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ABSTRACT

Microwave breast imaging has been identified as a promising low-cost, non-ionizing, and

quantitative 3D imaging modality for improving breast cancer screening and diagnosis. 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. Interpreting

results from initial clinical studies of microwave tomographic imaging has been hindered

by the lack of precise co-registration between microwave and benchmark images. At this

stage, rigorous validation of microwave breast imaging against a 3D clinical benchmark such

as magnetic resonance imaging (MRI) is needed and requires image co-registration, which

is most reliably achieved with the breast in the same position during both the MRI and

microwave scans.

We address two key factors that would enable straightforward co-registration and an

objective and unambiguous comparison with MRI. First, we investigate the use of a poly-

caprolactone (PCL)-based thermoplastic mesh to serve as a tissue immobilization interface in

a microwave imaging system designed for MRI-based validation. We characterize the wide-

band dielectric properties of thermoplastic meshes in the frequency range of 0.5-3.5 GHz.

We also characterize the dielectric properties of a vegetable oil – a candidate biocompatible

immersion medium for the microwave imaging system. We show that the PCL-based ther-

moplastic material and the vegetable oil are well matched, essentially rendering the mesh

invisible during the microwave scan.

Second, we investigate the performance characteristics of a class of slot-loaded patch

antennas that compose a 3D microwave breast imaging array configured to occupy the space
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vacated by removable breast coils in the patient support platform of a breast MRI system.

This configuration imposes a constraint on the overall size and layout of the antenna array

system and necessitates the use of miniaturized antennas. Additionally, the antennas are

designed to operate in the biocompatible immersion medium at multiple frequencies within

the frequency range of 0.5-3.5 GHz. Investigations on the radiation characteristics of the slot-

loaded patch antenna elements and the multi-static channel characteristics of the antenna

array indicate that these sensors are suitable candidates for microwave breast imaging.
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Chapter 1

Introduction

According to the American Cancer Society, in 2009 an estimated 192,000 new cases of

invasive breast cancer were diagnosed among women and approximately more than 40,000

women were expected to die from the disease [4]. Only lung cancer accounts for more

cancer deaths in women. High breast tissue density (amount of glandular tissue relative to

fatty tissue in the breast) has been shown to be a strong independent risk factor for the

development of breast cancer. Women with the highest levels of breast density were found

to have a four- to six-fold increased risk of breast cancer compared with women with the

least dense breasts [5–7]. Recent research indicates that increasing breast density over time

may be a strong predictor of breast cancer [8].

Five-year relative survival is lower among women with a more advanced stage at diagnosis.

Larger tumor size at diagnosis is also associated with decreased survival [4]. Thus, it is crucial

for clinicians to have access to medical imaging tools that will aid them in early-stage breast

cancer diagnosis when the tumor may be small and more easily treated.

The most widespread method of breast cancer detection is X-ray mammography, but

it presents some limitations [9]. The potential for false positive and false negative results

remains high. Mammography on average will detect about 80%-90% of the breast cancers in

women without symptoms. Studies suggest that mammography screenings may miss as many

as one in six tumors. The risk of false positive results is about one in ten and about 75% of

suspicious biopsies due to a mammogram are benign [10]. High breast density decreases the
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sensitivity of mammography compared to women with less dense breasts [11]. Additionally,

mammography requires breast compression and exposure to ionizing radiation.

An alternative imaging technique, magnetic resonance imaging (MRI) produces very

detailed, cross-sectional images of the body. For women at high risk for breast cancer and

with dense breasts, a screening MRI may be recommended. However, MRI is problematic

for claustrophobic and obese patients, expensive, and not widely available, especially in

underdeveloped parts of the world. There are persisting concerns about its low specificity

compared to mammography [12]. Ultrasound is another alternate imaging technique that

may help distinguish between benign and malignant masses. However, it lacks sensitivity and

may result in higher false positive rates than mammography [13]. Due to their limitations,

neither MRI or ultrasound is recommended as a general screening technique.

Effective imaging modalities for the early detection and diagnosis of breast cancer would

improve the care of women who are at high risk by reducing the number of false alarms

and the number of cases that go undetected [10]. The Institute of Medicine and National

Research Council identified three potential ways to improve detection of breast cancer: more

widespread use of mammography, better quality mammography, and development of new

technologies [10]. Recent investigations strongly suggest that low-cost non-ionizing mi-

crowave tomography (see, for example, [1–3, 14–18]) is well-suited for screening women at

higher risk for breast cancer as well as monitoring changes in breast tissue in response to

prevention and treatment protocols. This type of imaging application will also provide a 3D,

affordable, non-ionizing, tomographic, and quantitative breast imaging solution for breast

density evaluation in the general population.

In active microwave breast imaging, low-power microwave signals are transmitted into the

breast using an array of antennas. The measured scattered signals are used to reconstruct

the spatial distribution of the dielectric properties, or some related characteristic such as

scattering strength, throughout the breast volume. A biocompatible immersion medium is

used to fill the void between the array of antennas and the breast.
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Microwave breast tomography has been the subject of extensive numerical and laboratory

investigations (e.g., [17, 19–23]). Preliminary clinical studies have also been reported [1,

24, 25]. At this stage, this technology has not been rigorously validated. Unambiguous

comparison with a 3D clinical benchmark is needed to demonstrate the feasibility of using

microwave imaging as an alternate breast imaging tool. Rigorous validation of microwave

imaging using a clinical benchmark such as magnetic resonance imaging (MRI) technology

requires precise co-registration. This dissertation addresses two key factors that would enable

straightforward co-registration and an objective and unambiguous comparison:

1. A patient interface that immobilizes the breast so that the same position is maintained

during both the MRI and microwave scans.

2. A microwave antenna array that fits within the interstitial space of an MRI patient

support platform.

Thermoplastic meshes are commonly used as immobilization devices in radiation oncol-

ogy, as well as in interventional breast MRI applications such as MR-guided preoperative

localization or MR-guided needle biopsy [26, 27]. Such meshes are promising candidates for

the patient interface in a microwave imaging design for MRI-based validation. This disser-

tation has addressed the need to characterize the wideband dielectric properties of tissue-

stabilizing thermoplastic meshes. This data is important because it enables an investigation

of the potential impact of the immobilization mesh on microwave imaging performance as

well as a determination of system features, such as the immersion medium, that minimize

that impact.

The microwave sensor array that is used in a 3D microwave tomography system has a

direct impact on the accuracy of microwave breast imaging. The degree of ill-posedness

of the inverse problem varies with the number and location of observations, the number of

frequencies used, and the spatial resolution provided by the illuminating wavelengths [28].

The 3D antenna array that surrounds the breast of a prone patient is ideally composed of a

large number of miniaturized elements, antennas that operate efficiently at multiple frequen-

cies within the frequency range of 0.5-3.5 GHz, and antennas that are not so complex as to
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render them impractical to model in the reconstruction algorithm. The work performed for

this dissertation has also focused on the investigation of multi-frequency miniaturized patch

antennas for a 3D microwave sensor array. An investigation of the radiation characteristics

of the patch antenna elements that compose the array as well as the multi-static channel

characteristics of the microwave sensor array indicates that these radiators are suitable can-

didates for microwave breast imaging. The microwave sensor system developed will be used

in future research to demonstrate the feasibility of using microwave breast imaging in stud-

ies of breast density estimation and lesion detection and localization. The outcome of this

investigation also contributes to the general knowledge base in the field of compact patch

antennas and array design.

Chapter 2 gives an overview of microwave breast imaging research, thermoplastic materi-

als, and previous work done on antenna array element designs for microwave breast imaging

systems. The dielectric characterization of a tissue-stabilizing thermoplastic mesh and a bio-

compatible oil immersion medium is described in Chapter 3. In Chapter 4, several multi-band

miniaturized patch antennas designed for use in a 3D sensor array for microwave breast imag-

ing are presented and characterized. The multi-static characteristics of the multi-frequency

3D sensor array in the vicinity of a simple breast phantom immersed in the biocompatible

medium are described in Chapter 5.
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Chapter 2

Background

Microwave breast imaging using inverse scattering methods has been identified as a po-

tential breast imaging tool for early detection of breast cancer, for monitoring changes in

breast tissue in response to prevention and treatment protocols, and for evaluating breast

density for individualized risk assessment. In microwave tomography, low-power microwave

signals are transmitted into the breast tissue by an array of antennas, the scattered signals

are measured, and the spatial distribution of the dielectric properties throughout the breast

volume are estimated by solving an electromagnetic nonlinear inverse scattering problem. In

this chapter, a brief overview of microwave breast imaging research is given, previously pro-

posed antenna array elements for microwave breast imaging are described, and several topics

related to the design of slot-loaded, miniaturized patch antennas elements for a microwave

breast imaging array are briefly presented.

2.1 Review of microwave breast imaging research

There is a growing interest in the development of microwave diagnostic techniques in

medicine. Microwave breast imaging, an exploratory technique for improving breast cancer

screening and diagnosis [10], has been the subject of numerous recent research studies (see,

for example, [1, 2, 16–18, 29, 30]). Active methods of microwave imaging of the breast in-

clude microwave-induced thermoacoustic (MI-TA) tomography, ultrawideband radar-based

methods, and microwave tomography. In MI-TA the absorbed electromagnetic energy in-

duces acoustic waves by means of thermoelastic expansion, which can then be detected
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by ultrasound transducers and processed for image reconstruction [31–34]. In radar-based

methods [19, 30, 35], the scattered signals are processed to locate strongly scattering tissue

formations. Radar-based methods were extensively investigated under an earlier assumption

that the contrast between malignant and normal breast tissues was high (2:1 or higher).

A large-scale spectroscopy study showed that the contrast between malignant and nor-

mal fibroglandular tissues in the breast is ∼10% [36]. This dielectric constant ratio can be

dramatically enhanced by exogenous tumor-targeting molecules [34]. The study also found

that normal fibroglandular tissue exhibits more than a 5:1 dielectric contrast with adipose

tissue [36], which points to the utility of microwave imaging techniques for breast density

evaluation.

In microwave tomography, the measured scattered signals are used to estimate the spatial

distribution of the dielectric properties throughout the breast volume by solving an electro-

magnetic nonlinear inverse scattering problem. Extensive inverse scattering contributions for

breast imaging have recently been made [1–3, 14, 17, 28, 37, 38]. Differential images obtained

using a numerical test bed demonstrate a successful approach where contrast agents are used

in conjunction to microwave imaging to detect and localize tumors [18]. Additionally, results

of a recent theoretical study support the utility of 3D microwave tomography for imaging

the distribution of dense fibroglandular tissue [29].

Numerical and laboratory investigations of microwave breast tomography have been re-

ported. In a numerical test bed, high-fidelity breast phantoms offer a well-controlled idealized

test environment [17,19–22]. The properties of these numerical phantoms are known exactly,

e.g. MRI-derived models, and thus, they serve as rigorous benchmarks for imaging results.

However, numerical test beds lack the realism in data acquisition artifacts that inevitably

arise in experiments. Laboratory test beds use experimental phantoms constructed from syn-

thetic materials that accurately mimic tissue properties [23] and have known structures. The

phantoms have simple heterogeneities and offer the flexibility to study contrast-enhanced mi-

crowave imaging performance. However, highly complex structural distributions of the breast

are difficult to mimic using experimental phantoms.
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Some initial clinical studies of microwave breast imaging have been reported [1, 24, 25].

In [1, 24], 2D coronal-plane microwave images of the uncompressed breast were compared

with 2D mammographic (craniocaudal) projection images of the breast under compression.

Interpretation of microwave results is hindered by the limitations of 2D imaging and by the

lack of precise co-registration between microwave and benchmark images. At this stage, a

precise clinical validation of this technology is needed to demonstrate the feasibility of using

microwave breast imaging in breast density estimation and lesion detection and localization.

2.2 Strategy for precise co-registration of microwave and MR breast

images

Validation of 3D microwave imaging requires unambiguous co-registration with an exist-

ing 3D clinical benchmark, such as MRI. In this type of study, the true breast structure is

known due to the registered benchmark attained.

Figure 2.1 shows a patient support platform of a commercial breast MRI system that is

used to perform breast lesion localization using MR guidance. The RF coil in this system

can be removed from the interstitial space of the patient support platform. An inexpensive

biocompatible thermoplastic mesh that conforms to the patient’s breast surface can be used

to immobilize the breast tissue during the MRI exam. A study conducted on thermoplastic

meshes used in MR-guided biopsy reported no imaging artifacts [26]. The study showed that

any MR signal from the thermoplastic material appeared outside of the skin surface.

An MRI system such as the one described above would enable MR and microwave data

to be collected with the breast in the exact same position, thereby solving the co-registration

problem. A system that integrates a 3D microwave sensor array into the interstitial space

of the MRI patient support platform is needed. The size of the microwave sensor array is

constrained by the vertical limited extent of that interstitial space. If the sensor is to facilitate

a dense spatial sampling of scattered fields, the antenna array elements are required to occupy

a small footprint in relation to the overall surface of the breast. It is also highly desirable

to fill the void between the array and the breast with a suitable biocompatible immersion
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Figure 2.1 Photograph of the patient support platform of a commercial breast MRI system.

medium that is sufficiently well impedance matched to the thermoplastic material at the

frequencies of interest. This impedance match would simplify the reconstruction because the

thermoplastic layer may be neglected by the imaging solution without sacrificing imaging

quality.

2.3 Thermoplastic materials for immobilizing breast tissue

Meshes constructed from perforated thermoplastic materials have been used as immobi-

lization devices in interventional breast MRI applications such as MR-guided preoperative

localization or MR-guided needle biopsy [26, 27]. One example of a thermoplastic polymer

is polycaprolactone (PCL). This thermoplastic material is rigid at room temperature but

softens and becomes malleable upon being immersed in a warm water bath of 57 ◦C. In its

malleable state, a thermoplastic mesh easily conforms to the pendulous breast. Once the

material cools back down to room temperature, its rigidity is restored. PCL-based polymers

are also low cost and biodegradable [39]. Such material characteristics are important for the

intended application wherein the patient-conformed thermoplastic mesh would be discarded

after a single use.
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The dielectric properties of PCL-based materials and films have been characterized at

frequencies up to 10 MHz [40–42]. These materials exhibit stable dielectric properties in

terms of their pre-heated and cooled-down states [40].

