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Pulsed Mrcrowave Confocal System for

Breast Cancer Detectron

Desr gn of an Antenna-—Array Element
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Abstract— We are investigating a new ultrawide-band (UWB)
microwave radar technology to detect and image early-stage
malignant breast tumors that are often invisible to X rays.

single resistively loaded bowtie antenna element of a proposed

the antenna element within a homogeneous, layered half-space

response characteristics of generic tumeor shapes. We conclude
that the dynamlc range of a sensor array compnsed of such

X-ray mammography.

Index Terms— Antenna array, cancer, FDTD methods.

1. INTRODUCTION

assessing dense glandular tissue and regions located close to
the chest wall or underarm and 2) imaging very early-stage
tumors that do not yet exhibit microcalcifications. Another

concern is the high rate of false positives in screening mam-

mograms [3], [4]. These statistics indicate a critical need for
- complementary modalities with high sensitivity and specificity
for early detection through low-cost screening. Ultrasound and

contrast-enhanced MRI are effective in the diagnostic evalu-__
ation of mammographrcally detected breast lesions. However
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In this paper, we present the methodology and initial results
of three-dimensional (3-D) finite-difference tlme-domam (FDTD)

simulations. The discussion concentrates on the design of a cardinal feature of this technology

" microwave backscatter response from tissues based on their
confocal sensor array. We present the reflection, radiation, and

scattering properties of the electromagnetic pulse radiated by

model of the human breast and the polarization and frequency-

elements in conjunction with existing microwave equipment is
adequate to detect small cancerous tumors usually mlssed by '

~ Furthermore,

~ radiation,
compression. The radio-frequency exposure is well within

- the safety limits set by ANSIVIEEE [9]. The safety, comfort,
~ ease-of-use, and low- cost features of the new approach
should permit frequent screening of the general pUbllC and

potentrally lmportant strategy for reducmg breast cancer

mortality is the detection of early-stage tumors [1]. X-ray
mammography is currently the most effective screening modal-
ity for detecting clinically occult breast cancers. However,
approximately 10-30% of breast cancers are missed by mam-
mography [2], [3]. The significant number of false negatives

may be attributed to the limitations of mammography in: 1) .

these modalrtles are either not sensrt1ve/spec1ﬁc enough or are
too costly for mass screemng purposes [5]-[8]. '

- We are investigating an ultrawide- band (U WB) microwave

radar technology to detect early -stage breast cancer. The
1s the differential

water content, a tissue- radratlon interaction mechanism that is
distinct from density-based attenuation of X rays. According

to the literature, the differing water content of normal and
‘malignant breast tissues results in an order-of-magnitude
~ dielectric-property contrast at microwave frequencies. The

system under consrderatlon has the potential to detect very
small noncalcrﬁed cancers, including those in radlographlcally '
dense breasts and in regions near the chest wall or underarm.
this approach avoids exposure (o 10nizing
is ‘noninvasive, and does not requlre breast

regular monitoring of patients with detected abnormalities.
Augmenting X-ray mammography in this manner could help

to reduce the number of false negatives and false positives.

The new modallty is based on the prmcrple of the confocal
optical microscope [10] an instrument that selectively 1 1mages

'small particles in a translucent medium having multiple scat-
tering sources. It reduces the problem of background clutter
by prov1d1ng spaual selectivity of both the illuminating and

backscattered waves. Our UWB pulsed adaptation achieves

- a rangc—gated microwave focus at potential tumor locations
~ through the use of an electromcally scanned antenna array of
N elements. Here, an ultrawide-band antenna element located

at a partlcular position on the surface of the breast is excited

and the backscattered waveform 1s collected, digitized, and
Manuscnpt received July 29, 1998; revrsed December 2, 1998. This work

stored w1thm the computer Via electronic switching, this is
repeated in sequence for the other elements in the array. As
a postprocessing step, the set of NV backscattered waveforms
are then variably time-shifted to achieve coherent addition for

a desired virtual focal point within the breast in a manner

analogous to the srgnal processing performed for geophysical
seismic prospecting [11]. Backscatter from the in-breast focal

