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Abstract

Spin torque oscillators (STOs) are microwave oscillators with an attrac-
tive blend of features, including a more-than-octave tunability, GHz operating
frequencies, nanoscale size, nanosecond switching speed and full compatibility
with CMOS technology. Over the past decade, STOs’ physical phenomena
have been explored to a greater extent, their performance has been further
improved, and STOs have already shown great potential for a wide range
of applications, from microwave sources and detectors to neuromorphic com-
puting. This thesis is devoted to promoting the STO technology towards its
applications, by means of implementing the STO’s electrical model, dedicated
CMOS integrated circuits (ICs), and STO-CMOS IC integration.

An electrical model, which can capture magnetic tunnel junction (MTJ)
STO’s characteristics, while enabling system- and circuit-level designs and
performance evaluations, is of great importance for the development of MTJ
STO-based applications. A comprehensive and compact analytical model,
which is based on macrospin approximations and can fulfill the aforemen-
tioned requirements, is proposed. This model is fully implemented in Verilog-
A, and can be used for efficient simulations of various MTJ STOs. Moreover,
an accurate phase noise generation approach, which ensures a reliable model,
is proposed and successfully used in the Verilog-A model implementation.
The model is experimentally validated by three different MTJ STOs under
different bias conditions.

CMOS circuits, which can enhance the limited output power of MTJ STOs
to levels that are required in different applications, are proposed, implemented
and tested. A novel balun-low noise amplifier (LNA), which can offer sufficient
gain, bandwidth and linearity for MTJ STO-based magnetic field sensing
applications, is proposed. Additionally, a wideband amplifier, which can be
connected to an MTJ STO to form a highly-tunable microwave oscillator
in a phase-locked loop (PLL), is also proposed. The measurement results
demonstrate that the proposed circuits can be used to develop MTJ STO-
based magnetic field sensing and microwave source applications.

The investigation of possible STO-CMOS IC integration approaches demon-
strates that the wire-bonding-based integration is the most suitable approach.
Therefore, a giant magnetoresistance (GMR) STO is integrated with its ded-
icated CMOS IC, which provides the necessary functions, using the wire-
bonding-based approach. The RF characterization of the integrated GMR
STO-CMOS IC system under different magnetic fields and DC currents shows
that such an integration can eliminate wave reflections. These findings open
the possibility of using GMR STOs in magnetic field sensing and microwave
source applications.

Keywords: STO technology, microwave oscillator, analytical model,
macrospin approximation, Verilog-A model, high frequency CMOS
circuits, balun-LNA, STO-IC integration
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Sammanfattning

Spinntroniska oscillatorer (STO:er) är en ny sorts strömstyrda mikrovågsoscil-
latorer som bygger på två spinntroniska effekter: spinnvridmoment och mag-
netoresistans. Under det senaste årtiondet har omfattande forskning utförts
rörande STO:er och deras potentiella användning i olika tillämpningar. STO:ers
egenskaper omfattar avstämbarhet över mer än en oktav, GHz-frekvenser, stor-
lek i nano-skala, uppstartstid i nanosekund-regimen och full kompatibilitet med
CMOS, som är den dominerande teknologin för integrerade kretsar. Denna
unika uppsättning egenskaper öppnar upp för användning av STO:er i en
mängd tillämpningar inkluderande mikrovågskällor och –detektorer, icke- ko-
herenta radiosändare och –mottagare, magnonik, neuromorfiska beräkningar,
magnetfältssensorer och magnetfältsgenerering. För att möjliggöra utvecklin-
gen av dessa tillämpningar behövs förbättrade STO-prestanda (fasbrus och
uteffekt), elektriska modeller, dedikerade kretsar samt integrering av STO:er
med CMOS.

Denna avhandling ämnar föra STO-teknologin närmare sina tillämpningar
genom utveckling av en elektrisk modell för STO:er, dedikerade CMOS-kretsar
samt integrering av STO:er med sådana integrerade kretsar. Den framtagna
elektriska modellen möjliggör utveckling av STO-baserade kretsar och system,
liksom utvärdering och användning av STO:er i olika tillämpningar. Modellen
har implementerats och validerats. Simuleringsresultaten visar att den fram-
tagna modellen väl reproducerar ett antal STO:ers funktion och egenskaper
och därmed kan användas för att reducera tidsåtgång, kostnad och risk för fel
vid prototyputveckling av STO-baserade system. Vidare har dedikerade kret-
sar för att öka uteffekten utvecklats och utvärderats. Mätresultaten bekräftar
att de framtagna kretsarna kan användas i den fortsatta utvecklingen av STO-
baserade magnetfältssensorer och mikrovågsgeneratorer. Slutligen har STO:er
integrerats med CMOS-kretsar för att uppnå bättre prestanda och miniatyris-
ering. Mätresultaten från detta arbete visar att STO-integrering eliminerar
prestandasänkande mikrovågsreflektioner, samt kan användas i tillämpningar
såsom magnetfältssensorer och mikrovågsgeneratorer.
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such topology are designed in a 65 nm CMOS process. They present a simu-
lated bandwidth of 2 GHz - 8.7 GHz, gain of 16 dB, IIP3 of -3.5 dBm, and NF
< 3.8 dB, while consuming 3.72 mW from a 1.2 V power supply. The simula-
tion results show that the proposed balun-LNA offers a larger gain-bandwidth
product for the same power consumption compared to non-cross-coupled cir-
cuits.
Author’s contribution: The author performed the theoretical analysis and
simulations, and wrote the manuscript.