2.4 Antenna array elements for microwave breast imaging

2.4.1 Desired features of a 3D microwave sensor array

The 3D microwave sensor array that encloses the breast of a prone patient is ideally

composed of a large number of elements to permit dense 3D spatial sampling of scattered

fields. Thus each antenna element should occupy a very small footprint relative to the total

surface area of the breast. Second, it is advantageous for the antennas to operate efficiently

at multiple frequencies. Solving the inverse scattering problem at a single frequency poses

inherent challenges because the stability and resolution of the imaging algorithm represent

competing demands in choosing the frequency [43]. In contrast, the advantages of both

lower and higher frequencies are retained with a multi-frequency approach [44]. The use

of a parametric model to reconstruct the frequency-dependent dielectric properties reduces

the ill-posed nature of the inverse problem [45] and computational burden of the multi-

frequency algorithm [17]. In particular, antenna elements that operate within the frequency

range of 0.5-3.5 GHz are desired. Frequencies below and above this range are non-optimal

in terms of spatial resolution and penetration depth, respectively. In addition, a multi-

band antenna operating in a biocompatible immersion medium that provides high gain at

the design frequencies will in turn yield higher signal-to-noise ratio and imaging sensitivity.

Finally, the antenna design should be simple enough to model efficiently in the reconstruction

algorithms.

2.4.2 Prior antenna array element designs for microwave breast

imaging systems

The most widely used radiating elements in microwave tomography systems are monopole

and dipole antennas due to their ease of fabrication and their simplicity of modeling in the
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forward solution of the inverse problem [2, 3, 46, 47]. Examples of these types of radiators

are shown in Figure 2.2. When immersed in a coupling medium they provide a broadband

impedance match at the expense of reduced radiation efficiency that increases system loss

[48]. Additionally, they are omni-directional radiators, which makes them very sensitive to

environmental interference and their performance is highly dependent on the feeding cables.

Table 2.1 compares some of the antennas that have been fabricated and tested for mi-

crowave breast tomography systems. All of the antennas presented in Table 2.1, excluding

the tapered patch, are difficult to arrange densely in a 3D array designed for the constrained

space of an MRI patient support platform.

(a) (b) (c)

Figure 2.2 Radiating elements most widely used in microwave breast imaging sytems. (a)
32 monopole antenna array [1]. (b) Simple monopole antenna consisting of a coaxial cable
from which the outer conductor has been stripped [2]. (c) Dipole antenna with a balun to

reduce the radiation from the outer conductor of the semirigid coaxial cable [3].

2.4.3 Multi-band miniaturized patch antennas for microwave breast

imaging

Compact planar antennas have been studied for the last several decades mainly because

of the proliferation of smaller mobile communication devices. Microstrip antennas, a class of

planar antennas, are characteristically light weight, low-profile, and low-cost. A microstrip

antenna may simply consist of a radiating patch of metallization on a grounded dielectric

substrate. Comprehensive reviews of compact microstrip antennas have been presented

in [50–52].
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Table 2.1 Review of antenna elements designed for experimental tomographic microwave
breast imaging systems.

Reference Antenna type Frequency Number of antennas

[3] Yu, et al. dipole 1.74 GHz, 2.7 GHz 2

[2] Rubaek, et al. monopole 0.3-3.0 GHz 32

[1] Meaney, et al. monopole 0.3-1.0 GHz 16

[37] Semenov, et al. waveguides 0.8-1.2, 2.05-2.5 GHz 2

[38] Gilmore, et al. Vivaldi 3-10 GHz 24

[49] Stang, et al. tapered patch 2.7 GHz 32

The ground plane backing of microstrip antennas ensures uni-directional radiation. This

prevents environmental interference that can occur with omnidirectional radiators, such as

dipole antennas. The characteristics of a patch antenna are independent of the coaxial feed

cables. This isolation can be exploited to increase the accuracy of modeling these types of

antennas in forward simulations. The planar design of a patch antenna also contributes to

ease of modeling in simulations that use Cartesian grids.

Miniaturizing techniques used to reduce the size of different types of antennas consist

primarily of loading the antenna with lumped elements, using high-dielectric materials or

conductors, and using the antenna casing to increase radiation. However, lumped-element

loading or modifying the antenna casing can increase the complexity of the design, degrade

the efficiency, or limit the bandwidth of the antenna. Rectangular patches that contain

embedded slots have been implemented to produce compact antennas. Slot geometries can

range from cross slots, rectangular slots, and circular slots. These slots cause meandering

of the patch surface currents, which is an effect that generates compact antenna designs

with simple topologies. Compact microstrip antennas that achieve dual-band operation by

embedding a pair of slots parallel and close to the radiating edges of a meandered rectangular

antenna or a bow-tie patch have been realized [53].
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Techniques based on rectangular slot-loading can be used to reduce the size of a patch

and produce multi-band operation within a specified frequency range [54–64]. Studies have

shown that the frequency ratio of a slot-loaded, multi-band patch antenna can be tuned by

varying the dimensions of the selected slot used for loading [54–58,60,61]. Several examples

of single-layer patch antennas loaded with slots of different types and at different locations

along the patch have been proposed. Results often include the gain of the slot-loaded patch

antenna at its operating frequencies [58–64]. However, no extensive treatment of the trade-off

between miniaturization via slot-loading type and location versus gain has been previously

presented.

2.4.4 Mutual coupling

One important consideration in the design of a densely populated array is the mutual

coupling that may exist between antenna elements. Several researchers have attempted

to minimize mutual coupling between array elements of microwave imaging systems [3, 38,

65]. Results presented in [38] showed successful reconstructions of dielectric phantoms by

selecting frequencies of antenna operation where the antenna coupling was minimal. In the

prototype reported by [3], researchers designed a system that was composed solely of two

dipole antennas that were designed to transmit and receive electromagnetic waves to avoid

the mutual coupling of antennas in an array. Another group has reported taking advantage

of the lossy immersion medium to minimize magnitude and phase errors due to mutual

coupling of neighboring monopoles in their microwave tomography system [65].

Despite these efforts, the connection between mutual coupling and successful image recon-

struction is not well understood. Strong antenna coupling does tend to change the radiation

characteristics of the antenna elements. The ability of the array elements to measure the

amount of scattering information available from the breast tissue may also be degraded due

to strong mutual coupling.
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Chapter 3

Dielectric characterization of a tissue-stabilizing ther-

moplastic material and biocompatible immersion medium

for microwave breast imaging

We propose the use of a polycaprolactone (PCL)-based thermoplastic mesh as a tissue-

immobilization interface for microwave imaging. An investigation of the dielectric properties

of two PCL-based thermoplastic materials in the frequency range of 0.5-3.5 GHz is pre-

sented. The frequency-dependent dielectric constant and effective conductivity of the PCL-

based thermoplastics are characterized using measurements of microstrip transmission lines

fabricated on substrates comprised of the thermoplastic meshes. We also characterize the

dielectric properties of a vegetable oil – a candidate biocompatible immersion medium for

the microwave imaging system. We demonstrate that the PCL-based thermoplastic material

and the assumed biocompatible medium of vegetable oil are sufficiently well matched such

that the PCL layer may be neglected by the imaging solution without sacrificing imaging

quality. These results suggest that PCL-based thermoplastics are promising materials as

tissue immobilization structures for microwave imaging applications.
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3.1 Dielectric properties of PCL-based thermoplastic materials∗

The material used to immobilize the breast during a microwave and MRI scan should

be sufficiently malleable to conform to the tissue and yet rigid enough to prevent movement

during the imaging procedure. In addition, the material should be relatively low-loss to allow

for adequate penetration of the microwave signals into the tissue to achieve the desired results

and be well-matched to either the immersion medium or skin to prevent mismatch reflection

loss. Several low-loss materials, including liquid crystal polymers [66], polymer-ceramic

composites [67], and Parylene-N [68], have been proposed as flexible microwave substrates

for conformal applications in microwave engineering. However, while these materials are

flexible, they do not retain their shape unless bound or held in place. Thus they are not

suitable for our proposed application.

Meshes constructed from perforated thermoplastic materials, such as the one shown in

Figure 3.1(a), have been used as immobilization devices in interventional breast MRI ap-

plications such as MR-guided preoperative localization or MR-guided needle biopsy [26,27].

One example of a thermoplastic polymer is polycaprolactone (PCL).

Here, we present an experimental microwave-frequency characterization of the dielectric

properties of two commercially available PCL-based thermoplastic materials (shown in Fig-

ure 3.1)(b),(c)) in the frequency range of 0.5-3.5 GHz. The frequency range of our study

corresponds to the range of interest in current microwave inverse scattering algorithms for

breast imaging (e.g., [1,2,16–18,29]). To the best of our knowledge, this represents the first

study of the frequency-dependent microwave dielectric properties of a PCL-based thermo-

plastic. This data is important because it enables an investigation of the potential impact

of the immobilization mesh on microwave imaging performance as well as a determination

of system features, such as the immersion medium, that minimize that impact.

∗This section comprises content from the following published paper: S. M. Aguilar, J. D. Shea, M. A.
Al-Joumayly, B. D. Van Veen, N. Behdad, and S. C. Hagness, “Dielectric characterization of PCL-based
thermoplastic materials for microwave diagnostic and therapeutic applications,” IEEE Transactions in

Biomedical Engineering, vol. 59, no. 3, pp. 627-633, March 2012.
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3.1.1 Method of dielectric characterization

We acquired samples of the following two PCL-based thermoplastic materials from Orfit

Industries of America: Efficast R© 8333Y.3/R and U-PlastTM 8338BL.SO2+/R. These perfo-

rated thermoplastic sheets, such as the one shown in Figure 3.1(a) are designed for patient

fixation in radiation oncology. The Efficast R© sample, shown in Figure 3.1(b), is a 2.0-mm-

thick dielectric sheet perforated with 2.8-mm-diameter air holes. The U-PlastTM sample,

shown in Figure 3.1(c), is a 2.4-mm-thick dielectric sheet perforated with 1.4-mm-diameter

air holes.

(a)

(b)

(c)

Figure 3.1 Photographs of PCL-based thermoplastic meshes characterized in this study.
(a) A U-PlastTM 8338BL.SO2+/R thermoplastic mesh molded to a physical breast

phantom. (b) An Efficast R© 8333Y.3/R 2.0-mm-thick mesh with 2.8-mm-diameter holes
created on a hexagonal lattice with a = 5.8 mm. (c) A U-PlastTM 8338BL.SO2+/R

2.4-mm-thick mesh with 1.4-mm-diameter holes created on a rectangular lattice with w 1 =
5.6 mm and w 2 = 2.8 mm.

Transmission-line methods [69–76] are well suited for characterizing the wideband di-

electric properties of thin, rigid material sheets. In such methods, the material under test

is used as the substrate in a microstrip transmission line and its dielectric properties are

extracted from electrical measurements performed on the line. We adopted this approach to

characterize the dielectric properties of the PCL-based thermoplastic materials from 0.5 to

3.5 GHz. We fabricated a total of ten microstrip transmission lines of two different widths

(three of each width) on each thermoplastic substrate. We chose transmission line lengths

that spanned the entire length of the acquired sample boards. This was done to minimize the



16

influence of the connector and parasitic parameters on the overall measurement accuracy.

The transmission line widths were chosen to cover 2-3 air holes in the transverse direction,

thereby ensuring that the measured properties represented volume averages of the bulk ma-

terial and the air holes. For the Efficast R© samples, the widths of the transmission lines were

10 mm and 15 mm; the length of each line was 265 mm. For the U-PlastTM samples, the

widths were 5 mm and 10 mm while the common length was 205 mm. Printed-circuit-board

(PCB) edge-mount connectors were soldered at the end of each line. Two-port scattering

(S-) parameter measurements were carried out over the 0.5-3.5 GHz frequency range using

an Agilent E8364 vector network analyzer (VNA).

We developed equivalent circuit models of the transmission lines that take into account

the presence of the connectors as well as the parasitic effects of the transitions between the

connectors and the transmission lines (see Figure 3.2). Agilent’s Advanced Design System

(ADS) [77] was used to simulate these equivalent circuit models. The internal optimization

engine in ADS was used to extract parameter values by matching simulated performance

to measurement values [78]. The dielectric constant and loss tangent of the substrate in

the model were optimized within ADS to achieve a good agreement between the measured

S-parameters and those predicted by the equivalent circuits over the frequency range of

interest.

Microstrip Line

L R

C

LR

C

SMA

Connector

Figure 3.2 Equivalent circuit model of the transmission line configuration. The parasitic
elements associated with the coaxial-to-microstrip transition are contained inside the

dash-dot-dash boxes (L = 0.28 nH, R = 0.05 Ω, C = 0.07 pF).
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The parameters of the two PCB edge-mount connectors were optimized to within 10%

of the values provided by the manufacturer. We modeled the parasitic effects of the coaxial-

connector-to-microstrip transition and connector assembly imperfections using a shunt ca-

pacitance, C, a series inductance, L, and a series resistance, R, on each side of the line, as

shown in Figure 3.2. Assembly imperfections give rise to a small air gap that exists between

the edge of the connector and the edge of the substrate. This gap contains a portion of the

center conductor of the edge-mount connector with average dimensions of 1 mm both in di-

ameter and length. Typical values for parasitic impedances of such short wires at microwave

frequencies have been reported in [79, 80]. Estimates for the fringing capacitance of a mi-

crostrip line located at the edge of a dielectric substrate are also reported in [81]. From these

studies, we obtained initial approximate values for the parasitic R, L, and C elements used

in the circuit model. These parameters were optimized in ADS and the resulting parasitic

element values were found to be R = 0.05 Ω, C = 0.07 pF, and L = 0.28 nH.

