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Abstract

We present a comprehensive study of a class of multi-band miniaturized patch antennas designed
for use in a 3D enclosed sensor array for microwave breast imaging. Miniaturization and multi-
band operation are achieved by loading the antenna with non-radiating slots at strategic locations
along the patch. This results in symmetric radiation patterns and similar radiation characteristics at
all frequencies of operation. Prototypes were fabricated and tested in a biocompatible immersion
medium. Excellent agreement was obtained between simulations and measurements. The trade-off
between miniaturization and radiation efficiency within this class of patch antennas is explored via
a numerical analysis of the effects of the location and number of slots, as well as the thickness and
permittivity of the dielectric substrate, on the resonant frequencies and gain. Additionally, we
compare 3D quantitative microwave breast imaging performance achieved with two different
enclosed arrays of slot-loaded miniaturized patch antennas. Simulated array measurements were
obtained for a 3D anatomically realistic numerical breast phantom. The reconstructed breast
images generated from miniaturized patch array data suggest that, for the realistic noise power
levels assumed in this study, the variations in gain observed across this class of multi-band patch
antennas do not significantly impact the overall image quality. We conclude that these
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miniaturized antennas are promising candidates as compact array elements for shielded, multi-
frequency microwave breast imaging systems.

Index Terms

microstrip antennas; miniaturized antennas; multi-band antennas; slot-loading; microwave breast

imaging

[. Introduction

The imaging of breast tissue dielectric properties at microwave frequencies has been
identified as a promising technology for improving breast cancer screening and diagnosis
[1]. An array of antennas transmits low-power microwave signals into the breast. The
measured scattered signals are used to reconstruct the spatial distribution of the dielectric
properties throughout the breast volume via a solution of the inverse scattering problem.
Recent research (e.g., [2]-[11]) points to the utility of microwave tomographic imaging as a
low-cost, non-ionizing, and quantitative 3D imaging modality. It is a promising technology
not only for early detection of breast cancer, but also for monitoring changes in breast tissue
in response to prevention and treatment protocols (e.g., [11]) and for evaluating breast
density for individualized risk assessment (e.g., [10]).

In this paper, we investigate performance characteristics of a class of slot-loaded patch
antennas that satisfy what we believe are the most important design criteria for a 3D array-
based microwave breast imaging system. A system design that permits microwave breast
imaging to be rigorously validated against a 3D clinical benchmark such as magnetic
resonance imaging (MRI) is of critical importance. MR and microwave image co-
registration is easily and reliably achieved using a patient interface that maintains the same
position of the breast during both the MRI and microwave scans. Our overarching design
strategy is to configure the 3D microwave antenna array to occupy the space vacated by
removable breast coilsin the patient support platform of a breast MRI system. This
approach enables the microwave scan to take place with the patient on the MRI table,
outside of the MRI bore. A thermoplastic mesh is used to maintain the position of the breast
for both MRI and microwave scans and a biocompatible immersion medium that is
impedance matched to the mesh is used to fill the space between the array elements and the
breast [12]. This design strategy imposes a constraint on the overall size and layout of the
antenna array system and necessitates the use of miniaturized antennas.

Additional antenna design criteria are influenced by factors that affect the ill-posedness of
the inverse scattering problem [13], the computational efficiency of microwave imaging
algorithms, and the quality of microwave images. These factors include the spatial sampling
density (e.g. the number and location of receivers for measuring the scattered fields),
frequency sampling density (e.g. the number of frequencies used for data acquisition),
frequency range and corresponding penetration depth in breast tissue, susceptibility of the
antennas to noise and interference, and complexity of the antenna model in the forward
solver of an iterative inverse scattering algorithm.

|EEE Trans Antennas Propag. Author manuscript; available in PMC 2014 November 10.
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Collectively, these considerations lead to the following prescribed set of characteristics for
the 3D antenna array in a microwave tomography system that is suitable for MRI-based
validation:

» compact

» shielded from the outside environment

e densely populated with miniaturized antenna elements
» relatively simple to model

» composed of elements that operate efficiently at multiple frequencies within the
frequency range of interest (~0.5-3.5 GHz)

These characteristics are exhibited by the 3D antenna array shown in Fig. 1, wherein the
breast of the prone patient extends downward through the opening in the top panel [14]. The
array, as shown, is populated with 32 miniaturized, slot-loaded patch antennas and has a
total linear dimension (L+W+W) of less than 50 cm. The ground-plane backing on the array
ensures unidirectional radiation and minimizes environmental interference. The planar
layout of the array, patches, and slots is easy to model in Cartesian-grid-based forward
simulations of the inverse scattering algorithm. The specific elements shown in Fig. 1
represent one of several types of slot-loaded multi-band patch antennas examined in this

paper.

