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Abstract

Magnetic Resonance Imaging (MRI) is a reliable and established minimally invasive imag-
ing technique that can provide diagnostically relevant information about the internal struc-
tures of the human body. While the basic design of the new MRI scanners is not much
different from when they were first designed a few decades ago, finding new ways to modify
these big, power-hungry, expensive and complex systems is becoming more and more es-
sential. One of the ways of removing the restrictions that conventional MRI systems have
is making them low field. This leads to lighter, smaller, simpler and less expensive MRI
scanners that can potentially become portable. Once they are portable, MRI scanners can
have various applications ranging from being used in emergency and operating rooms to
being taken to remote areas and even outer space. The Space MRI Lab at the University
of Saskatchewan focuses on building prototypes of portable MRIs for monitoring astronaut
health by using TRansmit Array Spatial Encoding (TRASE). TRASE is an innovative MRI
method that operates without relying on noisy, heavy and complex gradient coils. In TRASE,
the spatial encoding happens based on the phase gradients of the transmit radio frequency
(RF) magnetic field.

TRASE-based MRI scanners have specific requirements. One of those requirements is RF
power amplifiers (RFPAs) with high-power RF output, high duty cycle and fast switching
times. These characteristics are important for achieving maximal TRASE MRI resolution.
However, since no commercially available RFPA with these specifications exists, it was nec-
essary to build RFPAs customized for TRASE applications. A class A/B Ham radio power

amplifier design was modified to be more compatible with TRASE-based MRIs. As part of

il



this thesis, two of these RFPAs were constructed at the University of Saskatchewan Space
MRI Lab. The RFPAs were assembled to be used with the Merlin MRI, an ankle-sized
portable MRI tested in zero-gravity which uses TRASE. Fortunately, both of the RFPAs
showed expected results at the testing stage and have since been integrated with the Merlin

MRI. Details of the assembly work are presented in this thesis.
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1 Introduction

1.1 Magnetic Resonance Imaging for Astronauts

Magnetic Resonance Imaging (MRI) is a medical imaging technique that uses Nuclear Mag-
netic Resonance (NMR) to acquire images of anatomical structures by utilizing a magnetic
field and Radio Frequency (RF) signals. Although traditional MRI scanners are more com-
plex than most of the other imaging devices, they are significant in the medical imaging
world since they can selectively image various tissue characteristics that provide diagnosti-
cally valuable information [1]. However, traditional MRIs are big and expensive, they require
huge spaces, need shielding and are not always easily accessible to everyone and at all places.
Fortunately, in the recent years there have been more and more efforts towards achieving
portability for MRI systems. One way to do this is by removing gradient coils in MRI
scanners. By gradient coils are very heavy and noisy parts of MRI systems which are also
responsible for creating eddy currents inside patients’ bodies and other nearby conductive
materials. There are various ways to make gradient-free MRIs. The main difference between
traditional MRIs, and the gradient-free versions, is that the former uses By-encoding while
the latter uses Bj-encoding. In gradient-free MRI, spatial information is encoded into the
NMR signal by altering the transmitted RF field. This makes MRIs considerably simpler,

cheaper and lighter, and therefore portable, allowing their usage to be expanded [2].



1.1.1 MRI For Space

An important benefit portable MRI systems can provide is to facilitate medical imaging in
space which is the focus of the Space MRI Lab at the University of Saskatchewan. Micro-
gravity causes astronauts to lose bone and muscle mass during long space missions. This is a
major health issue, and hence ways of monitoring the bone and muscle health for astronauts
are of utmost importance. Although the bone and muscle mass are assessed before and after
space missions, portable MRIs can make a big difference since they provide the opportunity
to monitor how bone and muscle density change throughout a mission. [3, 4]

There are various ways of building portable MRIs. The technique that is being used at
the Space MRI Lab is called TRansmit Array Spatial Encoding (TRASE). In TRASE, image
information is encoded by the manipulation of Radio frequency (RF) transmission [2]. The
Space MRI Lab is working on building low-field, light-weight, low-cost, portable prototypes

of MRI scanners for astronaut health monitoring.

1.1.2 General Need For Portable MRIs

The weight of traditional MRIs can exceed five tons and since they create strong magnetic
fields, they require electrically shielded rooms to eliminate noise sources. Removing gradient
coils makes drastic changes, which can help to make MRI scanners more accessible [5]. Right
now, many people living in remote areas, in countries with high population densities or limited
access to medical facilities do not have the opportunity to benefit from MRIs’ privileges.
Portable MRIs can provide different advantages such as limiting the need for the emergency

transportation of patients.



1.2 Thesis Objectives and Overview

This thesis consists of two parts. The first part is a review of already-existing portable MRIs
and the second part includes research on RF power amplifiers. The objective of this thesis
work was to review the new portable, low-field MRIs and to construct a radio frequency
power amplifier needed for the development of low-field MRIs at the Space MRI Lab. Using
TRASE requires specific RF power amplifiers, which is the electronic component that was
constructed as part of this thesis. The generation of high-power RF pulses is needed in order
to collect sufficient k-space data points to form an image. However, commercial RF power
amplifiers could not provide this since they could not generate high-power RF output, high
duty cycle and fast switching times all at the same time, therefore, a specific design was
chosen and assembled.

This thesis consists of five main chapters. The second chapter includes a review of the
existing portable MRI technology. Notable designs of portable MRIs that have been built
all over the world are included in this chapter. Chapter 3, describes the basics of MRI
and gives a background on how MRI works. Additionally, it explains how traditional MRI
scanners are different from the new portable ones, and also what it takes to make an MRI
scanner portable. Gradient-free methods for magnetic resonance imaging, including TRASE,
are briefly discussed in this chapter. Comparisons are also made between TRASE and con-
ventional MRI scanners. Chapter 4, begins with a discussion of amplifier theory. Amplifier
characteristics and classes are described in this chapter and TRASE requirements for RF
power amplifiers are discussed. Details about the amplifiers constructed as part of this thesis

is covered, including the work done assembling and testing a specific non-commercial type



of RF power amplifier to make it compatible with TRASE prototypes of MRI, designed for

space applications. The last chapter of this thesis includes the conclusions.



2 Review of Existing Portable MRI
Technology

Magnetic Resonance Imaging (MRI) is a non-invasive tool for medical imaging that has
been around for a few decades. The definition of low-field MRI refers to any magnetic field
strength between 0.001 to 0.2 T, whereas high-field MRI scales refer to the main magnetic field
strength being 1.5 T or above, mid-field MRI in the range of 0.2 - 1 T, very-low-field (VLF)
around some mT and ultra-low-field (ULF) is in the uT range. For almost 30 years, high-field
MRI has been the main method of MRI due to signal-to-noise ratio (SNR) limitations at lower
magnetic field strengths. [6,7]. However, with the more advanced technology now available
and the increasing demand for more accessible, less expensive and lighter MRI scanners,
low-field MRI is being widely reconsidered. Once low-field MRI scanners that can produce
diagnostically relevant images become commercially available, they will cause a huge change
in point-of-care (POC) MRI applications. Many people who live in remote areas and less
developed countries could greatly benefit from this. As mentioned before, this would include
accessibility to MRI scanners in space for monitoring astronauts, especially their muscle and
bone health. In this chapter, some of the prototypes of portable MRIs that have been built
around the world are reviewed with some of their major characteristics. Figure 2.1 shows a

generic block diagram of an MRI scanner. It contains all the necessary parts that are used in



a traditional MRI system including the RF amplifier, which is the part that was assembled

as part of this thesis and is discussed thoroughly later in this document.

RF Amplifier Magnet
Gradient Coils

——— RF Coil

onsol Gradient
Amplifiers

RF
Acquisition

Figure 2.1: Generic block diagram of an MRI scanner.

2.1 Hyperfine’s Swoop Portable MRI System

Hyperfine’s Swoop MRI is a head-sized, low-field MRI that weighs 630 kg, uses a permanent
By magnet with 0.064 T magnetic field strength that measures 140 cm in height and 86
cm in width. This device was developed for POC applications such as emergency rooms
and intensive care units. Hyperfine uses Advanced AI applications which is a deep learning
image analysis software that measures brain structure and pathology. It utilizes a biplanar,
unshielded gradient system with gradient coils for the x, y and z directions. Therefore,
it can provide images in any 3D orientation similar to traditional MRI systems. The peak
amplitudes of the gradients is 25 mT /m in x and y directions and 26 mT/m in the z direction.
To facilitate the movement of this device, motorized wheels are included in its design and it
can be controlled using wireless tablets such as an Apple’s iPad to deliver initial scan results

in a minimum time of 30 minutes [8-10].



The Swoop portable MRI (pMRI) system received 510(k) clearance from the US Food and
Drug Administration (FDA) in August 2020 for MR Imaging of the brain and head of patients
of all ages and is commercially available. This MRI system claims to reduce acquisition costs
by 20 times and consume 35 times less power than existing conventional MRI scanners. The
Hyperfine MRI device can be positioned at the head of the patient’s hospital bed and be used
for general brain imaging including headaches, stroke and encephalopathy issues; it can also

be used to monitor Covid-19 patients who are at risk of neurological disorders [7-9,11-13].

Figure 2.2: Hyperfine’s MRI magnet is 140 cm x 86 ¢cm and uses motorized wheels
for movement. Image and caption reproduced from article [14] with Creative Commons
CC permission from publisher ‘Springer Nature’.

2.2 The MR Cap

The “MR Cap” is a single-sided MRI system designed by Cooley et al. [15] in 2019 for

potential POC imaging of the brain over a 3D volume. The device is in the shape and size



of a standard bicycle helmet (cap-shaped) and when positioned on an adult head, it has a
sensitive volume that extends 3 cm beneath the scalp. This under-10-kg pMRI is attached
to an adjustable arm which facilitates movement of the sensitive volume to different areas of
the brain. The By magnet used in the MR Cap was designed from Neodymium-Boron-Iron
(NdFeB) permanent magnets and to maximize the By field strength, it has been built to fit
an adult head as closely as possible. The mean B, of the constructed version of this pMRI
is 0.064 T within the region of interest (ROI) and the measured range of variation across the
ROI is 4.40 mT. The constructed magnet weighs 6.3 kg and has a built-in field gradient of
about 117 mT/m [15].
=)
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Scale [cm]
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Figure 2.3: a, An illustration of how the “MR Cap” might be positioned and moved
about the patient’s head. b, Description of a proposed By map with built-in readout
encoding gradients. Image and caption reproduced from article [15] with permission
(license number: 5357400816840) from publisher: ‘John Wiley and Sons’.

The MR Cap uses two cap-shaped gradient coils for blipped phase encoding of a spin-echo
train along the y- and x- axes. The coils are set on the outside surface of the By magnet

to save the inside space for achieving a stronger magnet and to improve gradient linearity



(which reduced the gradient efficiency). The MR Cap also has an T/R RF coil fitting inside
the By magnet that has a 157 kHz bandwidth. This RF coil is responsible for optimizing
spatial B; uniformity within the target ROI and was constructed using four turns of Litz
wire and press-fitting them into a 3D-printed polycarbonate former with numerically derived

grooves [15].

Figure 2.4: a, Volume RF T/R coil constructed using Litz wire. b, Numerical designs
for MR Cap’s G, and G, gradient coils. Image and caption reproduced from article [15]
with permission (license number: 53574/00816840) from publisher: ‘John Wiley and
Sons’.

To generate RF and gradient waveforms and to record signals in all experiments, the MR
Cap team used an Apollo console. Additionally, the RF subsystem used a cross-diode passive
T/R switch, wideband pre-amplifier and a 2-kW-rated RFPA. Two homemade current-mode
amplifiers capable of driving £10 A with a voltage of £15 V were used to drive the gradient
coils. A sixth-order Butterworth filter (f. = 500 kHz) was used to noise filter the gradient
drive and all experiments were performed in a shielded environment. Although the MR Cap
has been used for experiments and shown reliable data, several practical requirements need
to be overcome before it could be used for POC applications (In-vivo imaging in unshielded
environments must be tested, temperature-induced shift in By caused by permanent magnet

systems needs to be taken care of, replacing high-cost laboratory-grade instruments that were



used during the testing stage with more reasonable ones, etc.) [15].

2.3 Small Car-mounted MRI System for Elbow Imag-

ing in Baseball Injuries

In 2019, a team consisting of the University of Tsukuba students in the department of
Applied Physics and researchers from Department of Diagnostic and Interventional Radiology
in Japan developed a compact MRI system which can be installed in a minivan. This is a
low-field MRI system with a homogeneous 0.2 T permanent magnet that weighs 200 kg and
can provide clinically relevant images of elbow injuries. All the MRI setup including the
magnet, gradient coils, a home-built RF coil with shielding clothes and the MRI console (80

kg) can easily fit into the vehicle [16,17].