The substrate dielectric properties extracted from the ADS simulation of the transmission

line models include the effects of the air-hole perforations; hence, we refer to the ADS-

optimized dielectric constant and loss tangent as ǫavg and tan δavg, respectively. The ADS

optimization was performed using both the magnitude and the phase of the S21 and S11

measurements. The S21 fit was given a 10:1 priority weighting relative to the S11 fit because

the imperfect symmetry in the assembly of the connectors on each side of the line gives rise

to unequal reflection coefficients (e.g. S22 and S11) from the two ports. The values of the

substrate dielectric properties in each transmission line model were swept using the internal

optimization engine of ADS until the best achievable optimization goal was obtained. Values

for the dielectric properties were extracted for frequency bands of 0.5 GHz across the desired

frequency range of 0.5-3.5 GHz.

The dielectric properties of the bulk thermoplastic are of greater fundamental importance

than the volume-averaged properties of the mesh for two reasons. First, it is unlikely that the

holes in the thermoplastic mesh will remain air-filled in the intended application involving an

immersion liquid. Second, several different hole patterns are available from manufacturers of
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PCL-based thermoplastic meshes, and the volume-averaged dielectric properties depend on

the hole pattern. Knowledge of the dielectric properties of the bulk thermoplastic enables

one to predict the average dielectric properties of any mesh configuration. We extracted the

dielectric properties of the bulk thermoplastic material from the average dielectric properties

using a volumetric averaging principle [82]. The hole patterns in the thermoplastic meshes

repeat themselves in unit cells as shown in Figure 3.1(b) and (c). The unit cells are triangular

(equilateral) for the Efficast R© sample and rectangular for the U-PlastTM sample. Thus, the

relationship between the measured volume-averaged properties of the perforated Efficast R©
sample and the underlying properties of the bulk thermoplastic material, ǫr and tan δ, is as

follows:

ǫavg =
π

2
√
3
(
D

a
)2 + ǫr(1−

π

2
√
3
(
D

a
)2) (3.1)

tan δavg = tan δ(1− π

2
√
3
(
D

a
)2) (3.2)

where D = 2.88 mm is the hole diameter and a = 5.8 mm is the length of the side of the unit

cell triangle. The first and the second terms in equation (3.1) correspond to the contribution

of air and the bulk thermoplastic material, respectively. Taking into account that air is

lossless, equation (3.2) represents the loss of the bulk thermoplastic material. Similarly, the

average properties of the U-PlastTM sample are related to the properties of the thermoplastic

material as follows:

ǫavg =
π

2
(

D2

w1 × w2

) + ǫr(1−
π

2
(

D2

w1 × w2

)) (3.3)

tan δavg = tan δavg(1−
π

2
(

D2

w1 × w2

)) (3.4)
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where D = 1.4 mm is the hole diameter and w 1 = 2.88 mm and w 2 = 5.6 mm are the sides of

the rectangle. The loss tangent of the thermoplastic material was converted to an effective

conductivity, σ.

3.1.2 Validation and results

Our equivalent circuit model was tested and validated using S-parameter measurements

taken from transmission lines patterned on a known Rogers 5880 board. The resulting

extracted dielectric properties for the Rogers 5880 board were ǫr = 2.203 and and tan δ =

0.00099 for the frequency range of 0.5-3.5 GHz. The manufacturer specifies values of ǫr =

2.20 0.02 and tan δ = 0.0009 for frequencies up to 10 GHz. This high level of agreement

in the dielectric properties confirms the validity of the equivalent circuit model, namely, the

connector parameters as well as the values of the parasitic elements-used in the ADS-based

dielectric-properties optimization scheme.

The measured and simulated and S21 curves for one of the 205-mm-long, 10-mm-wide

transmission lines on the Efficast R© sample are shown in Figure 3.3. This representative

example illustrates the excellent agreement obtained between measurement and simulation

for all of the transmission line samples. The resulting dielectric properties, ǫr and and σ,

of both PCL-based thermoplastic materials are presented in Figure 3.4. Each data point

represents the mean value of the results (dielectric constant or effective conductivity) from

the ten transmission lines fabricated on each of the two material samples. The vertical bars

span the maximum and minimum values at specific frequencies.

The mean value of the dielectric constant of the Efficast R© PCL-based material ranges

between 3.23 and 3.24 over the 0.5-3.5 GHz frequency range. For the U-PlastTM material,

the mean dielectric constant ranges between 3.20 and 3.22. The mean conductivity ranges

from 0.014 (S/m) at 0.5 GHz to 0.048 (S/m) at 3.5 GHz for Efficast R© and from 0.013

(S/m) (0.5 GHz) to 0.049 (S/m) (3.5 GHz) for U-PlastTM . The variation about the mean

dielectric constant was less than 1.4% for Efficast R© and 3.5% for U-PlastTM over the entire
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Figure 3.3 Measured S21 for a microstrip transmission line (width of 10 mm, length of 265
mm) fabricated on a substrate comprised of a perforated PCL-based thermoplastic
(Efficast R© 8333Y.3/R), compared with the ADS-computed S21 for a model of the

microstrip with optimized substrate dielectric properties.

frequency range of interest. This measurement variability is attributed to small differences

in the assembly processes for each of the transmission lines used to extract these properties.

3.1.3 Summary

The dielectric properties of commercially available PCL-based thermoplastic materials

have been experimentally characterized in the microwave range of 0.5-3.5 GHz using trans-

mission line measurements. We determined that the dielectric constant of the PCL-based

thermoplastics is 3.22±0.02 over the entire frequency range and the conductivity ranges from

0.0133±0.0004 (S/m) at 0.5 GHz to 0.0485±0.0008 (S/m) at 3.5 GHz.

3.2 Dielectric properties of a biocompatible immersion medium

We propose the use of safflower oil as a biocompatible immersion medium for microwave

breast imaging. This immersion medium fills the void between the microwave sensor ar-

ray and the breast and potentially minimizes the impact of the immobilization mesh on

microwave imaging performance. Here, we present an experimental microwave-frequency
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(a)

(b)

Figure 3.4 Dielectric properties of two PCL-based thermoplastic materials, as a function of
frequency, obtained from microstrip transmission-line measurements. The properties
correspond to those of the bulk thermoplastic, after accounting for the air holes (i.e.,

perforations) in the commercial samples of (a) Efficast R© 8333Y.3/R and (b) U-PlastTM

8338BL.SO2+/R.
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characterization of the dielectric properties of safflower oil in the frequency range of 0.5-3.5

GHz.

We hypothesize that this immersion medium is well matched in impedance to the PCL-

based tissue-stabilizing thermoplastic material characterized in Section 3.1. The extent of

the impedance match between the medium and the thermoplastic material is investigated

using an experimental test bed. The experimental findings suggest that the thermoplastic

mesh will have no discernible impact on the reconstructed images. This is confirmed by a

complementary numerical investigation (conducted by J.D. Shea) involving a realistic nu-

merical breast phantom with and without the presence of a thin thermoplastic material layer

enveloping the breast.

3.2.1 Method of dielectric characterization

We characterized the dielectric properties of the biocompatible immersion medium using

an Agilent 85070D dielectric probe kit [83] and E8364 vector network analyzer (VNA). We

conducted complex permittivity measurements on oil samples in small glass beakers. Three

dielectric measurements were made by completely immersing the probe in the oil. Data was

taken in the frequency range of 0.5-10 GHz and the results at each frequency were averaged.

We also studied the properties of oil as a function of the time it had been exposed to air by

making measurements on samples with different time exposures.

3.2.2 Measurement results and data fitting

Figure 3.5 shows measured relative permittivity and effective conductivity of three oil

samples over a frequency range of 0.5-3.5 GHz. The results indicate that both the relative

permittivity and effective conductivity of the medium remain stable even when exposed to

air for up to two years.

Dispersion models are commonly used as compact representations of frequency-dependent

dielectric properties. Here, we develop several such models that are valid for safflower oil

over the frequency range of interest (0.5-3.5 GHz). Since the accuracy of the probe increases
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at higher frequencies for materials with low relative permittivity values (e.g., ǫr in the range

of 2-5) [83], our general strategy was to incorporate higher frequency data content into the

curve-fitting procedure.

Our first approach to curve-fitting the measured data was to use a first order Debye model

over a high frequency range of 5-10 GHz. Over this frequency range the accuracy of the probe

for ǫr varies from 8%-5%. Using a first order Debye model, the complex permittivity as a

function of frequency can be expressed as:

ǫr(ω) = ǫ∞ +
ǫs − ǫ∞
1 + jωτ

+
σs

jωǫo
. (3.5)

Here τ is the relaxation time constant, ǫs and ǫ∞ are the relative permittivity at DC and

very large frequencies, respectively, ǫo is the permittivity of free space, and σs is the static

conductivity [84].

We use a least-squares fit of the first order Debye model to the average experimental

data over the frequency range of interest. The fitting parameters are ǫs, ǫ∞, τ and σs.

These parameters were modified slightly within the range of experimental uncertainty of

the probe to obtain the best fit between simulation and measurement data of a dual-band

miniaturized antenna designed to operate in the oil immersion medium [85]. The resulting

Debye parameters are as follows: ǫ∞ = 2.24, ǫs = 2.97, σs = 0 (S/m), and τ = 5 ps. Figure 3.6

shows the dielectric properties of this first order Debye model fit to the average measurement

data.

Our second approach was to curve-fit the measured data over a frequency range of 0.5-5

GHz. This approach still satisfies our general strategy of curve-fitting given that we include

data content in our frequency range of interest (0.5-3.5 GHz) as well as at higher frequencies.

Again, we chose to fit a first order Debye model to the measured data. Figure 3.7 shows the

dielectric properties of the first order Debye model fit to measured data of the safflower oil

over this frequency range. The resulting Debye parameters are as follows: ǫ∞ = 2.54, ǫs =

2.97, σs = 0.01 (S/m), and τ = 30.53 ps.
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Finally, to improve the closeness of the fit, a second order dispersion model based on a

general polynomial formulation [86] was employed. This second order dispersion model can

be expressed as:

ǫr(ω) = ǫ∞ +
β0 + jωβ1

α0 + jωα1 − ω2
. (3.6)

The fit was performed to data over the frequency range of 0.5-5 GHz. The resulting second

order dispersion model parameters are as follows: ǫ∞ = 2.15, α0 = 195.47× 1018 s−2, α1 =

88.20× 109 s−1, β0 = 292.62× 1018 s−2, β1 = 63.83× 109 s−1. Figure 3.8 shows the relative

permittivity and effective conductivity of the second order general dispersion model fit to

measured data of the safflower oil over the frequency range of 0.5-5 GHz. This model provides

a closer fit to the measured dielectric properties of the safflower oil in our frequency range of

interest. Furthermore, the model makes it possible to incorporate highly accurate dielectric

properties values into numerical simulations that involve the vegetable-oil-based immersion

medium.

3.2.3 Impedance match between PCL-based thermoplastic mate-

rial and immersion medium

We experimentally studied the impedance match of the proposed tissue-immobilizing

thermoplastic materials and the vegetable-oil-based immersion medium. We used a pair of

dual-band miniaturized antennas that operate at 1.34 GHz and 2.87 GHz (see Chapter 4)

immersed in the oil medium and separated by 10 cm. Figure 3.9 shows the measured trans-

mission coefficients S21 with a thin layer (∼0.2 cm) sheet of the thermoplastic mesh placed

between the opposing antennas, at a distance of 5 cm from each. We observe that the

solid curve is indistinguishable from the dash-dotted and dashed curves at the two resonant

frequencies.

We also calculated the difference between the transmission coefficient with the thermo-

plastic mesh (denoted as S21 a) and that without the mesh (denoted as S21 b). For this

experiment the thermoplastic layer was placed ∼4 cm from each antenna. The difference was
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Figure 3.5 Comparison of the dielectric properties of safflower oil with varying time
exposure to air. (a) Relative permittivity and (b) effective conductivity of safflower oil as a

function of frequency. Each curve represents the average properties of three different
measurements of the same sample.
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Figure 3.6 Comparison of first order Debye model fit with measured dielectric properties of
safflower oil samples. The Debye model was fit to measured oil dielectric properties in the
frequency range of 5-10 GHz. (a) Relative permittivity and (b) effective conductivity as a
function of frequency. Dash-dot line represents the average properties of three different

measurements of the same sample.
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Figure 3.7 Comparison of first order Debye model fit with measured dielectric properties of
safflower oil samples. The Debye model was fit to measured oil dielectric properties in the
frequency range of 0.5-5 GHz. (a) Relative permittivity and (b) effective conductivity as a
function of frequency. Dash-dot line represents the average properties of three different

measurements of the same sample.
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Figure 3.8 Comparison of second order general dispersion model fit with measured
dielectric properties of safflower oil samples. The second order model was fit to measured
oil dielectric properties in the frequency range of 0.5-5 GHz. (a) Relative permittivity and
(b) effective conductivity as a function of frequency. Dash-dot line represents the average

properties of three different measurements of the same sample.
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calculated on a dB scale as 20log(|S21 a| − |S21 b|). The results are presented in Figure 3.10

for two thermoplastic materials, namely an Efficast R© 8333Y.3/R mesh and a U-PlastTM

8338BL.SO2+/R mesh. We also measured the difference between two S21 sweeps without

thermoplastic layer present (dash-dot curve). This measurement enables us to assess the

noise floor of the measurement system. The noise floor is slightly below -80 dB.

For the Efficast R© mesh, the difference between both S21 values at 1.34 GHz and 2.87 GHz

is -72.01 dB and -76.35 dB, respectively. For the U-PlastTM mesh, the difference between

both S21 values at 1.34 GHz and 2.87 GHz is -66.65 dB and -78.29 dB, respectively. These

values demonstrate that the difference between two transmission sweeps, one in which the

thermoplastic layer is present and one in which it is not, is negligible. The immersion

medium and thermoplastic mesh are closely impedance matched, making the thermoplastic

mesh invisible to the microwaves.

