 0.15 S/m were chosen to well match the measured data
- of Jc oines et al. and Chaudhary et al. Equauon (1) YICIdS the
‘ solrd cur e

4 -;eater 5 , o

 than for norrnal muscle tissues, espccrally at frequenc1es below o .
- . o dxelectnc parameters and the moistu

~ Foster and Schwan to fi
approxnnate 103?7
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S

1™ Relative permittivity

iy

relative permittivity

conductivityinSim

- frmuencymGHz ' ' -

. -Frg 3 Relatrve permltuvrty and conducuvrty as a function of frequency

~ for normal br _
N Chaudhary et al. [28] (d__ ‘ -dot) compared with Foster’s and Schwan S chye -
_- model (solrd) and empmcal rnodel (dash-dot-dot) [29] R .

ured by Joines et al. [27] (dashes) and by

al Breast T'ssue Dzelecmc Propertzes o

Flg 3 graphs measured data for ¢, and o as a function of

and by Chaudhary et al. [28] to 3 GHz.!

. data of Joines et al. and Chaudhary et al were
extrapolated to higher frequenmes usrng the Debye model as

| -glven in Foster and Schwan [34]

o ﬂjcr €. — . N
A e (D)

27rf€0 1 +.7(f/fp) o

' eo‘m 8.854 x 10-12 F/m, and

- 7, fp = 2.5 x 10!° Hz, and

quency in

es shown rn Frg 3 extendrn g to 30 GHz.

‘relation sh1p between the microwave
ure content developed by
rther confirm the Debye fit. For an

morsture content thelr ernpmcal rnel 1S

o ) 1 71f1 13 - o B )
) 0 13 g i _ iy __ 1 _
0' . 1 350‘0 1f + 0 002 22f [W-—-"-—l n (f/25)2:| _ (3) .

: Here f 1S the frequency in GHz and the parameters 0g.; =
0.05 and €s = 8.5 were chosen from the Foster and Schwan

l'I‘he o data in F1g 3 were normahzed from 25 © C as measured to 37 °C "

o accordm g to the procedure noted in | 34]
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the average values by no more than iS% These narrow data .

~ ranges occurred despite the large 0.5-cm-1.0-cm ttssue-sample

~ dimensions which caused each group’s samples to contain an
| unknown mixture of fat, mammary gland, and duct tissues.
| The key implication here is that normal breast tissue dielectric
~ heterogeneity at an observable distance scale of about 0.5 cm
| isbounded in a small fractional range about the median value.
P Accordmgly, for the computatIonal electromagnet:lcs models
~ discussed later, we used a +10% variability range about the
~ median €, and o for a given tissue type at this distance scale,
| this being an approximate upper bound to the data variability
| measured by both Joines et al. and Chaudhary et al. We note

- that spec1ﬁc dielectric values for ‘mammary duct and gland

- tissues are not available. For purposes of our modeling, the

| values for the ducts and glands were assumed to be 15% higher

- Low-water-content fat tissue
E .
& .
= 104
c
e
§" - _
® Debyemodel
5 ' for normal .
L  breasttissue |
£ | muscletissue
@ 1 . -
O o
o
0.1 4+— —_———————r
01 1 10 10
' N frequencymGHz R

from the Debye model of FIg 3

- 30 GHz.

the Debye model.

" models discus sed later. Mali gnant tumors were assumed to
have values of €r

water-content fat tissue and for hlgh-water-content muscle

tissue. Also plotted is § for normal breast tissue developed

~ from the Debye model data of Fig. 3. The Debye data for
normal breast tissue erlds penetration depths that agree well
 with the values in [35] for low-water-content fat tissue. From

 these data, normal breast tissue is seen to ethbIt a penetration

- depth of 2.5-3 cm at 10 GHz equlvalent to a microwave path :

loss of about 3 5 dB/cm R

D. Heterogenezty of Normal Breast Tssue N

J oines et al. [27] noted the standard error on the mean for the

aggregate of all their measurements as follows :1:5% for e, of

normal tissues and +7% for €, of malignant tissues; +7% for
o of normal tissues and +9% for o of mahgnant tissues. The

results of Chaudhary et al [28] ethbIted a s1mllar spread over

= 50 and ¢ = 7 S/m at this frequency, )
~ similar to those of muscle. Fig. 4 graphs § as a function of
frequency as published by J ohnson and Guy [35] for low-

| than those of normal breast tissue, that is, somewhat beyond
- the upper IImIt of the measured vanablhty range.

