An Electronically-switched Sensor

Array for Microwave | maging



AN ELECTRONICALLY-SWITCHED SENSOR

ARRAY FOR MICROWAVE IMAGING

By

ALEXANDER SAMUEL BEAVERSTONE, B.ENG.

A Thesis Submitted to the School of Graduate Studidartial Fulfillment of
the Requirements for the Degree Master of Applieiéige

McMaster University
© Copyright by Alex Beaverstone, August 2015
MASTER OF APPLIED SCIENCE (2015) McMaster University

(Electrical and Computer Engineering) Hamilton, Ontario



TITLE: An Electronically-switched Sensor Array for Microwave

I maging

AUTHOR: Alexander Samuel Beaverstone
B.Eng. (Electrical Engineering)
McMaster University, Hamilton, Canada

SUPERVISOR: Natalia K. Nikolova, Professor,
Department of Electrical and Computer Engineering
McMaster University
Ph.D. (University of Electro-Communication)
Fellow, IEEE
P.Eng. (Ontario)
Canada Research Chair in High Frequency Electroetagn

NUMBER OF PAGES: CXI11, 113



ABSTRACT

An array of electronically-switched circular patch antennas is designed for
breast tissue imaging for the purposes of cancer screening. Each array element is
connected to a dedicated heterodyne radio, which performs amplification and
downconversion to a single, low intermediate frequency for improved signal
recovery. Data acquisition is accomplished with a VNA-based architecture.
Details of the design are provided and are accompanied by simulated and
experimental data. A receiver sensitivity of at least -120 dBm is expected, and an
imaging sensor switching dynamic range between ON and OFF states of at least

127 dB is demonstrated based on experimental measurements.
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CHAPTER 1

INTRODUCTION

1.1. Background: Microwave I maging

Microwaves occupy a significant portion of the élemagnetic spectrum
used in the acquisition of images [1]. Their pragtéan characteristics make them
an attractive candidate for a variety of applicagio For example, in non-
destructive testing (NDT), objects under test cam &xamined without
disassembly by irradiating them with microwavesonder to characterize their
material properties and to detect cracks in manufad structures [2].

Microwave imaging has also been applied within roe@. Techniques
used to produce images of biological specimens wmitrowave radiation have
been investigated since at least as early as tli@si9arsen and Jacobi used
modulated microwaves to irradiate canine kidneygasaring the scattered
radiation in order to reconstruct an image [3]-[9hese early experiments

demonstrated to the scientific community the viapbibf employing microwaves
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to generate images of tissues. Measurements obweaste propagation through
tissues can elucidate material properties that nmybe visible in other imaging
modalities. For instance, the dielectric permit§ivand the conductivity of tissues
may be calculated in discrete regions using swetadtonstruction algorithms on
acquired data [5]-[8]. Using this information, @nt inferences may be made
regarding the biological properties of this tisssach as oxygenation levels,

blood perfusion, and the concentration of substntéodily fluids [1].
1.2. Motivation: Microwaves and Cancer

One of the most compelling and heavily investigaéedas of research
involving microwave imaging is the detection of canin tissues. Breast cancer
imaging has received particularly strong attentiothe research community for a
variety of reasons, including the desire to abantienuse of ionizing x-radiation
and the generally uncomfortable, often painful, hagtical compression of tissues
during the regular cancer screening process [1].

In an effort to mitigate the discomfort associat@ih conventional
mammography, some imaging systems have been cotestrusing cylindrical
and hemi-spherical acquisition surfaces, in whicé breast may rest pendant,
hanging in a volume of space for measurement [8]-[These systems may
employ liquids of specific dielectric permittivitin order to more effectively
couple the examined tissues electrically to thestnaitting and receiving antennas

[9][12], referred to in this thesis as liquid coungl media. This is done to
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minimize reflection losses due to the impedancenmatsh between differing
dielectric media (e.g. antenna materials, air,t&ssie of examined patient).

With each medical microwave imaging system curgeeiplored in the
literature, however, there are common performan@avidacks that diminish
image quality. These drawbacks include the mechanimcertainty in the
imaging probe system, and poor signal-to-noise rg@NR) due to the immense
attenuation of signal in tissues. Furthermore, wrextremely broadband
equipment, such as commercially available vectowokk analyzers (VNASs) and
broadband coaxial switches, are used in the imagystem, the dynamic range in
the received signal can be negatively affecteds Thidue to the compromises
made when designing the broadband componentrys esmmnmonly found in the
commercial VNAs and microwave switches. It is adageous, therefore, to
avoid using this hardware when possible, by desg@nd optimizing similar
custom equipment for a more limited bandwidth efjfrencies.

An imaging system for breast cancer detection catebserve the large
patient roster by being made small and inexpensweethat deployment in a
general practitioner’s office is possible. This ¢endone with modern microwave
equipment, since printed circuit board transmissimes and surface-mount
technology are both available for use in the fregies typically explored in the
literature, between 2 and 8 GHz [1][13][14]. Usinpdest breast compression
without the inclusion of liquid coupling media, th#octor can perform an

examination and avoid the complications of puramgssterile chemicals and
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applying them to each patient, thereby facilitatipgicker measurements and
inter-examination clean-up. With compression of tiksues, the total path length
from the microwave illuminating structure to thetet#ion sensors is decreased,
which benefits the system SNR with increased imggignal power at each

sensing element.

Finally, it is worthwhile pursuing the design of anaging system that
uses switched sensors. This reduces mechanicalnisganminimizing the
mechanical positioning uncertainties, and redubestotal imaging time. Both
effects can have a dramatic impact on the imagditguaince positioning
uncertainties can lead to artefacts [1][15] whdad imaging intervals can lead to
patient discomfort, increased likelihood of patienaging volume motion (highly
deleterious to image quality), and increased Iiadd of artefact due to the
temperature-dependent electrical parameters dighee, which are precisely the
source of image contrast [1][2][16]. Various swidhsensor arrays have been
implemented in which the sensor signals are cotat@d on a single output port
[17]. The modulated scatterer technique [18] offére further advantage of
reducing the total imaging system channel couneése of integration with high-
performance microwave equipment, such as vectovargtanalyzers, which have

only a limited number of ports available.
1.3. Contributions: Biomedical Microwave | maging

The author’s contributions to the field of biomedieicrowave imaging

include the following.
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1) The design of a compact patch antenna element gh hi
permittivity substrate for planar scanning of bté&ssues, reported
in [19].

2) The design of an electronically-switched sensoayamvith dual
polarization capability and an integrated downcosiom stage for
the efficient transmission of imaging data [19][20]

3) The design of a custom vector data acquisitionigacture suitable
for use in microwave imaging using commercially iklde

components.
1.4. ThesisOutline

This thesis is divided into 7 chapters:

Chapter 2 describes the parameters used to evadhefgerformance of a
biomedical microwave imaging system. Technical lemgles affecting image
quality are listed, followed by descriptions of ieass figures-of-merit used to
guantify an acquisition system’s ability to overathese challenges.

Chapter 3 outlines the proposed imaging systemitaotbre explored in
the remaining chapters of this thesis. It beginthvai brief introduction to the
techniques used in microwave imaging, and thenimoees with an elaboration on
the design of an imaging system architecture, aghés@vercome the limitations
of previously reported systems.

Chapter 4 begins the full system design by desuiltihe antenna choice

for the microwave imaging sensor. It begins witeuanmary of the requirements
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for the design of the antenna, referencing theoperdnce goals outlined in
Chapter 3. Next, a set of specifications is givieorn which an initial design is
selected for optimization. Performance measuremérds simulation and
experimental implementation are given as justifaradf the final design choice.

Chapter 5 describes the electronic componentsftiiaiv in the signal
path of the proposed measurement instrument. Amedifand frequency
translation devices are chosen for use in a sdisofete radio front-end modules,
each of which are coupled to the imaging sensad irsthe complete system.

Chapter 6 follows with the construction of a prgp® imaging sensor,
which is evaluated both in simulation and in expemtal measurements using
real imaging phantoms in a raster scanning mectmariResults are presented as
verification of the design.

Chapter 7 completes the thesis with a conclusiod asammary of
suggested future work.

A full bibliography is given at the end.
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CHAPTER 2

IMAGING SYSTEM PERFORMANCE

PARAMETERS

2.1. Background: Technical Challengesin Microwave | maging

Every microwave imaging system has advantages asadwhntages,
which may justify the large variety of system desigexplored in the research
literature. Some of the most significant problemthvimage fidelity come as a
result of mechanical positioning uncertainties he timaging system itself.
Depending on the size of the acquisition surfaoe,dimensions of each imaging
sensor, and the type of scanning employed, posigoerrors accumulate in the
data, leading to erroneous measurements. Furtepending on the nature of the
acquisition surface, whether or not it places thaged volume in a mechanically
fixed position, patient motion in clinical trialsf these imaging systems is a

source of significant error in the acquired dafa [1

10
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In addition to these issues, the electrical intensxts and circuit layout
have a decidedly large impact on the signal figedis it enters the acquisition
surface and is eventually transmitted to the impgeessing computer. Cables
used to connect imaging sensors to system moduliesé stochastic errors when
their motion is enabled by vibrations during theiponing of either the imaging
probe or the imaged volume. It is observed thatjqdarly at high frequencies in
the microwave domain, cable motion can lead toiagrinsertion loss and phase
delay, thereby corrupting incoming imaging inforroatto be retrieved by the
system during a measurement [2]. Interconnectioesvden elements of the
imaging system also lead to diminished performaasehese connections can
disturb impedance matching, causing reflection anddsequent loss of signal
strength.