Figure 3.9 Measured transmission coefficients of a two-antenna system demonstrating the
invisibility of the thermoplastic mesh in oil. The two dual-band miniaturized patch

antennas are immersed in safflower oil and separated by 10 cm.
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(a)

(b)

Figure 3.10 Difference between the measured transmission coefficients S21 of a two-antenna
system with and without a thermoplastic mesh in oil. The two dual-band miniaturized

patch antennas are immersed in safflower oil and separated by 8 cm. Difference of the S21

for (a) an Efficast R© 8333Y.3/R mesh in oil and for an (b) U-PlastTM 8338BL.SO2+/R
mesh in oil. The dash-dot line corresponds to the case when no thermoplastic sheet is

present.
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3.2.4 Impact of the thermoplastic mesh on microwave breast imag-

ing

During the measurement of a breast by a microwave imaging system, any surrounding

objects illuminated by the array may scatter the waves strongly enough to introduce artifacts

in the resulting images if those objects are not properly accounted for. In general, any

materials used for tissue immobilization must be imaged along with the breast, redacted

from the data via some calibration scheme, or included in the propagation model of the

imaging solution. All of these options add significant complexity to the imaging algorithm.

However, if the dielectric properties of the immobilizer are closely matched to the immersion

medium into which the array and breast are placed, the scattering from the immobilizer

may fall below the sensitivity of the measurements making any resulting imaging artifacts

negligible.

The dielectric characteristics results reported here were used by another researcher in our

group (J.D. Shea) to investigate the impact on microwave breast imaging of a PCL-based

thermoplastic material used to immobilize the breast in an immersion medium comprised of

vegetable oil. A numerical test bed was used in order to isolate the effect of the thermoplastic

immobilizer; such an investigation cannot be conducted in the less-controlled environment

of an experimental test bed. The numerical test bed was based on the down-sampled Class 2

(scattered fibroglandular) breast phantom and dipole array described in a previous imaging

study [6]. In addition, a conformal layer of 2-mm-thick thermoplastic material was placed

over the surface of the skin region of this phantom. The dielectric properties of the thermo-

plastic material were assumed to be ǫr = 3.24 and σ = 0.031 S/m. The dielectric properties

of the oil immersion were assumed to be dispersive with first order Debye parameters ǫs

= 2.97, ǫ∞ = 2.72, and τp = 15 ps [85]. We modeled the thermoplastic immobilizer as a

solid layer without any perforations. We consider this to be a worst-case test bed because it

creates the largest expected impedance mismatch between the immersion medium and the

immobilizer. In practice, the average dielectric properties of a perforated thermoplastic layer
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(with either air- or oil-filled holes) will provide a better match to the properties of the oil

immersion than that assumed here.

The inverse scattering algorithm described in [29] was applied to the data acquired from

the numerical phantom with and without the conformal thermoplastic layer. In both cases

the thermoplastic was excluded in the forward model of the imaging solution and instead

assumed that the immersion medium extended to the skin surface. Under these forward-

model assumptions, any scattering from the thermoplastic layer that is on the order of the

level of scattering from the interior breast tissue structures will manifest as artifacts in the

image of the interior volume. Such artifacts would occur because the imaging algorithm

seeks to minimize any residual scattering between measurements of the reconstruction and

the actual object.

Coronal cross-sections of the resulting three-dimensional images of the phantom with

and without the thermoplastic layer are shown in Figure 3.11. Any differences between the

reconstructed dielectric-properties profiles for the two cases are imperceptible. This result

suggests that the PCL-based thermoplastic material and vegetable oil are sufficiently well

matched such that the thermoplastic layer presents a negligible amount of scattering and

may therefore be neglected by the imaging solution.

3.2.5 Summary

In these experiments we characterized the dielectric properties of an immersion medium

comprised of safflower oil from 0.5-3.5 GHz. We found that a second order general disper-

sion fit to the measured dielectric properties of oil provides a highly accurate model of the

properties in our frequency range of interest. This second order model makes it possible to

incorporate accurate values of the dielectric properties of the oil into numerical simulations

used in the development of a microwave breast imaging sensor array. In addition, we found

that the properties of oil remain stable when exposed to air for an extended period of time
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Figure 3.11 Coronal cross-sections of reconstructed three-dimensional dielectric profiles of
a Class 2 (scattered fibroglandular) breast phantom. (a)-(b) Images of the phantom with
no thermoplastic sheet. (c)-(d) Images of the phantom with the thermoplastic sheet at the
skin surface. Dielectric constant, left, and effective conductivity (S/m), right, at 2.0 GHz.

(i.e., up to 2 years). We verified experimentally that the low-loss, biocompatible oil immer-

sion medium provides an excellent impedance match with the tissue-stabilizing thermoplastic

material, effectively making the thermoplastic invisible to the microwaves.
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Chapter 4

Multi-band miniaturized patch antennas for microwave

breast imaging

4.1 Introduction

We present multi-band miniaturized patch antennas designed for use in a 3D sensor

array for microwave breast imaging. Microstrip patch antennas offer a number of desirable

features for microwave breast imaging. They are lightweight, low-profile, and low-cost. The

ground plane backing ensures unidirectional radiation, thereby minimizing environmental

interference. This isolation can be exploited to increase the accuracy of modeling these

types of antennas in forward simulations, which are part of the reconstruction algorithm.

The planar layout of a rectangular patch antenna is easy to model in simulations that use

Cartesian grids.

Techniques based on rectangular slot-loading can be used to reduce the size of a patch

and produce multi-band operation within a specified frequency range [54–64]. The frequency

ratio of a slot-loaded, multi-band patch antenna can be tuned by varying the dimensions of

the selected slot used for loading [54–58,60,61]. Several examples of single-layer patch anten-

nas loaded with slots of different types and at different locations along the patch have been

proposed. Results often include the gain of the slot-loaded patch antenna at its operating fre-

quencies [58–64]. However, no extensive treatment of the trade-off between miniaturization

via slot-loading type and location versus gain has been previously presented.

Here, we investigate performance characteristics of several slot-loaded, multi-band minia-

turized patch antenna designs. The antenna elements are designed for a 3D sensor array for
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microwave tomography and operate in a biocompatible immersion medium comprised of

safflower oil. We examine the effects of varying antenna design parameters, including thick-

ness and permittivity of the dielectric substrates and location of the slots, on the operating

characteristics of these antennas. These investigations are first conducted using numerical

simulations. Several multi-band miniaturized patch antennas, including tri- and quad-band

designs, are fabricated and measured to verify the simulation results. We demonstrate that

slot-loading can be used to obtain similar and symmetric radiation patterns, as well as similar

gain, at three or four frequencies of operation between 0.5 and 3.5 GHz. The ultimate goal

of this work is to determine the usefulness of slot-loaded, multi-band miniaturized patch an-

tenna designs for microwave tomography. We also demonstrate the feasibility of microwave

breast imaging with a 3D enclosed antenna array populated with one type of slot-loaded

antenna considered in this study.

In Section 4.2, we describe an experimental study to verify and test the performance of

a dual-band, miniaturized patch antenna described in [85]. In Section 4.3.1, we discuss the

principle of operation and design strategy for multi-band miniaturized patch antennas using

slot-loading. In Section 4.3.2, we present the operating characteristics of several multi-band

miniaturized patch antenna designs immersed in a biocompatible medium. We also show

experimental characterization results of fabricated prototypes of multi-band miniaturized

patch antenna elements. Finally in Section 4.3.2.4, we discuss a numerical study of microwave

breast imaging using realistic numerical breast phantoms and a 3D antenna array.
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4.2 Measurement and experimental verification of a dual-band

miniaturized patch antenna∗

This section describes a study under which we experimentally verify the performance

of a dual-band, miniaturized patch antenna previously proposed [85]. The miniaturized

patch antenna was designed for use in a 3D microwave sensor array for breast imaging.

This antenna was designed to exhibit dual-band response by exploiting the dominant mode,

TM100, and one of the higher-order modes of the patch antenna, TM300 (see Section 4.3.1

for a detailed description of the antenna design). The experimental results aim to validate

the methods employed in the design, measurement, and testing of the antenna.

We fabricated prototypes of isolated antenna elements (Figure 4.1). The antenna ele-

ments were patterned on a 32-mil-thick RO4003 substrate (Rogers Corp.) and are probe fed

using the center conductor of an SMA connector.

2
9

 m
m

28 mm

Figure 4.1 Photograph of the fabricated dual-band miniaturized patch antenna.

We measured the reflection and transmission coefficients of the dual-band miniaturized

patch antenna. We immersed the fabricated antenna(s) in a 32 cm × 15 cm × 11 cm

tank filled with safflower oil. The magnitude of the measured S11 frequency response of the

antenna is shown in Figure 4.2. Excellent agreement is observed between the simulated and

measured reflection coefficients. The fabricated antenna shows multiple bands at 1.34 GHz,

∗This section comprises some of the content from the following published paper: M. A. Al-Joumayly, S.
M. Aguilar, N. Behdad, and S. C. Hagness, “Dual-band miniaturized patch antennas for microwave breast
imaging,” IEEE Antennas and Wireless Propagation Letters, vol. 9, pp. 268-271, 2010. M. A. Al-Joumayly
and S. M. Aguilar contributed equally to the measurement and experimental verification reported in this
section.
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1.93 GHz, and 2.87 GHz. The slight discrepancy (2% at most) with respect to the simulation

results is primarily attributed to the inherent uncertainty in the electrical properties of the

single-pole Debye oil model used in the simulations (see Section 3.2.2).

Figure 4.3 shows the measured transmission coefficient of a system of two miniaturized

patch antennas facing each other and separated by a distance of 10 cm in the oil. As expected,

the system has transmission peaks at f100 and f300. The transmission peak at f200 is very

low (−60 dB), confirming that the radiation pattern has a broadside null at this frequency.

This second resonance is not expected to be useful for the intended application where a low-

power microwave signal is transmitted. Here we also observe excellent agreement between

simulation and experiment.

Figure 4.2 Simulated and measured reflection coefficients of the miniaturized patch
antenna of Figure 4.1 immersed in safflower oil.

We also characterized the radiation patterns of the miniaturized patch antenna immersed

in oil. These antennas are designed to be used in an enclosed cubical 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. The measurements were taken at a distance of 15 cm

from the patch. Figure 4.4 shows the co-polarized and cross-polarized radiation patterns in

the E- and H-planes at 1.34 GHz and 2.87 GHz. The measured cross-pol level is a minimum
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Figure 4.3 Simulated and measured transmission coefficients of a two-antenna system
composed of the dual-band miniaturized patch antenna of Figure 4.1 immersed in safflower

oil and separated by 10 cm.

of 20 dB lower than co-pol at broadside for both frequencies. We observe better agreement

between measurement and simulation in the co-pol radiation patterns than cross-pol. We

attribute the greater cross-pol discrepancy to the fact that the very low cross-pol levels

are more susceptible to measurement imperfections. As shown in Figure 4.4, the antenna

exhibits symmetric and similar radiation patterns at the two operating frequencies.

We compared the performance of our proposed dual-band miniaturized antenna with a

dipole, the most widely-used radiators for microwave tomography systems. We fabricated a

dipole with the same physical size as our patch. Because of its small size, the first resonance

of this dipole occurs at 3.1 GHz. However, the resonant frequency of the first mode of the

dual-band patch is 1.34 GHz. Thus, we compared the performance of this small dipole at

this same frequency and designed its balun to operate at 1.34 GHz. Figure 4.5 shows the

dipole and its balun. Figures 4.6 and 4.7 show the magnitude of the measured reflection and

transmission coefficients, respectively, of the small dipole and of the dual-band miniaturized

antenna. At 1.34 GHz, we observe that the transmission coefficient of the patch is 20 dB

higher than that of the dipole since the patch is impedance matched at this frequency and

the dipole is not. Interestingly, however, the balun acts as an impedance transformer for

dipole at a frequency of approximately 1 GHz. At this frequency, because of the impedance

matching, the transmission is comparable to that of the dual-band miniaturized antenna.
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(a) (b)

(c) (d)

Figure 4.4 Measured and simulated radiation patterns of the dual-band miniaturized patch
antenna in oil. The patterns are obtained at a distance of 15 cm from the patch. (a)

E-plane at 1.34 and (b) 2.87 GHz. (c) H-plane at 1.34 and (d) 2.87 GHz. Red: simulated
data. Blue: measured data. Circle: co-pol. x: cross-pol.

From this study, we can conclude that regardless of the type of antenna used, multi-frequency

impedance matching is required to significantly increase the level of transmitted power.

Figure 4.5 Photograph of the fabricated small dipole antenna.
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Figure 4.6 Measured reflection coefficients of the dual-band miniaturized patch antenna of
Figure 4.1 and a small dipole of Figure 4.5 immersed in safflower oil.

Figure 4.7 Measured transmission coefficients of a two-antenna system composed either of
dual-band miniaturized patch antennas or small dipoles. The two antennas are immersed

in safflower oil and separated by 10 cm.
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4.3 Multi-band miniaturized patch antennas∗

4.3.1 Antenna design

Our antenna design strategy is to load the patch with judiciously placed slots to shift

additional higher-order resonant modes into a desired frequency range while maintaining

current distributions similar to that of the dominant mode. This technique enables antenna

miniaturization and multi-band operation within the frequency range of interest. We illus-

trate this process in what follows by summarizing the effect of slot loading, reviewing the

design guidelines of a dual-band miniaturized patch antenna previously presented [85], and

presenting the proposed designs for multi-band operation.

Figure 4.8 illustrates the topology of a rectangular patch antenna (Figure 4.8(a)), loaded

with a series of slots (Figure 4.8(b)-(d)). The slot-loaded patch, shown in Figure 4.8(b),

comprising two slots (A and B) parallel to and near the radiating edges, was shown to have

a dual-band response [58]. In this structure, the lower frequency of operation is determined by

the resonant frequency, f100, of the dominant mode, TM100, of a rectangular patch antenna,

while the higher operating frequency is determined by the resonant frequency, f300, of a

perturbed higher-order longitudinal mode, TM300. The addition of these two slots has a

slight effect on reducing f100, since the slots are located close to the current minima of

the dominant TM100, as shown in Figure 4.8(e). The slots have a more significant effect

in reducing f300, since the current for the TM300 mode, shown in Figure 4.8(e), is more

significant in the regions of these slots.