• [Paper II] T. Chen, P. Dürrenfeld, S. Rodriguez, J. Åkerman, A. Rusu,
“A highly tunable microwave oscillator based on MTJ STO technology,” Mi-
crowave and Optical Technology Letters, vol. 56, no. 9, pp. 2092–2095, Jun.
2014.
Summary: This paper presents a fully ESD-protected and highly tunable
microwave oscillator, combining an MTJ STO and a dedicated wideband am-
plifier. The MTJ STO gives a maximum output power of -40 dBm and a
much wider tunability range compared to the state-of-the-art CMOS VCOs.
The amplifier enhances the RF signal of the MTJ STO to a level that can
be used to drive a PLL. It is implemented in a 65 nm CMOS process. It
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provides a measured gain of 35 dB, bandwidth of 2 GHz - 7 GHz, NF of 5
dB, while taking a total current of 31.7 mA from a 1.2 V power supply. The
entire microwave oscillator presents a measured Q of about 170 and a wide
tunability of 3 GHz - 7 GHz. The measurement results demonstrate that the
proposed MTJ STO-based microwave oscillator opens a new possibility for
implementing multi-band, multi-standard radios.

Author’s contribution: The author performed the theoretical analysis, de-
signed the dedicated wideband amplifier, performed the amplifier measure-
ment, and wrote the manuscript. The author performed the (MTJ STO +
amplifier IC) pair measurement together with P. Dürrenfeld.

• [Paper III] T. Chen, S. Rodriguez, J. Åkerman, A. Rusu, “An inductor-
less wideband balun-LNA for spin torque oscillator-based field sensing,” in
Proc. of IEEE International Conference on Electronics, Circuits and Sys-
tems (ICECS), Marseille, France, Dec. 2014, pp. 36–39.

Summary: This paper reports an inductorless balun-LNA targeting MTJ
STO-based magnetic field sensing applications. The balun-LNA is based on
the topology given in [Paper I]. It is implemented in a 65 nm CMOS process,
and it is fully ESD-protected. It presents a measured bandwidth of 2 GHz -
7 GHz, gain of 20 dB, IIP3 of +2 dBm, and NF < 5 dB. The balun-LNA core
draws only 3.2 mA from a 1.2 V power supply and occupies a silicon area
of 0.0044 mm2. The measurement results demonstrate that the proposed
balun-LNA shows great potential in MTJ STO-based field sensing systems.

Author’s contribution: The author performed the theoretical analysis, de-
signed the balun-LNA, performed the balun-LNA measurement, and wrote
the manuscript.

• [Paper IV] T. Chen, A. Eklund, E. Iacocca, S. Rodriguez, B. G. Malm, J.
Åkerman, A. Rusu, “Comprehensive and macrospin-based magnetic tunnel
junction spin torque oscillator model - part I: analytical model of the MTJ
STO,” IEEE Transactions on Electron Devices, vol. 62, no. 3, pp. 1037–1044,
Mar. 2015.

Summary: This paper presents a new analytical model of MTJ STOs. The
proposed model is based on macrospin approximation, allows implementation
in hardware description languages and hence enables system- and circuit-level
design and simulation. It is comprehensive and compact, and it can be used
for various MTJ STOs to evaluate the performance of MTJ STOs together
with their application-specific integrated circuits. The analytical model is
verified by comparing it against measured data of three different MTJ STOs
under different bias magnetic fields and DC currents. The proposed analytical
model is suitable for being implemented in hardware description languages
and used for efficient simulations at device, circuit, and system levels.
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Author’s contribution: The author performed the theoretical analysis, coding
and verification of the proposed model in Matlab, and wrote the manuscript.

• [Paper V] T. Chen, A. Eklund, E. Iacocca, S. Rodriguez, B. G. Malm, J.
Åkerman, A. Rusu, “Comprehensive and macrospin-based magnetic tunnel
junction spin torque oscillator model - part II: Verilog-A model implementa-
tion,” IEEE Transactions on Electron Devices, vol. 62, no. 3, pp. 1045–1051,
Mar. 2015.
Summary: This paper presents the full Verilog-A implementation of the ana-
lytical model proposed in [Paper IV]. To achieve a reliable Verilog-A model,
an approach to reproduce the phase noise generated by the MTJ STO is pro-
posed. The implemented Verilog-A model yields a time domain signal, which
retains the characteristics of operating frequency, linewidth, oscillation am-
plitude, and DC operating point, with respect to the magnetic field and the
applied DC current. The Verilog-A model is verified against the analytical
model, showing equivalent device characteristics for the full range of bias con-
ditions. It is further validated in a system that includes an MTJ STO and
CMOS circuits.
Author’s contribution: The author implemented the proposed model using
Verilog-A, performed simulations and verification of the Verilog-A model, and
wrote the manuscript. The author implemented the phase noise generation
together with A. Eklund.

