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Abstract

Microwave imaging shows promise for breast cancer screening and
detection, offering non-ionizing radiation, low-cost, compact electronics, and
compatibility with fast image reconstruction methods. However, clinical adoption
is limited, largely due to the need for efficient data acquisition systems with high
dynamic range and low signal clutter. This work introduces a novel ultra-wideband
(UWB) electronically switched breast microwave imager that multiplexes hundreds
of active antennas on the receiver side at a single-tone intermediate frequency (IF)
to alleviate the limitations of the UWB radio frequency (RF) switching. The
research is structured around three main contributions. First, a 16x16 planar UWB
receiving (Rx) array of shielded slot antennas is developed on printed circuit board
(PCB) technology, with each antenna equipped with a low-noise amplifier (LNA).
Due to space constraints, the remaining front-end circuitry, including the mixers
and the IF switching network, are incorporated on separate boards, requiring
seamless board-to-board RF transitions. To this end, the second contribution
focuses on a low-cost, mechanically robust, low-crosstalk interconnection solution
using high-pin-density high-speed vertical connectors (HSVCs) widely adopted in
computer technology to link the Rx array to its front-end circuitry. Finally, an
electronically switched 16x16 UWB transmitting (Tx) array is proposed, also
leveraging HSVCs to enable efficient integration with various RF feed networks,
providing flexible illumination scenarios for the microwave breast imager.
Together, these innovations take a step forward in making UWB microwave

imaging clinically viable for the non-invasive, real-time detection of breast cancers.
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Chapter 1

1.Introduction

1.1 Limitations of Conventional Breast Imaging Modalities

Even with considerable advances in medical imaging, breast cancer remains
the second-leading cause of cancer-related deaths among women worldwide, with
an estimated 670,000 deaths in 2022 alone [1]. Early detection of breast cancer is
critical in improving survival rates, since cancer treatment in the early stage of the
disease (i.e., before the onset of metastasis) is much more successful. However,
regular screening, essential for early diagnosis, has certain limitations with the
current imaging techniques, including X-ray mammography, ultrasound, and
magnetic resonance Imaging (MRI).

X-ray mammography, the primary screening modality, utilizes ionizing
radiation, restricting the frequency of the patient examination and creating health
hazards. Besides, mammography has poor sensitivity for women with dense breast
tissue, which diminishes the diagnostic value of this modality in a large section of
the population [2]. The use of ultrasound, usually as a complementary tool after
suspicious mammography results, also faces problems due to a high false-positive
rate, thereby limiting its usefulness as an independent screening modality. MRI

offers superb contrast resolution and is invaluable for treatment response or
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Table 1-1: Comparison of existing breast cancer detection modalities —
advantages and limitations

Mammography Ultrasound MRI
I widely available and M real-time imaging M high contrast for soft
cost effective tissue

M non-ionizing

M high spatial resolution M non-ionizing

M portable and cost

V1 fast acquisition time effective M excellent for dense
breast tissue and high-
risk patients

ionizing radiation (Xl high false-positive rate expensive, limited

access

uncomfortable breast operator dependence
compression contrast agent

I only complementary required

high false-negative
rates in dense breast long scan times

presurgical evaluation, but its high cost, limited availability, and the requirement
for a contrast agent (which can accumulate over time [3]), make it infeasible for
screening applications. Table 1-1 summarizes the advantages and disadvantages of
the available modalities for breast cancer detection. The limitations of current
methods highlight the urgent need for safer, more affordable, and widely accessible

imaging alternatives.
1.2 Microwave Imaging for Breast Cancer

Microwave biomedical imaging was introduced in the mid-1980s [4] and
has been explored extensively as a possible alternative modality for breast-cancer
detection and screening. It utilizes the contrast in the electrical properties at
microwave frequencies between normal and malignant tissues, which are mainly
due to the higher water content in malignant tumors than in normal tissue [2]. This,
in turn, means that healthy and cancerous tissues show different responses to

microwave signals, which enables non-invasive abnormality detection without
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ionizing radiation hazards or the use of contrast agents. Furthermore, microwave
imaging supports various fast image reconstruction methods and uses compact,
cost-effective electronics, making it a promising candidate for accessible breast-
cancer screening. Microwave imaging techniques can be categorized into two main
types based on the image reconstruction approach: quantitative and qualitative [5],
[6]. In quantitative imaging, dielectric maps of the real and imaginary permittivity
values are generated, providing information about the tissue composition within the
examined breast. In contrast, qualitative imaging provides an energy or intensity
map of the scattering sources, which highlights the areas of intense scattering within
the object and offering a visual localization of potential anomalies.

While microwave imaging offers a safer and more accessible option for
breast-cancer screening, several technical limitations must be addressed. One
challenge is its limited penetration in radiologically dense breast tissues (BI-RADS?!
categories C and D), where dense fibro-glandular tissue impedes the signal
penetration and its interaction with potential abnormalities. This limitation is more
pronounced than in MRI and ultrasound, although microwave imaging may
perform comparably—or even slightly better—than X-ray mammography due to
higher contrast between malignant and healthy tissues in the breast. Still, the
permittivity contrast between malignant and fibro-glandular tissue is low at
microwave frequencies, with a malignant-to-fibro-glandular mean contrast ratio

ranging only from 1.4:1 to 1.5:1. For reference, this contrast is in the range of

1 BI-RADS stands for Breast Imaging Reporting and Data System introduced by the American
College of Radiologists.
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1.055:1 to 1.018:1 for the X-ray attenuation coefficients. This is the main reason
for the difficulty in differentiating malignant from healthy tissues in both X-ray
mammography and microwave imaging [2]. Moreover, in microwave imaging,
near-field effects and breast-tissue heterogeneity introduce inaccuracies in the
image reconstruction. Another consideration is the spatial resolution, which is
currently around 10 mm. While this resolution is deemed sufficient for screening,
it does limit the precision needed for detecting smaller lesions, especially for tumors
located deeper within dense tissues.

Breast-tissue microwave imaging is typically performed within the ultra-
wideband (UWB)? frequency range, and it encompasses both frequency-domain
and time-domain measurement approaches. This frequency range offers an optimal
balance between spatial resolution and tissue penetration, as it utilizes both high
and low frequency components of the transmitted (Tx) signal. Furthermore, within
this range, healthy and malignant tissues exhibit somewhat different contrasts in the

dielectric properties, which aids the image reconstruction and the diagnosis [7], [8].
1.3 Antennas and Arrays in Breast Microwave Imaging

In UWB breast microwave imaging systems, antennas play a pivotal role
for the quality of both Tx and Rx signals, and their design profoundly impacts the
imaging performance. Various antenna types have been proposed for UWB
microwave breast imaging [7][8]-[10], most of them designed to work in direct

contact with tissue. Achieving proper impedance matching (reflection coefficient

2 The Federal Communications Commission (FCC) has allocated a 7.5 GHz bandwidth (3.1 to 10.6
GHz) for UWB applications, including measurements, communications, and radar.
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below —10 dB) across the entire UWB frequency presents unique challenges.
Antennas in contact with biological tissues exhibit different radiation
characteristics and return loss than those in free space. The proximity to the tissue
causes reflections that are often stronger than those from the malignant tissues,
especially those that are deep inside the organ. To address this problem, two
primary strategies are commonly employed: (1) the antennas are designed to
operate in direct contact with the skin, ensuring optimal power coupling and
reduced signal loss, and (2) utilizing a coupling medium or liquid to enhance the
impedance match regardless of the breast tissue type which minimizes the reflection
at the interface between the coupling medium and the tissue.

Designing skin-contacting antennas can largely address the problem of skin
reflections. However, the frequency dependence of the conductivity and
permittivity of tissue (see Figure 1-1) and the wide variations of tissue properties
among patients must be carefully considered during the design and testing phases.
These variations must be addressed by making the antenna impedance match less
sensitive to the tissue property variation, particularly in real-world testing. Also, air
gaps between the antenna and the skin can result in impedance mismatches, and
this possibility must be eliminated by properly designing the imaging apparatus.

Alternatively, a coupling medium can be used, where both the antenna and
the organ are immersed in a liquid with dielectric properties similar to those of
breast tissue at the operating frequencies. Here, the antenna input impedance is
matched to the coupling medium which makes the antenna usable with various
types of breast-tissue density. Despite this advantage, this approach still fails to

fully eliminate reflections from the skin over the wide UWB spectrum and it
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Figure 1-1: (a) Cross-sectional view of the breast along with simplified breast
model adapted from [8], and (b) Data-fitted curves based on the two-pole Cole-
Cole model for permittivity and conductivity of the human breast tissues adapted
from [11].

introduces additional signal losses during transmission and reception. It is worth to
note that some antennas for breast microwave imaging are designed to operate in
air, where antennas with high gain and directivity are selected to enhance the
resolution and the detection sensitivity. In this case, the reflections from the skin
are strong, and special methods must be devised to de-embed them from the
received back-scattered signals.

Monopole and slot microstrip antennas are particularly appealing options

for breast microwave imaging due to their broadband performance and relatively
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small size. As long as good front-to-back ratio is achieved, they are suitable for
deployment in various array configurations [13]-[21]. Vivaldi and horn antennas
offer wide bandwidth, beneficial for breast microwave imaging, but their large size
makes them less suitable for large array configurations, often requiring mechanical
scanning to increase spatial sampling [22]-[27]. Current research in breast
microwave imaging is also investigating alternative antenna types, including fractal
[28], [29] and metamaterial antennas [30], [31].

Dense spatial sampling can be achieved either through a densely packed
array of antenna elements multiplexed through a switching network [20], [21] or by
using a sparser array in conjunction with mechanical scanning [25]-[27]. In a
densely packed array, the mutual coupling between adjacent elements becomes a
critical consideration, requiring a careful balance between dense sampling and
minimized coupling. Conversely, mechanical scanning offers flexibility in spatial
sampling intervals and patterns, array element size, and mutual coupling control;
however, it suffers from increased data acquisition time and potential positioning
errors.

The choice of array type and geometry further impacts imaging
performance. Antenna arrays utilized in microwave imaging systems can be
categorized into three primary types based on their design and operation [5].

Synthetic arrays involve the movement of either the Tx antennas, Rx
antennas, or both during the scan [19], [26], [27], [32], [33]. This movement allows
for data collection from different angles or positions, simulating a larger array.
However, synthetic arrays face significant challenges, such as prolonged data

acquisition times and the potential for positioning inaccuracies.
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In hardware arrays, the individual antennas remain stationary, but the entire
array can be rotated or repositioned for repeated scans [21]. This method is mainly
used for artifact removal, image enhancement, or to gather more comprehensive
data from multiple viewpoints. Although hardware arrays offer faster acquisition
times compared to synthetic arrays, the overall acquisition time can still be
extended, as multiple scans are required at different rotational angles to remove
artifacts.

Stationary arrays are characterized by fixed antenna elements with no
moving parts [34]-[36]. Scanning is performed without mechanical adjustments.
These arrays are robust and simple to operate, as they do not rely on complex
mechanical systems. Stationary arrays are potentially faster than the hardware and
synthetic arrays since the scan time is limited by the switching network and
hardware acquisition time. However, they may lack the flexibility or coverage of
synthetic or hardware arrays, particularly when multi-angle data acquisition is
necessary to enhance the imaging quality.

Antenna arrays can be arranged in various geometries. The hemispherical
configuration is widely favored in breast microwave imaging due to its natural
conformity to the breast curvature [19]-[21]. However, variations in the breast size
necessitate a coupling medium or gel to fill any gaps, in order to prevent impedance
mismatching between the antenna and the skin.

The cylindrical configuration is another common configuration in the breast
microwave imaging systems. It consists of antennas arranged in a circular pattern,
either surrounding a cylindrical tank containing the coupling fluid and the breast

[27], [32], [33], or positioned inside the tank itself [32]. The antennas can be
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mechanically moved vertically or horizontally to facilitate multi-angle
measurements. The use of a coupling medium (usually lossy) in cylindrical arrays
IS necessary to address the impedance mismatch between the antenna and the breast
tissue. However, this introduces additional signal loss. Furthermore, the immersion
of the breast in the coupling medium raises concerns about proper system
maintenance and the prevention of infections. Since the breast is suspended in the
fluid, motion during measurements may occur which is detrimental in imaging.

Contrary to hemispherical and cylindrical configurations, wearable
configurations offer greater flexibility and can be integrated into a bra for more
comfortable imaging, avoiding the need for patients to lie in prone or supine
positions [34]. However, wearable configurations need to accommodate different
breast sizes and may face constraints on the total number of accommodated
antennas. Antenna elements for wearable configurations are fabricated on flexible
substrates, often with low permittivity, which presents challenges in size reduction,
impedance match, dense packing of the elements and electrical reliability.

Planar configurations, on the other hand, offer ease of fabrication and
integration on a single PCB for a skin-contacting configuration. This allows for
efficient array expansion when more elements are required (for larger breast sizes).
Planar configurations also benefit from shorter signal paths, enhancing signal
quality [17], [35]. However, planar arrays are not adaptable to the natural breast
curvature and thus require some degree of breast compression to ensure effective

imaging.
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1.4 Advances and Prototypes in Breast Microwave Imaging

Technology

Numerous research teams and institutions worldwide are actively engaged
in the development of advanced prototypes for breast-tissue microwave imaging.
Some research groups utilize breast-tissue phantoms for controlled experimental
imaging, while others are conducting clinical trials to assess the real-world
applicability of their prototypes. Table 1-2 provides a comprehensive overview of
some of the prototypes that have undergone clinical trials, summarizing key
technical specifications such as antenna type, operating frequency, coupling
medium, scan time, and the nature of the imaging methodology (qualitative vs.
quantitative). Note that the total time required for clinical applications includes both
the scan duration and the time for image reconstruction. However, since image
reconstruction time is heavily influenced by computational resources and varies
significantly between systems, only the scan duration is reported in the Table 1-2.

The first breast microwave imaging system tested on humans was developed
by an American team at Dartmouth College (D-C) [32]. This pioneering system
performs frequency-domain measurements within the range from 0.7 GHz to 1.7
GHz. It incorporates 18 monopole antennas as a synthetic array arranged in a
circular configuration submerged in a lossy medium to achieve efficient impedance
matching and signal penetration. The antennas are moved vertically to perform
cross-plane multi-slice  measurements. Although each breast scan takes
approximately 2 minutes, the system's image resolution is limited due to the

relatively low operating frequency. Also, the vertical movement of the antennas
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introduces potential for mechanical inaccuracy or problems with alignment. The
vertical sampling rate is constrained by the measurement time, and it determines
the vertical resolution of the image.

A compact, handheld prototype developed in Hiroshima University (H-U in
Table 1-2), Japan [19], performs UWB time-domain measurements without the
need for a coupling medium. This prototype features a synthetic array of 4x4 slot
antennas arranged in a cross-shaped configuration inside a hemispherical dome.
The antennas are capable of rotating 360° in 9° increments using a step motor,
ensuring coverage around the breast. Each scan requires approximately 15 minutes,
with additional image processing time extending to several hours.

Another prototype, developed by an Italian research team under the name
Mammowave, performs frequency-domain measurements across a frequency range
from 1 GHz to 9 GHz in the air [26]. This system utilizes a horn antenna as the
transmitter and a Vivaldi antenna as the receiver. Both Tx and Rx antennas rotate
azimuthally to gather data in a multi-bistatic mode. A notable feature of the
Mammowave system is its integration with artificial intelligence (Al), which aids
in the detection of lesions, thereby enhancing diagnostic accuracy. The system
achieves a data acquisition time of 7 minutes per breast, but image processing and
precise positioning of the breast within the device require additional time, further
complicating its application in clinical environments.

A research group at McGill University (MG-U in Table 1-2) proposed a
compact wearable imaging system consisting of a 16-element monopole antenna
stationary array integrated into a bra [34]. This system utilizes multistatic

measurements with time-domain signals operating across a frequency range from 2

11



Ph.D. Thesis - Nooshin Valizade Shahmirzadi McMaster University - ECE

GHz to 4 GHz. The antennas are designed to function in direct contact with tissue,
eliminating the need for a coupling medium. The system faces certain challenges.
The resolution is limited by the relatively narrow frequency range, and it has been
tested on a single volunteer. This necessitates further trials to validate its
performance and reliability.

The Microwave Vision Group (MVG) in France has developed a breast
microwave imaging system known as Wavelia, which employs 18 wideband
Vivaldi probes as a synthetic array arranged in a circular fashion in a horizontal
plane outside a cylinder filled with coupling fluid [27]. The array moves vertically
to examine the breast tissue at 5 mm intervals, operating within the frequency range
from 0.5 GHz to 4 GHz. Although each breast scan takes approximately 7 minutes
the total process—including quality checks, patient positioning, and system,
calibration—can extend up to 50 minutes per patient. Additionally, this system is
not suitable for small-breasted individuals (e.g., A-cup) due to the need for the
breast to fit properly within the cylindrical scanning area.