Figure 4.8(c) illustrates a slot-loaded patch antenna with an additional slot (C) located

at the center of the patch. This center slot increases the electrical lengths of the current

paths for the first and third modes, since it is located in a region where both these modes

have current maxima, as shown in Figure 4.8(e). Thus, increasing the length of this slot

∗This section comprises content from the following manuscript: S. M. Aguilar, et al., “Multi-band
miniaturized patch antennas for microwave breast imaging,” IEEE Transactions on Antennas and Propaga-

tion, under preparation.
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Figure 4.8 Top view of (a) standard patch, (b) slot-loaded patch, (c) slot-loaded patch
with center slot, and (d) dual-band miniaturized patch antenna. (e) Schematic of current
distributions for the first three longitudinal modes showing where the current is affected by

the various slots in (b)-(d).

reduces the operating frequencies of these two bands. The effect is more significant for f300,

since the slot is electrically longer for the TM300 mode. The slot, however, does not have any

effect on the second mode, TM200, since it is located at the current minimum of this mode.∗

Figure 4.8(d) shows the location of nonradiating edge slots (D) that cause the current

paths of all longitudinal modes to be further increased, thereby permitting a greater reduction

in the length of the patch [85]. The location of these edge slots, as shown in Figure 4.8(e),

has a slight effect on the current distribution of the TM100 mode and a more significant

effect on the current distribution of the third mode, TM300. Figure 4.8(d) represents the

∗In a rectangular patch, due to anti-symmetric current distributions, the radiation patterns of the second,

TM200, and fourth, TM400, modes have nulls in the broadside direction. Thus, in this work, the longitudinal

modes of interest are the first, third, and fifth.
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dual-band miniaturized patch antenna previously reported [85]. The resonant frequencies

of the TM100 and TM300 modes of the dual-band miniaturized patch antenna were reduced

by 37% and 23% [85], respectively, compared to a conventional dual-band, slot-loaded patch

antenna [58].

Figure 4.8(d) and Figure 4.9 show the topology and dimensions of our proposed multi-

band miniaturized patch antenna designs. The dual-band miniaturized patch antenna re-

ported in [85] is shown in Figure 4.8(d) for reference. The resonant frequencies of the first

three longitudinal modes are affected by the length, Ls, of the slot added near and parallel

to the radiating edge, the length, Lc, of the slot added at the center of the patch, and the

length, L1, of the slots added to the nonradiating edges. In Figure 4.8(d), the loading effect

of the slots located near the radiating edges of the antenna is limited by the width of the

patch [58]. To overcome this limitation, spiral-loaded slots replace the straight slots near the

radiating edges, as shown in Figure 4.9(a). The addition of spiral slots has an effect on the

dominant mode, TM100, and two of the higher-order modes of the patch antenna, namely

the TM300 and TM500 modes.

The resulting tri-band miniaturized patch antenna, shown in Figure 4.9(a), comprises two

spiral slots (length Ls and width Ws) near the radiating edges of the patch, a slot (length

Lc and width Ws) located at the center of the patch, and edge slots (lengths L1 and L2 and

width Ws) located at the nonradiating edges of the patch. This tri-band antenna topology

offers a great degree of flexibility in choosing the three frequencies of operation over a broad

band. For example, the frequency ratio, f300/f100, can be designed to be as small as 1.0 or

as large as 3.0.

The topology of the quad-band miniaturized patch antenna is the same as that of the

tri-band patch, except the feed is located off the axis of symmetry of the structure, as shown

in Figure 4.9(b). The off-axis feed yields a quad-band response by exciting the dominant

orthogonal mode, TM010. 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.
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Figure 4.9 Top view of the (a) tri-band, and (b) quad-band miniaturized patch antennas.

The multi-band miniaturized patch antennas are designed to operate in a biocompatible

immersion medium comprised of safflower oil. A second-order dispersion model in CST

Microwave Studio [86] was fit to the measured frequency-dependent complex permittivity of

the safflower oil (see Section 3.2.2).

The dimensions of the dual-, tri-, and quad-band miniaturized patch antennas 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 antenna are

(in mm): W=28, L=29, Ws=1, Ls=24, Lc=12, L1=10, and d1=2. The resulting physical

dimensions for the tri-band antenna are (in mm): W=32, L=33, Ws=1, Ls=82, Lc=16,

L1=7, L2=8, d1=2, and d2=1. The coordinates of the feed location, relative to the center of

the patch, are given by (in mm) (xfeed=0, yfeed=4.5) for the dual-band, (xfeed=0, yfeed=8.5)

for the tri-band, and (xfeed=3, yfeed=8.5) for the quad-band patch.

The calculated reflection coefficients for the tri- and quad-band antennas, as well as that

of the dual-band antenna are shown in Figures 4.10-4.12. The tri-band antenna exhibits

TM100, TM300, and TM500 resonances at 1.36 GHz, 1.74 GHz, and 3.03 GHz, respectively.

The miniaturization technique used in this patch antenna reduces the operating frequencies

of its TM100, TM300, and TM500 modes by 48%, 78%, and 77%, respectively, compared to a

rectangular patch antenna occupying the same area. The ratio between the frequencies of

operation is f300/f100 = 1.3 and f500/f100 = 2.2. A comparison of Figs. 4.10 and 4.11 shows

that the combination of the spiral loading on the radiating-edge slots and the wider center
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slot not only brings f500 down into the range of interest, but also further reduces f300 by 40%

relative to the dual-band antenna. The additional resonance of interest of the quad-band

antenna, the TM010, occurs at 2.38 GHz.

2
9

 m
m

28 mm

Figure 4.10 Simulated and measured reflection coefficients of the dual-band miniaturized
patch antenna of Figure 4.9(a) immersed in safflower oil.

3
3

 m
m

32 mm

Figure 4.11 Simulated and measured reflection coefficients of the tri-band miniaturized
patch antenna of Figure 4.9(b) immersed in safflower oil.
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m

32 mm

Figure 4.12 Simulated and measured reflection coefficients of the quad-band miniaturized
patch antenna of Figure 4.9(b) immersed in safflower oil.

4.3.2 Results

4.3.2.1 Effect of types of slot-loading

To understand the design trade-offs of slot-loading a patch antenna, we performed numer-

ical simulations of antennas loaded with slots at different locations along the patch. Table 4.1

shows the resonant frequencies and gain of different types of slot-loaded patch antennas.

We considered antenna designs that were patterned on a 10 cm × 10 cm × 0.08 cm Rogers

RO4003 substrate (ǫr = 3.55) and immersed in a biocompatible immersion medium. The

designs are based on the antenna geometries given in Figure 4.8(d)-Figure 4.9 (L=29 mm and

W=28 mm). Slots used in designs based on the antenna geometry shown in Figure 4.8(d)

have the same dimensions as the ones used in the dual-band miniaturized patch antenna

described in Section 4.3.1. Slots used in designs based on the antenna geometry shown in

Figure 4.9 have modified dimensions as follows (dimensions in mm): W=28, L=29, Ws=1,

Ls=61, Lc=14, L1=5, L2=6, d1=1, and d2=1. The coordinates of the feed location, relative

to the center of the patch, are given by (in mm) (xfeed=0, yfeed=4.5) for the dual-band,

(xfeed=0, yfeed=7.5) for the tri-band, and (xfeed=3, yfeed=5.5) for the quad-band patch.

The table details the location and number of slots used for loading the patch, the first

few resonant frequencies of each type of antenna design, and gain at the resonant frequencies
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Table 4.1 Calculated frequencies of operation and gain of several slot-loaded patch
antenna types. White: TM100. Green: TM300. Blue: TM500. Red: TM010.

type of slot-
loaded 
patch 

antenna 

topology freq. 

(GHz) 

gain 

(dBi) 

reduction 
in freq. 
relative 
to basic 
patch  

(%) 

change 
in gain 
relative 
to basic 

patch 
(dB) 

2.58 6.5 - - 
basic patch     
(no slots) 

 

7.91 7.7 - - 

2.16 2.6 16 -3.9 radiating-
edge slot 

(RS) 

 

3.77 4.9 52 -2.8 

2.36 6.2 9 -0.3 
center slot 

(CS) 

 

6.85 8.8 13 1.1 

1.70 -0.2 34 -6.7 non-
radiating-
edge slot 

(NRS) 

 

3.56 -16.4 55 -24.1 

2.16 -0.6 16 -7.1 radiating-
edge slot 
spiraled     

(RSS) 

 

4.59 5.7 42 -2.0 

2.09 2.6 19 -3.9 

RS + CS 
 

3.48 1.6 56 -6.1 

1.42 -4.6 45 -11.1 

RS + NRS 
 

3.02 -3.0 62 -10.7 

1.57 -1.9 39 -8.4 

CS + NRS  
 

3.52 -13.0 56 -20.7 

1.36 -5.2 47 -11.7 
RS + CS + 

NRS  

 

2.88 -6.4 64 -14.1 

1.36 -6.0 47 -12.5 

1.74 -7.0 78 -14.7 
RSS + CS + 

NRS 

 

3.03 -8.6 77 -15.3 

1.36 -5.9 47 -12.4 

1.74 -7.2 78 -13.7 

3.03 -8.0 77 -14.7 

RSS + CS + 
NRS+offset 

feed 

 

2.38 -2.4 10 -8.7 
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of interest. The gain of the antenna is calculated from simulated data using the following

modified Friis transmission formula for a lossy medium [87]:

PR

PT

= GTGR

(

λeff

4πR
e−αR

)2
(

1− |ΓT|2
) (

1− |ΓR|2
)

(4.1)

Here, PT, PR, GT, GR are the transmitted and received powers and the gains of the respective

antennas, R is the distance between antennas, λeff = λ = 2π/Re[k], and α = |Im[k]|, where
k is the wave number of the lossy medium. The effect of impedance mismatch is taken

into account by including the term
(

1− |ΓT|2
) (

1− |ΓR|2
)

in the above equation, where Γ is

the reflection coefficient at the respective antenna. The gain of each antenna at the design

frequency of interest was determined using a system of two identical miniaturized patch

antennas immersed in the oil, separated by a distance of 15 cm. Because this spacing is

rather small and the antennas radiate in a lossy environment, the calculated gain values

reported in this work do not represent the traditional far-field gain of an antenna, which

is reported when the antenna radiates in lossless environments and the observation point is

well into the far-field.∗ 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,

etc.).

Table 4.1 shows miniaturization and gain reduction of the slot-loaded antennas compared

to a basic patch. 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 radiating-edge slots (RS) or non-radiating-

edge slots (NRS) produces almost the same reduction in f300 (slightly over 50%). Using the

latter ones, however, has a more significant effect in the reduction of gain at this frequency.

RS designs (i.e. RS, RS + CS) produce a miniaturization of more than 50% at the resonant

frequency of the TM300 mode with relatively good values of gain, 2-5 dBi. The center slot

∗The conventional definition of antenna gain is not valid for antennas that radiate in lossy environments

[87].
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(CS) only slightly reduces f100 and f300 with virtually no reduction in gain relative to the

basic patch. Antennas loaded with a combination of slots (e.g. RS + CS, CS + NRS, RS +

CS + NRS, and RSS + CS + NRS) produce the highest degree of miniaturization at both

f100 and f300. Again note, however, that gain at both f100 and f300 deteriorates significantly

if the design incorporates NRS. The RSS + CS + NRS combination excites an additional

mode, the TM500, within the range of 0.5 - 3.5 GHz (as described in Section 4.3.1). Similar

values of gain are obtained at the three desired frequencies of operation of this antenna.

Moreover, off-setting the feed of this tri-band antenna excites an orthogonal resonant mode

at 2.38 GHz with a gain of -2.4 dBi.

4.3.2.2 Effect 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 the RS, RS + CS, and RS + CS + NRS (i.e. dual-band miniaturized patch antenna)

patch antennas versus frequency are shown in Figure 4.13. For this study we considered

substrates with dielectric constants ǫr = 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.

Figure 4.13 shows that the resonant frequencies of the TM100 and TM300 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 will

improve the calculated gain at the frequencies of operation. The maximum calculated gain

(similar values) is achieved for a substrate with ǫr = 3.55 and h = 120 mil.

4.3.2.3 Measurement and experimental verification

We experimentally validated miniaturized patch antenna designs presented in Table 4.1

that were loaded with a combination of slots, namely the RS + CS + NRS and the RSS +



50

(a)

(b)

(c)

Figure 4.13 Calculated gain versus frequency for different dielectric constants (ǫr) and
thickness h of the substrate. (a) ǫr = 3.55, (b) ǫr = 6.15, (c) ǫr = 10.2.
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CS + NRS. These antenna designs correspond to the geometries shown in Figure 4.8(d) and

Figure 4.9. The antenna elements were patterned on a 10 cm × 10 cm × 0.08 cm RO4003

substrate and probe fed using the center conductor of an SMA connector. The fabricated

antennas were immersed in a 32 cm × 15 cm × 11 cm tank filled with safflower oil for all

measurements described below.

The measured input reflection coefficients, S11, of the multi-band miniaturized antennas

are shown in Figs. 4.10-4.12. The fabricated tri-band antenna shows bands of operation at

1.36 GHz (TM100), 1.76 GHz (TM300), and 3.02 GHz, (TM500). The additional operating

band of the quad-band miniaturized antenna is observed at 2.38 GHz (TM010). Excellent

agreement is observed between the simulated and measured reflection coefficients for all of

the 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 S11 curves for the dual-band antenna (Figure 4.10) is improved relative to that

reported in [85]; that previous study used a less accurate dielectric property model for oil.

The depths of the S11 nulls for the TM100, TM300, and TM500 modes of operation of

the quad-band antenna (Figure 4.12) are not as deep as those of the tri-band antenna (Fig-

ure 4.11). 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 frequen-

cies. Nonetheless, the measured S11 of this antenna is better than -8.6 dB for all frequencies

of operation, which satisfies the requirements of our intended application.