The existence of numerous prior studies of antennas designed for microwave breast imaging
begs the question: Why investigate slot-loaded microstrip patch antennas for this application
rather than use a previously proposed design? The most widely used antennas for microwave
tomography are monopoles and dipoles (e.g., [2]-[5], [9]-[11], [15]-[16]). These antennas
are easy to fabricate and simple to model in the forward solution of the inverse problem, but
they are difficult to arrange densely in a 3D array, particularly one that is designed for the
constrained space of an MRI patient support platform. Additionally, they are omni-
directional radiators and thus sensitive to environmental interference unless operating in a
lossy immersion medium (which also reduces sensitivity to the desired signals). A few patch
antenna designs have been previously proposed for use in enclosed arrays [17], [18];
however, those antennas operate at a single frequency. Ultrawideband (UWB) antennas have
also been explored in a large number of studies, primarily in the context of radar-based
imaging techniques (e.g., [19]-[24]). However, the use of frequencies in the UWB range
(~3-10 GHz), rather than frequencies in the UHF band (up to ~3 GHz), exacerbates the ill-
posedness of the inverse problem and creates challenges with imaging the uncompressed
breast due to limited penetration depths at those higher frequencies.

Slot-loading techniques can be used to reduce the size of a patch antenna and produce multi-
band operation within a specified frequency range [25]-[34]. The ratio between frequencies
of operation can be tuned by varying the dimensions of the slot(s) [25]-[28], [30]-[31].
Several examples of single-layer slot-loaded patch antennas have been reported, including a
dual-band miniaturized antenna for microwave breast imaging [35]. However, while the gain
of some slot-loaded patches has been evaluated [28]-[34], there has been no comprehensive
investigation of the trade-off between miniaturization and gain to date.

|EEE Trans Antennas Propag. Author manuscript; available in PMC 2014 November 10.
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In this paper, we present the design and realization of a class of multi-band (dual-, tri-, and
quad-band) miniaturized antennas, based on the well-known slot-loading concept, that are
suitable for compact, shielded microwave breast imaging arrays. Our investigation focuses
on the following:

» an experimental characterization of representative dual-, tri-, and quad-band
miniaturized patch antenna designs and comparison with simulation results

» acomprehensive numerical analysis of the effects of the location and number of
slots, as well as the thickness and permittivity of the dielectric substrate, on not
only resonant frequency, but also gain

» acomparison of reconstructions of the dielectric properties of an anatomically
realistic numerical breast phantom from simulated measurements using 3D
enclosed antenna arrays that incorporate two types of slot-loaded miniaturized
patch antenna considered here.

The latter permits the determination of the extent to which the variations in gain observed
across this class of antennas impact the overall image quality achieved using an enclosed
array of the antennas.

The remainder of the paper is organized as follows. In Section Il (Antenna Design), we
present the underlying design principles for the class of antennas investigated in this paper.
Section 111 (Results) provides simulated and measured resonant frequencies, gain, and
radiation patterns for three representative multi-band antennas from the class of slot-loaded
patches, namely a dual-, tri-, and quad-band antenna. Section Il also provides a simulation-
based investigation of the effects of the type of slot and the substrate properties on the
resonant frequency and gain. Section Il culminates with a simulation-based investigation of
the impact of gain on the performance of a multi-band miniaturized patch antenna array in
imaging breast phantoms in the presence of noise. In Section IV we provide concluding
remarks.

ll. Antenna Design

Our antenna miniaturization strategy is to load a rectangular patch with judiciously placed
slots to shift additional higher-order resonant modes into the desired frequency range while
maintaining current distributions similar to that of the dominant mode. We illustrate this
process in what follows by summarizing the effect of slot loading, reviewing the design
guidelines of a miniaturized patch antenna previously presented [35], and presenting several
proposed designs for multi-band operation. We also establish the terminology we use for the
different types of slots examined in our study. In the discussion that follows, we define the
multi-band response of the antenna to be in terms of the number of modes with broadside
radiation patterns and resonant frequencies within the 0.5-3.5 GHz range. In a rectangular
patch, the radiation patterns of the second (TMoqg) and fourth (TMyqg) longitudinal modes
have nulls on the broadside direction due to anti-symmetric current distributions. Thus the
longitudinal modes of interest in this work are the first (TM1qp), third (TMszqg), and fifth