- point adds coherently in this process, while returns from off-

focus scatterers add 1ncoherently and are thereby suppressed.
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- The position of thc focal point is scanned throughout the breast
by adjusting the assumed d1str1butlon of tlme shIfts of the
stored backscatter waveforms. '

The spatial selectIvrty of the pulsed confocal microwave

" technology addresses a central problem in applyIng electrical

or microwave techniques to tumor detection: the heteroge-
Published microwave backscat-
ter methods [12], [13] that illuminate the breast with large '
unfocused beams suffer because returns from a tumor can

neous nature of the breast.

be masked by clutter from adjacent breast regions. Matrix
schemes using mIcrowave or Impcdance measurements [14],

- [15] suffer because errors in the data can be amplified by

the matrix-inversion process. Alternative matrix schemes are

‘under development for microwave imaging of objects embed-
~ded in lossy media [16]. Our -approach has no relation to
matrix schemes or techniques involving passive thermography
or active tomography [17]. Three wide- -ranging U.S. patents for
our technology were awarded reccntly [18] [20] addItIonal

U.S. patents are pending.

Previously, we reported extcnswe two-dlmenSIonal (2 D) |
 size malignant human breast tumors and adjacent tissues and
found an increase in ¢, and o of the normal breast tissue near

finite-difference time-domain (FDTD) simulations of the op-

eration of the pulsed confocal technology [21]-[24]. In this
paper, we present the methodology and results from three-
~dimensional (3-D) FDTD modeling of key system aspects
relating to the UWB antenna-element chIgn thc propagation
and scattering of the clectromagnctlc Impulse radiated by
this element within a simple model of the breast, and the
~erties of breast tissues with tumors. Howevcr their data are not
in agreement with the work cited above. Such discrepancies

polarization and spectral characteristics of the backscatter

response of generic tumor shapes The results reportcd here
and in [21]-[24] indicate that a system realized with existing
microwave equipment has sufficient sensitivity and dynamic
range to detect small tumors less than 5 mm in dIameter .
'  test chamber.

located within 5 cm of the skIn surface

II. SUMMARY OF BREAST TISSUE DIELECTRIC PROPERTIES

Breast-tissue dIfferentIatlon us1ng the pulsed mIcrowave'
confocal approach is based upon two fundamental physical

properties.

1) The high- water contcnt of mahgnant tumors causes them

to have s1gn1ﬁcantly larger microwave scattcrlng Cross

- sections than normal fatty breast tissues that have low-
water content. The vascularlzatlon of mahgnant tumors ’

-further increases the scattermg Cross section.

2) Microwave attenuation in normal breast tIssue is low .

enough (less than 4 dB/cm up to 10 GHz) to permit con-
structive addition of wide-bandwidth backscattered re-
turns usmg broad apcrture confocal-Imagmg tcchanues

Spec1ﬁcally, Gabrlel et al [25]-[27] reported that the rel-

ative dielectric permittivity, €, and conductIVIty, o, of hIgh-
watcr-contcnt tissues such as muscle are about an order of

" magnitude greater than those found for low-water-content
tissues such as fat. This contrast pers1sts throughout the entire
RF spectrum up through millimeter waves. Foster and Schepps

[28], Rogers et al. [29], and Peloso etal [30] reported that the
dielectric properties of malignant tumors are almost the same
as those found for normal hIgh water-contcnt tIssues such as

muscle.

€ = 9and o

'G.r' =

Jomes et al [31] and Chaudhary et al [32] performed a

'- large number of measurements up to 3 GHz of both normal
and mallgnant human breast tissues. They found that the
~ dielectric properties of normal brcast tissues are similar

to (but somewhat greater than) fat, whlle the properties of
malignant breast tumors are similar to muscle. According to

‘their measured data, the dielectric properties of normal breast

tIssuc propertIes vary In an approxrmate +10% range about
= 0.4 S/m, whereas for malignant tumors,
50 and ¢ = 7 S/m. Extrapolation of these values
to higher frequencies using either the Debye model or an

cmpIrIcal model [33] shows that normal breast tissue cthbIts
| path losses of less than 4 dB/cm up to 10 GHz.