A research team in the University of Calgary, Canada, has developed a
microwave imaging transmission system (MITS) similar to X-ray mammography
but with slight compression of the breast [35]. This system incorporates two arrays
of five custom-designed Vivaldi radiating elements encapsulated within a
cylindrical waveguide [24], which makes direct contact with the skin. The antennas
on the bottom plate are sequentially excited, with the signals transmitted through
the tissue being detected by the upper array sensors. The system performs

frequency-domain measurements over the range from 0.1 GHz to 10 GHz.
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Table 1-2: Compariso|n of some key features in breast microwave imaging prototypes undergoing clinical trials

e

‘m : q

Mammowave . MARIA [21], i
D-C [32] H-U [19] [26] Wavelia [27]  MITS [35]  SAFE [33] [37], [38] MG-U [34]
encapsulate Lo
'zggem%tgfre monopole slot 1horn (Tx) & Vivaldi probes  d Vivaldi N/A caV|t3;|2?cked Monopole
18 4x4 1 Vivaldi (Rx) 18 5Tx &5 2 16
of elements Rx 60
0.7 GHz-1.7 3.1 GHz-10.6 05GHz-4 0.1GHz-10 14GHzto 2 GHz-4
Frequency GHz GHz 1 GHz- 9 GHz GHz GHz 8 GHz 3 GHz-8 GHz GHz
Array type synthetic synthetic synthetic synthetic stationary synthetic hardware stationary
and geometry  cylindrical hemispherical cylindrical cylindrical planar cylindrical ~ hemispherical wearable
Measurement  frequency . . frequency frequency frequency frequency frequency time
. time domain . ; . . . .
type domain domain domain domain domain domain domain
Mechar_ucal Yes Yes Yes Yes No Yes Yes No
scanning
Coup_lmg Yes No No Yes No Yes No No
medium
Scan 5 min per 15 min per 7 min per 7 min per 20 min total . 6 min per
- N/A 10 min
duration breast scan breast breast scan breast
|r;n;%|:3 quantitative qualitative qualitative qualitative guantitative  qualitative qualitative qualitative
10 (all 24 (all with
Cohort 400 - 353 palpable 15 115 225 1
malignant)
cancer lumps)
Sensitivity N/A All cancers 82.3% 87.5% N/A 63% 76% N/A
Specificity N/A were detected. 50% N/A N/A N/A N/A N/A
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Although the prototype allows for fast multi-view acquisition (25 sets of
measurement in 15 seconds), it suffers from limitations in image resolution and a
small field of view, which hinders its diagnostic capabilities.

The Scan and Find Early (SAFE) system, developed by a research group in
Turkey [33], employs a mechanically scanned bistatic system in which both Tx and
Rx antennas touch and circle around a coupling cylinder. In contrast to the Wavelia
system, this prototype features a size-adjustable cup to accommodate various breast
sizes. The cup is a part of the coupling cylinder. The total scanning time is
approximately 20 minutes. Although it shows promise for practical use, the
system's speed and image quality need further optimization for clinical settings.

Among the prototypes discussed in Table 1-2, the MARIA system features
the largest number of antennas. It consists of a hardware array comprising 60
cavity-backed slot antennas arranged in a hemispherical configuration, operating
across the 3 GHz to 8 GHz range. A dielectric fluid is placed between the breast
and the scanning cup to eliminate air gaps, improving signal transmission. A
custom-built electromechanical switch network multiplexes the 60 antennas over
the 3 GHz to 8 GHz range, allowing for faster data acquisition. The antenna array
and switch assembly rotate as a single unit around the breast cup to minimize image
artifacts happens during imaging. The scanning time for MARIA is approximately
10 minutes per breast.

In the breast microwave imaging prototypes that employ more than two
antennas (see Table 1-2), electromechanical or solid-state radio frequency (RF)
switches are typically employed to multiplex the Tx and Rx antennas across the

operational frequency range. Increasing the number of antennas often requires
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complex, cascaded RF-switched networks, which can introduce significant losses
frequently exceeding 9 dB in the high-GHz UWB band. These losses affect the
system’s dynamic range and sensitivity, ultimately limiting the number of antennas
in an RF-switched imaging systems. Consequently, most of these prototypes are
based on synthetic or hardware arrays. Note that in clinical applications, faster data
acquisition is highly desirable as it minimizes the time patients need to remain still,
thereby reducing the adverse effects of patient movement and breathing during the
scan. This can enhance image quality and overall diagnostic accuracy by mitigating
motion artifacts [5].

Despite considerable improvements, the microwave breast imaging
prototypes still remain within the research and development phase and are yet to
transition into clinical use. This lag is attributed mainly to the prevailing problems
in imaging speed, resolution, receiver sensitivity, and diagnostic sensitivity and
specificity. Unfortunately, so far, they show diagnostic sensitivity and specificity
falling short of what is required for effective breast-cancer screening, i.e., they are
lower than those of mammography (cohort: USA only: 2,872,791, sensitivity:
82.3%, specificity: 83.2%). These problems are due to limitations in both the image
reconstruction algorithms and the data acquisition hardware. Although there have
been some recent improvements, the existing prototypes still cannot achieve the
accuracy and efficiency that is necessary for reliable detection of breast cancer in a
reasonable amount of time. Improvements are needed both in the algorithmic and
the hardware domains to succeed in breaking the barriers to realizing microwave

breast imaging technologies for routine use in clinical practice.
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1.5 Research Objective

The ultimate goal of this research is to develop an innovative architecture
for breast-cancer screening and detection. The proposed architecture is an
electronically scanned compressed breast imager capable of multiplexing hundreds
of antenna elements, which provide the fast data acquisition and the signal-to-noise
ratio (SNR) necessary for real-time breast microwave imaging. The imager consists
of two densely packed antenna arrays, each with 256 elements: one functioning as
the Tx array and the other as the Rx array. Unlike previously reported systems (see
Table 1-2), which are constrained to multiplexing tens of antenna elements due to
excessive losses and interconnect challenges at UWB frequency range, this research
introduces a novel multiplexing approach. Specifically, the multiplexing of the Rx
array is performed at a single-tone intermediate frequency (IF) (e.g., 30 MHz),
which offers several key benefits:

e simplified distribution networks design and implementation,
e reduced insertion loss (approximately 2 dB at 30 MHz versus > 9
dB at 8 GHz in the UWB range),
e improved impedance match (return loss > 25 dB compared to ~10 dB in

UWB),

e enhanced channel isolation (> 65 dB compared to ~25 dB in the UWB
systems).
e accurate phase and magnitude alignment across all 256 channels,

e leverage of the VNA dynamic range of > 110 dB.
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The proposed strategy mitigates some of the limitations of the traditional
RF-switched systems, but it also introduces complexities, as each antenna element
must be equipped with its own RF front-end, requiring careful integration and
design optimization. To realize this vision, the proposed architecture integrates
three primary modules:

e 2-port VNA with vector frequency-conversion (mixer) measurement
capability,
e 16x16 UWB Tx array equipped with a 1:256 RF power-splitting feed
network or an RF-switched feed network for versatile illumination patterns,
e 16%16 UWB active Rx array featuring an IF-switch network for channel
multiplexing and a local oscillator (LO) power distribution network.
Chapter 3 provides a detailed description of the proposed breast microwave
imaging architecture.

The main objectives of this research are the design, fabrication and
evaluation of the different parts of the electronically scanned compressed breast
imager, taking one step further toward the full realization of a real-time breast
imager.

1.6 Contributions

The author has contributed to the development of the electronically scanned

compressed breast imager in the following ways.
1. Design, fabrication, and evaluation of a multi-layer, large-scale planar
UWB Rx array realized on printed circuit board (PCB) technology. Each

antenna element within the array is equipped with an individual RF front-
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end for signal amplification and down-conversion. However, due to spatial
constraints, only the low-noise amplifiers (LNASs) are integrated directly
onto the antenna array board, resulting in an active array configuration. The
remaining RF front-end circuitry, including the mixers, the LO power
distribution network and the IF switching network are housed on
complementary vertical PCBs. This arrangement necessitates seamless and
efficient board-to-board RF transitions to ensure optimal system
performance and to maintain signal integrity.

2. An efficient interconnect has been developed to link the active Rx array to
the remaining RF front-end circuitry (mixers, LO power distribution
network and IF switching network), accommodated on separate vertical
PCBs. The large active Rx array is compatible only with sub-miniature
push-on sub-micro (SMPS) connectors, which are compact but costly,
fragile, and limited in mating cycles. The dense packing of hundreds of
these connectors on a PCB makes connections challenging and prone to
unreliable electrical performance. To overcome these issues, high-speed
vertical connectors (HSVCs), commonly used in computer technology, are
adopted. An impedance matching technique is developed to ensure seamless
RF transitions between the active Rx array PCB and the complementary
vertical PCBs housing the remaining RF front-end circuitry through the
HSVCs. This solution enhances mechanical robustness, reduces costs, and
improves reliability. Additionally, the proposed board-to-board transition
technique is applicable to other UWB systems requiring reliable microwave

signal transfer across hundreds of channels.
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3. A large planar UWB Tx array realized on PCB technology has been
developed to work in tandem with the Rx array in the proposed breast
microwave imager. This Tx array leverages HSVCs, enabling seamless
integration with various RF feed networks. The Tx array enables the
implementation of different illumination schemes for breast microwave
imaging by allowing the insertion of various RF feed networks in the
connectors. Two types of RF feed network PCBs are evaluated in this
research: (i) a power-splitting feed network for simultaneous excitation of
all antenna elements, and (ii) an RF-switched feed network for sequential
excitation of individual elements.

4. The complementary vertical PCBs for the active Rx array, which include
the mixers, the LO power distribution network, and the IF switching
network, have been carefully designed and are now undergoing final
revisions before being submitted for fabrication. Once fabrication and
verification of these PCBs are complete, they will be integrated with the Rx
active array alongside the Tx array and its RF feed network to realize an
initial prototype of the breast microwave imaging system. This initial
prototype will undergo experimental validation using a breast tissue
phantom to assess its performance and refine the system for future clinical

applications.
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1.7 Outline of the Thesis

This thesis presents the hardware advancements achieved in developing a
novel electronically scanned imager for the microwave imaging of the compressed
breast.

Chapter 2 focuses on the design of a planar UWB active sensing array
implemented on PCB technology for compressed breast microwave imaging. The
spacing between antenna elements is 12 x 12 mm? in the lateral direction, making
it the smallest element spacing proposed for breast microwave imaging. Each
antenna element integrates an LNA, while a ground plane within the multi-layer
structure separates the antenna array from the electronics and ensures back
shielding and enhanced power coupling into the tissue. The design addresses a
critical challenge in large, shielded antenna arrays for tissue imaging—establishing
efficient interconnects between array elements and electronics through multiple
dielectric layers and a grounded plane. The Rx array's performance is validated
through simulations and measurements. This chapter is adapted from a manuscript
published in the IEEE Transactions on Antennas and Propagation [17] with
formatting modifications to improve legibility.

Chapter 3 introduces an efficient method to interconnect hundreds of
grounded coplanar waveguide (GCPW) input/output signal paths on two separate
PCBs (one horizontal and the other vertical) based on widely available low-cost
HSVCs. This development enables the realization of large-scale high-density
electronically scanned or switched antenna arrays, which are critical in wireless

communications as well as in microwave radar, imaging and sensing. This chapter
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is duplicated from a manuscript published in the MDPI Sensors journal [36].

Chapter 4 details the design of a large planar UWB Tx array realized on
PCB technology for the electronically scanned compressed breast microwave
imager. The array shares geometric similarities with the Rx array and features a
modular architecture with HSVCs to accommodate different RF feed network
PCBs, offering various illumination schemes. Two RF feed network PCBs are
developed: for simultaneous and sequential element excitation. The performance of
the Tx array and the RF feed network PCBs is verified through simulations and
measurements. This chapter is duplicated from a manuscript submitted to the IEEE
Transactions on Antennas and Propagation [39].

Chapter 5 summarizes the ongoing tasks and key achievements in the
development of the electronically scanned compressed breast microwave imager. It
also offers recommendations for future research aimed at advancing further the

hardware of this breast microwave imaging system.
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Chapter 2

2.Planar Array of UWB Active Slot
Antennas for Microwave Imaging of
the Breast
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2.1 Introduction

Early-stage diagnosis of breast cancer is vital to the reduction of mortality
rates among women; thus, annual or biennial breast-cancer screening is
recommended for at-risk age groups [1], [2]. The primary diagnostic tool is X-ray
mammography. Since X-rays are a form of ionizing radiation, the exam frequency
is limited. Difficult trade-offs are made to maximize tumor detection while
minimizing the risk to the patient, leading to loss of contrast and low sensitivity in
dense breasts [3], [4]. Substantial, often painful, compression is required to offset
these limitations [5]. These factors, along with the need for trained personnel to
safely operate the X-ray apparatus, make breast-cancer screening far less effective
than the expectations of healthcare professionals [6], [7]. Breast cancer remains a
leading cause of premature mortality in women [8], and new technologies are
explored to improve screening in terms of diagnostic accuracy (e.g., better
sensitivity in dense tissue), increased frequency of check-ups, and wider
accessibility. Complementary imaging through ultrasound [8], [10] and magnetic
resonance imaging (MRI) of high-risk groups [11], [12] improve the diagnostic
accuracy in screening, but they, too, require specialized equipment and trained
personnel available only at the few cancer clinics.

Microwave imaging has been explored in the last three decades [13]-[20] as
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an alternative modality for breast-cancer screening. Its advantages are in the low
equipment cost and size, the nonionizing radiation, and the promise for portable,
even wearable deployment [16]. The optimum frequency range for tissue
microwave imaging has been the subject of numerous studies [22]-[24]. The low
GHz ultra-wideband (UWB) range has been identified as a good compromise
between penetration and spatial resolution. The current design targets the frequency
range from 3 GHz to 8 GHz.

The advancement in clinical practice for microwave imaging of breast is yet
to come. To this end, fast acquisition systems are needed that provide repeatable
measurements over hundreds of spatial samples within minutes with a large
dynamic range and signal-to-clutter ratio. Thus, electronically scanned antenna
arrays are required. Mechanical scanning, even if partial, is slow and may introduce
positioning errors. The main challenge in the design of tissue-imaging electronic
scanners is the need to multiplex hundreds of antennas, both transmitting (Tx) and
receiving (Rx). Such multiplexing is not provided by benchtop vector network
analyzers (VNASs), which, even if equipped with RF switching networks, are limited
to about 16 ports. This is why custom RF-switching networks are common [13]-
[16], [21] and even then, the maximum achieved number of multiplexed ports is 60
[15]. A larger number of multiplexed ports entails increasingly complex, often
cascaded, RF-switch networks, the losses of which easily exceed 6 dB in the low-
GHz UWB band. The losses impact the system’s dynamic range and sensitivity,
which puts a limit on the RF-switch network complexity. This is the main reason
why most of the prototypes augment the electronic scanning, based on RF

switching, with mechanical scanning [13], [14], [17]-[21]. The complementary
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mechanical scan also allows for denser spatial sampling while relaxing the size
requirement for the sensing antenna elements.

Many antenna types have been explored for tissue measurements [24]. What
distinguishes the antenna elements suitable for large dense arrays is the strict
limitation on the size along with the requirement for low inter-element coupling
(e.g., below —20 dB). The size limit stems from the desired spatial sampling step,
which is usually set to be equal to or less than the minimum wavelength in the tissue
[19]. Thus, the array elements must be electrically small, which makes the UWB
impedance match challenging, and they also must be densely packed, which makes
their decoupling challenging. The shielded and cavity-backed slot-antenna designs
[15], [16], [25]-[29] , have emerged as a preferred choice due to small size,
unidirectional radiation, smooth near-field distribution, and compatibility with
printed circuit board (PCB) technology.

The first active antenna arrays for breast imaging have been reported in [27],
[28], where each element is equipped with a low-noise amplifier (LNA) to improve
the system sensitivity and dynamic range. We note that antenna integration with
active components (e.g., p-i-n diodes and LNAS) is common in wireless energy
harvesting [30], [31], communications [32]-[35], and imaging [27], [28], [36].
However, there is a major deficiency in the prior shielded slot-antenna designs [27],
[28], which prevents their implementation into large active arrays consisting of
hundreds of elements. In [27], each array element is terminated with a coaxial
connector soldered on the metallization layer of the antenna feed underneath the
ground shield. The connector leads into a separate LNA PCB. Thus, the

implementation of the shielding structure above the fork layer requires the manual
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drilling of large openings to access the connector pads onto which the connectors
are subsequently soldered manually. The fabrication is thus impractical when large
arrays are to be implemented on a single multi-layer PCB. Moreover, the openings
degrade the shield integrity. The design in [28] has succeeded in integrating an LNA
chip with a very small footprint at each antenna feed. But the LNA output is still
terminated with a coaxial connector soldered at the antenna feed, i.e., below the
shield. Thus, a large opening is still needed at each antenna to accommodate the
coaxial connector and the LNA chip, both of which are soldered manually.

Here, we address this deficiency by moving the LNA array to the exposed
top layer of the active-antenna PCB, allowing for automated surface mount of
electronics and connectors. The new design ensures high shield integrity by
eliminating the need for drilled openings. The main design challenge is the vertical
signal transition of substantial length, which is commensurate with the size of the
slot. This transition is not amenable to analytical modelling since it traverses
through dielectric layers of various permittivities and thicknesses as well as through
the ground plane. Also, it resides close to the slot feed, thereby affecting the antenna
input impedance. Here, we report a successful triple-wire (ground-signal-ground)
vertical transition from the coplanar-waveguide (CPW) antenna feed to the CPW
feed of an LNA chip on the PCB top layer. Additionally, new design features in the
antenna feed improve the impedance match and the element de-coupling in the
entire frequency band from 3 GHz to 8 GHz, when compared to the arrays reported
in [27], [28]. The main impact of this work is that it enables the construction of
large active arrays of shielded slot antennas on a single PCB with excellent signal

integrity and low fabrication cost.
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The ability to surface-mount hundreds of chips and various connectors is of
paramount importance to the envisioned electronically scanned imager. The
proposed active antenna array is to be interfaced with a matching array of mixer
chips so that each sensing element outputs a signal at an intermediate frequency
(IF) of 30 MHz, at which the multiplexing is performed. Unlike a UWB RF-switch
network, the IF-switch network operates at a single-tone low frequency with
negligible loss, excellent impedance match and decoupling better than —60 dB. This
allows for the multiplexing of hundreds of sensors, thus overcoming the main
limitation of the current RF-switched arrays employed in tissue imaging.

Section 1l presents the design of the passive antenna array along with
simulation and measurement results. Section |11 presents the design, simulation, and
measurement of the active array, wherein each antenna is equipped with an LNA.
Section IV provides results from imaging experiments employing both passive and

active elements in an array prototype.