Figure 2.5: Some images of the Baseball Elbow MRI system, the minivan it was in-
stalled in and the elbow images it is able to provide. Image and caption reproduced from
article [16] with permission (license number: 5357410297482) from publisher: ‘Elsevier’

The size of the RF coil used in this project was sufficiently large to allow imaging for

10



most of the junior baseball players. To electronically shield the subject, conductive shielding
clothes were used with the RF shield box and to further reduce the external noise, addi-
tional shielding clothes were used while imaging. Each biplanar gradient coil element was
constructed using printed circuit boards (PCBs). Then the x, y and z PCB gradients were
stacked, wired and fixed firmly, however, no cooling systems or shields were used on gradi-
ents. The MRI electronics consisted of a digital transciever, a gradient driver, a +30 dB
pre-amplifier, an active T/R switch and an RFPA that were all installed in a 56 cm x 77 cm
x 60 cm rack [16]. The team reports that the mean SNR for the in-vehicle measurements
was almost the same as the indoor measurements and this value was about 60% of the mean

SNR for a commercial MRI scanner.

2.4 Lightweight Gradient-Free MRI for 2D Imaging

In 2015, Cooley et al. [18] built a lightweight (under 100 kg), silent MRI scanner using a
rotating cryogen-free, low-field magnet. They used the inhomogeneous field pattern created
by a permanent rotating 0.077 T By magnet as a rotating Spatial Encoding Magnetic field
(rSEM) to create generalized projections to encode the 2D image. They also added multiple
receive channels to disambiguate the encoding field. The rotation of this 45 kg magnet’s
inhomogeneous field pattern eliminates the need for heavy, switchable, power-hungry gradient
coils by replacing their function [17,18].

In their method, they physically rotate the quadrupolar SEM fields around the object
along with the B, field and use RF coils to acquire projections of the object with spin-echo

train sequences. Their system is also compatible with RF encoding schemes such as TRASE
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which can make encoding in the third dimension possible and lead to full 3D encoding [18,19].

0.0775T

0.0765T

0.0755T

Figure 2.6: a and b: Simulations of the magnetic field in two planes. c¢: Schematic of
arrays of NdFeB magnets and the targeted spherical region which is 18 cm in diameter.
d: End-view image of the magnet mounted on rollers. Image and caption reproduced
from article [18] with permission (license number: 1252216-1) from publisher: ‘John
Wiley and Sons’.

They use a dipolar Halbach cylinder magnet to produce a rotating By field which is
approximately uniform and allows for maximum average field for the highest SNR. The
magnet’s average field in the 16-cm Field Of View (FOV) is 77.3 mT and responds to a 3.29
MHz proton Larmor frequency. Also, seven NMR field coils are used for mapping the static
magnetic field. The coils are held stationary while the magnet is rotated around them. A
Tecmag Apollo console with TNMR software that has one transmit channel, three gradient

channels (used for other purposes since they are not needed for gradient coils) and one receive
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channel are used. A stepper motor controlled by the G, gradient output of the MRI console
is also used for magnet rotation. The rotation is incorporated into the pulse sequence to
increase the precision. A RelComm Technologies relay along with the G, gradient output
and Arduino UNO board are needed to switch between receive coils. A copper mesh Faraday
cage is also required for enclosing the magnet assembly to reduce RF interference. Shimming
was done to decrease field variation with the addition of small shim magnets [18].

Although the By field of the magnet is oriented along the bore of the magnet in con-
ventional MRIs, it is oriented radially in the Halbach magnet. This makes a solenoid coil a
better fit than a birdcage coil for RF excitation. The magnet gets rotated around the sample
to acquire data in discrete steps. The Rx coil array has eight 8-cm-diameter loops of wire
that encircle the FOV on the surface of a 14-cm-diameter cylinder and the solenoid coil has a
20-cm diameter and a 25-cm length. The coils were also matched to 502 impedance low noise
pre-amplifiers. Geometric decoupling was done and PIN diode detuning was implemented to
prevent coil interaction in the transmit and receiver coils. To improve SNR in a spin-echo
train, the encoding can be repeated and averaged. Also, the specific absorption rate (SAR)
from the consecutive 180° pulses is negligible due to the low excitation frequency. A 1 KW

power amplifier is used to generate short 600 W pulses for broadband excitation [18].

2.5 Compact Hand and Wrist MRI for Skeletal Age

Assessment in Children

Terada et al. [20] used a new, dedicated hand MRI system in 2012 with a permanent magnet

to examine skeletal age in children. The magnet was C-shaped, made of NdFeB material with
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a field strength of 0.3 T and weighed 450 kg. Also, a solenoid RF coil, a gradient coil set
and an MRI console were included in the setup, and the RF coil was optimized for imaging

a child’s hand and wrist [20,21].

Figure 2.7: Overview of an open, compact MRI scanner used on a volunteer pa-
tient. Image and caption reproduced from article [20] with permission (license number:
5357420828479) from publisher: ‘John Wiley and Sons’.

2.6 3D Brain and Extremity Ultra-Low-Field MRI

O’Reilly et al. from Leiden University Medical Centre in the Netherlands (2020) [22] devel-
oped a low-cost, portable, VLF MRI system that uses a permanent magnet Halbach array
to produce a magnetic field with 0.050 mT strength for in-vivo MRI. Their setup includes
the magnet, custom-built gradient coils and their amplifiers and RF coil and its amplifier.
They claim to have built this MRI system with hardware components costing less than
10,000 Euros. Their magnet including all its components weighs about 75 kg, gradient and

RF amplifiers each weigh 15 kg, gradient coils are 10 kg and the spectrometer is 5 kg [22].
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The Halbach magnet used by O’Reilly’s team consists of 23 rings with two layers of N48
neodymium boron iron magnets per ring. An optimization technique was used in the design
of the ring diameters to provide the highest By homogeneity. The setup also uses additional
shimming. The entire setup was placed inside a Faraday cage made of aluminum sheets
to minimize the environmental noise. The solenoid RF coil that was used for the phantom
and knee imaging experiments as a transmit/receive coil was 15 cm both in length and in
diameter and had 57 windings. To decrease the interaction between the self-resonant modes
of the gradient coils and the RF coil, as well as to reduce the noise coupled into the system
from the gradient amplifier, a thin copper sheet with a width of 50 um was inserted inside
the gradient coils. For in-vivo imaging, an elliptical solenoid was constructed with a length
of 20 cm, width of 18.5 cm and height of 24.5 cm with 40 windings. Also, to reduce the eddy
currents induced by switching of the gradients, six 800-pF chip capacitors were set along
the seam of the sheet. Each gradient power amplifier (GPA) had been constructed using a

push-pull configuration [22].

" Conductive
cloth ~ Faraday cage

Figure 2.8: A, Shows the magnet setup with the shims and the gradients integrated
into the bore of the magnet. The aluminum Faraday cage is used to reduce environ-
mental noise in the setup. B, To reduce the noise coupled into the system through
the body a conductive cloth is placed over the subject. Image and caption reproduced
from article [22] with Creative Commons CC permission from publisher ‘John Wiley
and Sons’.
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2.7 The Applause by MagneVu

An older portable MRI system is The Applause (or MV1000) which was manufactured by
MagneVu (Carlsbad, CA), a wrist-sized MRI with a 0.2T, U-shaped, non-uniform, permanent
magnet that weighed about 90 kg and utilized a permanent slice-selecting gradient in the By
while phase encoding gradients were applied in the selected image plane. The Applause was
the first ever MRI scanner to be mounted on wheels and was approved by FDA and used to
be distributed by General Electric (GE) Medical Systems. MagneVu went out of business
in 2007 [17,23-26]. This portable MRI used a set of rapidly focused spin echoes to offset
the loss of SNR resulting from the diffusion and the non-uniform field. The Applause was
an extremity MRI that did not require RF shielding and had applications in foot, wrist and

hand imaging [23,24,27].

Figure 2.9: The MagneVu extremity scanner being used on a patient. Image and
caption reproduced from article [24] with permission (license number: 5357430976777)
from publisher: ‘Elsevier’.
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2.8 Medtronic PoleStar iMRI for Neurosurgery

Polestar N20 scanner is a portable low-field (0.15 T) intraoperative MRI (iMRI) system
with the StealthStation navigation system for neurosurgery and was designed to be used in
an existing conventional operating room in 2007, mainly to assist brain tumour resections.
Figure 2.10 shows the main components of the iMRI system. The scanner uses a small 0.15
T permanent magnet and conventional magnetic field gradient coils for spatial encoding.
These disk-like gradient coils are mounted on the outside of the magnet poles and utilize a
closed-loop water cooling system for heat removal. The total gap between these coils, which
is the space that is available for the patient, is 58 cm. Two shimming plates, an RF receiver
channel and an integrated RF transmit coil and a portable RF shield are included. The
magnet along with the gradient coils, covers, shim plates and the RF transmit coil weigh
430 kg and the total mass of the whole setup is 750 kg. The equipment area should at
least measure to 5m?. There are several ready-to-use fast imaging sequences available with
different spatial resolutions, contrasts and imaging times that can be selected from using the
PC interface based on the neurosurgeon’s needs [28].

An infra-red navigation camera mounted on a movable stand provides a registration be-
tween the position of the patient’s head and the position of the magnet in 3D so that the
neurosurgeon can see the actual position they are operating at and use the images displayed
on the monitor to navigate their surgical approach to the tumour. The camera can sense the

position of the magnet using five LEDs on each pole of the magnet [28].
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Scanmer Cable -

Figure 2.10: An overview of the components of the iMRI system. Image taken from
[28] - under Fair Dealing Exception permission [29]

2.9 Promaxo: A Single-Sided Low-Field Prostate MRI

Scanner

Promaxo is an office-based, FDA 510(k) cleared (2021), commercially available MRI scanner
for producing images of the prostate and adjoining tissues [30,31]. This low-field MRI system
is composed of an array of permanent magnets providing a constant in-plane magnetic field
strength of 0.058 T - 0.074 T and a built-in z-gradient within its FOV. Promaxo uses gradient
coils, RF transmission and receiver coils (the RF transmission coil has a peak power of 4 kW
and the RF receive coil is patient wearable) along with other commonly used MRI components
such as a spectrometer and signal amplifiers. In fact, Dr. Purchase helped MRI-Tech build a

4-kW RFPA for Promaxo [32]. There are multiple characteristics that differentiate Promaxo
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from other MRI systems and the technology used on them including: Promaxo does not
need a z-gradient coil as the z-gradient is built into the main magnetic field. The device
utilizes a template holder for minimally invasive surgical procedures under MR guidance
and it also includes an MR guidance user interface workflow. Promaxo also uses passive

shimming [31,33].

pro

—) G
Figure 2.11: An overview of the Promaxo MRI system and its electronic rack including

a graphical user interface (GUI). Image and caption reproduced from article [34] with
Creative Commons Attribution License permission from publisher: ‘Cureus’.

2.10 ULF Brain MRI Scanner

Yilong et al. (2021) [35] have recently reported the development of a low-cost, shielding-free
ULF MRI scanner that does not require high power and uses permanent magnets. Their open
double-pole magnet (saramium-cobalt is used to increase temperature stability) provides a
homogeneous 0.055 T field and is used with linear imaging gradients. The whole magnet
assembly weighs about 750 kg. They are also using a Electromagnetic Interference (EMI)

cancellation technique, which is based on deep learning. Ten small resonant EMI-sensing RF
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coils are used to eliminate the need for RF shielding by removing the external and internal
EMI signals from MRI signals. These small coils are strategically placed near transmit and
receive RF coils. To achieve a homogeneous field, additional passive shimming was also done.
This ULF brain MRI scanner uses gradient field coils in x, y and z directions that are driven
by a gradient amplifier. The G, and G, gradient coils were unshielded whereas G, gradient
coil was actively shielded. Anti-eddy plates were also utilized to reduce the eddy currents
produced during the gradient pulsing. Separate transmit and receive coils were employed
with the RF transmit coil having a solenoid structure and being driven by an extremely
low RF power ( 11 W). The RF receive coil was a one-channel solenoid coil with an ellipse
cross-section. There was also a decoupling circuit included to detune the receive coil during
RF transmission. The RF signal input was amplified in two stages using a pre-amplifier
with a +30 dB gain and in its second stage, the RF input was amplified 430 dB once
again. A PC-based multi-channel NMR spectrometer console (EVO Spectrometer from MR
SOLUTIONS [36]) with Powerscan v6.3 software was used for controlling the gradient and

RF subsystems and data acquisition [35].

0.055T Ultra-Low-Field (ULF) Brain MRI System

Magnet
Standard

=lectronic
Cabinet

Figure 2.12: Prototype of an ultra-low-field (0.055 T) shielding free brain MRI scan-
ner. Image and caption reproduced from article [35] with Creative Commons CC BY
permission from publisher ‘Springer Nature’.
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2.11 Open-Access Imager (OAI)

Tsai et al. [6] developed an open access, VLF MRI system for in-vivo hyperpolarized *He
(Helium-3) imaging of human lungs. This device is capable of imaging lung function in both
horizontal and upright posture. A biplanar By coil design with a magnetic field strength
of 0.0065 T (6.5 mT) is used along with three sets of bi-planar gradient coils in x, y and z
directions. The imaging subject is provided with a 79-cm inter-coil gap that allows imaging,
which can benefit people who have asthma or obesity. Figure 2.13 shows an overview of OAI
with its components. OAI uses an electromagnet design capable of generating a By field as
strong as 10 mT with a four-coil, bi-planar, 8th order magnet design in order to produce a
homogeneous magnetic field over a large region. All four By coils are connected to a single
DC Power Supply Unit (PSU) which is constantly cooled by a recirculating power chiller [37].