Swarup et al. [35] studIed the onset of the high values of e,,;

and ¢ in malrgnant tumors by measuring MCA1 ﬁbrosarcoma |
" mouse tumors at 7, 15, and 30 days after inception. No

significant VarIatIon of e,. and o was seen with tumor age.

‘While the larger tumors ethbIted a necrotic InterIor thcy "

showed little difference in ¢, and o above 0. 5 GHz. _
Surow1ec etal. [36] performed measurcments of ccntrmcter-

mahgnant tumors. This effect may be caused by infiltration

or vascularIzatlon It could enlarge the microwave scattering

cross section and thercby aId in the confocal mIcrowave.
detection of the tumor. - .
Campbcll and Land [34] also measurcd the dielectric prop- '

most likely are due to their experimental protocol which: 1) did
not consider possible vascularization surrounding the tumors
and 2) introduced air gaps in thc very small dIelectrlc-sample

Some benign tumors may also have a high-—watcr content and

“could produce a backscatter response similar to that generated
by malignant tumors. However, at present, there exists little
reliable data regarding the dielectric properties of benIgn
~ tumors. Characterlzmg and analyzrng such benign tumors is

an extensive subject by itself and will be considered in future

‘papers. Here, we focus only on thc dIelcctrlc propcrtIcs of
mall gnant tumors ' " '

 III. ULTRALOW REVERBERATION ANTENNA
'DESIGN FOR BIOLOGICAL SENSING

VIdeo pulsc radars operated at the aIr—earth 1nterfacc have
been used to detect buried structures such as pipes, cables,
and mines [37] Versions of these radars were proposed as
means to detect and poss1bly 1mage internal blologrcal tissues

- [38]. However, a problem arises in that small or weakly-

‘scattering tissue structures adjacent to an impulsively excited
antenna can be obscured by the reﬂectrons from the ends of

the antenna. (Early-—tlme reflection due to impedance mismatch
between the source cable and the antenna is assumed to be
fully dccayed bcforc the end reflections.) For the case of
.frec-spacc radiation of ultraW1dc-band video pulses, resistively
‘loaded conical, and bowtie antennas have been reported [39],

[40] having end reflections 40-50 dB below the exciting pulse.
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SIS OF PULSED MICROWAVE CONFOCAL SYSTEM - - o

TS ST-T-sossss-s---s----s-----------------a is located at the surface of the breast. The breast model is
(y=0) e comprised of a 1-mm-thick layer of skin (¢, = 36 and o = 4.0
~ S/m)! and a half-space of normal breast tissue (¢, = 9 and
‘0 = 0.4 S/m). The antenna is comprised of a material that has
the following conductivity:

1 —z/h
1+ (00/01/2=2)-(2/h)
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where z/h is the normalized axial distance along the bowtie,
0¢ is determined by the choice of the metal used at the
feed point and o7/, is chosen to give the desired level of
suppression of the reflected pulse. As noted in [41], this taper
is a modification of that used in [40]. Here, o is a function of
the axial distance z from the center of the bowtie, rather than
a function of the radial distance. Also, d(z = 0) = o In our
design so that the conductivity at the center of the bowtie is

- large but finite. At the ends of the bowtie antenna (z = Lh),
- the conductivity goes to zero. The antenna i1s embedded within
~ a large block of lossy dielectric material that matches the
dielectric parameters of normal breast tissue. '
The excitation to the antenna is of the form
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~ where f = 6 GHz, 7 = 0.133 ns, and to = 47. This
ulse has a temporal width of 0.22 ns (full width at half
maximum-— ), an amplitude spectral width of 4 GHz
__ _ B A - ), and zero dc content. Although very wide-band, this