' ' o ' E Skm and Vems -
- Fig. 4. Depth of penetratlon as a functIon of frequency as gtven by J ohnson

and Guy for low-water-content fat tissue and for hi gh—water-content muscle
tissue compared to the depth of penetratlon for normal breast tIssue devel Oped N

GabrIel et al. found that, for eIther wet or dry skIn 30 <

¢, <40 and 1 < o < 10 S/m from 1-10 GHz. While some
dIelectnc property data exist for blood, none were found for
. | . vein walls. For our computatlonal models, we assumed that the
' the dashed-double-dotted curves shown In FIg 3 extendmg to dIelectrIc pr0pert1es of a vein are the same as those Of muscle '
- We note from Flg 3 cIenerally g agreement between the F. B r eas f Geometry
measured data and the Debye model for both ¢, and o above
03 GHz. The empmcal model provides a somewhat better:
it for ¢, than does the Debye model but does not track well
the measured o. However, above 4 GHz, the empirical model

yields values that are conSIstent wrth those develo. from '

" The depth of a typrcal normal nonlactatmg human breast 1S

“on the order of 5 cm [36]-[38]. This suggests that a mildly-
compressed breast would span less than 5 cm between the skin

‘surface and the rib cage. Further, almost 50% of all breast

tumors occur in the quadrant near the armpit where the breast

~ is less than about 2.5-cm deep [39]. Accordingly, we have

~ These curve-fit procedures allow a reasonably accurate “based our computational models of the confocal microwave
. extrapolatlon of the measured dielectric data for normal breast *
- tissues up to 10 GHz and a subsequent calculauon of 6, the
1/e (—8.686 dB) depth of penetration. At 6 GHz, the Debye
~ model yields values of ¢, = 9 and o = 0.4 S/m. These values

were used in the nondispersive computational electromagnetics '

system on detecting tumors to depths of about 5 cm with a

typtcal depth of 3—4 cm.

III MODELING OF THE FIXED-FOCUS
ELLIPTICAL REFLECTOR S YSTEM

As the ﬁrst step in the detallcd systems analysrs a fixed-
focus confocal microwave system employing a metal elliptical

reflector was computauonally modeled in two dimensions
“using the finite-difference time-domain (FDTD) solution of

Maxwell s equations [40], [41] for the transverse magnetic
case. The reflector was speCIﬁed with one focal point at a

B monOpole antenna element and one in a breast half-space 3.8
‘cm below the surface. (In such two-dImenSIonal (2-D) models,
-all matenal structures in the computational space including the
 antenna, are assumed to be Inﬁmtely long. Thus, there is no
_. oround return for the antenna and it is termed a. monopole )

- Fig. 5(a) illustrates the FDTD model of this system. This

- model used a uniform grid with square unit cells as fine as

0.2 mm in the highest-resolution simulations. The reflector

“was assumed filled with lossless dielectric (e, = 9, 0 = 0)

matchmg the nominal breast permIttIVIty, and was located at

 the surface of a half-space of normal breast tissue (¢, = 9, 0 =
0.4 S/m). No skin layer was modeled. The monopole antenna
‘was exc1ted by a 270-ps Gauss1an pulse multIplymg a 6-GHz -
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Fig. 5. (a) 2-D FDTD computatlonal model of the elhptlcal reﬂector system showmcr the heterogeneous breast tissue model (+ 10% variations) and
a 0.5-cm-diameter tumor located at the in-breast focus 3.8 cm beneath the surface, (b) FDTD-computed time-domain waveforms of the backscattered
response with and without the 0.5-cm-diameter tumor present at the in-breast focus, (c) signal-to-clutter (S/C) ratio for the backscattered response of
the 0.5-cm-diameter tumor as a function of the tumor’s lateral dlstance from the in-breast focus and (d) S/C rat10 for the backscattered response of a

tumor at the in-breast focus as a functlon of the tumor’s size.

sinusoid that passed through zero at the peak of the Gaussian.
This signal has zero dc content and a Gaussian, double-

sideband (DSB) suppressed-carrier spectrum symmetric about
6 GHz. The full-width spectral bandwidth at half-maximum
extends from 4 to 8 GHz. A circular tumor (¢, = 50 c=7

