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Abstract

Novel characteristics of spin-based phenomena are intensively researched in the
hope of discovering effects that could be used to develop new types of high-performance
spintronic devices. Recent dynamics studies have revealed new principles for spin-
tronic devices to sense microwaves. The capabilities for detecting both microwave
electric field and magnetic field could make the spintronic microwave sensor as ubiq-
uitous as semiconductor devices in microwave applications in the future. In this thesis,
the feasibility of spintronic sensors in microwave applications has been researched and
developed. Thanks to the high conversion efficiency of microwave rectification in the
magnetic tunnel junction (MTJ) based spintronic sensor, it can directly measure the
coherent spatially scattered microwave field distribution and detect a hidden object by
analyzing the reflected microwave amplitude pattern. To enable the real-time vector
measurement of the microwave field, a sensor based rapid phase detection technique
is also developed. Combining the rapid phase detection technique and the microwave
holography principle, a two-dimensional microwave holographic imaging system using
a spintronic sensor was built. The high sensitivity of the microwave phase measure-
ment allows the coherent imaging of the target to be reconstructed in noisy envi-

ronments. By adapting the broadband measurement, not only the shape but also
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the distance of the target can be determined, which implies that three-dimensional
imaging is achievable using a spintronic device. Combining the broadband microwave
measurement, and a wavefront reconstruction algorithm with a spintronic microwave
sensor in circular trajectory, the reconstructed images of targets are obtained. The
reconstructed images clearly indicate the targets’ positions even when the targets
were immersed in a liquid to simulate an inhomogeneous tissue environment. Our
spintronic techniques provide a promising approach for microwave imaging, with the
potential to be used in various areas, such as biomedical applications, security ser-

vices, and material characterization.
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Chapter 1

Introduction

Microwave refers to electromagnetic waves with wavelengths in the range of 10
cm to 1 mm, which corresponds to a frequency range of 3 GHz to 300 GHz [1].
Compared with visible light and infrared, microwaves have a larger penetration depth
in dielectric materials and less attenuation while penetrating in air. In contrast,
when compared with radiowaves, microwaves have a smaller wavelength which makes
microwave devices smaller and more portable. These advantages make microwave a
powerful tool in many areas such as non-destructive testing [2} [3; 45 [5], geophysical
investigation [6} [7; [8; 9], medical imaging [10; 11} 12; 13], communication [14; [15} [16],
navigation etc. [T [I7]. In order to achieve these functionalities, the microwave signal
should be precisely measured via a frequency down-convert technique using non-linear
devices [I7], for which three generations of microwave sensors have been developed
[18], as shown in the schematic diagram in Fig.

First generation microwave detector: In 1887 Heinrich R. Hertz invented

the spark gap resonator which was used to detect radiowaves [19]. However, Hertz'’s
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(b) Anode (C)

N+ type substrate

Cathode

Figure 1.1: Three generations of microwave sensors. (left) Electron tube , (middle)
Schottky diode and (right) magnetic tunnel junction

setup could only detect radiowaves that could ionize the air between electrodes which
limits its application. Three years later, Edouard Branly built a ”coherer” to record
radiowave signals [20]. This device was based on the phenomenon that the conductiv-
ity of metal filings change due to any incident electromagnetic waves. However, the
metal filings cannot return to their initial states after a radiowave signal is recorded
and the resistance drop is independent of the strength of the radiowave, meaning
this device is not suitable as a rectifier (RF detector) [18]. In 1903, John Ambrose
Fleming used his ”oscillation valve” to make the first widely used RF detector which
employed electron thermionic emission [I§]. The oscillation valve is a vacuum bulb
with a heated filament and a cold metal cylinder. When the filament is heated up, due
to thermionic emission, the electrons can only fly in one direction from the filament
to the cylinder in the vacuum bulb. The amount of transmitted electrons is related to
the detected radiowave strength. This oscillation valve was accepted and used as an
RF detector. In 1907, a third electrode was added into the vacuum bulb by Lee De

Forest to amplify the electrical signal [21]. This device was called the ”electron tube”
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and had a great impact since it was the first device that could amplify an electric
signal. Electron tubes were widely used for more than 50 years after which they were
replaced by solid-state devices. Compared with solid-state devices, electron tubes
have several weaknesses in microwave detection. Two examples are that a battery is
required to boost the electron tubes and that microwave frequencies are a little bit
too high for the electron transition in electron tubes.

Second generation microwave detector: Today, the most widely used recti-
fication devices are metal-semiconductor contact devices. Although the rectification
effect of metal-semiconductor contact devices was first reported as early as in 1874 by
F. Braun, the early metal-semiconductor contact devices were ”point-contact devices”
whose performance was uncontrollable. Thus, the market was still occupied by elec-
tron tubes [22]. This situation was only changed in 1939 because of the innovations
in physics and material technology.

In 1939, silicon crystal ingots with a purity of 99.8% were obtained, making uni-
form doping possible in semiconductor materials. The uniform doping materials were
so reliable that any part of silicon wafer could be fabricated almost identical de-
vices [23]. Almost at the same time, W. Schottky first explained the mechanism
of the contact barrier and developed a model for calculating the barrier height [23].
This was a fundamentally important work which made the performance of the metal-
semiconductor contact devices predictable and reliable. From then on, the metal-
semiconductor contact device was named the Schottky diode and was widely used
in the Second World War. Now the Schottky diode is one of the most important

devices in microwave detection and it may still be important in the coming decades.



4 Chapter 1: Introduction

However, after more than 70 years of development, the Schottky device has basically
reached its maximum performance and little progress is expected in the next decade
[18].

Third generation microwave detector: From a quantum point of view, charge
dynamics have typical characteristic energies in the eV range which matches the op-
tical frequencies [24]. This has been used to build optical sensors based on charge
coupled devices which have revolutionized modern optical sensing and imaging tech-
nology. At microwave frequencies, the energy ranges are too low (~ peV) to be
reached by charge dynamics. However, microwaves have the exact characteristic en-
ergy to excite spin dynamics in magnetic materials. Therefore spintronic (a subject
studying the electron spin and its magnetic moment) devices may provide new pos-
sibilities and opportunities for developing microwave sensing technology.

As expected, spintronics has a long history which can be traced back to 1856
(before the concept of spin was proposed by S. Goudsmit and G. Uhlenbeck in 1925
[25]) when William Thomson discovered anisotropic magnetoresistance (AMR) [26],
where the resistance of iron changes with the direction of the magnetization. For a
long time, computer memory and hard discs were considered as one of the main appli-
cations of spintronics because the influence of the spin configuration on the electrical
conduction in ferromagnetic metals based on AMR, giant magnetoresistance(GMR)
and tunnel magnetoresistance (TMR) effects. The GMR effect especially, discovered
by Albert Fert and Peter Grunberg [27] who won the Nobel Prize in Physics in 2007
[28], resulted in the rapid development of density of hard drives.

Recent dynamics studies of spintronic devices have revealed new principles for
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devices such as nano-oscillators [29] and spin diodes [30] and thus opened up many
possibilities to incorporate spintronic devices in microwave applications. The use of
the spin diode effect in a magnetic tunnel junction (MTJ) device caused by spin
transfer torque [30] aids the development of a new generation of microwave detector
based on MTJ devices. In S. Yuasa’s first report the microwave sensitivity, which is
characterized by the ratio between the produced d.c. voltage and the incident mi-
crowave power, was only 1.4 mV/mW. This value is about three orders of magnitude
lower than the commercial Schottky diode such as the SMS7630 from Skyworks [31].
Since then, many efforts have been made to improve the spintronic sensor’s sensitiv-
ity, including optimized in-plane magnetic field [32], tilted magnetic field from the
film normal [33], interfacial anisotropy using MgO [33] and d.c. current bias [34].
As a consequence, in 2014 the sensitivity increased to 12000 mV/mW [35] (about
four orders of magnitude enhancement in performance), which is comparable with
the Schottky diode. Theoretical studies have revealed that in the low microwave
power limit, the spintronic sensor may show better signal to noise ratio than semi-
conductor devices [35 36]. Based on the rapid development of spintronic microwave
sensors in recent decades, the spintronic community optimistically believes that the
overall performance of spintronic microwave sensors could eventually surpass that of
semiconductor devices [35].

Advances in the performance of spintronic sensors have encouraged the exploration
of its applications in non-destructive detection and microwave imaging. The small
size of a spintronic sensor allows it to be placed close to the target for near field

imaging without significantly distorting the wave pattern. For far field imaging, a
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sensor receives less microwave power compared to an antenna; noise is potentially an
issue, particularly for biomedical applications with exposure limits [37]. In addition,
a precise determination of microwave phase is often required for practical applications
as the microwave phase contains information crucial for a proper estimation of electric
permittivity and conductivity profiles. These are the challenges faced for spintronic
microwave sensors when I joined the Dynamic Spintronics Group at the University of
Manitoba as a Ph.D. student in 2011.

The Dynamic Spintronics Group at the University of Manitoba is one of the lead-
ing groups in the world in the spintronic community, especially in the spintronic
sensor study. In 2005, before moving to Canada, the group first reported the electri-
cal detection of ferromagnetic resonance (FMR) using the photo-resistance effect in
ferromagnetic microwave structure [38]. In 2007, the group invented the spin dynamo
which is a micro-structured composite device combining a spintronic device and a
coplanar waveguide (CPW) [39]. This device can effectively convert a microwave sig-
nal into d.c. voltage via the spin rectification effect. Different from semiconductor
devices, spintronic devices are also sensitive to the microwave magnetic field (h-field)
as well as its direction, which allowed the development of an h-field vector detector in
2008 by the Dynamic Spintronic group [40]. Later in 2010, by adapting the Michelson
interferometer from optics, the on-chip spintronic sensor demonstrated the ability to
resolve phase [41], which greatly broadened the potential of the spintronic sensor in
microwave applications. The Spintronics group research has also explored the non-
resonant range [42], where an external magnetic field of several mT instead of several

hundred mT, required for the resonance condition, is applied. This technology allows
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the determination of a material’s dielectric constant using a spintronic sensor[43].

Based on the above existing knowledge and understanding in the Dynamic Spin-
tronic group as well as the challenges faced by the community, my thesis research is
aimed to demonstrate the feasibility of spintronic sensors in microwave sensing and
imaging technologies and develop a spintronic microwave imaging system. During my
Ph.D. research, I was involved in the following research and development:

Seebeck rectification [44]. This is a thermoelectric coupling effect in magnetic
tunnel junctions (MTJ). A nonlinear correction to Ohm’s law is induced by this
effect. Dynamically, it rectifies microwaves in a broad frequency range which is more
practically useful than the previous single frequency spin diode[30]. More importantly,
the Seebeck rectification enables MTJs to work at zero external magnetic field and
reduces the hardware requirement of a static magnetic field, which is essential for
the spin rectification effect. The discovery of Seebeck rectification makes a portable
spintronic based microwave system for practical applications possible.

Rapid microwave phase detection using spintronic sensors [45]. This
technique enables a real-time microwave vector measurement by employing a phase-
modulated reference and a lock-in amplifier, thus reducing the microwave phase mea-
surement time using a spintronic sensor from minutes [41] to several ms [45]. As
the microwave phase contains information crucial for an objects’ permittivity and
conductivity profile estimation, rapid microwave phase detection lays the foundations
for spintronic sensor applications such as non-destructive detection and microwave
imaging.

These techniques allow me to perform real-time microwave vector measurements
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using a spintronic sensor based on an MTJ in the absence of any external applied
magnetic field. During my Ph.D. study, to explore the microwave sensing and imaging
technology using spintronic devices, I have achieved the following goals:

Detection of hidden objects [46]. A far-field microwave imaging technique
has been developed using a spintronic sensor. Such a sensor can directly rectify a
microwave field into a d.c. voltage signal using the Seebeck rectification effect. The
high conversion efficiency of microwave rectification in MTJs, allows the sensor to
directly measure the coherent spatial scattered microwave field distribution. The
pattern is confirmed by simulations using COMSOL Multiphysics. By analysing the
reflected microwave pattern, we can identify the presence of the hidden objects. In
addition, the M'TJ was used to measure the antenna’s radiation pattern which could
assist in designing antennas [47].

Development of spintronic microwave holographic imaging system [48].
Adapting the rapid phase detection technique, I developed a 2D microwave holo-
graphic imaging system using a spintronic sensor. This work demonstrated the fea-
sibility of microwave holographic imaging applications using a spintronic microwave
sensor. The high sensitivity of the microwave phase measurement allows the coherent
imaging of the target to be reconstructed in noisy environments. This system can de-
tect objects embedded in microwave penetrable media, even if the objects are smaller
than the microwave wavelength. By employing a broadband frequency measurement,
a 3D imaging system is achievable.

Development of spintronic microwave radar imaging system [49]. I

demonstrated for the first time that spintronic microwave sensors have the capability



Chapter 1: Introduction 9

to perform microwave radar imaging. The detection of the amplitude and phase of
a scattered microwave signal over a wide frequency band allows this technique to
determine the time delay of a microwave signal scattered by the target. Combining
microwave radar techniques and a wavefront reconstruction algorithm with a spin-
tronic microwave sensor in a circular trajectory, the reconstructed images of targets
are obtained. The reconstructed images clearly indicate the target’s positions even
when the targets were immersed in liquid to simulate an inhomogeneous tissue envi-
ronment. Such a sensor based radar technique was employed in a clinical trial of the
microwave imaging system.

This thesis is organized into 6 Chapters.

Chapter 1 mainly focuses on background, problems to be solved and outlines the
main achievement and the structure of this thesis.

Chapter 2 contains a detailed discussion about semiconductor sensors, spintronic
sensors, electrical rectification mechanisms and thermal rectification mechanisms.

Chapter 3 mainly focuses on obtaining microwave amplitude mapping and its
applications, such as non-destructive detection and assisting antenna design.

Chapter 4 discusses the rapid microwave phase detection technique and the sensor
based microwave holography system.

Chapter 5 discusses the spintronic sensor based microwave radar system and the
sensor based clinical trial microwave imaging system.

Chapter 6 is the summary and future work.



Chapter 2

Microwave Sensor principles

2.1 Introduction

The microwave frequency ranges from several GHz to several hundred GHz [I].
In order to directly track microwave signals, electronic devices with response times
on the sub nanosecond scale are required. This is beyond the capability of most
electronic devices. To process microwave signals, a frequency translation is required
to convert the high frequency signal to a low frequency signal. A similar case is
the optical rectification effect, which converts the light signal into a d.c. voltage
via nonlinear media with a large second order susceptibility [50; [5I]. In general, a
frequency conversion happens when two waves mix together in a nonlinear device or

media. The waves are governed by the trigonometric relation of [51]

cos(wprrt) cos(wrot) = [cos((wrr — wro)t) + cos((wrr + wro)t)]/2, (2.1)

where wrr and wro are the circular frequencies of the two waves. If the two waves

have the same frequency wrr = wro, the first term and the second term in the right

10



Chapter 2: Microwave Sensor principles 11

hand side of Eq. gives the rectification and the second harmonic term, respectively.

This wave mixing principle can be applied to a microwave sensor.

2.2 Microwave sensors

In a microwave sensor, a d.c. voltage is generated by the coupling of an oscillating
current j,r with an oscillating resistance. In a nonlinear device, the voltage across a

device can be generally expressed according to a Taylor expansion as

4 OR . OR
V =1R = Iy + jry cos(wt)|[Ry + Bk cos(wt) + BV

hy s cos(wt) + ...], (2.2)
where [ is the current which includes a d.c. part I, and an a.c. part j,.;cos(wt), R is
the device’s resistance, including a static part Ry and an oscillating part J R cos(wt) =

98 i cos(wt) + 2B 1, ¢ cos(wt) for the first order correction of the resistance caused by

current and magnetic field. By reorganizing Eq. 2.2, we have
V' = IyRy + j,f cos(wt) - SR cos(wt) + Iy - 6 R cos(wt) + j, cos(wt) - Ry, (2.3)

where IyRy is the result of d.c. bias which does not contribute to the rectification
and may be ignored in the following steps. Iy - 0 R cos(wt) and j, ¢ cos(wt) - Ry do not
contribute to the rectification either since their time averaged values are zero. Taking

the time averaged value of voltage, we get
(V) = (0R cos(wt) - jrrcos(wt)) = 0R - j.r/2 (2.4)

where() represents the time averaged value. It is clearly observed that the rectification
comes from the coupling of the oscillating current and the oscillating resistance. The

schematic diagram of the rectification mechanism is shown in Fig. [2.1. The a.c.
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Figure 2.1: (a) The induced microwave current as a function of time in the microwave
sensor. (b) The oscillating resistance of a microwave sensor as a function of time. (c)
Rectification voltage as a function of time. The d.c. voltage component is indicated
by the red line.

microwave current is shown in Fig. (a), where the yellow and green parts indicate
a positive and negative current respectively. The oscillation of the device’s resistance

is shown in Fig. 2.1](b), which is induced by either the microwave e-field (microwave

current) or by the microwave h-field. The coupled voltage is shown in Fig. c),
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where a d.c. voltage component is indicated by a red line and an a.c. voltage with a

frequency of 2w is indicated by the amplitude oscillation.