• [Paper VI] T. Chen, A. Eklund, S. Sani, S. Rodriguez, B. G. Malm, J.
Åkerman, A. Rusu, “Integration of GMR-based spin torque oscillators and
CMOS circuitry,” Solid-State Electronics, vol. 111, pp. 91–99, Sept. 2015.
Summary: This paper demonstrates the integration of the GMR STO with
dedicated high frequency CMOS circuits. To eliminate wave reflections during
signal transmission and to bring the STO technology closer to its applications,
possible approaches of integrating the GMR STO and CMOS circuits are in-
vestigated. Based on the investigation, the wire-bonding-based integration
approach is chosen and employed in this work, since it allows easy implemen-
tation, measurement and replacement. A GMR STO is then wire-bonded to
the dedicated CMOS IC mounted on a PCB, forming a (GMR STO + CMOS
IC) pair. The dedicated CMOS IC is designed to provide the necessary bias-
tee for the GMR STO, as well as ESD protection and wideband amplification.
It is implemented in a 65 nm CMOS process, and has a measured gain of 12
dB, while consuming only 14.3 mW and taking a total silicon area of 0.329
mm2. The (GMR STO + CMOS IC) pair is measured by sweeping the DC
current injected into the GMR STO, as well as altering magnitude and angle
of the magnetic field. It presents a wide tunability range from 8 GHz to 16.5
GHz, and enhances the output power of the GMR STO by about 10 dB. The
measurement results also demonstrate that the GMR STO-CMOS integra-
tion eliminates wave reflections during the signal transmission, and therefore
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exhibits good potential for developing high frequency GMR STO-based ap-
plications, which combine the features of CMOS and STO technologies.
Author’s contribution: The author performed the theoretical analysis, de-
signed the CMOS IC, performed the CMOS IC measurement, and wrote the
manuscript. The author performed the measurements of GMR STO devices
and (GMR STO+CMOS IC) pair together with A. Eklund.

• [Paper VII] T. Chen, R. K. Dumas, A. Eklund, P. K. Muduli, A. Houshang,
A. A. Awad, P. Dürrenfeld, B. G. Malm, A. Rusu, J. Åkerman, “Spin-torque
and spin-Hall nano-oscillators (invited),” Manuscript submitted to Proceedings
of the IEEE, 2015.
Summary: This paper reviews the state-of-the-art in spin-torque and spin-
Hall effect nano-oscillators (STNOs and SHNOs). Firstly, it introduces the
underlying physics, and discusses different implementations of these oscilla-
tors. Secondly, it presents the functional properties of these oscillators in
terms of frequency range, output power, phase noise, modulation rate, and
their inherent propensity for mutual synchronization. Thirdly, the poten-
tial of these oscillators for a wide range of applications, from microwave sig-
nal sources/detectors to neuromorphic computation elements, is investigated.
Finally, the integration consideration, as well as the dedicated circuitry that
have so far been designed to harness the potential of these oscillators, are
discussed.
Author’s contribution: The author investigated the potential of STNOs and
SHNOs for various applications, performed the survey of STNOs, and pro-
posed the concept of the MTJ STO-based transceiver. The author also in-
vestigated issues, challenges and developments of STNO/SHNO-based appli-
cations, and wrote the corresponding parts of the manuscript.



Chapter 1

Introduction

1.1 Background on microwave oscillators

Microwave technology is extensively used in wireless high-speed communications.
Microwaves are electromagnetic waves whose frequencies are usually defined from
300 MHz to 300 GHz, and their corresponding wavelengths λ are between 1 m to 1
mm [1]. Based on Shannon’s Theorem, the large bandwidth, which can be obtained
at microwave frequencies, offers a very large channel capacity, enabling high-speed
communications [2]. In addition, microwave frequencies allow high directivity, and
small antenna sizes [3], which enable compact design of microwave devices. Fur-
thermore, the use of microwave technology enables multiple devices communicating
simultaneously and accessing different networks, such as WiFi, Bluetooth, cellular
and satellite networks, as well as different standards and bands. Because of these
advantages, microwave technology has been fully integrated into our daily lives.
Nowadays, the use of microwave technology covers wireless connectivity and com-
munication among a wide variety of consumer electronics, and devices which are
attached to objects, animals or people to provide unique identifiers and the abil-
ity to transfer data. Particularly, as the concept of Internet of Things (IoT) has
been raised, more and more devices are allowed to communicate wirelessly with
each other. The growth in the number of connected devices is expected to increase
exponentially through 2020, as illustrated in Fig.1.1 [4].