S/m) was assumed located at the 1n-breast focus

A. +1 0% Random Heterogenezty of the Normal Breast Tzssue

To simulate the heterogenetty of the normal breast tissue

as measured by Joines et al. [27] and Chaudhary et al. [28],
+10% random fluctuations of €, and o were assigned to the

breast tissue half-space in a checkerboard pattern. Specifically,
as shown in Fig. 5(a), each square block of grid cells spanning
5 X 5 mm was randomly assigned a value of ¢, and a value of
o in a £10% range centered about the nominal. This resulted

- In random, peak +20% jump discontinuities of the normal-
breast-tissue ¢, and o at the scale of the tumor diameter.
'FDTD modeling was performed for a) no tumor present, to
establish the background clutter; b) variable location of .a

tumor having a 0.5-cm fixed diameter; and c) variable diameter

~of a tumor having a fixed location at the in-breast focal point.

The signal-to-clutter (S/C) ratio was obtained by comparing

“the peak backscattered responses of the heterogeneous breast
- model with and without the presence of the tumor.

Fig. 5(b) depicts the calculated time waveforms of the

backscattered power response for this model with and without
~ the 0.5-cm-diameter tumor present at the in-breast focus 3.8
cm below the surface. Upon forming the ratio of the peak
backscattered pulse amplitude with the tumor present to the
peak backscattered pulse amplitude without the tumor present,
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1.0

(a)

(a) 2-D FDTD computational model of the 17-position coherent-addition antenna array showmg a 1 O—-mm—thlck layer of skin, the heterogeneous
breast tissue model (£10% variations), and a 0.5-cm-diameter tumor located at the synthetic focus 3. 0 cm beneath the surface and (b) FDTD-computed
time-domain waveforms resulting from ume-shlftlno and summing the backscattered responses. | -

Fig. 6.

the S/C ratio is found to be 12 dB. F10 5(c) graphs the
calculated S/C for the 0.5-cm diameter tumor as a function
of the tumor’s lateral position from the focus for a constant
depth of 3.8 cm. We infer from this figure that the lateral
resolution in locating the tumor 1n the presence of the clutter
is about 0.5 cm. Fig. 5(d) graphs the calculated S/C for a
~ tumor fixed in position at the in-breast focus as a function of
the tumor’s size. We infer from this figure that tumors havmg

diameters as small as 0.2 cm can yield responses that are 12
dB above the background clutter due to the random +10%

tissue heterogeneity.

B. +20% Random Heterogeneity of the Normal Breast Tissue

‘We repeated the above study for an increased heterogenelty

of the normal breast tissue of +20% about the nominal, more

than twice that experimentally observed by Joines et al. [27]

+40% jump discontinuities of the normal- breast-tissue €, and
o at the scale of the tumor diameter. While the computed
S/C ratios were reduced by 5-6 dB relative to the +£10%
heterogeneity case, the S/C remained greater than 6 dB for
tumor diameters of 0.2 cm or larger. Further, the system’s
lateral resolution was unchanged (about 0.5 cm).

. IV. MODELING OF THE .
COHERENT-ADDITION ANTENNA ARRAY

- scanned monopole array spanning 8 cm, as shown in Fig. 6(a).
The monopoles were assumed to be spaced at 0.5-cm intervals

along the surface of a 0.1-cm-thick skin layer having ¢, = 36

and 0 = 4 S/m. A 0.5-cm-diameter circular tumor was
“assumed to be located 3.0 cm directly below the center of the

monopole array surrounded by normal breast tissue havmg the

random checkerboard heterogeneity of Fig. 5(a)

0.8

0.6

normalized power

0.0 |

and Chaudhary et al. [28]. This resulted in random, peak
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‘The modeling procedure began by simulating an 1mpul-

sive excitation of each monopole element, one at a time,
using the same 4-GHz bandwidth DSB waveform assumed
in Sectlon ITI. Next, the backscattered pulse response of the
‘tumor observed at that element was calculated and stored.