2.2.1 Schottky diode

In general, the resistance oscillation § R comes from the perturbation by both the
microwave e-field and h-field. In a semiconductor sensor, the perturbation from the
microwave h-field is negligible, thus only the %—If term contributes to the rectification
effect. The most widely used semiconductor microwave sensor is the Schottky diode
named after Walter H. Schottky. The Schottky diode is a metal-semiconductor con-
tact diode whose schematic diagram is shown in Fig. (a). The Schottky diode is a
majority carrier device which has a lower turn on voltage, faster switching speed and
smaller capacitance than other types of diodes [52]. Due to its high frequency per-
formance, a Schottky diode is usually used as radio frequency and microwave mixer
and detector.

Consider a metal that has a work function of W,, and an n type semiconductor
that has an electron affinity of y and a work function of W. The work function is
defined as the energy difference between the vacuum level Fy and the Fermi level Ep,
whereas the electron affinity is defined as the energy difference between the vacuum
level Ej to the bottom of conduction band E.. For a given material, the work function
of the metal and the electron affinity of the semiconductor are fixed, while the work
function of the semiconductor can be tuned by doping. The energy band diagram of a
metal and semiconductor separately can be seen in Fig. 2.2b). When the metal and

the semiconductor are in contact with each other, electrons flows from the high energy
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region to the low energy region until the Fermi level of the two materials becomes
the same. Consider the case W, < W,,, in the redistribution process, the electrons
transfer from the semiconductor to the metal, forming a space charge layer. This
space charge layer bends the band structure near the interface, forming an interface
barrier, as shown in Fig. [2.2c). The height of the interface barrier in the metal and
in the semiconductor are W,,, — x and eVp = W,, — Wy, respectively.

On a positive voltage bias (from metal to semiconductor), the barrier height in
the metal remains the same, while the barrier height in the semiconductor decreases,
which increases the number of electrons transferred to the metal. This results in a pos-
itive current across the junction. On a negative bias (from semiconductor to metal),
the increase of barrier height in the semiconductor blocks the electrons’ transport.
This is the reason why the Schottky diode shows unipolar conductivity.

The I-V characteristic of an ideal Schottky diode can be expressed as [52]
I = I(exp(eV/kpgT) — 1), (2.5)

where I, is the reverse biased saturation current determined by the diode’s area and
the barrier height [52], V' is the voltage applied on the diode, kp is the Boltzmann
constant and 7' is the temperature. Rewriting Eq. to express V' as a function of

I, we can get that

kgT . 1
V=—"In(—+1). 2.6
= In(+ 1) (26)
For a small current, Eq. can be expanded in terms of series of IL as
kgT' ' I 1,1,
= — — (= R 2.
V= - (27)

The voltage responsivity of a microwave detector is defined as the ratio of the d.c.
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Figure 2.2: (a) Schematic diagram of a Schottky diode. The left and right hand
sides are metal and semiconductor parts, respectively. (b) Energy band diagram
of a separate metal and semiconductor. (c) Energy band diagram when metal and
semiconductor are in contact with each other, where thermal equilibrium has been
made.

voltage produced over the input microwave power. Therefore, the voltage responsivity

can be determined from the I-V relationship as [53; [54]

dVv?/dI?
= - DAl 2.
B == rar (28)
In the ideal Schottky diode case, R, is deduced as
1
R, = — (2.9)
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For I =0, R, = —1.

2.2.2 Spintronic sensor

While semiconductor devices have been widely used for microwave detection for
more than half a century, a new generation microwave sensor based on spintronic
devices emerged in 2005 [30]. Spintronics, or spin electronics, involves the study of
active control and manipulation of spin degrees of freedom in solid-state systems [55].
Spintronics studies are focused on the spin dynamics, spin transport, and spin relax-
ation properties during electrical, magnetic and thermal processes in semiconductor
and metals [55]. Traditionally, microwaves are widely used to study the excitation
of electron spins in spintronic devices since the energy of the electron spin is in the
microwave range. During these studies, people have found that a d.c. voltage can be
generated from a microwave field via various mechanisms, such as the spin rectifica-
tion effect in a single FM layer [39], the spin rectification effect in multilayer MTJ
devices [30] and spin Seebeck rectification effect in multilayer MTJ devices[44]. It
was soon realized that the high conversion efficiency from microwave to d.c. voltage
could make spintronic devices the next generation of microwave sensors. Exploring
the feasibility of microwave applications for spintronic devices quickly became a hot
research topic in spintronic communities due to using a different principle from semi-
conductor devices as well as a unique capability in microwave magnetic field detection
[40].

In conventional semiconductor sensors, 2& in Eq. is the only contributing

’ 01

term, and hence semiconductor sensors are only sensitive to microwave e-fields. In
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spintronic sensors, g—f} in Eq. is no longer negligible, making spintronic sensors not
only sensitive to microwave e-fields, but also to microwave h-fields. In the following
sections of this chapter, I will provide a detailed discussion of the physical principles

of spintronic microwave sensors which are based on the magnetoresistance effect.

2.3 Magnetoresistance effect and rectification

mechanism

Magnetoresistance (MR) refers to the phenomenon of change in a material’s re-
sistivity with the application of an external magnetic field [27]. It is very dependent
upon the magnetic field strength and the relative direction of the magnetic field with
respect to current. Though the MR effect can occur in some non-magnetic metal and
semiconductors, it mainly appears in magnetic materials [27]. Based on the mate-
rial structure, the MR effect is commonly observed as anisotropic magnetoresistance
(AMR) in a single ferromagnetic metal (FM), as giant magnetoresistance (GMR) in
FM/NM (normal metal) /FM, and as tunnelling magnetoresistance (TMR) in FM/IN
(insulator)/FM. A typical parameter used to describe the MR effect is the MR ratio,
which is defined as

Riaz — Rinin

M Rygiip = =5 x 100%, (2.10)

where R,,,, and R,,;, are the maximum and minimum values of the device’s resistance
as the magnetization changes. The typical values of AMR, GMR and TMR are about
1~ 2%[42], 10 ~ 20% [28] and 100 ~ 200% [28], respectively. When applied, the

microwave field results in a perturbation of the external magnetic field, which results
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in an oscillation of the material’s resistance due to the MR effect. Following the
mechanism described in section the production of the resistance oscillation and
the microwave current will produce a d.c. voltage. For a given microwave field,
larger resistance oscillation gives a larger d.c. voltage, which makes MTJ the best
candidate for a spintronic microwave sensor. In this section, I provide a detailed
discussion about the AMR and TMR effects that were commonly used for spintronic

microwave Sensors.

2.3.1 Spin rectification effect in a single FM layer

The AMR effect is the earliest discovered MR effect, whose history can be traced
back to 1856 [26]. In ferromagnetic metals, the resistance is dependent on the relative
angle between the current and the magnetization direction. The key characteristic

angular dependence of AMR is

R=R, + (R — Ry)cos* Oy, (2.11)

where 6, is the relative angle between the current and the magnetization direction,
R, and R) are the material’s resistances when 6y, = 90° and 0°, respectively, and
AR = R — R, is the resistance change. A typical result of such angular dependence
is shown in Fig. [2.3] The origin of the AMR is from the spin orbit coupling. As
the magnetization rotates, the electron cloud about each nucleus deforms, which
changes the electron scattering cross section when it travels across the lattice. A
heuristic explanation can be used to understand the origin of the AMR effect [27].

In ferromagnetic metals, the magnetization direction can rotate the bound electron
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Figure 2.3: Typical Result of the ferromagnetic material’s resistance with respect
to Op;. The insets are the schematic diagrams showing the angle of current and
magnetization direction.

orbit orientation about the nucleus. The bound electron orbit direction is in the plane
of current when the magnetization direction is transverse to the current, as shown in
the schematic diagram in Fig. [2.4{a). In this case, a small scattering cross section
is expected, which gives a low resistance state. When the magnetization direction
is parallel to the current, the electron orbit is perpendicular to the current. This
induces a larger scattering cross section which gives a high resistance state, as shown
in Fig. [2.4(b).

The AMR effect is usually studied using NipgFepo (permalloy, Py) which is a fer-
romagnetic material with a relatively large AMR effect (~ 2%) at room temperature
and low saturation fields (5-10 kOe) [27]. In 2007, our group fabricated a device
in which Py is integrated into a coplanar waveguide (CPW)[39]. As shown in the
schematic diagram in Fig. [2.5(a), the Py stripes are located in the gap between the

signal (S) line and the ground (G) line, where the microwave energy is concentrated
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Figure 2.4: Schematic diagram of the origin of AMR effect. The shaded area inside
the red ring indicates the bound electron orbit. (a)In case of magnetization direction
perpendicular to the current direction, the bound electron orbit is in plane with
the current. And a smaller scattering cross section is expected. (b) In the case of
magnetization direction parallel to the current direction, the bound electron orbit is
out of plane with the current. And a larger scattering cross section is expected.

Figure 2.5: (a) Schematic diagram and (b) optical picture of the permolloy (Py)
integrated into a CPW. G and S indicate the ground and signal lines of the CPW.
Py stripes are located at the gap between the ground and the lines. After Gui et al.
[39], used with permission.

by the CPW. The optical picture of the sample under a microscope is shown in Fig.
s

Microwaves drive the precession motion of the Py’s magnetization around the
external magnetic field, as indicated by the orange cone in Fig. 2.6l This makes the
angle in Eq. Oy = 0 + 0 cos(wt), where 6 is the precession angle, and 0y is
the Py’s equivalent magnetization direction parallel with the external magnetic field.
The precession of magnetization induces a resistance oscillation due to the AMR
effect. Usually, 0 < 0y, which makes the oscillating resistance approximation to be

ARG sin(20y) cos(wt). Coupled with an a.c. microwave current j = eo cos(wt), a d.c.
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Figure 2.6: The schematic diagram of the experiment setup measuring the rectifi-
cation voltage of Py while applying an in-plane static magnetic field H. The current
is along the strip’s length and is parallel with the 2z’ direction. The z-axis rotates to
follow the direction of H, and M precesses around H elliptically. After Gui et al.
[56], used with permission.

voltage of V' o« ARoefsin(20y)/2 is produced, where o is the material’s electrical
conductivity. For the experimental configuration shown in Fig. the microwave
current is in the z’ direction and the external magnetic field is in the z direction. In
the small precession angle approximation, 6 can be expressed as 8 = m,/M,, where
m; is the dynamic magnetization in the x direction and M, is the static magnetization
which is in the z direction. Thus, the rectification voltage across the Py sample can

be expressed as

A , .
V., = —]WR(Re(mx exp “")Re(j. exp ™)) sin(205). (2.12)
0

-— . 1 eqe ~ =
mi and h are connected by magnetic susceptibility X, expressed as mi = Y h , where

X is a tensor. The relation can be written as
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My Xzz  Xay O hy € cos Oy — h,e'® sin @y
my —WXzy  Xyy 0 hye v
m, 0 0 0 hy € ®s" sin O 4 h,e® cos Oy,

where @ is the relative phase of the microwave h-field with the microwave current
in the 2’ direction, and Xz, Xuy and Xy, are the matrix elements of X. Xzz, Xay
and x,, can be expressed as a combination of Lorentzian L and a dispersive D line
shape curve, written as (Xuu, Xays Xyy) = (D +1L)(Ays, Azy, Ayy), where A, A,y and
A,, are the coefficients determined by the permalloy sample [56]. L and D can be

expressed as

AH?
L= (H — H,)? + AH? (2.13)
AH(H — H,)

D= (2.14)

(H—H,)?+AH?%
where H, H, and AH are the applied magnetic field, resonance field and line width,
respectively [56]. Based on these facts, the rectification voltage can be simplified as

a combination of Lorentzian L and a dispersive D line shape curve as

A
V= 2R AL+ ApD), (2.15)
M

whose amplitude A7, and Ap can be expressed as

Ap = sin(20y)[—Azzhay sin @, cos(0y) + Agph, sin @, sin(0y) — Agyhy cos @,]/2,
(2.16)
Ap = sin(20p)[Agphy sin @, cos(0y)—Agph, cos @, sin(0y ) —Agyhy sin ®,] /2. (2.17)
From Eq. [2.12] it is clear that the rectification voltage is proportional to the

product of m, and j! and hence the microwave power, which is confirmed experimen-
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Figure 2.7: The measured voltage as a function of microwave power for FMR. This
shows that V. is linearly dependent on microwave power and the line is a linear fitting.
The inset is a typical voltage spectrum at 6.0 GHz with an input microwave power
of 10 mW. After Gui et al. [56], used with permission.

tally. As shown in Fig. [2.6] microwaves at 6.0 GHz with an output power of 10 mW
were injected into the Py strip. The d.c. voltage across the Py strip was measured.
The typical voltage spectrum when sweeping the external magnetic field is shown in
the inset of Fig. [2.7) where the resonant nature is clearly observed. Swept at the
resonant field, the voltage was linearly proportional to the injected microwave power,
as shown in Fig. 2.7, To distinguish it from semiconductor devices, this rectification

mechanism was named the ”spin rectification effect” [39).

Microwave h-field detection

For a long time, loop antennas were important tools for microwave h-field de-

tection [57]. These were based on Faraday’s law of induction where the signal was
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proportional to the loop area [58]. In recent years, the demand for microwave h-field
detection has increased rapidly because of the development of metamaterials in the
microwave range [59]. However, it is difficult to accurately measure the microwave
h-field as well as its direction in the subwavelength scale by using loop antennas. As
discussed before, the spintronic sensor is sensitive to both the microwave e-fields and
h-fields. This makes a spintronic sensor a good candidate for a microwave h-field
detector in the subwavelength scale. Our group first found that in addition to the
amplitude, the spintronic sensor is also sensitive to the phase and the microwave
h-field polarization direction at the subwavelength scale [40].

The spintronic sensor our group used is a permalloy strip with dimensions of 3
mm X 50 pm x 45 mm. The sensor is connected to the electrode on the sample
holder via gold bonding wires. The dimensions of the sensor are much smaller than
the microwave wavelength (2.5 cm), which is referred to as subwavelength detection.
To demonstrate the feasibility of microwave h-field detection, an X band standard
microwave rectangular waveguide was employed, whose microwave field distribution
was well known. As shown in Fig. the waveguide was working in T'E;y mode.
When working in the T'F;y mode, microwaves propagated along the y direction with
their e-field polarized in the z direction and the h-field polarized in the x-y plane.
The spintronic sensor was fixed in the center of the open end of the waveguide, where
h, is much larger than h, and h,.

In this experiment, the external magnetic field is rotated in the x-z plane while
the rectangular waveguide (microwave field) and the spintronic sensor keep their

positions. The angle between the external magnetic field and the spintronic sensor
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Figure 2.8: Microwave h-field detection in a rectangular waveguide via a spintronic
sensor. The sensor is mounted at the end of a rectangular waveguide, where the
electromagnetic field is well defined. At the sensor’s position, h, is much larger than
h, and h,. After Bai et al. [40], used with permission.

is defined as fy. At each angle 0y, the rectification voltage across the spintronic
sensor was recorded as a function of external magnetic field, as shown in Fig. [2.9|(a).
As discussed previously, the rectification voltage can be regarded as a combination
of a Lorentz and a dispersive line shape curve, whose amplitudes A; and Ap are
functions of h,, h, and h,. Ay and Ap can be fit to Eq. and as shown in
Fig. 2.9(b). From the fitted, we get results of h,/h,=0.04 and h,/h,=0.22, meaning
that the microwave h-field dominates in the x direction. This result is in agreement
with the microwave h-field distribution calculated from the Maxwell equations and is

the first experiment to detect a microwave h-field using a spintronic sensor [56].

2.3.2 Spin rectification effect in multilayer MTJ devices

MTJ is one of the most important structures in spintronic studies. MTJs have

been widely used as memories (magnetoresistive random-access memory, MRAM) due
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Figure 2.9: (a)Rectification voltage as a function of external magnetic field when
w/2r=12 GHz and #y=45°. (b) Amplitude of Lorentz line shape L and dispersive
line shape D as functions of angle 6. After Bai et al. [40], used with permission.

to their static properties [54]. Recent dynamic studies have revealed new principles
that opened up new microwave application areas. MTJ is a device with a sandwich
structure. A series of ultra thin films made of different materials are stacked on a
substrate to form an MTJ device, as shown in Fig. [2.10(a). The core parts of MTJ

include two FM layer separated by a tunnel layer. One of the FM layers is called the
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Figure 2.10:  (a)Schematic diagram of a MTJ structure. (b)Typical angular de-
pendence of the MTJ’s resistance with respect to 6. The insets are the schematic
diagrams showing the P state and AP state.

pinning layer whose magnetization direction is fixed by an anti-ferromagnetic layer.
The other FM layer is called the free layer whose magnetization direction can be
easily changed by an external magnetic field. By tuning the external magnetic field,
one can change the magnetization configuration of the MTJ device. There are two
types of preferred magnetization configurations when zero magnetic field is applied:
the anti-parallel (AP) state and parallel state (P). The schematic diagram of the AP
state and P state are shown as the insets in Fig. [2.10[(b) when their relative angle
0=0° and 180°, respectively.