2.2 Passive Sensing Array

2.2.1 Design Goals
The design goals for the passive antenna array in the frequency band from
3 GHz to 8 GHz are as follows. First, the reflection coefficient at the terminals of
each passive element in the presence of the breast tissue must be equal to or less
than —10 dB for a good impedance match.
Second, the mutual coupling between neighboring elements must be less
than —20 dB. The mutual coupling is a source of signal clutter. If two neighboring

elements form a transmit-receive pair, a mutual coupling signal in excess of —20
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dB is sufficiently strong to mask the weak back-scattering signal. Moreover, in
near-field measurements such as those in tissue imaging, the measured object alters
the mutual-coupling signal as compared to the one obtained with the background
medium alone, which makes the background de-embedding difficult. The reduction
of the mutual coupling is also desirable if the two neighboring elements are both
receiving, which is the case here. A UWB antenna element cannot be perfectly
impedance-matched in the whole frequency band. Even under conditions of perfect
impedance match and no loss, half of the incident-wave power intercepted by the
antenna is scattered back [37]. Thus, each Rx element is a secondary source of
radiation, and the power it injects back into the object is a source of clutter to its
neighbors if the mutual coupling is significant. Therefore, the low inter-element
coupling is an important performance metric of all densely packed imaging arrays.

Third, the center-to-center distance between the elements must be equal to
or less than 12 mm in both x and y directions as dictated by the shortest wavelength
(at 8 GHz) in a tissue medium with relative permittivity of about 10.

Fourth, the array must be fully shielded from the back for unidirectional
radiation toward the tissue and for minimal external interference.

Fifth, all electronics (e.g., LNA chips and circuits) and all connectors must
be placed on the top metallization layer for easy access and surface mount. The
shielding ground plane must isolate the passive antenna elements from the
electronics layer, allowing only for the vertical interconnects to carry the signal

from the antennas to their respective LNAs.
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2.2.2 Structure of the Antenna Element and the Array

The proposed UWB sensing array is composed of slot antenna elements on
a multi-layer PCB with a center-to-center distance of 12 mm, both in the x- and y-
directions. The layer stack-up is shown in Figure 2-1, along with the respective
thicknesses in the color-coded table. There are four metallization layers: the
electronics layer (metal layer 1), the shield layer (metal layer 2), the antenna-feed
layer (metal layer 3), and the slot layer (metal layer 4). The geometry of a single
array element in each layer is described in Figure 2-2a (metal layer 4), Figure 2-2b
(metal layer 3), Figure 2-2c (metal layer 2), and Figure 2-2d (metal layer 1). The
antenna-slot layer (metal layer 4) comes in contact with the breast tissue.

The dimensions of the slot and the metallic patch within which the slot
resides are shown in Figure 2-2a. The slot is electromagnetically coupled to a fork
residing in metal layer 3, shown in Figure 2-2b. The fork’s output transitions into a
CPW. The CPW, in turn, transfers the signal to the low-reflection triple-wire
vertical transition that carries the signal through the shield (metal layer 2, shown in

Metal layer 1
Grounding vial
Metal layer 2 Rogers 3035
. . (&:3.5, tand 0.0015)
Triple-wire FR4

: 2s
S (€434, tand 0.02) |

Triple-wire |Rogers RT/Duroid 601 OLM|
Grounding=via | (&10.2, tan3 0.0023)

Materials | Thickness (mm)

0.25

Shielding via

Copper | 1oz
Metalilgyersmmmm e e —

. . Fastrise
Grounding via 2 | 0.14
(£:6.15) 5
Metal layer 4 |

Fastrise

(£2.74)
Tissue layer

(€:9.6, tand 0.4)

(@) (b)

Figure 2-1: (a) Multi-layer stack-up of the PCB along with the various via-holes
deployed in the structure. (b) Color-coded table showing the thickness and material
property of the materials in the stack-up.
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) (d)

Figure 2-2: Layout and dimensions (in mm) of one element in: (a) slot layer
(metal layer 4), (b) antenna-feed layer (metal layer 3), (c) shield layer (metal layer
2) and (d) electronics layer (metal layer 1). The dash-line shows the area of 12x12
mm? occupied by each element.

Figure 2-2c), and onto the electronics layer on top (metal layer 1, shown in Figure
2-2d).

The shield (see Figure 2-2¢) is a grounded metallic plane, which extends
over the entire array to isolate the antenna elements from the electronics layer. It
also ensures unidirectional power delivery toward the tissue. It only allows for the

center wire (a via-hole) of the triple-wire vertical interconnect to go through an
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opening in order to carry the signal from each antenna element to its respective
LNA in the electronics layer. The shield layer impacts the antenna input impedance
[27]; thus, the number of dielectric layers between the antenna-feed layer and the
shield, their permittivities, and their thicknesses have been chosen to ensure a good
impedance match. The shield has no observable impact on the antenna radiation
efficiency, i.e., changing the material from copper to perfect electric conductor
(PEC) in the simulation does not change the result. We reiterate that the shield is
critical for a high front-to-back ratio. Since the proposed design eliminates the need
to drill holes in the shielding, the back-radiation is eliminated.

The electronics layer (see Figure 2-2d) consists of another CPW, which
connects the triple-wire output to terminals represented by lumped ports in the
simulations [38].

The design employs many via-holes, which are indicated by the circles in
Figure 2-2. Short grounding via-holes (Grounding via 1 in Figure 2-1a) ensure
proper grounding of the CPW at the electronics layer to the shield; see Figure 2-2c
and Figure 2-2d. Similarly, short via-holes (Grounding via 2 in Figure 2-1a) ground
the CPW at the fork layer to the metallic patches in which the slots are cut out; see
Figure 2-2a and Figure 2-2b. Additionally, two long grounding via-holes serve to
form the ground wires in the triple-wire vertical transition, seen in all four layers
shown in Figure 2-2. These are located symmetrically on both sides of the long
signal via-hole, which connects the signal trace of the CPW at the fork layer to the
signal trace of the CPW at the electronics layer. Finally, behind the triple-wire
vertical transition of each element, there is a group of three long shielding via-holes,

which are introduced to reduce the mutual coupling between neighboring elements
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along the y-axis. They extend from the shield layer (metal layer 2) to the antenna-
slot layer (metal layer 4).

In order to achieve a good impedance match from 3 GHz to 8 GHz,
significant effort has been dedicated to optimizing the size of the antenna slots, the
shape of the antenna feed, particularly the transition from the fork to the CPW feed,
as well the step CPW transition at the electronics layer. A fork-like stub feed is
known to enhance the bandwidth of the slot antenna [29], [38] compared to a single
microstrip feed. This is also the case in the current design. Based on simulation
results, the fractional bandwidth with a simple microstrip feed probe is about 58%,
which is improved to 91% by the fork-shaped feed designed here.

The design of the triple-wire transition in this array is challenging since it
not only traverses through different dielectric layers (in thickness and permittivity)
but also passes through the shield layer. The radius and center-to-center distance of
this triple-wire transition (see Figure 2-2d) have been optimized to achieve a
reflection coefficient well below —10 dB on both ports (on the electronics layer and
the fork layer) and a transmission coefficient better than —1 dB over the whole
frequency range. Moreover, this triple-wire transition is long and thus introduces
parasitic inductive reactance in the element’s input impedance as observed from its
port. This is counteracted by the stepped-line transition from the triple-wire
connection points to the element’s port.

Various techniques have been used to reduce the mutual coupling in densely
packed arrays [40], [41]. In this design, two strategies have been employed. First,
the long shielding via-holes described before (see also Figure 2-3) ensure the

decoupling of the triple-wire vertical transition of one element from the strong
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Shielding vias De-coupling slots Antenna slot Grounding vias 1

Signal via hole  Shield layer Grounding vias 2  Triple-wire vertical
transition

Figure 2-3: Isometric view of the metallic parts of the array. The antenna-slot layer,
antenna-feed layer, and shielding layer can be observed. The electronics layer is
masked by the grounding shield layer. The de-coupling slots both in the x and y
directions as well as the shielding vias are also visible.

electric field of the neighboring slot. The position of these vias has been carefully
chosen to block the y-polarized slot field, which is the strongest in the slot center
(sinusoidal distribution). In the absence of these vias, the mutual coupling violates
the —20 dB design goal at frequencies from 3 GHz to 4 GHz. The second strategy
is to introduce decoupling slots in both the x- and y- directions in the slot layer as
shown in Figure 2-3.
2.2.3 Passive Array Antenna Performance

The impedance match and the mutual coupling of a 6x6 antenna array are
analyzed using the full-wave simulator HFSS [37] in a 3-port S-parameter
configuration using lumped-port excitation with a frequency sweep from 3 GHz to
8 GHz. Figure 2-4. shows the overall size of the 6x6 array along with the port
assignment in HFSS. The excitation is provided using a lumped port, whereas the
actual excitation in the array prototype is provided through a sub- miniature push-

on sub-micro (SMPS) coaxial connector (see Figure 2-5a). The SMPS connectors
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Shield layer (Metal layer 2)

Electronics layer
e (Metal layet‘1)

Port 1 Port 2

Figure 2-4: The dimensions of 6 by 6 array antenna (in mm) and the port assignment
used in the simulation of the passive array. The electronics layer is shown in brown
whereas the shield layer is in yellow.

are not included in the simulation because of prohibitive computational time.
In the simulation, the tissue layer is modelled by a 33 mm lossy dielectric

material with a complex relative permittivity of ¢, = 9.6—13.8, which is selected to

match approximately the average permittivity of BI-RADS Type 2 breast tissue
[42], [43]. The breast tissue phantom used in the experiments presented in this

section and in Section 2.4 is a stack of three 11 mm thick custom-made carbon
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rubber slabs with averaged complex permittivity of & =9.6-i3.8 over the

frequency band from 3 GHz to 8 GHz (see Figure 2-5c).

The simulated S-parameters of the passive array are shown in Figure 2-6.
The reflection coefficients at Port 1 and Port 2 (see Figure 2-4) satisfy the goal of
being below —10 dB from 3 GHz to 8 GHz. The mutual-coupling S-parameters, S1
and Saz, are shown in Figure 2-6b and Figure 2-6¢ in dB. The coupling values in the
x-direction (S21) and y-direction (Sz1) are well below —20 dB in the whole frequency

band, fulfilling the design goal.

dedddeld 0 0T
LLLEDE —oesee
Lol ===
dibeh ===

: ==

"”lﬂgﬂﬂﬂ

\
« SMA cable

SMPS F to 2.92 F adapters

(©)
Figure 2-5: Photo of the fabricated 6x6 passive antenna array showing: (a) the
electronics layer with the SMPS connectors, (b) the antenna slot layer, and (c) the
measurement setup. The element at Port1 is connected to Port 1 of the VNA, while
one of the neighboring elements is connected to Port 2. The remaining elements are
loaded with 50 QQ SMA loads using SMPS F to 2.92 F adapters.
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Figure 2-6: (a) Simulated and measured reflection coefficients. (b) Simulated and
measured mutual coupling between the center element and the element at Port 2 (as
indicated in Figure 2-4and Figure 2-5(a). (c) Simulated and measured mutual
coupling between the center element and the element at Port 3.
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A prototype of the passive array antenna has been fabricated consisting of
36 (6x6) elements terminated with SMPS coaxial connectors (see Figure 2-5a). The
antenna board is placed on a 33 mm thick stack of three custom-made carbon-rubber

slabs (each 11 mm thick) with averaged relative permittivity of &, = 9.6 -i3.8 (see

Figure 2-5c), same as in the simulation. Port 1 of the array (see Figure 2-5a) is
connected to Port 1 of the vector network analyzer (VNA) (E8363B, Keysight
Technologies), whereas one of the neighboring elements is connected to Port 2 of
the VNA. Both connections use right-angled SMPS female-to-sub-miniature
version A (SMA) cables of 41 cm in length. The remaining elements are loaded
with 50 Q SMA terminations using SMPS female to 2.92 female adapters.

The measured S-parameters are shown in Figure 2-6, along with the
simulated ones. The measured S11 and S22 (Figure 2-6a) confirm the satisfactory
impedance match in the desired frequency band. Sz has also been measured. It is
similar to S11 and Sz», but it is not shown in order to keep the number of curves in
Figure 2-6a reasonable. The measured coupling parameters Sp1 and Sz, shown in
Figure 2-6b and Figure 2-6¢, respectively, are safely below the —20 dB threshold.
From the plots in Figure 2-6, it is evident that discrepancies exist between the
simulated and measured results. They are due to the fact that in simulations, lumped
ports are used to excite the antenna elements, whereas the actual prototype is
excited through SMPS coaxial connectors. This is a major factor since the input
impedance is impacted strongly by the port model.

2.2.4 Near-field Radiation Characteristics

Another important performance parameter is the near-field distribution of
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Figure 2-7: Near-field magnitude distributions obtained through simulations where
the antenna element operates in a transmitting mode. The field plots show the
distribution at frequencies 3 GHz (a and b), 5.5 GHz (c and d), and 8 GHz (e and f)
at 10 mm and 30 mm from the antenna-tissue interface. The black rectangle
indicates the position of the radiating slot.

tissue; therefore, the far-field patterns are not relevant. The envisioned thickness in
compressed-breast measurements does not exceed 6 cm. Figure 2-7 presents
examples of the E-field magnitude distribution due to one excited element (Port 1in
Figure 2-4) at 3 GHz, 5.5 GHz, and 8 GHz at distances from the antenna-tissue
interface of 10 mm and 30 mm. Smooth field distributions are observed, which is
desirable in imaging applications. The polarization of the antenna is predominantly
linear and along the y-direction.
2.2.5 Efficiency

The efficiency of the antenna elements is investigated via simulation. To

this end, a rectangular aperture of size 21x15.5 mm? is defined at the slot plane

(metal layer 4) of the element at Port 1 (see Figure 2-4). The size of the aperture is
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selected so that Poynting’s vector z-component value at the edges of the rectangular
aperture is less than 1/150 of the maximum value. The radiation efficiency is

calculated as e, =P, /P, , Where Prqd is the radiated power through the defined

rectangular aperture and Pin is the power fed to the antenna. The antenna input
power Pi, is computed at each frequency as P, :(1—|Sn|2)F’1 , Where P1 is the

excitation power at Port 1. The radiated power Praq is computed by integrating the
real part of the Poynting vector’s z-component (exported from the HFSS
simulation) over the rectangular aperture covering the slot. The computed total
radiation efficiency is shown in Figure 2-8, along with the radiation efficiency that
accounts only for the conductor (copper) loss. The latter result is obtained by
antenna element shows about 87% efficiency when averaged over the frequency
range. It is evident that the antenna loss is due to both conductor and substrate losses

of comparable impact.

100 T :
— Conductor loss and dielectric loss included
"""""" Conductor loss included only

Radiation Efficiency [%]

80

3 - 5 6 7 8
Fregency [GHz]

Figure 2-8: Radiation efficiency of an element in the antenna array computed using
the simulated S11 parameter and Poynting vector distribution.
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2.3 Active Sensing Array

2.3.1 Antenna Layout and Geometry

The active sensing array integrates the passive array with LNA chips. It is
designed and simulated using Keysight Advanced Design System (ADS) [44]. The
LNA is integrated into the electronics layer as shown in Figure 2-9. The circuit
includes the LNA chip (Mini-Circuits PMA3-83LN+) and the discrete components
of a bias tee, namely, the chip capacitors C1, C2, C3, and the chip inductors L1 and
L2. The values of the discrete components are those suggested by the LNA chip
manufacturer [44]. The DC biasing of the LNA is provided through the VDD pad
and the ground pads. The signal captured by the slot antenna is fed into the LNA
input by the CPW at the electronics layer, as indicated in Figure 2-10. The transition
from the CPW to the LNA input has been optimized for a good impedance match.
The amplified signal is fed to the SMPS connector through another finite-ground
CPW with a right-angle bend. All CPW interconnects and component grounding

pads are grounded using via-holes. The layout of the LNA circuitry with the SMPS

MPS connector

Pl g =X
Antenna-feed
layer

srounding vias

1i 4[]

i zfi/vm)

Ground
Shielding vias

Electronics layer

Antenna-slot layer

Figure 2-9: The layout of the active antenna element simulated in ADS, showing
three metal layers (shield layer not shown): antenna-slot layer in red, antenna-feed
layer in blue, and electronics layer in yellow. Areas shaded in beige indicate the
soldering pads for the discrete components (C1, C2, C3, L1, and L2), the SMPS
connector, and the LNA chip.
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Figure 2-10: Layout and dimensioning of the simulated LNA layout with the SMPS
connector. Only the electronics layer of the PCB is shown.

Table 2-1: Dimension of the LNA layout

Symbol Size (mm) Symbol Size (mm)
a 0.300 r 1.265
b 0.200 S 0.721
c 2.055 t 0.753
d 0.380 u 0.753
e 1.250 v 0.511
f 1.250 w 0.470
g 0.516 X 0.812
h 0.250 y 1.173
i 0.480 z 1.323
j 0.361 a 0.740
k 0.245 B 0.809
[ 1.289 y 0.439
m 1.233 0 0.713
n 1.026 [0) 0.212
0 0.379 0 0.229
p 2.680 T 1.275
q 4.091 n 0.237

connector pad is provided in Figure 2-10, along with the dimensions in Table 2-1

2.3.2 Active Sensing Array Performance
A simulation based on HFSS with co-simulation in ADS is performed as
follows. Two passive arrays (see Section 2.2) are utilized as Tx and Rx arrays in a
transmit-receive configuration in HFSS, where the arrays are placed 33 mm apart

along the z-axis; see Figure 2-11a. Between the Tx and Rx arrays, a cylindrical
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tissue-mimicking medium is placed with a diameter of 21 cm and relative

permittivity of & ~9.6—-13.8 . This medium matches the one in the measurement

setup. One element of the Tx array is excited, and its corresponding (boresight-
aligned) element on the Rx array collects the signal. The simulation employs a
discrete frequency sweep from 3 GHz to 8 GHz with a step of 100 MHz.

The simulated transmission coefficient Sz1 of this passive configuration,
along with the S-parameters of the LNA, provided by the manufacturer, are
imported into two S2P blocks in the ADS schematic as shown in Figure 2-11b. The
S2P blocks are terminated with 50-ohm ports. The co-simulation is performed from
3 GHz to 8 GHz to obtain the overall system transmission coefficient Sa;.

