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Abstract—A novel focused active microwave system is investi- A. Physical Basis of the Method

gated for detecting tumors in the breast. In contrast to X-ray Th focal mi b t detection technol
and ultrasound modalities, the method reviewed here exploits € contocal microwave breast cancer detection technology

the breast-tissue physical properties unique to the microwave considered here [1] is based upon two fundamental properties
spectrum, namely, the translucent nature of normal breast tissues of breast tissues at microwave frequencies, as reported in the
and the high dielectric contrast between malignant tumors and |iterature (discussed in detail in Section ).

surrounding lesion-free normal breast tissues. The system uses Property 1: Microwaves interact with biological tissues pri-

a pulsed confocal techniqgue and time-gating to enhance the i ding to the ti t tent. This i diff t
detection of tumors while suppressing the effects of tissue hetero- marily according to the issue water content. 1his Is a difieren

geneity and absorption. Using published data for the dielectric inteéraction mechanism than for X-rays. The relevant physical-
properties of normal breast tissues and malignant tumors, we properties contrast between malignant tumors and normal
have conducted a two-dimensional (2-D) finite-difference time- preast tissues is significantly greater for microwaves than
domain (FDTD) computational electromagnetics analysis of the for either X-rays or ultrasound, approaching an order of

system. The FDTD simulations showed that tumors as small as . : . . .
2 mm in diameter could be robustly detected in the presence magnitude. This large dielectric contrast causes malignant

of the background clutter generated by the heterogeneity of the tumors to have significantly greater microwave scattering cross
surrounding normal tissue. Lateral spatial resolution of the tumor ~ sections than normal tissues of comparable geometry.
location was found to be about 0.5 cm. Property 2: Microwave attenuation in normal breast tissue
Index Terms— Biomedical electromagnetic imaging, cancer, IS less than 4 dB/cm up to 10 GHz. This may permit existing
FDTD methods, microwave antenna arrays, numerical analysis, microwave equipment having standard sensitivity and dynamic
scattering, tumors. range to detect tumors located up to about 5 cm beneath the
skin. The microwave attenuation and phase characteristic of
normal breast tissue is such that constructive addition is pos-
) sible for wide-bandwidth backscattered returns using broad-
HERE IS considerable recent debate as to whether or njore confocal-imaging techniques. The confocal technique
women under 50 years of age should have X-ray mangypnresses returns from spurious scatterers such as a vein

mograms. This debate arises from the need to detect breagl,hosed between the tumor and the surface of the breast.
cancer in its earliest stage. Early detection leads to longest

survival and greatest patient comfort. While mammography is )
recognized as the preferred method to detect breast canferJ€chnology Basis
it fails to detect as many as 20% of the malignant tumors. Confocal microscopy has long been used in optics [2]. We
Further, it may be uncomfortable or threatening to many of tlae investigating a novel adaptation for tumor detection that:
patients, especially with the public perception that repeated X} focuses an illuminating microwave signal at a potential
ray mammograms increase the risk of cancer. Other modalittasnor site; and 2) efficiently collects the microwave energy
such as ultrasound and magnetic resonance imaging (MBtattered by the tumor by refocusing it at the point of origin
are either less effective or too costly. Based in part on ouf the illumination. This provides spatial resolution of both
work reported in this paper, we believe that pulsed confocahnsmitted and received signals.
microwave technology can complement mammography byThe confocal microwave technology is based on previous
remedying most of the above noted deficiencies. work under contract to the United States Federal Aviation Ad-
_ _ , _ministration [3] and [4]. That work resulted in the successful
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McCormick School of Engineering and Applled SCience, Northwestern Ur‘!umor the mlcrowave energy |S backscattered because the
versity, Evanston, IL 60208 USA. ’h ianif | diel . . d
J. E. Bridges is with Interstitial, Inc., Park Ridge, IL 60068 USA. tumc.)r. as significantly greater e ectrlg permlttlw_ty an_ _Con'
Publisher Item Identifier S 0018-9294(98)08848-X. ductivity than normal breast tissue. This energy is efficiently