(TMsqo).

|EEE Trans Antennas Propag. Author manuscript; available in PMC 2014 November 10.
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Fig. 2 illustrates the topology of a rectangular patch antenna (Fig. 2(a)), loaded with a series
of slots (Fig. 2(b)—(d)). A patch antenna comprising two radiating-edge slots (RS) parallel to
and near the radiating edges, shown in Fig. 2(b), was reported in [28]. In this structure, the
lower frequency of operation is determined by the resonant frequency, f1qg, of the dominant
mode, TM1qg, While the higher operating frequency is determined by the resonant
frequency, f3gg, of a perturbed higher-order longitudinal mode, TM3qg. The addition of the
RS has a slight effect on reducing f1gg from that of a basic patch, since the slots at A and B
are located close to the current minima of the dominant TM1qg, as shown in Fig. 2(e). The
RS have a more significant effect in reducing f3qg, since the current for the TM3gg mode,
illustrated in Fig. 2(e), is more significant in the regions of these slots.

Fig. 2(c) illustrates a patch antenna with an additional slot located at the center of the patch.
The center slot (CS) increases the electrical lengths of the current paths for the first and third
modes, since it is located in a region, C, where both these modes have current maxima, as
shown in Fig. 2(e). Thus, increasing the length of the CS reduces the operating frequencies
of these two bands. The effect is more significant for f3gg, since the slot is electrically longer
for the TM3qp mode.

Fig. 2(d) shows the addition of non-radiating-edge slots (NRS) that cause the current paths
of all longitudinal modes to be further increased, thereby permitting a greater reduction in
the length of the patch [35]. The NRS located at D, as shown in Fig. 2(e), has a slight effect
on the current distribution of the TM19 mode and a more significant effect on the current
distribution of the third mode, TM3qg. The resonant frequencies of the TM1gg and TM3zqg
modes of the RS+CS+NRS patch antenna were reduced by 37% and 23% [35], respectively,
compared to an RS patch antenna [28]. In general by reducing the width of the slots a
slightly higher level of miniaturization can be achieved [36].

Fig. 3 shows the topology of additional slot-loaded patch antenna designs for tri- and quad-
band operation. The loading effect of the RS is limited by the width of the patch [28]. To
overcome this limitation, radiating-edge spiraled (RSS) replace the straight slots near the
radiating edges slots. The addition of the RSS has an effect on the TM1gg, TM3pg and TMsgg
modes.

The resulting tri-band (RSS+CS+NRS) miniaturized patch antenna, shown in Fig. 3(a),
comprises two RSS (length Lg and width W) near the radiating edges of the patch, one CS
(length L and width W), and several NRS (lengths L; and L, and width W). An added
benefit of using the spiral slot is that, in conjunction with the center slot, it offers a greater
flexibility not only in reducing the operating frequencies of the TMzgq and TMgpg modes,
but also in determining the separation between the operating frequencies of the TMyqg and
TM3gg modes. There are two primary reasons for this flexibility. First, the location of the
spiral slots at the edge of the patch results in considerable loading of the TM3p mode and
negligible loading of the TM1gp mode. Second, the shift in the resonant frequency of the
TM3gg mode is determined by the reactance of the loading RS slot, which in turn is
determined by its overall electrical length. Therefore, by spiraling the RS to achieve an RSS,
the slots electrical length can be increased as desired to obtain loading reactance values that
reduce the resonant frequency of the TM3gg mode as desired. Using the structure presented

|EEE Trans Antennas Propag. Author manuscript; available in PMC 2014 November 10.
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in [35], the ratio between the two frequencies of operation (f3gg/f10g) can only be changed in
a limited range of 1.6-2.0, where f3pq and f1gg refer to the operating frequency of the TM3qg
and TM1gg9 modes, respectively. However, using the tri-band topology, this ratio can be
designed to be as small as 1.0 and as large as 3.0. This means that the resonant frequencies
of both modes can be merged together to achieve a wider band of operation than that of
either mode, if desired, and a considerably larger fractional bandwidth can be achieved than
what is achievable using a single resonant mode patch.