The rapidly increasing number of connected devices, as well as the growing
demand for consumer electronics [5], continuously push the microwave industry to
deliver high performance, low cost, compact components, which are appropriate for
multi-band/multi-standard systems. Among all the components in these systems,
microwave oscillators are the heart [6], providing critical clocking, or generating
the carrier or local oscillator (LO) signal for the purpose of converting a signal
frequency up and down.

Microwave oscillators with tunable operating frequency are necessary for multi-
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Figure 1.1: Growth of connected devices [4]

band/multi-standard systems, and they can be implemented in various types. Voltage-
controlled oscillators (VCOs) represent a common type of tunable oscillators. Many
technologies featuring different characteristics are available for implementing VCOs.
The choice of the technology is highly determined by the targeted application or
requirements. For instance, monolithic microwave integrated circuits (MMICs)
based on silicon germanium (SiGe) and gallium arsenide (GaAs) or indium gallium
phosphide (InGaP) heterojunction bipolar transistor (HBT) technologies are fre-
quently considered for implementing VCOs with both good noise performance and
high operating frequencies [6]. However, they consume considerable power, occupy
a large area and have high cost [7], which limit their uses in many applications.
Complementary metal-oxide semiconductor (CMOS) VCOs have achieved high op-
erating frequencies (over 100 GHz), low cost, and high level of radio frequency
(RF) analog and digital-integration capabilities [6, 8]. Hence, they are becoming
more popular. Nevertherless, CMOS LC VCOs have limited tunability (±10%)
[6, 9]. The CMOS voltage-controlled ring oscillator, which offers the wideband
operation, requires an additional digital-to-analog converter (DAC) and a voltage
regulator [10]. Other types of microwave oscillators include but are not limited
to surface acoustic-wave (SAW) oscillators, dielectric resonator oscillators (DROs),
yttrium iron garnet (YIG)-tuned oscillators (YTOs), and transmission-line oscil-
lators [6, 8]. For SAW oscillators, their fundamental operating frequency range is
from 100 MHz to 2 GHz [11]. This frequency range cannot fully support mod-
ern wireless communications based on e.g. WiFi, Bluetooth and LTE. DROs offer
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high frequency stability and low phase noise [12]. However, their typical tunability
range is only about 0.2% [12], making it also less suitable for multi-band/multi-
standard communications. YTOs can provide over a decade of tuning range, high
tuning linearity and good phase noise performance. Considering their slow tuning
speed, bulky volume and high power consumption, YTOs are mainly employed in
test and measurement equipments as well as wideband military systems [8]. The
varactor tuned transmission line oscillator, as it is presented in [13], shows a tun-
ing range of 53%. Nonetheless, it suffers from a trade-off between tunability and
noise performance. For consumer electronics applications, microwave oscillators
with low cost, low power consumption, high and wide operating frequency range
for multi-band/multi-standard systems, are of great interest.

Spin torque oscillator

Spin torque oscillators (STOs), are a novel type of tunable microwave oscillators,
which have attracted widespread interest because of their potential uses in multi-
band/multi-standard systems. STO’s operation is based on two spintronic effects:
spin transfer torque (STT) and magnetoresistance (MR) [14]. The STT effect
generates a precession of the magnetization in STOs, conducting the oscillation
of either tunneling magnetoresistance (TMR) or giant magnetoresistance (GMR).
An STO with TMR is a magnetic tunnel junction (MTJ) STO and an STO with
GMR is a spin valve (SV) STO (or so called GMR STO) [14]. Compared to GMR
STOs, MTJ STOs offer a larger output power thanks to larger MR, but lower and
narrower tunable frequency range.

STOs are nanoscale current-controlled oscillators (CCOs), which offer very wide
tunability. The operating frequency of STOs can be manipulated by either the DC
current injected into the devices, or the magnetic field applied to the devices. For
instance, a single MTJ STO [15, 16] can be used as an LO covering the entire band-
width of ultra-wideband (UWB) applications. This frequency tunability range of
multi-octave band exceeds that of CMOS LC VCOs which typically show tunability
ranges of around ±10%. GMR STOs typically have higher and wider tunable fre-
quency range. For example, the frequency of a single GMR STO, which is used in
this work, can be tuned between 9 GHz and 20 GHz approximately (pre-threshold
region is observed down to 8 GHz), with the bias constraints of a lower than 22 mA
direct current (DC) current, a 8 kOe – 12 kOe magnetic field magnitude and a 79◦

– 85◦ magnetic field angle [17]. Additional frequency tunability can be achieved
by further changing the strength or the angle of the applied magnetic field. The
operating frequency of GMR STOs has been experimentally observed up to 46
GHz and extrapolated to 65 GHz [18]. In addition to the wide tunability, STOs
have lateral sizes on the order of 100 nm, high operating frequency, fast switching
speed (the turn-on time is less than 1 ns), low power consumption (on the order of
milliwatt), and good quality factor Q (up to 18000). They also feature the same
compatibility with CMOS as STT-based magnetoresistive random-access memory
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Table 1.1: Comparison between STOs and common types of microwave oscillators

Type Tuning
range

10 GHz phase noise
@100 kHz offset

Switching
speed

Size
(inch3)

Cost Power con-
sumption

VCO
[6]

Octave -110 dBc/Hz 1 µs 0.001 Low Low

YTO
[6]

Decade -120 dBc/Hz 1 ms 1 High High

DRO
[6]

1 % -120 dBc/Hz N/A 0.5 Medium Low

STO Multi-
octave

N/A* 1 ns 1×10−16 Low Low

* The phase noise of MTJ STO has been measured by Nanosc AB and it is about -65 dBc/Hz at 1
MHz offset.