To maintain the open-access, OAI team designed and constructed a set of planar magnetic
field gradient coils in three axes with a minimum readout gradient field strength of 0.077
G/cm. The z gradients were based on a Maxwell pair configuration with additional correction
loops. There were five loops in total for each plane with an inter-planar separation of 88 cm.
The coils were wound around aluminum forms utilizing solid copper wire. The transverse
gradient coils G, and G, were based on a planar projection from a cylindrical Golay coil.
The optimal number of loops for each planar coil was five for each half. The eddy current
potential has been minimized by assembling G, frame using plastic and teflon spacers to
prevent electrical contact between aluminum components. Each planar gradient set uses a

Techron gradient amplifier [37].
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Figure 2.13: A schematic of Open-Access MR Imager (OAI) on the top and photos
of OAI in the bottom. The right side photo at the bottom shows OAI with a patient
in the supine position. Each coil and flange set has a combined mass of about 340
kg. Image and caption reproduced from article [37] with permission (license number:

+~——2B, coils—

1252251-1) from publisher: ‘Academic Press’.

OALI also uses multiple solenoidal RF coils to fulfill different tasks including By mapping,
gradient field calibration, phantom NMR studies and human lung imaging. A chest coil large
enough to the thoracic region was used for human lung imaging and a Bravo MRI impedance
analyzer was used to test sample loading of the human chest coil. For RF and gradient pulse
controlling and low-frequency signal reception, OAI uses an Apollo MR research console as
its spectrometer. This system allows MRI at 210 kHz with no additional hardware needed.

Besides, it includes an external gradient controller with three waveform generators that also

22




provide offset for x, y and shimming. An NMR plus amplifier is used for RF signal amplifi-
cation across the range of 100 kHz to 1 MHz and includes blanking circuitry driven by the
spectrometer. The amplifier is connected directly to a Transcoupler II probe interface that
allows RF coils to function for both RF transmission and signal detection. OAI also uses
a pre-amplifier with about +36 dB of gain to amplify the NMR signal before reaching the
Apollo receiver. The OAI magnet, gradient and RF coils are placed inside a Faraday cage to

prevent noise interference by up to 100 dB [37].

2.12 Portable MRIs with Non-Medical Applications

2.12.1 The NMR MOUSE

Eidmann et al. [38] designed an NMR imaging system in 1996, which they call a MObile
Universal Explorer (MOUSE) due to its compactness and mobility. It has been developed
for non-invasive investigation of arbitrary large objects. Although NMR MOUSE is not an
MRI, it is one of the first one-sided magnets, therefore, it is historically important since there
are one-sided magnets used in more recent devices such a The MR Cap and Promaxo. [32]
In this device, RF generation and pulse programs are controlled by a PCB NMR console
and the probe provides both B; RF field and the static By field. A commercial low-field
NMR spectrometer is used for the generation of the RF pulses, their amplification and signal
detection. This spectrometer is controlled by a standard desktop PC. There is also a duplexer
and a broadband 1 kW amplifier included in the setup. The pulse programs are written in

Turbo Pascal and the NMR signals are acquired in quadrature which can be displayed and
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stored by the PC [38].

The By/B; probe consists of two NdFeB alloy permanent magnets that can be positioned
on the surfaces of random large objects and weighs about 2.5 kg. The RF coil is located in
the gap between the two magnets that have a maximum field strength of 0.5 T. A four-layered
solenoid with eight turns per layer is used for the RF coil. Eidmann et al. have demonstrated
some potential applications of the NMR MOUSE by investigating various proton-containing

samples and recording their SNR values in a table from an apple to a human hand [38].

a

MARAN

spectrometer

A
A
amplifier 1 kW
duplexer

b

Figure 2.14: NMR MOUSE’s setup. a, Spectrometer. b and c, Probe de-
signs.Image and caption reproduced from article [38] with permission (license number:
5357500126316) from publisher: ‘Elsevier’.
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2.12.2 Portable MRIs for Trees

There have been multiple studies where plants have been studied outside of laboratories
using portable MRIs including research done by Jones et al. (2012) [39], Kimura et al.
(2011) [40], Hooman et al. (2007) [41], Rokitta et al. (2000) [42], Kockenberger (1997) [43],
Van As (1984) [44], etc. Here, the MRIs exploited by the first two research groups are briefly

discussed.

2.12.2.1 The Tree Hugger

Jones et al. (2012) designed the Tree Hugger for analysis of living forest trees in their
original locations (in situ measurements). They utilized a transportable magnet that is
uniquely designed to fit around a living tree and uses NdFeB magnets in its construction and
weighs 55 kg (22kg magnetic material, 33 kg frame) [39]. The magnet looks like a traditional
“C-core” in external appearance and has a central field strength of 0.025 T, but it does not
feature a magnetic material return flux path. It can offer 210 mm diameter of open access
space. The Tree Hugger uses conventional gradient coils with water-cooling pipes. The two
gradient plates weigh 30 kg together and are capable of producing a field gradient of 1.06
mT/m/A for the z-gradient and 0.64 mT/m/A and 0.68 mT/m/A for G, and G, respectively.
The MRI coil is a 14-cm standard solenoid winding which can be opened along its length to
be wrapped around the tree. The RF electronics comprises a Maran DRX spectrometer and
a 1 kW Tomco RFPA that weigh 46 kg together. There are also three in-house designed and

built gradient amplifiers that generate 25 A pulses per channel at 30% duty cycle [39].
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Figure 2.15: a, Represents a schematic of the magnet design showing open access
frame of magnet with a mock tree between the poles. b, Shows the magnet as built
with the gradient plates pulled half way out. ¢, Shows the magnet around a tree at
Forest Research, Farnham, UK. Image and caption reproduced from article [39] with
permission (license number: 5417360889784) from publisher: ‘Elsevier’.

2.12.2.2 Mobile MRI system for Outdoor Tree Measurements

Kimura et al. (2011) developed an electrically portable mid-field MRI scanner with 0.3 T
of field strength to diagnose diseased pear tree branches in a research orchard [16,40]. The
magnet was permanent and had a flexible rotation and translation mechanism. Their setup
also included a probe with a local electromagnetic shielding, various electrical units, a mobile
lift and an electric wagon. The device was capable of providing 2D cross-sectional images of
the branches of a pear tree for measurements of 77,75, proton density and apparent diffusion
constant (ADC). The ADC map was used to successfully differentiate diseased from normal

branches [40].
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Their permanent magnet weighs 57 kg and was mounted on a turntable with two rotation
axes and two horizontal sliding tables as it can be seen in figure 2.16. The centre of the
magnet can be placed on any height of the object as long as it is below 160 cm from the
ground. They had their 20 mm RF coil wounded directly around a pear tree branch and
used a shielding cloth to shield both the RF box and the tree branch together. Also, they
had their signal detection device installed in the gap of the permanent magnet (gap width:
80 mm). Their gradient coil set consisted of a planer transverse (G, and G,) and axial (G,)
traditionally designed coils. And they used an industrial PC with a Pentium 4 processor, an
MRI transceiver, a transmitter and a three-channel gradient driver all together as their MRI
console. The total weight of the MRI console together with the carrier it was installed on

was about 100 kg [40].

Figure 2.16: a, Overview of the plant MRI system developed by Kimura et al. b,

The permanent magnet with its two rotational (both vertical and horizontal) axes and

two horizontally sliding tables. Image and caption reproduced from article [40] with

permission (license number: 5357500619395) from publisher: ‘AIP Publishing’.

This chapter includes a range of different pMRIs built for different purposes and with
different characteristics. There are mid-field pMRIs such as the Compact Hand and Wrist

MRI built by Tereda et al., low-field pMRIs such as the MR Cap and ultra-low-field pMRIs
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such as the 3D Brain and Extremity ULF MRI. The applications of these systems vary.
Some of these pMRIs are used for diagnostic purposes in humans such as imaging the brain,
human lungs and elbow injuries. There is also Medtronic iMRI that is used for navigation
during neurosurgery. In addition, there are even MRI scanners that are created for facilitating
assessments on living forest trees. The NMR MOUSE is also discussed briefly in this chapter.
Although it is not an MRI scanner, The NMR MOUSE, an NMR imaging system which used
a one-sided magnet for the first time and was built in 1996, is historically important. Most of
the mentioned devices are developed more recently; such as Hyperfine’s Swoop and Promaxo
pMRIs that were built in 2020 and 2021, respectively. Although most of the discussed pMRIs
are designed for low-field imaging, they are not necessarily light-weighted and most of them
weigh over 100 kg. The lightest one of them is The MR Cap which weighs less than 10 kg
while the heaviest ones are the Medtronic Polestar iMRI and the ULF Brain MRI scanner

both weighing around 750 kg.
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3 TRASE and Gradient-Free MRI

Magnetic Resonance Imaging (MRI) is a non-invasive, non-destructive diagnostic tech-
nique that delivers high-resolution in vivo images without relying on harmful ionizing radi-
ations [45]. While Nuclear Magnetic Resonance (NMR) has been used since the late 1940’s,
MRI, which is in fact Nuclear Magnetic Resonance Imaging (NMRI), has only been around
since the early 1980’s. What differentiates an NMR instrument from a traditional MRI is
gradient field coils. Without them, traditional MRIs are just NMR spectrometers [2].

In this chapter, a background of the theory behind how MRIs work is given. Since the
principle of MRI is NMR, firstly, the theory behind NMR is briefly discussed, then traditional
MRI scanners and their hardware is described. After that, gradient-free imaging methods
are briefly mentioned, and lastly, a prototype of our portable MRI scanner is discussed and

some comparisons between a conventional MRI scanner and our portable MRIs are given.

3.1 Background

3.1.1 Basis of Magnetic Resonance Imaging (MRI)

Nuclear Magnetic Resonance (NMR) is a phenomenon that occurs due to atomic nuclei
spinning about their axes and generating their own magnetic moment [46]. In order for

NMR to happen, there should be a resonance transition between magnetic energy levels in
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a nuclei when it is in the presence of an external magnetic field and is exposed to an RF
radiation. [47].

Some of the important nuclei for organic compounds such as hydrogen, carbon and ni-
trogen have nuclear spins since they have an odd number of protons and/or neutrons and
therefore they respond to this technique. This is important because it makes it possible to
observe the internal structure and function of human body by using the NMR technique [46].
However, the spin of these nuclei would stay randomly oriented unless there is an external
magnetic field present. This applied external magnetic field is referred to as By in NMR. From
quantum theory, the number of energy states of a nucleus corresponds to its spin quantum
number S by= 2541 [48].

For instance, for a hydrogen nucleus which is a single, positively charged proton with
a spin S=1/2, in the presence of a strong By, two orientations are possible for the nuclear
spins. They will align with the external magnetic field by either becoming parallel to it in
the same direction or by orienting against it. These two possible spin states are shown as
+1/2 spin state and -1/2 spin state. In +1/2 state the spin has the same direction as By
and has slightly lower energy. And in -1/2 spin state it has the opposite characteristics of
the former one [49]. The energy gap between these two states, AE, depends on the strength
of the external magnetic field, the stronger By is, the greater the AE becomes.

When an ensemble of protons are placed in the presence of a strong external magnetic
field By, they line up with By and generate a net magnetization M,. As well as spinning
about their own axis, when these protons are placed in the presence of an external By, they
start to precess about the axis of By. Electromagnetic radiation in the RF region can provide

the required energy to excite the proton from the +1/2 state to the -1/2 state. If this energy
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matches AFE, the proton then is able to go into resonance with the electromagnetic radiation
by absorbing this energy and flipping its magnetic moment from the lower energy state to
the higher energy state [46]. In other words, if the Larmor frequency (wy) of a proton,
which is the number of times per second that the proton precesses in a cycle, matches the
frequency of the electromagnetic (EM) radiation, resonance occurs. Therefore, the frequency
of this electromagnetic radiation depends on both the strength of By and the type of nuclei

present [49]. The Larmor equation is:

wo = vBy (3.1)

in which wy stands for angular precessional frequency of proton and ~ is the gyromagnetic
ratio.

This phenomena is important because once the nuclei are placed in a strong magnetic
field and are exposed to pulses from an RF radiation with their Larmor frequency, they get
excited. This makes them flip their magnetic moment. When the RF field gets turned off,
the energy is released as the protons realign with By [49,50]. The way in which the spins of
nuclei interact with their environment or neighbouring magnetization can be described by two
relaxation terms 7} and T,. These terms describe the time it takes for a nucleus to return to
its equilibrium state after being excited by an RF signal and the different properties of various
tissue types cause 77 and 75 to vary. Consequently, 77 and 75 can be used to distinguish

between different tissue types and create contrast in images.
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3.1.2 Spatial Encoding and Imaging

The signal that is coming from the nuclei in the sample can be detected by an RF receiver
coil. This detected signal is called a free induction decay (FID) and will be the integral of
the magnetization over the FOV. It would is the strongest for a 90° flip angle pulse and can
be used for spatial localization and reconstructing an image. This requires a method for
determining the spatial origin of the signal.