Matching the sensors to the imaged volume in tevfiikeir impedance is
crucial so that as little of the imaging signal Iwlle lost to reflection and
refraction. This is done by assuming a choice ofmpt@vity and conductivity that
best represents the same, averaged material paranrehuman breast tissues for
a desired frequency range [3]. By selecting a singkrmittivity to represent
tissues in the measurement frequency range, ardecaa be fabricated in a
medium with the same electrical characteristicthad the insertion loss between
antennas across a volume segment is minimized.

The complexity of biomedical imaging with microwavieecomes quickly

apparent when one recognizes the number of measntemecessary to construct

11
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a meaningful image of a tissue volume. Unlike §@dal measurements made at
high frequencies on single to quadruple port devi@n imaging system must
make hundreds or even thousands of such measuermeat many points in
space so that sufficient information is collectdabat the subject for image
reconstruction. This complexity not only slows datdiection, but also slows the
reconstruction process, as these data must be cgdrglyy processed by an
algorithm, often featuring math operations thatendéngh computational costs,
such as least squares fitting and matrix manipnati[4]. Any method of
reducing the total time required to produce an in& valuable when tissue
diagnosis is needed. Quick data acquisition iscatitvhen an imaging modality
is considered for implementation in a real cancezening environment.

It is demonstrated in [5] that there is temperatdependence in the
electrical properties of tissue. As such, prologgithe time of an image
acquisition may lead to erroneous conclusions diggrthe data collected in a
medical examination scenario, since the dielecpioperties of tissue are
dynamic, and therefore present time-varying sigt@lhe acquisition system. If
an acquisition is performed on an in-vivo specirtteat has dense fibroglandular
tissues surrounding an embedded tumor, changdead boncentration and other
biological parameters may distort or obscure thsbility of the cancerous
growth. Moreover, even the imaging phantoms usedatibrate the system are
subject to time-variance in their dielectric prdpes, since they undergo chemical

changes with respect to temperature [3]. It is,bbsrefore, to design a system

12
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that minimizes the acquisition time in order thia¢de sources of random error
affects only minimal impact on the measurements.

Regardless of the geometry of the desired acquisiSurface, every
microwave imaging modality suffers in performandetie system has poor
signal-to-noise ratio (SNR) and small dynamic ranfgaximizing these figures-
of-merit is crucial in obtaining high-quality, meagful images. They determine
the limits of available contrast and uncertaintytie system, regardless of the

acquisition surface, frequencies, and reconstraaigorithm used.
2.2. Evaluation of the System Performance

The performance of an imaging system may be clemaetd in a
diagnostic scenario using the statistical measoirgensitivity and specificity [6].
However, in an engineering context, it is more able instead to consider the
performance measurements of the system’s compgneath as return loss,
insertion loss, compression and noise figure, aselenable an engineer to make
informed decisions regarding the hardware choicadenin the final design. Good
choices at an early stage ensure high fidelithefimaging signal.

Noise, as an electromagnetic phenomenon, is aadticlhprocess that can
diminish the sensitivity of an imaging system. lmagformation can become
embedded in noise if the imaging signal is suffide weak with respect to the
noise power. It is therefore critical that the inmggsystem design incorporate

low-noise components, allowing for higher sendiyivin tissue imaging scenarios,

13
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where signal attenuation is great. Triese figureof a component can be used to
guantify the system’s sensitivity, which will det@ne the system’s SNR.

When making quantitative measurements of tissugequties, such as
conductivity and permittivity, information can beszured due to nonlinearites in
the instrumentation. For instance, if the receiiradging signal in a receiver is
high enough in power that it causes saturatiomtarnal amplifiers in the signal
chain, the imaging system may then misrepresentriieemagnitude of the tissue
parameter of interest. When calibration is not gdego correct for this, the result
is that artefacts can appear in the data, leadimpssible false positives or false
negatives in the diagnosis of malignant tissuesisTHt is important to quantify
the maximum received signal strength before noalingffects, such as signal
compression, occur. THedB compression poins defined as the power level at
which the gain through a network decreases by Trai its small-signal value
[7]. It is measured after the design of the imagiggtem signal path to determine
the maximum power acceptable at the imaging receimtenna terminals before
signal distortion occurs.

Combining the noise floor with the saturation pahthe instrumentation,
one may obtain a useful measure of systhmamic rangewhich dictates the
necessary illumination power of the system for waegi thickness of imaged
volume. This information further determines thenidal viability of a system by
implying how much absorbed radiation dose will beurred in a real patient

diagnostic scenario. Provided that the sensitioftyhe system is sufficient, only

14
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modest transmitter power will be necessary, therefsuring that the imaging
system complies with the government-regulated §pembsorption rate limits on
radiation exposure.

2.3. Conclusons

Technical challenges faced by researchers in thsteation of successful
microwave imaging systems are presented as corfiaxtthe continued
development of novel architectures. Several figafeserit are presented for

consideration in the evaluation of an imaging systiesign.

REFERENCES

[1] T.S. Curry, J.E. Dowdey, and R.C. Mur@Ghristensen's Physics of
Diagnostic Radiology4th ed., Philadelphia: Lippincott Williams &
Wilkins, 1990.

[2] A. Hati, C.W. Nelson, D.A. Howe, N. Ashby, J. Tayl&.M. Hudek, C.
Hay, D. Seidef, and D. Eliyahu, “Vibration sendiwof microwave
components,2007 Joint 21st European Freq. Time Frm. IEEE Freq.
Control Symp.pp. 541-546, May 29—-June 1, 2007.

[3] Y. Baskharoun, A. Trehan, N.K. Nikolova, and M.Dog¢worthy,
“Physical phantoms for microwave imaging of thedstg’ 2012 IEEE
Topical Conf. Biomedical Wireless Technologieswéeks, and Sensing

Systems (BioWireleS$p. 73—-76, Jan. 15-18 2012.

15



M.A.Sc. Thesis —Alex Beaverstone Chapter 2 McMaster University — ECE

[4]

[5]

[6]

[7]

T. Gunnarsson, “Microwave imaging of biologicakties: applied toward
breast tumor detection,” Licentiate thesis, DepComp. Sci. and
Electronics, Malardalen Univ., Vasteras, Swede;720

D. Faktorova, “Temperature dependence of biologisalies complex
permittivity at microwave frequencies&dv. in Electrical and Electronic
Eng, vol. 7, pp. 354-357, 2008.

N.K. Nikolova, “Microwave biomedical imagingWiley Encyclopedia of
Electrical and Electronics Engineeringp. 1-22. (published on-line Apr.
25, 2014).

National Instruments, “1 dB gain compression measeant (P1dB)”,

[Online]. Available: http://www.ni.com/white-pap@852/en/

16



M.A.Sc. Thesis —Alex Beaverstone Chapter 3 McMaster University — ECE

CHAPTER 3

PROPOSED SYSTEM ARCHITECTURE

3.1. Introduction

As mentioned in the previous chapters, a varietyn@rowave imaging
systems have been explored in the literature. Withe currently investigated
biomedical systems, several acquisition methods wsed in breast cancer
imaging. These methods can involve scanning onapjasylindrical, and hemi-
spherical surfaces, employing RF switching and raeidal translation of the
imaging probe. Both cylindrical and hemi-spherisarfaces offer a means of
acquiring data when the breast is more or lessioanventional state, unaffected
by mechanical alteration, such as compressiorhdnriterest of patient safety and
cooperation, these systems might therefore be ctttea to the imaging
community. However, in planar acquisition surfacgesdest compression of the
tissue can be exploited to enhance signal propagaind lessen the microwave

path loss. Further, compression to one or more afi@mal set of standard
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thicknesses can enable more accurate image gamersince only a minimal set
of measurement scenarios need be considered wisegnuhg imaging phantoms
for system calibration. Thus, a design trade-ofem in patient comfort and
image accuracy and measurement repeatability. Hesslution is proposed to
resolve some of the performance issues faced bgxpséing systems. In view of
the significance of maximizing the imaging systeMRS a planar, electronically

switched sensor array with organ compression ifoegg in this thesis.
3.2. Principlesof Microwave | maging

There are numerous techniques available for theergéion of images
from raw measurement data using microwaves. In imgaghe type of data
collected and the mechanism with which it is acegiiboth have a decisive
impact on the nature of the information embeddedhm images. Using the
holography approach described in [1], the data tyged is a set &parameters,
measuring the transmission and reflection of intideicrowave radiation on an
imaged target. Th&parameters are measured within a fixed band gluiacies
by translating transmitting and receiving antenimaa raster scan fashion around
an imaged target, coupling energy into and outeftarget over a planar surface

with uniform spatial sampling, as is illustratedAIG. 3-1:
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FIG. 3-1. 3D Microwave holography setup [1].

It is demonstrated in [1] that tH&parameter data represents the electric
field at a specific measurement point in space.uBwyg this model, one may
extract an image of a target simply by acquiringiptex-valuedSparameters at
discrete locations in space for a desired bandegjuencies, then feeding the data
into an appropriate algorithm for image reconstarctThis enables one to use a
vector network analyzer (VNA), which is capablebaing calibrated with high-
precision impedance standards, and therefore cag bhansiderable dynamic
range and low noise floor, especially when applyavgrages to collections of
repeated measurements [2]. Th8gearameter data have the further advantage of
offering flexibility in computer analysis, since maRF and microwave software
suites operate on these data directly. The incator of experimentalS

parameter data in microwave design and simulateir@mments allows for
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improved tuning and optimization of hardware swwes, so that their
performance better represents the scenario of mexasat with imperfect,
manufactured materials.
FIG. 3-2 shows a diagram of a typical VNA architee, for the
acquisition of test signals used to derive S-patarse
Test sets Receivers

Test port 1 Measurement channel
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FIG. 3-2. Block diagram of a standaidtport vector network analyzer [3].