lossy dielectric
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The FDTD grid is terminated with a perfectly matched layer
. . ®»  absorbing boundary condition [46].
"Fig. 1. Geometry of the bowtie ante_nna backed with a lossy dielectric slab, aphs the FDTD-computed exciting pulse as
]S(;c,ste&f:]:nheeszuf_faieoogﬁb;e;zi;s;l;:agalﬁsgf: c E:kf groza?:iobz :; /i)(: ol?se ed at the feed point. The magnetic field recorded in
(a) plan view and (b) side view. S this SImulatlon CIrcul--- tes about the z-directed voltage source
o ~ and 1s, therefore, proportional to the induced current.
s reflection level is too high - Fig. 2(b) graphs the FDTD computed-end reflections as
' -~ observed at the feed point of the all-metal bowtie antenna.
e design of a wide-band bo e end reflection is seen to be —63 dB relative to the
iological sensing [41]. exciting pulse. Evidently, the lossy nature of the skin provides
' eling [42], [43]in 2 substantial amount of suppression of the end reflections.
the manner of [39], [40], and [44]. In fact, the design - For ex mple in our previously reported work, which did not
based upon a modification of the continuous resistive loading “include the skin layer, the reflection from the ends of the
examined in [39], [40] in combination with the use of a zero dc  all-metal antenna was seen to be —40 dB [41]
Gaussian-pulse modulated carrier excitation and the location Flg 2(C) graphs the FDTD computed-end reflections as
of the antenna at the interface of the biological tissue half- observ ed at the feed point of th __ resistively loaded bowtie
space. Here, we present the design of the antenna for use as antenna for which og = 9. 27 x 10° S/m (the conductivity of a
an element in the pulsed microwave confocal array. ~ fypical metal) 2 d 01/2 = 1.0 S/m (a sheet resistance of 1000
'Fig. 1 shows the antenna Conﬁguaﬂon A bowtie antenna 1Gabriel et al. - [25]-[27] found that, for either wet or dry skin, 30 < €,
with a flare ]ength of h = 4 C and a f -areangle of 53° 40 and1 < o <10 S/m from 1-10 GHz.

As demonstrated 1n Section 1V, tl
for detecting tumors in the
We recently repo

antenna suitable for near-
design procedure involved 3-D

tie
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- Fig. 2. Time-domain fields observed at the feed point of the bowtie antenna
- shown in Fig. 1. (a) Excmng pulse. (b) Pulse reflected from the ends of the
‘all-metal antenna (c) Pulse reﬂected from the ends of the res1st1vely loaded .

' antenna
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o Fig. 3. Time-domain fields observed at a depth of 1.0 cm in the breast tissue

half-space. The ﬁelds radiated by the resistively loaded bowtie antenna (solid |

- line) are reduced in amplttude by 1 dB relative to the all-metal bowtie antenna
- -(dotted lme) | - - o - ' '

- available with the all-metal version of the antenna in Fig. 1.

- Further, the resistive loading causes little loss of radiating

- efficiency for the electric ﬁelds ‘penetrating the tissue half-

~ space. Fig. 3 graphs the FDTD computed z-directed electric

- fields at a depth of 1 cm below the feed point. The pulse

~ radiated by the resistively loaded antenna into the breast is

reduced by only 1.0 dB relative to the all-metal antenna.

~ As shown in Section IV, this ultralow reverberation antenna

- perm1ts the sensing of tumors less than 5 mm n dlameter at
o depths as great as 5.0 cm ' '

IV DYNAMIC RANGE

The prmc1pal performance specrﬁcatlon 1S the system dy-

~ namic range; that is, the ratio of the peak pulse power of the

- source to the system noise floor due to reverberations and

- thermal noise. The dynamic range should be large enough
to pern*ut detection of a tumor of specrﬁed size and depth.

~ We note that the backscatter collected by a

~ element is augmented by the processing gain of the N-position

: synthetrc -aperture array, which yields an improvement in the

- signal-to-noise ratio of 10log N dB. Assuming 10 < N <
100, the processing gain would range between 10-20 dB.

s1ngle antenna

Usmg the resistively loaded bowtie antenna, we have per-

formed benchmark simulations to estimate the dynamlc range
requirements of the microwave system. ‘The 3-D FDTD model
- used for this study is s1mllar to that shown in Fig. 1, except that

here a spherical mali gnant tumor is embedded W1thm the breast

~ tissue half-space The depth of a typical normal, nonlactatmg -
"~ human breast is on the order of 5 cm [47]- [49] This suggests
_ that a flattened breast of a patient in supine position 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 underarm where the breast is less than about 2.5 cm