A spatially varying field in the x, y and z directions needs to be present in the sample so
that the nuclei can generate signals with information about their locations. This information
can be encoded with or without the usage of By gradient coils. By gradient coils generate
gradient fields with spatially varying magnetic field strength over the sample. 3D spatial
encoding with By gradients is usually done using slice selection (G,), frequency encoding
(G;) and phase encoding (G,) methods. The mathematical representation of these three By
gradients is: G, = dB,/dzx,G, = dB,/dy,G, = dB,/dz. When using a slice-selective gradient
along the z direction, which is parallel to the By field, a spatially varying Larmor frequency
of the spins is created along the z direction. By adjusting the RF transmit frequency, a
particular slice of the subject being imaged can be selected. The received signal will be an
integration over spins in the selected slice. After selecting a slice, 2D spatial information can
be encoded into an image using frequency and phase encoding gradients. Frequency encoding
is done by applying a linear By field gradient along the x direction. This causes the nuclei
in the sample to have different precession frequencies depending on their location along the
encoded direction. The precession frequency is directly proportional to the strength of the

magnetic field, and therefore, the position of the nuclei in the selected direction. Similar to
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frequency encoding, in phase encoding a linear By field gradient along the y direction causes
the spins along that direction to precess faster on one end than the other end. Once this
gradient is turned off, the nuclei along the y direction return to precessing at their original
precession frequency, but with a phase offset. This phase offset creates a phase gradient along
the y direction.

Spatial encoding without By gradient coils can also be done in various ways including B,
magnitude gradient and B; phase gradient. Methods that utilize the magnitude gradient of
the B; field include rotating frame imaging and Bloch-Siegert (BS) spatial encoding. TRASE
and non-linear RF phase encoded MRI are methods that use B; phase gradients to encode
the spatial information. TRASE will be discussed more in the coming sections [51-53].

Rotating frame zeugmatography was an early RF imaging technique, D. I. Hoult pub-
lished his paper on this technique in 1978. This method keeps the sensitivity of the 2D
Fourier transform while omitting the need for any gradient field changes. In this method,
a homogeneous field plus a gradient in the amplitude of the RF field was used for spatial
encoding. This method depends on large flip angle pulses and requires high RF power and
takes a very long time since every single data point is collected one at a time after each
excitation pulse is sent [51,52].

Bloch-Siegert spatial encoding introduces a spatially dependant phase shift to the on-
resonant transverse magnetization by applying far off-resonant RF pulses. This phase shift
is called BS and it is the basis of this type of encoding. Although BS creates a phase shift in
the transverse magnetization, it does not significantly tip the magnetization vector. Adapted
RF coils with a linear shaped Bj-field and a homogeneous By field make it possible to use this

shift towards spatial phase encoding. The BS Spatial Encoding Technique (BS-SET), has
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been used to produce 2D images on a 0.5 T system utilizing an adapted image reconstruction
technique [53].

Rabi encoding is another gradient-free MRI method that uses frequency modulated echoes.
Frequency-modulated Rabi-Encoded Echoes or FREE uses Adiabatic Full Passage (AFP)
pulses and a B; gradient field to generate spatially dependant phase modulation. FREE
encodes spatial information in the phase of the magnetization with its signal intensities mini-
mally affected by resonance offset. This is important because other methods such as rotating
frame zeugmatography are limited by their sensitivity to resonance offset. FREE also claims
to make multidimensional MRI feasible when combined with conventional frequency encod-
ing using a By gradient [54]. Comparing these gradient-free methods, TRASE is the least

complex method hardware-wise with fairly high resolution compared to the other ones [32].

3.2 Conventional MRI Setup

In summary, image production in MRI happens by recording spatially encoded phase and
frequency data in the NMR signal. Then the signal is converted into an image using the
computer’s signal processing algorithms [55]. In traditional clinical MRIs, flowing current in
the main field coils produces the main magnetic field which is denoted by By [2]. In spite
of all the advancements that have been made in the quality of the images that are acquired
using this method, the basic technology has remained the same throughout the decades [56].

Generally, commercial MRI scanners consist of five main components:
e A magnet to generate the main magnetic field By of 1.5 or 3.0 Tesla (T) [57]

e Gradient field coils which produce linear B, gradients to facilitate the spatial encoding
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and gradient coil amplifiers.

e RF transmit and receive coils to produce the B; magnetic field and manipulate the spin
and receive the MRI signal, Low Noise Amplifiers (LNAs) and RF power amplifiers

which are the focus of this thesis and will be discussed in detail later.

e The MRI control console which is used to acquire and store the data [2].

e Shim coils to make the main magnetic field as uniform as possible for MRIs that use

uniform By fields [2].

More than 75% of the magnets used in the construction of conventional MRI scanners
that are installed annually are either 1.5 T or 3.0 T superconducting magnets (over 70% of
which are 1.5 T scanners) [58]. Superconducting magnets do not have resistance to electricity
like regular magnets, which means that using them saves a lot of power and prevents heat
generation. In the past, superconducting magnets used to be made of a series of coils with a
cylindrical form inside a bath of liquid helium enclosed in a cryostat. However, more recent
superconducting coils use the new high-temperature superconductors [32]. Superconducting
coils can maintain the magnetic field strength when the current is flowing through them,
as long as the magnet is being cooled properly. Increasing the magnetic field strength will
increase the longitudinal magnetization. This happens as a result of more protons aligning
along By. This leads to more SNR, which improves spatial resolution and speed in imaging
[55]. Table 3.1 shows some typical parameters of cylindrical superconducting MRI magnets
[59].

To spatially encode the MR signal and localize it to a specific region in space, conventional
MRI systems use gradient coils. Although there are imaging methods that do not require the
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Magnetic Field Strength | 1.5 T 3T 7T 11T

Length, cm 125-170  160-180 ~300 400
Outer Diameter, cm 190-210 190-210 >250 460
Stored Energy, MJ 2-4 10-15  50-90 340

Weight, ton 3-6 5-10 >25 150

Table 3.1: Typical parameters of cylindrical MRI magnets. [59] Copyright ©)2011,
IEEE

usage of gradient coils, these components are important parts for traditional MRIs [55, 60].
Gradients create an additional magnetic field on top of By that has a varying strength along
the gradient’s direction. To be able to produce an image of an object/a patient using the
MR signal, a set of coils need to be installed around the subject. These make it possible
to choose a specific slice within the object/body. Gradient coils produce three linear By
gradients (G,,G,,G,) which affect the resonant frequency based on spatial position and
time [55,61].

MRI scanners use RF coils to send RF pulses and receive the signal back during imaging.
RF coils play an important role in determining SNR and signal uniformity. In conventional
MRIs RF pulses flip the magnetization away from the z-axis by tilting the magnetization by
either 90° or 180°. There are transmitter RF coils, receiver RF coils or transmitter /receiver
RF coils. RF coils produce a magnetic field called By which is perpendicular to the By field.
Volume coils and surface coils, which are two basic types of RF coils, each have different
applications [55].

The aforementioned pulses that are generated by gradient and RF coils require computer
systems for controlling. An MRI console has more functions including data collection and
image generation and display that can happen using an automated post-processing analysis

software [55].
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3.3 TRansmit Array Spatial Encoding (TRASE) MRI

Although gradients are the parts that set traditional MRIs apart from NMR spectrometers
and enable us to acquire images, they are also the parts responsible for the loud acoustic
noise of an MRI scanner. The fast switching of gradient coils is responsible for the generated
noise [2]. These pieces of hardware consume a lot of power, require air and water cooling
systems for their complex electronics and occupy a great amount of space. Consequently,
a large amount of the costs incurred by MR systems is due to having MR field gradients
on site. Not only are these expensive components, but also the price of installation of the
system and post-installation maintenance are high. Additionally, the complexity of operating
an MR system creates more complications. Besides, gradients can induce unwanted eddy
currents in patient’s body and other nearby conductors. Hence, eliminating these parts can
make significant improvements regarding the cost, weight, and complications of an MRI
system [61].

Nevertheless, it is worth mentioning that cooling is not a major issue for the low-field
MRI systems such as the ones reviewed in the previous chapter and the amount of power
used can be reduced. However, all of those MRI systems still have gradient coils, therefore,
eddy currents and complexity of the system are issues that apply to low-field MRIs as well
as large, high-field ones.

Dr. Jonathan C. Sharp, one of my advisory committee members, is a co-inventor of
a novel technique which does not require the usage of field gradients. TRASE is a silent
imaging technique based on phase gradients of the RF field that functions entirely without a

By gradient field [61]. TRASE utilizes echo-train pulse sequences and uses linear RF phase
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gradients instead of magnetic field gradients to produce Fourier spatial encoding equivalent to
conventional MRIs [61,62]. The magnetic component of the RF field is called B; and TRASE-
based gradient-free MRIs use Bj-encoding instead of By-encoding (used in traditional MRIs)
[2]. To encode a spatial axis, two different RF phase gradient fields are applied in alternation
as 180° refocusing pulses. This results in progressively increasing high-resolution data moving
down the echo train. Hence, a long echo train correlates with high spatial resolution and
image resolution is limited by how long the echo train is. In certain regimes very high-
resolution imaging is also possible. The stronger the phase gradient is, the higher the image
resolution will be. This is determined by transmit coil geometry [62].

Using TRASE makes it possible to have high-resolution, portable MRI systems at a
cheaper price. This facilitates access to these machines for more people, especially people
who live in more deserted areas. It can provide useful diagnostic information when used
in emergency rooms as a portable system, without having any ionizing radiations. Using
TRASE has also brought us closer to having means of monitoring the health of muscles
and bones of astronauts during their space missions. This is because “Owl” and “Merlin”,
the gradient-free TRASE-based portable MRIs that teams at the Space MRI Lab at the
University of Saskatchewan (Usask) have been developing for the past few years are meant

for space applications.

3.3.1 TRASE In Different Dimensions

The MRI signal is acquired in k-space during the frequency encoding after applying the slice-
selective and phase encoding gradients. K-space is a multidimensional data matrix and is
defined as the integral of By gradient over time. In k-space, k, represents frequency encoding,
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k, represents phase encoding and &, represents slice-selective gradients. Each point in k-space
represents a specific combination of frequency and phase information for a given location in
the image and Fourier transform is what connects the k-space and the image domains. The k-
space data is normally acquired in a specific sequential manner, with the data being acquired
at different locations in k-space by changing the gradients. An inverse Fourier Transform
(FT) can then be applied on the collected 2D k-space data to determine the signal from a
point (x,y) in a 2D plane and be represented as a pixel in the MRI image.

1D TRASE k-space encoding requires two coils. In this method, a 90° excitation pulse is
followed by a sequence of 180°refocusing pulses alternatively applied to A and B coils. After
each of these refocusing pulses, an echo is collected. Figure 3.1 shows how the k-space is

collected in one dimension using TRASE technique.

/ (A) TRASE: A;- (AB)y/, Echo Train \
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Figure 3.1: One dimensional k-space encoding in TRASE. A, Shows an echo train
used for TRASE in 1D in which an initial 90° excitation RF pulse is followed by 180°
refocusing pulses. The refocusing pulses are applied to the first and the second coils
called A and B alternatively and an echo is collected after each refocusing pulse is
applied. B, The sampling pattern used to collect the k-space data in 1D with TRASE
is shown. In this picture, the crosses represent the k-space coil origins and the numbered
circles show the travelling pattern of the echo train in k-space [63].  with permission
(license number: 5475720494151) from publisher: ‘Elsevier’
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TRASE encoding can also be done in two dimensions, however, this requires at least three
By phase gradients in different non-parallel directions on a 2D plane. Figure 3.2 shows how
adding a third TRASE coil, C, with k-space origin kc makes 2D encoding possible. This
setup requires an initial 90° RF pulse followed by 180° refocusing pulses. Figure 3.2 shows
some examples of possible k-space trajectories for 2D TRASE imaging. ITheoretically, in
order to encode spatial data in a 3D volume with TRASE, a fourth TRASE coil with a
k-space origin that is not on the same plane as A, B and C coils is required (all four coils
need to be noncoplanar and noncollinear). However, there are many obstacles in the way of
building pure 3D TRASE MRI systems, such as the data acquisition time being too long for
in vivo imaging and the fact that high resolution 3D TRASE can require up to six different
By fields. Nevertheless, slice-selective 2D TRASE is a reasonable compromise for 3D TRASE
that can still prove valuable for clinical use. In this method, RF phase gradients are used for
slice selection to define imaging planes. In TRASE slice selection, small flip-angle excitation

pulses are applied between refocusing pulses. [64]
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Figure 3.2: Some examples of k-space trajectories for two dimensional encoding in
TRASE. a, B, C and D represent the k-space origin of four fields where the coil A has
been used for excitation in all cases and the coil D has not actually been used. b, To
scan a vertical k-space line, sequence (AB)s is used. ¢, The first pair of vertical lines are
scanned with C' — (AB); and C' — (BA)s5 sequences. d, The second pair of lines can be
acquired using C'— AC' — (AB)s and C'— AC' — (BA)s sequences. e, C' —(AC)y;— (AB)s
and C' — (AC)y — (BA)s give a third pair [64].  with permission (license number:
5475750287166) from publisher: ‘John Wiley and Sons’