The topology of the quad-band miniaturized patch antenna is the same as that of the tri-band
(RSS+CS+NRS) patch, except the feed is located off the axis of symmetry of the structure,
as shown in Fig. 3(b). The off-axis feed yields a quad-band response by exciting the
dominant orthogonal mode, TMg1o. The polarization of this mode is perpendicular to the
polarization of the aforementioned longitudinal modes. This, however, is not expected to be
a problem for the intended microwave imaging application for the following reason. The
transmit and receive antennas in the microwave imaging array are polarization-matched;
since breast tissue presents such a heterogeneous scattering environment, the quality of
information in the scattered signals is similar regardless of polarization of the transmit-
receive pair at a given frequency of operation.

The multi-band miniaturized patch antennas were designed to operate in a biocompatible
immersion medium comprised of safflower oil. This medium fills the void between the
microwave sensor array and the breast. We characterized the dielectric properties of the
immersion medium using an Agilent 85070D dielectric probe kit and E8364 vector network
analyzer (VNA). The following second-order dispersion model in CST Microwave Studio
[37] was fit to the measured frequency-dependent complex permittivity of the safflower oil:

Bo+jwb

)=t e a2

)

Since the accuracy of the probe increases at higher frequencies for materials with low
relative permittivity values (e.g., & in the range of 2-5) [38], we incorporated higher
frequency data content into the curve-fitting procedure. The fit was performed over the
frequency range of 0.5-5 GHz. The resulting second-order dispersion model parameters are
as follows: ., = 2.15, qp = 195.47 x 1018 572, oy = 88.20 x 109571, 4 = 292.62 x 1018 572,
£ =63.83%x 109571,

The dimensions of dual-, tri-, and quad-band miniaturized patch antennas patterned on a 10
cm x 10 cm Rogers RO4003 substrate (32 mil, & = 3.55) and immersed in oil were tuned in
CST Microwave Studio to achieve operating frequencies within the 0.5-3.5 GHz frequency
range. The resulting physical dimensions for the dual-band (RS+CS+NRS) antenna shown
in Fig. 2(d) are as follows (in mm): W=28, L=29, W=1, Ls=24, L;=12, L1=10, d;=2, and
Yieed=4.5. The resulting physical dimensions for the tri-band (RSS+CS+NRS) and quad-
band (RSS+CS+NRS, offset feed) antennas shown in Fig. 3 are as follows (in mm): W=32,
L=33, Ws=1, Lg=82, L.=16, L1=7, L,=8, d1=2, and dy=1. The coordinates of the feed
location, relative to the center of the patch, are as follows (in mm): (Xfeeq=0, Yfeeq=8.5) for
the tri-band and (Xfeed=3, Yfeeq=8.5) for the quad-band patch.

|EEE Trans Antennas Propag. Author manuscript; available in PMC 2014 November 10.
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[1l. Results

A. Simulations and Measurements of Dual-, Tri-, and Quad-Band Antennas

The calculated input reflection coefficients for the dual-band (RS+CS+NRS), tri-band (RSS
+CS+NRS), and quad-band (RSS+CS+NRS, offset feed) antennas are shown in Figs. 4-6.
The dual-band antenna exhibits TMqgg and TM3pq resonances at 1.36 GHz and 2.88 GHz,
respectively, whereas the tri-band antenna exhibits TM1qg, TM3qg, and TM5qq resonances at
1.36 GHz, 1.74 GHz, and 3.03 GHz, respectively. The miniaturization technique used in the
tri-band antenna reduces the operating frequencies of its TM1gg, TM3qg, and TMggg modes
by 48%, 78%, and 77%, respectively, compared to a basic patch antenna occupying the
same area. The ratio between the frequencies of operation is f3gg/f100 = 1.3 and fggo/f190 =
2.2. A comparison of Figs. 4 and 5 shows that the combination of the spiral loading on the
radiating-edge slots and the wider center slot not only brings fsgg down into the range of
interest, but also further reduces f3pq by 40% relative to the dual-band (RS+CS+NRS)
antenna. The additional resonance of interest of the quad-band antenna, the TMg1g, occurs at
2.38 GHz.

We experimentally validated the dual-band (RS+CS+NRS), tri-band (RSS+CS+NRS), and
quad-band (RSS+CS+NRS, offset feed) miniaturized patch antenna designs. The antenna
elements were probe fed using the center conductor of an SMA connector and immersed in a
32 cm x 15 cm x 11 cm tank filled with safflower oil for all measurements described below.