The thickness of the insulating layer is usually on the order of nanometres so
that the electrons can tunnel through it. As a result of spin polarized tunnelling,
the tunnel resistance of an MTJ is dependent upon the magnetization configuration.
This is called the TMR effect. The TMR effect was first observed by M. Julliére in
1975 in a Fe/GeO/Fe junction [60], whose TMR ratio is 14% at 4.2 K. In 1991, the
TMR effect was observed at room temperature by Terunobu Miyazaki [61]. At that

time, the TMR ratio was only 2.5 %, which is similar to the ratio for the AMR effect.
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In the following decades, the TMR ratio increased tremendously, reaching a value of
604 % in 2008 at room temperature [62].

The phenomenon of TMR can be described by the two current model proposed
by M. Julliere [60]. In the two current model, the electron spin is considered to
be conserved during the tunnelling process and electrons with different spins tunnel
through their own channels. This means that the spin-dependent tunnelling rate
is only related to the spin-dependent density of state (DOS) in each ferromagnetic
layer. Also, the total conductances is the sum of conductance for both spin up and
spin down electrons.

At the anti-parallel and parallel states, the conductance G, and G), of an MTJ is
Gap X NJNg + NENJ, (2.18)

G, x NJNL + NiNg (2.19)

where Ny and Np represent the DOS at the Fermi level for the top ferromagnetic
layer and the bottom ferromagnetic layer, respectively. The 1 and | indicate the
majority and minority electrons in the ferromagnetic layers. In the normal case,
N} > Nj and N, > N4 so that G, > Gy, which means that the AP state has larger
resistance compared with the P state. Following the MR ratio definition described in

the previous section, the TMR ratio can also be expressed as

TMR. .. _Rmax_Rmin_Rap_Rp_Gp_Gap_ 2F)T[)B
e Rpyw R, G 1-PrPp

(2.20)

Where the R,, and R, stand for the resistances of AP and P states, respectively.

Pr and Pg are the electron spin polarizations in the top FM layer and the bottom
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Figure 2.11: Schematic diagram of the experiment setup measuring the rectification
voltage in an M'TJ. The network analyser was used to apply microwave, and voltmeter
was used to measure the rectification voltage. After Tulapurkar et al. [30], used with
permission.

layer, respectively, which can be expressed as

NI — N*

= ———1 (2.21)
NT+NT
N}, — N},

p = —2— (2.22)
Np+ Np

For materials with spin polarization of 0.6, the TMR ratio can reach the value of
~ 100%, which is already two orders of magnitude higher than that for AMR. In an
extreme case, for example, in half metals whose spin polarization is 100%, the TMR
ratio can be infinitely large. The angular dependence of the TMR can be expressed

as
Gyt Gy GG

G(0) = R(6)™" 5 5

. cos(6) (2.23)

Due to their MR effects being two orders of magnitude greater. MTJ’s are ex-

pected to have higher microwave rectification sensitivity than the single layer struc-
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Figure 2.12: Measured rectified voltage as a function of microwave frequency at dif-
ferent external bias. The external magnetic fields range from 100 Oe to 600 Oe. After
Tulapurkar et al. [30], used with permission.

tures based on the AMR effect. This expectation is based on the fact that for the
same magnetization perturbation, the TMR can induce a larger oscillating resistance
and hence a stronger rectification voltage. In 2005, A.A. Tulapurkar et al. first ob-
served a rectification voltage in an MTJ. A schematic diagram of their experiment
setup is shown in Fig. [30]. The network analyser was used to apply microwave,
and voltmeter was used to measure the rectification voltage. An external magnetic
field was applied at 30° from the pinning layer magnetization. When microwaves were
applied, it drove the precession motion of the free layer, resulting in an oscillating
resistance. Following the discussion in section 2.2] a d.c. voltage is expected. In
Tulapurkar’s experiment, the d.c. voltage as a function of frequency in MTJ was

measured at different external magnetic field biases. The result is plotted in Fig.
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for external magnetic fields ranging from 100 Oe to 600 Oe. From the data, a
resonance feature of the d.c. voltage is observed. The resonance frequency increases
with the external magnetic field strength, in agreement with the FMR feature of the

FM layers in an MTJ.

2.4 Seebeck effect and Seebeck rectification effect

Studies have found that the thermal effects such as the Seebeck effect within MTJs
can be significant due to their spin polarization [63], which could influence its electrical
properties greatly [63; [64; [65]. The Seebeck effect was discovered by T. J. Seebeck
in 1821 , when he found that a compass could be deflected by a circuit made from
two different metals with junctions at different temperatures [65]. Initially, Seebeck
thought it was temperature difference induced magnetism. However, it was quickly
realized that this effect was a direct conversion process from temperature gradient to
electrical voltage and the compass’ deflection was governed by Ampere’s law [65].

The Seebeck effect is a direct conversion process from temperature gradient to
electrical voltage. Consider a material as shown in Fig. 2.13] The left side of the
material is connected to a heat source with temperature 7y, and the right side is
connected to another heat source with temperature 77. In this case, a temperature
gradient AT = T7 — Ty is generated across the material. When a voltage meter is
connected to both sides of the material as shown in Fig. [2.13] a d.c. voltage V can
be detected. The detected voltage is proportional to the temperature gradient AT,
and can be written as

V =2S.AT, (2.24)
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Figure 2.13: Schematic diagram of the Seebeck effect. When there is a temperature
difference AT = T} — Ty between the two sides of a material, a voltage is generated
across the material.

where S is called the Seebeck coefficient. The Seebeck coefficient usually depends
upon the material and the temperature. The value of the Seebeck coefficient can
range from -100 uV/K to 1000 pV/K [63].

This effect can be also used to rectify microwaves. When microwaves are injected
into the MTJ, the induced microwave current generates Joule heat across the MTJ,
which raises the temperature of the MTJ. The schematic diagram of the microwave
induced heating is shown in Fig. [2.14] The microwaves act as an a.c. current source
(two circles on the top) applied to the MTJ device. The current induced heat transfers
to both the cap layer and the substrate of the MTJ, where a heat source (air) at room
temperature Tj is connected.

Since the MTJ’s lateral dimension (100-1000 nm) is much larger than its thickness
(a few tens of nm), a one dimensional model can be employed to simplify this problem.

Along the current flow direction, thermal diffusion equation can be written as [44]

or 0T

Cor = "2

+ J? /o, (2.25)

where C), is the specific heat per unit volume, J is the current density, and o and x are

the electrical and thermal conductivity, respectively. At the steady state, 07'/0t = 0,
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Figure 2.14: A schematic diagram of the microwave induced heating. The microwave
acts as an a.c. current source applied to the MTJ. The cap layer and the substrate
are connected to the heat source at a temperature 7Tj.
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Figure 2.15: The calculated temperature distribution in the MTJ for AP (red) and
P (blue) state. The left and right hand side are the top layer and substrate side,
respectively. After Zhang et al. [44], used with permission.

Eq. can be written as

o*T
0=roms+ J?/o. (2.26)

From Eq. [2.26] the temperature profile can be solved as T = Ax? + Bx +C, where
A = —J?/(20k) is determined by the material’s electrical and thermal conductivity,

B and C' are determined by the boundary conditions. Air is considered as the heat
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(cooling) source with a room temperature of T,. The temperature at the top of the
capping layer and at the bottom of the substrate is Tj since they are directly in contact
with air and the system is in a steady state. Based on this boundary condition, the
temperature distribution in each layer can be calculated, as shown in Fig. [2.15| From
Fig. [2.15, we can see that there is a huge asymmetry in the temperature distribution.
This is due to the fact that usually the thickness of the substrate is on the order of
0.5 mm while the thickness of the MTJ is only a few tens of nm. Also, a temperature
gradient AT is developed across the MTJ and mainly occurs in the tunnel insulated
layer since the tunnel insulated layer contributes the most to the resistance of the
MTJ device and most of the Joule heat is generated in the tunnel insulated layer.
Note that in this discussion, the tunnel insulated layer is treated as a conductor with
a conductivity much smaller than the other layers.

For a certain MTJ device (fixed geometry), the temperature gradient AT is pro-
portional to the generated Joule heat I?R, and thus is proportional to the injected

microwave power Pymy. The rectified d.c. voltage V' can therefore be expressed as
V=S-AT~S-I*~ Pyw, (2.27)

where S is the Seebeck coefficient of the MTJ device. Note that V is induced by
the Seebeck effect. For this reason, the thermoelectric rectification effect is called
the Seebeck rectification effect. The Seebeck rectification effect in an MTJ was first
reported by our group in 2012 [44]. In this experiment, it was found that the rec-
tification voltage was linearly dependent on the microwave power, as expected. The
experimental data are shown in Fig. [2.16 where the rectification voltage in both the

P state and the AP state is measured. The difference in the slopes indicates that
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Figure 2.16: The Seebeck rectification voltage measured as a function of microwave
power at a microwave frequency of 9 GHz. The red circles and the blue rectangles
are the results obtained when the MTJ is in AP and P state, respectively. The lines
are the linear fits for each state. After Zhang et al. [44], used with permission.

for different states, even for the same sample, the Seebeck coefficient can be different
[44].

The Seebeck rectification effect is sensitive to thermal boundary conditions. When
a laser beam is applied to the top of the capping layer of the MTJ, the temperature
of the capping layer is locally raised by the laser. Therefore, the Seebeck rectification
voltage will be suppressed by such an external heating effect. A schematic diagram

is shown in Fig. to illustrate such a suppression effect.
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Figure 2.17: Schematic diagram of temperature gradient without laser heating and
with laser heating. (Left) Without the laser, the microwave induced temperature
difference across the MgO layer is 67" (indicated by the dark area). (right) With the
laser applied, the microwave induced temperature difference across the MgO layer
is reduced to 07" (indicated by the dark area). After Zhang et al. [44], used with
permission.
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Figure 2.18: (a) Microwave power dependence of the Seebeck rectification voltage
V, measured at different laser power ranging from 0 to 47.8 mW. (b) Laser power
dependence of V,. measured at fixed microwave powers of 50 uW and 0. After Zhang
et al. [44], used with permission.

This suppression effect was observed experimentally by Zhang [44]. As shown in
Fig. [2.18[(a), at a fixed laser power, the rectification voltage V' is proportional to the
input microwave power, which is as expected. When there is no laser applied, V' can

be as high as 300 uV at a 50 pW microwave input power. When a laser is applied
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to the MTJ, V decreases with respect to the laser power. When the laser power
reaches 47.8 mW, the rectification voltage V' is totally suppressed to 0, which can be
clearly observed in Fig. [2.18(b). By this laser suppression experiment, the Seebeck
rectification effect is further confirmed.

In summary, the rectification voltages V,. produced from both the spin rectifica-
tion effect and the Seebeck rectification effect are linearly dependent with incident
microwave power, which makes the spintronic devices good candidates for microwave
sensors. The differences between the two mechanisms are also obvious: The voltage
produced from the spin rectification effect is related to both the microwave e-field and
h-field as well as their relative phase while the voltage produced from the Seebeck

effect only depends on the microwave e-field.
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Microwave amplitude detection

using spintronic sensors

3.1 Introduction

Since microwaves can penetrate optically opaque materials and non-conducting
materials, microwaves can interact with subsurface structures in addition to the sur-
face structures [60; 67; [68]. Therefore, microwaves have the ability of subsurface
detection to reveal hidden objects or defects by making an image of the contrast
of dielectric properties of the hidden objects and surrounding materials. Since mi-
crowaves are a kind of non-ionizing radiation, it is reasonably safe when used under
the power limitation given by government regulations (1.6 W /kg for local absorp-
tion and 0.08 W/kg for whole body absorption) [37]. This gives microwave imaging
systems significant potential for industrial design, security services, and biomedical

imaging [69; [70; [71].

38
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Developments in spintronic techniques have made the spintronic sensor a promis-
ing alternative to traditional sensors for microwave imaging. One of the major dis-
coveries in this area is the spin rectification effect discussed in Section 2.3, which is
the generation of a d.c. voltage due to the coupling between the microwave field and
the material’s dynamic magnetization [30}; 39]. The requirement for a static external
magnetic field in the spin rectification effect cannot always be satisfied in microwave
imaging systems. Because the spatial distribution of scattered microwave fields mea-
sured by a microwave imaging system may be distorted by the hardware required for
the external magnetic field, a microwave imaging system based on a spintronic sensor
working at zero external magnetic field is desired.

In this chapter, a far field microwave imaging system working at zero external
magnetic field is developed using a spintronic sensor. This sensor employs the Seebeck
rectification effect, which makes zero field microwave rectification possible. Thanks
to its high conversion efficiency, the far field imaging system can directly measure the
coherent spatially-scattered microwave field distribution in free space. The pattern
obtained is confirmed by numerical simulation using finite element software COMSOL
Multiphysics. By analysing the scattered microwave pattern, the presence of hidden
objects may be revealed. In addition, the spintronic sensor was used to measure the

radiation pattern of an antenna. This could assist in antenna design.
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3.2 Spintronic sensor based microwave amplitude

measurement

The key element of the spintronic microwave sensor described in this chapter is
an MTJ structure. The MTJ devices were provided by Everspin Technologies. MTJs
were grown on a Si substrate covered with 200 nm SiO; and contained the follow-
ing layers: PtMn(20 nm)/CoFe(2.27 nm)/Ru(0.8 nm)/CoFeB(2.2 nm)/CoFe(0.525
nm),/MgO(1.2 nm)/CoFeB(2.5 nm). The buffer and capping layers are TaN and Ta,
respectively. The MTJ stack is patterned into an elliptical shape with short axes from
63 nm to 120 nm and an aspect ratio between 1.8 and 3.5, using photo-lithography
and reactive ion etching [44], a photograph of the MTJ sensor is shown in Fig. 3.1.

The thickness of the MgO barrier is only 1.2 nm, so that the electrons can tunnel
through, providing a tunnelling resistance. Due to different electron tunnel efficiency
at parallel (P) and anti-parallel (AP) states (depending upon the configuration of
the magnetization of the two ferromagnetic layers), the MTJ device shows different
resistances for different magnetization configurations.

The schematic setup for the MTJ’s characterization is shown in Fig. including
a sourcemeter (Keithley 2400), a broadband microwave generator (Agilent E8257D),
a lock-in amplifier (Stanford Research Systems SR830), an electromagnet (LakeShore
EM4-HVA) and an MTJ device. In the d.c. property measurement, the MTJ device
was connected with the sourcemeter and placed in the gap of the electromagnet, as
shown in Fig. (a). A d.c. current bias of 10 pA was applied to the MTJ device

using the sourcemeter. Meanwhile, the resistance of the MTJ was measured by the
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Figure 3.1: Photograph of the MTJ device. The MTJ is red ellipse in the center,
whose schematic diagram is shown in the right side of the figure. The three squares
are the electrodes of the device.

Figure 3.2: (a) Schematic setup for the measurement of the MTJ’s d.c. properties,
including a digital sourcemeter, an electromagnet and an MTJ device (not to scale).
(b) Schematic setup for the measurement of the MTJ’s a.c. property, including a
broadband microwave generator, a lock-in amplifier, an electromagnet and an MTJ
device (not to scale). After Gui et al. [47], used with permission.

sourcemeter. Applying a static magnetic field in-plane with the free layer, the MTJs
show single domain magnetization reversal, as seen in Fig. for a sample with long
and short axes of 190 and 100 nm, respectively. When the external magnetic field
is positive and larger than the coercive field, the MTJ is in the P state and shows a
resistance of 618 €. When the magnetic field is negative, the MTJ shows a resistance
of 1068 €.

When microwaves are injected into the MTJ, Joule heat is generated by the mi-

crowave induced current (i). Due to the asymmetric geometry of the MTJ, a tem-
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Figure 3.3: The resistance of an MTJ as a function of the magnetic field and its
sweeping direction. The d.c. current bias is 10 pA. The MTJ is patterned in an
elliptical shape with long and short axes of 190 and 100 nm, respectively. After Fu
et al. [46], used with permission.

Figure 3.4: The Seebeck rectification measured at w/2m = 10 GHz as a function of
the magnetic field. The incident microwave power injected into the MTJ is -25 dBm
(~ 3.2 uW) after power calibration. After Fu et al. [46], used with permission.
perature gradient AT across the junction is formed, which is converted into a d.c.
voltage V. by the Seebeck effect, following the relationship of V, = S - AT o i?. This
thermal mechanism is discussed in detail in Chapter 2.