3.3.2 TRASE MRI Versus Conventional MRI

As mentioned earlier, TRASE uses phase gradients of the RF field for spatial encoding [62]. It
eliminates the By gradient coils and all the issues associated with them, nevertheless, it creates
new obstacles that need to be overcome. This gradient-free method requires multiple, short,
high-power RF pulses that facilitate the collection of as many k-space data points as possible
within the 75 decay window. It utilizes multiple RF coils with different phase gradients to
traverse further in k-space by using refocusing pulses. In one-dimensional (1D) TRASE, a
single 90° excitation RF pulse is followed by multiple high-power 180° RF refocusing pulses.
The acquired signal between each refocusing pulse gives a single data point in k-space. More
RF coils are needed for TRASE in two and three dimensional imaging [65]. Figure 3.3 shows

a comparison between the k-space behaviour of a conventional B; coil used in traditional
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MRI systems and a phase gradient B; coil that is used in TRASE [66]. Figure 3.4 represents

the components of a conventional MRI scanner and a 1D TRASE MRI scanner and their

relationships.
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Figure 3.3: A, Shows how a conventional B; coil behaves in k-space in comparison
to a phase gradient B; coil. In this image, K4 represents the k-space origin of the
coil. In traditional MRI scanners, the centre of k-space is the same as k4. Because
in conventional coils, the phase gradient has zero strength. Contrarily, when there is
an RF phase gradient field present, the coil k-space origin will not be the same as
the k-space origin and k4 can be shown as a point in k-space. E in the second panel
represents excitations of the spins to the coil k-space origin. The phase gradient of the
receive coil is what determines the location of a an acquired signal in k-space. The
fourth panel represents the transformation of an initial k-space state shown as ’1’ to
a different state marked as ’2’. While this translates to a point reflection in the k-
space origin for conventional MRIs, this is not the case in TRASE RF encoding. This
is due to the k-space origin not being the same as the transmit coil k-space origin
because of the phase gradient coil’s presence. B, To encode spatial information in one
dimension, TRASE needs two transmit fields (RF A and RF B) with distinct k-space
origins. The first 90° pulse is the excitation pulse and it is followed by multiple 180°
refocusing pulses. e, es, etc. represent the echo data that are being acquired after
each refocusing pulse. C, Represents the k-space location for each echo. Image and
caption reproduced from article [66] with permission (license number: 5357510225474)
from publisher: ‘Elsevier’.
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Figure 3.4: A comparison between conventional and TRASE MRI scanners. a, Shows
a block diagram of different components of a conventional MRI scanner, their relations
to each other and how magnet, gradients and RF coils are normally set in a conventional
MRI system. b, shows a block diagram of a 1D TRASE-based, gradient-free MRI

scanner.

3.3.3 The Merlin MRI Setup

The Merlin is an ankle-sized gradient-free MRI that uses both By- and B;- encoding and
has a built-in gradient in the By field in one direction leading to natural slices. This makes
Merlin’s By field non-uniform by design, therefore, shimming is not required in the Merlin.
This TRASE-based MRI scanner was constructed to image upper ankle area with fundings

from the Canadian Space Agency (CSA) to be used on astronauts in International Space
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Station (ISS) and was flown on a Falcon 20 jet for zero-gravity testing; it takes its name,
Merlin, from the fact that Merlin is a kind of falcon bird. It works with 2D TRASE encoding
and natural slice selection using magnet blocks with a Halbach magnet arrangement that
have an in-built gradient in the SMACS y direction. SMACS stands for the Standard Merlin
Awesome Coordinate System which is defined with the origin being set at the centre of the
magnet; x-axis is defined form left to right, z-axis is defined from bottom to top and y-axis
is defined from front to back. Figure 3.5 shows the SMACS. By is in z direction and is
approximately ~633 Gauss (63 mT, 2.69 MHz). Merlin uses 312 NdFeB grade N52 block
magnets of 2.54 cm x 2.54 cm x 1.72 cm dimension that weigh 62 g each, leading to a total
weight of 23 kg. The Merlin MRI scanner uses three TRASE coils including a saddle coil,
an x-twisted solenoid coil and a z-twisted solenoid coil. Here, x-twisted solenoid coil means
it has a phase gradient in the x direction and a z-twisted solenoid coil means having a phase
gradient in the z direction.

z down(-) to up (+) _
[heel (-) to toe (+)], B,
y front (-) to back (+)
[knee (-) to ankle(+)]

x left (-) to right (+)

SMACS
(Standard Merlin Awesome Coordinate System)

Figure 3.5: The Standard Merlin Awesome Coordinate System (SMACS). Permission
from Dr. Sarty [32]

Tuning and matching circuits were mounted on the Merlin MRI RF coils. Initially class
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D amplifiers were being used on Merlin, which then later changed to class A/B ANT99H
amplifiers due to the class D amplifiers’ technology leap which will be discussed later in
this thesis. The Merlin uses SDR_8R_8T for its SDR designed to have eight transmit and
eight receive ports. RF Transmit (Tx) and RF Receive (Rx) coils require a Tx/Rx switch,
and the switch used on the Merlin MRI scanner followed the same design as the Owl MRI,
another one of the Space MRI Lab’s TRASE MRI scanners. Also, the Merlin uses a ThinkPad
laptop to control the SDR. In April 2021 Merlin was successfully tested in zero-gravity on the
aforementioned Falcon 20 jet in one of National Research Council (NRS) centres in Ottawa
and demonstrated ~ 80% readiness and robustness for the hardware used in our TRASE-
based prototype space MRI scanners [67]. Table 3.2 compares different components of a
conventional MRI scanner to the components our TRASE-based gradient-free MRIs use in

their design.
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A Conventional MRI Scanner

A TRASE MRI Scanner

Magnet Most of them use superconducting Use light-weight and low-field (~60 mT)
permanent magnets to create permanent magnets and make inhomoge-
homogeneous fields and require 1.5 or 3.0 | neous fields.

T magnetic field strength and weigh
between 3 to 10 tons [59].

Gradient Use power-hungry, heavy and loud Use built-in gradient fields which makes

coils and || gradient fields with their amplifiers. them simple, light-weight, robust and

Their Gradient coils produce three linear By portable and eliminates the noise and the

Amplifiers gradients (G, Gy, G). In standard need for gradient coil amplifiers.
clinical MRIs, the slice selection gradient
coil is the magnetic field gradient along
the z-axis, the phase encoding gradient is
G, and the frequency encoding gradient is
G, [55].

RF Trans- || Conventional MRI scanners use these Similar to conventional MRI scanners, our

mit  and || coils for transmission and reception of the | TRASE MRI scanners also use Tx/Rx coils

Receive RF signal (To create the Bj field and but the transmit coil has to have a specific

Coils receive the MR signal). design to produce the B; phase gradients

required for TRASE encoding. The num-
ber of coils depends on the number of di-
mensions the imaging is being done at.

Tx Ampli- || The transmit signal needs to be amplified | TRASE requires fast switching between its

fiers before being sent and to do so, RF transmit coils, which means an ampli-
conventional MRI scanners use fier with a high duty-cycle is needed that
commercially available amplifiers. can also provide an appropriate amount of

SNR, and since the commercially available
amplifiers are not able to provide this, spe-
cific designs are used to fulfill this aim.

Rx Chain || In both situations receive chain electronics are needed and frequency considerations

(LNA) might affect the choice of components such as the selection of the suitable LNA (Low-
Noise-Amplifier). For instance, the Owl uses a commercially available MITEQ RF
amplifier as an LNA for its receive chain.

The Con- || An MRI console has functions including TRASE is also a Fourier-based imaging

sole data collection and image generation and | technique and does not require any spe-

display that can happen using an
automated post-processing analysis
software [55]

cific image processing techniques that dif-
fer from what conventional MRI scanners
use. However, the console needs to be ca-
pable of generating various control signals
for components such as gating circuit and
RF input pulse which is done using SDR
and FPGA technology.

Table 3.2: A comparison between the typical

components of a conventional MRI

scanner and a TRASE MRI scanner such as the Owl and the Merlin [59]. Copyright
(©)2011, IEEE

As mentioned earlier, using a new technology like TRASE introduces new requirements.
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One of these essential requirements is a different version of RF power amplifiers that are
needed for any MRI system to work. This is required for high-resolution imaging and since
there are no commercial RFPAs with a high enough duty cycle and high power output that
can generate multiple, short, high-power RF pulses needed for k-space data point collection,

there is a need for a new design for an RFPA that is compatible with TRASE [65].

Figure 3.6: The Merlin MRI on a Falcon 20 jet being prepared to be tested in zero-
gravity. Dr. Gordon Sarty’s right ankle is inside the Merlin in this photo. The alu-
minum RF shields are not used here. Photo taken by the author.
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4 Amplifiers for TRASE MRI

4.1 Background

An RFPA is defined as a device that can amplify an input RF signal into an RF output signal
with reasonable linearity and efficiency. RFPAs can be put into two main categories based
on their attempt to preserve the original waveform of the input RF signal at the output. The
RFPAs that make such attempt are considered linear and the ones that make no attempt
to preserve the initial waveshape are considered nonlinear amplifiers [68]. While a small
signal amplifier or a voltage amplifier increases the voltage level of the input signal, a power
amplifier boosts the power level of the input signal. Power amplifier design is also similar to
LNA design in some respects [69]. The trade-offs involved in the design of RF circuits can
be explained and summarized in figure 4.1 that shows the “RF design hexagon”. Almost any

two of the six parameters in the diagram trade with each other in some way [70].

Noise -«—» Power

/N

Linearity Frequency
Supply

Voltage ™= Gain

Figure 4.1: RF design hexagon. Images taken from [70] Permission granted through
email communications with the publisher
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4.1.1 RFPA Characteristics

RFPAs are also put into different sub-divisions or classes based on their circuit configurations,
linearity and efficiency [68]. In designing RFPAs, the main trade-offs are amongst linearity,
power gain, output power and efficiency. In this section, these performance metrics are

defined.

4.1.1.1 Efficiency

Since power amplifiers are the most power-hungry blocks in RF transceivers, they need to
have high efficiency. Another critical performance metric for a PA is its gain. While an
amplifier’s efficiency describes how well it can convert DC input power to RF output power,
its gain depends on how well it can convert an input RF power to output RF power. The

efficiency of a PA can be defined by its drain efficiency [70]:

POut RF
= : 4.1
=P In,DC (4.1)

where Pou: gr or Pp, is the average power delivered to the load and Pry pc or Py, is the
average power drawn from the supply voltage.
Power-added efficiency (PAE) is another way of describing efficiency for cases where the

power gain is relatively low; this quantity embodies this effect and is defined as [70,71]:

Po, — Py,
PAE — LOut.RE T 7RF7 (4.2)

PIn,DC
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where Pp, rr is the average input power. Defining the power gain (G) as an amplifier’s ability

Pout,RF
Prn rF

to convert RF input power to RF output power, G = , equation 4.2 can be rearranged

to show the dependence of PAE on efficiency and gain better:

PAE =n(1-1/G). (4.3)

It is crucial for PAs to be designed in a way that keeps their efficiency as high as possible

while both the power gain and linearity still have acceptable values [72].

4.1.1.2 Linearity

For signals containing both amplitude and phase modulation, linear amplification is impor-
tant in order to prevent high adjacent channel power and amplitude compression [70,71]. A
linear amplifier can be defined as one that produces an output signal that is a faithful replica

of the input signal [72].

4.2 Power Amplifier Classes

The distinction between the various classes of amplifiers happens due to different reasons,
such as their circuit configuration, operational topologies, linearity and efficiency. RFPAs
are commonly designed as classes A-F [70,73]. As mentioned earlier, the terms ‘linear’ and
‘nonlinear’ are related to the form of the transfer function of the amplifier. Linear amplifiers
have three main classes: A, B and A/B, with class A generally being the most linear and
least efficient of them all. These types of amplifiers are used where the preservation of the

signal is important [74]. The number of nonlinear amplifier classes is more than the linear
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ones. These range from self-bias schemes to different forms of switching amplifiers. The
main classes for nonlinear amplifiers include classes C, D, E, F, G, H and S. By adopting
modified forms of the regular circuit topologies in an attempt to improve the basic efficiency
of class B or class C amplifiers, novel configurations were made leading to class F, G and H
amplifiers [74].

Amplifier classes determine the proportion of the input cycle (conduction angle) when
the current passes through the amplifier. The conduction angle is proportional to the time
the amplifier is ON during a full cycle. For example, in a class-A amplifier, the amplifier is
always ON during a cycle, therefore, the conduction angle is 360° and in a class-B amplifier,
where the amplifier is only ON for half of the cycle, the conduction angle is 180° [75].