Many designers of RF and microwave equipment implana variation of this

schematic, including additional frequency transiatmodules, power levelling,

20



M.A.Sc. Thesis —Alex Beaverstone Chapter 3 McMaster University — ECE

and signal digitization, depending on the freques@nd signal powers used in
the measurement. Often, these instruments are rdEkigp operate over an
extremely wide bandwidth of frequencies, extendirgm as low as several

kilohertz to as high as the terahertz range [4fr@fng on enormous bandwidths
is often necessary when the VNA is used to chataetelectronic devices across
multiple bands of operation, such as amplifiers &hers. In the case of tissue
imaging, however, trade-offs in microwave propagaioss and image resolution
are made so that it is sufficient to constrain baedwidth to a far more limited

region of the electromagnetic spectrum, as is éx@tain more detail in Chapter
4. It is, therefore, desirable to construct a VN&ing components designed
specifically for the band of interest. These congua can provide superior
performance because they can be optimized moreesgigely for lower noise

figure, insertion loss, and return loss in a spedifand as compared with the
extremely wideband variants, where compromises nmestmade to achieve
uniformity across all frequencies.

Frequency translation is of particular importamtehe design of signal
analysis equipment, like network analyzers. Theroetyne technique is regularly
exploited to achieve high performance in radio nems by translating a desired
signal to one or more intermediate frequencies [Bf) Each IF is processed
individually by an amplify-and-filter stage, remag artifact signals such as
aliases, spurs, harmonics, and images. Furthesffiaiently low IF can be chosen

in the final conversion stage, allowing a desigieetse very sensitive detectors
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and digital signal processing devices, since higlectivity filters and high

dynamic range detectors are more available at tequiencies.
3.3. Design Proposal

This thesis describes the design and evaluatiorarofelectronically
switched sensor array for microwave imaging, widbus on medical applications
in breast cancer screening. The system descriptdades the transmitting and
receiving antenna structures (elaborated in Chaffeand a data acquisition
architecture used for signal detection and proongs$n this section, the proposed
architecture is described in 3 parts: a high-leeblematic is given, illustrating the
principle benefits of such a system; a low-levélesnatic is shown, describing the
signal path and the components necessary to acttievexpected performance;
and finally, a sensor-level diagram is shown, hgjiting the integrated front-end
receiver module used to provide the imaging sigoalthe remaining signal
processing sections of the system.

As described in the Motivation section of the ficktapter (Section 1.2),
the proposed imaging system should: 1) attempt ftigate mechanical
positioning errors, 2) incorporate components ojziah for use in the frequencies
of interest, 3) achieve good impedance matchingvde the scanning system
antennas and the imaged volume, and 4) acquireingatata quickly. All four
design goals are achievable with a switched seasay, using conventional

microwave techniques and components.
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FIG. 3-3 shows the schematic for a microwave imggiystem, based on a

2-port VNA architecture, and a bias-switched aohyniniature radio receivers.
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FIG. 3-3. High-level diagram of the proposed imaging system.
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There are 5 primary components depicted in theipus\igure:
1. Transmitting antennas (RF-Tx, LO-Tx):
Identical to Rx antennas, oriented so that eaclisTdirectly opposite an
Rx element, along boresight and in polarizationamat
2. Receiving antennas (RF-Rx, LO-RXx):
Dual set of identical antennas, in mirror-symmetignnected to receive
microwave power through OUT and LO transmission ionad
3. Frequency translation devices (mixers):
Active mixers connected to both the RF-Rx and LOdRkenna arrays,
used for downconversion of the RF signal to IFgassibly baseband)
4. Oscillator sources (RF, LO):
High-frequency sources used for illumination of OUdand LO
transmission mediums
5. Directional couplers (-10 dB):
Wideband couplers, used to derive low-power refezesignals from both
oscillator sources for generation of a referengaaiat the system IF
This system interrogates an object under test (OWiil) two planar antenna
arrays: one transmitting set (RF-Tx), and one xeéggiset (RF-Rx). Illumination
of the OUT is performed with the RF-Tx antenna @riaadiating the OUT with
microwave power generated by the RF oscillator ¥z & frr < 8 GHz). One of
the radio receivers in the RF-Rx array recoversrieowave power traveling

through the OUT; this is the imaging signal. Notibat the Rx section contains
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mixers. These downconvert the received RF sigmah fthe microwave spectrum
(fre) to a much lower frequency, called the intermedifiequency f(g). Each
mixer requires a local oscillator (LO) signal, geated by the LO source, which is
in phase lock with the RF source, in order to domvert the imaging signal to
the system’s intermediate frequerfgy

fie = fe = flo- (3.1)
The novelty in this system is the wireless transiors of the LO signal through a
LO transmission medium (see FIG. 3-3). This is &thlby the LO-Rx antenna
array, which is a mirror image of the RF-Rx arréfie LO power is transmitted
wirelessly by an element of the LO-Tx array dingclacing its LO-Rx
counterpart, which is biased in the ON state.

The mixers used in this downconversion are actomponents. They
have conversion gain, unlike their passive couitsp and can be used as radio
frequency switches by changing the biasing appgbatiem between ON and OFF
states, as is demonstrated in Chapter 5. Thuspwaue power is coupled into
the OUT through one pair of antennas at a time TRFend RF-Rx), switching
between them electronically. Simultaneously, the p@ver is coupled through
the LO medium using the LO antenna pair on the sppaide of the Rx array
(with LO-Rx and LO-Tx). Due to the antenna desigmstraints elaborated in
Chapter 4, there is an appreciable spatial separdtetween adjacent antenna
elements of the array (1.35 cm). In order to acd@npbetter spatial sampling

than that of electronic scanning alone, additionathanical translation should be
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employed. By replacing a full-scabey mechanical scan with a considerably
smaller scanned area, it is possible to reduceothéacquisition time by orders of
magnitude, while maintaining dense sampling. Thascritical in a cancer
screening scenario.

Notice that the diagram in FIG. 3-3 representsaatennas in the system
with the same symbol. This is done not only asravenience, but also to signify
a benefit in adopting this architecture. In thepmsed system, the intention is to
use the same antenna design for all 4 arrays: RRIFxRx, LO-Tx, and LO-RXx.
In the central Rx section, every array elemenbikied by a dedicated pair of
low-noise amplifiers (LNAs), used to provide addlital gain to the received
signal before entry to the mixer, as is shown engansor-level diagram in FIG. 3-
4. Notice that there are no LNAs connected in senéh the LO antenna. The
addition of LNAs in this signal path is not antiatpd as necessary, as the LO

transmission medium can be designed for low lasgl{dard/thickness).

LO

I
RF IF —>
ADC
LNASs —>
Q

DSP

FIG. 3-4. Sensor-level diagram.
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The downconverted imaging signalfi@tis chosen to be sufficiently low in
frequency (below 40 MHz) so that inexpensive trassion lines or power
combiners can be used to consolidate all receirray gorts into a single output
port. The downconverted signal is then subjectesidoal processing. A low IF
means less signal attenuation and distortion, amimzes design complexity.
This enables greater imaging system dynamic ramge. consolidation of all
receiver outputs into one port also facilitates tlse of a single, inexpensive
signal digitizer, operating close to baseband, twtian be optimized separately
from the RF front-end. An analog-to-digital conegrtan be chosen for operation
at modest frequencies.

In FIG. 3-5, a low-level diagram is shown, desargpthe signal path in

more detail.

28



M.A.Sc. Thesis —Alex Beaverstone Chapter 3 McMadtawersity — ECE

 Signal Channel

Imaging
Signal

LO Tx

RF-Tx OUT RF-Rx LO-Rx! Medium LO-Tx
: LNAs i
@ - - i Active Mixer i
7 i T T, ________ T+ -t —r — —n — __'__'] ____________ |
RF \r "Reference Channel i
-10 dB i . . !
@ | Active Mixer Reference :
|
> Signal |
10 MHz -3 dB ! (IF) !
REFERENCE : :
i I
' -10dB :
| Freq. Mult./ | /A , | Wireless LO Signal
10 MHz PLL e ;
SSB Mixer Power Amp
FIG. 3-5. Low-level diagram of imaging and reference chanimethe proposed data acquisition system.

29



M.A.Sc. Thesis —Alex Beaverstone Chapter 3 McMaster University — ECE

Notice that there is a block containing an RF ¢estat and a 10 MHz reference.
This block represents a continuous wave (CW) mienmvsource, consisting of
an yttrium iron garnet (YIG) phase-locked oscillfaand associated control
circuitry. A YIG source is chosen for its excellgttase noise performance and
spectral purity characteristics [6]. As the soysoeduces a reference signal that is
in phase lock with the RF output, this reference ba used to derive the LO
signal, which is offset from the RF signal by tie The LO signal is produced
first by translating the 10 MHz reference to th@rapriate IF (chosen in Chapter
5 as 30 MHz for prototyping) using either a PLLaofrequency multiplier. This
IF signal is then fed into a single sideband mixar,Hartley mixer, which is
capable of selectively translating an input sigmal another band without
introducing a strong image component in the spac{i. This is in contrast to a
conventional mixer, which takes its input RF and &i@nals and combines them
to form two componentdiot+fre andf o-fre. Here, the Hartley mixer takes the
input (imaging system IF) and a sample of the R§hali (provided by a
directional coupler and a 3-dB power splitter) aanbines them to yield only
one sidebandire-fir. This signal is amplified and subsequently broati¢ta the
switched sensor array as the wireless LO signal.