To verify the performance of the active sensing array through measurement,
another array prototype has been fabricated. It is composed of 6x6 elements
wherein 3 elements are integrated with LNAs, the outputs of which are accessed
through SMPS connectors. The remaining elements are passive, and four of them
are equipped with SMPS connectors in order to measure their output signals and

compare them with those of the active elements (see Figure 2-12a). Port 1 of the

9210
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Transmitting array Lossy dielectric (carbon-rubber)
(a) (b)

Figure 2-11: (a) Isometric view of transmit-receive configuration in HFSS with
dimensions in mm. (b) Co-simulation schematic in ADS.
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Figure 2-12: (a) Electronics layer of the fabricated 6x6 Rx array with the SMPS
connectors and LNA chips at the active elements. (b) The slot layer of the Tx
passive array. (c) The measurement setup of the transmit-receive configuration,
where the Tx and Rx arrays are separated by three 11 mm-thick circular carbon-
rubber slabs emulating breast tissue.

VNA is connected to Port 1 of the Tx array (see Figure 2-5a). The phantom is a
stack of three 11 mm-thick custom-made carbon-rubber slabs (Figure 2-12c) whose
relative complex permittivity, averaged over the frequencies from 3 GHz to 8 GHz,

is approximately &, = 9.6 —i3.8 (as in the simulation setup). Port 2 of the VNA is

first connected to one of the passive elements on the active sensing array, and then

it is connected to one of the active elements. In each case, the Tx and Rx arrays are

49



Ph.D. Thesis - Nooshin Valizade Shahmirzadi McMaster University - ECE

-5

10} e

Sttt L e

AP " i
~ ame T

20F ""'\'!.\\“'.
—L'ZI—Simulation (without LNA) A
L'ﬁl—Mcasurcmcnt (without LNA)

B30 S,fI—Simulation (with LNA)

Magnitude [dB]

3 4 5 6 7 8
Frequency [GHz]

Figure 2-13: Simulated and measured S»1 in dB of the passive sensing element and
active sensing element. An expected gain of approximately 20 dB is observed in
both simulation and measurement.
aligned so that the Rx element is along the boresight of the Tx element. The DC
biasing of the LNA is provided through the red and black wires observed in Figure
2-12a.

The measured Sy:1 responses (in dB) with the active and passive Rx elements
are shown in Figure 2-13, along with the simulated responses. There is a good
agreement between simulation and measurement. A gain of 20 dB in the frequency

band from 3 GHz to 8 GHz is also observed, which corresponds to the gain of the

LNA.
2.4 Validation in Imaging Experiment

A near-field imaging experiment with a compressed-breast tissue phantom
is carried out to evaluate the functionality of the proposed UWB active sensing
array. A step-frequency continuous wave (SFCW) signal is provided through port

1 of an Advantest R3770 4-port VNA to a dielectric-filled transverse

50



Ph.D. Thesis - Nooshin Valizade Shahmirzadi McMaster University - ECE

electromagnetic (TEM) horn Tx antenna [46]. The horn is designed to operate in
direct contact with breast tissue. Two active elements and one passive element of
the sensing array are paired with the remaining ports of the VNA. The data
acquisition is performed in a scanning chamber (see Figure 2-14). The Tx antenna
and the sensing array are fixed at each other’s boresight while a translation stage
moves the Plexiglas tray, on which the compressed breast phantom is placed, along
the x and y directions. The bottom of the Plexiglas tray is 4.5 mm thick. The Tx
horn aperture and the Rx array are positioned as close as possible (about 1 mm)
from the respective phantom surfaces. The TEM horn scans above the top phantom
face, whereas the Rx array scans at the bottom of the Plexiglas tray that holds the
tissue phantom. An area of 180 mm %180 mm area is scanned with a spatial
sampling step of 3 mm, employing a frequency sweep between 3 GHz and 8 GHz
with 100 MHz increments. The area is chosen to match the area scanned by the
envisioned final electronically scanned Rx array, consisting of 18x18 active

elements. The 3 mm sampling step corresponds to about a quarter of a wavelength

(b)

Figure 2-14: (a) Photo of the Plexiglas tray inside the scanning chamber with the
TEM horn as a Tx antenna on top and the proposed Rx array at the bottom. (b)
Photo of the breast-tissue phantom surrounded by a black-foam microwave
absorber inside the Plexiglas tray.
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in the tissue phantom at the highest frequency of 8 GHz. Half-wavelength sampling
IS more than sufficient in transmission measurements [47]. However, the used
image-reconstruction algorithm provides an image pixel size equal to the sampling
step. Thus, the chosen sampling step ensures a pixel size of 3x3 mm, which is fine
enough to allow for examining the image spatial resolution as dependent on the
chosen frequency band rather than the sampling step.

It is worth noting that the presence of the 1 mm air gap and the 4.5 mm
Plexiglas bottom layer between the Rx slot array and the tissue phantom degrades
the antenna insertion loss, which averages at about —5 dB over the frequency band.
Nonetheless, the received signal is sufficiently strong to allow for successful image
reconstruction. We emphasize that the large electronically scanned Rx array is to
operate in direct contact with the tissue without the need to scan mechanically.

A compressed breast phantom is prepared using three stacked 11 mm thick
carbon-rubber slabs, mimicking scattered fibro-glandular breast tissue (BI-RADS
Type 2), and two 2 mm thick carbon-silicone sheets, mimicking skin tissue [48]
(see Figure 2-15a). The 2 mm sheets are placed on the top and the bottom of the
phantom. The 11-mm slabs and the 2-mm sheets are cut to resemble the shape of a
compressed breast. The lateral dimensions of the phantom are indicated in Figure
2-15b. In the second (middle) carbon-rubber slab, a circular section with a diameter
of 94 mm is cut out to insert various tissue simulants, while the other two slabs are
left intact. An irregularly shaped material mimicking healthy fibro-glandular tissue
is placed inside the circular section; see the beige area outlined by a red dash line
in Figure 2-15c. It is surrounded by a matching medium whose permittivity is closer

to that of the carbon-rubber slabs. One tumor simulant of diameter 15 mm is
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Figure 2-15: (a) Photo of the assembled compressed breast phantom. (b) The breast
phantom inside the tray surrounded by a black foam microwave absorber
(dimensions in mm). (c) Middle slab of the phantom with a circular cut (black dash-
line circle) filled with matching medium (white color), fibro-glandular tissue
simulant (brown dash line contour), and three tumor simulants (blue dash-line
contours).

inserted within the fibro-glandular object, and two more tumor simulants (of
diameter 10 mm) are embedded in the matching medium. The complex relative
permittivity values of the matching medium, the tumor simulants and the fibro-
glandular simulant are measured from 3 GHz to 8 GHz using a slim form probe
[49]. These measured permittivity values are averaged over the frequency and listed
in Table 2-2. The prepared middle slab is wrapped in plastic wrap to secure all

inclusions. The assembled phantom is placed inside the Plexiglas tray and is
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surrounded by black foam microwave absorbers [50] as shown in Figure 2-15b. The
foam microwave absorbers feature attenuation of 11 dBm/cm and 24 dBm/cm at 3
GHz and 10 GHz, respectively. They are critical in reducing the reflections at the
side walls of the phantom and thus decreasing the image artifacts. Absorbing foam
is also used to line the side walls of the Plexiglas tray to further suppress reflections;
see Figure 2-14b. The Sz data sets collected by the active and passive Rx array
elements are processed using the real-time quantitative image-reconstruction
algorithm referred to as Fourier-space scattered power mapping (F-SPM) [51].
Since only forward-scattering (transmission) data are available in the planar scan,
range resolution (along z) is not available [47]. Thus, the reconstructed images are
only two-dimensional (2D), depicting the lateral distribution (along x and y) of the
real and imaginary relative permittivity of the object. The permittivity values are
effectively averaged over z and over frequency. The 2D quantitative images of the
heterogeneous breast phantom are shown in Figure 2-16. The tumor simulants are
detected well, along with the healthy fibro-glandular tissue inclusion. Their
averaged permittivity values correlate well with those listed in Table 2-2. The
resolution is better than 15 mm (the center-to-center distance between the two small
tumor simulants).

Table 2-2: Averaged dielectric properties of phantom materials over the
frequencies from 3 GHz to 8 GHz

Material & &l
Carbon-rubber Slab 9.60 3.82
Carbon-silicone Sheet [47] 19.36 14.00
Matching Medium 11.30 2.59
Tumor Simulant 64.11 22.32
Fibro-glandular Tissue Simulant 17.61 7.89
Scattering Probe 43.70 X
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Figure 2-16: 2D reconstructions of the real and imaginary parts of the relative
permittivity of the compressed breast phantom using the F-SPM algorithm.

We note that the image reconstruction is not affected significantly when
using only the two active element responses as compared to using both the active
and passive elements. The passive-element responses, however, exhibit

increasingly poor signal-to-noise ratio at higher frequencies.

2.5 Conclusion

An ultra-wideband (3 GHz to 8 GHz) planar active sensing array for
microwave imaging of the breast has been proposed. It consists of slot antennas,
fully shielded from the back, where each element is equipped with an LNA. The
array features element reflection loss better than 10 dB and inter-element mutual
coupling better than —20 dB. The critical design component, allowing for practical
implementation in large arrays on a multi-layer PCB, is the triple-wire vertical
transition that carries the signal from the antenna-feed layer, through the grounded
shield, to the top electronics layer, where the LNASs reside. The performance of the
array elements is investigated in terms of near-field distribution and efficiency.

They provide unidirectional radiation (no back radiation) and smooth field
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distribution inside the tissue. The average radiation efficiency is 87% over the
frequency band. Both passive and active sensing array prototypes comprising 6x6
elements have been fabricated for validation through measurements. The expected
gain of 20 dB in the received signal strength due to the employed LNAS is
confirmed. The active sensing array has also been successfully tested in a near-field
imaging experiment with a heterogeneous compressed-breast phantom.

Future work will focus on the fabrication of the final 18x18 active antenna
array, which connects to a matching array of 18x18 mixer chips whose outputs are
multiplexed through an IF-switching network. The envisioned measurement
architecture [52] employs a 2-port VNA in a frequency-conversion measurement
mode, i.e., the VNA measures the magnitude and phase of the down-converted
single-tone IF signal. Since the VNA offers only one port for the IF signal, an IF
switching network is needed to multiplex the 324 (18x18) IF channels. The
envisioned receiving array will allow for fast electronic scanning over an area of
about 20 cm x 20 cm. Moreover, in comparison with the RF-switched receiving
arrays, the IF-switched architecture will offer a significantly improved signal-to-

noise ratio due to reduced loss and better channel decoupling.
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Chapter 3

3.Interconnects for Dense Electronically
Scanned Antenna Array Using High-
Speed Vertical Connector

Preface

This chapter is a reproduction of the following published article:
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3.1 Introduction

Over the past decade, the development of electronically scanned antenna
arrays (ESAAS) has been the focus of intense research since they outperform the
mechanically scanned systems with exceptional speed, compactness, light weight,
and immunity to positioning errors. These advantages make the ESAAs the
preferred choice in applications such as wireless communications [1]-[4], radar
systems [5], [6], non-destructive testing [7], [8], and microwave imaging [9]-[12],
among others. In communications, these arrays enable dynamic beamforming,
where the antenna pattern is shaped to maximize the signal power toward the
desired receiver(s) and/or to minimize interference from other directions. Radar
systems utilize ESAAs for precise beam steering to acquire data from different
angles and positions, resulting in improved sensitivity, image quality, and
resolution. In non-destructive testing and imaging, ESAAs primarily offer a
multiplexing capability among transmit/receive channels, where the inputs/outputs
of multiple antenna elements are combined to connect to a single receiver or
transmitter.

To realize ESAAs in the microwave frequency range, a widely adopted
approach integrates solid-state phase shifters [4], [13], [14], radiofrequency (RF)
switches [9], [15], [16], p-i-n and Schottky diodes [17]-[20], varactors [21]-[23],
etc., within each antenna element. Such integration adds functionality to the sensing

element (e.g., frequency conversion, tunable phase delay), but it does not resolve
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the problems arising when multiplexing hundreds of such sensors to the
transmitting/receiving circuitry as well as the digital control circuitry. In [21], a
complementary circuit composed of power dividers and varactors is developed at
the rear of the array’s printed circuit board (PCB) to provide beam-steering
capability at 3 GHz. The topology is narrowband and limited to controlling only 16
elements. Substantial modifications would be necessary to scale up the number of
elements to several hundred and to overcome the bandwidth limitations of the
power dividers. In a recent study [4], eight solid-state phase shifters are connected
to 32 ports of a phased array antenna by utilizing a combination of one 1-to-8 power
splitter and eight 1-to-4 power dividers, all interconnected through RF cables. This
configuration ensures highly uniform amplitudes and accurate phase shifts.
However, the design is bulky. In ESAAs currently employed in microwave tissue
imaging [9]-[12], the transmitting/receiving circuitry includes a network of RF
switches which are connected through high-quality RF cables and coaxial
connectors to the antenna elements. Due to losses in the RF switches and the large
size of the co-axial connectors, there are limitations on the number of multiplexed
elements and the inter-element spacing. Thus, complementary mechanical scanning
is usually required to increase the spatial sampling density [10], [12].

Efficient RF signal routing to/from the mm-sized antenna elements within
densely packed arrays is a significant challenge, particularly in the context of
imaging, where high-density ESAAs must provide sufficient spatial sampling
without the need for mechanical scanning. Conventional RF switching networks
are not practical when multiplexing hundreds of array elements. This is due to their

substantial insertion loss, limited isolation, and calibration difficulties. To
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overcome these limitations, a solution based on multiplexing at a single-tone
intermediate frequency (IF) has been proposed in [24], [25]. In a recent study on
microwave imaging of breast tissue [25], a planar ultra-wideband (UWB) active
receiving array has been introduced in the frequency range of 3 GHz to 8 GHz. This
array design allows for scalability to a larger configuration of 16x16 elements
where an IF switching network enables the multiplexing of hundreds of sensors
within the array.

Figure 3-1 shows the architecture of a UWB electronically scanned
microwave compressed breast imager employing a scaled-up prototype of the active
receiving array first proposed in [25]. The architecture is composed of a 2-port
vector network analyzer (VNA), an RF transmitting (Tx) array fed by the VNA
through a power distribution network, a local oscillator (LO) power distribution
network, a UWB active receiving (Rx) array that captures the scattered signal
through an object under test, and an IF-switching network. The employed VNA
[27] features an additional internal signal generator, which provides an RF-
synchronized LO signal for down-conversion. This allows for vector (magnitude
and phase) frequency-conversion measurements. The passive antenna elements in
the Tx and Rx arrays are the same. The UWB active Rx array in this development
is composed of 16x16 sensors where each antenna element is equipped with its own
RF front-end down converting the UWB RF signals to a single tone IF signal. The
spacing between the elements is 12 mm in both lateral directions. Due to space
constraints and the lack of a single chip UWB platform capable of amplifying and
down converting RF signals, each array element is integrated only with a low-noise

amplifier (LNA) chip [25]. The mixer arrays, the LO distribution network and the
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Figure 3-1: The architecture of an electronically scanned system based on the
|_oropc_>sed UWB active receiving array prototype in [25] for breast-tissue microwave
imaging.
IF-switching network, reside on a separate board, necessitating a low-reflection,
low-loss, and low-crosstalk board-to-board transition.

This work presents a solution that achieves seamless transitions from the
UWB 16x16 active Rx array PCB to separate PCBs of the corresponding array of
mixers and the IF switching network which multiplexes the 256 sensors at the single
tone 30 MHz IF output. To this end, we explore the use of high-speed vertical
connectors, widely employed in computer technology. These connectors offer
several advantages over conventional coaxial connectors, including high pin
density, low cost, and mechanical robustness, making them a much preferred choice
for board-to-board transitions. The primary focus of this study is to design a high-
quality RF transition between the grounded coplanar waveguide (GCPW) lines at

the outputs of the LNAs on the Rx antenna board (described in [25]), and a high-

speed vertical connector. We assess the performance of this interconnect through
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electromagnetic (EM) simulations and measurements of fabricated test boards.
Subsequently, the high-speed vertical connectors are incorporated into the 16x16
UWB active receiving array, and their performance is investigated and compared
with sub-miniature push-on sub-micro (SMPS) coaxial connectors in a 6x6 UWB
active Rx array prototype [25]. The SMPS connectors, along with their respective
cables and adapters, are expensive. A single SMPS connector costs over US$20,
which leads to substantial expenses when arrays consisting of several hundred
elements are to be interfaced with electronics. They are mechanically fragile with
a limited number of mating cycles, usually ranging from 100 to 500, depending on
whether they employ a full detent or smooth bore interface. Importantly, connecting
and disconnecting hundreds of such connectors, densely packed on a PCB, is
difficult, leading to unreliable electrical performance. Hence, the SMPS connectors
are deemed unsuitable for connectorizing large arrays.

To the best of our knowledge, no existing antenna array has yet harnessed
the potential benefits of a high-speed connector in the UWB frequency range for
board-to-board connections. Therefore, our proposed vertical board-to-board
transition holds significant promise not only for our specific application but also
for other scenarios that require a transfer of microwave signals between high-
density PCBs with hundreds of input/output GCPW interconnects.