I. INTRODUCTION

0018-9294/98$10.001 1998 IEEE



HAGNESSet al: ANALYSIS OF A PULSED MICROWAVE CONFOCAL SYSTEM FOR BREAST CANCER DETECTION 1471

collected by the sensor antenna which lies at the out-of- g
breast focal point. By systematically scanning the in-breast
focal point to lie within a set of preselected voxels, a three-
dimensional (3-D) image of the tumor can be constructed. = 61
Here, the lateral spatial resolution is dependent upon th& o |
size of the physical or synthetic aperture of the sensor antenng
The depth resolution is dependent upon the use of time-gating
(“range-gating”). Range-gating can be achieved either directlfa: 3
by using a narrow impulsive illumination or indirectly by using =
FM-chirp-radar pulse synthesis. The sharpness of the lateraf
and depth resolutions, and the consequent suppression of 11
clutter caused by the normally occurring permittivity variations ‘ . - ‘ , , . i
in healthy breast tissue, is a function of the complexity of 1 2 3 4 5 6 7 8 9 10 n"
the microwave equipment/signal-processing software and the log (frequency in Hz)
medical application.

mitiv

High-water-content tissue

Fig. 1. Comparison of the permittivity of high-water-content tissue such as
muscle with low-water-content tissue such as fat as a function of frequency

C. Complementary Nature Relative to X-Ray Mammographgccrding to Gabrieet al. [23}-{26].

The confocal microwave technology under consideration
contrasts tissues primarily according to their water contefiiey moved a sensor along the earth’s surface, recorded the
and utilizes the backscattered return from the entire tumdime history of the backscattered pulse at each sensor location,
This may Comp|ement X-ray mammography when used ﬁf\d used the method of tlme'Shlftlng the received pulse to
sense early-stage or other types of malignancies that migigtvelop data for imaging the underground target. Cribbs [15]
have appreciable water content but few microcalcificationéorked on the same problem, applying an FM synthetic pulse
detectable by X rays. technique similar to that used in Bridges’ work [3], [4]. The

The confocal microwave technology would cause zero iofecent (July, 1997) North American Radio Science Meeting in
izing radiation exposure. It could be relatively comfortabldontreal, Canada, sponsored a session on impulse radar. Of
since it would require access to only one side of the brealite eleven papers, six concerned aspects of ground-penetrating
These safety and comfort features might facilitate the use '@dar to locate land mines or similar buried targets [16]-[21].
this technology for both frequent screening of the public and The signal processing proposed for the confocal microwave

frequent monitoring of the progress of the treatment protocichnology (tested via numerical modeling later in this paper)
for an individual patient. employs a robust approach analogous to that used in video-

pulse ground-penetrating radar [14] and geophysical seismic
prospecting [22], wherein impulsive returns from subsurface
features observed at a set of receiver locations along the

Nonmammographic breast-imaging techniques other thafirface are time-shifted to add coherently. The time-shifted

such alternative technologies are available [5]-[7]. Althoudd|,phsurface scatterers.
extensively studied, passive microwave radiometry (thermog-
raphy) [8] was not considered promising in two of these
reviews [5], [6].
The heterogeneous nature of the breast presents formi- . ) ]
dable technical barriers in applying active, nonradiometrf¢: Di€lectric Contrast Between Malignant Tumors
microwave techniques to tumor detection. With the excefd Surrounding Normal Breast Tissue
tion of the comprehensive reviewedical Applications of  Measurements of 30 different tissue types by Gabeiel
Microwave Imaging[9], there is sparse published literaturel. [23]—-[26] indicate that the relative dielectric permittivity,
in this area. More recently, there is published work res., and conductivityo, of high-water-content tissues (such as
porting biomedical imaging approaches based on unfocusedscle or malignant tumors) are about an order of magnitude
microwave backscatter [10], [11] and matrix-inversion ofreater than those of low-water-content tissues (such as fat
multistatic, multisensor impedance data [12], or microwawa normal breast tissue). As illustrated in Figs. 1 and 2, this
data [13]. contrast between high- and low-water-content tissues persists
The specific use of a short-pulse, wide bandpass, confiver the entire radio-frequency (RF) spectrum from power
cal microwave system employing backscattering to detect foequencies through millimeter waves.
image breast cancers appears not to have been investigatelbineset al. [27] measured to 0.9 GHz the. and ¢ of
previously. However, some of the basic principles related freshly excised tissues from the colon, kidney, liver, lung,
this technology have been investigated for other purposéseast, and muscle. Each tissue sample was taken from four
Examples include the work of Young and Peters [14], whio seven different patients, and each sample was measured at
demonstrated a video-pulse ground-penetrating radar to idémee different positions. Chaudhaef al. [28] measured to
tify buried gas pipes and land mines. To form a 3-D imag8, GHz thee, and ¢ of normal and malignant breast tissues