As shown in Fig. [3.2(b), a microwave at a frequency of 10 GHz is applied to

the MTJ, with a power of -25 dBm (~ 3.2 uW). The microwave was amplitude

modulated (AM) at 8.33 kHz, so that the rectification voltage could be tracked by



Chapter 3: Microwave amplitude detection using spintronic sensors 43
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Figure 3.5: The Seebeck rectification V. (symbols) as a function of the microwave
power Py, which appears as a linear relation indicated by the solid lines. After Fu
et al. [46], used with permission.

a lock-in amplifier at the same modulation frequency. Like the resistance loop, the
rectification voltage also shows a loop with respect to the external magnetic field,
as shown in Fig. [3.4] Here, the transition takes place at the coercive field of 5.5
mT. From Fig. [3.4] it is clear that the MTJ in both the P and AP states can
rectify microwaves and that the MTJ in the AP state produces a larger voltage for
a given microwave power. Tuning the incident microwave power, it is found that the
rectification voltage V,. is linearly dependent upon the incident microwave power, as
shown in Fig. [3.5] From Fig. [3.5] we can see that the MTJ in both the P and AP
states has a linear relation and the MTJ in the AP state has a larger sensitivity, as
expected. In this experiment, the measured sensitivity of the MTJ is 2.6 and 2.0
mV/mW for the AP and P states, respectively. In the following experiments, unless

specified, the MTJ is always employed in the AP state.
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3.3 Scattered microwave detection in free space

using a spintronic sensor

In previous experiments [30; B2} [63} [34; [44], microwaves were directly injected into
the MTJ via coaxial cables. Although the MTJ has a response to the microwaves,
it is not enough to claim that it directly senses the scattering microwaves whose
intensities have specific spatial distributions, depending upon the properties of the
target. In order to demonstrate that spintronic sensors have the capability to detect
scattering microwaves, we have investigated the microwave distribution scattered by
an aluminum (Al) strip.

The experimental setup for microwave intensity distribution detection is shown in
Fig. 3.6 Microwaves generated by the microwave generator (Agilent E8257D) were
fed to a standard C-band (4-8 GHz) horn antenna (ATM 187-440-6) with an output
power of 20 dBm via a coaxial cable. The microwaves were reflected by a flat Al
strip (width=>5.08 cm, thickness=0.64 cm) positioned at a distance of 24 cm, at a 45
degree incidence angle.

To precisely measure the microwave intensities, a standard lock-in technique was
employed. The microwave signal was amplitude modulated (AM) with an 8.33 kHz
square wave and was triggered by the lock-in amplifier (SR830), enhancing the sig-
nal/noise ratio, permitting Seebeck rectified voltages as weak as about 20 nV to be
detected (this corresponds to a microwave with a power of about 8 nW being in-
jected to the MTJ). It is notable that the wavelength of the microwaves used is about

A=b5~T7.5 cm, which is comparable to or larger than the width of the aluminum strip.
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Figure 3.6: A schematic diagram of the experimental setup for scattered microwave
detection. Microwaves emitted from the horn antenna were reflected by the target
and collected by the sensor. The voltage across the sensor was recorded by the lock-in
amplifier. After Gui et al. [47], used with permission.

Like optical waves, microwaves obey the standard laws of geometrical optics. When
the target size is comparable to the microwave wavelength, the processes of reflection,
refraction and diffraction are complicated. Even though our apparatus only contains
a horn antenna and an aluminum strip, the microwave propagation pattern was very
complex, since the reflected microwaves interfered with the waves in free space. In
order to have a sense of the microwave intensity pattern, COMSOL Multiphysics 4.2
was employed to simulate the microwave field distribution.

A two dimensional simulation was performed, using the RF module of COMSOL
Multiphysics. A line source located from (-17, -10.5) cm to (-12.2, -5.6) cm was
employed as the microwave source, emitting microwave with electric field polarized
in the z direction. A 5 cm wide reflector with its left edge placed at (-1.5, -25) cm
was employed to simulate the aluminum strip. All the simulation boundaries were

transparent so that no microwaves were reflected from the boundaries. The mesh size



46 Chapter 3: Microwave amplitude detection using spintronic sensors

E field

1.0
0.8
0.6
0.4
0.2
0.0

X (cm)
E field

1.0
0.8
0.6
0.4
0.2
0.0

E field

1.0
0.8
0.6
04
0.2
0.0

-10 0 10 20 30 40
X (cm)

Figure 3.7:  Simulated results of the microwave field amplitude at w/27=(a) 6 GHz,
(b) 5.5 GHz, (¢) 5 GHz. Microwaves generated from the black quadrilateral are
reflected by the target whose left edge locates at (-1.5, -25) cm. The dashed rectangle
indicates the area of interest which was investigated in the experiment. After Gui et
al. [47], used with permission.
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Figure 3.8: Experimental results of the microwave field amplitude at w/27r=(a)6
GHz, (b)5.5 GHz, (c¢)5 GHz, respectively. Zoom in simulated results of the microwave
field amplitude at w/27=(d)6 GHz, (e)5.5 GHz, (f)5 GHz, respectively.(Colour was
rescaled for clarity.)

in the simulation was limited by the memory of the computer (2 GB). The simulation
results for microwaves at 6 GHz, 5.5 GHz, and 5 GHz are shown in Fig. [3.7|(a), (b) and
(c), respectively. In the simulation result, the black quadrilateral is the horn antenna
and the rectangle at the bottom is the aluminum strip. The plots in Fig. [3.7 are the
microwave intensity distribution, where the color plot is tuned to enhance the contrast
in the area of interest, as indicated by the dotted lines. In the simulation pattern, we
can see that the incident wave from the microwave source has the strongest intensity
(as expected). In addition, a series of side lobes are seen connected to the incident

beam. These side lobes are considered to be the result of interaction between the

incident and the reflected beams.
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In the experiment, a spintronic microwave sensor connected to a lock-in amplifier
was used to detect the microwave field. The scan area ranged from (0, 0) cm to
(40, 15) c¢m, and is indicated by the dotted lines in Fig. [3.7, This area was selected
to minimize the effects of microwaves scattering off the sensor and its holder. The
spintronic sensor was manually scanned in the x and y directions in the 40x15 cm
area with steps of 1 cm. The manual scan was performed on the base of a grid paper.
At each scan position, the rectification voltage measured by the lock-in amplifier
was recorded using LabVIEW 2011. In this way, a two-dimensional image of the
microwave intensity distribution was generated. It took hours to finish one image
due to the manual scan process. The observed V, are plotted in Fig. [3.8(a), (b) and
(c¢) when microwaves are at a frequency of 6 GHz, 5.5 GHz, and 5 GHz, respectively.
The simulation results are plotted in Fig. [3.8(d), (e) and (f) for a direct comparison.
All the figures were plotted using Igor Pro. From the experimental images, a series
of lobes are also obtained. The positions of maximum and minimum V,. shift along
the x and y directions and are in agreement with the position shift of the maximum
and minimum microwave intensities in the simulation. In each image, 6, 5.5 and
4 sets of lobes are observed for 6 GHz, 5.5 GHz and 5 GHz, respectively. In Fig.
3.8(b), the bright lobe in the right bottom corner is considered as a half set of lobes
since it is not completely observed (the dark lobe to the right of the lobe does not
appear). Similarly, in the simulation, 5.5, 4 and 3.5 sets of lobes are observed in the
area of interest for 6 GHz, 5.5 GHz, and 5 GHz, respectively. Both experiment and
simulation show that the number of bright lobes decreases as the frequency decreases.

This is considered as a result of the increasing microwave wavelength.
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It is worth noting that the microwave source in the simulation was a plane wave
source, which is not exactly the case in the experiment. Other complexities in the
experiment such as the surrounding objects are not considered in the simulation.
Therefore, the comparison between the simulation and the experiment should be re-
garded as qualitative. From a qualitative point of view, using the trace of maximum
signal’s position shift and the decrease in the number of bright lobes, we can conclude
that the simulation and the experimental results are in agreement. Such agreement
shows that the spintronic sensors have the ability to detect microwave spatial distri-

bution in free space.

3.4 Hidden object detection using a spintronic

sensor

In contrast to visible light and infrared, microwaves can pass through non-metallic
physical barriers such sand,rocks, wood and clothes, and interact with dielectric tar-
gets beneath the surface. Embedded targets made up of different materials may reflect
different intensities of microwaves since different materials have different reflectivity
coefficients governed by dielectric constants. Their penetration ability makes mi-
crowaves a powerful tool in non-destructive testing, which is widely used in industry,
biomedicine, security services, and civil engineering. In this section, using a horn
antenna as a transmitter and an M'TJ based sensor as a receiver, we also demonstrate
that non-destructive imaging can be achieved using microwave reflection imaging.

As shown in Fig. 3.9 a standard X-band horn antenna (8-12 GHz) and an MTJ
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Figure 3.9: Schematic view of the hidden objects detection system. The target is
hidden behind a 3.0 cm thick plywood wall and is scanned along the x and z direction.

based sensor were used as the microwave transmitter and receiver, respectively. A
lock-in technique was employed to increase the signal/noise ratio. A 50 cmx50 cm
sheet of plywood with a thickness of 3.0 cm was placed 15 cm away from the antenna
at an angle of 45 degrees. The MTJ sensor was placed across from the horn at a
distance of 15 ¢m from the surface and positioned so that the waves from the horn,
which reflect off the surface at an angle of 45 degrees, would travel directly to the
sensor. The target of interest was fastened to the side opposite to that of the horn
and detector. Therefore, the target was hidden by the surface from the sensor side.
Scanning the surface in the z-z plane, we recorded the microwave field distribution
scattered by the surface using the MTJ sensor.

In the experiment, a 7.12 cm diameter Al disc, a 5.08 cm diameter Al disc and
a 7.12 cm diameter acetal disc (¢ = 3.8, thickness=0.64 cm) were investigated at a

frequency of 10.5 GHz. The scan area was 18x30 cm in the x — z directions with the
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Figure 3.10: (a)Microwave reflection pattern of a hidden Al disc with a diameter of
7.12 em. (b)Microwave reflection pattern of a hidden Al disc with a diameter of 5.08
cm. (c¢)Microwave reflection pattern of a hidden acetal disc with a diameter of 7.12
cm. The dotted line in these figures indicates the position of the target. After Fu et

al. [46], used with permission.
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center coinciding with the target’s center. The measured voltage pattern across the
sensor is plotted in Fig. [3.10(a), (b) and (c), respectively. The color intensity scale
in the figures are the same so that they can be directly compared. As shown in Fig.
3.10(a), (b) and (c), the voltage across the sensor is significantly influenced by the
embedded target. At the center of each pattern, there is a bright area corresponding
to the target. The dotted circle in Fig. [3.10[(a), (b) and (c) indicates the size and
position of the target. The difference in the maximum voltage indicates that the
targets have different microwave reflection abilities. From Fig. [3.10] we can see
that the 7.12 cm diameter Al disc reflects the most microwave power while the 7.12
cm diameter acetal disc reflects the least microwave power. Since more than one
factor, such as the target size, material, and shape, can influence the microwave
intensity pattern, it is difficult to retrieve quantitative information about the target
in this experiment. However, based on the fact that different responses are obtained
from different targets, this experiment shows the potential to distinguish different
embedded targets using a microwave system based on spintronic sensors.

For the same experimental setup, microwave frequencies ranging from 8-12.5 GHz
with an interval of 0.5 GHz were employed to detect the 7.12 Al disc. The recorded
amplitude distributions for different frequencies are plotted in Fig. [3.11} As shown in
Fig. [3.11] there is some correlation between the disc position and the microwave in-
tensity distribution. For example, at a frequency of 10.5 GHz, there is a bright area at
the center of the microwave intensity pattern, which corresponds to the appearance of
the Al disc, as indicated by the dotted circle. Similar features are observed when the

microwave frequency is 11.5 GHz and 12.0 GHz. However, at other frequencies, the
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Figure 3.11: The microwave reflection pattern for a hidden object (a 7.12 cm Al disc)
for frequency ranging from 9.0 GHz to 12.5 GHz. The dotted line in these figures
indicates the position of the target. After Cao et al. [72], used with permission.



54 Chapter 3: Microwave amplitude detection using spintronic sensors

intensity pattern is so complex that there is no such bright center indicating the Al
disc’s position. At frequencies of 9.5 GHz and 11.0 GHz, there is even a dark center in
the intensity pattern. At all frequencies, a diffraction effect is more or less observed,
as shown by the diffraction circles around the center. These complex patterns are
due to the correlations between scattered microwaves, objects, and the environment.
Even for the same configuration, microwave intensity patterns are still so different.
This effect is expected since the scattered microwave spatial distribution is strongly
dependent on the microwave wavelength. It seems that more effort is needed to reveal
what’s beneath the surface. In principal, microwave reconstruction techniques com-
bined with amplitude and phase information have the ability to determine the shape
of a hidden target, which will significantly enhance the capabilities of the spintronic
microwave imaging technique. One of the microwave reconstruction techniques will

be discussed in detail in Chapter [4]

3.5 Adapting spintronic sensors for microwave

antenna design

A spintronic sensor’s capability to detect microwave intensity field distributions
can be adapted for antenna design procedures. An antenna’s radiation pattern is one
of the most important features which needs to be carefully measured in the antenna
design procedure [73; [74; [75]. In general, measurement of such radiation patterns
requires scanning a small probe antenna over the planar surface of the antenna, both

in the near field and far field. This is not an easy task since the microwave radiation
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Figure 3.12: (a)Photograph of the measured four-arm spiral antenna. (b) Schematic
diagram of the four-arm spiral antenna (top view). The four arms are identical spiral
wires placed with the same origin but with initial point at angle 0°, 90°, 180°, and 270°
with respect to the x axis, respectively. After Gui et al. [47], used with permission.

pattern may be distorted by the probe antenna. As discussed in previous sections, the
MTJ has the advantages of broad bandwidth, small size, and ease of detection of d.c.
signal, which make it a good tool for assisting in antenna design and miniaturization.

In this section, a four-arm spiral antenna’s radiation pattern was measured to
demonstrate such an application using an M'TJ microwave sensor. Spiral antennas can
emit circularly polarized microwaves and have been widely used for direction finding,
radar, navigation and satellite communications[76]. The four-arm spiral antenna
contains four identical spiral wires placed in the same plane. The only difference is
that the initial point is at an angle of 0°, 90°, 180°, and 270° with respect to the x
axis as shown in Fig. [47]. The antenna’s radiation pattern can be changed by
tuning the phase between the four arms. This is the novelty of this design (Table 3.1).
A ring conductor model can be employed to understand this effect in the simplest

picture. As shown in Fig. [3.13(a), when the circumference 277 of the ring is matched
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Figure 3.13: A simple way to understand the phase properties of (a) Mode 1 and
(b) Mode 2 by representing the spiral antenna as a circular conductor. The black
arrows indicate the direction of the uniform progressive microwave current while the
red arrows inside a small circle indicate the travelling phase of the current. Principle
radiation patterns of the four-arm spiral antenna are (¢) Mode 1 and (d) Mode 2.
After Gui et al. [47], used with permission.

with the wavelength A of the microwave current, microwaves at point Q, R, S in the
ring will have a 90°, 180°, and 270° travelling phase delay compared with point P,
as shown by the red arrows inside the small circle. Microwaves at point R that have
an opposite current flow direction with respect to point P, as indicated by the black
arrows, will compensate the 180° phase delay. Thus, microwaves at point R and point
P will be exactly in phase. Meanwhile, the microwaves at point QQ are perpendicular
to that at point P. In this case, the ring will generate a circular polarized microwave

beam, whose radiation pattern is shown in Fig. [3.13|(c). In the four-arm antenna,
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Table 3.1: The feed excitations for the first two modes of four-arm spiral antenna

A B C D
Mode 1 0° —=90° —180° —270°
Mode 2 0° —180° 0° —180°

>V

Figure 3.14: A schematic of the experimental setup for the antenna radiation pattern
measurement. The sensor is scanned in x-y plane with different z values. After Gui
et al. [47], used with permission.

Arms A, B, C, D can be regarded as points P, Q, R, S, respectively. When setting a
90° phase shift in each arm’s feeding line, as shown in the Mode 1 in Table 3.1, the
four-arm antenna will generate a circular polarized microwave beam in the same way.

The special feature of the four-arm antenna is the phase controlled radiation
pattern. For example, when tuning the phase of each arm to ¢4, = ¢ = 0°, ¢ =
¢op = —180°, a second mode will be generated, i.e., Mode 2 in Table 3.1. This
corresponds to the case when 27r = 2\ in the ring conductor model. As shown
in Fig. b), the microwaves at point P and R are in anti-phase because of a
360° difference in travelling phase and an opposite current flow direction. Similarly,
microwaves at point Q and point S are also in anti-phase. In this mode, microwaves

are cancelled at the center of the circle, whose radiation pattern is shown in Fig.
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Figure 3.15: Radiation patterns measured by the MTJ based spintronic sensor for
Mode 1 and Mode 2 at z distances of z=1, 5, 11 and 24 cm at w/27=1.1 GHz. After
Gui et al. [47], used with permission.
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3.13(d).

An MTJ based spintronic sensor was employed to record the four-arm antenna’s
radiation pattern. The schematic diagram of the experiment is shown in Fig. [3.14]
Microwaves at a frequency of 1.1 GHz were directly fed into the antenna in Mode 1
and 2. The MTJ sensor was scanned in the x-y plane, driven by a step motor in the
x and y directions with a step of 1 cm. At each position, the rectification voltage
was measured by the lock-in amplifier. The experiment was automatically controlled
using LabVIEW 2011. In the experiment, the scan aperture was 40 x 40 cm, where
the center of the aperture corresponded to the center of the antenna. The recorded
voltage patterns at different z values are plotted in Fig. [3.15] where the first column
and second column are the results of Mode 1 and Mode 2, respectively. The data
is represented using Igor Pro. From Fig. it is observed that the antenna has
a maximum radiation intensity at the center for Mode 1, while it has a minimum
radiation intensity at the center for Mode 2. The radiation pattern also grows with

respect to the z value, which is in agreement with the theoretical prediction.