In Section 3.2, the design of the GCPW interconnects for high-speed
vertical connectors is discussed, followed by validation through measurements.
Section 3.3 focuses on the implementation of the designed GCPW interconnects on
the 16x16 UWB Rx array board together with the vertical board-to-board

connector. The RF performance of the assembly is validated through measurements
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and compared with that of the SMPS connectors terminating the elements of a prior
6x6 UWB array prototype [25]. Discussion and conclusions are presented in

Sections 3.4 and 3.5, respectively.
3.2 Vertical Board-Borad Interconnect Design

In [25], a planar receiving array of UWB active slot antennas has been
proposed for microwave imaging of the compressed breast with operating
bandwidth from 3 GHz to 8 GHz. Each array element integrates an LNA chip to
boost the received signal. This is necessary in tissue imaging because microwave
signals suffer significant attenuation, which grows rapidly with frequency [27],
[28]. Using the published permittivity and conductivity values for the various
healthy breast-tissue properties [27], along with a simple plane wave propagation
model, it is possible to estimate the attenuation for a signal path of about 60 mm
(the average thickness of a compressed breast during the microwave measurement).
Depending on the breast tissue composition in terms of fibro-glandular and adipose
content, the estimated attenuation is between —60 dB and —90 dB at the highest
frequency of 8 GHz. This translates into attenuation rates from —10 dB/cm to —15
dB/cm. These estimates are confirmed in [25], where a transmission measurement
shows an attenuation of about —42 dB at 8 GHz through a 33 mm-thick breast-tissue
phantom, which mimics a BI-RADS (Breast Imaging Reporting and Data System)
Category B healthy breast tissue (scattered areas of fibro-glandular tissue with 25%
to 50% of the overall breast-tissue mass [29]). Thus, signal amplification on receive
is imperative, and the active array in [25] employs LNA chips with a flat 20-dB

gain throughout the 3 GHz to 8 GHz bandwidth.
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The initial 6x6 array prototype reported in [25] demonstrates a seamless
integration of the LNA chips with the slot antennas on the Rx array PCB. The
design is scalable, which allows for its expansion into larger arrays, such as the
16x16 Rx array shown in Figure 3-2. However, the initial 6x6 array prototype uses
SMPS coaxial connectors, which are impractical for large arrays, as discussed
earlier. We reiterate that the system architecture in Figure 3-1 requires each Rx
array element to connect to a dedicated mixer, requiring 256 identical high-quality
RF interconnect paths.

To address this problem, we propose to employ off-the-shelf high-speed
board-to-board vertical connectors that offer high pin density, mechanical
robustness, and low cost (below US$10 per connector). Figure 3-2 shows the
horizontal PCB of the large UWB active Rx array along with the mounted
connectors (Samtec MEC2-50-01-L-DV [29]). The connector features 50 pins with
a 2-mm pitch on each side. Since the center-to-center spacing between the elements
of the Rx array is 12 mm, the connector accommodates 8 elements on each side (16
array elements in total). As shown in Figure 3-2, two connectors, mounted edge-to-
edge, can accommodate two 16-element rows (32 array elements in total). Overall,
16 vertical connectors are required for the assembly. The connectors link the Rx
array PCB to eight identical vertical PCBs, each accommodating 32 mixer chips,
along with an LO distribution network and an IF switching network. Note that the
PCB of the Rx antenna array in Figure 3-2 contains unconnected elements at its
periphery. These are dummy elements, which ensure identical performance of the
connected array elements, all of which are at least one array element away from the

PCB edges. In [25], the outputs of the LNASs on the active sensing array employ

72



Ph.D. Thesis - Nooshin Valizade Shahmirzadi McMaster University - ECE

Vertical board contains mixer
array, LO distribution network
and IF switching network

inserted in high-speed

@l | 8 vertical boards to be
vertical connectors

; ; High-speed vertical connector
Horizontal board, UWB active gh-sp

sensing array

Figure 3-2: Isometric view of a 16x16 UWB active sensing array with 8 rows of
vertical connectors, where each row consists of two edge-to-edge MEC2-50-01-L-
DV connectors. One of the eight vertical boards (carrying additional electronic
circuits) before insertion into the connector is also shown.

short GCPW transmission lines (TLs) terminated with SMPS connectors. As
discussed later, these GCPWs need to be thoroughly redesigned in order to achieve
acceptable reflection and transmission coefficient when interfacing them with the
pins of the vertical board-to-board connector. Specifically, the design goal is to
achieve reflection coefficients below —10 dB and “through” transmission
coefficients above —1 dB in the frequency band from 3 GHz to 8 GHz.
3.2.1 EM Design of the GCPW Interconnect for the High-speed Vertical
Connector
The documentation on MEC2-50-01-L-DV [31] suggests a 50-Q microstrip
layout for the connector’s pin footprint. However, in the UWB frequency range,
GCPWs are preferred over microstrip lines due to lower dispersion, lower loss, and
lower channel crosstalk. Therefore, a new design is necessary for GCPW leads
between the circuitry and the connector. To this end, the HFSS [32] encrypted

model of MEC2-50-01-L-DV has been acquired from the manufacturer to perform
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Figure 3-3: (a) Isometric view of the assembly consisting of the GCPW TLs test
boards and the encrypted model of the high-speed vertical connector, alongside the
stack-up of the test boards. Circles in grey indicate grounding via-holes. For a better
view of the pin footprint of the vertical connector, the assembly is tilted at an angle
such that the horizontal (Rx antenna array) board appears vertical in the CAD
drawing, whereas the vertical (mixer array) board appears horizontal. Layouts of
the GCPWs leading to the vertical connector on: (b) the horizontal board (c) the
vertical board. All dimensions are in mm.

the design using full-wave EM simulations.

The initial design is based on the assumption that the connector might
function effectively with direct connection to 50-Q GCPW transmission lines. Two
test PCBs (horizontal and vertical) are designed to evaluate its performance with

such GCPWs over the frequency range from 3 GHz to 8 GHz. Figure 3-3 shows the
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designed GCPW test boards, along with their respective layout and stack-up. Note
that the connector mates to vertical boards of 1.6 mm thickness, which necessitates
the FR4 layer as a filler in the middle of the stack-up shown in Figure 3-3a. The
signal trace width and the gap width of the GCPW are the same on both the
horizontal and vertical boards. The trace width is 0.47 mm, and the gap width is
0.38 mm. Grounding via holes with 1.5 mm center-to-center spacing are employed
in the ground planes of GCPWs.

Wave port analysis of the GCPW traces in HFSS yields an approximate 50-
Q characteristic impedance averaged over the 3 GHz to 8 GHz bandwidth. The pin
pads’ dimensions for both the horizontal and the vertical boards are dictated by the
HFSS encrypted model of the connector. The HFSS encrypted model of the
connector contains only 20 pins, 5 of which are specifically designated for testing
the GCPW interconnect. To prevent ground loops, all the remaining pins on both
the vertical and horizontal boards are grounded. The reflection coefficient and
transmission coefficient of this configuration are assessed using a 2-port S-
parameter analysis, employing wave-port excitation in HFSS with a frequency
sweep from 3 GHz to 8 GHz.

The simulation of this initial design indicates that the reflection coefficients
at both ports (S11 and Sy2) surpass the —10 dB threshold beyond 4 GHz; see the solid-
line results in Figure 3-4a and Figure 3-4b. Accordingly, the transmission
coefficients (S21 = S12) are not satisfactory either, with values as low as —7 dB at
high frequencies; see Figure 3-4c. We note that Si1 and Sz. are not identical since

the vertical connector does not have a mid-point symmetry.
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Figure 3-4: Simulation results for the initial and improved designs of the GCPW
layouts on the horizontal and vertical boards in the vertical connector assembly.
The improvement is due to two major design changes: (i) introducing partial ground
planes on the vertical board and (ii) introducing a slot in the horizontal board ground
layer. The initial design results are shown with solid blue lines. The major
improvement due to design change (i) is shown by the dash-dot red line. The
additional improvement due to design change (ii) is shown by the dotted black line.
(a) Reflection coefficient at Port 1 (S11). (b) Reflection coefficient at Port 2 (Sz2).
(c) Transmission coefficient (Sz1).
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Partial ground plane

e

(b)
Figure 3-5: Design improvements at the contact points between the GCPWs and the
vertical connector: (a) partial ground planes on the vertical board, where
metallization is partially removed from the sections to be inserted into the
connector; (b) the slot in the ground plane of the horizontal board. Circles in grey
and cylinders indicate grounding via-holes.

Since the HFSS model of the connector is encrypted, its internal
composition is inaccessible, preventing the analysis of the causes for the
unsatisfactory impedance match performance. However, the input resistance and
reactance can be inspected at each port of the configuration in Figure 3-3a. At
higher frequencies, especially above 5 GHz, the input impedances at both ports
exhibit parasitic reactances. To bring the reflection coefficients below the desired
—10 dB level throughout the UWB frequency spectrum, two significant design

changes are made. First, partial ground planes on both sides of the vertical board
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are introduced (see Figure 3-5a) such that the metallization is partially removed
from the sections which are inserted into the connector. Second, a slot beneath the
connector’s pin pad at the signal trace of the GCPW on the horizontal board is
introduced, as shown in Figure 3-5b. Each one of these measures counteracts the
parasitic effects at higher frequencies, as is asserted by the reflection and
transmission coefficient plots in Figure 3-4. The improved design features good
impedance match (reflection loss better than 10 dB) in the whole band from 3 GHz
to 8 GHz, except for a minor violation at 8 GHz. The corresponding improvement
in the transmission coefficient is also significant so that it does not exceed 1 dB
over the entire frequency range.
3.2.2 Measurement Validation of GCPW Interconnect for High-speed
Vertical Connector
To verify the performance of the GCPW interconnects for the high-speed
vertical connector, the test board designs described in subsection 3.2.1 are
fabricated along with Thru, Reflect, and Line calibration boards (see Figure 3-6).
These boards are equipped with edge SMA connectors for 2-port measurements
with a vector network analyzer (VNA) (E8363B, Keysight Technologies). In the
measurements, the MEC2-40-01-L-DV connector is employed in lieu of MEC2-
50-01-L-DV, featuring a 40-pin configuration instead of 50 pins. Aside from the
pin number, the 40-pin and 50-pin vertical connectors are identical, and their
electromagnetic performance is also identical. Thus, the HFSS encrypted model of
the MEC2-DV series vertical connector is valid for any pin count. The 8-term error
model [33] is implemented in MATLAB [34] and utilized to de-embed the effect

of the edge SMA connectors and their transitions to the GCPW TLs. The de-
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(©) (d)
Figure 3-6: (a) Assembly showing the vertical test board inserted in the connector
mounted on the horizontal test board. (b) GCPW horizontal test board with the
mounted vertical board-to-board connector. (c) GCPW vertical test board. (d)
GCPW calibration board with Thru, Reflect (Shorted GCPW), and Line GCPW
TLs.

embedding requires the 2-port S-parameter measurements of the calibration 2-ports
(Thru, Reflect, Line) shown in Figure 3-6d.

The S-parameters of the assembly in Figure 3-6a are also measured. The
obtained four sets of S parameters (3 calibration measurements and one device
measurement) are imported into the MATLAB code to extract the S-parameters of
the high-speed vertical connector together with the pin transitions to GCPW TLs.
The raw measured S-parameters of the assembly in Figure 3-6a are presented in
Figure 3-7 along with the de-embedded S-parameters. It is observed that, despite
the satisfactory simulation results in Figure 3-4, in measurements, the reflection

coefficients at Port 1 and Port 2 violate the —10 dB threshold at higher frequencies.
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Figure 3-7: Measured, de-embedded and simulated S-parameters of the vertical
connector assembly with the GCPW test boards, both of which employ GCPW
signal trace width of 0.47 mm and gap width of 0.38 mm: (a) reflection coefficient
at Port 1, (b) reflection coefficient at Port 2; (c) transmission coefficient.
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To address this problem, a parametric sweep is conducted in HFSS, varying
the width of the GCPW signal trace while keeping the gap width intact (0.38 mm).
Again, a wave port excitation is employed. Representative results for the parametric
sweep are shown in Figure 3-8a, which shows that a signal trace width of 0.38 mm
along with a gap width of 0.38 mm provides a better impedance match with some
margin below the —10 dB threshold. With this trace width, the HFSS wave port

analysis shows a characteristic impedance of 56 Q on average over the frequency
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Figure 3-8: Effect of variation in the GCPW signal trace width (Wsed) on: (a) the

reflection coefficient at Port 1 (generalized Si11), (b) the GCPW characteristic
impedance on the horizontal board (Port 1). Gap width is fixed at 0.38 mm.
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band from 3 GHz to 8 GHz, as shown in Figure 8b (Wreed = 0.38 mm). The reflection
coefficient at Port 2 has similar behavior.

Another set of GCPW calibration boards and test boards with this trace
width Wreed = 0.38 mm have been fabricated and measured. Since the characteristic
impedance of the GCPW TLs in these boards is 56 Q on average, and the VNA
reference impedance is 50 Q, a reference impedance conversion [35] is carried out
for all sets of measured S-parameters (the 3 calibration-board measurements and
the assembly measurement) before the de-embedding with the 8-error-term model.
Figure 3-9 shows the raw measured S-parameters of the assembly with the new test
boards compared with simulation results. Figure 3-9 also includes the de-embedded
S-parameters. Contrary to the first prototype, the measured and de-embedded
reflection coefficients of the assembly with the new test boards are well below —10
dB, indicating that the high-speed vertical connector is better matched to 56-Q
GCPW interconnects. We note that there are some discrepancies between the
simulated (generalized S-parameter) and measured S-parameters. The simulations
employ wave port excitations, where generalized S-parameters are computed (not
normalized to a fixed system impedance). These S-parameters are expected to
match better the de-embedded measured S-parameters, where the impact of the
SMA connectors is removed and the reference system impedance is set to 56 Q.
This is indeed the case in Figure 3-9, especially at higher frequencies. At lower
frequencies, the discrepancy appears larger; however, this is where the reflection
coefficients are weak (below —20 dB), and the imperfections in the TRL calibration

lead to larger uncertainty on the dB scale.
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Figure 3-9: Measured (raw and de-embedded) and simulated S-parameters of the
vertical connector assembly with test boards with GCPW signal trace width of 0.38

mm and gap width of 0.38 mm: (a) reflection coefficient at Port 1, (b) reflection
coefficient at Port 2, (c) transmission coefficient.

83



Ph.D. Thesis - Nooshin Valizade Shahmirzadi McMaster University - ECE

3.3 Integration of Vertical Connector with the UWB Active
Sensing Array

The high-speed vertical connector is employed in the UWB active sensing
array for microwave imaging applications. In such applications, it is important to
achieve not only good impedance match but also good decoupling between
receiving channels. This is investigated here utilizing a setup in which the connector
is integrated with the actual 16x16 UWB active sensing array.

3.3.1 EM Simulation

Initially, the layout of the GCPW interconnect introduced in the preceding
section is implemented on the horizontal board at the output of the LNA chip, which
is represented simply with a 50-Q lumped port in HFSS, as indicated in Figure
3-10a (Port 1 and Port 3). The layout of this interconnect is shown in detail in Figure
3-10b. Note that the 56-Q GCPW interconnect leading to the vertical connector is
preceded by a carefully designed bend and a transition to a 50-Q GCPW at the LNA
output. These are critical for maintaining good impedance matches at Ports 1 and
3. The respective ground plane layout is the same as the one in Figure 3-5b. Note
that the vertical connectors accommodate two rows of antennas (16 on each side);
thus, they must reside between the two antenna rows. This necessitates the right-
angle bend from the LNA outputs toward the connector.

Also, the vertical board GCPW interconnect has been implemented on both
sides of the board and has been equipped with SMA connectors for RF testing; see
Port 2 and Port 4 in Figure 3-10a. The actual model of these SMA connectors is

used in HFSS and they are excited by 50-Q wave port excitations. The details of
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the GCPW layout at the top and bottom of the vertical board are shown in Figure
3-10c. The ground plane layout for the two GCPWs on the vertical board is shown
in Figure 3-10d. The purposeful creation of voids within the ground planes beneath
the SMA connectors is critical for achieving good impedance matches on Ports 2
and 4. Another design feature is the transition from the GCPW to the footprint of
the SMA connector, which impacts the impedance match as well. We reiterate the

importance of the partial ground planes on the vertical board such that the

pIeoq [BIUOZLIOL]

(b)

(©) (d)

Figure 3-10: (a) Assembly showing the horizontal board with its transition path
from the LNA to the vertical connector and the vertical board equipped with two
SMA connectors for RF testing. (b) Top-layer layout on the horizontal board (LNA
side) with dimensions in mm. The ground plane of this GCPW interconnect is the
same as the one in Figure 5b. (c) Top-layer layout on the vertical board (SMA side)
with dimensions in mm. (d) Partial ground plane of the vertical board with
dimensions in mm. Circles in grey indicate grounding via-holes.
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metallization is removed in the PCB section that is inserted in the connector. These
sections are visible in Figure 3-10d to the left of the partial ground plane.

A 4-port S-parameter analysis with a frequency sweep from 3 GHz to 8 GHz
is performed in HFSS. The port assignment is indicated in Figure 3-10a. The 4-port
S-parameters are shown in Figure 3-11. As observed in Figure 3-11a, the reflection
coefficients are well be-low —10 dB. The "through" transmission coefficients
between Ports 1 and 2, as well as Ports 3 and 4, are plotted in Figure 3-11b. They
are better than —1 dB, which indicates high-quality transmission.

Figure 3-11c summarizes the mutual coupling transmission coefficients,
which describe undesirable crosstalk between ports. In imaging, it is important to
channel the signal received by a sensor to its respective output but not to outputs
associated with its neighbors. Thus, Port 1 should “talk” to Port 2, but not to Port 4
Similarly, Port 3 should “talk” to Port 4, but not to Port 2. Therefore, the crosstalk
between Ports 1 and 4 as well as Ports 2 and 3 must be below —20 dB, and the
respective S-parameters (S41 and Sz3) meet this goal.

On the other hand, the crosstalk between Ports 2 and 4 (both on the vertical
PCB) is less important in our application since both of these ports are outputs, i.e.,
there is no signal injection at these ports. These are ports leading to the RF inputs
of separate mixers. Similarly, the crosstalk between Ports 1 and 3 (both on the
horizontal PCB) is less important since a crosstalk due to a signal from the LNA at
one of these ports is dissipated by the output resistance of the LNA at the other port.
However, in other application it may be important to supress this crosstalk
represented by the transmission coefficients Sz1 and Ss2. As is evident from Figure

3-11c, these S-parameters exceed the threshold of —20 dB significantly (by more
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Figure 3-11: Simulated S-parameters of the configuration in Figure 10: (a)
reflection coefficients in dB at all 4 ports, (b) "through™ transmission coefficients
between Ports 1 and 2 as well as Ports 3 and 4, (c) "mutual-coupling” (crosstalk)

transmission coefficients.
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than 5 dB). To mitigate this crosstalk, two additional partial ground planes (one
ground plane per GCPW) are introduced on the vertical board as shown in Figure
3-12a. A parametric sweep is executed on the length of the de-metallized segment,
leading to the optimal choice of 2.1 mm as indicated in Figure 3-12a. However, the
inclusion of these additional ground planes negatively impacts all reflection
coefficients. To counteract this effect, the ground plane slots beneath the SMA
connectors are modified as shown in Figure 3-12b.