D. Background Literature

Il. BREAST TISSUE DIELECTRIC PROPERTIES
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Fig. 2. Comparison of the conductivity of high-water-content tissue such as
muscle with low-water-content tissue such as fat as a function of frequency
according to Gabriekt al. [23]-[26].

100

frequency in GHz

obtained from 15 patients. The data of Joiresal. at 0.9
GHz indicate thatr of malignant breast tumors exceeds thatig. 3. Relative permittivity and conductivity as a function of frequency
of normal breast tissue by 6.4: 1, andof malignant breast for n%rrr]nal brela[sztsii?gueha; n)ﬁeasured gy Jﬁb;eal- [27] (t?jaghﬁS) andDb)g

: . ; udhanet al. ash-dot) compared with Foster's and Schwan’s Debye
tumors exceeds that of normal bregst tissue by 3.8:1. .Jon%qé(‘)%el (solid) and empirical model (dash-dot-dot) [29].
et al. further found that for breast tissues of the same type,
the dielectric contrast between malignant and normal tissues . _ ' .
is greatest for the mammary gland. The data of Chaudh&fy Normal Breast Tissue Dielectric Properties
et al. up to 3 GHz indicate corresponding malignant tumor- Fig. 3 graphs measured data for and o as a function of

to-normal breast tissue ratios of 4.7:1 and 5:1, in goggbquency for normal breast tissue as measured by Jaines

agreement with Joinest al. al. [27] to 1 GHz and by Chaudharst al. [28] to 3 GHz!
_ _ Both groups’ data are in good agreement, apparently because
B. Malignant Tumor Properties both used protocols that preserved the tissue water content and

This paper addresses the issue of detecting malignant ¢grefully segregated malignant from normal tissues.
mors, especially those with little or no microcalcifications. The measured data of Joinetsal. and Chaudhargt al. were
Some benign tumors may also have a high water content drapolated to higher frequencies using the Debye model as
could produce a backscatter response similar to that generddn in Foster and Schwan [34]
by malignant tumors. However, characterizing and analyzing
such benign tumors is an extensive subject by itself and is not jo €5 — €oo
considered in this paper. Here, we focus only on malignant &r(f) = oo = 2 feo T i) (1)
tumor properties.

Foster and Schepps [29], Rogessal. [30], and Pelscet Here, f is the frequency in Hzgo = 8.854 x 107> F/m, and
al. [31] separately measured and o of malignant tumors the parameters, = 10, e, = 7, f, = 2.5 x 10'° Hz, and
and found values above 1 GHz that are almost the same@as 0-15 S/m were chosen to well match the measured data
for normal high-water-content tissues such as muscle. In soRfeJoineset al. and Chaudhargt al. Equation (1) yields the
cases¢, ando for malignant tumors were significantly greatesolid curves shown in Fig. 3 extending to 30 GHz.
than for normal muscle tissues, especially at frequencies belowVe used the empirical relationship between the microwave
1 GHz [30]. dielectric parameters and the moisture content developed by