3.6 Summary

We have demonstrated the feasibility of using an M'TJ device as a microwave sensor
for microwave imaging applications. An MTJ based sensor can detect microwave
distributions which gives it the ability to non-destructively detect hidden objects. In
addition, an MTJ device was also demonstrated to be adaptable to antenna design
procedures. The work in this chapter has been published in Appl. Phys. Lett.,

101, 232406 (2012) [46], Appl. Phys. A, 111, 329-337 (2013) [72] and Solid State
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Communications, 198, 45-51 (2014) [47).



Chapter 4

Spintronic sensor based microwave

holographic imaging

4.1 Introduction

In this chapter, by using microwave holographic reconstruction algorithms, we
demonstrate the capability to identify hidden objects using a spintronic sensor. To
achieve this goal, measurements of both the microwave phase and amplitude were
required. In addition, a reconstruction algorithm was used to interpret the recorded
microwave signal and translate it into readable images. Microwave holography is one
of the most important imaging techniques in modern digital computer image recon-
struction and was first proposed by Farhat in the 1970s [77]. Microwave holography
has rapidly developed in the 21st century due to a reasonable data acquisition time,
that is determined by a sampling space corresponding to the operation wavelength of

the order of centimetre [77; [78} [79; [80} 81 [70; 82 83]. This technique reconstructs a

61
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target’s reflectivity as a function of position. Microwave holography has been widely
used for concealed weapon detection, non-destructive testing, and structural moni-
toring. In these applications, further improvements to the reconstruction algorithm
have been made, including accounting for amplitude decay [84] and using transmit-
ted signals [82]. The microwave holographic technique has also been applied to tissue
imaging for medical purposes in recent years [85} [86; 84} [82} [83]. Both the microwave’s
amplitude and phase information are required in a microwave holography reconstruc-
tion algorithm. Due to the fact that microwaves have a large coherent length, the role
of the microwave phase must be carefully considered in order to properly reconstruct
the target.

Microwave holography is not the only imaging technique that requires phase in-
formation. Microwave radar and tomography also require information about the
microwave phase. In order to make microwave sensors practical for imaging, a sensor
based microwave phase detection technique is required.

In this chapter, a microwave sensor based rapid phase detection technique is devel-
oped. Combining the rapid phase detection technique and the microwave holography
technique, a spintronic microwave imaging system is developed. Using the combined
technique, we demonstrate the feasibility of microwave holographic imaging applica-

tions using a spintronic microwave sensor.
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4.2 Spintronic sensor based microwave rapid phase

detection technique

The interference method is introduced to realize the microwave rapid phase de-
tection technique [41; B7; [45]. An MTJ based spintronic sensor was employed as
a microwave detector, as shown in Fig. Microwaves from the generator (Ag-
ilent E8257D) were split into two parts. Each part of the signal went through a
different path before being finally coupled at the spintronic sensor. The signal in
path A passed through several coaxial cables and were emitted to free space by the
horn antenna (ATM 90-440-6). The free space signal was detected by the spintronic
sensor and is denoted as ercos(wt + ®), where er is the microwave amplitude, w is
the microwave frequency, ¢ is time and ® is the microwave phase shift when trav-
elling in path A and free space. To verify the accuracy of the phase measurement,
a mechanically adjustable phase shifter (ATM P1607) was inserted into path A. By
tuning the phase shifter, ® can be continuously adjusted to within 2°. Meanwhile, a
reference signal was introduced to the sensor via path B. This included an adjustable
attenuator (Mini-Circuits K2-BW3+), a bias tee (Mini-Circuits ZX85-12G+), a volt-
age controlled phase shifter (Hittite HMC935LP5E), a spintronic sensor and several
coaxial cables. The attenuator was employed to balance the signal strength from the
two paths. The bias tee was used to separate RF and low frequency signals.

The key element in this setup is the voltage controlled phase shifter, which made
it possible to simultaneously read both amplitude and phase. The delay of the voltage

controlled phase shifter depended linearly upon the bias voltage. When biased with
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Figure 4.1: Interferometry experimental setup through which the microwave signal
was coherently split into two beams and finally coupled at the sensor (MTJ). The use
of a voltage controlled phase shifter inserted into path B permitted the detection of
microwave magnitude and phase. After Yao et al. [45], used with permission.

a sawtooth wave, the voltage controlled phase shifter showed a sawtooth wave phase
delay. The voltage range was set so that the phase delay varied from 0° to 360°.
The microwave signal in path B is denoted as egcos(wt + ®; + ), where eg is the
amplitude of the reference, ®, is the phase difference between path A and path B.
®, = wyt is the time dependent phase shift produced by the voltage-controlled phase

shifter, where wy is the sawtooth wave frequency. The coupled microwave signal and
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reference were recorded by the spintronic sensor and is written as

V(t) o ep cos(wt + P) - e cos(wt + wyt + )

= [ereg cos(2wt + wyt + ® 4+ §y) + erer cos(wyt + Py — D) /2. (4.1)

We can see that two terms are included in Eq. [£.I] One is the second harmonic
microwave signal with a frequency of 2w. The other is the low frequency term in
the form of epegcos(wyt + ®y — ®). The second term is a cos oscillation voltage
with frequency wy and initial phase &g — . The amplitude is proportional to the
microwave field intensity in free space and the phase is microwave phase shift during
travel in free space. When triggered by an SR830 DSP (digital signal processing) lock-
in amplifier, both the amplitude and the initial phase of this low frequency oscillation

voltage were detected. This yielded the signal’s amplitude and phase.

4.2.1 Frequency dependent phase delay
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Figure 4.2: Fixing the mechanical phase shifter to zero, the measured lock-in phase
@ ; plotted as a function of microwave frequency ranging from 8 to 12 GHz.
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Fixing the MTJ and the antenna’s position, the lock-in phase as a function of
microwave frequency was measured. In the experiment, the mechanical phase shifter
in path A was set to zero. The sawtooth frequency (triggered frequency) is set
to 8.33 kHz. Microwaves ranging from 8 GHz to 12 GHz at an interval of 0.01
GHz were investigated. At each frequency, the lock-in phase was recorded by the
lock-in amplifier using LabVIEW. The measured lock-in phase ®;; as a function of
microwave frequency is plotted in Fig. in which ®;; exhibits a periodic linear
dependence with microwave frequency. This behavior is as expected, since the phase
delay should be AP = (d - f/v) x 360°, where d is the microwave travel distance
difference between path A and path B, and f and v are the microwave frequency and

velocity, respectively.

4.2.2 Phase measurement accuracy

To verify that the measured phase ®; is exactly the microwave travelling phase
delay in path A, a second experiment was performed to investigate the relationship
between ®;; and the mechanical phase shifter ®.

As in the first experiment, microwave frequencies ranging from 8 to 12 GHz were
employed. In the experiment, at each frequency, ®; was recorded when the phase
value @ of the mechanical phase shifter in path A was tuned. In a range of 180°,
&, ; was recorded at more than 40 microwave frequencies to 30 individual ® values.
. as a function of ® is shown in Fig. [£.3] For simplification, all measured phase
are offset to —180° when ® = 0. It is found that ®,; exactly follows the relation

of ;7 = ® + 180° for all the microwave frequencies under investigation. The result
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Figure 4.3: ®; as a function of ® for all frequencies ranging from 8 GHz to 12 GHz
with a step size of 0.1 GHz. The solid line is the relation ®;; = ® — 180°. After Yao
et al. [45], used with permission.

demonstrates that the lock-in amplifier can indeed directly measure the microwave

phase, confirming the predictions of Eq.

4.2.3 Microwave power dependence measurement

In Fig. [4.2] the phase ®;; is shown to be independent of microwave power. In
the third experiment, a detailed power variance study of V; and ®; for frequencies
of w/2r=10, 10.5 and 11 GHz was performed. At each frequency, Microwave power
ranging from 0.1 mW to 100 mW were radiated to the MTJ sensor. At each microwave
power, the lock-in voltage and phase were recorded by the lock-in amplifier.

The lock-in voltage Vi; as a function of microwave power is plotted in Fig. [4.4]
where black squares, red circles and blue triangles represent w/27=10, 10.5 and 11
GHz, respectively. The black solid lines are for V;; oc P%% relationships. We can
see that the measured lock-in voltages Vi follow these lines, and this Vz; oc P%%

result is in agreement with the expected relationship of Vi ; o erer o< P. It should
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Figure 4.4: The lock-in magnitude Vz; (symbols) follows a P%% relation (solid lines)
at P=10 (circle), 15 (square), and 20 (triangle) dBm, where P is microwave power.
After Yao et al. [45], used with permission.

be noticed that in this experiment, both e; and eg vary linearly with respect to the
square root of the output microwave power. In practical uses, er is typically kept

constant and therefore the measured voltage is proportional to the microwave electric

field.

180 =

0.1 1 10 100
P (mW)

Figure 4.5: The lock-in phase ®;; as a function of microwave power. ®p; is not
sensitive to the microwave power.

The lock-in phase ®7; as a function of microwave power is plotted in Fig. [4.5



Chapter 4: Spintronic sensor based microwave holographic imaging 69

In contrast to Vi, ®r; is constant with respect to the microwave power P. At each
frequency, the fluctuation of ®; is less than 1°. A more careful study of the phase
fluctuation is plotted in Fig. [4.6] At a frequency of 11 GHz, the lock-in phase ®;
kept constant when Vp; is larger than 1 pV. The deviation of ®;; appeared when
Vir < 1 uV as indicated by Fig. [4.6] In this case, the background noise became an

issue and the error can be as high as 10°.
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Figure 4.6: The lock-in phase @ as a function of rectification voltage at a frequency
of 11 GHz. Deviation of ®,; appears when V;; < 1 uV.

By employing this technique, the signal amplitude and phase may be measured
simultaneously via a lock-in amplifier. Using this technique, the microwave sensor
becomes a vector measurement tool. This greatly broadens the sensor’s applications

to areas such as imaging and non-destructive detection.
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4.3 Spintronic sensor-based microwave holography
system

In this section, we present a detailed discussion about the spintronic sensor based
microwave holographic system, which includes the reconstruction algorithm, experi-

mental setup and obtained images.

4.3.1 Microwave holography reconstruction algorithm

The basic microwave holographic configuration is shown in Fig. [£.7 A point
transmitter and a point receiver are placed in a scanning plane. The point transmitter
emits microwaves into free space and the point receiver records both the amplitude
and phase reflected by the target.

In the experiment, both the transmitter and the receiver were scanned mechani-
cally over a 2D rectangular aperture. During the scan process, the relative distance
between the transmitter and receiver remained constant. We note that the transmit-
ter and receiver are at (2’,y’,0) and (2’ — d, 4/, 0), respectively. Here, our coordinate
system was chosen so that both the transmitter and receiver shared the same v’ co-
ordinate and z’ is set to zero. In holography experiments, the target is described by
its reflectivity function f(z,y,h), which is the ratio between the reflected microwave
intensity and the incident microwave intensity. Each point on the target can be
regarded as a source emitting microwaves based on Huygens Fresnel principle [77].
These microwaves were recorded by the microwave receiver and can be written as an

integration of the microwave field reflected from each point of the target multiplied
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Figure 4.7: Microwave holography imaging configuration. The Transmitter (z’,y’,0)
and the receiver (2’ — d,y’,0) are scanned together over a 2D rectangular aperture
along z and y direction. The 2D target is located in the x-y plane with z = h.

by the travelling phase to the receiver. That is

e_Jk(Rl"l‘RQ)

s(a',y') = //f(x,y)mdxdy, (4.2)

where s(2’, /) is the recorded microwave signal, k = 27/ is the wave number, X is the

microwave wavelength, Ry = \/(m’ —z)2+ (v —y)2+h?and Ry = \/(x’ —z+d)?+ (Y —y)? + h?
are the distances from the transmitter to the target and from the target to the receiver,
respectively. 1/(R;+ R») is the microwave amplitude decay when the microwave trav-
els in free space. Here the integration is only performed along the x and y directions.

This is based on the fact that the system discussed here is a two dimensional imaging
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system and all targets are two dimensional with a fixed z coordinate, which is equal
to h in this case.
In the following discussion, we will concentrate on retrieving f(z,y) from Eq. [£.2]

For simplicity, we define a function g(x,y) as

o IR/ +yP+h2 4/ (a+d)>+y2+h2)

g(z,y) = : (4.3)
VAT E PR+ /(@ + d)2 +y? + b2
Then Eq. can be simplified as
s(x',y') = //f(x,y)g(a:’ —z,y —y)dzdy, (4.4)

In Eq. [4.4] we can see that s(z,y) is just the convolution of f(z,y) and g(z,y) in the

x and y direction, which can be written as

s(z,y) = f(z,y) x g(z,y), (4.5)

where * is denoted as the two-dimensional convolution operator. Applying the Fourier

transformation (FT) to both sides of Eq. [1.5, we obtain

S(ky, ky) = F(ky, ky)G (kg ky), (4.6)

where S(k;, ky), F(ky, ky) and G(k,, k,) are the 2D FTs of s(x,y), f(z,y) and g(x,y),
respectively. k, and k, are the Fourier transform variables corresponding to x and y,
respectively. Resolving F'(k,,k,) from Eq. and transferring back to f(z,y), we

get

S(ky, ky
G(ks, ky)

~—

1 F'opls(z,y)]

fx,y) = FT;7 b= Lol e )]
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In Eq. 4.7, f(z,y) is resolved from the recorded microwave signal s(z,y) and a
defined function g(z,y), in which the target’s depth is known.
In this reconstruction algorithm, s(z,y) is a complex function whose phase is a

crucial element when performing Fourier Transform.

4.3.2 Spintronic sensor based microwave holography

experimental setup

A schematic diagram of the spintronic sensor based microwave holographic imag-
ing system is shown in Fig. 1.8l The apparatus includes an open-ended waveguide,
a spintronic sensor, a microwave generator, a microwave power divider, a voltage-
controlled phase shifter, an adjustable attenuator, a waveform generator, a lock-in
amplifier and an x-y stepper motor. A Ku-band(12 GHz-18 GHz) open-ended rectan-
gular waveguide was employed as the transmitting antenna. This open-end waveguide
was chosen to act as a point source with high transmission efficiency. The spintronic
sensor was placed at the same height as the open end of the waveguide and acted
as the microwave receiver. The distance between the sensor and the waveguide is d.
The microwaves emitted from the open-ended waveguide was reflected by the target
and measured by the spintronic sensor. The spintronic sensor measured both the
microwave’s amplitude and phase and the data was recorded by the lock-in amplifier.
An x — y stepper motor was employed to move targets for scanning. The motor has
a minimum spatial resolution of 12.5 um and a maximum speed of 4 cm/s. This sys-
tem is controlled by a computer using LabVIEW. Typically, a square scan area was

performed (30 x 30 cm with a step of 2.5 mm). In the scan process, at each position,
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Figure 4.8: Schematic diagram of the spintronic sensor based microwave holographic
imaging setup. The targets move along the x and y directions. During this process,
the reflected microwave’s amplitude and phase are recorded by the spintronic sensor.
After Fu et al. [48], used with permission.

both the position information (z and y) and the microwave signal (amplitude and
phase) were recorded by the computer. The data was analysed using Matlab-based
on the algorithm described in section 4.3.1. The reconstructed images are represented

using Igor Pro.

4.3.3 Penetration experiment

In our first experiment, a metallic gun-shape target cut from a 2 mm thick metallic
plate with a length of 19.5 cm and a width of 12.5 cm was examined. A picture of the
target is shown in Fig. 4.9] The target was placed at a depth (the vertical distance
between sensor and target) of A = 19 cm and covered by a piece of cloth so that
it is optically invisible. A picture of the experiment configuration is shown in Fig.

In the experiment, microwave frequency was set to 13.5 GHz and the microwave
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Figure 4.9: Photograph of the metallic (Al) gun-shape target with a length of 19.5
cm and a width of 12.5 cm. After Fu et al. [48], used with permission.

source power was 23 dBm. At this frequency, the sensitivity of the spintronic sensor
was about 30 mV/mV. The target driven by the stepper motor moved along x and y
directions with a step size of 2.5 mm in an aperture of 30 x 30 cm square. In this way,
two dimensional patterns of microwave amplitude and phase were generated, plotted
in Fig. [1.11[a) and (b), respectively. These patterns are significantly different from
the optical image of the target as shown in Fig.

In the optical image, one pixel only presents the information from a small area of
the target. However, this is not the case for the patterns we got in Fig. {.11] Each
pixel in Fig. collects information from all elementary points of the target. This
is due to the fact that microwaves are coherently coupled together and there is no

microwave lens to decouple information from each elementary point. To interpret the
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Figure 4.10: The picture of the experiment setup. The gun-shaped target is placed
on the x-y stage and covered by a piece of cloth.
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Figure 4.11: (a) Recorded holographic amplitude pattern of the gun-shaped target.
(b) Recorded holographic phase pattern of the gun-shaped target. After Fu et al.
[48], used with permission.

acquired data, holographic technology has been adapted, and is analogous to the lens
in the optical range.

The reconstructed holographic image is obtained by applying the relation in Eq.