The S-parameters of the final design are plotted in Figure 3-13. The
reflection coefficients (Figure 3-13a) remain below —10 dB, and the "through"
transmission coefficients (Figure 3-13b) are better than —1 dB. The crosstalk

(Figure 3-13c) between Ports 2 and 3, as well as Ports 1 and 4, remains well below

s ().036 mm Copper

I 0.254 mm Rogers RO4350 (g,= 3.5)
s ().018 mm Copper

[ © 0.35mm FR4 370HR (g,= 4.2)
—— ().018 mm Copper

i © 031 mm FR4 370HR (g,=4.2)
s ().018 mm Copper

I © 0.35mm FR4 370HR (g,=4.2)
= ().018 mm Copper

I 0.254 mm Rogers RO4350 (g,=3.5)
s ().036 mm Copper

Two new partial ground planes

(a)

(b)

Figure 3-12: (a) Placement of two additional partial ground planes on the vertical
board. (b) Adjustments made to the slots in the ground planes directly beneath the
SMA connectors. Circles in grey and cylinders indicate grounding via-holes.
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Figure 3-13: Simulated S-parameters of the modified configuration presented in
Figure 3-12: (a) reflection coefficients in dB at 4 ports, (b) "through” transmission
coefficient between Ports 1 and 2 as well as Ports 3 and 4, (¢) "mutual-coupling”
(crosstalk) transmission coefficient between ports.
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—20 dB whereas that between Ports 2 and 4 as well as Ports 1 and 3, is now
improved to be consistently below —15 dB.
4.3.2. Measurement Validation

To compare the RF connectivity offered by the high-speed vertical
connectors with that of the SMPS connectors, two prototypes of the UWB active
sensing array are utilized. The first prototype is the original SMPS-connectorized
6%6 array described in [25]. Its photo is shown in Figure 3-14. The second prototype
is the new 16x16 array (see Figure 3-2) designed to accommodate the vertical
connector. As seen in Figure 3-2, a 16x16 array can be built from identical array
tiles, each housing 64 active antenna elements. A photo of one such tile is shown
in Figure 3-15. This tile is used to carry out the comparison with the original SMPS-
connectorized 6x6 array in Figure 3-14. A vertical test board is also fabricated in
accordance with the GCPW vertical-board design presented in subsection 3.3.1. It
is inserted in one of the vertical connectors of the Rx array tile as shown in the
photo in Figure 3-16a.

As shown in Figure 3-16a, a transmit-receive setup is put together, where a
dielectric-filled transverse electromagnetic (TEM) horn [36] is used as the Tx
antenna; see Figure 3-16¢. The Tx antenna and the Rx active array (either the
SMPS-connectorized 6x6 array or the new array tile with the vertical connector)
are placed on the opposite sides of a stack of three 11 mm-thick custom-made

carbon-rubber slabs with complex permittivity of ¢, ~9.6-13.8 (averaged over the

frequency band from 3 GHz to 8 GHz). The slab material mimics the dielectric

properties of healthy breast tissue. Figure 3-16a shows the setup, where the Tx
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SMPS connector

Vg () )
Figure 3-14: Photo of the original SMPS-connectorized 6x6 array described in [25]:

(a) electronic layer, where 3 array elements are active (with LNA chips), (b) slot
layer that comes in direct contact with tissue.

Figure 3-15: Electronics (top) layer of one of the five fabricated array tiles used to
build a 16x16 UWB sensing array prototype. The slot (bottom) layer (not shown)
contains 4 rows of 16 slots, which are identical to those in Figure 3-14b. The tile
accommodates 64 active sensors and 8 dummy array elements at the left and right
ends of the PCB. The active sensors are equipped with LNA chips whose outputs
lead to the vertical connector pins.

antenna is beneath the breast-tissue phantom. The Tx antenna is connected to Port
1 of the VNA, and its aperture comes in direct contact with the tissue phantom. On
the opposite (top) side, the Rx array slots also come in direct contact with the breast
phantom. One of these slots is aligned along boresight with the Tx horn antenna.

This slot belongs to the active sensor element whose output onthe vertical test

91



Ph.D. Thesis - Nooshin Valizade Shahmirzadi McMaster University - ECE

Vertical board Port 2

e

Receiving array

Carbon rubber
sheet

wIoy NH.L

Styrofoam

\ Port 1

(a)

Tx horn antenna

mbber sheet

57
Ly &

Carbon

) P o

Figure 3-16: (a) The schematic of measurement setup of transmit-receive
configuration. (b) The measurement setup of the transmit-receive configuration,
where the Tx antenna and the Rx array assembly are separated by three 11 mm-
thick circular carbon-rubber sheets, mimicking the electrical properties of healthy
breast tissue. (¢c) TEM dielectric horn [36] used as the Tx antenna.

board is equipped with an SMA connector, which in turn is connected to Port 2 of
the VNA. The exact same Tx antenna, arrangement and alignment are used when
measuring the received signal with one of the elements of the SMPS-connectorized
6%6 array. We emphasize that the sensing elements of the 6x6 array and the new
Rx array tiles are identical, except for the different connectors at their outputs.
The Sp1 (through) transmission coefficients (in dB, through the tissue
phantom) measured with the two Rx arrays are shown in Figure 3-17. It is evident

that the RF connection provided by the high-speed vertical connector is of
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Figure 3-17: Measured "through” transmission coefficient with the two active Rx

arrays: one employing a high-speed vertical connector and the other employing
SMPS connectors.

comparable quality to that of the SMPS connectors. We note that the active Rx
antenna elements on the PCB, including the vertical connectors and their
interconnects, are expected to have identical reception performance. However,
quantifying the array reception uniformity requires an equally repeatable
transmission performance, which can be achieved only with precision alignment of
the Tx and Rx antenna elements. The development of a printed Tx antenna array,

which provides such alignment, is still ongoing.
3.4 Discussion

This study is an integral part of the development of a large-scale, densely
packed electronically switched antenna array for biomedical imaging in the
frequency range from 3 GHz to 8 GHz, with a focus on the receiving array. The IF-
switched architecture enables the multiplexing of hundreds of array elements in
contrast to the conventional RF-switched architecture, which is limited to several

tens of sensors. While our IF-switched imaging system is work in progress,
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preliminary studies suggest that employing switching circuits at the IF frequency
of 30 MHz offers the following advantages over switching at RF frequencies in the
UWB range: (i) insertion loss less than 1 dB compared to 6 dB at UWB, (ii)
isolation better than 60 dB compared to 20 dB at UWB, (iii) return loss better than
25 dB compared to 10 dB in UWB, and (iv) easy design of the inter-connecting
transmission lines with superior amplitude and phase uniformity across all 256
channels.

However, an IF-switched sensing array requires the integration of each
antenna with an RF front-end. The limited space on the antenna board (12 mm in
both x and y directions), coupled with the lack of a single chip platform for low
noise amplification and frequency conversion over the wide frequency band (3 GHz
to 8 GHz), dictates that the antenna array board can only accommodate the LNA
chips. Therefore, a separate board becomes necessary to house the mixer array, the
LO distribution network, and the IF-switching network. The seamless transition
between these two boards is of paramount importance.

In this manuscript, the primary focus is on the development of mechanically
robust, low cost, and low crosstalk connections between the UWB active antenna
array board and its corresponding mixer boards. SMPS connectors, due to size, cost,
and reliability concerns, were found inadequate for the task. As an alternative, we
turn to high-speed digital board-to-board vertical connectors, known for their high
pin density, mechanical and electrical durability, and affordability. We explore a
particular off-the-shelf connector (MEC2-50-01-L-DV) within the UWB frequency
range for establishing efficient board-to-board microwave connections. The

interfacing of this connector with microstrip lines is well documented by the
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manufacturer. However, GCPW TLs are preferred in UWB technology. This study
shows that, while the connector can indeed be connected to GCPWSs on both the
horizontal and vertical boards, it is not sufficient to simply attach a 50-Q GCPW to
the connector’s pins. Careful design and simulation-based optimization have been
reported here that target not only the GCPW signal trace and gap widths but also
slots in the GCPW ground plane layer as well as ground plane de-metallization
(partial ground plane). The proposed design achieves very good microwave
performance with reflection loss better than 10 dB, insertion loss well below 1 dB,
and mutual coupling (crosstalk) below —20 dB.

The designed GCPW interconnects for the high-speed vertical connector
have been employed here to integrate a 16x16 UWB active sensing array
(horizontal) board with vertical boards. However, the proposed board-to-board
GCPW transitions can also be employed in many other UWB applications where
simultaneous seamless microwave signal transfer is needed for hundreds of
channels.

It is worth noting that there is a great variety of other printed transmission
lines, e.g., CPWs without a ground plane, differential, strip, and slot lines, and the
ways to interface these with high-speed board-to-board connectors are yet to be

investigated.

3.5 Conclusion

We have proposed an efficient method to interconnect hundreds of GCPW
input/output signal paths on two separate PCBs (one horizontal and the other

vertical) based on widely available low-cost high-speed digital vertical connectors.
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This development enables the realization of large-scale high density electronically
scanned or switched antenna arrays, which are critical in wireless communications
as well as in microwave radar, imaging, and sensing. Excellent RF performance has
been demonstrated in the UWB band through simulations and measurements in

terms of reflection loss, insertion loss and channel crosstalk.

Appendix A

The development described above has enabled the successful assembly of a

large-scale 16x16 active Rx array, as illustrated in Figure 3-18.

Figure 3-18: The complete 16x16 active Rx array with heat sinks installed over
each row of antennas to effectively dissipate the heat generated by LNAs.
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Chapter 4

4. Transmitting Array for an
Electronically Switched Microwave
Breast Imager
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4.1 Introduction

The applications of microwave technology in biomedicine have garnered
significant interest in recent years due to its potential for new non-invasive and non-
ionizing diagnostic methods. These applications span sensing, monitoring (e.g.,
heart and breathing rates [1], blood flow and blood pressure [2]), and imaging (e.g.,
cancer detection [3]-[7], bone imaging [8], brain stroke detection and monitoring
[9]-[11], and cardiac imaging [12]). Among these applications, early-stage breast
cancer diagnostics has been the focus of extensive research due to the need for
greater accessibility and better diagnostic accuracy of the breast-cancer screening
programs [3]. Early detection through screening is crucial for high survival rates
[13]. X-ray mammography remains the first-line imaging exam in breast-cancer
screening, but its limitations in sensitivity (especially in radiologically dense tissue)
[3], [14]-[16] and the exam frequency [17], [18] make it less effective than what
medical professionals would like to achieve, often necessitating adjunctive
ultrasound and magnetic resonance imaging (MRI) exams. These challenges
motivate global research on microwave breast imaging as a stand-alone or a
complementary early detection method [19]-[26].

The transmitting (Tx) and receiving (Rx) antennas are critical components
of the microwave imaging systems. They must ensure good impedance match in
the chosen frequency band of operation while being placed in close proximity to or
in direct contact with the tissue. High efficiency is required along with near-field
distribution that optimizes the performance of the image reconstruction method.

Importantly, high quality imaging requires dense spatial sampling, as dictated by
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the Nyquist criterion. This sampling must extend over electrically large acquisition
apertures surrounding the imaged organ, resulting in a large number of
measurement points. At the same time, clinical applications favor shorter times for
examining a patient. If the data acquisition is to last a couple of minutes, the
measurement time per spatial sample cannot exceed 0.5 s with 200 samples or more,
which is usually the case in breast imaging. Such speed is not possible with
mechanical scanning while ensuring good positioning accuracy and a complete stop
during the RF measurement. This is why electronic scanning is a necessity, which
requires the development of large, dense antenna arrays.

The array design is challenging as it must achieve inter-element spacing of
about half wavelength at the center frequency of operation, which limits the element
size and increases mutual coupling. Mutual coupling not only alters the input
impedance of the individual elements but, in Rx arrays, it degrades the signal
dynamic range [27]. Since the inter-element spacing often falls short of the desired
spatial sampling density, electronic scanning may be supplemented with
mechanical scanning [19], [21], [23], achieving finer spatial sampling within
reasonable measurement time.

The challenge increases when measurements cover a wide frequency range.
Many recent systems operate within the ultra-wideband (UWB) frequency
spectrum (3.1 GHz to 10.6 GHz), achieving a balance between penetration depth
and image resolution. Both frequency-sweep [23], [27], [28] and time-domain
methods [29]-[31] are used in UWB breast-imaging systems, which employ various

antennatypes [32], [33]. Shielded or cavity-backed slot antennas are often preferred
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due to their wide bandwidth, compact size, and excellent front-to-back ratio, which
make them well-suited for integration into diverse array configurations [27]-[29].

UWB imaging systems often operate with switched arrays, where some
elements transmit while others receive, controlled by switching networks. The RF
switching networks also face limitations when scaled to control large arrays.
Managing hundreds of elements necessitates cascaded networks, which not only
introduce loss but also face challenges in providing reliable RF interconnects to all
antenna ports. To overcome these limitations on the Rx side, we recently proposed
a novel architecture for an electronically switched microwave imager [34], where
the multiplexing of hundreds of active antennas [27] is done at a single tone low
intermediate frequency (IF) (e.g., 30 MHz). A single tone IF switched network has
the advantages of low loss, excellent channel isolation, and easy impedance match.
However, this Rx array must be complemented by a Tx array, which, too, is
composed of hundreds of antennas. But these antennas are passive; thus, the Tx
array requires RF feed networks, which must present good impedance match to the
antenna elements in the UWB range, along with reliable high-quality RF
interconnects. This is the focus of the work presented here.

We present a 16x16 Tx array of passive shielded slot antenna elements with
12 mm inter-element spacing in both lateral directions. The array is realized using
multi-layer printed circuit board (PCB) technology. Its geometry matches that of
the Rx array detailed in [27] as the two arrays work in tandem while placed on the
two opposite sides of the compressed breast. The design of an efficient RF feed
network for such a large, dense array becomes possible due to the following major

development. The 256 densely packed array elements cannot be terminated with
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the common sub-miniature version A (SMA) surface-mount coaxial connectors,
which are too large. The array can accommodate only subminiature push-on sub-
micro (SMPS) coaxial connectors [27], but these are expensive and lack
interconnect reliability, repeatability, and mechanical rigidity. Instead, we employ
a recently developed impedance matching technique to achieve seamless RF
transitions between high-pin-count, high-speed vertical connectors (HSVCs)—
commonly used connectors in computing technology—and microwave circuits
with grounded coplanar waveguide (GCPW) terminations operating in the low-
GHz frequency range [34]. With proper impedance matching in the UWB
frequency range, a handful of HSVCs can terminate 256 densely packed array
elements on the Tx array panel, providing the means for large scale, high quality
RF interconnects at a much lower cost than coaxial connectors. HSVCs also enable
easy modular assembly by inserting the desired RF feed network PCBs into the
HSVCs of the antenna panel. The proposed modular design, developed for the
UWB frequency range, can be used with various large, printed antenna arrays and
microwave circuits in both frequency-sweep and time-domain measurement setups.

Here, we propose and investigate two types of RF feed network PCBs: (i)
for simultaneous excitation of all antenna elements (with power-splitting feed
network) and (ii) for sequential excitation of individual elements. (with RF-
switched feed network). Both are realized on PCB technology. The specific
absorption rate (SAR) is investigated through simulations for the case of a
compressed breast measurement, for which the Tx array is designed. The results

establish the Tx power levels in both illumination scenarios, which ensure
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compliance with RF safety regulations. Furthermore, the near-field distributions
within the tissue are analyzed and compared in various illumination scenarios.
The paper is organized as follows. Section 4.2 describes the design of the
Tx antenna array and provides both simulation and measurement results. Section
4.3 focuses on the design, simulation, and testing of the switching feed network,
which enables the excitation of individual array elements. Section 4.4 explores near
field distributions, the SAR calculations, and the Tx power levels. Finally, Section

4.5 concludes with a summary of the key findings and future research directions.

4.2 Transmitting Antenna Array

4.2.1 Antenna Element Design and Array Configuration

Figure 4-1 illustrates the proposed 16x16 Tx array, comprising shielded slot
antenna elements on a multi-layer PCB. It is designed to operate in direct contact
with the breast tissue. To realize a reliable RF interconnect between the densely
packed Tx array and the vertical RF feed network PCBs, board-to-board HSVCs
[35] are integrated into the design. Note that the Tx array panel consists of 5
identical PCB tiles positioned side-by-side with the total number of elements being
18x20, of which only the internal 16x16 elements connect to the RF feed network
PCBs. The remaining unconnected antenna elements are along the edges of the Tx
array, which is important for uniform performance across the internal 16x16
antenna elements.

Each HSVC features 50 pins spaced 2 mm apart on either side, thus
supporting up to 8 elements per side due to the 12 mm center-to-center element

spacing. To simplify the design, only one side of the connectors is utilized, allowing
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1 tile of Tx array

=
o
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Figure 4-1: Isometric view of the CAD model of the 16x16 UWB Tx array
integrated with HSVC. Dimensions in mm.

two edge- to-edge connectors to cover one row of 16 elements. A total of 32 HSVCs
and 16 RF feed network PCBs (inserted in the connectors) are used to feed the
16x16 array. Note that all unused connector pins are grounded to avoid ground
loops.

The stack-up of the proposed Tx array is shown in Figure 4-2, along with a
color-coded table listing the thickness and dielectric properties of each layer. The
structure consists of four metallization layers: the connector layer (metal layer 1),
the shield layer (metal layer 2), the antenna feed layer (metal layer 3), and the slot
layer (metal layer 4), which comes in contact with the breast tissue.