(MRAM) [14, 19, 20, 21, 22]. To highlight the advantages of STOs, a comparison of
common types of microwave oscillators including VCOs, YTOs and DROs, is given
in Table 1.1. Among all the microwave oscillators listed in Table 1.1, STOs have
the smallest size and fastest switching speed. Additionally, STOs surpass VCOs
and DROs in tunability, and outperform YTOs in power consumption.

The unique combination of features makes STOs promising microwave oscil-
lators. Moreover, these oscillators also show great potential in other applications,
such as microwave detectors [23], magnonics [24], neuromorphic computing [25, 26],
magnetic field sensing [27], etc. However, the emerging STO technology has cur-
rently two drawbacks, the low output power and the spectrum impurity [19, 28].
The maximum output power that can be obtained from an MTJ STO is on the
order of microwatts, and it is even less for a GMR STO. The spectrum impurity of
STOs occurs in terms of substantial frequency fluctuations or phase noise, and it is
not yet acceptable for most LO applications. Despite these limitations, STOs have
already shown great potential to be used as modulators in non-coherent high-speed
wireless communication systems utilizing amplitude-shift keying (ASK) modula-
tion [20], where phase noise is no longer an issue. Meanwhile, extensive research is
taking place to further understand and improve the linewidth (or the phase noise)
[28, 29], increase the output power [19, 30, 31], and reduce or even remove the bias
magnetic field [32, 33].

1.2 Motivation

In addition to the need of improving the performance of STOs, the electrical models
of STOs, dedicated integrated circuits (ICs), as well as the integration between the
STO and the IC are also necessary for the development of STO-based applications.
The electrical models of STOs are necessary, since they can efficiently reduce the
time, cost and risk of errors involved in building prototypes of the entire system
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composed of the STO and the IC. The dedicated IC is also essential for the applica-
tions since it performs critical functions such as biasing, amplification and mixing.
Moreover, the integration between the STO and the IC is required to enable better
performance as well as miniaturization and even single-chip solutions.

1.3 Research objectives

The main goal of this thesis work is to establish the basis for the development of
STO-based applications. As mentioned in Section 1.1, the necessary elements for
the development of STO-based applications are the improvement of STOs’ perfor-
mance, the electrical models of STOs, the dedicated ICs, as well as the integration
between the STO and the IC. This work focuses on the aforementioned elements ex-
cept the improvement of STOs’ performance. Particularly, it includes the following
four objectives:

• Objective 1: Developing an STO electrical model, which enables the devel-
opment of STO-based circuits and systems, as well as evaluation and utiliza-
tion of STOs in various applications.

• Objective 2: Exploring the suitable applications of the state-of-the-art STOs
and identifying research directions.

• Objective 3: Proposing high frequency IC solutions, which can alleviate the
STOs’ issues and provide essential functions of STO-based systems.

• Objective 4: Investigating possible STO-CMOS IC integration approaches,
selecting the most suitable approach, and implementing the STO-CMOS IC
integration, which can offer better performance of the STO-CMOS IC, as well
as achieving the miniaturization of STO-based systems.

1.4 Research contributions

Author’s contributions on the aforementioned aspects are summarized as follows:

• Contribution 1: Propose, implement and validate a comprehensive, com-
pact and macrospin-based MTJ STO model. The proposed analytical model
is suitable for various MTJ STOs, and, it contains both the RF and DC
characteristics of MTJ STOs under different bias conditions. An approach to
replicate the phase noise of MTJ STOs is proposed and successfully employed.
([Paper IV] and [Paper V])

• Contribution 2: Investigate suitable applications of the state-of-the-art
STO, and propose STO-based systems, which utilize the advantages of STOs
and cover magnetic field sensing as well as wireless communications. Based
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on the proposed systems, the design specifications of the dedicated CMOS
circuits, which perform critical functions, are identified. ([Paper I], [Paper
II], [Paper III] and [Paper VII])

• Contribution 3: Propose and implement dedicated CMOS circuits for tar-
geted STO-based applications, and evaluate the sub-systems. The dedicated
CMOS circuits alleviate the issues of STOs and enable uses of STOs in mi-
crowave source and magnetic field sensing applications. ([Paper I], [Paper
II] and [Paper III])

• Contribution 4: Identify, implement and validate a GMR STO-CMOS IC
integration approach. The proposed integration solution successfully elim-
inates the wave reflections during signal transmission from GMR STOs to
the circuitry, exhibiting good potential for developing high frequency GMR
STO-based applications. ([Paper VI])

This thesis is part of a collaboration project on STO technology. The STO
devices have been provided by collaborating partners. The author has proposed
the MTJ STO analytical model, has implemented the model in Verilog-A, and
has performed the verifications. Moreover, the author has analyzed the model
outputs and implemented the phase noise generation approach together with the
partner. The author has also proposed, analyzed, developed and implemented
all CMOS circuits, test-boards, and measurement setups, and has performed the
necessary chip measurements. In addition, the author has measured, together with
the partners, the STOs used in this work and the STO-CMOS IC systems.