FET (Field-Effect Transistor) and BJT (Bipolar Junction Transistor) are both commonly
used in amplifier circuits. FETs are voltage-controlled devices, meaning the voltage applied to
the gate terminal controls the current flowing through the device. BJTs are current-controlled
devices, meaning the current flowing through the device is controlled by the current flowing
into the base terminal. Both types of transistors can be used in common-source, common-
gate, or common-emitter amplifier configurations. The choice of which type of transistor to
use in a particular amplifier circuit depends on the specific requirements of the application,
such as voltage and current gain, noise, and input impedance. Both FETs and BJTs can
be used to build amplifiers with high power handling capabilities. However, BJTs tend to
be more efficient in power handling and are, therefore, more commonly used in high-power
applications. On the other hand, FETSs are known for their low-noise characteristics and are,
therefore, more widely used in low-noise applications. Also, in an amplifier circuit that uses

an FET, the gate bias is the DC voltage that is applied to the gate terminal of the transistor
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in order to control the flow of current through the device and establish a fixed operating
point for the transistor. A positive gate bias will increase the current flow, while a negative
bias will decrease it. The gate bias voltage is typically set to a specific value in order to

achieve the desired level of amplification in the circuit.

4.2.1 Classic Power Amplifiers

Classic PAs fall into four categories. This includes classes A, B, A/B and C, because of
their historical precedence and primarily based on bias conditions. Bias in amplifiers refers
to the DC voltage or current applied to the input of a transistor (or other active devices) to
establish the operating point, which is also known as the quiescent point. This operating point
is established by adjusting the bias conditions so that the device is in its most linear region of
operation, where the output signal is a faithful reproduction of the input signal with minimal
distortion. The bias conditions determine the amount of current flowing through the device,
which in turn affects the overall gain and performance of the amplifier. In classical PAs both
the input and output waveforms are considered sinusoidal, which creates some performance
and efficiency limitations as it will be discussed later in this chapter [72]. Although class C
amplifiers are nonlinear, they use a similar circuit topology to that of class A amplifiers [74].
Figure 4.2 shows a general power amplifier model that can explain the four classical power
amplifier classes [72].

In the sketched model shown in figure 4.2, R, is the load to which the output power is
being delivered and BF'L is a big inductance that feeds DC power to the drain. The BFL is
assumed to be large enough for the current to be substantially constant. BFC' is a capacitor
that connects the drain to a tank circuit to prevent any possible DC dissipations in the
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Figure 4.2: A general power amplifier model to understand class A, B, A/B and C
amplifiers. Image and caption reproduced from article [72] with permission (PLSclear
reference number: 68997) from publisher: ‘Cambridge University Press’.

load. With this configuration, the transistor’s output capacitance can be absorbed into the
tank similar to that in small-signal amplifiers. Moreover, the filtering provided by the tank
reduces the out-of-band emissions caused by nonlinearities. The discussion here is limited to

narrowband PAs and does not cover broadband power amplifiers [72].

4.2.1.1 Class A

In a class A amplifier the operating point and input signal level are chosen so that the output
current, collector or drain current, flows at all times. This leads to the power amplifier
operating in the linear portion of its characteristic and as a consequence, the signal will
face the minimum amount of distortion [74]. It is assumed that the bias levels in a class A
amplifier are chosen in a way that the transistor operates linearly [72]. The circuit of an RF
class A amplifier is very similar to that of its small signal counterpart. However, the main
difference between them is that the signal currents in a power amplifier are a considerable
fraction of the bias level and this could translate to potentially serious distortion. But as

it can be seen in figure 4.2, in narrowband operation a tank circuit solves the potential
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distortion issue associated with such large swings in order to achieve linearity. Since there is
always dissipation due to the bias current even with no signals present, the linearity comes
at the expense of reduced efficiency [72,74]. Theoretically, the maximum drain efficiency for
a class A amplifier is just 50% and typically, drain efficiencies between 30% to 35% are very
common. The calculations leading to these results can be found at [72]. Aside from their
low efficiency, class A amplifiers put large amounts of stress on the device. This leads to this

type of amplifier rarely being used in RF power applications [72].

4.2.1.2 Class B

One possible way to reduce the transistor dissipation, is to arrange the bias to decrease the
fraction of a cycle over which drain voltage and drain current are nonzero at the same time.
This is what happens in a class B power amplifier to achieve higher efficiency than a class
A counterpart amplifier while still having useful levels of linearity. Figure 4.3 shows the
drain voltage and current for an ideal class B PA. In a class B amplifier, the arrangement of
the bias is in a way that the output device gets shut off half of every cycle so this type of
amplifier only conducts for 50% of the input cycle. The drain efficiency of a class B amplifier
is considerably higher than that of a class A amplifier. In class B amplifiers, we have agreed
to have some distortion in exchange for a significant improvement in efficiency. Assuming
that our components are ideal, the optimum efficiency of a class B amplifier can be calculated

as 78.5% [72,74].
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Figure 4.3: The drain voltage and current for an ideal class B amplifier. Image
and caption reproduced from article [72] with permission (PLSclear reference number:
68997) from publisher: ‘Cambridge University Press’.

4.2.1.3 Class A/B

As mentioned before, class A amplifiers conduct 100% of the time and class B amplifiers
conduct 50% of the time. A compromise between the two classes A and B leads to a class
A/B amplifier. The class A/B amplifier conducts somewhere between 50% and 100% of the
time i.e. that the output signal of this type of amplifier is partly zero, where that “part”
is less than one-half of the input sinusoidal signal. The chosen bias levels of the amplifier
indicate the portion of the time that the amplifier is conducting. The linearity and the
efficiency of a class A/B amplifier is intermediate between those of a class A and a class
B power amplifier. Class A/B amplifiers add greater distortion than class A amplifiers and
less distortion than class B amplifiers. Where the opposite of this is true for the efficiency.
The efficiency of a class A/B amplifier is less than a class B stage and more than a class A
power amplifier. Good levels of performance can be achieved using this type of PA with only
modest levels of standing bias. This makes class A /B amplifiers popular candidates for high

RF power amplifier applications [72,74].
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4.2.1.4 Class C

In class C amplifiers, the gate bias is arranged in a way that causes the transistor to conduct
less than half of the time, i.e., this type of power amplifier operates somewhere between 0
and 50% of the time. Therefore, the output current (or voltage) of a class C amplifier is zero
more than half of an input sinusoidal signal cycle as it can be seen in figure 4.4. As a result,
the drain current consists of a periodic train of pulses. Due to the significant distortion
of the input signal waveshape, this kind of amplifier is not suitable for linear amplification
applications. There are two different types of class C amplifiers: the original or “classical”
class C amplifiers which are widely used in MOS amplifiers nowadays, and a more complex
type called “class C mixed mode” amplifier that use a BJT [72,74]. Details about the
differences between these two types and more information about their applications can be

found at [74].
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Figure 4.4: The drain voltage and current for an ideal class C amplifier. Image
and caption reproduced from article [72] with permission (PLSclear reference number:
68997) from publisher: ‘Cambridge University Press’.

4.2.2 High Efficiency Power Amplifiers

While the power amplifiers presented so far use the active device as a controlled current

source, Class D, E and S amplifiers use the active device as a switch. Therefore their theo-
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retical maximum efficiency is 100% with the assumption of the device having zero switching
time, no resistance in ON mode and infinite resistance in OFF mode. The reasoning behind
using the active device as a switch is that a switch ideally dissipates no power since there
is either zero voltage across it or zero current through it. As the product of V-I for the
switch is always zero, the transistor dissipates no power and the efficiency has to be 100%.
Switched-mode amplifiers such as class D, E or F amplifiers are constant-envelope amplifiers
and are not capable of providing an output proportional to the drive. As a result, normally,

linear modulation cannot be achieved using this type of amplifier [72,74].

4.2.2.1 Class D

A class D amplifier can look like a push-pull, transformer-coupled version of a class B am-
plifier. Figure 4.5 shows a generic diagram of a class D amplifier. As can be seen on the
diagram, this amplifier uses a series RLC network in the output instead of the commonly seen
parallel tanks. This is because the switch-mode amplifiers are the duals of the current-mode
amplifiers that were discussed earlier in this chapter. Consequently, the output filters are also
duals of each other. At any given time, only one transistor is driven, with one transistor han-
dling the positive half-cycles and the other the negative ones. This is exactly what happens
in a push-pull class B amplifier. However, the transistors here are driven hard enough that
it makes them act like switchers rather than as linear amplifiers. This is the main difference
between a class D amplifier and the aforementioned class B amplifiers [72, 74].

Since the transistors act as switches, theoretically, the efficiency of a class D amplifier
is 100%. This is clearly better than a push-pull class B and a class A amplifier. Figure

4.6 shows the drain voltage and current for an ideal class D amplifier. Although a class D
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Figure 4.5: A class D amplifier. Image and caption reproduced from article [72] with
permission (PLSclear reference number: 68997) from publisher: ‘Cambridge University
Press’.

amplifier cannot normally provide linear modulation, it is capable of providing high efficiency
and it does not put much stress on the device.

One of the issues with this type of amplifier is that no perfect switch exists. Due to
nonzero saturation voltage, there will always be some static dissipation in the switches and
since the switching speeds can be finite, the switch V-I product is nonzero during the tran-
sition. Moreover, if one transistor fails to turn completely off before the other one turns on
due to charge storage in saturation, a serious reduction in efficiency can result in bipolar
implementations. In such a situation, transformer action will attempt to apply the full sup-
ply voltage across the device that is not yet off and this can make the V-I product quite

large [72].

4.2.2.2 Class E

Although transistors have the potential to enhance efficiency significantly, the associated
dissipation with them negatively affects their performance. Thus, to prevent gross losses,

it is necessary to have switches that can operate at a high frequency relative to the overall
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Figure 4.6: Drain voltage and current for an ideal class D amplifier. Image and caption
reproduced from article [72] with permission (PLSclear reference number: 68997) from
publisher: ‘Cambridge University Press’.

frequency of operation. Thus, relatively fast switches (relative to the frequency of operation)
are required to prevent gross losses. A high-order reactive network is used on class E amplifiers
that facilitates enough degree of freedom to shape the switch voltage to have both zero value
and zero slope at switch turn-on. This leads to reduced switch losses. Nonetheless, the
turn-off transition is often the more troublesome part in bipolar designs and the high-order
reactive network does not improve it. Moreover, class E amplifiers cannot handle the power
well in spite of their high potential efficiency, which is theoretically 100%, assuming that the
switches are ideal. Class E amplifiers are straightforward to design, but due to their poor
power capabilities and their reduced efficiency, which is caused by the switch turn-off losses,
a practical implementation of them does not show significant superiority to good designs
of other types such as a class F amplifier. And since they also require more power, these

amplifiers are not very popular or common [72].

4.2.2.3 Class F

The main point of designing class E amplifiers was exploiting the properties of reactive
terminations to shape the switch voltage and current waveforms in a way that benefits us.
Class F amplifiers follow the same concept more elegently than class E amplifiers. This
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type of amplifier’s circuit is designed in a way that any frequencies outside of the desired
bandwidth will result in a short circuit. With no dissipated power, class F amplifiers can have
a theoretical efficiency of 100%, and practically, they can have efficiencies higher than class E
amplifiers. Moreover, class F amplifiers have better normalized power-handling capabilities.
This type of amplifier is typically used in high-power RF applications, such as in television
and radio transmitters since high efficiency is important in these applications in order to
minimize heat generation and power consumption.

Class G and class H power amplifiers also exist, but since they can only be used for audio
frequency applications and the focus here is on RF power amplifiers, they are not discussed

here; more information on these two types of PAs can be found at [74].

4.3 RFPA Performance Metrics

The performance of an RFPA can be examined based on the following timing parameters:

PRE, RRT, PFE and RFT. These parameters are defined as [65]:

e PRE: Pulse-to-rising edge time, which is the interval from when the gate pulse is turned

on till the beginning of the RF output pulse.

e RRT: RF rise transition time, which is the time that takes the RF output pulse to

reach its 100% amplitude.

e PFE: Pulse to falling edge time, which is the time it takes the RF output amplitude to

decay once the gate pulse has been turned off.

e RFT: RF fall transition time. This is the delay from when the gating pulse gets turned
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if until the RF output turns into noise.
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Figure 4.7: RFPA timing parameters and their relations to each other during an
RFPA’s operation. Image and caption reproduced from article [65] with permission
(license number: 5357820766156) from publisher: ‘Springer Nature’.

4.4 RFPAs For Gradient-free Imaging

Many RFPAs used in MRI parallel transmit (pTX) are usually linear classes such as A, B
or A/B, with the first two types having theoretical maximum efficiencies of 50% and 78.5%,
respectively. The efficiency of class A/B lies in between these two classes and depends
on the conduction angle. Maximum efficiency happens when the output power is at its

maximum [72,76].