In FIG. 3-5, an output is labeled Bsference Sgnal (IF). This refers to
the signal used in the system to generate $marameters for a given
measurement, comparing the magnitude and phase oéteived imaging signal

with the reference channel. This reference chatirebame active mixer used in
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the switched sensor array, and is derived from &smf the RF and LO signals
directly.

When scanning an OUT, the output of the RF/LO seusccontrolled
digitally by a computer, altering its frequency imgreasing the value by a step
dictated by the operator-controlled total numbedesired frequency points. The
frequency of the source is swept, making discredguency measurements at
every coordinate position of the imaging probe.

The data are digitized by an analog-to-digital @iw (ADC). Magnitude
and phase information may be recovered either mgu&Q mixers and sampling
both channels for processing, or by implementinghase detector and power
sensor structure, as is described in [8][9]. Thedsolution of the ADC should be
chosen to satisfy a minimum bound on the desire® $ the radio receiver,
according to the following formula [10]:

NR=6.02N + 1.76 dE (3.2)
whereN is the number of bits in the ADC output.

3.4. Conclusons

An imaging system design for biomedical applicasiasproposed for use
in the ultrawideband spectrum. The described sysegiaces image artefact due
to mechanical translation by minimizing the imagprgbe motion necessary to
achieve sufficient spatial sampling, using an etettally scanned array of
sensors. This method also aims to reduce the tegeined to acquire imaging

data and incorporates integrated radio receivermsaah sensor, minimizing the
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risk of data loss due to the attenuation of theromvave signals through long

transmission lines.
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CHAPTER 4

ANTENNA DESIGN

4.1. Problem Definition and Design Parameters

In any microwave imaging system, the first critied@ment that impacts
signal fidelity is the antenna. This component thastask of effectively matching
the impedance of the imaged volume to the impedahdbe detector circuitry
used to acquire a measurement; in this way, thenaatcan be considered as a
form of impedance transformer [1]. Since the pr@i@g loss through tissues is
quite large and is affected not only by conductiosses but also by the
impedance mismatch between the sensing elementhentissue volume, it is
essential that the antenna type is chosen cargtubysure maximum coupling of
energy into and out of the examined subject. Dateaeted from the report in [2]
illustrates the permittivity and conductivity typity present in different breast

tissues:
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Furthermore, the antenna design should be optinmzedduce reflections
at the terminals so that minimal signal loss occassit transits through the
detection circuitry. Careful design choices madeenpard to this early stage in the
signal detection enhance the system’s dynamic randesignal-to-noise ratio by
allowing the circuit components to use as muchhefavailable signal as possible.
The following observations are used as justificatior the final antenna design
choice.

Using the techniques employed in [3], it is advgetaus to use a wide
bandwidth of frequencies in the illuminating miciawe radiation, as the use of
multiple frequency measurements allows the imagenstruction algorithm to
produce depth information. It is also known fronpesmental measurements [4]
that the penetration depth of microwaves into Bsstends to decrease as the
frequency of the radiation increases. Propagatissds are particularly large in
breast tissue when the imaging signal frequencyneseased to the tens of
gigahertz. This corresponds to a decreasing peiwetrdepth, as is shown in FIG.
4-3, where penetration depth is defined as thehdaptvhich the intensity of the

incident radiation decreases t@ lgivene is the base of the natural logarithm [5].
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FIG. 4-3. Breast fat penetration depth vs. frequency [4].

Likewise, the wavelength of the electromagneticiatoh is inversely
proportional to its frequency, and is also invergaoportional to the square root
of the permittivity of the medium in which the ration propagates [5]. Following
the derivation in [6], the achievable resolutionthe cross-range of an image
produced using near field microwave holography esrdirectly with the
wavelength of the radiation. Therefore, it is pbksto resolve smaller features in
an image by irradiating a subject with higher fregey radiation. It is worth
noting that cross-range resolution comparable ¢mXor lower can be obtained in
breast tissues, assuming an average relative piertyiof at least 10, by using
microwaves within the ultra-wideband (UWB) rangefiquencies (3.1 GHz to
10.6 GHz). Thus, the use of multiple frequenciésed an observer to selectively

enhance resolution in exchange for sacrificing pratien depth, or vice versa.
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Given these frequency dependencies in tissue igagnwideband antenna
structure is preferable to a narrow-band design.

As described in Chapter 3, the proposed systenguesnploys an array
of imaging sensors, each being compact and clageyged to adjacent elements.
This enables dense spatial sampling with electrewitching, rather than relying
solely on mechanical translation of a single praseis done in [3]. The small size
of the individual antenna also minimizes the mutt@lpling between adjacent
elements of the array. This strategy is particulaglevant when considering the
output of the entire imaging system. In the singlgput scenario described in
Chapter 3, only one output port is used to captineedownconverted IF signal
from all sensors. This signal is then sampled amwolverted by an ADC, for
collection and interpretation by a computer, whertsie image reconstruction
process is performed. In this architecture, onlye cntenna element and
connected radio front-end is intended to pass agimg signal to the output port
at a time; the array elements are switched eleictatiy by turning on and off the
bias on the radio front-end components. Howevee, itisertion losses and
conversion losses of each radio front-end’s LNAd amixers, respectively, are
not infinite when the bias supplied to all othens®'s is set to OFF-mode (0
volts). Thus, if an incident wave is reflected bgaich and coupled to an adjacent
one, the measured signal power and phase informdtie to this scattering could
be confused for an imaging signal. For this reaste, isolation between

individual antennas, and their connected radio tfemus, is crucial, since
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mutually coupled signal downconverted to IF at hbmuring sensors will
interfere with the signal of the single, desiredss® (in ON-bias mode) in each
spatial sampling instant. This interference at fhgort may be constructive or
destructive, and thereby alter the reported madaitand phase of the received
signal for a particular sensor. Choosing an antelement that minimizes this
parasitic coupling is therefore critical in maimiaig high image fidelity for this
system architecture.

For accurate reconstruction of biomedical imagésgusiicrowaves, it has
been demonstrated by Larsen and Jacobi [7] thgingathe polarization of the
incident radiation with respect to the receivereang’s polarization can be used
to elucidate certain geometric features of an dbjdat may normally be
obscured. For instance, in [7], imaging is perfadnoe@ canine kidneys with two
distinct polarizations — co-polar and cross-poldre transmitting and receiving
antennas are either in full polarization match [gotar), or orthogonal (cross-
polar). It is observed that in cross-polar measerds) the piecewise linear
structures of the canine kidney are more visibl#hwenhanced contrast, whereas
the co-polar measurements tend to balance renécalotobulations. By this
demonstration, it is desirable to choose an antéypethat can either be fixed in
polarization with simple modification, or altered/mémically with electronic
switching.

Finally, considering both the ease and repeatghbdft fabrication, the

system’s receiver antenna design should be a griviieiant. By using modern
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printed circuit board (PCB) manufacturing technijude variation in return-loss
for all antenna elements can be minimized, yieldimgre uniformity in sensor
performance across the array. This repeatabilitynigluable when multiple
arrays of the same antenna structure may be useiffément modules of the
system architecture, as is demonstrated in thelegsel O signal section of the
system proposed in Chapter 3. Printed antennatstescalso have the distinct
advantage of offering lower cost, since the techesgemployed often consist of
photolithography and etching on mass-produced itifsoard substrates. This
strategy bypasses the process of computer-cortrotidling, which can be
extremely costly when tight design tolerances nbesbbserved. Additionally, by
printing the antenna structure entirely on conwerdl PCB materials, the need
for mixing and adding specialty dielectric epoxasd cements is avoided, thus
eliminating the performance issues caused by unehemical concentration,
application, and curing.

4.2. Design Specifications

Given these observations, the following design sigations are chosen:
Antenna element specifications:

- Operation in the ultra-wideband (UWB) frequenapge (3.1 to 10.6 GHz)

- Return loss 5 dB over at least 1 GHz bandwidth near frequeri@&/5 GHz

- Compact antenna size, with maximum dimension of more than 1 cm
(comparable to desired minimum resolution)

- Polarization easily altered between adjacent efgm
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- Fabrication on commonly available substrate nmtewith permittivity
comparable to averaged breast tissue at microwaygednciesg =~ 10)

Array specifications:

- Element edge-to-edge spacing less than or equeéiment size

- Elements arranged in square matrix for easy esiparof array size

- Insertion loss between adjacent elements gréasderor equal to 30 dB

- Array easily shielded to prevent spurious radiatjpper CRTC/FCC limits)
4.3. Design Methodology

In view of the sensor element and array specificati circular microstrip
patches are investigated as the array element ltyiseshown in the literature [9]-
[11] that the addition of a single shorting posgunding the patch at a carefully
chosen position, can alter the antenna’s far fdthrization and decrease the
overall diameter for a given desired impedance.ifgle antenna element is
simulated using Ansys HFSS version 15.0.2 [8], wi&ldimensions initialized for
operation within the band of 4 GHz to 9 GHz, andsaquently altered via
parameter sweep for optimization. The simulatiorsés up to run in 250 MHz
steps, from 4 GHz to 9 GHz, with the Maximum Dé&taonvergence criterion set
to 0.03 at a solution frequency of 9 GHz. The nstnip patch is modelled using
perfect electric conductor (PEC) boundaries, embédd a block of Rogers RT
6010.2LM materiald, = 10.2), and connected to a modelled RG-178 cbhme
using Teflon dielectric and PEC core/cladding (ghisimulated with PEC

boundary on outer surface of dielectric). This ¢abkne type is chosen because
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of its small dimensions (1.8 mm shield outer diaanel.68 mm dielectric outer
diameter) and because the line’s characteristicedapce matches the desired
system impedance of 0. The coaxial line is driven by a wave port, legvthe
HFSS radiation box (volume in which discretizati@and simulation are
performed) through a ground plane (PEC boundary).