1.5 Thesis organization

The thesis is organized into six chapters as follows:

• Chapter 1 gives the background and motivates this thesis work. In addition,
this chapter describes the objectives, provides the author’s contributions and
the thesis outline.

• Chapter 2 provides an introduction to STO technology, including the op-
erating principle and classification. It also presents the suitable STO-based
applications, which can greatly benefit from the advantages of STOs.

• Chapter 3 starts with a comparative study of STO models. Thereafter, it
proposes a new macrospin-based comprehensive model, which can capture
the MTJ STO’s characteristics, allows implementation in hardware descrip-
tion languages, and enables system-/circuit-level designs. An approach to
reproduce the phase noise generated by MTJ STOs for achieving a reliable
model is proposed and successfully employed. The full Verilog-A implemen-
tation and verification of the model are also presented.
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• Chapter 4 reports CMOS circuits targeting two MTJ STO-based applica-
tions: a novel balun-low noise amplifier (LNA) targeting MTJ STO-based
magnetic field sensing applications, and a wideband amplifier for MTJ STO-
based microwave source applications. The implementation and experimental
results of the balun-LNA, the wideband amplifier, as well as the MTJ STO-
based microwave source are presented.

• Chapter 5 investigates possible GMR STO-CMOS IC integration approaches.
The investigation demonstrates that the wire-bonding-based approach is cur-
rently suitable to implement the GMR STO-CMOS IC integration, since it al-
lows easy implementation, measurement and component replacement. There-
after, the design of the dedicated high frequency IC for the GMR STO is
presented. The development and measurement results of the proposed IC as
well as the GMR STO-CMOS IC system are further discussed.

• Chapter 6 concludes the thesis and suggests future research directions.

The results that have been published in the Licentiate thesis [34] are included
in this thesis.





Chapter 2

Spin Torque Oscillator Technology

STOs are an emerging class of miniaturized, ultra-wideband microwave oscillators.
Unlike traditional VCOs, STOs do not require any active feedback circuits for
their oscillations. This chapter gives a review of the STO’s operating principle.
Additionally, it provides surveys of different types of STOs.

2.1 Fundamentals of STOs

A typical multilayer structure of STOs is shown in Fig.2.1. It is composed of two
magnetic layers being isolated by a non-magnetic (NM) layer or so-called spacer.
The magnetic layer with the fixed magnetization is the polarizing layer (PL, or
sometimes called fixed layer) and the other magnetic layer is the free layer (FL),
whose magnetization is free to rotate. The operating principle of these nanoscale
STOs is based on two spintronic effects: magnetoresistance (MR) and spin transfer
torque (STT).

2.1.1 Magnetoresistance

MR is the effect of resistance change of magnetic materials depending on the rel-
ative orientation of the applied magnetic field, and it was originally discovered ∼
150 years ago, by William Thomson (Lord Kelvin) [35]. It was firstly referred to
as anisotropy magnetoresistance (AMR), originating from the electron spin-orbit
coupling of ferromagnetic materials. Nowadays, the AMR effect is widely used in
magnetic field sensing applications [36]. It is also utilized in spin Hall oscillators to
convert the magnetization oscillation into a microwave signal [37]. The RF output
power of a device based on MR effect is proportional to the square of the ratio of the
absolute resistance change and the lowest resistance presented in the device (called
“MR ratio” or “MR coefficient”) [38]. The AMR effect, however, generally yields a
limited MR coefficient, which is a few percent at most [39]. The MR coefficient of

9
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Figure 2.1: Schematic of the magnetoresistance effect

the AMR effect is much less than that introduced by the GMR and TMR effects.
Consequently, the AMR effect is not considered in this work.

The GMR effect was discovered by the research groups of Peter Grünberg and
Albert Fert in 1988 [40]. This effect can be explained as: in a multilayer structure
consisting of two ferromagnetic metallic layers decoupled by an NM metallic layer
(Fig.2.1), the electrical resistance of such a device (called pseudo spin valve or
simply spin valve) is determined by both the electrical resistance of the metallic
layer stack and the angle between the magnetizations of the two ferromagnetic
layers. When the relative magnetization orientations of these two ferromagnetic
layers are anti-aligned as shown in Fig.2.1(left), this state is called anti-parallel
state. In this state, the highest level of electrons reflection results in the largest
resistance value, represented by RAP. When the relative magnetization orientations
are aligned as shown in Fig.2.1(right), the electrons can pass through the spacer
easily [41]. This state is the parallel state and, it shows the lowest resistance value
represented by RP. The MR coefficient is then expressed as (RAP-RP)/RP, and it
can be up to 50% for GMR-based devices [40].