L deep (50]. Accordlngly, we have based our computational

(2, assuming an antenna thtckness of 1 mm) The resrstlve -
loading together with the lossy nature of the blologtcal tissue
‘and the bandpass nature of the excitation drops the antenna
reverberation to —125 dB relative to the excrtmg pulse. In
comparison to Fig. 2(b), the resistive loadmg 1s seen to provide
an additional 60 + dB of dynatmc range beyond that which 1s

models of the confocal mtcrowave system on detecting tumors
to depths of up to 5 cm with a typlcal depth of 34 cm.
~ To determine the dynamic range required to detect a tumor

of a speC1ﬁc dlameter and depth, the peak-to—-peak amplltude of
‘the backscattered response of the tumor is compared with the

peak-to-peak amplltude of the exc1t1ng pulse Flg 4 graphs the
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Fig. 4. Trme domam fields observed at the feed pomt of the bowtre antenna -
‘A 0.5-cm-diameter spherical tumor is located in the breast tissue half-space
at a depth of 4.0 cm directly below the feedpomt (a) Excrtlng pulse (b)

Backscattered response of tumor

' FDTD computed magnetrc ﬁeld crrculatmg the feed pomt for .
the case of a 5.28-mm-diameter tumor located at a depth of
4.0 cm drrectly below the feed point. The backscatter from

the tumor [Fig. 4(b)] observed in the 1.0-ns time wmdow

immediately following the excitation [Frg 4(a)] is seen to be
—92 dB relative to the exciting pulse This simulation was
performed for tumor diameters of 5.28, 3.52, and 1.76 mm at
The backscatter response levels
- are tabulated in Table I and graphed in Fig. 5. As seen from
“the slope of the curves in Fig. 5(b), the peak power in the
‘backscatter return drops approxrmately 9 dB per cm mcrease

depths of 3.0, 4.0, and 5.0 cm.

_1n the depth of the tumor.

~ The backscatter response for the ¢ worst case’ ’ tumor sttIdied e
“here (diameter of 1.76 mm, depth of 5.( 0 cm) is seen to

be —115 dB relative to the source power. We note that the
—125-dB reverberatlon due to reflections from the ends of
the resistively loaded bowtie antenna (reported in Section m)

1s sufficiently low enough to permit backscattered returns

from this tumor to be sensed Furthermore we have ob-

- TABLE 1 _
NORMALIZED BACKSCA’I‘I’ER DATA AS A
FUNCTION OF THE TUMOR DIAMETER AND DEPTH

tumor depth ' tumordrameter tumor response '
30cm | - 83 dB

‘ | 88dB

%648

1 o2dB

.  97dB

| -106 dB
101dB
-106 dB

. -115dB

40cm | 5.

5.0 cm o

co-polarized response (dB)

10 2 0 30 40 50 60
| tumor dtameter (mm) N

| (a) |

* co-polarized response (dB)

~ tumordepth (cm)
(b) -

F1 g. 5. Normahzed backscatter data plotted as (a) a functron of tumor

diameter (constant depth) and (b) a functron of tumor depth (constant
_dlameter) B

served a dynamic range in the order of 120 dB for the

 Hewlett-Packard HP8720D vector network analyzer when -'
- properly configured and programmed with processing times
adequate for prechmcal testing. This can be improved to
135 dB with mrnor modrﬁcatrons Thus grven the drscussron |

above our optrmrzed resrstrvely loaded bowtre antenna in
combrnatron with commercial vector network analyzers yield

more than adequate dynamrc range for our tumor—detectron
system B ' '
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Fig. 6. Geometry of the perpendicular bowtie antenna elements forming a
Maltese cross. Examples of ax1ally symmetric and axially asymmetrlc tumors |

are 1illustrated.