Figure 4.14 shows the measured transmission coefficient of a system of two of the tri-band

miniaturized patch antennas separated by a distance of 10 cm in the oil. The measurement

of the transmission coefficient of a system of two dual-band miniaturized patch antennas

was shown in Figure 4.3. As expected, the system has transmission peaks at the resonant

frequencies of the first longitudinal modes. The measured transmission peak at f200 is very

low (−60 dB), confirming that the radiation pattern has a broadside null at this frequency.
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This second resonance is not useful for the intended application where a low-power microwave

signal is transmitted. Here we also observe excellent agreement between simulation and

experiment. We also measured the co- and cross-polarized radiation patterns of the multi-

band miniaturized patch antennas immersed in oil. The measurements were taken at a

distance of 15 cm from the patch. These antennas are designed to be used in an enclosed

cubical 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.

Figure 4.14 Simulated and measured transmission coefficients of a two-antenna system
composed of the tri-band miniaturized patch antenna of Figure 4.9(b) immersed in

safflower oil and separated by 10 cm.

Figures 4.15-4.16 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. The

radiation patterns of the dual-band miniaturized antenna are shown in Figure 4.15. 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. 4.15 and 4.16 show a good agreement between the co-pol components of the mea-

sured and the simulated radiation patterns of the two fabricated prototypes. The greater



discrepancy observed between the measured and the simulated cross-pol components is at-

tributed to the fact that the very low cross-pol levels are more susceptible to measurement

imperfections.

We also measured the gain of the multi-band miniaturized antennas immersed in oil.

The gain of the antenna is calculated from measured or simulated data as described in

Section 4.3.2.1. The simulated and measured gain values at the resonant frequencies of

interest for the multi-band miniaturized antennas are listed in Table 4.2. We observe good

agreement between the simulated and measured gain values.

Table 4.2 Calculated and measured values of multi-band miniaturized patch antennas
discussed in Section 4.3.2.1. White: TM100. Green: TM300. Blue: TM500. Red: TM010.

type of 
antenna 

freq. 

(GHz) 

simulated 

gain 

(dBi) 

measured 

gain 

(dBi) 

1.36 -5.3 -5.5 
dual-band 

2.88 -6.4 -5.9 

1.36 -6.0 -5.3 

1.74 -7.0 -7.6 tri-band 

3.03 -8.6 -8.4 

1.36 -5.9 -5.3 

1.74 -7.2 -7.6 

3.03 -8.0 -7.7 

quad-band 

2.38 -2.4 -4.3 

4.3.2.4 Performance of the multi-band miniaturized patch anten-

nas in microwave breast imaging

Another researcher in our group (M. J. Burfeindt) demonstrated the efficacy of using

one of multi-band, miniaturized patch antennas reported here in an imaging array. The

radiating-edge slot (RS) patch antenna was chosen to populate the array. The four array

panels containing antennas have dimensions of L=124 mm and W=164 mm and are lined

with a 60-mil-thick substrate with dielectric properties ǫr=10.2 and tan δ=0.0024 S/m. The
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(a) (d)

(b) (e)

(c) (f)

Figure 4.15 Simulated and measured radiation patterns of the tri-band miniaturized patch
antenna in oil. The patterns are obtained at a distance of 15 cm from the patch. (a)

E-plane at 1.36 GHz (b) 1.74 GHz and (c) 3.02 GHz. (d) H-plane at 1.36 GHz (e) 1.74
GHz and (f) 3.02 GHz. Solid red: simulated data. Dotted blue: measured data. Circle:

co-pol. x: cross-pol.



hole in the top PEC array panel, through which the breast phantom descends, conforms to the

ellipsoidal 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 ǫ∞

= 2.24, ǫs = 2.97, and τp = 5 ps.

The testbed consisted of the Class II (scattered fibroglandular) numerical breast phantom

described in a previous imaging study [29]. Data acquisition was simulated using the finite-

difference time-domain (FDTD) method. The dielectric profile of the breast is reconstructed

using the technique described in [29]. FDTD was also used in the forward solver in the

inverse scattering algorithm.

Visual agreement between the true phantom profile and the 3D reconstructed profiles is

evident in the cross-sectional images of Figure 4.17. Cross-sections through the true profile

are shown in Figure 4.17 (a)-(b). The reconstruction was performed using frequencies cor-

responding to the TM100 and TM300 modes of the RS patch antenna. Coronal and sagittal

cross-sections through the 3D reconstruction are shown in Figure 4.17 (c)-(d). For compari-

son, cross-sections through a reconstruction created using the dipole array described in [29]

are shown in Figure 4.17 (e)-(f). For the dipole reconstruction, the same frequencies were

used in order to make a fair comparison. Both the patch and dipole reconstructions are suc-

cessful in capturing the locations and basic shape of fibroglandular tissues in the phantom.

The patch reconstruction is of similar fidelity to the true profile as compared to the dipole

reconstruction. These results demonstrate the potential for using miniaturized, multi-band

patch antennas for reconstructing the breast dielectric profile.
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(a) (e)

(b) (f)

(c) (g)

(d) (h)

Figure 4.16 Simulated and measured radiation patterns of the quad-band miniaturized
patch antenna in oil. The patterns are obtained at a distance of 15 cm from the patch. (a)
E-plane at 1.36 GHz (b) 1.74 GHz (c) 2.38 GHz, and (d)3.02 GHz. (e) H-plane at 1.36
GHz (f) 1.74 GHz (g) 2.38 GHz, and (h) 3.02 GHz. Solid red: simulated data. Dotted

blue: measured data. Circle: co-pol. x: cross-pol.
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Figure 4.17 Comparison of imaging a Class II (scattered fibroglandular) 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) True profile. (c)-(d) Images
reconstructed using a multi-band miniaturized patch antenna array. (e)-(f) Images

reconstructed using a dipole array.
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4.4 Effect of antenna pair separation distance on calculated gain

In Section 4.3.2.1, we mentioned that the calculated antenna gain values reported in

this work do not represent the traditional far-field gain of the antenna for two reasons.

First, the antennas are immersed in an oil medium, which is a lossy environment. Second,

the calculated gain is obtained by using a system of two identical antennas separated by

a distance of 15 cm, which is a rather small spacing. We adopted a modified form of the

Friis transmission formula (equation (4.1)) to account for antenna radiation in oil. This

transmission formula is well suited for antennas that radiate in a lossy medium [87]. In this

section, we investigate the impact that having a distance of separation between antennas

that is less than the traditional far-field one has on the calculated gain.

In its derivation, the Friis transmission equation (4.1) assumes far-field conditions be-

tween the transmitting and receiving antennas. The gain quantities in equation (4.1) are

strictly far-field gains. If far-field conditions are not satisfied between the transmitting and

the receiving antenna, near-field mutual coupling effects may play an important role. In such

circumstances, the power transmission between the antennas is different from what would be

predicted by (4.1) using far-field gains. One way to account for these effects is to use ‘near-

field’ gains in the Friis transmission equation. Besides being different from the conventional

far-field gain of an antenna, the ‘near-field’ gain, as will be observed later in this section,

varies with the separation distance between the transmitting and the receiving antenna.

The dependence of gain on antenna separation reduces as the distance is increased and far-

field conditions are satisfied. The ‘near-field’ gain value then converges to the conventional

far-field gain one.

The effects mentioned above can be observed by considering a half-wavelength dipole.

An analytical model of a dipole has been used to accurately calculate the coupling between

dipole antennas at any distance. This model is based on variational solutions of the self

and mutual impedances of dipoles [88]. The self and mutual impedances are then converted

into S-parameters using standard network theory techniques [89], which in turn are used
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to calculate the modified gain of a half-wavelength dipole versus antenna separation using

equation (4.1). Figure 4.18 shows that the computed gain of the half-wavelength dipole

varies in an oscillatory fashion for antenna separation distances that are less than 3λ. As the

separation distance increases, the calculated gain then converges to the well-known dipole

gain of 2.17 dBi.

Figure 4.18 Calculated antenna gain versus the separation distance (as a function of λ)
between a pair of half-wavelength linear dipoles. Antenna gain obtained at the resonant

frequency of the dipoles.

We studied the effects of antenna separation distances on the calculated gain at f100 and

f300 of the different types of slot-loaded patch antennas shown in Table 4.1. In this study,

we took into account guidelines set by [90] on the minimum distances, in λ, that facilitate

measurements in the far-field of the antenna. These distances are based on the strictest

of three conventional far-field criteria at each frequency of interest. These criteria suggest

that the measurement distance be greater than the largest of 2D2/λ (the phase uncertainty

limit), 3D (the amplitude uncertainty limit), and 3λ (the reactive near-field limit), where D

is the largest dimension of the antenna and λ is the wavelength at the frequency of interest.

The strictest criterion at f100 and f300 for most of the multi-band antennas considered in

this study is the reactive near-field limit one (3λ). The strictest criterion of the basic patch

and CS patch at f300 is the phase uncertainty limit (2D2/λ).



Figure 4.19 shows the calculated antenna gain versus separation distance (as a function of

λ) between a pair of the slot-loaded, multi-band miniaturized patch antenna types immersed

in safflower oil. Each data point represents the calculated gain value at separation distances

of 1λ, 2λ, and 3λ for both frequencies of interest, f100 and f300. The gain at the strictest

criterion for f300 of the basic patch and CS patch are also shown. For comparison, the gain

values calculated in Section 4.3.2.1 at a separation distance of 15 cm between the antennas

are also presented. As in the case of the half-wavelength dipole (Figure 4.18), the results

indicate that the calculated gain converges to a particular value as the distance of separation

between the antennas increases. We can observe that the modified ‘near-field’ gain values

obtained at 15 cm separation distance between the antennas using equation (4.1) are closely

similar to those obtained at the conventional far-field strictest criterion of each antenna.

4.5 Summary

Slot-loaded, multi-band, miniaturized patch antennas for microwave breast imaging were

designed, simulated, and tested. We investigated the gain at the operating frequencies of

numerous slot-loaded miniaturized patch antennas patterned on different types of substrates.

The study made it possible to understand the trade-off between miniaturization via slot-

loading versus gain. The study also revealed that the gain of the miniaturized patch antennas

can be modified by varying the antenna substrate dielectric constant and thickness.

Prototypes of several miniaturized patch antennas were fabricated and verified experi-

mentally in a biocompatible immersion medium. The measured resonant frequencies of the

modes of the patch antennas were in excellent agreement to the expected ones. Similar and

symmetric radiation patterns at all bands of operation are obtained. The measured results

of these fabricated prototypes indicate that these structure are suitable candidates as array

element for multi-frequency microwave breast imaging systems.
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(g) (h)

Figure 4.19 Calculated antenna gain versus the separation distance (as a function of λ)
between a pair of slot-loaded, multi-band miniaturized patch antenna types immersed in
safflower oil. Antenna gain obtained at f100 and f300 for (a) basic patch (b) CS patch (c)
RS patch (d) RS+CS patch (e) NRS patch (f) CS+NRS patch (g) RS+NRS patch (h)

RS+CS+NRS patch. For all figures the separation distance at which the strictest criterion
(s.c.) is satisfied occurs at 3λ, except for (a) and (b), where the s.c. is noted. Solid circle
and solid triangle: gain obtained using an antenna pair separated by 15 cm for f100 and

f300, respectively.
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Chapter 5

Microwave breast imaging arrays comprised of multi-

band miniaturized patch antennas

We present a compact multi-band patch antenna array designed for use in a 3D microwave

tomography system for breast imaging. The array is designed for operation within the inter-

stitial space of an MRI patient support platform. This configuration permits scattered-field

data acquisition with the breast in the same position as a benchmark MRI scan, thereby

enabling precise co-registration with breast MRI. We investigate operating characteristics,

including mutual coupling, of the antenna array elements contained in the array using nu-

merical simulations. We demonstrate that multi-band operation of the array is maintained

in the presence of an ellipsoidal breast phantom.

5.1 Introduction

In this section, we present the design of a microwave antenna array that will enable an

objective and precise comparison to be made between microwave and MR images of the

breast. The coils of a breast MRI system will be removed from the patient support platform

(see Figure 2.1) to create space for the microwave antenna array. This approach enables the

microwave scan to take place with the patient on the MRI couch, but outside of the MRI

bore. As previously mentioned, a thermoplastic mesh is used to maintain the position of the

breast for both MRI and microwave scans [91].
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We focus on maximizing the number of antenna elements contained in each panel to

increase the spatial sampling of scattered signals. The maximum size of an array panel is

constrained by the limited vertical extent available in the patient support platform.

Multi-band miniaturized patch antennas suitable for microwave breast imaging have been

previously proposed [85,92]. These miniaturized patch antennas have a small footprint (∼30

mm) and operate within the frequency range of 0.5 GHz to 3.5 GHz. Our proposed array

is composed of these multi-band miniaturized patch antennas. One of the goals of this

investigation is to assess the extent to which the operating characteristics of the individual

antenna elements are altered in the presence of other antenna elements as well as the breast.

5.2 Array design∗

We populate the four side panels of the array with a maximum of 36 multi-band minia-

turized patch antennas. Figure 5.1 shows the geometry of the proposed 3D sensor array. The

antenna elements were patterned on a commercial substrate (Rogers Corp.) and are probe

fed using the center conductor of an SMA connector. Each antenna panel measures 13.7 cm

× 13.7 cm and is backed by a ground plane, which ensures unidirectional radiation into the

imaging environment and provides isolation from external scatterers.

The top and bottom panels of the box contain metal planes that provide known boundary

conditions at these locations of the imaging domain. The top metal plane includes an

opening that allows the breast to be suspended in the imaging volume. The void between

the array and the breast is filled with an oil immersion medium that provides an excellent

impedance match with the tissue-stabilizing thermoplastic material, effectively making the

thermoplastic invisible to the microwaves (see Chapter 3).

∗This section comprises content from the following conference proceeding: S. M. Aguilar, M. J.
Burfeindt, M. A. Al-Joumayly, J. D. Shea, N. Behdad, and S. C. Hagness, “Design of a Microwave Breast
Imaging Array Comprised of Dual-Band Miniaturized Antennas,” presented at the URSI General Assembly
and Scientific Symposium of International Union of Radio Science, Istanbul, Turkey, August 2011.
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Figure 5.1 Microwave sensor array geometry. (a) Frontal view of one panel of the proposed
array showing eight slot-loaded, miniaturized patch antennas. (b) Cross-sectional view of
one slot-loaded, miniaturized patch antenna. (c) 3D view of the proposed sensor array,
with side walls populated with patch antennas and top and bottom panels that contain
metal planes. The top metal plane includes an opening that allows the breast to be

suspended in the imaging volume.