Swarupet al. [32] studied the onset of the high valuesepf Foster and Schwan to further confirm the Debye fit. For an
ando in malignant tumors by measuring MCAL1 fibrosarcom@Pproximate 10% moisture content, their empirical model is
mouse tumors at 7, 15, and 30 days after inception. N§ follows:
significant variation ofe,, and & was seen with tumor age. J 1T
While the larger tumors exhibited a necrotic interior, they T ’
showed little difference ir,. ands above 0.5 GHz. e —4

Surowiecet al. [33] performed measurements of cm-size o =1.3500.1 " +0.00222f? [W} 3
malignant human breast tumors and adjacent tissues and found
an increase ine,. and o of the normal breast tissue neaHere, f is the frequency in GHz and the parameters, =
malignant tumors. This effect may be caused by infiltratioh05 ande, = 8.5 were chosen from the Foster and Schwan
or vascularization. It could enlarge the microwave scatterifta. Equations (2) and (3) and the selected parameters yielded
cross-section and thereby aid in the confocal microwaveirhe ; gata in Fig. 3 were normalized from 2 as measured to 37C
detection of the tumor. according to the procedure noted in [34].

e, — 4

I+ (77257 @
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100 the average values by no more thaB%. These narrow data
] ranges occurred despite the large 0.5-cm-1.0-cm tissue-sample
dimensions which caused each group’s samples to contain an
Low-water-content fat tissue 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
is bounded in a small fractional range about the median value.
Debye model Accordingly, for the computational electromagnetics models
for normal discussed later, we used4al0% variability range about the
breast tissue . . . . .
mediane,. 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 al. and Chaudhargt al. We note
that specific dielectric values for mammary duct and gland
tissues are not available. For purposes of our modeling, the
g values for the ducts and glands were assumed to be 15% higher
than those of normal breast tissue, that is, somewhat beyond

0'101 T 1 T '1'0 T '100 the upper limit of the measured variability range.

frequency in GHz

] High-water-content
muscle tissue

1/e depth of penetration in cm

E. Skin and Veins

Fig. 4. Depth of penetration as a function of frequency as given by Johnson . . .

and Guy for low-water-content fat tissue and for high-water-content muscle Gabriel et al. found that, for either wet or dry SKIﬁiO <
tissue compared to the depth of penetration for normal breast tissue developed< 40 and1 < ¢ < 10 S/m from 1-10 GHz. While some
from the Debye model of Fig. 3. dielectric property data exist for blood, none were found for

vein walls. For our computational models, we assumed that the

the dashed-double-dotted curves shown in Fig. 3 extendingqiélecmc properties of a vein are the same as those of muscle.
30 GHz.
We note from Fig. 3 generally good agreement between the Breast Geometry
measured data and the Debye model for botlando above  The depth of a typical normal, nonlactating human breast is
0.3 GHz. The empirical model provides a somewhat betten the order of 5 cm [36]-[38]. This suggests that a mildly-
fit for ¢, than does the Debye model but does not track welbmpressed breast would span less than 5 cm between the skin
the measured. However, above 4 GHz, the empirical modesurface and the rib cage. Further, almost 50% of all breast
yields values that are consistent with those developed framors occur in the quadrant near the armpit where the breast
the Debye model. is less than about 2.5-cm deep [39]. Accordingly, we have
These curve-fit procedures allow a reasonably accur@§g@sed our computational models of the confocal microwave
extrapolation of the measured dielectric data for normal breagistem on detecting tumors to depths of about 5 cm with a
tissues up to 10 GHz and a subsequent calculatio, dfie typical depth of 3—4 cm.
1/e (—8.686 dB) depth of penetration. At 6 GHz, the Debye
model yields values of, = 9 ando = 0.4 S/m. These values I1l. M ODELING OF THE EIXED-FOCUS
were used in the nondispersive computational electromagnetics ELLIPTICAL REFLECTOR SYSTEM
models discussed later. Malignant tumors were assumed t

have values ok, = 50 ando = 7 S/m at this frequency, focus confocal microwave system employing a metal elliptical

similar to those of muscle. Fig. 4 grapiisas a function of reflector was computationally modeled in two dimensions
frequency as published by Johnson and Guy [35] for low- P y