[4.7 in section as shown in Fig. [£.12] From the shape of the dark area in
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Figure 4.12: Reconstructed holographic image of the concealed target. After Fu et
al. [48], used with permission.

Fig. the hidden target is clearly observed and identified as a gun; even its
trigger guard is distinguishable. Note that spintronic sensors are broadband, when
the sensor works at other microwave frequencies, reconstruction images similar to
Fig. [4.12] are obtained. With this experiment, we have demonstrated the potential
to detect concealed weapons using the spintronic sensor based microwave holography

system.

4.3.4 Resolving small objects

In this experiment, a series of Canadian coins are under investigation at the same
height as the first experiment h=19 cm. A similar scan process was performed using

the stepper motor. The only difference is that the scan aperture was 25 cm x 25
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Figure 4.13: (a) Reconstructed image of different Canadian coins. The black arrow
indicates the microwave wavelength used in the experiment. (b) Photograph of these
Canadian coins in the same scale as that of (a). The coins are ordered by their sizes
from upper left to bottom right. After Fu et al. [48], used with permission.

cm instead of 30 cm x 30 cm. Taking the recorded amplitude and phase into Eq.
in section [4.3.1] a reconstructed image of all the coins (21 cm x 15 cm shown) is
obtained, as shown in Fig. £.13|(a). In Fig. [£.13|(a), ecach dark area corresponds to a
coin. Six coins are distinguished in the reconstructed image, which is in agreement
with the experimental configuration shown in Fig. [1.13|(b). The sizes of the coins are
summarised in Tab. [4.1], where the coins are ordered by their sizes, corresponding to
from upper left to bottom right in Fig. (b) In agreement with the coin sizes, the
sizes of the dark areas also decrease. The smallest is the 10 cent coin with a diameter
of 18 mm, which can be seen in the bottom right of Fig. [£.13[(a). Note that the
microwave wavelength A=22 mm at 13.5 GHz.

We went a step further with an additional experiment to explore the system’s
resolving ability of small objects. A frequency of 12.1 GHz was chosen, and h ranged

from 20 to 44 cm. In this experiment, the scan range was 40 cm x 40 cm and a series
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Figure 4.14: Photograph of objects: two column Canadian dimes. The lateral sepa-
ration varies from 0 cm to 5 cm.
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Figure 4.15: Reconstructed images of dimes when h=(a) 20 cm and (b) 32 cm
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Coin (cent)  Diameter (mm)

Toonie (200) 28.00
Loonie (100) 26.50
Quarter (25) 23.88
Nickel (5) 21.20
Penny (1) 19.05
Dime (10) 18.03

Table 4.1: Diameters of Canadian coins

of dimes (10 cent coins) were examined. The diameter of these coins is 18 mm, which
is smaller than the microwave wavelength of 24.8 mm. As shown in Fig. [4.14] the
dimes were placed in a triangular shape. The lateral separation varied from 0 cm to
5 cm, as indicated by the black arrows in Fig. [4.14] Following the same scan process,
a series of images were obtained at various h. The images when ~=20 cm and 32 cm
are shown in Fig. [4.15] In these images, the dimes can be clearly identified when
the separation distance is large, such as the dimes in row 4 to row 7 starts from the
top. In row 3, the dimes can still be distinguished in both images, indicating the
system can resolving objects with a center to center distance of 28 mm (center to
center distance of the dimes in row 3).

The amplitude in the reconstruction image for dimes in row 3 are plotted in
Fig. where offsets are shown for clarity. From Fig. [£.16] Two discrete peaks
representing two dimes are clearly observed when h=20, 26 and 32 cm. As h increases,
the two peaks begin to merge and cannot be distinguished, indicating a decrease in
system resolution as h increases.

In far field experiments, the spatial resolution is limited by the diffraction limit,

which is on the order of a half-wavelength multiplied by the system’s optical number
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Figure 4.16: The amplitude of the deduced reflectivity for the two dimes separated
by 1 cm (edge-to-edge distance) measured at different stand-off distances.

(focal length h divided by the scan aperture D)[78]. In our experiment, the system
can resolve objects with dimensions about one wavelength, which can be further
improved by increasing the scan aperture. However, the diffraction limit can not be
overcome in the far field. In the near field, sub-wavelength resolution can be achieved
and a smaller sensor is preferred for resolution issues, since the microwave field is less
disturbed by smaller sensors. The size of the MTJ microwave sensor is much smaller
than the wavelength of the microwave used. Even after taking into account the size
of the electrode (0.2 mm), the cross section of the sensor is much smaller than the

wavelength of the microwave used, allowing a precise detection of the phase.
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4.3.5 Potential three-dimensional imaging

Three dimensional imaging systems can provide additional depth information due
to which they are more powerful than the two dimensional ones. This system is
two-dimensional, since the target depth must already be known for a single frequency
measurement. However, the system could be potentially used as a 3D imaging system
by tuning the value of h in the reconstruction code and comparing the sharpness of
the obtained images. As a simple example, two targets placed at different depths were
imaged by the holography system, as shown in Fig. .17 The gun-shaped target was
placed at a depth of 19 cm while the F-shaped target was placed at a depth of 14
cm. The microwave frequency used was 13.5 GHz. The amplitude and phase patterns
were obtained using the same measurement procedure. The sensor scanned in an area
of 30 cm x 30 cm with steps of 2.5 mm. At each scan position, the amplitude and
phase signal were recorded.

Using the reconstruction algorithm in section and tuning h over a large scale,
a series of reconstruction images are obtained, as shown in Fig. [£.18 In each figure,
the h value used into Eq. is indicated at the upper right corner of the figure.
When the input h value is matched with the target’s depth, the target is focused
and has sharp edges in the image. Otherwise, the target is defocused and indistinct.
As shown in Fig. [1.1§(a) and (b), when the input h value is far from both targets’
depths, neither the gun nor the "F” can be identified in the image. When the input
h is matched with the gun’s depth, the gun can be clearly observed and identified,
while the "F” is still out of focus, as shown in Fig. [£.1§(c) and (d). Similarly, when &

is matched with the depth of the "F”, ”F” becomes clear while the gun is defocused,



Chapter 4: Spintronic sensor based microwave holographic imaging 83

Figure 4.17: Photograph of the targets at different depths. The gun-shaped target is
placed at a depth of 19 cm and the F-shape cut is placed at a depth of 14 cm. After
Fu et al. [48], used with permission.

as shown in Fig. [1.1§]g) and (h). By comparing the target’s sharpness at different
values of h, we may identify that the gun is placed at h = 18 to 19 c¢cm and the
"F” is placed at h = 13 to 14 cm. Therefore, the spintronic sensor based imaging
technique has clearly demonstrated the capability of detecting not only the existence
of the concealed objects but also their shapes. This capability might allow a concealed
threat to be distinguished along with other hidden objects.

The point-by-point measurement shown in this section takes about 20 minutes to
acquire a 2D image. However, the time is not limited by the sensor, but by the scan
stage and communication between instruments. The experiment time can be reduced
to 4-5 minutes by optimizing the scan process. In the optimized scan process, the x-y
stage moves with a constant speed without stopping and the lock-in amplifier records
the data simultaneously. It is believed that by using a faster stage or sensor array,

the experiment could be finished within 1 minute.
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Figure 4.18: Reconstructed images focused at depths of (a) 30, (b) 5, (¢) 19, (d)18,
(e) 17, (f) 15, (g) 14 and (h) 13 cm.
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In summary, a spintronic sensor based microwave holographic system was devel-
oped. Using this system, we explored the feasibility of microwave holographic imaging
applications using a spintronic sensor. This system can detect targets embedded in
microwave penetrable media and has the ability to resolve objects at dimensions of
one microwave wavelength. The target’s distance can be determined by a broadband
measurement and this was confirmed by its sharpness in the reconstruction images.

This implies that a three-dimensional imaging is achievable using a spintronic device.

4.4 Summary

In this chapter, we have developed a rapid phase detection technique which al-
lowed a lock-in amplifier to simultaneously read both microwave amplitude and phase.
Adapting the rapid phase detection technique, a sensor based microwave holographic
imaging system was developed. The feasibility of microwave imaging using microwave
sensors was demonstrated by detecting embedded objects. The work presented in this
chapter has been published in Appl. Phys. Lett. 104, 062408 (2014) [45], J. Appl.
Phys. 117, 213902 (2015) [48] and Proc. SPIE 9454, 945406 (2015) [8§]. One U.S.
patent describing the rapid phase detection technique is underway (United States

Patent Pending, No.: WO 2015063596 A1, Date of Publication: May 7, 2015) [89].



Chapter 5

Microwave sensor based radar

system

5.1 Introduction

In Chapter 4, we demonstrated the spintronic sensor’s capability for identify-
ing hidden objects by employing microwave holographic principles. Microwave holo-
graphic imaging is a single frequency measurement technique which does not make
full use of the spintronic sensor’s broadband property. In this chapter, we combine
broadband microwave techniques and a wavefront reconstruction algorithm to explore
the capabilities of the spintronic sensor in medical imaging applications, specifically
in breast cancer imaging.

Breast cancer is a serious public health issue concerning women’s health, and it is
the most common form of cancer among Canadian women [90]. It is the second leading

cause of death from cancer in Canadian women. In 2015, it is estimated that 25220

86
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women were diagnosed with breast cancer. This represents 26 percent of cancers
diagnosed in women in 2015. Unfortunately, approximately 5,000 women will die
from breast cancer in 2015. This represents 14 percent of all deaths due to cancer in
women in 2015. Based on 2007 estimates, about 1 in 9 Canadian women are expected
to develop breast cancer in their lifetime and 1 in 29 will die from it. However, the
5-year relative survival rate can be as high as 88 percent when a tumor is found in an
early stage. The current early stage detection method is X-ray mammography [91],
which exposes patients to potentially harmful ionizing radiation. Other methods,
such as magnetic resonance imaging (MRI) [91}; 02} 03] and ultrasound [9T}; 04], are
either too expensive or less effective. Microwave imaging could be a way to overcome
these weaknesses due to the fact that microwaves are non-ionizing and microwave
instruments are cost efficient, sensitive and compact [12; [85; 95} [7T}; 06; [O7].
Microwave radar is one type of widely-used microwave imaging techniques. Mi-
crowave radar techniques have been successfully used in military, rescue and ground-
penetrating applications [98; 09]. With microwave radar techniques, an object’s po-
sition is determined by measuring the time delay of the reflected wave compared to
the transmitted wave [98]. Microwave scattering occurs when there is a contrast in
dielectric properties and microwave radar techniques can then create a map of the
scattering locations[100; 101]. In microwave breast cancer imaging, strong reflections
are related to tumors since tumors usually have dielectric properties that contrast
strongly with the surrounding environment [102]. In this chapter, we explore the fea-
sibility of a microwave breast cancer imaging system by using radar techniques with

a sensor. Using this imaging system, an experiment was performed with a volunteer.
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5.2 Microwave reconstruction algorithm in a

circular scan geometry[100]

Consider a circular scan geometry in the x-y plane with a radius of R. Here q
(rg,0,) is a point in the target. The transmitter and the receiver are located at (R, ¢)
and (R, ), respectively. The scan geometry can be found in Fig. The signal

received may be written as [100; 101]

QO):qu.fG_D(QbH_D((p))? (5.1)

v

where T is the total number of the scattering points in the target, o, is the reflection

coefficient of point g, v is the microwave speed, D(¢) = \/R2 +7r2—=2-R-ry-cos(¢p—0,)

and D(p \/R2 +712—2-R-ry-cos(¢ — 0,) are the distances from the point q to
the transmitter and the receiver, respectively. Taking the Fourier transform to trans-

fer the signal from time domain to the frequency domain, we have

Sw, ¢, ¢ Z 0 F'(w) - exp (=j(k - (Dp(¢) + Dp()))) (5.2)

where F'(w) is the spectrum of f(¢). Taking the Fourier transform with respect to ¢

and ¢, we obtain

S(w,a,8) =3 oyl(w,a, B) - exp (—j(¥y(a) + ¥o(B) + E(a) +E(8)) . (5:3)

q=1

where

Uo(a) = /K2 + 12 —a? + asin” ' (a/kry) + ab,, (5.4)
W, (8) = \/k? + 12 — 32 + Bsin ' (B/kry) + (6, (5.5)
(o) = VK2 + R? — a2 + asin”(a/kR) + ar, (5.6)
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Figure 5.1: Multi-static scan geometry with transmitter at (R, ¢), receiver at (R, ¢)
and target at(r,6). After Fu et al. [49], used with permission.

Z(B) = \/k? + R2 — B2 + Bsin *(B/kR) + B, (5.7)

and I'(w,«, B) represents the amplitude components of the signal in the (w,a, )

space. o and 3 are the Fourier components of the angles ¢ and ¢, respectively.
Note that ¥, («) and U, (3) are functions of r, and 6, which are related to the

target. However Z(«v) and Z(f) are functions of R which are only related to the scan

geometry. To eliminate the effect of scan geometry, a filter is employed

AMw, a, ) = exp(j(E(a) + E(B)))- (5-8)

The compensated spectral response is

Sc(w,a,ﬁ) = S(W,Oé,ﬂ) ’ A(waavﬁ> = Z:loqr(wa&aﬂ) * €Xp <_j(\IJQ(Oé) + qu(ﬂ))) :
(5.9)
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Se(w, a, B) is only related to the target. In the following steps, we will represent S..
in x — y space, which is also the reconstruction mapping we need. Taking the inverse

Fourier transform with respect to o and 3, we have

o(w, 0, ) qu w) exp(=2jkrg(cos(0y — (¢ +¢)/2) - cos((p — ¢)/2))) (5.10)

Note that during the scan process, the relative angle between the transmitter and

the receiver stays constant, so we can eliminate the cos((¢ — ¢)/2) term and get

St(w, ¢,p) = Se(w, ¢, p)sec((p — ¢)/2) = qu w) exp(—2jkry(cos(0y—(d+¢)/2))).
(5.11)

Simplify Sy by introducing p = (¢ + ¢)/2, we have

T

Silwp) = 3 0,0(w) exp(~2jkry(cos(, — p)). (5.12)

g=1

Since S¢(w, p) is in polar coordinates, a coordinate transformation is required to
process the mapping. The coordinate transformation is performed in k space, where

ky =k -sin(p) and k, = k - cos(p). Then we can get the final form of the mapping.

5.3 Microwave sensor-based radar experiment

performed in lab-based system

A spintronic sensor based radar imaging system is shown in Fig. [5.2] The sys-
tem includes a microwave generator (Agilent E8257D), a power divider (ATM P215),
a voltage-controlled phase shifter (Hittite HMC935LP5E), an adjustable attenuator
(Mini-Circuits K2-BW3+), a bias tee (Mini-Circuits ZX85-12G+), a lock-in ampli-

fier (Stanford Research Systems SR830), a wave form generator (Stanford Research
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Figure 5.2: A schematic diagram of spintronic sensor based microwave radar system.
The right side of the figure shows the instruments required for rapid phase detection
which is discussed in detail in Chapter 4. The left side is the target attached to a
rotation stage.

Sync out

Systems DS345), a horn antenna (ATM 90-440-6), a spintronic sensor and a rota-
tion stage (RMS IMC23-L01). The rotation stage was used to move the targets. All
the other instruments were used for microwave amplitude and phase detection, as in
Chapter 4.

In contrast to the 2D holography experiment, microwave radar employs broad-
band microwaves to determine the target’s location. In the near field range, broad-
band microwave radar is widely used since high resolution can easily be achieved.
Mathematically, a stepped frequency continuous wave (SFCW) can be converted into
a pulsed wave in the time domain via a Fourier transform [98]. The time resolution is
inversely proportional to the bandwidth of the SFCW. For example, for microwaves
with 4 GHz bandwidth, the minimum time resolution is 6t = 0.25 ns. With such a
time resolution, the system can achieve a spatial resolution of dd = ¢-dt/2 = 3.75 cm

in air, where c¢ is the propagation speed of microwaves, and the factor of 1/2 comes
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Figure 5.3: Schematic diagram of of the calibration measurement. A copper board
was placed in front of the antenna and the sensor at a distance of d from both the
antenna and the sensor.

from the microwave’s round trip.

A calibration measurement was performed using a copper board, as shown in
Fig. The copper board was placed in front of the antenna and the sensor at a
distance of d from both the antenna and the sensor. The antenna and the MTJ based
sensor were separated by a distance d,s =6.5 cm. The microwave travelled from the
antenna to the copper board and reflected back to the sensor. The total travelling
distance is D = QW . The microwave phase ® follows the simple relation
of ® = D/)\ = (D/c27)w for a given system with a fixed microwave travelling distance

D, where X is the microwave wavelength. In the calibration experiment, microwaves
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Figure 5.4: Measured microwave phase ¢ as a function of microwave frequency be-
tween 8 and 12 GHz. ® follows the simple relation of & = D/\ = (D/c2m)w and ®
is wrapped in a range between £180°. After Fu et al. [49], used with permission.

ranging from 8 to 12 GHz with an interval of 0.02 GHz were employed. For a given
distance d, the microwave amplitude and phase were recorded by the lock-in amplifier
at each frequency. The measured phase is plotted as a function of frequency in Fig.
[5.4] which is in good agreement with the expected relationship.