4.4.1 Griswold Team Class D Amplifier

There are few amplifier designs that have been used for gradient-free quantitative imaging
in the past, one of which is a low-cost modular RFPA platform designed by Dr. Griswold et
al [77]. They designed an RFPA for a low-field, gradient-free MRI that uses a method called
SENF (Selective Encoding through Nutation and Fingerprinting) [77,78]. A SENF MRI has a
By magnetic field of 0.047 T corresponding to 2.07 MHz. This is relatively similar to Merlin’s
magnetic field and frequency, which are respectively 0.063 T and 2.69 MHz. Their design
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includes a compact current mode class D (CMCD) enhancement-mode Gallium Nitride on
Silicon (eGaN) FETs RFPA with a high power efficiency [76,77]. The core of this amplifier
includes a 15 mm x 15 mm GaN-based switch-mode PA module (EPC2034c) with 200V drain
to source voltage and 48 A continuous drain current.

For designing the output stages of the amplifier, they used simulations of active compo-
nents from the vendors. “Input modules” produced Transistor-Transistor Logic (TTL) in
order to drive the power switching module. An early testing used a simple transistor module
that converts external low-amplitude phase-modulated inputs to 50% duty cycle pulses [77].

RFPAs need power cables to carry power to the array of elements. And long RF power
cables cause power loss in the array and increase the size and cost of the system [76,79]. These
challenges can be addressed by locating the RF power amplifiers on or near the array elements
rather than placing them at a remote position. A single shared DC power feed can replace
the multiple long RF power cables to considerably increase the power efficiency. Also, small,
low-power RF' cables can be used. The amplifiers are also able to operate within a strong
magnetic field and do not introduce significant By distortion in the imaging volume [76].
To overcome the restrictions of near-coil amplifiers, Heilman et al. [80] proposed using the
Current Mode Class D (CMCD) amplifier topology. This allows for higher power density and

efficiency than the class A/B RFPAs that are more common [76].

4.4.2 RFPA For TRASE MRI

Initially, class D amplifiers built by LT Imaging (Dr. Logi Vidarsson) were tried on TRASE
MRIs. However, due to not achieving reliable imaging, it was decided to switch to class A/B
amplifiers to reduce the number of unknowns in the electronics chain. A gain of at least
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+50 dB was required in order to achieve a desired output power of 100 W directly from an
input power of 10 mW. Dr. Vidarsson’s design was an on-coil FET-based class D amplifier
that was fairly efficient and produced square waves as expected of class D amplifiers. In the
beginning, a class D RFPA seemed like the best design for TRASE-based MRIs. This was
because our portable prototypes of MRI are designed for use in International Space Station
(ISS), and due to power limitation of ISS, amplifiers similar to a class D were the best
options. Additionally, the decoupling features of an FET amplifier could possibly eliminate
the need for power-consuming PIN diodes needed for switching. Besides, theoretically, class
D amplifiers can have a 100% efficiency. However, the on-coil class D amplifier had safety
issues. Unfortunately, if it overheated, it could burn an astronaut, and as a result, a more
traditional class D amplifier was chosen instead of an FET-based amplifier.

The class D amplifier built by the LT Imaging employed two high power FETSs in a push-
pull configuration and it produced a spin-echo sequence at the Merlin frequency. Nevertheless,
due to the class D amplifiers not being able to generate reliable RF pulses for output powers of
below 20 W (desirable output power was 1W), specifying pulse heights with higher precision
was not possible and having enough control over the RF output was not achievable. The class
D amplifier technology is quite novel and in order for it to be used in TRASE applications,
it needs to be better understood. Besides, as it was mentioned before, this type of amplifier
is nonlinear. So, the RF pulses it generates are not made of clear and decent sinusoids. As a
result, it was decided to switch to using class A/B amplifiers in hope of having more accurate
control over the output power and better waveforms.

Four AN779H-12 20 W high-gain, high-frequency class A /B amplifiers were initially tried

with the Merlin MRI, which originally had a four-channel RF transmit chain. This amplifier
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design uses a 12V DC input power and provides an output RF power of ~20 W with a typical
RF power gain of ~+50 dB. The Owl MRI’s modified two-channel RF transmit system used
two of these RFPAs. Although these class A/B amplifiers were linear, they produced more
noise than class D amplifiers. This lead to an effort by myself to build a blanking circuit
for the amplifiers. I followed Dr. Vidarsson’s design in building a diode-based blanking
circuit that could turn-off the transmit amplifier during receive. Figure 4.8 shows blanking
circuit diagrams with one, two and three diode stages. With increasing the number of diodes,
the noise reduces and the distortion increases. Figure 4.9 shows the blanking circuits that
were built based on Dr. Vidarsson’s design. Nevertheless, the work on the blanking circuits
stopped because one of the amplifiers failed. Therefore, it was decided to switch to a different
design. I built part of a class A/B amplifier with built-in blanking designed by Dr. Aaron
Purchase, a collaborator at the university of Alberta. The amplifier was modified to work

with TRASE MRIs and is discussed further in this chapter [32].

e

RFout Ran RFOUt

Figure 4.8: Diagrams for three variants of the diode-based blanking circuit. Top left
shows a single stage diode circuit, top right shows a two stage diode circuit, and at the
bottom there is a three stage diode circuit. Image credit goes to Dr. Logi Vidarsson -
under Fair Dealing Exception permission [29]

64



Figure 4.9: Three variants of the diode-based blanking circuit. From left to right,
one-stage, two-stage and three-stage blanking circuits. Images taken by the author

In order to have the maximal TRASE MR image resolution, high-power RF output (>
1kW), high duty cycle (> 50%), and fast switching times (< 10us PRE and PFE; < 5us
RFT and RRT) are required. Additionally, as it was briefly discussed earlier, blanking is

necessary to minimize the RF output noise [65].

Characteristic Requirement
Class A/B

Peak RF power output > 1kW

RF duty cycle > 50%

BNL (Blanked Noise Level) < —171dBm/Hz
PRE & PFE (Pulse-to-Rising/Falling Edge) < 10us
RRT & RFT (RF Rise/Fall Transition Times) < 5us
Minimum pulse length < 100us
Harmonics strength at 1 kW < —12dBc
Number of channels > 2

Total gain + 60 dB

Table 4.1: Requirements for a 1D TRASE MRI RFPA.Table and caption reproduced
from article [65] with permission (license number: 5357820766156) from publisher:
‘Springer Nature’.
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4.5 Origin of the RF Amplifier Design

Reasons as to why a specific type of high-power RF amplifier is needed for TRASE MRI
were mentioned earlier. Here, the process of constructing the RFPA designed to be used
on the Merlin MRI is discussed. The initial design of this amplifier was by Jim Klitzing
in California on Amateur Radio Station W6PQL website [81,82]. Dr. Aaron Purchase
from the University of Alberta, where other teams are working on TRASE MRI, made some
modifications to the RFPA design from the W6PQL website to make it compatible with
TRASE MRIs. He also added a switching gating circuit to the main design to help with
the duty cycle requirements [65]. Following the instructions on the W6PQL website and Dr.
Purchase’s paper on his design, this RFPA was reassembled as part of this work to be used
with the Merlin MRI. These RFPAs have also been used and are being used with the 0.2 T

MRI-Tech MRI and with Dr. Purchase’s IRIS MRI. [32]

4.6 Assembly and Parts

The assembly of the RFPA was based on the instructions given on the W6PQL website. To
test the device, a testing procedure was also given on the website. The changes based on
Dr. Purchase’s design were supposed to be applied later on, after the testing was completed.
Therefore, the images of the RFPA included in this chapter will be based on the schematic

given in figure 4.10.
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Figure 4.10: The main schematic of the RFPA designed by Jim Klitzing. Images
taken from [83], Copyright permission granted by Mr. Kim through email.

4.6.1 Components

The main parts that were used for this assembly and its testing are listed below:

The main RFPA deck [82].

A 50 V power supply used to power the main RFPA. (GOPHERT NPS-1602)

A 12 V power supply to power the bias. (Here, the same 50 V power supply was used

to provide the 12 V, as well.)

A pre-amplifier to amplify the signal before sending to the main RF deck. (Mini-Circuits

ZHL-32A+)

A 24 V power supply for powering the pre-amplifier. (Advantech PWR-242-AE)

67



| i
i - 0.0y
50V _2 i ¥
0-35 Amax. 2 E '_| I_'
s
o e s
12V pulsed 1= A
=3 ] Frivenk o
- - . -E..'.nr:-" R _| l_
T REmput . Q] RFoutput _suun,
s T il g ¢ - o tonier T—L A
b= oEn o i3
b N ik
"o GHOPWR i e L \i..t', ore | I;‘: :.v;t-\.;» e ’f i
« ;:_-: (31}
P —Y) e T ""_i_:”"’ -ﬂ”
a7 %.‘ T T o
- a6 "‘1 . 1 S ' o T | }
it :
& -
€14
- T T HH
. :_'JJ_ :-'._L e :i_L 1 J_ o
10000y T T

100004 T 10000y 100004 T 10000y —|—

Figure 4.11: Schematic of the RFPA after Dr. Purchase’s modifications. Image and
caption reproduced from article [65] with permission (license number: 5357820766156)
from publisher: ‘Springer Nature’.

e USB Oscilloscope and Logic Analyzer Analog Discovery 2 (Digilent AD2) and the Owl

SDR (Software-defined-radio) for signal generation.

e An oscilloscope for measuring the output signal. (Tektronix TDS 2024C (200 MHz — 4

channel oscilloscope with a 1M impedance))

Since Mr. Jim Klitzing designed this amplifier to be used in amateur radio broadcasting,
it does not take into consideration the requirements of an RFPA used for MRI applications.
In MR imaging, noise needs to be at a minimal level and multiple, high-power signals need to
be sent. This means the continuous wave mode (CW) used in radio communications needed
to be replaced with pulsed mode for signals [65].

To fulfill this purpose, Dr. Purchase designed a blanking circuit for the W6PQL amplifier
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by converting a 12 V DC power input to a 12 V pulsed signal. A schematic of this design can
be seen in figure 4.18. To generate 12 V gating pulses, a gating controller was constructed.

The main RF amplifier design consists of five circuits. The RF input which receives the
signal from the pre-amplifier, the bias network, the main power supply, which sends 50 V to
the transistors, transistors circuit and the RF output [65].

Dr. Purchase removed R7 and RS resistors in figure 4.10 from the circuit in order to
reduce PRE and PFE delays caused by RC integrating effect. The TC-18 Teflon coax also
was not included on the amplifier he built. According to the W6PQL website, this is only
required for the 6M band, which is the 50 MHz range. And since the frequency that we use
for the Merlin MRI is as low as 2.69 MHz, it is not necessary for us to include that on our
RFPAs.

While making modifications to the main power supply circuit, Dr. Purchase also included
five additional capacitors (C7 — Cs 10 mF each with parallel connections to each other, figure
4.10). This was to decrease the transient response time of the power supply during pulsed
operation. These extra capacitors can be charged and discharged faster than the main power
supply can get turned on and off. Therefore, they provide a more easily accessible power
source [65]. During the blanking period, the capacitors were charged and they were quickly
discharged during the transmission period. They were not necessary for the RFPA, however,
they were useful additions that could minimize any problems from the VDD while the RFPA

was not on the testing stage anymore and was ready to be used with the Merlin.
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4.6.2 Pre-Amplifier

To achieve a +60 dB gain, a two-stage design was selected where a pre-amplifier was used in
the first stage to amplify a 2.69 MHz (10-60 mV) RF input signal. The ZHL-32A+ amplifier
built by Mini-Circuits ZHL-32A+ is a class-A amplifier with high RF output linearity. It
was selected due to its reliability, small dimensions (3.75” x 2.60” x 1.80”) and the proper
amount of gain it is able to provide. Based on its data sheet, this pre-amplifier has a +27
dB gain at 2.69 MHz, which is the frequency we use based on the Merlin MRI’s needs. This
pre-amplifier was powered by a 2.1 A, 24 V, Advantech PWR-242-AE power supply.

Even during the testing process of the main RFPA | the pre-amplifier was needed. Because
the RFPA transistors have specific signal requirements and under-powering them results in
their malfunction. Also, a 30 dB dummy load (50 2 attenuator) was used at all times,

therefore, some gain from the pre-amplifier was necessary.

IAniugth Signal r?;tpu;r?pﬁ\itil(i Gain (dB)
plitude (mV) (mV)
10 180 25.10
20 340 24.61
30 500 24.44
40 650 24.22
50 800 24.08
60 970 2417

Table 4.2: Pre-amplifier gain measurements.
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Pre-amplifier Gain for Different RF Input Signals
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Figure 4.12: Pre-amplifier gain graph for different RF inputs.

To test the pre-amplifier, RF signals were generated using the AD2 SDR, the pre-amp was
powered using the 12 V DC power supply and the output was connected to the oscilloscope
for measurements. All connectors used for any experiments in this project were 50€2 coaxial
cables with SMA connectors (at some cases BNC to SMA connectors were used such as
for connections to AD2). Based on the measurements, this pre-amplifier has an average of

+24.44 dB gain for a signal with a 2.69 MHz frequency in the range of 10-60 mV.