The measured input reflection coefficients, S14, of these multi-band miniaturized antennas
are compared with the simulation results in Figs. 4-6. The fabricated dual-band (RS+CS
+NRS) antenna shows bands of operation at 1.34 GHz and 2.86 GHz. The fabricated tri-
band (RSS+CS+NRS) antenna shows bands of operation at 1.36 GHz (TM1qg), 1.76 GHz
(TM3q0), and 3.02 GHz (TMsgqq). The operating bands of the fabricated quad-band (RSS+CS
+NRS, offset feed) antenna are observed at 1.35 GHz (TMyqg), 1.75 GHz (TM3qp), 3.00
GHz (TMsqg), and 2.38 GHz (TMgzq). Excellent agreement is observed between the
simulated and measured reflection coefficients for all of these multi-band antennas. This
agreement provides an additional validation of the accuracy of the second-order dispersion
fit of the dielectric properties of the safflower oil used in the numerical simulations of the
antenna design. We note that the agreement between simulated and measured Sq1 curves for
the dual-band (RS+CS+NRS) antenna (Fig. 4) is improved relative to that reported in [35];
that previous study used a less accurate dielectric properties model for oil.

The Sq1 nulls for the TM1gg, TM3qg, and TMsggg modes of operation of the quad-band (RSS
+CS+NRS, offset feed) antenna (Fig. 6) are not as deep as those of the tri-band (RS+CS
+NRS) antenna (Fig. 5). This is attributed to the fact that the optimum feed location that
results in the best impedance match is different for each mode. Thus, a compromise has to
be made when using a single feed to impedance match a highly resonant structure at four
different frequencies. Nonetheless, the measured Sy of this antenna is better than —8.6 dB
for all frequencies of operation, which is sufficient for our intended application.

We also measured the co- and cross-polarized radiation patterns of these multi-band
miniaturized patch antennas immersed in oil. These antennas are designed to be used in an

|EEE Trans Antennas Propag. Author manuscript; available in PMC 2014 November 10.
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enclosed array with side lengths on the order of 15 cm. Thus, the measurements were taken
at a distance of 15 cm from the patch using half-wavelength dipoles.

Figs. 7 and 8 show the co- and cross-polarized radiation patterns in the E- and H-planes at
the frequencies of interest of the tri- and quad-band miniaturized antennas. Each antenna
shows consistent radiation patterns at its different bands of operation despite having
different current distributions at each frequency. This is attributed to the manipulation of the
current distribution of the higher-order resonant modes of the patch by strategically locating
the loading slots. Moreover, most measured cross-pol levels are at least 15 dB lower than the
co-pol ones at broadside for all frequencies of interest.

Figs. 7 and 8 show good agreement between the co-pol components of the measured and the
simulated radiation patterns of the two fabricated prototypes. Minor discrepancies observed
between the simulation and measurement can be attributed to the effect of the feeding
cables, which is not taken into account in the simulations. The greater discrepancy observed
between the measured and the simulated cross-pol components is attributed to the fact that
the very low cross-pol levels are more susceptible to measurement imperfections.

We also investigated the gain of the dual-band, tri-, and quad-band miniaturized patch
antenna miniaturized antennas immersed in oil. The gain of the antenna is calculated from
measured or simulated data using the following modified Friis transmission formula for a
lossy medium [39]:

%:GTGR (4);_%9_&1%>2 (1—‘FT|2) (1—|FR’|2) )

T

Here, P1, Pr, Gt, GR are the transmitted and received powers and the gains of the
respective antennas, R s the distance between antennas, Aesf = A = 277Re[K], and a = [Im[K]],
where k is the wave number of the lossy medium. The effect of impedance mismatch is
taken into account by including the (1 —[I'1]2) (1 - |T'g[?) in the above equation, where term
is the reflection coefficient at the respective antenna. The gain of each antenna at the design
frequency of interest was determined using two identical miniaturized patch antennas,
separated by a distance of 15 cm. Because this spacing is rather small and the antennas
radiate in an environment that is not lossless, the gain values reported in this work do not
represent the traditional far-field gain of an antenna, whereby the antenna radiates in lossless
environments and the observation point is well into the far-field.1 Nonetheless, the reported
gain values can be used to compare the relative performance of different antenna types with
each other (e.g. RS with RS+CS). The simulated and measured gain values at the resonant
frequencies of interest for the multi-band miniaturized antennas are listed in Table I. Each
row in the table is color-coded as follows: white for TM1qg, green for TM3qg, blue for
TMsqg, and pink for TMgyo. We observe good agreement between the simulated and
measured gain values. However, the low gain values relative to a basic patch motivates the
numerical analysis presented in Section 111-B.