The inverse fast Fourier transform (iFFT) was used to transform the frequency
domain to the time domain so that the time delay due to the reflection could be
determined. Moving the target distance d from 4 cm to 14 cm in steps of 2 c¢m, a
series of FFT spectra are obtained, as shown in Fig. 5.5 From Fig. we can
clearly see that the peaks of the FF'T spectra shift with respect to d, as expected.

Picking the peak position of each FF'T spectrum and plotting these as a function
of D, a linear dependence is obtained, as shown in Fig. [5.6l Fitting a linear relation,
a slope of ¢ = 3 x 10® m/s and Aty = 1.05 £ 0.05 ns at D = 0 is found. The error

bar of 0.05ns comes from the linear fitting with a 90% confidence. The drift in At
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Figure 5.5: The iFFT spectrum when the target is moved from 4 cm to 14 cm. The
shift of the peak clearly indicates the movement of the target. After Fu et al. [49],
used with permission.

is of the order of 0.05 ns over days and is ignored as it is within the measurement
uncertainty.

With our ability to detect the amplitude and phase of microwaves, the spintronic
microwave sensor was used in microwave image experiments by using the traditional
radar technique. The experimental configuration is shown in Fig. [5.1], where a circular
scan geometry with a radius R is defined in the x-y plane. The origin of the coordinate

system is at the center of the aperture O(0,0), the antenna is at (R, ¢), the spintronic
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Figure 5.6: At as a function of distance D = 24/d? + (d,s/2)? obtained from iFFT
spectra shown in Fig. [5.5] The line shows a linear dependence of D = (At — Atg)c/2
with Aty = 1.05 £ 0.05 ns. After Fu et al. [49], used with permission.

sensor is at (R, ) and the target is at (r,0). D(¢) and D(yp) are the distances

from the target to the antenna and the sensor. These can be expressed as D(¢) =

\/R2 + 12— 2R -rcos(¢ —0) and D(p) = \/R2 + 72— 2R -rcos(¢ — 6). The radius
of the transmitter and receiver as defined in Fig. is R=18 cm. The angle between
the horn antenna and the MTJ sensor is fixed at ¢ — ¢ = 20° and the initial position
is at ¢ + ¢ = 0°. The phase delay of w[D(¢) + D(¢)]/c enables the target position to

be obtained from the phase measurement. For broadband measurements, the phase
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differences between the frequencies lead to the formation of a phase modulated signal

with the form

[D(¢) + D()]

v

S(w, ¢, ¢) = 0 F(w) exp{—j= }, (5.13)

where o is the reflectivity of the target, and F'(w) is the magnitude response from the
target at frequency w. The amplitude decay with distance is not considered since it
has little impact on the image. The signal in Eq. [5.13|resembles the Fourier transform
of a time delayed signal. By calculating the inverse Fourier transform of Eq. [5.13]

the following signal is obtained: [100; [10T]

; (5.14)

S(t,6.0) = of (t_D<¢>+D<¢>>

where f(t) is the time domain representation of F'(w). This time domain signal has a
delay which is directly related to the signal travel time between the radiating antenna,
the target and the receiving sensor.

Now we describe the first radar imaging experiment in the cylindrical scan geom-
etry. The target was a polymer-distilled-water-mixture sphere with a 3 cm diameter,
which had a dielectric constant of 33 and a conductivity of 1.6 S/m to simulate fi-
bro glandular tissue [102]. As shown in Fig. [5.1] the target was located at (r, 6).
The transmitter was an X-band (8-12 GHz) horn antenna, and the receiver was an
MTJ sensor. The radiated microwave power was measured by a power meter (Agilent
U2000)to be about 10 mW .

The data were recorded at different positions of (¢, ¢). To simplify the imple-

mentation, we rotated the target counter-clockwise instead of rotating the transmitter
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Figure 5.7: 2D mapping of iFFT amplitude as a function of response time and 6
position. Green line indicates the calculated trajectory of the target without any
fitting parameters. After Fu et al. [49], used with permission.

and receiver, which is mathematically equivalent to rotating the transmitter and the
MTJ sensor clockwise. The data were collected along a circular scan geometry with
72 scan locations at intervals of 5°. At each location, the microwave frequency was
scanned from 8 to 12 GHz at intervals of 0.02 GHz.

The iFFT spectra for each 6 is mapped in Fig. [5.7, where the colors represent the
amplitude of the spectra. In the figure, one can clearly see that the peak positions
of the spectra shift with respect to the rotation angle (¢ + ¢)/2, which indicates the

time delay to the target. At (¢ + ¢)/2 = 5 £ 5° where the target is close to the horn
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Figure 5.8: The distribution of the reflectivity in x-y plane forms a 2D image, where
the bright spot indicates the initial position of the target and the dotted line indicates
a radius of 5.6 cm. After Fu et al. [49], used with permission.

antenna and sensor, the signal is strongest and the time delay is about 0.35 + 0.05
ns corresponding to a distance of D(¢) + D(¢) = 10.5 + 1.5 cm. In the opposite
position at (¢ +¢)/2 = 185+ 5°, the signal is weakest and time delay is about 1.01 ns
corresponding to a distance of D(¢) + D(p) = 30.3 £ 1.5 cm. These features indicate
the initiation position of the target is at » = 5.4 £ 1.5 cm and § = 5 4 5°, consistent
with the experimental setup with » = 5.6 cm and #=0. We can further calculate the

trajectory of the target and the resultant time delay is plotted as a green line in Fig.

L7
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Figure 5.9: (a) A single target located at (0.0 cm, -4.2 cm) was used for calibrating
the effective propagation speed v.rs. Adding a second target at (b)(0.0 cm, 4.2 cm);
(c) (4.2 cm, 1.4 cm); (d) (-4.2 ¢m, -1.4 cm); and (e) (-2.8 cm, -2.8 cm). (f) Summary
of the result of Fig. [5.9(a)-(e). The green solid ellipses (white empty ellipses) are
positions of the experimental setup (reconstructed image) for the first and second
target, respectively. After Fu et al. [49], used with permission.
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For a single target, one can also deduce a reasonable location of the target by fitting
the trajectory in the 2D iFFT spectra. The image reconstruction has advantages
in identifying multiple targets of complex circumstances as we discuss below. The
purpose of the image reconstruction is to plot the spatial distribution of the microwave
scatter, and identify the position of the targets. Wavefront reconstruction can be
applied to solve such a problem. Using a reconstruction of data acquired along circular
trajectories, the reflection spectra measured in the spatial-temporal domain were
transformed to the spatial domain to obtain the position of the target. The image
reconstruction was used to convert the 2D iFFT spectra to a more readable image
as shown in Fig. by the spatial distribution of reflectivity. A strongly reflective
target (5.4 cm,0.0 cm) is clearly seen in the x-y plane. The results without any fitting
parameter are in agreement with expectation. The dotted line indicates a circle with
a radius of 5.6 cm.

A second imaging experiment was performed under more complex conditions,
where a 2.5 cm diameter sphere of a polymer-distilled-water-mixture was immersed
in Canola-oil (with a dielectric constant of 2.5 and a conductivity of 0.035 S/m)
in a cylindrical container with a radius of 6.5 c¢m, thus simulating the tissue in a
human breast. As in the first experiment, 72 scan locations at intervals of 5° in a
circular geometry were investigated. Microwave frequencies ranging from 7-13 GHz
at intervals of 0.02 GHz were employed. This gave a time resolution of 0.08 ns. An
effective propagation speed v.rs was used to simplify the reconstruction process. In
order to determine v,yy, a single target experiment was performed for calibration. A

Verp = 2.7 x 10* m/s was determined and the reconstructed image is shown in Fig.
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5.9(a), where the target is located at (-0.4 cm, -3.9 cm), which is in agreement with
the experimental setup (0.0 cm, -4.2 cm) with an error of 0.5 cm.

To verify the feasibility of the proposed approach in a more complex environment,
a second target almost identical to the first one was added in the Canola-oil. As shown
in the inset of Fig. [5.9(b), the second target was placed at (0.0 cm, 4.2 cm), while
the first target was left at its original position (0.0 cm, -4.2 cm). The reconstructed
image is shown in Fig. [5.9(b), indicating the second target is at (0.4 cm, 4.4 cm),
which is in agreement with its location in the experimental setup. The first target
was reconstructed at (-0.4 ¢cm, -3.9 cm). This is similar to the experimental position,
as shown in Fig. [5.9(a).

In the following experiments, the second target was moved to other positions (-4.2
cm, 1.4 cm), (-4.2 cm, -1.4 cm), and (-2.8 ¢m, -2.8 ¢cm), as shown in the insets of Fig.
5.9(c), (d) and (e), respectively. From their corresponding reconstructed images in
Fig. 5.9(c), (d) and (e), we summarized the results in Fig. [5.9(f), where the green
solid ellipses and blue solid ellipses are positions of the experimental set-up for the
first and second target, respectively. The centers of the white empty ellipses and black
empty ellipses are determined by the largest magnitude in the reconstructed images,
and their radii are chosen such that each ellipse covers the whole bright area. It is
clearly seen that the experimental configurations and the reconstruction positions are
within experimental uncertainties.

In summary, by combining the rapid phase detection technique and wavefront
reconstruction algorithm, we demonstrate that microwave radar imaging applications

using spintronic microwave sensors are feasible. This technique can locate targets’
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positions in a liquid environment, which could potentially be used for breast cancer

detection.

5.4 Microwave sensor based clinical trial system

In the previous section, we demonstrated the feasibility of microwave imaging us-
ing a sensor based microwave radar system. In this section, we adapted this technique
as the first step of a clinical trial system for breast cancer imaging. Note that the M'TJ
is a sensitive spintronic device and its ultra-thin (several nm) MgO layer can break-
down under several hundred mV [103]. This causes an electrostatic discharge issue
when a volunteer is involved. In our lab-based system, a transient voltage suppressor
is employed to protect the spintronic sensor. This greatly reduces the electrostatic
discharge issue but does not eliminate it. In addition, our M'TJ whose bonding wires
are exposed to air, was designed for lab testing purpose. In the clinical based sys-
tem, there is a risk that the volunteers may touch the bonding wires or the MTJ.
This would damage it and bring additional risks to the volunteers. Both safety issue
and limited testing time for the volunteer experiment have led us to adapt the rapid
phase detection technique using a packaged semiconductor microwave sensor. While
the performance of the two types of microwave sensor is comparable, the package and
the higher breakdown voltage for the Schottky diode (several Volts) [52] allows the
experiment to be carried out safely. Based on the clinical trial system, several phan-
tom experiments were performed to explore and demonstrate the system’s imaging
capabilities. Then, using this clinical trial system, an experiment was performed, in

which a volunteers’ breasts were imaged.
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Figure 5.10: Schematic diagram of clinical trial system. The right side of the figure
are the instruments required for rapid phase detection which is discussed in detail in
Chapter 4. The antenna and the sensor are connected with a rotation stage. The
breast phantom is held by a holder in the system.

As shown in Fig. the clinical trial system is very similar to the previous
system. They share the data collection part, which includes a microwave generator,
power divider, voltage-controlled phase shifter, adjustable attenuator, a waveform
generator, a lock-in amplifier and a horn antenna. A semiconductor sensor was em-
ployed for safety reasons. The difference between the two systems is the rotation
stage. In the previous system, the stage was connected with the phantom or target
so that the phantom or target is rotated during the experiment. However, in the clin-
ical system, rotating the target would mean rotating the volunteer, which is difficult.
Therefore, in the clinical system, the antenna and the sensor are rotated together.

During the scan process, the microwave cables move together with the antenna
and the sensor. This may cause signal fluctuations and influence the system’s imaging
ability. Several phantom based experiments were performed to check the system’s

feasibility in practical applications. In the phantom based experiments, a breast-
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Figure 5.11: Picture of the breast phantom. An elliptical mould to simulates the
human breast. Canola-oil and the green sphere simulate the fat and the tissue in the

breast, respectively.

Table 5.1: The positions in the experiment and in the reconstructed images and the

errors in x and y direction

Experiment Configuration (cm) Error (cm)
Number Experiment | Reconstruction | x y
a (0.7,-5.1) (1.1, -4.6) 04 | 0.5
b (-0.7, -2.2) (-0.8, -2.6) -0.1 | -0.4
c (-0.7, 0.7) (-1.2, 0.7) -0.5 0
d (-3.7, -3.7) (-3.9, -3.8) -0.2 | -0.1

shaped mould filled with Canola-oil was placed in the center of the plate.
simulated a human breast, with mainly fat tissues. In the mould, there was a 2.5 cm

sphere made of a polymer-distilled-water-mixture to simulate tissues in the breast, as

shown in Fig. [5.11]
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Figure 5.12: Reconstructed images for a sphere in different positions. The dashed big
circle in each figure indicates the boundary of the phantom and the solid small circle
in each figure indicates the position of the sphere.

In the experiment, the antenna and the sensor were placed 18 cm away from
the rotation center with a separation of 45 degrees. The antenna and the sensor
rotated around the breast phantom in steps of five degrees. At each position, a
microwave signal, swept from 7 GHz to 13 GHz with frequency intervals of 0.1 GHz,

was recorded. The sphere was placed at positions of (0.7, 5.1), (-0.7, 2.2), (-0.7, 0.7)
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and (-3.7, -3.7) cm. Based on the measured microwave amplitude and phase, images
were reconstructed by using the reconstruction algorithm discussed in Section [5.2
The reconstruction images are color mappings where different colors correspond to
different microwave reflectivities, as shown in Fig. [5.12| (a), (b), (c¢) and (d). In Fig.
, the hot spots are identified as the target’s position locating at (1.1, -4.6), (-0.8,
-2.6), (-1.2, 0.7) and (-3.9, -3.8) cm. The experimental configuration in each case is
indicated by a solid white circle. The dashed white circle indicates the boundary of the
mould. Table summarizes all four experimental configurations and reconstructed
results. The errors in the z direction are 0.4, -0.1, -0.5 and -0.2 cm, and the errors
in the y direction are 0.5, -0.4, 0.0 and -0.1 cm. From the table, we can see that the
system can identify the target positions within an error of 1 cm.

For practical applications, the system should have the ability to identify multiple
targets. An extreme case is when the targets are attached together. In a second
experiment, a 1.5 cm diameter water-filled glass sphere was added to demonstrate the
system’s ability in imaging multiple targets. In this experiment, the tissue sphere was
placed at (-3.8, 2.7) cm with the water sphere attached. Four cases were investigated
where the water sphere placed in the +x, —y, —z, +y directions relative to the
tissue sphere. The reconstructed images for all cases are plotted in Fig. [5.13] The
dashed white circle indicates the boundary of the mould. In all four figures, hot spots
identified as the tissue are at the position of (-3.8, 2.7) cm, in agreement with the
experiment configuration, as shown by the solid white circle. The position change
of the water is clearly revealed by the hot spots in the figures. Their positions are

identified at (-1.9, 2.7), (-4.6, 0.8), (-4.2, 4.6) and (-5.8, 3.1) c¢m in Fig. [5.13(a), (b),
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Figure 5.13: Reconstructed images for a tumor at different position with respect to
the sphere. The dashed circle in each figure indicates the boundary of the phantom.
The white and green solid circles indicate the positions of the sphere and the tumor,
respectively.

(c) and (d), respectively. The expected positions of the water sphere are (-1.9, 2.7),
(-3.8, 0.7), (-3.8, 4.7) and (-5.8, 2.7). These positions are indicated by green circles
in the reconstruction images. As with the first experiment, the position error in each

direction is within 1 cm.
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5.4.1 Performance with low output power

In biomedical applications, microwaves will be strongly absorbed by the human
body due to high water concentration in the body. Therefore, only a small ratio of
microwaves can reach the region of interest in the patient. In addition, there is an
upper limit for radiated microwave power that can be used, due to safety concerns.
In order to be adapted to biomedical applications, the system must retain its imaging
ability with low radiated microwave power. To verify the system’s ability, a 2.5 cm
diameter object was investigated under different microwave power levels; ranging from
23 dBm to -15 dBm. The same scan procedure as in the previous imaging experiment
was performed. The reconstructed images using microwave output powers of 23 dBm,
15 dBm, 0 dBm, -10 dBm and -15 dBm are shown in Fig. (a), (b), (c), (d) and
(e), respectively. In all five figures, the hot spots appear at a position of (-3.5, 2.7),
which is consistent with the experimental configuration and is indicated by the solid
white circles. When output power ranges from 23 dBm to -10 dBm, the target is
clearly observed. However, when the output power is -15 dBm, the noise becomes
comparable to the signal so that the target’s location is no longer reliable.

Fig. is the response of amplitude as a function of output microwave power. A
linear response is revealed since the response amplitude corresponds to the microwave
power. From this experiment, even when output microwave power as low as -10 dBm,

this system can still retain its imaging capability
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Figure 5.14: Reconstructed images when microwave output power is (a) 23 dbm, (b)
15 dBm, (c¢) 0 dBm, (d) -10 dBm and (e) -15 dBm. The dashed big circle in each
figure indicates the boundary of the phantom and the solid small circle indicates the
position of the sphere.
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Figure 5.15: Signal amplitude in the reconstruction images as a function of output
power. A linear response is revealed as expected.