water-content fat tissue and for high-water-content mus yg'ng the finite-difference time-domain (FDTD) solution of

tissue. Also plotted i for normal breast tissue developeﬁ\? axwell's equations [40], [41]. _for th_e transverse mz?\gnetlc
case. The reflector was specified with one focal point at a

from the Debye model data of Fig. 3. The Debye data for .
. . . manopole antenna element and one in a breast half-space 3.8
normal breast tissue yields penetration depths that agree we . )
X . : cm below the surface. (In such two-dimensional (2-D) models,
with the values in [35] for low-water-content fat tissue. From

these data, normal breast tissue is seen to exhibit a penetraﬁ" material structures in the computational space, including the

0 o -
depth of 2.5-3 cm at 10 GHz, equivalent to a microwave pa npenna, are assumed to be |nf|n|t_el_y long. Thu§, there is E‘O
ground return for the antenna and it is termed a “monopole.”)

loss of about 3.5 dB/cm.

Fig. 5(a) illustrates the FDTD model of this system. This
) ) model used a uniform grid with square unit cells as fine as
D. Heterogeneity of Normal Breast Tissue 0.2 mm in the highest-resolution simulations. The reflector

Joineset al.[27] noted the standard error on the mean for theas assumed filled with lossless dielectric & 9, o = 0)
aggregate of all their measurements as follow§% for¢,. of matching the nominal breast permittivity, and was located at
normal tissues and7% for ¢, of malignant tissuest:7% for the surface of a half-space of normal breast tisspe=9, o =
o of normal tissues and9% for o of malignant tissues. The 0.4 S/m). No skin layer was modeled. The monopole antenna
results of Chaudhargt al. [28] exhibited a similar spread overwas excited by a 270-ps Gaussian pulse multiplying a 6-GHz

%s the first step in the detailed systems analysis, a fixed-



1474 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 45, NO. 12, DECEMBER 1998

1.0 1 T
ﬁ -=-~ no tumor

0s | ﬂ — tumor at focus |
g
3 06 |
(=N
el
(5]
N
©
E 04 7
<]
o

2.4 26 28 3.0 3.2 3.4
time (ns)

@) (b)

12 T T T T T 20 T T T T

signal-to-clutter ratio (dB)
(o2} [{+]

signal-to-clutter ratio (dB)
o &

o
T
!

0 1 1 1 1 1 0 1 i 1
-2.0 -1.0 0.0 1.0 2.0 0.0 2.0 4.0 6.0 8.0 10.0

tumor position: lateral distance from focus (cm) tumor diameter (mm)
(c) (d)

Fig. 5. (a) 2-D FDTD computational model of the elliptical reflector system showing the heterogeneous breast tissuett@elvgriations) 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 backscattesedfrespon

the 0.5-cm-diameter tumor as a function of the tumor’s lateral distance from the in-breast focus, and (d) S/C ratio for the backscattered response of a
tumor at the in-breast focus as a function of the tumor's size.

sinusoid that passed through zero at the peak of the Gaussiarrandom, peaki:20% jump discontinuities of the normal-

This signal has zero dc content and a Gaussian, doubbeeast-tissue,. and ¢ at the scale of the tumor diameter.

sideband (DSB) suppressed-carrier spectrum symmetric abpptrD modeling was performed for a) no tumor present, to

6 GHz. The full-width spectral bandwidth at half-maximumestablish the background clutter; b) variable location of a

extends from 4 to 8 GHz. A circular tumoe,(= 50, ¢ =7 tymor having a 0.5-cm fixed diameter; and c) variable diameter

S/m) was assumed located at the in-breast focus. of a tumor having a fixed location at the in-breast focal point.
The signal-to-clutter (S/C) ratio was obtained by comparing