The TMR is an extension of the spin valve GMR. It takes place in a multilayer
structure, which includes two ferromagnet layers separated by a thin insulator (a
tunnel barrier of∼1 nm) instead of an NMmetallic layer [41]. This structure enables
both larger device impedance and larger MR coefficient. At room temperature, a
large MR coefficient of 604% has been observed [42]. Therefore, much larger output
power is expected to be obtained from STOs, which use the TMR effect.

2.1.2 Spin transfer torque

With an unpolarized current injected into the multilayer structure, a spin-polarized
current is generated on the PL (Fig.2.2) transfering angular momentum from the PL
to the FL, so as to exert a torque on the local magnetization of the FL. This trans-
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Figure 2.2: A summary of the operating principle of STOs

ferred torque is the spin transfer torque and it counteracts the magnetic damping
of the FL, so that magnetization dynamics can be sustained at microwave frequen-
cies. The magnetization dynamics of the FL in the presence of spin-polarized cur-
rent can be described by the Landau–Lifshitz–Gilbert equation with a Slonczewski
spin-transfer term (LLGS) [43, 44] as

dM
dt = −γ[M×Heff ] + α(ξ)

M0
[M× dM

dt ] + γτSTT (2.1)

where γ is the gyromagnetic ratio, α(ξ) is the damping parameter,M0 is the satura-
tion magnetization, M is the magnetization of the FL, Heff is the effective magnetic
field acting on the FL, and τSTT is the STT term, which is used to cancel out the
damping term. τSTT can be further expanded as τSTT = aJM× [M×Mp]+bJM×
Mp, where Mp is the magnetization of the PL, aJ and bJ are the bias-dependent
coefficients of the in-plane and the perpendicular torque, respectively.

The STT was predicted by John Slonczewsk [45] and Luc Berger [46] in 1996, and
then experimentally verified by Tsoi in 2000 [47] by detecting microwave oscillations
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in a magnetic multilayer device. The STT has recently been modeled [48], [49] and
used in MTJ devices to develop several novel spintronic devices. For example, the
STT-based MTJ has been employed in logic circuit designs [50], [25], and in the
STT-MRAM [25], [51], which outperforms static random-access memory (SRAM)
in terms of power consumption and cost, as well as being non-volatile. In STOs,
the STT is combined with the MR effect. More specifically, the steady precession of
the FL magnetization is translated into resistance oscillation by the MR effect. An
RF voltage is then generated across this oscillatory resistance by virtue of Ohm’s
law, considering the injected unpolarized current, as it can be seen in Fig.2.2. The
output voltage of the STO, including both the RF term and the DC term, can be
expressed as

VSTO = RDCIDC +RprecIDC cos(ωgt+ ϕ(t)) (2.2)
where RDC is the DC resistance of the STO under a specific bias condition, IDC is
the applied current for driving the STO, Rprec is the amplitude of the resistance
oscillation, ωg is the operating frequency generated by the STO and ϕ(t) represents
the random phase fluctuation (or the phase noise) of the STO.

Spin torque diode

The STT brings many useful phenomena as detailed in [25]. One of them is the spin
torque diode effect discovered in the MTJ-based device in 2005 [23, 52]. The spin
torque diode effect can be described as: when a microwave signal with a frequency
close to the natural ferromagnetic resonance (FMR) frequency of one of the MTJ’s
electrodes is incident onto the device, the induced oscillating tunnel current can
excite magnetic precession owing to the STT. The resistance oscillation that results
from this precession mixes with the oscillating current to produce a measurable DC
voltage component across the tunnel junction [52, 53]. It has been reported in
[23] that a DC output of 180 µV can be obtained when an RF signal of -25 dBm
is applied to an MTJ under a perpendicular magnetic field. This results in an
observed sensitivity of about 170 mV/mW. The diode effect in MTJ-based devices
with the perpendicular magnetized FL has also been examined. The setup for
measuring the spin diode effect of such MTJs is depicted in Fig.2.3. A combination
of an RF signal of -22 dBm and a DC current of +100 µA has been injected
into the MTJ, which is under a magnetic field of 2 kOe. The DC voltage change
introduced by the diode effect at the MTJ’s output is approximately 215.5 µV,
which is similar to that of the MTJ under a perpendicular magnetic field. Recently,
an MTJ microwave detector with a giant sensitivity of about 75400 mV/mW has
been demonstrated at room temperature, without any external bias magnetic fields
[54]. In addition, this microwave detector can provide very high sensitivity even at
a low input microwave power of 10 nW (-50 dBm). Its sensitivity is about one order
of magnitude higher compared with that of a semiconductor diode, e.g. Schottky
diode. The large sensitivity of MTJ STOs make them promising candidates as
frequency-tunable resonant microwave detectors, with a wide range of applications
in telecommunications, radars, and smart networks [54].
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Figure 2.3: Measured DC voltage generated by the MTJ device and the measure-
ment setup