V. CROSS-POLARIZED ANTENNA ELEMENTS

- By exciting one antenna of a pair of perpendicular antenna
elements forming a Maltese cross and receiving on the other

antenna, the cross-polarized backscattered return from a tumor
can be obtained. Fig. 6 shows thrs antenna conﬁguratron The

cross-polarized backscatter of an axially symmetric tumor such

as the spherical tumor posmoned drrectly below the antenna
- feed point, labeled as an “on-axis” tumor in Fig. 6, is exactly
zero. However, when the antenna pair 1s posrtloned such that

the tumor is off the central perpendicular axis of the two

antennas, as is the case of the “off-axis” tumor shown in
Fig. 6, there is a nonzero cross-polarized component of the
tumor backscatter. The cross-polarized component is nonzero
for any axially asymmetrrc tumor. A second example of an
axrally asymmetric tumor is a cyhndncal tumor located on the '

'y axis, oriented at 45° with respect to the x and z axes.
One of the key advantages of using the Maltese cross
conﬁguratlon is that tumors adjacent to the planar chest wall
“can be detected. We illustrate this feature by repeating the 3-D
simulation with a chest wall present in the model. The chest

wall is modeled as a planar half-space beginning at a depth of

4.0 cm below the skrn surface. The dielectric parameters for
the chest wall are assumed to be those of muscle (6, = 50
and o = 7 S/m). A 6. 4—mm-long 3.2-mm- dlameter cylmdrlcal

tumor is located within the breast tissue model at a depth of

3.72 below the feed point along the y axis, orrcnted at 45°

with respect to the crossed antennas. The distance between

the tumor and the plane of the chest wall is only 0.8 mm.
"Fig. 7 shows the .

' . wrth the followmg t1me dependence

V(t) =

where 7 = 0 07 ns, and t; = 47- Thrs pulse has a temporal
WHM), an amplrtude spectral width of
5.2 GHz (FWHM), and zero dc content. We chose a different

pulse shape here to verrfy that our proposed detcctlon system :

width of 0 19 ns (F\

OFF-AXIS T:UMOR )'

‘DTD-computed co- and cross-polarized
wavetorms for this model. The pulse excited by the transmit-
ting antenna [shown in Frg 7(a)] 1S a drfferentlated Gaussran

Vo(t — to) - m)/ﬂ v 3 -
h _ 7 ity of drstlngUIShlng between benign and malignant tumors
(regardless of the dielectric properties of benign tumors) by

exploiting the morphology-dependent spectral and polariza-

| o
_ g :
2 5
3 a
i o
@ o,
2 a2
o 5
QO o
00 02 04 06 |
- - time (ns)
. Q
: ¢
0 ]
2 S
- N
O 0
o D
'§ | — tumornearchestwall| | = tumor near chest wall | -
| - == NO tumor - | | T no tumor ®
®Tos 10 12 08 10 1z
~ time (ns) -~ time(ns)
© @

Fig. 7. 'Time-domam fields observed near the feedpoint of a perpendicu-
larly bisecting pair of antennas located at the skin surface. A 6.4-mm-long

- 3.2-mm-diameter cylindrical tumor is located within the breast tissue at a

~ depth of 3.72 cm below the feedpomt oriented at 45° with respect to the
crossed antennas. A planar chest wall is located at a depth of 40 cm. (a)
Early-time copolarized response shows the exciting pulse. (b) Early-time
- cross-polarized response shows complete rejection of crosstalk. (c) Later-time
- copolarized response shows that the backscatter from the chest wall dominates.
(d) Later-time cross-polarized response shows a rejection of the chest wall -
| backscatter and a clear observation of the tumor backscatter ' ' '

is robust relative to the precise shape of the exciting pulse.
Fig. 7(b) graphs the cross-polarized response observed during
- the same time window, showing that the cross—polarlzed re-
ceiving antenna rEJects crosstalk from the transmitting antenna.
The dotted-line curves shown 1n Fig. 7(c) and (d) are obtained
from a srmulatlon of a tumor-free breast with the chest wall
included. The simulation is repeated for the model with the

tumor present; those results are graphed as solid lines. As

‘shown in Fig. 7(c), the tumor near the chest wall cannot
‘be detected by observing the copolanzcd fields since the
backscatter from the chest wall dominates the copolarized
- response. However as illustrated in Fig. 7(d), cross-polarized

-sensing rejects unwanted backscatter from the chest wall,
permitting the detectlon of the tumor adjacent to the chest

wall

VI SPECTRAL CONTENT oF TI-IE BACKSCATTER RESPONSE -

Malrgnant tumors are typlcally asymmetrlcal and sp1culated .