5.4.2 Potential three-dimensional measurement

Though a 2D image reconstruction algorithm is employed, the system still has the
potential to locate objects in 3D space when an additional scan in the z direction is
performed. To demonstrate the feasibility of 3D application, three 2.5 cm diameter
spheres held at different heights were investigated. Taking the highest target as the
reference in z, the three targets are placed at (3.9 cm, 3.9 ¢cm, 0 cm), (-3.9 cm, -3.9
cm, 3 cm) and (-3.9 cm, 3.9 cm, 8 cm).

In this experiment, the antenna and the sensor were lowered together with the

plate using a lift stage. Scans at 12 heights were performed, ranging from 0 cm to
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11

Figure 5.16: Schematic diagram showing how the height changes in the experiment.

The antenna and the sensor moved from the top with a step of 1 cm in a range of 11
cm.

11 cm with a step of 1 cm. At each height, the antenna and sensor rotated around
the object in steps of 5 degrees, as in the previous experiment procedure. After
360 degrees’ rotation, the antenna and the sensor were lowered. Then the scanning
process was repeated at each height, as shown in Fig. [5.16]

When the antenna and the sensor were at the same level as the target, less radia-
tion was incident on the target due to the lower microwave power density. Thus, the
reflection by the target was weaker and a weaker signal in the reconstructed image is
expected. Using the 2D reconstructed algorithm to process the data obtained at each
height separately, all three targets are revealed in the reconstruction images. Images
when h= 0 c¢m, 3 cm, and 8 cm are selected and plotted in Fig. |5.17|(a), (b), (c¢), where
all figures use the same color scale so that we can direct compare the amplitudes.

From the Fig. |5.17|(a), (b), (c), we can identify the three objects located at (3.5
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Figure 5.17: Reconstruction images when the height were (a) 0 cm, (b) 3 cm and (c)
8 cm.

cm, 4.1 cm), (-4.0 cm, -4.5 cm) and (-4.6 c¢cm, 4.6 cm), respectively. In order to
determine the targets’ heights, we need to compare the targets’ response amplitudes
at different heights. The response amplitude is plotted as a function of height for each
object in Fig. 5.18 From the response curves, the three target have the strongest

response when height=0 cm, 3 cm, and 8 cm, respectively. This indicates the objects’
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Figure 5.18: Reconstructed amplitude of each target as a function of height. The
maximum amplitude for each target appeared at height 0 cm, 3 cm and 8 cm.

Table 5.2: The target positions in experiment and in the reconstructed images

Experimental Configuration | Reconstruction position
(3.9,3.9,0) cm (3.5, 4.1, 0) cm
(-3.9, -3.9, 3) cm (-4.0, 4.5, 3) cm
(-3.9, 3.9, 8) cm (-4.6, 4.6, 8) cm

locations at these heights. Table 5.2 summarizes the expected objects’ positions and
the reconstructed positions. We can see that the error is within 1 cm. This verifies

the system’s potential in determining an object’s position in 3D space.

5.4.3 Volunteer experiments

An experiment was performed to obtain microwave images of volunteers’ breasts.

Similar to the phantom based experiment, the sensor and the antenna were placed
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Figure 5.19: Schematic diagram of the clinical trial system. The right side of the
figure are the instruments required for rapid phase detection which is discussed in
detail in Chapter 4. The antenna and the sensor are connected with a rotation stage.
The breast phantom is held by a holder in the system.

18 cm away from the rotation center with a 45° relative angle. The experiment setup
is identical to the previous sections. As shown in Fig. [5.19 in the experiment, the
volunteer laid on the bed and put one of her breasts in a hole in the bed. As in the
phantom based experiment, the antenna and sensor rotated around the volunteer’s
breast in steps of five degrees. At each position, microwave signals ranging from 7
GHz to 13 GHz were recorded. During the scan process, the volunteer was required
to keep motionless. The scan process was limited to 13 minutes for the benefit of
the volunteer. A background collection was required for each volunteer since the bed
deformation may be different for different volunteers. In the background collection
step, the volunteer was required to lay on the bed without putting her breast into the
hole. This process lasted the same time period as the breast scan. There were four

volunteers involved in the experiment and ethics approval were obtained.
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Figure 5.20: Reconstructed images from four different volunteers.

The subtraction of the breast data and the background data were used to create
the reconstructed images. The reconstruction algorithm was identical to previous
sections. The reconstructed images shown in Fig. [5.20] Figures [5.20(a), (b), (c), (d)
are reconstruction images obtained from four different volunteers. In Fig. [5.20(b)
and (d), circle shaped targets were observed. However, such circle shaped responses

were not observed in Fig. [5.20(a) and (c). For each volunteer, the maximum response
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amplitude appeared at (2.3, -2.3) c¢m, (3.4, 5.8) cm, (-2.9, -2.8) cm, and (1.1, 1.1),
which corresponded to the strongest reflection point in each breast. Different images
were obtained from different volunteers, indicating that the microwave could identify
the differences in the volunteers’ breasts. The differences may come from a lot of
factors such as the sizes and shapes of the volunteers’ breasts, and the different
reflection coefficients of the skin. At this stage, there is too little information to
understand the images. More information is required, which may come from either
the microwave imaging technique or other imaging techniques.

For the microwave imaging technique, 3D images could provide more information
than 2D images, whose potential feasibility was demonstrated in Section 5.4.2. In
addition, a systematic study is required to characterize the microwave penetration
velocity and loss in each breast tissue. Furthermore, a numerical model that takes
these into account is desirable. Based on these items, the obtained 3D microwave
image could be directly compared with other imaging techniques such as MRI.

In summary, we have developed a sensor based microwave imaging system. This
imaging system can locate targets within an error of 1 cm. The system is capable of
acquiring images even with an output power as low as -10 dBm. By performing a scan
along the z axis, it is shown that the system has the potential to do 3D imaging. By
adapting this imaging system for the volunteer experiment, the volunteers’ breasts

were imaged using microwave sensors.
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5.5 Summary

In this chapter, by using the rapid phase detection technique, we have developed
a sensor based microwave radar system. This radar system can locate a target’s
position in complex environments by employing a wavefront reconstruction algorithm.
A clinical trial microwave imaging system was developed with the sensor based radar
technique. By adapting this imaging system for volunteer experiments, images of
volunteers’ breast were obtained using a microwave sensor. Work in this chapter was

published in Appl. Phys. Lett., 105, 122406 (2014) [49].
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Conclusion

6.1 Summary

Microwave technology is used extensively for a wide range of modern applications
such as telecommunications, navigation and radar. This widespread use is the result
of several advantages provided by the several centimetres wavelength of microwave
radiation. First, the corresponding high frequency permits both broad bandwidth and
high data transmission rates. Second, this wavelength permits smaller antenna sizes
than lower frequency radiation. Microwave antennas can be easily used in integrated
circuits — a key factor in the use of microwave technology for device applications such
as smartphones.

The signal processing and analysis of microwaves requires highly sensitive mi-
crowave devices that are operational at room temperatures; in particular, the rec-
tifying behaviors of semiconductor diodes play an important role. Within the next

decade, the most commonly used device in rectifiers, the Schottky diode, will un-

118
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doubtedly play a leading role, however, after more than 70 years of development, the
performance of Schottky diodes has reached its limits [18§].

The focus of this thesis is to demonstrate the potential of spintronic-based mi-
crowave detectors which utilize MTJs. In Section 3.3 and Section 4.2, the microwave
amplitude and phase detection capabilities of a spin-rectification sensor are shown.
The potential of this sensor for microwave imaging was demonstrated by detecting
hidden objects as well as performing microwave antenna design and holographic and
radar imaging in Section 3.4, Section 3.5, Section 4.3 and Chapter 5. Except for the
clinical trial of microwave imaging for breast cancer detection discussed in Section
5.4, which was performed in the lab of Dr. Stephen Pistorius at the University of
Manitoba, all experiments were carried out in the Dynamic Spintronics Group at the
University of Manitoba.

For the next generation of microwave detectors utilizing MTJ devices, previous
research and development has already led to an enhancement in MTJ sensitivity near
the condition of ferromagnetic resonance, where the spin dynamics have a maximum
impact on d.c. transport. As a consequence, recent breakthroughs in MTJ design
have enabled order of magnitude enhancements in power sensitivity [29; 30} [32; [33;
345 35, B6]. The spin rectification effect gets weaker when the microwave frequency
is away from the resonant frequency. In the lab, this problem can be circumvented
by an external magnetic field bias to alter the resonant frequency of an MTJ. But for
device applications it would requires elements for providing an external field for the
sensor operation and increases the complexity to design the system. To simplify the

design of the first prototype imaging system using a spintronic sensor, in this thesis,
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we have explored the Seebeck rectification effect [44], as detailed in Section 2.4, which
allows the detection of broadband microwaves with a bandwidth greater than 10 GHz
in the absence of any external magnetic bias. The discovery of non-resonant spin
rectification paved a new way for developing spintronic microwave detectors, which
allows them to be easily integrated into existing circuits without needing any extra
components for magnetic bias.

While previous works have calibrated the MTJ sensitivity by direct microwave
injection via coaxial cable [30; B2 34], in Chapter 3 of this thesis we demonstrated
the capability of MTJ devices to detect scattered microwave through the imaging of
hidden objects [46]. Since the radiated power is larger than the scattering amplitude,
we have explored the application of antenna characterization using MTJ in Section
3.5. In this case, the benefit of using a small microwave sensor is that there will
be less perturbation of the microwave field that is being sensed, i.e. less destructive
sensing [47].

In addition to the enhancement of power sensitivity, precise phase detection could
provide information crucial for imaging reconstruction. In this thesis, we have de-
veloped a rapid phase detection method by using the lock-in technique [45], so that
both microwave amplitude and phase can be precisely measured. The precision of this
method has permitted through-the-wall-detection of human vital signs because the
phase of scattered microwaves is periodically modulated by the chest wall movement
during breathing and heartbeats [104].

The first steps towards implementing spin rectification devices for microwave imag-

ing applications are presented in Chapter 4 and 5, using both holographic [48} [8§]
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and radar imaging [49]. The high sensitivity of spintronic microwave detectors allows
coherent image reconstruction even in noisy environments. A holographic imaging
system was built and the capability of identification of hidden objects was demon-
strated [48}; 88]. It was also shown that embedded defects immersed in a liquid could
be located using the radar imaging technique. Using the microwave radar technique,
a clinical trial microwave imaging system was developed. Based on this system, four
volunteer experiments were performed, showing the system’s capability of detecting
strong reflection areas in human breasts.

In summary, during my thesis, using MTJ devices, microwave amplitude distribu-
tions were detected. A microwave holographic imaging system was developed which
was able to image concealed targets. Furthermore, a microwave radar imaging sys-
tem was developed which showed its potential in medical imaging. These results have
demonstrated the feasibility of a spintronic sensor for microwave imaging applications
and encourage us to continue the research and development of the spintronic based

imaging system.

6.2 Future work

Based on the progress of spintronic sensor based imaging system, the future re-
search could include two research tasks. One is to enhance the performances of
spintronic sensors and the other is to optimize the imaging systems. For the first
task, the following research and development seem timely:

(1) Resonant detection at FMR condition

In this thesis, I used non-resonant Seebeck rectification for microwave detection,
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which has several advantages such as broadband detection and simple implementation.
However, currently the highest sensitivity based on this working principle is only
about a few hundred mV/mW/[54], two order of magnitude smaller than that for
resonant detection (up to 74,500 mV/mW)[35; B6]. If a magnetic field is used to
bias the spintronic sensor working at the FMR condition, the detection capability
may be significantly enhanced. Different from magnetic resonance imaging, where
the whole unit under test should be biased by a magnetic field in order to excite the
nuclear magnetic resonance, for the microwave imaging system based on the resonant
detection, the magnetic field is only required to bias the spintronic sensor. This effect
allows us to appropriately integrate a permanent magnet and/or an electromagnetic
coil with the spintronic sensor. Notice that the neodymium magnet could provide
a magnetic field higher than 1 Tesla, corresponding to a microwave frequency of up
to 30 GHz. Changing the dc bias current for the electromagnetic coil would allow
the resonant detection for a range of microwave frequency and achieve a broadband
microwave measurement.

(2) Microwave magnetic field detection

While different methods have been developed for microwave detection, most of
them measure microwave e-fields. In contrast, current state-of-the-art, microwave
h-field sensors are still based on Faradays law by detecting the change of magnetic
flux through a loop. Its sensitivity scales down with the square of the diameter
of the loop. This factor makes it difficult for applications in the near field, where
the microstructured h-field sensor is desirable in order to achieve sub-wavelength

resolution.
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One of the unique features of spintronic devices is the capability to detect mi-
crowave h-field besides the microwave e-field. It is well known that the impact of
microwave h-field on the produced rectification voltage can be significantly enhanced
near the frequency of FMR through the susceptibility tensor defined in Section 2.3.
This feature may allow the high sensitive detection of microwave h-field. The ability
to detect microwave e-field in the non-resonant condition has been demonstrated in
this thesis. In the future, a near field imaging system will be developed using spin-
tronic sensors, which may achieve both h-field and e-field imaging by turning the
FMR condition on or off. To verify this capability as well as compare the spatial res-
olution with the traditional loop antenna, the coplanar waveguide could be the first
test sample as the distribution of microwave h-field and e-field can be well calculated.
The capability for measuring the spatial distribution of both microwave h-field and
e-field using the spintronic sensor may allow the generation of better microwave imag-
ing, making it more useful for fields such as biomedicine, security services, material
characterization, etc.

During my thesis, two prototype imaging systems based on the spintronic sensor
have been built and the preliminary results have demonstrated the capability of spin-
tronic devices for microwave imaging applications. To improve the performances of
the systems, the following research should be carried out in the future.

(3) Noise analysis

For any practical applications, noise analysis is essential to improve the perfor-
mance of the system. During my thesis, my research focused on building the prototype

and demonstrating the feasibility of spintronic sensor based system for microwave
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imaging application. The next step should be to study the noise properties of the
system, which mainly includes the characterization of the sensor’s thermal noise and
the shot noise, the crosstalk and interference between sensor elements, and the noise
from equipment. This research will guide the optimization of imaging systems using
the spintronic sensor.

(4) Full characterization of the imaging system

In order to characterize the full functionality of these systems, more systematic
experiments should be carried out in the future, which may include the determination
of spatial resolution, stand-off distance, and penetration depth. Some preliminary
results related to the spatial resolution have been presented in Section 4.3.4, which
depends on the stand-off distance, scan aperture, and output microwave power. A
detailed data sheet of the specification of the imaging system should be made so
that the sensor based imaging system can be compared with the currently existing
approaches based on microwave antennas.

Generally speaking, by using lower frequency microwaves, a larger penetration
depth can be achieved. But the resolution may be not high enough for target iden-
tification. As the spintronic sensor is a broadband microwave detector (preliminary
results shows a range up to 40 GHz), our proposed method is to develop sensor-
based ultra-wideband microwave technology, where low frequency microwaves meet
the requirement of penetration and high frequency microwaves meet the requirement
of resolution. By combining them, this approach could solve the contradiction be-
tween penetration and resolution using conventional single frequency or narrowband

microwave approach. In addition, broadband microwave measurements also carry the
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information of range resolution. It is worthwhile to study the 3D imaging technique
based on spintronic sensors by combining broadband microwave measurements with
the existing 2D holographic imaging, as it could provide additional information such
as the depths and the relative positions of objects.

(5) Data acquisition time

The data acquisition time plays a critical role in the performance of the imaging
system, especially for developing 3D imaging. Both the current holographic imag-
ing system and the radar imaging system developed during my thesis use a single
spintronic sensor system, which is attached to a mechanical stage. Currently, the
x-y stage moved with a velocity of 2 cm/s and it took about 20 minutes to acquire
a 2D holographic image. Obviously, the time consumption is not limited by the
sensor to catch the signal, but by the scan stage and communication between in-
struments. In the future, more efforts can be made to reduce the data acquisition
time by solving/reducing these factors. With a faster scanner, less data acquisition
time is expected. The data acquisition time can be further reduced by optimizing the
scan process. The experiment shown in the thesis was a point-by-point scan, which
required the sensor to stop at each sampling position for tens of milliseconds. In the
optimized scan process, the x-y stage would move with a constant speed without stop-
ping and the lock-in amplifier would record the data simultaneously. This movement
could be compensated by modifying the code in the data analysis process.

It should be noted that the mechanical motion is much slower than an electrical
switch. Therefore a sensor array could be designed and fabricated in the future, which

should significantly decrease the data acquisition time. This microwave sensor array
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is like the electro-optical devices used in digital cameras, where millions of optical
sensors are integrated into an array. Therefore, the development of spintronic sensor
array for microwave imaging is essential for future practical applications. While
large spintronic sensor array such as MRAM indeed exists, it is not designed for
the purpose of microwave detection. Furthermore, different from optical sensors, the
microwave sensors need to measure the phase besides its amplitude, which requires
feeding additional reference signal into sensors. The key technical challenge here is
to optimize the reference path so that the reference signal sent to each sensor has

identical amplitude and phase or its amplitude and phase can be well calibrated.
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