1The conventional definition of antenna gain is not valid for antennas that radiate in lossy environments [39].

|EEE Trans Antennas Propag. Author manuscript; available in PMC 2014 November 10.
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B. Effects of Slot Type

To understand the design trade-offs of slot-loading a patch antenna, we performed
simulations in CST Microwave Studio of antennas loaded with slots at different locations
along the patch. Table Il shows eight different types of slot-loaded patch antennas
considered here and the first few resonant frequencies and gain of each compared to a basic
patch. The color coding convention of Table | is adopted here as well. As expected, the table
illustrates that slot-loading techniques miniaturize the patch antennas at the expense of gain.
However, while different types of slots produce similar reductions in frequency, some affect
the gain of the antenna more adversely than others.

For example, loading the patch with either RS or NRS produces almost the same reduction
in f3gg (slightly over 50%). However, the use of NRS has a more significant effect in the
reduction of gain at this frequency. RS and RS+CS designs produce a miniaturization of
more than 50% at the resonant frequency of the TM3gg mode with relatively good values of
gain, ~2-5 dBi. The CS only slightly reduces f1g9g and f3pg with virtually no reduction in gain
relative to the basic patch. Loading antennas with a combination of slots (e.g. RS+CS, CS
+NRS, and RS+CS+NRS) produces the highest degree of miniaturization at both f;pg and
f300. Note, however, that gain at both f1gg and f3gq deteriorates significantly if the design
incorporates NRS.

C. Effects of Substrate Parameters

We investigated the influence of substrate parameters (dielectric constant and thickness) on
the resonant frequencies and gain of several slot-loaded patch antennas. The calculated gain
of dual-band (RS, RS+CS, and RS+CS+NRS) miniaturized patch antennas versus frequency
is shown in Fig. 9. For this study we considered substrates with dielectric constants & =
3.55, 6.15, and 10.2 and thicknesses h = 32 mil, 60 mil, and 120 mil. These are typical
characteristics of substrate materials used in designing microstrip patch antennas.

Fig. 9 shows that the resonant frequencies of the TM1gg and TMz3gg modes can be easily
changed by changing these substrate characteristics. As expected, an increase in the
dielectric constant of the antenna substrate corresponds to a decrease in the operating
frequencies of the patch. In addition, an increase in the thickness of the substrate improves
the calculated gain at the frequencies of operation. The maximum calculated gain is
achieved for a substrate with & = 3.55 and h = 120 mil.

D. Performance of a Multi-Band Miniaturized Patch Antenna Array in Microwave Breast

Imaging
In this section, we present a computational study that not only illustrates the feasibility of
3D microwave breast imaging using multi-band, miniaturized patch antennas but also
compares imaging performance between two arrays of slot-loaded patch antennas that have
similar resonant frequencies but different levels of gain. Our numerical testbed consists of a
Class 11 (scattered fibroglandular) breast phantom derived from MRI data [40] and used in a
previous imaging study [10]. The phantom is enclosed by an array of 32 dual-band
miniaturized patch antennas; the array topology is of the form shown in Fig. 1. The higher-
gain array is populated with RS patches on a 60-mil substrate with £=10.2 and a

|EEE Trans Antennas Propag. Author manuscript; available in PMC 2014 November 10.
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conductivity of 0.0024 S/m, while the lower-gain array is populated with RS+CS+NRS
patches on a 60-mil substrate with &=6.15 and a conductivity of 0.0021 S/m. We chose
these specific RS and RS+CS+NRS patches for this comparison study because, as shown in
Fig. 9, they offer similar frequencies of operation in the range of interest with very different
levels of gain.

The four array panels containing antennas have dimensions of L=124 mm and W=164 mm.
The hole in the top array panel, through which the breast phantom descends, conforms to the
elliptical base of the phantom. The interior of the array is filled with an immersion material
whose dielectric properties are described by a single pole Debye model with parameters &5,
=2.24, £5=2.97, and 7y = 5 ps. This Debye model closely matches the dielectric properties
of safflower oil over the frequency range 0.5 — 3 GHz. Simulated array measurements are
performed using a finite-difference time-domain (FDTD) model of this testbed with a 1-mm
grid.