A. £10% Random Heterogeneity of the Normal Breast Tiss(iee peak backscattered responses of the heterogeneous breast

To simulate the heterogeneity of the normal breast tiss(¥d€! with and without the presence of the tumor.
as measured by Joines al. [27] and Chaudhargt al. [28], Fig. 5(b) depicts the calculated time waveforms of the
+10% random fluctuations of. and & were assigned to the backscattered power response for this model with and without
breast tissue half-space in a checkerboard pattern. Specificdfhg, 0.5-cm-diameter tumor present at the in-breast focus 3.8
as shown in Fig. 5(a), each square block of grid cells spannigg@ below the surface. Upon forming the ratio of the peak
5x 5 mm was randomly assigned a valuespfand a value of backscattered pulse amplitude with the tumor present to the
o in a+10% range centered about the nominal. This resultpeak backscattered pulse amplitude without the tumor present,
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Fig. 6. (a) 2-D FDTD computational model of the 17-position coherent-addition antenna array showing a 1.0-mm-thick layer of skin, the heterogeneous
breast tissue modet{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 time-shifting and summing the backscattered responses.

the S/C ratio is found to be 12 dB. Fig. 5(c) graphs the The modeling procedure began by simulating an impul-
calculated S/C for the 0.5-cm diameter tumor as a functi@ive excitation of each monopole element, one at a time,
of the tumor’s lateral position from the focus for a constantsing the same 4-GHz bandwidth DSB waveform assumed
depth of 3.8 cm. We infer from this figure that the laterah Section Ill. Next, the backscattered pulse response of the
resolution in locating the tumor in the presence of the clutttwmor observed at that element was calculated and stored.
is about 0.5 cm. Fig. 5(d) graphs the calculated S/C forlast, the 17 individual backscatter waveforms were time-
tumor fixed in position at the in-breast focus as a function shifted to achieve a coherent sum of the tumor’s backscattered
the tumor’s size. We infer from this figure that tumors havingesponse for the desired focal point. We note that varying
diameters as small as 0.2 cm can yield responses that areh2distribution of these time shifts across the array scans the
dB above the background clutter due to the randtd0% focal point. Time shifting and summing are seen to be post-
tissue heterogeneity. processing operations performed on the previously calculated
FDTD backscatter data records.

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

We repeated the above study for an increased heterogen8ity=10% Random Heterogeneity of the Normal Breast Tissue
of the normal breast tissue 6f20% about the nominal, more Fig. 6(b) shows the received power waveform upon coher-
than twice that experimentally observed by Joieésl. [27] ently summing the responses of the 17 monopoles. A S/C ratio
and Chaudharyet al. [28]. This resulted in random, peakin the same 10-dB range previously calculated for the elliptical
+40% jump discontinuities of the normal-breast-tissp@nd reflector is seen. This implies that the clutter suppression of the
o at the scale of the tumor diameter. While the computdiked-focus elliptical reflector can be achieved by a variable-
S/C ratios were reduced by 5-6 dB relative to th@0% focus monopole array implementing time-shifting and coherent
heterogeneity case, the S/C remained greater than 6 dB dadition. In additional modeling work, we studied the effect
tumor diameters of 0.2 cm or larger. Further, the systemd$ the skin conductivity varying over the range 0.5-5 S/m.

lateral resolution was unchanged (about 0.5 cm). The S/C ratio was found to vary only to second order (within
about+1 dB), implying robustness of the time-shifting and
IV. MODELING OF THE coherent-addition process relative to skin conductivity.

COHERENTADDITION ANTENNA ARRAY

The next step in the FDTD simulations involved replacin§: Efféct of a Directly Interposed Vein
the elliptical reflector antenna with a 17-element electronically Fig. 7(a) illustrates the geometry of interposing a 0.2-cm-
scanned monopole array spanning 8 cm, as shown in Fig. 6@ameter vein {. = 50, ¢ = 7 S/m) directly between the
The monopoles were assumed to be spaced at 0.5-cm inter@alscm-diameter tumor and the sensor array at a depth of
along the surface of a 0.1-cm-thick skin layer having= 36 1.5 cm. Fig. 7(b) graphs the received power waveform upon
and ¢ = 4 S/m. A 0.5-cm-diameter circular tumor wascoherently summing over the 17 monopoles. It was found that
assumed to be located 3.0 cm directly below the center of ttenge-gating permits distinguishing the vein response from
monopole array surrounded by normal breast tissue having that of the tumor. The S/C ratio of the tumor response is not
random checkerboard heterogeneity of Fig. 5(a). degraded.
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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-diameteposédinter
between the skin and the tumor and (b) FDTD-computed time-domain waveforms resulting from time-shifting and summing the backscattered responses.
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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 time-domain waveforms resulting from time-shifting and summing the
backscattered responses.