Last, the 17 individual backscatter waveforms were time-

shifted to achieve a coherent sum of the tumor’s backscattered

response for the desired focal point. We note that varying
the distribution of these time shifts across the array scans the

focal point. Time shifting and summing are seen to be post-
- processing operations performed on the previously calculated
| FDTD backscatter data records

A. £10% Random Heterogeneity of the Normal Breast Tissue

- Fig. 6(b) shows the received power waveform upon coher-
ently summing the responses of the 17 monopoles. A S/C ratio
in the same 10-dB range previously calculated for the elliptical

~ reflector is seen. This implies that the clutter suppression of the
fixed-focus elliptical reflector can be achieved by a variable-

focus monopole array implementing time-shifting and coherent

addition. In additional modeling work, we studied the effect

of the skin conductivity varying over the range 0.5-5 S/m.

‘The S/C ratio was found to vary only to second order (within

about +1 dB), 1mp1y1ng robustness of the time-shifting and
coherent-addltlon process relatlve to skin conductivity.

The next step in the FDTD simulations involved replacing -' B. Effect of a Directly lnterposed Vein

the elliptical reflector antenna with a 17-element electronically

Fig. 7(a) 111ustrates the geometry of interposing a 0.2-cm-
diameter vein (e, = 50, 0 = 7 S/m) dlrectly between the

0. 5-—cm—d1ameter tumor and the sensor array at a depth of

1.5 cm. Fig. 7(b) graphs the received power waveform upon

- coherently summing over the 17 monopoles. It was found that

range-gating permits distinguishing the vein response from

‘that of the tumor. The S/C ratio of the tumor response 1S not
de graded " ' '
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Fig. 7. (a)2-D FDTD computational model of the 17-position coherent-addition antenna array shown in Fig. 6(a), but with a 0.2-cm-diameter vein interposed
between the skin and the tumor and (b) FDTD-computed time-domain waveforms resulting from ttme-shlftlng and summing the backscattered responses.

1.0
~ =~ no tumor
0.8 — tumor at focus
o |
2 0.6 _
Q!
; |
= |
E 04 .
o I - i
- 1 _
_‘
!
o0
0.2 + I
e a..a.._,a?}f’é%? \ _
A 7 |
| B B .’I_ | |
0.0 . - & d" — . . - ‘
1.0 1.2 ' 1.4 1.6 1.8
_ o __ _ _ - time (ns)
@ . (b)

Fig. 8. (a) 2-D FDTD computational model of the 17-position coherent-addition antenna array shown in Fig. 6(a), but with mammary glands and
ducts interposed between the skin and the tumor and (b) FDTD-computed ttme-domam waveforms resulting from time-shifting and summing the
backscattered responses. ' -

C. Effect of a Directly Interposed Gland Cluster I = 10% random heterogenelty 1n the checkerboard pattern, this
return was rejected upon coherent addition in favor of the
tumor’s signature.

Fig. 9(a)—(d) provide a vivid indication of the clutter-
suppression action of the coherent-addition process. Here are
shown four samples of the FDTD-computed raw backscattered
data (before time-shifting and summing) that were used to
generate the composite power waveform of Fig. 8(b). We see

Fig. 8(a) illustrates the geometry of mterposmg a cluster
of mammary glands and ducts dlrectly between the 0.5-cm-
diameter tumor and the sensor array. Here, a 51mulated gland
cluster was modeled in the FDTD grid by posmomng a group
of small ellipses havmg 15% htghcr ¢, and o than normal
breast tissue. Fig. 8(b) graphs the received power waveform
upon coherently summing over the 17 monopoles. In the time 5 o single backscattered waveform gives an indication of
period after 1.0 ns, the FDTD-calculated S/C ratio is seentobe 4y embedded tumor response. However, simple time-shifting
unaltered from the 10-dB level obtained before, with no gland  of the waveforms according to the nominal propagation delay
cluster present. Apparently, the modeled gland cluster gen- between each monopole position and the desired focal point
erated a backscattered return that propagated 1ncoherently to in an assumed uncluttered tissue medium suffices to extract
the multiple observatlon locations. Similar to the background ~ the tumor response upon arithmetic summation.
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Fig. 9. FDTD-computed raw data for 4 sample monole posmons of

‘Fig. 8(a) showm g the cluttered backscattered responses before t1me- sh1ft1n g
and sumrmng _ _ _

"D. Ejfect of the Normal Ireast Tssue Havmg
Debye Dielectric Dtsperszon T

In this simulation, the heterogeneous normal breast tissue .
was assumed to have a Debye dispersion of ¢, given by (1)
(graphed in Fig. 3). As discussed i in Section II this dlspersmn o

- reasonably fits the experimental data of Joines et al. [27]
~ and Chaudhary et al. [28]. Using the auxiliary differential
~ equation method [42] the FDTD model 1ncorporated the

‘Debye dispersion separately in each of the 0.5 cmx0.5

cm checkerboard breast-tissue squares shown n Flg 6(a).