5.3 Reduction of mutual coupling

Although the exact connection between mutual coupling and successful image recon-

struction is not well understood, antenna coupling plays an important role in overall radi-

ation and the input impedance of the antenna elements. Several researchers have proposed

methods to minimize the mutual coupling between antenna elements of microwave imag-

ing arrays [3, 38, 65]. Strong mutual coupling may reduce the measurement sensitivity of

the system. Mainly, we want to maximize the number of antenna elements populating the

array, while also minimizing the strong electromagnetic interaction between closely spaced

elements.

The study described in Section 4.3.2.1 revealed that the radiating-edge slot (RS) patch

antenna patterned on a 120-mil-thick Rogers RO4003 substrate (ǫr = 3.55) provided the best

attainable gain at both f100 and f300. The calculated gain values were 6.6 dB and 6.1 dB at

2.12 GHz (TM100) and 3.66 GHz (TM300), respectively (see Figure 4.13). We characterized



65

the mutual coupling between this type of RS patch antenna elements configured in an array

panel.

The mutual coupling levels between adjacent RS patch antenna elements in the array were

investigated using numerical simulations conducted with CST Microwave Studio. For our

study, we considered the influence of substrate parameters (dielectric constant and thickness),

variations of the geometrical structure of the substrate (e.g. metal walls or dielectric cuts),

and different antenna element arrangements. To make a fair comparison, all patch antenna

array elements patterned on a substrate panel are separated by a distance of 12 mm from

each other. The substrate panels measure 13.7 cm × 13.7 cm and are immersed on the

biocompatible immersion medium comprised of safflower oil.

Our first strategy was to vary substrate characteristics. We considered a panel arrange-

ment that consisted of three rows of three antennas each (3 by 3) of RS patch antennas

patterned on substrates of different dielectric constants ǫr = 3.55, 6.15, and 10.2 and thick-

nesses h = 32 mil, 60 mil, and 120 mil. Figures 5.2 - 5.4 show the coupling between different

pairs of adjacent elements (horizontal, diagonal, vertical) in the array panel over the two

frequency bands of interest, f100 and f300. The results indicate that the level of mutual

coupling between elements is a function of the substrate characteristics. A thicker substrate

usually increases the gain of the antenna (as seen in Section 4.3.2.2). However, surface waves

are easier to excite in an electrically thicker substrate and a substantial amount of power

is coupled into the substrate. The results shown in Figures 5.2 - 5.4 reveal that using the

thickest substrate (i.e. 120 mil) substantially increases the mutual coupling between antenna

elements. The coupling increase can be as much as 13 dB at f100. Figure 5.2 shows that

adjacent elements on a substrate with the lowest dielectric constant considered in this study

(i.e. ǫr = 3.55) exhibit the lowest levels of mutual coupling overall. However, the coupling

between vertically adjacent elements is still significant. A 32-mil-thick, ǫr = 3.55 substrate

provides the lowest mutual coupling (< −29 dB) for all adjacent element pairs. For sub-

strates with dielectric constants ǫr = 6.15 and 10.2, mutual coupling was more significant for

horizontally adjacent antenna pairs, especially at f100. The highest level of mutual coupling
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observed was for a pair of horizontally adjacent antenna pairs patterned on a 120-mil-thick,

ǫr = 10.2 substrate (-11 dB at f100).

(a) (b)

(c) (d)

Figure 5.2 Simulated responses of RS patch antennas patterned on Rogers RO4003
substrate panels (ǫr = 3.55) of different thicknesses. (a) reflection coefficients (S11) (b)-(d)
mutual coupling (S21) between pairs of (b) horizontally adjacent, (c) diagonally adjacent,
and (d) vertically adjacent (boxed dashed lines). The left and right sub-plots show the 1st

and 2nd frequency bands, respectively.

For the remaining two aspects of the study outlined in this section, we used a 32-mil-thick

Rogers RO4003 (ǫr = 3.55) panel substrate populated by RS patch antennas.

First, we studied the effect of varying the antenna element arrangements on the array

panel. We compared two alternate arrangements to the 3 by 3 arrangement (see top of

Figure 5.5). The first one was an interleaved array configuration that contained antenna
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(a) (b)

(c) (d)

Figure 5.3 Simulated responses of RS patch antennas patterned on Rogers RO4360
substrate panels (ǫr = 6.15) of different thicknesses. (a) reflection coefficients (S11) (b)-(d)
mutual coupling (S21) between pairs of (b) horizontally adjacent, (c) diagonally adjacent,
and (d) vertically adjacent (boxed dashed lines). The left and right sub-plots show the 1st

and 2nd frequency bands, respectively.

elements with two types of multi-band operation (i.e. the array consists of a group of anten-

nas that operate at {f1, f2} and another group of antennas operating at {f3, f4}). In this

staggered-frequency arrangement, f1=1.84 GHz, f2=3.07 GHz, f3=2.16 GHz, and f4=3.71

GHz. Figure 5.5 shows the mutual coupling levels obtained between a center element and

adjacent elements (horizontal, diagonal, vertical). We consider the coupling value between

the adjacent elements at f1 and f2. For the resonant frequencey of TM100, the total reduction

for horizontally adjacent pairs is of around 5.4 dB. Coupling reduction for diagonally and
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(a) (b)

(c) (d)

Figure 5.4 Simulated responses of RS patch antennas patterned on Rogers RO3010
substrate panels (ǫr = 10.2) of different thicknesses. (a) reflection coefficients (S11) (b)-(d)
mutual coupling (S21) between pairs of (b) horizontally adjacent, (c) diagonally adjacent,
and (d) vertically adjacent (boxed dashed lines). The left and right sub-plots show the 1st

and 2nd frequency bands, respectively.

vertically adjacent antenna pairs is also observed. We also considered a staggered-element

arrangement of RS patch antennas that operate at the same frequencies of interest. This

element arrangement reduces the total number of antenna elements on the panel to eight.

This staggered topology provides a coupling reduction for some diagonally adjacent pairs,

mainly between the center element and the top or bottom element closer to the edge of the

substrate. The change in mutual coupling for pairs of antennas adjacent to each other in the
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staggered-frequency (arrangement 2) and the staggered-element (arrangement 3) element ar-

rangement relative to a 3 by 3 (arrangement 1) is shown in Figure 5.6. The change in mutual

coupling between pairs of antennas adjacent to the center element of the panel are shown.

The results show that the staggered-element provides more mutual coupling reduction at

the resonant frequency of TM100. The staggered-frequency provides more mutual coupling

reduction at the resonant frequency of TM300.

Finally, we considered geometrical variations of the array panel substrate, including metal

walls [93], trenches or cuts on the substrate [93], and a realization of artificially soft-surface

structures that have been previously proposed in [94]. These methods are well-suited for the

suppression of surface waves [93, 95]. The propagation of surface waves causes undesirable

coupling between the antenna elements.

Figure 5.7 (top, from left to right) illustrates a basic substrate panel with no geometry

variation, a substrate panel with 4-mm-thick metal walls in between antenna elements, a

substrate panel with 4-mm-thick dielectric cuts around antenna elements, and the proposed

soft-surface structures. The soft-surface structures consist of a number of metal strips that

are close to a quarter-wavelength wide at TM100 and that are short-circuited to the ground

plane [95]. It has been demonstrated that the operating frequency for this soft-surface is

determined by the strip width [93]. A single square ring of the shorted quarter-wavelength

metal strips is employed to form a soft-surface and to surround the patch antenna for the

suppression of outward propagating surface waves [95].

The response of antennas patterned on the substrates with different geometrical variations

is shown in Figure 5.7. The reflection coefficient of the center element reveals a slight

shift in the center frequencies of operation of the antennas patterned on substrates that

incorporate metal walls and the soft-surface. Coupling coefficients between different pairs of

adjacent antenna are also shown. Overall, the cuts on the dielectric substrate did not provide

any reduction in the mutual coupling between antenna elements. Additional simulations of

substrates with different dielectric constants, ǫr = 6.15 and 10.2, revealed the same trend.

The mutual coupling reduction obtained with the substrates using the metal walls and the
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arrangement 2

staggered-frequency

arrangement 3
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(a) (b)

(c) (d)

Figure 5.5 Simulated responses of RS patch antennas for different element arrangements in
an array panel: 3 by 3 (arrangement 1), staggered-frequency (arrangement 2), and

staggered-element (arrangement 3). (a) reflection coefficients (S11) of a central element
(b)-(d) mutual coupling (S21) between pairs of (b) horizontally adjacent, (c) diagonally
bottom adjacent, and (d) vertically bottom adjacent (boxed dashed lines). The left and

right sub-plots show the 1st and 2nd frequency bands, respectively.
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(a)

(b)

Figure 5.6 Change in mutual coupling for pairs of adjacent antennas in the
staggered-frequency (arrangement 2) and the staggered-element (arrangement 3) element
arrangement relative to a 3 by 3 (arrangement 1) (shown in Figure 5.5). Change in mutual
coupling (S21) between pairs of antennas adjacent to the center element of the panel are

shown. The results are shown for the resonant frequency of (a) TM100 and (b) TM300 of the
RS patch antenna.
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original)
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(a) (b)

(c) (d)

Figure 5.7 Simulated responses of RS patch antennas on different geometrical variations of
the array panel substrate: basic substrate panel (case A), metal walls (case B), trenches on

substrate (case C), and soft-surface substrate (case D). (a) reflection coefficients (S11)
(b)-(d) mutual coupling (S21) between pairs of (b) horizontally adjacent, (c) diagonally
adjacent (d) vertically adjacent. The left and right sub-plots show the 1st and 2nd

frequency bands, respectively.
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(a)

(b)

Figure 5.8 Change in mutual coupling for pairs of adjacent antennas in the metal walls
(case B), trenches on substrate (case C), and soft-surface substrate (case D) geometrical
variations on the panel substrate relative the basic substrate panel (case A) (shown in
Figure 5.7). Change in mutual coupling (S21) between pairs of antennas adjacent to the

center element of the panel are shown. The results are shown for the resonant frequency of
(a) TM100 and (b) TM300 of the RS patch antenna.
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soft-surface structures is very similar when compared at the respective operation frequencies

of the antennas in the two cases. Figure 5.8 presents the change in mutual coupling for

the metal walls (case B), trenches on substrate (case C), and soft-surface substrate (case

D) geometrical variations on the panel substrate relative the basic substrate panel (case A).

The change in mutual coupling between pairs of antennas adjacent to the center element

of the panel shown. The results show that the soft-surfaces provide more mutual coupling

reduction overall.

Finally, we compared coupling between pairs of antennas of a 3 by 3 arrangement and the

staggered-element arrangement. We first obtain the coupling for antennas patterened on a

basic substrate panel. We compare these results with antennas patterned on a substrate using

soft-surface structures. Figure 5.9 reveals that when using a combination of the staggered-

element arrangement on a substrate panel using soft-surface structures, the mutual coupling

for vertically and diagonally adjacent pairs is significantly reduced. A slight increase in

the coupling level of horizontally adjacent pairs of around 3 dB at f300 is observed when

soft-surface structures are used. However, if we compare the vertically adjacent antenna

pairs of the 3 by 3 arrangement without soft-surfaces to the diagonally adjacent pairs of

the staggered-arrangment with soft-surfaces, the reduction obtained is of 12 dB at f100 and

6 dB at f300. This represents the maximum reduction obtained for the arrangements and

variations of substrate geometry considered in this study.

We also investigated mutual coupling levels in a array panel composed of an RS+CS+NRS

antenna (i.e. dual-band miniaturized patch antenna presented in [85]). The panel arrange-

ment consisted of three rows of three antennas each (3 by 3) (top left of Figure 5.10). The

antennas are patterned on a 32-mil-thick RO4003 substrate (ǫr = 3.55). Simulations of

transmission coefficients between pairs of antennas located in the same panel revealed that

vertically adjacent elements (boxed by dashed lines) exhibit a high level of mutual coupling.

We then considered the staggered-element arrangement (top right of Figure 5.10). Fig-

ure 5.10 shows the coupling between vertically adjacent antenna elements of the two panel
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(a) (b)

(c) (d)

Figure 5.9 Simulated responses of RS patch antennas on different array panel
arrangements, 3 by 3 on a basic substrate panel (arrangement 1), staggered-element on a

basic panel substrate (arrangement 2), 3 by 3 on a soft-surface structure substrate
(arrangement 3), and staggered-element on a soft-surface structure substrate (arrangement
3 + case D). (a) reflection coefficients (S11) (b)-(d) mutual coupling (S21) between pairs of
(b) horizontally adjacent, (c) diagonally adjacent, and (d) vertically adjacent (boxed dashed
lines). The left and right sub-plots show the 1st and 2nd frequency bands, respectively.
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arrangements. We observed that due to the change in configuration the mutual coupling

between vertical antenna element pairs is reduced by around 5.5 dB at both f100 and f300.

(a)

Figure 5.10 Comparison of the simulated mutual coupling S21 between a pair of dual-band
miniaturized antennas that are vertically adjacent (3 by 3, top left) and diagonally

adjacent (staggered-element, top right) (boxed dashed lines). The antennas are patterned
on a 32-mil-thick Rogers RO4003 substrate panel (ǫr = 3.55).

5.4 Results

5.4.1 Antenna element in array panel ∗

We investigated the extent to which the measured operating characteristics of the in-

dividual antenna elements are altered in the presence of other antenna elements [96]. We

∗This section comprises content from the following conference proceeding: S. M. Aguilar, M. A.
Al-Joumayly, S. C. Hagness, and N. Behdad, “Design of a Miniaturized Dual-Band Patch Antenna as an
Array Element for Microwave Breast Imaging,” presented at the IEEE AP-S International Symposium and
USNC/URSI Radio Science Meeting, Toronto, Canada, July 2010.
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fabricated prototypes of dual-band miniaturized patch antenna elements (array panels with

9 elements in each panel (Figure 5.11). The antenna elements were patterned on a 32-mil-

thick RO4003 substrate (ǫr = 3.55). The antenna element of interest is probe-fed using a

center conductor of an SMA connector.