C. Effect of a Directly Interposed Gland Cluster +10% random heterogeneity in the checkerboard pattern, this

Fig. 8(a) illustrates the geometry of interposing a clusté?tum, was rejected upon coherent addition in favor of the
of mammary glands and ducts directly between the 0.5-cffMor's signature. L
. . Fig. 9(a)—(d) provide a vivid indication of the clutter-
diameter tumor and the sensor array. Here, a simulated gland . . o
. _ . suppression action of the coherent-addition process. Here are
cluster was modeled in the FDTD grid by positioning a grou

. : . own four samples of the FDTD-computed raw backscattered
of small ellipses having 15% highet. and o than normal

. X i data (before time-shifting and summing) that were used to
breast tissue. Fig. 8(b) graphs the received power Wavefoggnerate the composite power waveform of Fig. 8(b). We see

upon coherently summing over the 17 monopoles. In the tifgyt no single backscattered waveform gives an indication of
period after 1.0 ns, the FDTD-calculated S/C ratio is seen to & embedded tumor response. However, simple time-shifting
unaltered from the 10-dB level obtained before, with no glanst the waveforms according to the nominal propagation delay
cluster present. Apparently, the modeled gland cluster gesetween each monopole position and the desired focal point
erated a backscattered return that propagated incoherentlynt@an assumed uncluttered tissue medium suffices to extract
the multiple observation locations. Similar to the backgrourttie tumor response upon arithmetic summation.
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monopole at position #10
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normalized power

1e-04 |

0e+00 0e+00

unnormalized field

=== no tumor

==~ no tumor

tumor tumor time (ns)
Ae04 | e a1 T,V SN
15 20 1 15 20 Fig. 10. FDTD-computed time-domain waveforms resulting from
fime (ns) time (ns) 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,
Fig. 9. FDTD-computed raw data for 4 sample monopole positions tiie heterogeneous normal breast tissue is modeled with a Debye dielectric
Fig. 8(a) showing the cluttered backscattered responses before time-shiftiigpersion given by (1).
and summing.

2) For the realistic Debye parameters modeled, the suppres-

D. Effect of the Normal Breast Tissue Having sion of the upper sideband (6—8 GHz) of the microwave
Debye Dielectric Dispersion signal relative to the lower sideband (4—6 GHz) was
In this simulation, the heterogeneous normal breast tissue limited to less than 8 dB over the 6-cm round-trip
was assumed to have a Debye dispersior,ofiven by (1) path from antenna to tumor to antenna. Sufficient phase
(graphed in Fig. 3). As discussed in Section Il this dispersion ~ coherency of the received backscattered waveform re-
reasonably fits the experimental data of Joimgsal. [27] mained after this weak upper-sideband suppression to
and Chaudhanet al. [28]. Using the auxiliary differential permit the process of time-shifting and summing the

equation method [42], the FDTD model incorporated the ~ Monopole responses to remain effective.

Debye dispersion separately in each of the 0.5 x5 An implication of this result is that the family of noncarrier-
cm checkerboard breast-tissue squares shown in Fig. 6gsed illuminating signals having asymmetrical spectra may
Each breast-tissue square was programmed with a unigqug be as robust relative to the breast-tissue dispersion as
and randomly selected perturbation (up#£d0%) about the the simple, symmetrical DSB signal when applying the time-
nominal e, e~,, ando. All electric field components within shift and coherent sum strategy for a multiple-element antenna
the given square were updated using the Debye parametérsay.