The antenna element is placed against a block atoou defined
dielectric, withe; = 10 and tah = 0.5. This block represents an imaging phantom
made by Emerson and Cuming, used in the Compu#dtiBtectromagnetics
Research Laboratory at McMaster to represent tleeaged electrical properties
of breast tissue. The block is assigned a thickoésgpproximately one quarter-
wavelength at the lowest frequency of simulatiois{z), as is recommended by
Ansys in the HFSS help guide [8]. The phantom’seeat walls are set as
perfectly matched layer (PML) boundaries, usingRML Setup Wizard, with the
uniform HFSS-calculated thickness of 4.537 mm|irsgtthe minimum frequency
of free radiation to 4 GHz, and using the HFSS+ueitged minimum radiating
distance of 9.875 mm.

Once an individual patch is designed, a small 3xayaof patches is
simulated to examine the impact of the neighbourgigments on a single
antenna. The inter-element spacing is adjustedhan dptimization step to
minimize the return-loss at the desired centreueagy of 6.5 GHz while keeping

the maximum separation distance as small as pessibl
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Since each patch antenna is meant to behave anaming sensor, it is
critical that the sensor is designed in such a asyo minimize its scattered
radiation to neighbouring elements, as explainetleeaBy carefully choosing
the edge-to-edge patch spacing of the array, a nipe is made between the
far field directivity, return loss, and insertioosk between neighbouring elements
in the final solution.

The circular patch antennas are investigated furthie polarization. By
adjusting the angular position of the shorting ptvwgo different polarizations can
be obtained: left-handed circular (LHC) and rightitled circular (RHC). The
angular positions for best return loss and greati$erence in LHC/RHC
polarizations along the z-axis (boresight) are mheiteed by parameter sweep. In
the case of circular microstrip patches, the shgrpost is easily manufactured

using a drilled via hole in the printed circuit bd@ubstrate.
4.4. Initial Antenna Design

As a first attempt, a single circular patch embedde Rogers RT
6010.2LM material is developed in Ansys HFSS. Th&lp height is chosen as
approximately 0.06 (5% of wavelength) at 6.5 GHz in the dielectris,Balanis
suggests in [12]. The patch is placed againstrtfaging phantom as described in
the design methodology, Section 4.3. As suggestatdodesign formulae in [12]
using the Cavity Model approach for circular pag;hibe patch radiusshould be

approximately 4.2 mm for a patch height of 0.722:mm
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c 299792458
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1.8412
f),, =—————;f =6.5010 Hzg = 10.Z 4.2
( )110 2ﬂa\/€_r ,,uogo (4.2)
1.8412,

= 0.00423m 4.3
277(6.5016 )/ 10.2 (4-3)

The initial feed-point position is chosen by requirthat the cross-section
of the coaxial line be completely concealed by thetallic patch, so that the
shield and core of the line are isolated from timaging volume, minimizing
spurious radiation. Using RG-178 with a dielectiitder diameter of 1.68 mm, the
radial position of the coaxial cable centre condudt therefore set to 3.36 mm. It
is shown later in the optimization section of thigenna design that this location

indeed yields excellent return loss within the bahahterest.
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BN

FIG. 4-4. HFSS side view of single patch, initial step; PEGwN in orange,

Rogers high permittivity PCB substrate in lightlgel, coaxial cable dielectric in
yellow, imaging phantom in light blue (Note: diagrashows non-zero patch
thickness for illustrative purposes only — simuatiis performed using a zero

thickness PEC boundary).
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FIG. 4-5. HFSS bottom view of single patch, initial step; xiah feedpoint

chosen at boundary of patch.

4.5. Antenna Optimization
A single circular patch element is tuned in 5 miation steps:

STEP 1. The feedpoint is varied radially from the centretlod patch to the
perimeter; displacement is found by parameter syweéh the constraint

that the entire thickness of the coaxial cable baetained within the
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surface area of the patch — no coaxial cable drateshould protrude
beyond the circumference of the patch, to mininsizerious radiation

STEP 2: A shorting post is placed at the perimeter of thé&lp in a fixed
location and the diameter of the patch is varieghémameter sweep; patch
diameter is swept from 5 mm to a maximum of 10 mr steps; diameter
is chosen for best far field boresight total dinaty

STEP 3: Shorting post radial position is varied by paramefeeep, to
maximize the separation of left-hand and right-hamndular far field
directivities in the antenna boresight

STEP 4: Shorting post angular position is varied by paramatveep, to
maximize return loss and far field boresight dingtt separation between
left-handed and right-handed polarizations

STEP 5: Substrate thickness is altered for a fixed set a@hufacturer-
specified thicknesses to evaluate the substrateetior best return loss
and total far field directivity

Notice that the far field directivity is included the optimization goals. This is

done so that the antenna’s polarization can berdated in simulation. Since the

antenna is intended to be used in a dual polaoizatcenario, it is important that

the polarization be accounted for early in the ropation stages. By using far

field parameters, the antenna can be adjustedesept the greatest separation of

left-handed circular from right-handed circular qmments for a given

polarization mode. Although the antenna is uselgoith near and far field regions
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during imaging, antenna tuning performed with faldf goals is simpler; a
discrete volume of space must be defined in HFS&hich to perform near field
calculations, and this volume would likely neediziegy to accommodate

changing patch sizes during optimization.

Sep 1: Feedpoint variation
In the first optimization step, the feedpoint edocation is defined as

follows:

__patch

Xfeed = \/é

where Xeed and Yieed are thex- andy-coordinates of the feedpoindpach is the

patch
+ rfeed +r feed (44)

diameter of the patch, angeq is a radial distance parameter to be varied in the
optimization of feedpoint location. These formuée used to position the centre
conductor of the coaxial line exactly on the petin®f the patch wheneeqis set

to zero. The parametegeqis varied within the following value range:

0.84mm d .,
ree =l . 4.5
s ( 2 Vs 45

The first value places the coaxial feedpoint nkargatch perimeter, ensuring that

the entire coaxial dielectric is contained withire tperimeter of the patch. The
second value simply resets tlRe and y-coordinates of the feedpoint to zero,
placing the feedpoint directly in the centre of th&tch. FIG. 4-6 reveals the
variation in return loss with choice of feedpoifat; 5 different positions. A value

of reeqd= 0.594 mm is chosen to yield the best return.loss
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ﬁ;rfeed = 0.594mm

8.5

Frequeni:y (GHz)

Return loss vs. frequency for 5 separate feedpadial positions.

FIG. 4-6.
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Sep 2: Diameter variation with fixed shorting post

In the second optimization step, a shorting pdsd.6 mm diameter is

added to the antenna structure using a PEC cylitatsted as follows:

dpatdﬂ

FIG. 4-7. Diagram of patch antenna during patch diameternopdtion,

bottom view; all dimensions given in units of mmdadegrees; shorting post

depicted in purple, displaced angularly from feadpby 45 degrees.
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In this optimization step, the angular positiontld shorting post relative to the
feedpoint is preserved for every change in pateimdier. The diameter is varied
between 5 mm and 10 mm, over 9 steps, in 0.625 menernents. First, the total
directivity, observed along the boresight< 0°, ¢ = 0°) of the antenna, at the
system’s centre frequency of 6.5 GHz is examinexlisAshown in FIG. 4-8, the
best performance in total directivity is found farpatch diameter of 7.5 mm.

After choosing the diameter, the return loss ofggageh is evaluated.
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Sep 3: Shorting post radial position variation

In this step, the radial position of the shortpugt is adjusted to maximize
the separation between the antenna’s boresigtttitess in the left-handed and
right-handed circular polarization (LHCP and RHG#®mponents. It is shown
that this separation between the two different fimdéion components increases
as the shorting post is brought toward the perimefethe patch. Thus, the
shorting post is fixed at the perimeter of the paaatenna for high-performance

operation.

54



McMastaversity — ECE

Chapter 4

M.A.Sc. Thesis —Alex Beaverstone

3.5

2.5

2

15
Shorting Post Radial Position (mm)

0.5

Aunnoang

Boresight directivity vs. shorting post positioncad GHz.

FIG. 4-10.
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Sep 4: Shorting post angular position variation

In this step, the angular position of the shortipgst is adjusted to
optimize the return loss while maintaining largpaation between the boresight
LHCP and RHCP directivities. The shorting post dagposition is defined in the

HFSS simulation according to FIG. 4-11:

Y

FIG. 4-11.  Patch, bottom view, depicting two different angylasitions.