The Tx array design shares some features with the Rx array described in
[27], including the inter-element spacing, the feeding forks in metal layer 3, and the
slots in metal layer 4. However, it also incorporates substantial modifications in
metal layers 1 and 2. These have been completely re-engineered because: (i) they
do not contain the footprint of the LNA chips in the Rx array, and (ii) they
accommodate the HSVC’s footprint and the respective impedance-matched

transmission lines and ground slots. An adjustment in the triple-wire vertical
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(e 10.2, tan 0.0022) | %635 mm
Copper 1 oz
Breast Tissue Phantom
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(er 9.6, tand 0.4)
(a) (b)

Figure 4-2: (a) A multi-layer PCB stack-up of the proposed Tx array. (b) Color-
coded table listing the thickness and material properties of the stack-up.

transition from the antenna to metal layer 1 (where the HSVCs reside) has also been
made. Figure 4-3 illustrate the geometry of an antenna element across the four
metallic layers. Specifically, Figure 4-3a details the GCPW connecting the HSVC
footprint to the antenna input terminals at the triple-wire vertical transition. This
transition is a ground-signal-ground interconnect realized with three via-holes. The
GCPW signal trace connects to the signal via-hole whereas the ground planes
connect to the ground via-holes. The triple-wire transition carries the RF signal
from the GCPW on metal layer 1 through an opening in the shield in metal layer 2
(see Figure 4-3b), and into the feeding fork in metal layer 3 (see Figure 4-3c). The
shield layer (metal layer 2) ensures unidirectional radiation. Grounding vias (Vial
and Via2) are strategically placed throughout the stack-up to guarantee the
grounding of the GCPWs on both the connector and fork layers. Additionally, non-
plated holes in the multi-layer structure are used to secure the HSVCs onto the Tx

array PCB. Since the antennas are now terminated with the HSVCs, their
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Figure 4-3: Layout and dimensions (in mm) of one element in: (a) connector layer
(metal layer 1), (b) shield layer (metal layer 2), (c) feed layer (metal layer 3) and
(d) slot layer (metal layer 4). The dash-line shows the area of 12x12 mm? occupied
by each element.

performance in terms of impedance matching and mutual coupling must be
evaluated at this new termination.
4.2.2 Feed-through Network Design
Testing the HSVC-terminated Tx array with a vector network analyzer
(VNA) requires an impedance-matched transition from the HSVCs to coaxial

connectors. To this end, we have designed feed-through vertical PCBs for insertion
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Figure 4-4: (a) Isometric view of the simulated 4x4 Tx array, illustrating the
termination with HSVCs, the mated feed-through PCBs, and the corresponding port
assignments. The feed-through PCB stack-up is also shown. The box surrounding
the feed-through PCBs (in solid black line) and going through the antenna PCB all
the way to the tissue medium is used to calculate the near-field directivity of an
antenna element. (b) Layout and dimensions (in mm) of the GCPWs on the feed-
through PCB. (c) The ground plane in metal layers 2 and 3. (d) The ground plane
in metal layer 4.

into the HSVCs. They realize GCPW interconnects, spaced by 12 mm, between
edge-mount SMA connectors and the HSVCs, as shown in Figure 4-4a. Figure 4-4a

also provides the PCB stack-up. Note that the CAD model includes the encrypted
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HSVC model (provided by the manufacturer) as well as the best possible
comparison between simulated and measured results.

As previously shown [34], 50-Q GCPW does not provide an optimal
transition to/from the HSVC (originally designed for microstrip lines). GCPW
interconnects with a signal trace width of 0.38 mm and a gap width of 0.38 mm are
employed here on both the antenna side (metal layer 1, Figure 4-3a) and the feed-
through PCBs; see Figure 4-4b. Moreover, the shield layer on the antenna PCB (see
Figure 4-3b) must incorporate a rectangular slot beneath the HSVC’s pin pad at the
signal trace of the GCPW. Similarly, the ground plane of the feed-through PCBs,
shown in Figure 4-4¢, must be voided beneath the HSVC’s pin pads in metal layers
2 and 3. The different width and gap of the GCPW (compared to that used in the
Rx array in [27] where the antennas are terminated with SMPS coaxial connectors)
necessitates modifications in the placement of the triple-wire vertical transition and
its inter-wire spacing (Figure 4-3a) to achieve the best impedance match.

4.2.3 Tx Array Performance Evaluation

To validate the performance of the Tx antenna array terminated with the
HSVCs, a 4-port simulation is conducted in HFSS [36], as shown in Figure 4-4a.
Since the available HSVC encrypted model includes only 20 pins (10 pins per row),
a 4x4 Tx antenna array is simulated. The four central elements are fed from two
feed-through PCBs using wave-port excitation at the SMA connectors. The port
assignment is shown in Figure 4-4a. The breast tissue is modelled as a 66-mm thick
slab with relative permittivity. & = 9.6 — 3.8 (averaged over the frequency band
from 3 GHz to 8 GHz), mimicking the average permittivity of tissue in the BI-

RADS breast-density category B [37]. The analysis provides the antennas’
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Figure 4-5: (a) Isometric view of the 16x16 Tx array, constructed from 5 identical
PCB tiles. (b) Measurement setup using one antenna tile positioned on top of six
custom-made carbon rubber slabs, each 11 mm thick, mimicking breast tissue. Two
feed-through PCBs are inserted into two rows of HSVCs feeding 32 elements.

coefficients as well as their mutual coupling, which are compared to the
measurements with the fabricated prototype shown in Figure 4-5. Figure 4-5a
shows a photo of the 16x16 Tx array panel, assembled from 5 identical PCB tiles,
each containing 72 elements. We reiterate that the peripheral elements function as
dummy elements. The fabricated feed-through vertical PCBs are shown in Figure
4-5b, where two of them are inserted in the HSVCs on one of the antenna tiles to
feed two array rows (2x16 elements). The antenna tile is placed on top of a 66-mm
thick stack of 11-mm thick custom-made carbon- rubber slabs with relative
permittivity &~ 9.6 — 3.8, matching the breast tissue permittivity in the simulation.
The port assignment in the measurement, shown in Figure 4-5b, matches that in the
simulations (see Figure 4-4a). A two-port VNA [38] is used to measure the antenna
reflection coefficients and their mutual coupling. All coaxial connectors not
connected to the VNA during a measurement are terminated with 50-Q loads.

The simulated and measured reflection coefficients are plotted in Figure

4-6a versus frequency, indicating a very good impedance match across the
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frequency range from 3 GHz to 8 GHz. While, on average, the simulations agree
with the measurements, there are some significant differences, which we attribute
to the fact that the simulation involves a small 4x4 Tx array along with a 20-pin
HSCV, whereas the antenna tile in the measurement consists of 4x16 elements and
a 50-pin HSVC. Note that the HFSS encrypted HSVC model is available only for
the 20-pin version of the connector.

The simulated and measured mutual coupling coefficients are shown in

Figure 4-6b. The agreement between simulations and measurements is, on average,
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Figure 4-6: (a) Simulated and measured reflection coefficients. (b) Simulated and
measured mutual coupling between the elements indicated in Figure 4-5b.
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very good. Also, both sets of curves indicate that the mutual coupling between
neighboring antenna elements is at or below —20 dB across the desired frequency
range. As expected, the mutual coupling between diagonal elements (Ss1) is the
lowest (below —25 dB).

The near-field directivity and near-field radiation efficiency of an antenna

element in the Tx array are evaluated through simulation. The near-field directivity

is the ratio of the power coupled into the tissue P> and the total radiated power in

rad
all directions Prad [39]. The power calculations use a rectangular box of size 54 mm

x 52 mm x 71 mm, which encloses all 16 antenna elements, as shown in Figure

4-4a. The front face of the box (used to compute P2 ) overlaps the slot layer at the

rad
tissue interface, whereas the back face is at the SMA connectors’ edges. Input
power of 1 W is injected through one of the SMA connectors. The power radiated
through each face is calculated by surface integration of the real part of the normal

component of the Poynting vector. The near-field directivity in percentage is plotted
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Figure 4-7: Simulated near-field directivity and near-field radiation efficiency of an
antenna element in the proposed Tx array.
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versus frequency in Figure 4-7. It demonstrates a mean value of 96% across the 3—
8 GHz frequency range, confirming that most of the radiated power is directed
toward the tissue.

The near-field radiation efficiency is the ratio of total radiated power Prad

and the power Pin fed to the antenna, i.e., e5 =P, /P, [39]. Here,

rad —

P :1—(1—|811|Z)P

in inc

where Pinc is the incident power at the antenna terminals and

S11 is the antenna reflection coefficient. The antenna terminals are at the HSVC
input, which requires de-embedding the power loss in the GCPW on the feed-
through PCB. To account for this loss, the incident power is adjusted based on the
GCPW loss, which is calculated using a transmission line tool for a length of d =
50 mm. For example, at 5.5 GHz, the GCPW introduces a power loss of 0.684 dB,
resulting in incident power of Pinc = 0.85 W. The near-field radiation efficiency,

shown in Figure 4-7, is 96% on average across the 3-8 GHz frequency range.
4.3 RF-Switched Feed Network

4.3.1 PCB Design

The use of HSVCs on the Tx array enables a modular assembly, allowing
for using various RF feed networks. To implement switched single-element
excitation, a 1-to-16 RF-switched feed network is designed in ADS [40], so that
one such PCB can control one row of the Tx array. The entire RF-switched feed
network consists of 16 PCBs, each terminated with an edge-mount SMA connector,
and fed by a 1-to-16 coaxial power divider. The RF-switched feed network PCB
uses a four-stage cascaded network of single-pole-double-throw (SPDT) surface-

mount switches (see Figure 4-8a). The first stage employs an absorptive switch

117



Ph.D. Thesis - Nooshin Valizade Shahmirzadi McMaster University - ECE

[41]. All subsequent stages employ reflective switches [42]. Figure 4-8a also shows
the PCB stack-up, where the third and fourth metal layers contain the DC-power
and switch-control traces, respectively. All RF interconnects employ identical 50-
Q GCPWs, except for the outputs leading to the HSVCs, where the GCPWs are the
same as those in the feed-through PCB design (see Figure 4-4) to ensure the

impedance match with the HSVCs. The cascaded design of the RF-switched

Power distribution network
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Signal 1 oz Copper
Via 1 0.254 mmRO4350B &, 3.5
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Figure 4-8: The fabricated RF-switched feed network on vertical PCB inserted into
two HSVCs mounted on a horizontal test board. The PCB stack-up for the RF-
switched feed network is also provided. (b) Simulated and measured S-parameters
of the fabricated RF-switched feed network PCB when mounted on the horizontal
test board. The input is at the SMA connector on the vertical board. The output is
at one of the 16 ports on the horizontal board.
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network ensures uniform excitation in both magnitude and phase across the array
elements. Since this switching scheme excites one antenna at a time, only one RF-
switched PCB is activated at a time. All “inactive” PCBs have their first-stage
absorptive switch in the OFF state, thus cutting off the RF power to their respective
rows of elements. The switches are controlled by a microcontroller board [43]
interfaced with a laptop through a USB port. This interface also supplies the DC
power to all RF switches and the microcontroller.
4.3.2 Performance Evaluation

A horizontal test board (see Figure 4-8a) is used to validate the performance
of the RF-switched feed network PCB, when inserted in the HSVCs. It features 16
20-mm long GCPW interconnects, with the same stack-up and signal trace/gap
widths as those of the feed-through network PCBs. The outputs of the horizontal
test board are terminated with 16 edge-mount SMA connectors for measurements
with the VNA.

The reflection coefficients at the RF-switched feed network input (S11) and
the transmission coefficient from this port to one of the 16 outputs of the horizontal
test board (S21) are measured while all remaining outputs are terminated with 50-Q
loads. Figure 4-8b presents both the measured and simulated results. In the
simulations, the switches are modeled using the S3P files provided by the
manufacturers. The measured reflection coefficient (Si11) remains below —10 dB
across the frequency range and shows good agreement with simulation. The
measured transmission coefficient (S21) is also in acceptable agreement with the

simulations, with a maximum insertion loss of about 9 dB.
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Figure 4-9: Measured transmission coefficient Sp1 from the input of the RF-
switched feed network to the 16 outputs on the horizontal test board: (a) magnitude,

(b) phase.

To confirm that the proposed RF-switched feed network has uniform
performance across all 16 ports, the S21 magnitude and phase at each output are
measured as the respective switch is activated. The results, presented in Figure 4-9a
and Figure 4-9b, show consistent behavior across all outputs at lower frequencies.
As the frequency increases, deviations (especially in the magnitude) become

noticeable. The spread in the S1 magnitude values reaches about 0.5 dB at 8 GHz.

120



Ph.D. Thesis - Nooshin Valizade Shahmirzadi McMaster University - ECE

4.3.3 Tx Array Integration with the RF-switched Feed Network

Once the Tx array is integrated with the RF-switched feed network PCBs,
its impedance match at the input of each PCB is again verified. Figure 4-10a shows
a measurement setup, where an RF-switched feed network PCB is inserted inside
the HSVCs of a Tx array tile to sequentially excite the 16 elements in the respective
row of elements. As in a previous measurement, the tile is placed on six custom-
made carbon rubber slabs, each 11 mm thick. This ensures the impedance match of
the antennas. Port 1 of the VNA is connected to the input of the RF-switched feed

network PCB where the reflection coefficient is measured.

Mi'oc ontroller
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- ‘ E g L“ v : | .
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Figure 4-10: (a) Measurement setup for evaluating the reflection coefficient at the
input of the RF-switched feed network PCB when inserted into the Tx array tile.
The control board is also shown. (b) Measured reflection coefficients as each of

the 16 antennas in the row is sequentially activated via RF switching network.
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Figure 4-10b shows the results as the 16 antennas in the row are excited one
at a time. It is observed that all measured reflection coefficients are below —10 dB.

They are also consistent across all 16 antennas in the row.
4.4 Power Levels in Breast Tissue Imaging

4.4.1 Near-field Distribution
The near-zone electric field (E-field) distribution inside a homogeneous
breast medium is analyzed through simulations at various frequencies from 3 GHz
to 8 GHz and for varying depths. Here, the results are presented at the center
frequency of 5.5 GHz for both single-element and simultaneous excitation
scenarios. The breast medium is again represented as a lossy dielectric with relative
permittivity & =~ 9.6 — 13.8. The E-field distribution is assessed at depths of 1, 2.5,
5, and 10 mm. The results are shown in Figure 4-11and Figure 4-12 for single-
element and simultaneous excitation, respectively. In both cases, each antenna

element is excited with 1-W power.
For the single-element excitation, a 4x4 antenna array is analyzed with the
E-field distribution obtained across the lateral area of the excited antenna element
(12x12 mm?); see Figure 4-11. As expected, the pattern becomes smoother and
broader with increasing depth. The E-field distributions for single-element
excitation are generated using both HFSS and FEKO [44], showing a high degree
of consistency. Only the FEKO results are shown here for brevity. Simulating the
entire 16x16 Tx array is computationally very demanding, exceeding the available
RAM and CPU resources. For this reason, an infinite array configuration with

periodic boundary conditions is employed. The E-field distribution is calculated
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Figure 4-11: E-field distributions with single-element excitation at 5.5 GHz within
the lateral area of one antenna element (12x12 mm?) at various depths in the
tissue: (a) 1 mm, (b) 2.5 mm, (c) 5 mm and (d) 10 mm.
over a 20x20 cm? plane encompassing all 16x16 antenna elements. Similarly to
single-element excitation, the E-field distribution attains greater uniformity with
increasing depth, i.e., the ratio of maximum-to-minimum field intensity decreases;
see Figure 4-12.

This study provides important insight for the design of the imaging system.
It is desirable to obtain a relatively uniform and symmetric illuminating field
distribution within the lateral area of each antenna element (12x12 mm?). From

Figure 4-11 and Figure 4-12, it is apparent that a stand-off distance of about 10 mm

between the antennas and the breast tissue would benefit such a distribution. At this
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Figure 4-12: E-field distributions with simultaneous excitation at 5.5 GHz within
the lateral scan area covered by the 16x16 Tx array (20 x 20 cm?) at various depths
in the tissue: (a) 1 mm, (b) 2.5 mm, (c) 5 mm, and (d) 10 mm.
distance, the maximum-to-minimum field ratio for single-element excitation is
2.17, whereas for simultaneous excitation, it is 1.06. The stand-off can be realized
by placing a 10-mm thick tissue-mimicking carbon-rubber slab (such as those
shown in Figure 4-5) between the antennas and the breast tissue.
4.4.2 Specific Absorption Rate Calculation

The study presented here determines the maximum power that can be
injected into the Tx array while complying with RF safety standards, e.g., Canada
Safety Code 6 [45]. The regulations limit the amount of RF energy coupled into

human tissues to prevent health risks associated with excessive heating. This

analysis is carried out using simulations in FEKO, where the compressed breast is
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modeled as a multi-layer structure as shown in Figure 4-13. It consists of 2 mm-
thick skin layers at the top and bottom, each with a mass density of 1109 kg/m3
[46]. In-between lies a 52 mm thick breast-tissue layer. It represents a homogenized
mixture of fat and fibro-glandular (FG) tissues, which have mass densities of 911
kg/m? and 1041 kg/m3, respectively [46]. We have investigated the field strength
and the specific absorption rate (SAR) in all four categories of the BI-RADS breast-
density classification [37]: A (almost entirely fatty, FG < 25%), B (scattered areas
of FG density, 25% < FG < 50%), C (heterogeneously dense, 51% < FG < 75%),
and D (extremely dense, FG > 75%). The frequency-dependent permittivity and
conductivity of the skin, fat, and FG tissues are extracted from [47], [48]. Then, the
dielectric properties of the breast-tissue layer are obtained as the volume-weighted
average of the fatty and FG tissue properties according to their proportions in the
breast-density category. For example, for category D breast tissue, we assume an
FG-to-fat volume ratio of 9:1. The worst-case scenario with the highest SAR levels
is the category D breast tissue, and only these results are presented below. The Tx

array is placed on a 10 mm thick dielectric layer (buffer layer), which provides the

Tx array

Breast tissue layer Skin layer

Figure 4-13: Multi-layer model for SAR and maximum E-field calculation. The
skin layers are 2 mm thick. The compressed breast tissue is represented by a 52 mm
thick layer whose permittivity values are extracted as weighted averages based on
the tissue composition of the four BI-RADS breast-density classification. A 10 mm
buffer layer separates the antennas from the skin.
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stand-off between the antennas and the skin (see Figure 4-13). This layer assumes
the use of our custom-made carbon-rubber slabs (er = 9.6 — 13.8). Increasing its
thickness further enhances the field uniformity and area coverage, but at the
expense of higher input power.