€s, €00, ande, that had been randomly assigned to that square,

and each Debye parameter for the square was perturbed by the V. SUMMARY AND CONCLUSIONS

same percentage relative to the nominal. In this paper, we reported 2-D FDTD modeling of a novel

Fig. 10 graphs the received power waveform upon coh&fyiseq confocal microwave system for detecting breast cancer.
ently summing over the 17 monopoles. There is seen 10 pRa system exploits breast-tissue physical properties unique
no degradation of the S/C ratio relative to the corresponding e ‘microwave spectrum, namely, the translucent nature of
nondispersive modeling results of Fig. 6(b). This is a key resyt, ma) preast tissues (without lesions) and the high dielectric
that has favorable implications for our proposed pulsed conigsnirast between malignant tumors and the surrounding normal
cal microwave technology. We believe that the maintenanceigt st tissues. The confocal approach and time-gating permits
the S/C ratio in the presence of a realistic Debye breast-tisgithancement of the backscatter detection of malignant tumors
dispersion can be explained by the following. while suppressing clutter due to the heterogeneity of the

1) The dispersion caused less path loss below the 6-Gklzrrounding tissue. Using published data for the dielectric

carrier frequency of the microwave signal than wagroperties of normal and malignant breast tissues, our sim-
experienced for the nondispersive case of Fig. 6(b). Falations showed that malignant tumors as small as 2 mm in
the assumed symmetric DSB spectrum of the illuminatiiameter can be detected in the presence of the background
ing signal, the total power reaching the tumor for thelutter generated by the heterogeneity. The lateral spatial
dispersive case was apparently about the same as for theolution of the tumor location was found to be about 0.5 cm.
nondispersive case, but concentrated more in the loweurther, the process of time-shifting and coherent summing of
sideband (4—6 GHz). the individual backscatter responses of the elements of the
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sensor array, which is fundamental to achieve variable foclas] R. W. Cribbs, “New concepts for the location of underground plastic
in our technology, is shown to be robust relative to: 1) the
skin conductivity; 2) the heterogeneity of the healthy-breasr;
tissuee, and o for random fluctuations up tec20% about

the mean (more than twice the published values); and c) tﬂ%
Debye dielectric dispersion of the normal breast tissue.

Our initial 3-D FDTD modeling work has analyzed a
miniature resistively loaded bow-tie antenna element [43]. W
are conducting an ongoing 3-D modeling program to better
understand such key system features as wideband bandmm;s\]. F. Aurand, “Ultra-wideband transient backscatter measurements

antenna-array design, tumor backscatter dynamic range, effects

of tissue clutter and dispersion, and the development of tumegg)
location and imaging algorithms. Results from these activities

will

be reported in later papers. Overall, our 3-D simulation

natural gas pipes,” Gas Research Institute, Chicago, IL, Final Report,
Contract 5094-260-2894, Dec. 1995.

T. P. Montoya and G. S. Smith, “Mine detection using vee dipoles in
a short-pulse ground penetrating radar,’Piroc. North American Radio
Science MeetingVlontreal, Canada, July 1997, paper A58.1.

H. Brunzell, “Inpulse radar for detection and classification of buried
land mines,” inProc. North American Radio Science MeetiMpntreal,
Canada, July 1997, paper A58.2.

F. C. Chen and W. C. Chew, “Ultra-wideband imaging radar,Pimc.
North American Radio Science Meetirigpntreal, Canada, July 1997,
paper A58.6.

through concrete walls,” inProc. North American Radio Science
Meeting,Montreal, Canada, July 1997, paper A58.7.

G. S. Wallinga, E. J. Rothwell, K. M. Chen, and D. P. Nyquist,
“Application of cepstral analysis to radar target discrimination,Pioc.
North American Radio Science Meetirigpntreal, Canada, July 1997,
paper A58.8.

results have been encouraging, and we believe that the pulgagd w. T. Clark, R. L. Hutchings, J. S. Schoenberg, and J. S. Tyo,
confocal microwave tumor-detection technology has good
promise for eventual transition to preclinical trials.
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