FIG. 4-12 shows the antenna return loss versgsiémrcy for 10 choices of
shorting post angular position. Notice that althouthe best return loss
performance can be obtained using the positions23B. radians and 2.0944

radians, the difference in magnitude of the repbkidCP and RHCP directivities
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along boresight is much smaller than for choiceshairting post angular position

closer to /2 radians and radians.
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Shorting Post Angular Position (radian)

Boresight directivity vs. shorting post angularigios at 6.5 GHz.

FIG. 4-12.
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FIG. 4-13.
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Given that excellent return loss performance (bett@an 10 dB) is available
between 6.5 GHz and 9 GHz, combined with the St separation between
the LHCP and RHCP directivity components for theorshg post angular
positions -1.047198 radian and 2.617994 radiarsethae selected as the final

shorting post locations in the design.

Sep 5: Substrate thickness variation

In this final step of antenna optimization, théchasubstrate thickness is
varied over 4 distinct, manufacturer-provided valu@ order to optimize
performance. It is shown in [13] that increasing thickness of a microstrip patch
antenna’s substrate is one strategy that can bdéogetpto improve broadband
impedance match. Conversely, the use of high pevityt substrates has the
reverse effect of narrowing the band of good impeda match [13].
Compensating for this reduction in bandwidth witlded thickness adds further
complications, since thicker substrates have aeeeylto radiate surface waves
[13], which are not desired here. Thus, it is intant to examine the performance
of the antenna structure carefully on a set of satesthicknesses, choosing the
thinnest value possible while just satisfying thmémary optimization goals of
broad impedance match and high LHCP/RHCP far fatdctivity component
separation. Any added impedance matching gained frocker substrate values
may be of little use when propagation along thdaser of the PCB becomes

significant.
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FIG. 4-14 shows the resultant return loss of theerama with 4 different Rogers
6010LM substrate thicknesses: 0.025”, 0.05”, 0.07b61" [14]. The best return

loss performance within the band of interest isaomt#d for a thickness of 0.05”,
or 1.27 mm. Directivity is examined next. A plotldHCP and RHCP directivity

components at 6.5 GHz versus substrate thicknealsasshown, and it is clear
that for a PCB thickness of 0.075”, better sepamatf these components is
available than for a thickness of 0.05”. However the interest of maintaining
better in-band return loss performance and minimgizihe strength of surface

wave propagation, the final design uses a 0.0%kthubstrate.
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FIG. 4-14.

62



McMastaversity — ECE

Chapter 4

M.A.Sc. Thesis —Alex Beaverstone

1
0.9~

I e e

L

i i
0.055 0.06

:
i
0.05

‘;?
0.075

i
0.065 .

0.1

0.095

.09

|
I E—

0

0.085

i
0.08

0.07

0.045

.04

0

0.035

i
0.03

Auanoaul

05 -

@)

Substrate Thickness (inch)

Boresight directivity vs. substrate thickness &tGHz.

FIG. 4-15.

63



M.A.Sc. Thesis —Alex Beaverstone Chapter 4 McMaster University — ECE

The final antenna element design is given in FK&64

5

FIG. 4-16.  Circular shorted patch, bottom view (dimensionsmm); two
shorting post locations given for different polatinns: green (bottom right)
shorting post location yields LHCP-dominant radiatired (top left) shorting post

location yields RHCP-dominant radiation.

Dual polarization capability is demonstrated byiating the final design

structure with the two chosen shorting post angpéaitions. Both shorting post

64



M.A.Sc. Thesis —Alex Beaverstone Chapter 4 McMaster University — ECE

locations are displaced 75 degrees away from thegpf@nt, in opposite
directions. The return loss values are in closeagent at all frequencies for both
shorting post positions. The LHCP boresight dikegtiof the antenna with the
shorting post in LHCP-dominant angular positionalso nearly equal to the
RHCP boresight directivity when the shorting postmoved to the RHCP-
dominant angular position. Switching between the pmelarization modes can be
enabled in a single patch antenna element by iimgtd?IN diodes in place of a
shorting post PCB vias. When properly biased, a @&tde can present a small
impedance, on the order of(, at the antenna’s operating frequency, thereby
effectively shorting the patch to ground. An exaeBIN diode suitable for use in

the PCB via dimensions is listed here [15].
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FIG. 4-17.
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FIG. 4-18.
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4.6. Array Optimization

The focus of this report is the design of an imggensor array. Once the
individual sensing element has been designed necessary to carefully plan the
layout of the array of sensors, adjusting the #etement spacing so as to
minimize cross-coupling and maximize performancesiarn loss and directivity.
A small array of 9 antennas, in a 3x3 arrangemensjmulated in HFSS. The
maximum edge-to-edge spacing of the antenna elsm&mpnstrained to 1 cm,
and is chosen for strongest inter-element inseftsa via a parameter sweep. In
HFSS, the radiation boundaries are set up usinpgibr matched layer (PML)
boundaries, whose thickness is calculated autoailticy HFSS at the maximum
array element edge-to-edge spacing of 1 cm. Thi& BEhtkness is the largest
calculated value for all inter-element spacing ealult is used for all values of
inter-element spacing during the parameter swege sit is meaningful to
compare the performance of the array when the tryrmbnditions are the same
for all steps of the optimization. The array is siated with a block of the same
Emerson and Cuming phantom material described m dhntenna design
methodology (Section 4.3), with a thickness eqad).5. in the medium at the
lowest evaluated frequency of 4 GHz. All 9 elemeats identical, circular
shorted patch antennas, each equipped with the smmeal cable feeding
structure and shorting pin arrangement. Each aatenoonnected to a wave port,
defined by assigning a wave port excitation on lbb&om face of the coaxial

dielectric (Teflon) boundary. This is done to alltve simulation of multi-por&
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parameters, so that the inter-element insertios ¢as be evaluated when varying
the inter-element spacing.

FIG. 4-19 demonstrates the simulated return les®pnance of the array
for 10 different inter-element spacing values. Betihat there is little variation in

the return loss when the spacing is adjusted.
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FIG. 4-19.
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Next, a plot of LHCP and RHCP boresight direciestis given, showing
the variation in magnitude with changing inter-eégrnspacing. The difference
between the two polarizations’ directivities isatelely stable. For this reason, it
Is prudent to evaluate the antenna array’'s perfoc@manext by examining the
inter-element insertion loss. In the last plot, theertion losses are given for 4
coupling scenarios: between the centre antennallaatennas 3, 5, 7, and 9, as
labeled in FIG. 4-20. It is evident that an edgedge spacing of at least 5 mm is
sufficient to yield inter-element coupling below0-3IB, which satisfies the
optimization goal stated earlier. However, in théefest of guaranteeing good
performance in the prototyping stage, a spacing min is chosen, as a margin of

error is considered in the simulated data.

FIG. 4-20.  Circular patch array, top view; elements labeleghbst number.
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FIG. 4-21.
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FIG. 4-22.
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4.7. Prototyping
With a design specified that yields adequate perémce, the 3x3 array
structure is fabricated for evaluation. A prototygpgenna array is made using a

12 cm x 12 cm square section of Rogers 6010 subst@a 1.27 mm thickness

with 35 um thick copper coating on both sides:

FIG. 4-23.  Picture of fabricated 3x3 antenna array.

Photolithography is used to print the microstripcelar patch elements on one
side of the substrate. The feedpoint and shortoxj f[pcations are marked in the
etching process for ease of machining. Only onta@two shorting post locations
is drilled; a PCB via is made with the drilled hdig filling it with a solid wire of

copper, soldered to the patch and to the reverde giound plane. A PCB

through-hole female SMA connector is used to fémdpatch; it has 4 grounding
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pins, placed 90° apart on the PCB mounting side, arong centre pin. The
central conductor is tinned with solder and trimmedan appropriate length so
that it penetrates through the substrate enouddwytfush with the copper patch
on the reverse side. The patch is soldered to k& Gnnector centre pin. Only
one patch of the 3x3 fabricated array is configuheslway, and is connected to a
calibrated Agilent E83638 PNA network analyzer [16jeasuring return loss
between 4 and 9 GHz at a resolution bandwidth okH®. The measurement is
done while manually holding the antenna array dagainst a stack of 5 Emerson

and Cuming absorbing sheets=(0, ta=0.5). The results of this measurement

are shown in FIG. 4-25, compared with the simulatai from HFSS.

FIG. 4-24.  Prototype array resting on 5-layered absorber shedtum.
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FIG. 4-25.
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Notice that there is significant agreement betwemasured and simulated data
for an appreciable section of the observed frequdrand. There is, however,

appreciable difference between the two data sets approximately 1 GHz of

bandwidth, centred at nearly 7.5 GHz, where the &Biulation overestimates
the antenna’s return loss performance. This disecreyp may be due to the fact
that the prototyped antenna structure has sigmifisarface roughness due to the
use of solder, and imperfect smoothing of the shgrand feedpoint pins. As a
result, the antenna may not be adequately couplédet absorber sheets, leading
to some added reflection. Regardless, the measetach loss at the disputed
frequencies is still below 10 dB, which exceeds dapéimization goal minimum

return loss of 5 dB.
4.8. Conclusons

A compact, microstrip patch design is presentadidoorporation in a
microwave imaging system for breast cancer scregefiihe design is adjusted in
an imaging array configuration, keeping inter-elatneoupling below -30 dB
while minimizing the edge-to-edge antenna spacimghe array. Return loss is
better than 5 dB for a bandwidth of over 3 GHz, &etter than 10 dB for a 2
GHz bandwidth in the ultrawideband spectrum. Theppsed antenna structure
also demonstrates dual polarization capabilitygralg the polarization between
elements simply by changing the angular positioa &CB via, or by PIN diode.