- while most benign masses are well-circumscribed and compact '

[51]. Our 3-D FDTD simulations have indicated the possibil-

tion characteristics of their microwave backscatter response.
Fr g 8 graphs the FDTD-computed backscatter spectral char-
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Frg 8. Backscatter spectra for the crossed*drpole antenna system (a) Copo-
larized response. (b) Cross-polanzed response. All power levels have been

‘normalized with respect to the incident spectrum and are shown relatwe to

the copolanzed response of the chest well at 6 GHz -

acteristics of three tumor shapes: a 0.5-cm-diameter off-axis
- spherical tumor (solld line); an asymmetncally oriented on-

- axis cylrndncal tumor with a diameter of 0.32 cm and a length
of 0.64 cm (#1, dotted lrne) and a second cylrndrrcal tumor

[the 0-dB point in Fig. 8(a)].

In Fig. 8(a), the copolarrzed backscatter response of each -
tumor is seen to be well below the response of the chest
wall further rllustratln g the need to observe the cross-polarized
return (for which the backscatter from the idealized ‘planar
chest wall 1S nonexrstent) The spectral characterrstrc of the
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spherical tumor is markedly different from that of a planar

~ or less- -compact scatterer. Specifically, the spherical tumor

can be distinguished from the cylindrical tumors by a deep

o null in its backscatter spectrum. As shown in Fig. 8(b), the
~cross-polarized response of each tumor retains the spectral

characteristics of the copolarrzed response For each tumor,

~ the overall cross- polarized return 1s, on average, 10 dB below
o that of the copolarlzed return ' '

_ VII SUMMARY AND CONCLUSIONS _
Th1s paper presented the methodology and 1n1t1al results of

3-D FDTD simulations of a resrstrvely loaded bowtie antenna_
planned for use as an element of an UWB microwave sensor

~ array to detect and image early _stage malignant breast tumors.
-~ Key aspects relatmg to the antenna-element design were
 discussed. These included: 1) optrmrzrng the resistive loading

for minimum end reﬂectrons 2) evaluatmg the copolarized

- backscattermg of the electromagnctrc pulse radiated by this el-

ement by idealized spherrcal tumors of various sizes at several

- depths wrthrn the homogeneous breast; and 3) evaluatlng the

- polarrzatron and frequency-response characterlstrcs of generic
- tumor shapes. ' - '

The 3-D FDTD srmulatlons show that the UWB end reﬂec—

B H tions for the bowtie element can be reduced to —125 dB with
- the proper resistive loading. Fortunately, this optimal loading
~ reduces the desired radiation by only about 1 dB. For this opti-

mized element the copolarized backscatter responses of spher-

ical tumors of diameters 1.7-5.3 mm embedded within the
breast at depths of 3-5 cm are in the range of — 80 to —115dB.

For a perpendlcular pair of antenna elements, the CIOSS-

~ polarized backscatter responses for various generic tumor
~ shapes are about 10 dB below the correspondmg copolarrzed
- Tesponses. o '

 From these srmulatrons we conclude that the radiating

_ bandwrdth and backscatter dynamrc range characteristics of an

optlmrzed resrstrvely loaded bowtie antenna (and its associated

_ Maltese cross) are sufficient to permit the detection of many
early -stage malr gnant breast tumors when used in conjunction
- with existing commercial mrcrowavc instruments. In fact,
- we have recently constructed a laboratory prototype sensor
~ element that uses the Maltese-cross antenna in conjunction
with a simple breast phantom Measured data obtained with
this system are consistent with our 'simulation results A
| descrrptron of ‘these experlrnents 18 beyond the scope of

this paper and may be provided in a subsequent paper. We
with a drameter of 0.08 cm ‘and a length of 0.72 cm (#2,

‘dashed line). In each of the three srmulatrons the tumor 1S
‘located at a distance of 3 cm from the antenna feed point. For
reference, the spectral content of the chest wall backscatter 1S
also graphed (dot-dashed line). All response levels are plotted
relative to the copolarized response of the chest wall at 6 GHZ .

are currently conductrng large—scale FDTD simulations of

an array of Maltese-cross elements in the context of more

realistic anatomlcally based models of the breast. Using these
srmulatrons as a desrgn tool, we are constructrng a Sensor

-;system for preclrmcal experrmentatron
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