We measured the reflection coefficients of both the isolated elements and the central

antenna elements contained in the array panel. We immersed the fabricated antenna(s) in a

32 cm × 15 cm × 11 cm tank filled with safflower oil. The magnitude of the measured S11

frequency response of the antenna is shown in Figure 5.12. Excellent agreement is observed

between the simulated and measured reflection coefficients. Both the fabricated isolated

antenna and the central antenna in the array panel show multiple bands at 1.34 GHz, 1.93

GHz, and 2.87 GHz.

Figure 5.13 shows the measured transmission coefficient of a system of two miniaturized

patch antennas (either two isolated antennas or the central antennas in two array panels)

separated by a distance of 10 cm in the oil. As expected, the system has transmission

peaks at f100 and f300. The transmission peak at f200 is very low (−60 dB), confirming that

the radiation pattern has a broadside null at this frequency. This second resonance is not

expected to be useful for the intended application where a low-power microwave signal is

transmitted. Here we also observe excellent agreement between simulation and experiment.

The measured reflection and transmission data of the antenna in the array reveal that there

is no frequency shift of the desired dual-band operation of the antenna when used as part of

an array.
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Figure 5.11 Photograph of the fabricated dual-band miniaturized patch antenna in an
array.

Figure 5.12 Simulated and measured reflection coefficients of an isolated dual-band
miniaturized patch antenna immersed in safflower oil. Measured data for an antenna in an

array is also shown.
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Figure 5.13 Simulated and measured transmission coefficients of an antenna system
composed of two dual-band miniaturized antennas. The two patch antennas are immersed
in safflower oil and separated by 10 cm. Measured data for antenna array elements is also

shown.

5.4.2 Antenna elements in 3D sensor array

5.4.2.1 Array composed of dual-band miniaturized patch anten-

nas∗

For this study, we populate the four side panels of the array with 32 dual-band miniatur-

ized patch antennas described in [85]. One of the goals of this investigation is to assess the

extent to which the operating characteristics of the individual antenna elements are altered

in the presence of the breast.

We observed in Section 5.3 that in a 3 by 3 substrate panel, pairs of dual-band miniatur-

ized antennas located in the same panel exhibit a high level of mutual coupling, particularly

∗This section comprises content from the following conference proceeding: S. M. Aguilar, M. J.
Burfeindt, M. A. Al-Joumayly, J. D. Shea, N. Behdad, and S. C. Hagness, “Design of a Microwave Breast
Imaging Array Comprised of Dual-Band Miniaturized Antennas,” presented at the URSI General Assembly
and Scientific Symposium of International Union of Radio Science, Istanbul, Turkey, August 2011.
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the vertically adjacent antenna pairs (see Figure 5.10). Consequently, for this study we

used the staggered-element arrangement. Figure 5.14 illustrates the proposed arrangement

of eight elements on each panel forming a 32-element array. The antenna array panels are

patterned on 32-mil-thick RO4003 substrates (ǫr = 3.55). The patch antennas are probe-fed

using the center conductor of an SMA connector.

Figure 5.14 Photograph of a prototype of one 13 cm × 13 cm panel of the proposed array
showing eight dual-band miniaturized (28 mm × 29 mm) antennas.

An ellipsoidal breast phantom is introduced to the simulation domain as shown in Fig-

ure 5.15[(b)-(d)]. The pendant breast phantom is an 11.4 cm long ellipsoid with a 10 cm

diameter circular base. The interior of the phantom is composed of (b) fatty tissue (c) glan-

dular tissue, and (d) fatty tissue with a 5 cm diameter sphere of glandular tissue; the surface

of the phantom includes a 2-mm-thick skin layer. For model completeness, the base of the

breast also includes a 1.5-cm-thick subcutaneous fat layer and a 0.5-cm-thick muscle chest

wall. The dispersive dielectric properties of breast fat, glandular tissue, skin, and muscle are

based on properties described in [36] and [97]. In the numerical simulations, the superposi-

tion of two first order dispersion models based on general polynomial formulations [86] were

employed to curve-fit to the data reported in [36] and [97]. The superposition of these two

first order models can be expressed as:

ǫr(ω) = ǫ∞ +
β0,0

α0,0 + jω
+

β0,1

α0,1 + jω
. (5.1)

The fit was performed to data over the frequency range of 0.5-5 GHz. The resulting first

order dispersion model parameters are as follows:
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• for fatty tissue, ǫ∞ = 1, α0,0 = 154.19× 109 s−1, β0,0 = 0.58× 1012 s−1, α0,1 = 0.36× 109 s−1,

β0,1 = 4.19× 109 s−1;

• for muscle tissue, ǫ∞ = 1, α0,0 = 117.49× 109 s−1, β0,0 = 6.17× 1012 s−1, α0,1 =

0.44× 109 s−1, β0,1 = 92.14× 109 s−1;

• for glandular tissue, ǫ∞ = 1, α0,0 = 103.76× 109 s−1, β0,0 = 4.93× 1012 s−1, α0,1 =

0.13× 109 s−1, β0,1 = 81.67× 109 s−1 and;

• for skin, ǫ∞ = 1, α0,0 = 113.05× 109 s−1, β0,0 = 4.23× 1012 s−1, α0,1 = 0.98× 109 s−1,

β0,1 = 89.03× 109 s−1.

We investigated the theoretical performance of the array using numerical simulations

conducted with CST Microwave Studio. Here, we highlight the reflection coefficients of in-

dividual antenna elements. The magnitude of the simulated reflection coefficient of several

miniaturized patch antennas are shown in Figure 5.16. We first obtained the simulated

reflection coefficient for an isolated antenna, which is shown as the black solid line in Fig-

ure 5.16. The performance of each antenna element operating in the array environment

was also simulated and the reflection coefficients for several antennas in a panel are shown

in Figure 5.16. We compare these results with and without the ellipsoidal breast phantom

composed entirely of fatty tissue shown in Figure 5.15(b).

In the case of a sensor array with no phantom present, the antenna elements still ex-

hibit dual-band operation with operating frequencies that deviate slightly from the isolated-

antenna operating frequencies of 1.38 GHz (TM100) and 2.88 GHz (TM300). In the presence

of the phantom, the center frequencies of operation are not affected, suggesting that the

antenna will perform well in the vicinity of the breast. Figure 5.17 illustrates that the oper-

ating frequencies of the antenna are not significantly affected by the type of breast phantom

present in the imaging environment.
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(a) (b)

(c) (d)

Figure 5.15 Illustration of the 3D sensor array comprised of dual-band miniaturized
antennas with (a) no phantom present, (b) simple fatty phantom, (c) simple glandular

tissue phantom, and (d) simple fatty and glandular inclusion phantom present.

5.4.2.2 Array composed of RS patch antennas on substrates using

a soft-surface structure

Finally, we investigated the performance of a 3D sensor array composed of array panels

that produced a maximum reduction of mutual coupling between pairs of adjacent antennas

(see Section 5.3). Each array panel was populated by 32-element RS patch antennas in a

staggered-element arrangement and on a substrate using soft-surface structures (Figure 5.18).

The theoretical performance was analyzed using numerical simulations conducted with CST

Microwave Studio for a 3D sensor array with and without the ellipsoidal breast phantom

composed entirely of fatty tissue shown in Figure 5.15(b). The simulated reflection coefficient

of a central antenna in the middle row of one of the panels is shown in Figure 5.19. The

mutual coupling (S21) between such an antenna element and its horizontally and diagonally
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(a) (b)

(c) (d)

Figure 5.16 Simulated reflection coefficients (Sii) for dual-band miniaturized patch
antennas in an oil-filled 3D sensor array. The left and right sub-plots show the 1st and 2nd
frequency bands, respectively. [(a)-(b)] Sii of antennas in sensor array with no phantom
present and [(c)-(d)] Sii of antennas in sensor array with the simple fatty phantom of

Figure 5.15(b) present. The bold black line corresponds to a single isolated antenna Sii.
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(a) (b)

Figure 5.17 Simulated reflection coefficients (Sii) for dual-band miniaturized patch
antennas in an oil-filled 3D sensor array with and without the phantoms of

Figures 5.15 (b)-(c) present. The left and right sub-plots show the 1st and 2nd frequency
bands, respectively. The bold black line corresponds to a single isolated antenna Sii with

no phantom present.

adjacent elements are shown in Figures 5.19 (b) and (c), respectively. The results of the 3D

sensor array are also compared to those of an individual panel which are shown as the black

solid line in Figure 5.19.

In the case of a sensor array with no phantom present, as can be seen in Figure 5.19(a),

the antenna elements still exhibit dual-band operation with operating frequencies of 2.10

GHz (TM100) and 3.72 GHz (TM300) that do not deviate from the antenna in an individual

panel. Furthermore, the mutual coupling between adjacent elements on the same panel does

not increase significantly at the operating frequencies of the two bands.

In the presence of the phantom, there is a slight change in the magnitude of the reflection

coefficient. However, the center frequencies of operation are not affected, suggesting that this

antenna will perform well in the vicinity of the breast. Some changes in the coupling between

adjacent antenna elements on the same panel are observed in the presence of the phantom.

Those changes are mostly due to scattering from the fatty breast tissue and therefore carry

useful information for the purpose of reconstructing the image of the breast tissue.
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(a)

(b)

Figure 5.18 Illustration of the 3D sensor array comprised of RS patch antennas on
substrates using soft-surface structures. (a) single array panel and (b) 3D sensor array with

simple phantom present.

The effect of introducing the breast phantom on the transmission coefficient between

central antennas directly facing each other on opposite panels within the 3D sensor array is

also examined. The results are shown in Figure 5.20. Changes in the transmission coefficient

when the phantom is present demonstrate the ability of the 3D sensor to detect scattering

from the phantom and the possible reconstruction of an image.

5.5 Summary

The design of a compact 3D sensor array composed of dual-band, miniaturized patch

antennas for microwave breast imaging was presented. The array satisfies the space con-

straints of an existing clinical MRI setup to be used for co-registration of imaging results.

Numerical simulations of the operating characteristics of the antenna elements contained in
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(a)

(b) (c)

Figure 5.19 Comparison of the responses of antenna elements in an individual array panel
and a 3D sensor array with and without the simple phantom of Figure 5.18 (b), immersed
in oil. (a) reflection coefficients (S11) of a central antenna element. (b)-(c) Mutual coupling
(S21) between (b) diagonally and (c) horizontally adjacent antennas. The left and right

sub-plots show the 1st and 2nd frequency bands, respectively.

the array were performed. The radiating elements of the sensor array exhibit dual-band

operation with no significant frequency deviation. The dual-band operation is maintained

in the presence of an ellipsoidal breast phantom comprised of different breast tissues. The

results of this study suggest antenna arrays comprised of multi-frequency patch antennas are

promising candidates for use in microwave breast imaging.
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Figure 5.20 Comparison of the transmission coefficients between two central antennas
directly facing each other on opposite panels within an oil-filled 3D sensor array with and
without the simple phantom of Figure 5.18(b) present. The left and right sub-plots show

the 1st and 2nd frequency bands, respectively.
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APPENDIX

Bandwidth-enhanced miniaturized patch antenna

We have modified the loading technique of the dual-band miniaturized antenna described

in [85] such that it provides a greater flexibility in determining the separation between the

operating frequencies of TM100 and TM300. Modifying the length of the center slot (shown

in Figure A.1) allows the TM300 frequency to bypass the TM200 frequency and merge with

the TM100 frequency. The operational bandwidth of the patch antenna is increased by

merging the operating frequency of TM300 with that of TM100. The proposed patch antenna

is designed to operate at 1.76 GHz with a fractional bandwidth of 4.52%.

16.5 mm

76 mm

3
3

 m
m

32 mm

feeding probe

Figure A.1 Top view of proposed bandwidth-enhanced patch antenna.

A.0.1 Measurement and experimental verification results

The proposed design technique is validated by fabricating a prototype of the bandwidth-

enhanced patch antenna and characterizing its performance. Bandwidth-enhanced antenna

elements (Figure A.1) were patterned on a 32-mil-thick RO4003 substrate (Rogers Corp.).
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This antenna is probe fed using a center conductor of an SMA connector. We measured

the reflection coefficients for fabricated antenna prototypes immersed in a 32 cm × 15 cm

× 11 cm tank filled with safflower oil. Figure A.2 shows excellent agreement between the

simulated and measured S11. We observe that the operating frequency of the bandwidth-

enhanced antenna is reduced by approximately 15% when compared to a previous design [58].

We note that the fractional bandwidth of this design is 4.52% and that this represents an

operational bandwidth increase of 4.7× when compared to a slot-loaded patch (0.97%) [58].

We also characterized the radiation patterns of the bandwidth-enhanced patch antenna

immersed in oil. The measurements were taken at a distance of 15 cm from the patch.

Figure A.3 shows the co-polarized and cross-polarized radiation patterns in the E- and H-

planes at 1.73, 1.76, and 1.80 GHz. The bandwidth-enhanced antenna exhibits measured

cross-pol levels of at least 15 dB lower than co-pol at broadside for all frequencies of interest.

We observe good agreement between measurement and simulation in the co-pol radiation

patterns. Greater cross-pol discrepancy is attributed to the fact that the very low cross-pol

levels are more susceptible to measurement imperfections. Figure A.3 shows that the multi-

band miniaturized antennas antennas exhibit symmetric and similar radiation patterns for

frequencies in its operational bandwidth.
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Figure A.2 Simulated and measured reflection coefficients of the bandwidth-enhanced
patch antenna of Figure A.1 immersed in safflower oil.
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(a) (b)

(c)

(d) (e)

(f)

Figure A.3 Measured and simulated radiation patterns of the bandwidth-enhanced patch
antenna in oil. The patterns are obtained at a distance of 15 cm from the patch. (a)

E-plane at 1.73 GHz (b) 1.76 GHz and (c) 1.80 GHz. (d) H-plane at 1.73 GHz (e) 1.76 GHz
and (f) 1.80 GHz. Red: simulated data. Blue: measured data. Circle: co-pol. x: cross-pol.
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