A prototype is successfully fabricated for usexperimentation.
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CHAPTER 5

RADIO RECEIVER FRONT-END DESIGN

5.1. Introduction: Problem Definition

As described in Chapter 3, the complete imagingtesysperforms
switching of the sensor array by controlling thasbto the integrated receivers.
Each antenna is paired with an individual receivensisting of two cascaded
low-noise amplifiers (LNAs) and a mixer. Both theglifiers and the mixing
element provide gain. Further, the two amplifieegether provide significant
insertion loss (approximately 40 dB) of the imagsignal when their bias is OFF
(O V applied). This property is useful as it can d&eloited to replace the
conventional RF switch component used in conveati@array-based imaging
systems [1]-[3]. The property is not limited to thmplifiers — the active mixer
component also yields significant conversion lossha IF when its bias is set
OFF. Switching the bias ON and OFF of active mixes been exploited before

as an effective method of switching between sigasths [4].
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This section describes the design of the radioiveceront-end. The
module is constructed with inexpensive, surfacesmauicrowave devices on
printed circuit boards with coplanar waveguide $rarssion lines. Specifications
are given in the next section, followed by compdneghices and a design. An
experimental prototype is built for evaluation.

5.2. Design Specifications

The following specifications are given as a guitelifor component
selection. They are chosen based on the performpa@neters described in
Chapter 2. A prototype receiver is constructed evaluated with measurements

on a spectrum analyzer to compare with the manufactjuoted performance.

Soecifications:
* Operation in the ultra-wideband range (3.1 GHzQ® 1GHz)
» Active mixer with conversion gain
* Low-noise components
* Maximum component dimension less than microstrigtpdiameter
* Dynamic range (sensitivity to 1-dB compressiar)00 dB

» Difference between IF output power in ON/OFF modd$0 dB

For design compactness, the maximum dimensionytamponent in the

radio receiver is restricted so that the entire m®dcan be designed for
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integration below the ground plane of the antermaya Components with low

noise figure should be chosen in an effort to ma&emeceiver sensitivity.
5.3. Design Methodology

Observing the specifications established in the@ipts section, candidate
components are chosen for possible inclusion infitted design. The following
two LNAs are found capable of satisfying the reeeispecifications:

* Avago VMMK-3803
* Mini-circuits PMA3-83LN+

The Avago VMMK-3803 [5] is an LNA in a surface-mduv02 package
(0.5 mm x 1 mm) designed for use between 3 GHzldnGHz. It features a 1.5
dB typical noise figure (at 6 GHz). It has approately 17 dB of gain in the band
of interest and a 1-dB output compression poirggroximately 6 dBm with a
bias of 3 V.

The Mini-circuits PMA3-83LN+ [6] is an LNA in a sface-mount 3 mm
x 3 mm package, designed for operation betweera®b8 GHz with a typical
noise figure of 1.4 dB (at 4 GHz). It has approxiea20 dB of gain across the
band and features a 1-dB output compression pdéi@tid dBm. This part has
only recently been announced by the manufacturet,veas not selected for use
in the prototyping stage. However, its specificasicuggest that the component
offers superior performance compared to the Avaggant, and it is therefore

worth consideration upon manufacturer release.
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Next, a mixer is selected. Since the architectdrth® imaging does not
restrict the design to a specific choice of IF, whoin Chapter 3, there is
flexibility in the mixer choice. If desired, thestgm could be implemented with a
zero-IF, or direct conversion to baseband. In¢hise, both the RF and LO signals
would be equal, and the imaging signal would bevered at DC. In order to
resolve magnitude and phase information for comi@¢arameters, the mixer
should then be an I/Q (in-phase/quadrature) typi8][7Finding suitable low-
noise mixers with conversion gain in the desiresgtjfiency band is challenging.
For the sake of simplicity, a non-zero IF is usedhie prototyping of the system.
The Mini-circuits MDA4-752H+ mixer [9] is selectednd a manufacturer-
provided evaluation board (part number TB-771+ [8])used to ensure peak
performance. It operates between 2.2 GHz and 7.5 &id requires 0 dBm input
power at the LO port to achieve 7.3 dB of convergiain at 6 GHz. It features a
1-dB input compression point of 9 dBm and a noigaré of approximately 10
dB.

5.4. Implementation

For evaluation purposes, the Avago VMMK-3803 isestdd. A pair of
circuit boards containing the necessary biasingvort and PCB transmission
lines are designed and fabricated, reported in py0fajik. The board is designed
following Avago’s recommendations, using a coplanaaveguide (CPW)

structure. Vias connecting the top ground planethte bottom are placed
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approximately 1 mm apart along the perimeter ofitbard and the border of the
CPW. FIG. 5-1 shows a photo of the completed pyptat
The performance of the two cascaded prototypesvaduated with an

Agilent E83638 PNA network analyzer [11] and congalwith the manufacturer-
providedS-parameters. FIG. 5-2 shows the input return Idgbe prototype and
the simulated pair of cascaded LNAs, using Avagidata. The simulated input
return loss is generated in AWR Design Environnignf12] using two identical,
cascaded subcircuits containing tB@arameters of a single LNA, provided by
Avago. Note that there is a significant differefm#ween the two data sets. The
Avago data are calibrated at the reference plartbeof.NA chip itself, whereas
the prototype calibration is referenced at the Spbts used to connect to the
VNA. Therefore, this discrepancy in performance rbayattributed to the design
of the board. Regardless, using the return lossnigzition goal of the antenna
design as a guide, the dual LNA return loss is$ sglow 5 dB between 6 GHZ

and 6.75 GHz and beyond 7.5 GHz, which is sufficfenprototyping purposes.
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FIG. 5-1. Photo of two cascaded LNAs.
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Return loss vs. frequency for manufacturer datapaintbtype measurements of two cascaded LNAs.

FIG. 5-2.
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Next, the difference in insertion loss between lstates is measured.
When the amplifiers are biased ON and OFF, thertiogeloss is measured to
guantify the LNA network’s ability to act as a sghit The results are shown in
FIG. 5-3. These measurements were performed withngurt test power of -30
dBm from the VNA to prevent the possibility of sattion. The data are in closer
agreement for insertion loss than for return lossmparing between the
manufacturer data and the prototype measuremenkey Tindicate that
approximately 80 dB of difference between ON andFQOjtas states in the
observed insertion loss is available with the twesoaded LNAs. This is
comparable or better than the inter-port isolatamailable in surface-mount

technology microwave switches [13].
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After verifying the performance of the LNAs, the xai is connected
following the LNA network and a test is performem quantify the difference
between the full receiver ON state bias and OFte di@s, at the system IF. A
system IF of 30 MHz is adopted for the purposetesfing, as this is the lowest
manufacturer-recommended frequency that can beatste Mini-circuits mixer
IF port. The Agilent E83638 PNA network analyzerl]lis configured for
constant-wave operation with an output power of d8bn at a frequency of 6.5
GHz, connected to the input port of the cascadedd.Mn HP Synthesized CW
Generator Model 8671B [14] is used as the sourcéhfomixer LO port, set to 0
dBm output power at a frequency of 6.53 GHz. Meaxsants of the IF port
power are taken using an HP 8593E Spectrum Ana[t&dy with the resolution
bandwidth set to 300 Hz. The noise floor of thecspen analyzer in this
configuration is approximately -126 dBm.

Four biasing conditions are evaluated:

State 1: All active devices ON; LNAs: 3 V, mixerV5

State 2: LNAs OFF, mixer ON

State 3: LNAs ON, mixer OFF

State 4: All active devices OFF
The output power at the system IF of 30 MHz forrestate is as follows:

State 1: 1.6 dBm

State 2: -86 dBm

State 3: -102 dBm
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State 4: -126 dBm (noise floor of instrument reaghe

Between the full ON bias condition (State 1) anldl @FF bias condition
(State 4), there is at least 127 dB of differentahie observed IF power. The
remaining bias conditions are evaluated in orderqt@antify the effect of
switching only one device ON and OFF, which may d@vantageous in
developing a simpler PCB layout containing all cadieceiver modules.
Regardless, limiting the system bias conditionStite 1 and State 4 achieves the
best performance and will save the most power,esioitly one set of active
components will be biased ON at a time in the erairay of switched sensors.

The full system 1-dB compression point is measuwisthg the same
configuration described previously in the bias shiihg experiment. The Agilent
PNA output power is increased gradually until thistem gain at the IF decreases
by 1 dB. This compression point at a test frequenicg.5 GHz is found to be
approximately -36 dBm.

The total noise figure of the 3 cascade active a=viis calculated
according to the Friis formula [16]:

S

Gl G1G2 .

(5.1)

The valuesF, represent the noise factor (non-dB equivalent oie
figure) of then-th stage in the receiver, witB, representing the gain of tmeth
receiver stage (non-dB scale). Using the manufaciuovided data, the expected

system noise factor is therefore:
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A5 _
F =10°-15+100 1, 10-1_ 1.4217. (5.2)
101.786 (101.786)2

This noise factor is equivalent to a noise figufel ®3 dB, a reasonably
low value.