The maximum E-field and SAR are evaluated at various depths within the

skin and the breast-tissue layers. The SAR is expressed in terms of the E-field

strength as SAR =oE? / p, where ¢ is conductivity (S/m), p is mass density

(kg/m?3), and Erms is the root-mean-square (RMS) E-field strength (\VV/m). To avoid
field discontinuities, the SAR is computed 1 mm away from media interfaces.
Specifically, the SAR in the top skin layer is calculated at 1 mm depth from the
buffer—skin interface (11 mm from the antennas). This is where the highest field
and SAR values occur due to the antenna proximity and the high skin conductivity.
The SAR in the breast-tissue layer is evaluated 1 mm away from the skin—breast-
tissue interface (13 mm away from the antennas).

The maximum E-field and SAR values are computed for both illumination
scenarios—single-element excitation and simultaneous excitation. In both cases,
each antenna element is excited with 1-W power at frequencies from 3 GHz to 8
GHz with 1-GHz interval. The 1-W power refers to the actual power delivered to
each element after accounting for losses and mismatches introduced by the RF feed
network and the HSVCs. The results for the maximum E-field and SAR values are
summarized in Table 4-1 and Table 4-2 for single-element excitation and
simultaneous excitation, respectively. In both cases, the maximum E-field and SAR

values occur in the skin layer. However, the frequencies at which these maxima
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peak differ in the two scenarios: 6 GHz for the single-element excitation and 3 GHz
for simultaneous excitation.

In regulations, the SAR limit of 1.6 W/Kkg is defined for the spatially
averaged value over 1 g of tissue in a cubic shape and over a 6-minute reference
period [45]. For a conservative estimate of the allowed excitation power, we aim to
have the peak SAR value not exceeding 1.6 W/kg. Since averaging inherently
reduces the SAR value from its peak, our recommended maximum safe power level,
denoted as Pmax, provides a margin of safety beyond what is strictly necessary.
Since the tissue medium is linear and the excitation power at each antenna is 1 W
in the simulations, Pmax IS calculated using simple power scaling, i.e.,

P..x =SAR, /SAR ., . Where SARL is the limit as per the regulations, and SARmax

is the computed peak SAR value among all frequencies in the given excitation
scenario. The obtained maximum safe power levels are obtained as 17 mW (12.3
dBm) for single-element excitation and 7 mW (8.45 dBm) for simultaneous

excitation.

Table 4-1: Maximum E-field and SAR values in the skin and the breast tissue
(Category D) with single-element 1-W excitation.

Frequenc Skin Layer Breast-Tissue Layer (Category D)
(gHz) y Max E-field Max SAR Max E-field Max SAR
(VIm) (W/Kg) (VIm) (W/Kg)
3 188.33 30.46 153.61 19.26
4 210.22 49.81 168.28 31.88
5 221.74 72.24 169.67 41.49
6 227.06 94.54 171.00 51.57
7 184.62 77.32 132.56 37.29
8 160.02 67.89 109.68 29.57
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Table 4-2: Maximum E-field and SAR values in the skin and the breast tissue
(Category D) with simultaneous 1-W excitation of all array elements.

Frequenc Skin Layer Breast-Tissue Layer (Category D)
(gHZ) y Max E-field Max SAR Max E-field Max SAR

(V/m) (W/Kg) (V/m) (W/Kg)

3 509.64 223.10 457.66 170.95

4 354.94 141.98 303.99 104.03

5 355.95 186.17 299.01 128.86

6 304.85 170.41 247.01 107.69

7 255.59 148.20 199.97 84.86

8 221.18 129.70 164.56 66.55

4.5 Conclusion

We have presented a 16x16 UWB Tx planar antenna array comprised of
shielded slot-antenna elements operating across the 3-8 GHz frequency range. The
array is designed to serve as an illuminating module in an electronically switched
microwave imaging system performing measurements on the compressed breast.
The array leverages a novel modular architecture, using HSVCs to provide seamless
RF transitions between the antenna panel and any desired RF feed network realized
on PCBs inserted in the HSVCs. A very good impedance match is demonstrated
between the antenna elements and the HSVCs, along with antenna near-field
directivity better than 94% across the frequency band, which confirms the ability
to efficiently couple power into the tissue. The near-field radiation efficiency of an
array element, with its HSVC interconnect included, is better than 90% across the
frequency band, indicating low-loss interconnect performance.

Additionally, two RF feed network PCBs are designed, fabricated and
demonstrated: one for simultaneous excitation of all elements (with power-splitting

feed network) and another for sequential single-element excitation (with RF-
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switched feed network). In the latter configuration, the array can also serve as an
RF-switched receiving array. Both networks show excellent impedance match to
the HSVCs and uniform performance across all outputs. The proposed modular
design, featuring robust board-to-board microwave signal transfer, is readily
applicable to other UWB applications requiring high channel counts on densely
packed antenna arrays or electronic components.

Detailed assessment of the array’s near-field distribution is carried out,
demonstrating smooth E-field distribution within the target tissue. It is shown that
a stand-off distance of 10 mm or more between the slot elements and the breast
tissue is beneficial in achieving uniform field intensity distribution. This stand-off
is realized with a tissue-mimicking buffer layer, which ensures the impedance
match of the antennas. The SAR of the Tx array is also analyzed through
simulations of the compressed breast imaging scenarios, providing the appropriate
power levels for the two excitation configurations, which ensure compliance with
RF safety standards.

Future work will focus on the integration of the proposed Tx array with the
IF-switched Rx array into a complete microwave electronic scanner for
compressed-breast imaging. This will enable studies on the benefits of employing
various illumination schemes in image reconstruction as well as on the limitations
of the imaging modality stemming from the power limitations imposed by the RF

safety regulations.
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Chapter 5

5.Conclusions

5.1 Summary

In this work, significant advancements are made in the development of a
novel electronically scanned compressed breast imager through: i) the design,
fabrication and evaluation of a planar Rx array of shielded UWB slot antennas
where each antenna element is integrated with its own RF front-end, ii) the
development and evaluation of a robust RF interconnects for reliable board-to board
transitions between the Rx array and its corresponding RF-front end circuitry using
HSVCs, enhancing signal integrity and mechanical robustness, and iii) the design,
fabrication and evaluation of a modular UWB Tx array, facilitating adaptable
illumination configurations for breast microwave imaging. The subsequent
discussion outlines the ongoing efforts toward realizing the first prototype of this
electronically scanned system and identifies future directions for enhancing its

performance and capabilities.
5.2 Ongoing Tasks

Here, ongoing design tasks are briefly described. These tasks aim at
completing the Rx module of the breast microwave imager. As detailed in Chapter

3, two edge-to-edge HSVCs support two rows of 16 elements on the active Rx array
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PCB, accommodating a total of 32 array elements. A total of 16 HSVCs are required
to assemble the entire Rx array. These connectors establish the interface between
the active Rx array PCB and eight identical double-sided vertical PCBs, each
hosting 32 mixer chips, along with the LO power distribution network and the IF
switching network. Thus, this vertical PCBs accommodate the majority of the RF
front-end components for the Rx antenna array.

The design of the Rx front-end PCBs poses significant challenges, as it
requires the integration of 32 identical RF front-end circuits on a double-sided PCB,
16 per side. The LO power distribution network employed on these vertical PCBs
is based on an architecture similar to the RF-switched feed network developed for
the Tx array (not shown here for brevity), ensuring near-uniform magnitude and
phase across all mixers” LO inputs (see Figure 4-8). The block diagram of the
designed IF switching network is depicted in Figure 5-1. Each vertical PCB
multiplexes 32 IF signals, 16 channels per side. These 16 IF outputs of the
respective mixers are routed to four SP4T IF switches. These switches have a
typical insertion loss of 0.8 dB and provide an isolation of over 60 dB at the IF (30
MHz). The outputs of the SPAT switches are directed to a single SP4T switch,
resulting in two outputs per double-sided mixer board. With eight vertical PCBs in
total, this configuration generates 16 IF outputs, which are subsequently fed into an
SP16T coaxial switch. This final stage provides a single IF output to the VNA.

While the design process has been successfully completed, the evaluation,
fabrication, and integration of these vertical PCBs into the full compressed breast
imager system are still in progress. This work will be published in an additional

journal paper.
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5.3 Future Work

1. Assembly and Evaluation of an Initial Imaging Prototypes for Phantom-
based Measurements
This research should primarily focus on the hardware development and the
performance evaluation of the individual modules of the electronically
scanned compressed breast imager. The individual modules—the Tx and Rx
arrays and their associated circuitry—must be integrated into an initial
imaging prototype for phantom-based experimental validation (see Figure
5-2). With the active Rx array terminated with HSVVCs, multiplexing can be
performed either at the RF UWB band (3 GHz to 8 GHz) using a set of eight
double-sided RF-switched feed network PCBs (same as those designed for
the Tx array), or at the single-tone IF (30 MHz) using eight double-sided
vertical PCBs housing the mixers, the LO power distribution network, and
the IF-switched network. To perform multiplexing at IF (30 MHz) as shown
in Figure 5-2, port 1 of the VNA is connected to the Tx array's RF-switched
feed network via a 1-to-16 coaxial power divider, while its port 2 is
connected to the IF output of the SP16T coaxial switch (see Figure 5-1).
The VNA must be configured to operate in a frequency-conversion (also
known as mixer) measurement mode [1]. VNASs operating in this mode are
equipped with an auxiliary RF generator, which is synchronized with the
main-port RF generator to provide precise user-defined (here 30 MHz)
frequency offset. The synchronized LO output of the VNA (see output “LO”

from the VNA in Figure 5-2a) is connected to another 1-to-16 coaxial power
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Figure 5-2: (a) System architecture of the electronically scanned compressed breast
imager, and (b) CAD model of the initial module for an electronically scanned
compressed breast imager (photo credit: Tyler Ackland).

divider followed by the complementary vertical PCBs of the Rx array.
Experiments conducted with this initial prototype will not only validate the
functionality of the proposed imaging system but will also provide a

quantitative comparison of the imaging performance between the IF-
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switched and the RF-switched multiplexing schemes on the Rx side,
establishing a foundation for further optimization and benchmarking.

2. Evaluation of Different lllumination Scenarios in Imaging Experiments
The current Tx array supports two primary excitation schemes: single-
element activation via an RF-switched feed network and simultaneous
activation using a power-splitting feed network. The RF-switched feed
network enables sequential activation of individual elements. Leveraging
the modular design of the Tx array, enabled by the HSVCs, these RF-
switched networks on the Tx side can be further reconfigured to implement
various illumination scenarios (e.g. 5-element excitation or 9-element
excitation). Evaluating these different excitation patterns in imaging
experiments provides insights into their impact on the image quality,
resolution, and artifact suppression, contributing to the optimization of the
imaging performance.

3. Unified Microcontroller System for Enhanced Control
Integrating the Rx and Tx array control systems into a unified
microcontroller platform will further enhance the system design. This
consolidation will ensure precise synchronization between the Tx array and
Rx array operations, will minimize inter-board communication delays, and
will reduce the overall system size.

4. Biasing and Thermal Management of LNAs in the Rx Array
In the current design, the 16x16 active Rx array is realized by five identical
tiles, each containing 4x18 elements. On each tile, 64 antenna elements are

equipped with their own LNAs. Due to space constraints (12x12 mm? per
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element), the DC bias for the 32 elements on each tile is supplied by a DC
trace network on the left side of the board, while the remaining 32 elements
are powered by a DC trace network on the right side (see Figure 5-3).
Therefore, all 32 elements are powered simultaneously, even though only
one element’s output is typically recorded by the VNA at any given time.
This simultaneous powering results in substantial DC power consumption,
leading to a temperature rise up to 68°C on the electronic layer (metal layer
1, as shown in Figure 2-1a) in the presence of heat sinks. The DC power

consumption is typically 60 mA per LNA at a +5V DC supply, while the

Figure 5-3: DC bias supply configuration for one tile of the Rx array. The red box
indicates the 32 elements powered by the left VDD trace, while the blue box
indicates the 32 elements powered by the right VDD trace.

Figure 5-4: Thel6x16 Rx array realized by 5 identical tiles equipped with fans and
heat sinks.
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thermal resistance of the junction-to-ground lead is 47°C/W [1]. To further
mitigate this temperature rise, fans have been also employed on the Rx array
(see Figure 5-4), which are sufficient for phantom-based experiments.
However, a temperature evaluation (thermal analysis) is essential at the slot
layer (metal layer 4 in Figure 2-1a), where the Rx array will directly contact
the breast tissue in clinical trials. These evaluations should be conducted
with and without the tissue phantom, as the phantom provides different heat
dissipation properties compared to air. If the temperature of the slot side of
the Rx array panel exceeds 40°C, this will cause patient discomfort. If this
problem occurs, the DC power supply network should be redesigned for
better thermal management. Another solution is to move the LNAs from the
Rx array PCB to the complementary vertical PCBs. As described in Chapter
3, these vertical boards are inserted in the HSVCs on the Rx array PCB.
However, such relocation requires careful investigation, as the primary
advantage of placing LNAs directly at the antenna terminals is to amplify
the received signal before it encounters attenuation and distortion due to the
interconnects. Relocating the LNAs would eliminate any heat concerns
within the Rx array.
5. Design of an RF-front End Chip

As discussed earlier, the current IF-switched Rx array houses the mixers,
the LO power distribution network, and the IF switch network on
complementary vertical PCBs. The mixers on these boards are passive
elements that only require sufficient LO power for down conversion.

However, they introduce conversion loss. Active mixers mitigate the
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conversion loss (in fact, they provide conversion gain), but they would
complicate the design, as they require bias tees and DC bias supply.
Moreover, no commercially available active mixers can operate across the
3 GHz to 8 GHz frequency range. Therefor, a promising future direction is
the development of a single integrated UWB chip that combines the LNA
and mixer functionalities. This integration would significantly streamline
the system, enhance signal integrity, reduce interconnect complexity,
optimize space usage, and improve the compactness and performance of the
Rx array.

6. Optimization of Passive Antenna Elements for Improved Performance and
Cost Efficiency
Current antenna elements in both the Rx and Tx arrays feature a complex
stack-up structure, composed of multiple substrate laminates with blind
vias. This design requires high-precision manufacturing technologies,
which are not widely available among PCB manufacturers, and it
contributes to high fabrication costs. A potential improvement would
involve redesigning the antenna structure to achieve a more cost-effective
solution (e.g. by eliminating all blind via-holes) without compromising
performance. It is also beneficial to validate the performance of the antenna
in the presence of a superstrate to avoid direct contact between the slot
antennas and breast tissue in clinical applications. Using regular cleaning
agents can damage the slot layer, affecting its performance over time. By
employing a superstrate, the cleaning process becomes more efficient, as

the superstrate can be cleaned independently without affecting the delicate
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antenna elements. Furthermore, the current antenna element size is 12x12
mm?2, which results in a spatial sampling step of 12 mm (without performing
mechanical scanning). For optimal image reconstruction in breast
microwave imaging, the spatial sampling step should be equal to or smaller
than one-half of the wavelength at center frequency of operation in the
breast tissue. Reducing the antenna element size to below 10 mm could
enhance spatial sampling, providing more detailed imaging. However, this
reduction could introduce challenges such as increased mutual coupling and
degraded impedance match over the 3 GHz to 8 GHz frequency range,
which would need to be carefully addressed in the design modifications.

7. Clinical Deployment of the proposed electronically scanned compressed
breast imager
The envisioned clinical deployment is shown in Figure 5-5. Except for the
VNA, the electronics is to be mounted on a mechanical frame with a
compression paddle for a compressed breast examination. The prototype
also features a mechanism for rotating the plane of compression. The
envisioned mechanical frame is analogous to those in X-ray mammography,
providing planar images of the compressed breast in the transverse and
sagittal planes, as well as angles in-between. The VNA, the host computer,
and a display will be placed on a table nearby. Ports 1 and 2 of the VNA
along with the synchronized LO generator are connected to the Tx and Rx
arrays through RF cables. The VNA is connected to the computer through
an Ethernet cable for data offload. 256 spatial samples in the lateral

(compression) plane with 100 frequency points at each spatial sample can
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Figure 5-5: Mechanical frame featuring a compression paddle, rotation mechanism,
and integrated Tx and Rx arrays for the clinical deployment of the electronically
scanned compressed breast imager (photo credit: Tyler Ackland).

be provided, where the estimated time for a breast scan is less than 2 min.
The resulting image will be displayed within 30 s of completing the
measurement. This clinical deployment will establish a robust and
standardized platform for quantitative benchmarking, enabling direct
performance comparisons (scan time, dynamic range, sensitivity, etc.) with
other imaging prototypes. It is expected that the proposed measurement
system will not only provide superior speed compared to prototypes
reported in the literature, but it will also feature superior dynamic range (>
120 dB) due to the novel IF-switching architecture. Importantly, this

prototype will enable future trials with patients.

147



Ph.D. Thesis - Nooshin Valizade Shahmirzadi McMaster University - ECE

8. Toward low-cost Breast Microwave Imager
The current research prototype for breast microwave imaging relies on
stepped-frequency continuous wave (SFCW) measurements using a VNA
with frequency-conversion (mixer) measurement capability. While these
VNAs are very accurate and easy to set up, their cost is high. However, the
proposed system architecture can be achieved without the use of a VNA.
Instead, two off-the-shelf synchronized RF generators (one for the Tx array
and one for the LO power distribution network), capable of sweeping the
frequency range from 3 GHz to 8 GHz with a 30 MHz frequency offset, can
be utilized [3] as shown in Figure 5-6. On the receiver side, an off-the-shelf
30 MHz radio receiver—widely available and affordable—can be employed
[4]. This would result in a cost-effective design, potentially making the
breast microwave imager much more affordable for broader clinical and

research applications.
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Figure 5-6: Microwave imaging system architecture where the VNA is replaced by
alternative low-cost equipment.
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