We reconstruct the dielectric profile of the breast from the simulated scattered field data
using the multi-frequency inverse scattering technique described in [10]. We perform the
Debye-parameter reconstruction using frequencies corresponding to the TMqgg and TM3zqq
modes of the RS patch antenna. Iterative forward solutions are performed via FDTD, also on
a 1-mm grid. We add Gaussian white noise to the received signals at a power level of =70
dB referenced to the source, which is a conservative estimate for the expected noise floor of
a data acquisition system. Adding noise in this manner allows us to evaluate the effect, if
any, of the gain difference between antenna types while avoiding the so-called "inverse
crime”. Coronal and sagittal cross-sections through the actual 3D permittivity profile at 2
GHz (taken from the reconstructed Debye model) are shown in Fig. 10(a)—(b). The blue
regions in the phantom represent adipose tissue while the orange-red regions represent
fibroglandular tissue. Cross-sections through the reconstructed 3D permittivity profile at 2
GHz are shown in Fig. 10(c)—(d) for the array of RS patches. (The effective conductivity,
not shown, is highly correlated with the permittivity in both the actual and reconstructed
profiles.) Visual agreement between the reconstructed image and the actual phantom is
evident. In particular, the regions of higher-permittivity fibroglandular tissue are faithfully
reconstructed, albeit at a relatively low resolution that is characteristic of microwave
imaging in the UHF band. Such imaging quality has been obtained for numerical breast
phantoms representing all four classes of breast density [41].

For comparison, we also include cross-sections (Fig. 10(e)—(f)) through a reconstruction
created using the array of RS+CS+NRS patches. This lower-gain patch array offers a
reconstruction accuracy that is similar to that of the higher-gain patch array in terms of
imaging the location and basic shape of the adipose and fibroglandular tissue regions. A
quantitative measure of the quality of each reconstruction may be obtained using the fidelity
metric cos(¢) defined in [10]. This metric is invariant to global scaling and gives cos(¢) = 1
for a perfect reconstruction. The reconstruction from the RS array and the reconstruction
from the RS+CS+NRS array both give cos(¢) = 0.83, which confirms that the
reconstructions are similarly faithful to the exact dielectric profile. However, the dielectric
properties profile reconstructed with this RS+CS+NRS patch array is somewhat more
underestimated than the higher-gain array (RS) reconstruction. We have confirmed that this
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difference in the absolute level of reconstructed dielectric properties is not due to the
differences in average signal-to-noise ratios that result from different gain characteristics;
the underestimation with the RS+CS+NRS patch array is still present in the noise-free
images. Rather, the fact that the reconstructed images for the two arrays are not identical
may be attributed to subtle differences in the degree of gain imbalance between the two
frequency bands for each antenna. These results demonstrate the potential for using a
compact, shielded array of miniaturized, multi-band patch antennas and suggest that the
lower gain observed for the antennas with more slots does not outright preclude their use in
imaging arrays. The variations in frequency, gain, and topological complexity across the
class of miniaturized patches considered in this paper give the system designer multiple
options in designing a viable enclosed array for microwave breast imaging.

IV. Summary and Conclusion

Slot-loaded, multi-band, miniaturized patch antennas for microwave breast imaging were
designed, simulated, and tested. A multi-band response is obtained by exploiting the
dominant longitudinal mode, TM1qg, and one or more higher-order modes of the patch.
Miniaturization is achieved by loading the patch with a combination of slots located near the
radiating edges, at the center, and/or near the nonradiating edges of the patch. Appropriate
loading locations are chosen to ensure that only the desired resonant modes of the structure
are affected and the structure’s symmetry is maintained. The technique makes it possible, for
example, to reduce the resonant frequencies of the TMygg, TM3gg, and TMsggg modes of a
tri-band patch by 48%, 78%, and 77%, respectively, compared to a basic patch antenna
occupying the same area.

Prototypes of dual-, tri-, and quad-band miniaturized patch antennas were fabricated and
verified experimentally in a bio-compatible immersion medium. The measured and
simulated resonant frequencies of the modes of the patch antennas were observed to be in
excellent agreement. Similar and symmetric radiation patterns at all bands of operation were
obtained. We investigated the gain at the operating frequencies of numerous slot-loaded
miniaturized patch antennas patterned on different types of substrates. The study elucidates
the trade-off between miniaturization via slot-loading and gain. The study also reveals how
the gain of the miniaturized patch antennas varies with the substrate dielectric constant and
thickness.