In order to calculate the receiver sensitivitystfithe minimum detectable
signal (MDS) is calculated, following the derivatim [17]:

MDS =-174dBm+ 10loB + NF, =- 174 10loB+ 1.5 (5.3)

Here,B is the bandwidth of the signdFsysis the noise figure of the system.
Using an IF bandwidth of 10 kHz, for example, tinplies an MDS of:

MDS=-174+10log10008¢ 1.53- 132.47dB (5.4)
Finally, the sensitivity can be calculated [17] as:
Sengitivity = MDS+ SNR. (5.5)
Assuming a minimum desired SNR of 10 dB:
Sengitivity =-132.47+ 10=- 122.47 dBr (5.6)
This is the minimum required signal strength toi@eh the specified SNR.
Together with the 1-dB compression point of theeheer, the dynamic range of
the whole system [17] is:

DR=CR, ~MDS,
=-36-(-132.4} (5.7)
=06.47dB.

This dynamic range is comparable with the SNR @6#®it ADC (Eq. 3.1). The

dynamic range can be improved in the hardware lopsihg a lower IF. This is
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because lower IF allows for using more narrowbatlter$, which in turn means
lower noise levels. For instance, reducing thedRdwidth to 1 kHz increases the
dynamic range to 106.47 dB, 10 dB greater thanpievious estimate. The
imaging system dynamic range can be improved furthieh averaging, as is
demonstrated in [18].

5.5. Conclusons

The design of a miniature radio front-end is présénfor use in a
switched sensor microwave imaging system. Compsremet chosen based on the
figures-of-merit listed in Chapter 2 and an expemtal prototype is constructed
for measurements. The prototype achieves signifisaparation in IF power of
approximately 127 dB between two bias states andloaerefore be used directly
in an imaging array without including additional Rwitches. Estimates are made
for the sensitivity and suggest that the system bame a dynamic range

approaching 110 dB with sufficiently narrow IF diting.
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CHAPTERG6

EXPERIMENTAL VERIFICATION

6.1. Hardware Testing in an Imaging Scenario

In order to evaluate the antenna and LNA perforreainmc a realistic
imaging environment, the prototype array and angpliietworks are connected to
a commercial VNA for testing. A raster scan imagsygtem has been constructed

for the purpose of acquiring data from breast pbraist

97



M.A.Sc. Thesis —Alex Beaverstone Chapter 6 McMaster University — ECE

FIG. 6-1. Photograph ofx-y scanner with 5-layer phantom, TEM horn,

antenna array, and LNA network.
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The horn antenna described by Reza in [1] is useédeaOUT illumination
source. The fabricated 3x3 antenna array prototgpéocated opposite this
antenna, displaced by a stack of 5 Emerson & Cumlosgrbing sheets, described
in the previous chapters as an imaging phantonthénsecond absorber sheet
layer down from the top, a single 1 cm diametecnildeep hole is cut-out in the
centre. Embedded in this cut-out is a dielectriindgr with e, = 50 and tah =

0.001, serving as a tumor phantom, whose electpicgberties contrast strongly

with the neighbouring medium:

FIG. 6-2. Phantom layer with embedded dielectric cylinder.

The array prototype is configured only to use tbet@l antenna element for the
purposes of testing. Thus, full mechanical tramstadf the phantom is necessary
to achieve adequate spatial sampling. Planar rasteming is performed over an

area of 100 mm x 100 mm in 2 mm steps using thepcaoen-controlledx-y
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scanner. An Advantest R3770 Network Analyzer [20is&d for data acquisition.
For every coordinate position, the computer triggre VNA to performS
parameter measurements over a frequency band ¢fZ3t&10 GHz in 0.1 GHz
steps (71 points). A resolution bandwidth of 10 kidaised. The VNA output
power, fed to the terminals of the TEM horn, istee8 dBm. Four data averages
are taken per measurement, and smoothing is applied an aperture of 16%.
The VNA acquires the comple$-parameter §, measuring the transmission
coefficient from the horn antenna to the centrenelat of the 3x3 prototype array.

LNA bias is supplied externally with a single DOysy supply setto 3 V.

FIG. 6-3 contains an image of the raw data compbrigiog|3],
measured at 6.7 GHz, generated with MATLAB [3]. idetthat the dielectric

cylinder is clearly discernable in this qualitatineage:
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FIG. 6-3. Log-magnitude raw measurement data of phantonvaGblz.

In order to quantify the performance of the systentonfigured, a method
for calculating the image SNR described by McConmb#] is used. A second
image of the same phantom is taken, replacing the permittivity dielectric
cylinder with absorber sheet material. This datased in the SNR algorithm to
calibrate the system, removin§parameter errors collected in measuring
transmission through the background medium. An rdlyon developed in

MATLAB is used to perform the SNR calculations, wmoin the following

figure:
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FIG. 6-4. Image SNR calculation MATLAB applet.

This applet’s calculations suggest that the begtnagnitude raw data
SNR available with the antenna and LNAs connected the VNA is
approximately 30, nearly 15 dB, at a frequency.@f®Hz (frequency point 37 of
71). The performance is expected to be higheshig range since the antenna

structure is optimized for operation close to tineguency. This performance is
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comparable with previously reported results inySing the same-y scanner and
TEM horn, and an array of RF-switched bow tie anésnas receiving elements.
6.2. Conclusions

An experimental image acquisition is performed witie prototype
antenna element and LNA modules usingtanscanner and a commercial VNA.
Results demonstrate that the antenna and amptifierponents of the proposed

imaging system operate as specified in the design.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

7.1. Imaging System Design Conclusions

In Chapter 1, a general outline of microwave imggmas given with
focus on medical applications in breast canceresting. Current advances in the
state-of-the-art were discussed in the contexhefvarious technical challenges
involved in tissue imaging. Chapter 2 elaboratedtte@se technical challenges,
providing a list of valuable figures-of-merit uséal assess the performance of
imaging systems. In the following chapter, a nowehging architecture was
proposed, aiming to overcome the performance limg@rted in the literature.
The proposed architecture consists of an electatigiswitched array of sensors
with integrated radio receivers and a wirelessllosaillator signal path. Image

acquisition is accomplished with a VNA-base@arameter measurement module.
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The complete imaging system was described in 3pdm signal path and
signal processing hardware were examined firsthapfer 3; the imaging sensor,

consisting of an antenna and radio front-end, vesembed in Chapters 4 and 5.

A prototype of the imaging sensor was constructadi tasted in the lab,
comparing experimental data with the results ptedidy the manufacturers’
specifications. It achieves a sensor insertion thgsmmic range between ON and
OFF states of at least 127 dB, exceeding the pedoce of conventional RF
switches while integrating a sensitive heterodyeeeiver in a small form-factor.
This prototype was then evaluated with experimeimelging measurements in

Chapter 6, demonstrating the design’s feasibility.

7.2. Future Work

Preliminary results generated with mechanical sicenof the prototype
suggest that the design is realizable using inesiperfabrication methods and
components. However, only one antenna has beeninigedse measurements. It
is not yet certain what the image fidelity will méhen a large array of closely
spaced antenna elements is implemented. Sinceutlient imaging phantoms
used in the previous experiments are 20 cm by 2@hcsize, an array of at least
100 sensors (10x10) should be fabricated. This avgubvide an acquisition
surface area of at least 13.5 cm by 13.5 cm befdding mechanical scanning. It
is anticipated that the measurement time can baatreally reduced in the final

array-based system, replacing full mechanical sognof the phantom with a
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combination of partial scanning and electronic yaswaitching. This will improve
the feasibility of implementing such a system in naedical diagnostic

environment, where a large patient roster is exggeoh an annual basis.

As the primary application of this switched trangee design is in
medical imaging, it is critical to understand hote tsystem influences the
temperature of the imaged tissues. Thus, a studheoBpecific absorption rate
(SAR) and the heating of tissues will be necessafpre pursuing any medical

trials.

More rigorous optimization may be applied to théeana structure and
the array in an effort to improve the total systparformance. A study of the
antenna design’s sensitivity with respect to shppeameters could also yield
important results about the machining tolerancegsgary when manufacturing a
final design. An investigation on the inclusion af superstrate, adding an
additional layer of tissue-matching dielectric abalie patch antennas, may prove
yet more valuable in mitigating the design’s sewisjt to the presence of the

rather heterogeneous volume of tissues involvdieast imaging.

A complete signal path, including all componentstted VNA-basedS
parameter measurement system, should be constinabeder to assess the limits
in detector sensitivity in a real imaging scenafitie proposed architecture is
sufficiently modularized and broad in its descoptithat a variety of signal

sources and digitization hardware could be explooptimizing each subsection
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independently. Effort should be made to exceedpé#rormance attained using
commercially-available equipment while minimizingnaplexity and cost in the

hardware design.

The above single-channel acquisition should benrelde to a multiple-
channel system, initially aiming at five to six & paths. Such a system would
be beneficial in a planar rotating scenario whepeabs arrangements of the
antenna arrays are used. The existing facilitiekide a precision rotating scanner

and, therefore, provide the opportunity to test mmgrove such a system.

Finally, the large array of at least 100 sensor@x10) should be
fabricated. This implies at least 100 signal pafftss system is to be used in

electronically switched planar scanning of tissues.

Beyond these areas of research, it would be bealefacconsider imaging
on surfaces that better accommodate the geomettypafal breasts. Thus, the
design of cylindrical and hemispherical imagingags should be explored.
Another implementation could involve the design w€arable electronics;
manufacturing a wearable system that collected aladait a patient’s breasts over
time could provide a consistent stream of diagoostformation to doctors,

thereby improving the likelihood of cancer deteatio
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