4.6.3 Input Signals

Analog Discovery Channel 2 (AD2) was the main source of signal generation used for testing
the amplifiers after assembly. It is capable of generating clear continuous sinusoidal signals
with desirable frequency. However, Dr. Logi Vidarsson (LT Imaging) wrote a Free Induction
Decay (FID) pulse sequence as part of the Owl MRI software, which was an RF pulse followed
by a data acquisition window. This FID pulse sequence was intended to be used for necessary

flip-angle adjustments before any NMR experiments. It generated the most basic pulse
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sequences for testing and defining the RFPA characteristics, such as RF power gain. Also, it
was tested itself on an oscilloscope to make sure of the accuracy of the pulse sequence it was
capable of generating. Since the pulse sequence that is used for TRASE imaging is generated
by this SDR, the gain measurements were also done with signals generated by this SDR and

the results for the amplifier gains were similar to what is shown in table 4.3.

4.6.4 Main Deck

As mentioned before, the main RFPA deck was designed by Jim Klitzing on W6PQL website
[82]. The list of the Bill of Materials (BOM) that are used to assemble this deck can be found
on [83]. This deck contains a power transistor (BLF188XR Transistor) with an average gain
of 425 dB. This RFPA is compact and has a size of 4” x 6.5” and uses Arlon TC-350 for
its PC board material with a high thermal conductivity that draws the heat away from the
components [83].

The LDMOS (BLF transistors) came flow-soldered to a 3” x 5” x 1/2"” copper heat
spreader, which helps dissipate the heat that is generated at high power. The spreader
also needs to be secured to a heat sink with machine screws and thermal paste. These should
be used at the joint to take the heat further away, so that fans could move the heat outside
the amplifier enclosure. 1/2 ” spacers needed to be used around the edges of the spreader
so the board does not overhang the copper [83]. This was the design because this amplifier
was originally used for CW at 1 kW and the transistors dissipate quite a bit of heat at these
high powers with continuous wave. Nevertheless, initially we decided that the aluminum
heat sink was not necessary since our power requirements are comparably low. Therefore,
not much heat was expected to be generated that needed removal. This was the assumption,
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however, since the gating circuit was not included, a heat sink became necessary even for
testing. Cooling fans were used instead for heat removal, but it was decided to include the

heat sink.

4.6.4.1 Assembling the Main RFPA

The RFPA deck was assembled following the instructions on the W6PQL website [82]. This
process included building and installing the transformers and soldering them on the output

board with the rest of the components and assembling the input board.

Figure 4.13: The main RFPA deck after assembly.

After the assembly was complete, the main amplifier was tested. Figure 4.17 shows the
setup for testing the amplifiers. The power supply provided 50 V VDD and 12 V bias for the

RFPA. The signals were generated by the AD2 SDR and sent to the pre-amplifier through
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50Q2 coaxial cables for amplification. The output of the pre-amplifier was connected to the
input of the main RFPA. The idling current drawn by the LDMOS on the RFPA (IDQ)
was adjusted for 2 A and the output of the RFPA was connected to one of the channels
on the Tektronix oscilloscope. The expected gain from this RFPA based on the BLF188XR
transistor’s data sheet was +29 dB. However, what was being measured initially was not the
expected gain. After running more tests on the set up such as checking the components, and
replacing some of them (because of the way they were added to the circuit, a multimeter
could not test them properly), trying different lead for soldering, etc., it was found that
there was a cold solder with one of the components. After re-soldering, the connections and
the performance of the RFPA improved. However, the gain was still lower than what was
expected. It was then discovered that a Zener Diode was malfunctioning and replacing it
resolved the problem. Other parts of the deck were also tested to make sure that everything
was working properly. During these tests, the bias voltage was always 12.22 V and the IDQ
was adjusted to 2 Amps. Since the Merlin requires two of these RFPAs, the second one was
also assembled and the results for each of their gains is given on the table 4.2.

As we know from RF design basics, the voltage gain (V,y/Vin), and the power gain

(Pout/ Pin) are expressed in decibels (dB) and can be derived using the following equations [70]:

V:)ut

AV|dB =20 IOg ‘/;n (44)
Pou
Ap|dB =10 10g P t. (45)

If and only if the input and output voltages appear across equal impedances, these two
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quantities are equal in dB:

Vo2ut
Aplap = 10log -2 (4.6)
ﬁg
Vou
= 20log —2* (4.7)
= Avlas, (4.8)

where V,,; and V},, are rms values. Since the impedance matching was done for the input and

output signals (R is 50€2), input and output voltages were used to do the gain calculations.
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Input RF Signal Am- 0.01 0.02 0.03 0.04 0.05 0.06

plitude (V)

Pre-amplifier Output 0.18 0.34 0.50 0.65 0.80 0.97

RF Signal Amplitude

(V)

Pre-amplifier Gain 25.100  24.61] 24.44) 2422 24.08 24.17
(dB)

RFPA1 Output Signal 5.1 10.0 14.2 18.5 22.3 25.6

Amplitude (V)

RFPA1 Gain (dB) 29.050 29.37 29.07 29.0 2890 28.43
RFPA2 Output Signal 5.4 10.1 14.6 18.8 22.3 25.8

Amplitude (V)

RFPA2 Gain (dB) 29.54  29.46] 29.31] 29.22] 28.90 28.50

Table 4.3: Pre-amplifier and RFPAs’ gain measurements. RFPA gain measurements
are done with the signal going through a 30 dB attenuator attached to the the oscillo-
scope. A 50 2 BW-S30W20+ attenuator from Mini-Circuits with SMA connectors is
used for this purpose (The attenuator does not affect the numbers in the RF output
rows, numbers in those rows have been increased by +30 dB to make it easier to com-
pare). The amplitudes and measurements stated in this table are all based on using
AD2. The RFPAs can generate ~ 1 kW output for 3 mW of input RF power.

RFPA Gain Comparison for the Two Amplifiers
dB
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Figure 4.14: Gain comparison between the two amplifiers after assembly.

In figure 4.15 a sinusoidal RF signal which is the output of one of the RFPAs can be
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seen. The input signal used to generate this output is a 30 mV RF signal that has been
amplified in two stages - first through the pre-amplifier and then through the main deck.
The output voltage of this signal is 17.6 V, which corresponds to a total gain of 55.37 dB.
The pre-amplifier has a gain of 24.44 dB for a 30 mV input signal, so the main amplifier in
this image has a gain of approximately +30 dB. Figure 4.16 shows a block diagram of the
how the pre-amplifier, power supplies and the gating controller are connected together and

figure 4.17 shows the testing setup of the amplifier.

M Pos: 0.000s MEASURE

Figure 4.15: The output signal for one of the RFPAs.
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Figure 4.16: A block diagram showing how the pre-amplifier, power supplies and the
gating controller are connected together. Image and caption reproduced from article [65]
with permission (license number: 5357820766156) from publisher: ‘Springer Nature’.

Figure 4.17: The set up used for testing the amplifiers. At the left side of the picture,
there is the power supply that provides the 12 V needed for bias. The grey power supply
is the main PSU needed for the main deck that gives 50 V DC. The Owl computer which
is a ThinkPad is connected to AD2 (the green square-shaped box at the right side of
the laptop) and the signal generated by AD2 or the FID pulse sequence can be sent to
the pre-amplifier. That is the small black amplifier in the front, which is powered by
the grey and blue PSU besides it and provides 24 V. The signal then goes through the
main deck with transformers on it. After %%ing through an attenuator, the signal then
goes into an oscilloscope.



4.6.5 Gating Circuit

Pulsing the 12 V bias voltage that goes on the RFPA, and therefore, switching the signal
to ON/OFF allows noise blanking and reduces electronic noise during signal acquisition. A
gating circuit was assembled following the design by Dr. Purchase on figure 4.18. In the
initial tests, the voltages I was testing on the circuit seemed correct. The pulsing gate was
converting 24 V DC to 12 V DC and then 5 V DC. The AD2 was capable of generating a
5V pulsed signal. Nevertheless, as the 5V pulsed signal was being sent on the input side of
the board, a pulsed 12V signal was not being received at the output, which was connected
to the oscilloscope. Instead of 5 V, 2 V was being measured on the circuit. Eventually, I ran
out of time before I could finish assembling the gating circuit and troubleshoot it. However,
figure 4.19 shows the gating circuit that was assembled. Figure 4.18 shows a schematic of

Dr. Purchase’s gating controller.

5V pulsed .
9 100; 3

GNDPWR GNDPWR GNDPWR GNDPWR

Figure 4.18: Schematic of Dr. Purchase’s gating controller circuit. Image and caption
reproduced from article [65] with permission (license number: 5357820766156) from
publisher: ‘Springer Nature’.
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Figure 4.19: The assembled gating circuit for pulsing the 12 V bias voltage.

4.6.6 Thermal Concerns

BLF188XR transistors that are used in the assembled amplifiers are normally used with
CW. Therefore one might expect pulsing the power to not affect the heat generation process.
Nevertheless, these decks are used in Amateur Ratio and they are not designed to switch on
and off really fast in that application whereas we must turn the transistors off to measure
the NMR in our systems, which causes more heat to be generated. Gating or disabling the
RFPA output stage while the signal is being acquired reduces electronic noise and this is
important in order to maximize SNR in MRI application. When the gate is on in CW, even
without any RF signal input, heat gets generated. When transistors are turned OFF, they
act like resistors and the power (idling) from the power supply is dissipated.

During the testing stage of the RFPA, although the gating circuit had not been built at
that time and the amplifiers were not operating in pulsed mode, it was noted that there was

some heat being generated by the RFPAs, when they had been turned on for a while. These
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amplifiers need aluminum heat sinks for heat dissipation and since the aluminum heat sinks
were not added to the setup yet, the generated heat was affecting the current drawn by the
IDQ and causing issues with the testing, therefore cooling fans were added. Using cooling
fans made it possible to perform examinations on the RFPAs, since the fans could dissipate

the generated heat.
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5 Conclusion

In this thesis, the primary objective was to learn about recent advancements in portable,
low-field MRI and to contribute to this field of technology by constructing the RF power
amplifiers required for the TRASE MRIs. Some other electronic parts including multiple-
staged blanking circuits and a gating circuit were also constructed in the process of this
research.

In Chapter 2, the most significant portable MRI technologies are briefly discussed. Most
of the portable devices outlined here are low field MRIs with the exception of a couple of them
having slightly higher magnetic fields and falling into the category of mid field MRIs. Some of
these devices are only experimental while others have already gone through the experimental
stages and are commercially available. For example, Hyperfine and MR Cap are both low
field MRIs with a field strength of 0.064 T and are designed for brain imaging; however, while
MR Cap would need to overcome several practical requirements before it could be used for
POC applications, Hyperfine has received clearance from FDA and is commercially available.
There are other pMRIs that were approved by FDA such as The Applause by MagneVu and
Promaxo. MagneVu went out of business in 2007, but Promaxo, which is an office-based
prostate scanner, was just FDA cleared in 2021 and is operating. Although most of the MRI
scanners built around the world are aimed for diagnostic applications in humans, there are

also a few devices that are meant for applications other than human health monitoring such
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as investigating arbitrary objects and studying plants. The NMR MOUSE and The Tree
Hugger are examples of such devices.

By gradient field coils are essential parts of traditional MRIs and eliminating them leads
to gradient-free imaging methods, one of which is TRASE. TRASE uses RF gradients for
spatial encoding, which can improve the compactness and mobility of the MRI scanners since
traditional gradient coils are normally large and heavy components. Eliminating the gradient
coils also removes the noise and the need for gradient coil amplifiers. While conventional MRI
scanners use high field superconducting permanent magnets that can weigh up to 10 tons,
TRASE MRIs use light-weight low-field permanent magnets. Both conventional and TRASE
MRIs need amplifiers to amplify the transmit signal before sending it. Conventional MRI
scanners can use commercially available RFPAs; however, TRASE has specific requirements
such as high duty-cycle. Therefore, TRASE needs specific RFPAs.

Since some TRASE-based prototypes of MRI such as the Merlin and the Owl are being
developed at Usask, there was a need for building specific TRASE amplifiers. The focus of
this work in the Space MRI Lab was constructing the required TRASE RFPAs. The initial
design of this amplifier was done by Jim Klitzing in California on Amateur Radio Station
W6PQL website and Dr. Aaron Purchase modified it be more compatible with TRASE
MRIs. The amplifier was a two-stage, class A/B, push-pull RFPA constructed to work with
the Merlin, an ankle-sized, TRASE MRI (63 mT) built in Dr. Sarty’s Space MRI Lab. Since
Merlin is meant to be put in ISS for astronaut health monitoring, a class D amplifier seemed
like a good candidate due to its high efficiency and the ISS power limitations. Nevertheless,
because of technical difficulties associated with a class D RFPA, it was decided to proceed

with a class A/B amplifier for the time being. After the assembly, both of the RFPAs
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were tested and measurements were obtained from the tests. Fortunately, they both showed
desirable results and can now be used to replace our old RFPAs to improve the SNR and
acquire images with better qualities. The RFPAs have a high duty cycle which is 50% at its
minimum and are capable of providing +60 dB amplification and up to 1 kW RF output. As
the work on TRASE continues at the Usask and the U of A to improve the TRASE technique
and as more TRASE MRIs are being built and tested, these RFPAs seem to have proven
to be suitable components in the setup. If the future TRASE designs require an RF output
power higher than 1 kW, available high-power combiner circuits could be included with the

RFPAs.
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