We also presented a computational study that demonstrates the feasibility of using an
enclosed array populated with two of the miniaturized patch antenna designs proposed here
for 3D microwave breast imaging. The results suggest that these miniaturized antennas are
suitable candidates as array elements for multi-band microwave breast imaging systems
where unidirectional radiation, environmental shielding, and dense spatial sampling of
scattered fields are desired.
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Fig. 1.
3D microwave sensor array configuration. (a) 3D view showing side walls populated with

patch antennas and top and bottom panels composed of metal planes. The top metal plane
includes an opening that allows the breast to be suspended in the imaging volume. (b)
Frontal view of one panel of the proposed array showing eight slot-loaded, miniaturized
patch antennas. (c) Cross-sectional view of one slot-loaded, miniaturized patch antenna.
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Fig. 2.
Top view of the (a) basic patch, (b) patch loaded with radiating-edge slots (RS), (c) patch

loaded with radiating-edge and center slots (RS+CS), and (d) patch loaded with radiating-
edge, center, and non-radiating edge slots (RS+CS+NRS). (e) Schematic of current
distributions for the first three longitudinal modes showing where the current is affected by
the various slots in (b)—(d).
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(b)

Fig. 3.
Top view of the patch loaded with radiating-edge spiraled, center, and non-radiating edge

slots (RSS+CS+NRS). (a) Standard feed location for tri-band operation. (b) Offset feed for
quad-band operation.
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Simulated and measured reflection coefficients of the dual-band miniaturized patch antenna
of Fig. 2(d) immersed in safflower oil.
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Fig. 5.
Simulated and measured reflection coefficients of the tri-band miniaturized patch antenna of

Fig. 3(a) immersed in safflower oil.
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Simulated and measured reflection coefficients of the quad-band miniaturized patch antenna
of Fig. 3(b) immersed in safflower oil.
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Fig. 7.
Simulated and measured radiation patterns of the tri-band (RSS+CS+NRS) miniaturized

patch antenna in safflower oil. The patterns are obtained at a distance of 15 cm from the
patch. (a) E-plane at 1.36 GHz (b) 1.76 GHz and (c) 3.02 GHz. (d) H-plane at 1.36 GHz (e)
1.76 GHz and (f) 3.02 GHz. Solid red: simulated data. Dotted blue: measured data. Circle:
co-pol. x: cross-pol.
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Fig. 8.

Si?nulated and measured radiation patterns of the quad-band (RSS+CS+NRS, offset feed)
miniaturized patch antenna in safflower oil. The patterns are obtained at a distance of 15 cm
from the patch. (a) E-plane at 1.35 GHz (b) 1.75 GHz (c) 2.38 GHz, and (d)3.00 GHz. (e) H-
plane at 1.35 GHz (f) 1.75 GHz (g) 2.38 GHz, and (h) 3.00 GHz. Solid red: simulated data.
Dotted blue: measured data. Circle: co-pol. x: cross-pol.
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Fig. 9.
Calculated gain versus frequency for different dielectric constants (&) and thickness h of the

substrate (32, 60, or 120 mil). (a) & = 3.55, (b) & =6.15, (c) & = 10.2.
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(d) )

Comparison of imaging a Class |1 (scattered fibroglandular) numerical breast phantom using
two types of antenna arrays. Coronal (top row) and sagittal (bottom row) cross-sections of
relative permittivity at 2.0 GHz. (a)—(b) Actual profile. (c)—(d) Images reconstructed from
simulated data acquired using an enclosed array of RS patch antennas. (e)—(f) Images
reconstructed from simulated data acquired using an enclosed array of RS+CS+NRS patch

antennas.
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TABLE |

Calculated and Measured Gain of Multi-Band Miniaturized Patch Antennas

simulated measured
type of antenna freq. (GHz) | gain (dBi) | freq. (GHz) | gain (dBi)

1.36 -5.2 1.34 -55
dual-band (RS+CS+NRS)

2.88 -6.4 2.86 -5.9

1.36 -6.0 1.36 -5.3
tri-band (RSS+CS+NRS) 1.74 -7.0 1.76 -7.6

3.03 -8.6 3.02 -8.4

1.36 -5.9 1.35 -5.3

1.74 -7.2 1.75 -7.6

quad-band (RSS+CS+NRS, offset feed)
3.03 -8.0 3.00 =7.7
2.38 -2.4 2.38 -4.3
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