' rammed with a unique

and randomly selected perturbation (up to +10%) about the

nommal €s> €cor and o. All electric field components w1thm -
~ the grven square were . updated using the Debye parameters _
€5 €00, and o, that had been randomly assigned to that square,
~and each Debye parameter for the square was perturbed by the o

Each breast—tlssue square was prog

‘same percentage relative to the nominal.

Fig. 10 graphs the received power waveform upon C°her" pulsed confocal microwave system for detecting breast cancer.

ently summing over the 17 monopoles. There is seen to be The system exploits breast-tissue physical properties unique

'no degradation of the S/IC ratlo relative to the correspondmg ' to the microwave Spectrurn n amely the translucent nature of

- nondispersive modeltng 1'33“1‘13 of Fl: 6(b). Th1s is a key result normal breast tissues (without lesions) and the hi gh dielectric _
_ ‘contrast between malignant tumors and the surroundtn g normal
cal microwave technology We beheve that the maintenance of breast tissues. The confocal approach and time-gating permits
enhancement of the backscatter detecuon of mali gnant tumors
“while suppressing clutter. due to the heterogeneity of the

surrounding tissue. Using published data for the dielectric

- properties of normal and mahgnant breast ttssues our sim-
ulations showed that mahgnant tumors as small as 2 mm in

“that has favorable implications for our proposed pulsed confo-

the S/C ratio in the presence of a reahsttc Debye breast-t1ssue
| dtspersmn can be explamed by the followmg '

l) The dispersion caused less path loss bclow the G-GHZ
“carrier frequency of the microwave signal than was

_ expertenced for the nondi spersrve case of Fi g, 6(b) For ~
 the assumed symmetric DSB spectrum of the illuminat-
the tumor for the clutter generated by the heterogeneity. The lateral spatial
- dispersive case was apparently about the same as for the

- nondispersive case, but concentratcd more in the lower_

- ing 81gnal the total power reachmg

srdeband (4——6 GHz)

0 _-Frg 10 FDTD—computed ttme-domam
~ time-shifting and summing the backscattered responses for the 17-position
- coherent-addition antenna array of Fig. 6(a) for a 0.5-cm-diameter tumor

~ located at the synthetic focus 3.0 cm beneath the surface. Here, however,

based illuminating signals having asymmetrical spectra may
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 normalized power

ttme (ns)
waveforms resulting from

the heterogeneous normal breast tlssue 1s modeled w1th a Debye dtelectnc
drspers:ton grven by (l) R - . . _

k 2) For the reahstrc Debye parameters modeled the suppres- ;

“sion of the upper sideband (68 GHz) of the microwave
| srgnal relauve to the lower sideband (4—6 GHz) was
~ limited to less than 8 dB over the 6-cm round-trip
- path from antenna to tumor to antenna. Sufficient phase

: coherency of the received backscattered waveform re-

o ‘mained after this weak upper-srdeband suppression to

: - permit the process of ttme-shtftmg and summmg the

~ monopole responses to remain effective. ,
An implication of this result is that the fanuly of noncarner-

not be as robust relative to the breast-tissue dispersion as
the simple, symmetrical DSB signal when applying the time-
shift and coherent sum strate gy for a multlple-—element antenna

'_ array

V. SUMMARY AND CONCLUSIONS
In thlS paper, we rerted 2-D FDTD modeling of a novel

diameter can be detected in the presence of the background

rcsolutlon of the tumor locatton was found to be about 0.5 cm.

Further, the process of time-shifting and coherent summing of
~ the individual backscatter responses of the elements of the
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- sensor array, which is fundamental to achieve variable focus

in our technology, is shown to be robust relative to: 1) the

~ skin conductivity; 2) the heterogenelty of the healthy-breast-

Debye dielectric drspersmn of the normal breast tissue.

results have been encouragmg,

promise for eventua.l transrtron to prechmcal trials.
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