2.2 Classification of STOs

2.2.1 Classification by barrier material

As mentioned in Section 2.1.1, the NM layer in the multilayer structure of STOs can
be implemented by using either an insulator layer or a metallic layer [41]. Depending
on the material of the NM layer, STOs can be classified into two categories: MTJ
STOs and spin valve (SV or so-called GMR) STOs [19, 41]. An STO with an
insulator NM layer, which forms a tunnel barrier and uses TMR effect, is an MTJ
STO. An STO, which uses a metallic NM layer, is an SV STO. Since such an
STO utilizes the GMR effect, it is often called a GMR STO. Detailed DC and
RF performancs of both MTJ STOs and GMR STOs are studied separately in the
subsequent sections.

2.2.2 Classification by geometry

Several geometries of STOs have been proposed and examined both experimentally
and theoretically. Nano-pillar [55, 56, 57, 58], nano-contact [18, 59, 60] and point-
contact [61, 62, 63, 64] are the most commonly used geometries, but there is also a
newly developed sombrero-shaped (hybrid nano-contact) [16, 65] geometry. Among
these geometries, nano-contact geometry is more advantageous than the others
in terms of coherent RF oscillations [66]. Additionally, nano-contact geometry
enables mutual phase-locking of STOs. Nevertheless, nano-contact geometry is not
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yet compatible with MTJs. More in-depth reviews regarding the geometry and
architectures of STOs is given in [Paper VII].

2.3 A survey of MTJ STOs

An important advantage of using MTJ STOs as microwave oscillators is that they
can be simply tuned to cover a large part of the UWB frequency range. [Paper
VII] (Table I) summarizes the properties of different MTJ STOs from literature.
MTJ STOs have a very compact size of the order of 100 nm × 100 nm. The tun-
ing range of MTJ STOs, as it is presented in Table 2.1, is generally close to or
more than an octave, which is much wider than that of the CMOS-based VCOs
[9]. As presented earlier, the main two limitations of STOs are the considerable
linewidth (full width at half maximum (FWHM), or phase noise) and the limited
output power. Therefore, extensive effort has been made to understand and hence
overcome these two limitations, so as to make STOs viable in a wide range of ap-
plications [16, 28, 29, 59, 65]. As it has been recently reported in [16, 65], the
incompatibility of conventional nano-contact geometry with MTJs has been reme-
died by developing a sombrero-shaped nano-contact geometry for MTJs. These
newly developed MTJ STOs [16, 65], compared to the conventional MTJ STOs
[56, 58, 57], show significant improvement on either linewidth or output power,
depending on the applied magnetic field. In addition, another recent research has
shown that by using a tilted cobalt iron boron (CoFeB) FL [67], the bias magnetic
field can be removed, which opens more possibilities of using MTJ STOs in appli-
cations. The resistance and the MR coefficient of MTJ STOs, as given in Table I
of [Paper VII], can vary significantly depending on the geometry. Especially, the
MTJ STOs used in [19, 55, 56, 58] have resistances other than 50 Ω, which are not
suitable to be connected to off-the-shelf components with 50 Ω terminations. As a
consequence, dedicated circuitry are necessary to develop STO-based applications.

In this work, conventional MTJ STOs which are similar to those in [15, 57]
are employed. These MTJ STOs are based on a CoFeB-magnesium oxide (MgO)-
CoFeB composition structure, and have an approximate diameter of 240 nm. A
typical measured MR of the MTJ STO used in this work is depicted in Fig.2.4.
RP and RAP are 38 Ω and 64 Ω, respectively. The measured MR coefficient is
approximately 71%. The RF performance of these MTJ STOs is presented in
Fig.2.5. It can be seen from Figure 2.5(a) that by changing the applied magnetic
field, the operating frequency of the MTJ STO can be widely tuned from 3 GHz
to 12 GHz. Within this tuning range, 3 GHz – 7 GHz is the approximate range
where the modes are generated by FL excitations. For the region above 800 Oe,
additional lower-frequency modes identified as PL (reference layer in [15]) modes
also appear. This work mainly focuses on the region where only FL modes are
excited. Additional tunability can be achieved by altering the DC current hence
the bias voltage across the device, as illustrated in Figure 2.5(b). To protect the
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Figure 2.4: Typical MR of MTJ STOs used in this work (arrows in the figure
indicate the directions of field sweeping) [30]

tunnel barrier of MTJ STO from being broken by a large DC current, the DC
current injected into the MTJ STO used in this work should be limited to about
10 mA. Figure 2.5(b) illustrates that an additional 0.2 GHz tunable range can be
obtained by varying the injected DC current. The frequency range of approximate
2 GHz – 8 GHz, which includes the aforementioned 3 GHz – 7 GHz tunable range
because of FL excitations, an additional tunability introduced by DC currents and
in-plane magnetic field angles, is considered in this work.

The power consumption of the MTJ STO depends on its operating frequency.
A maximum power of 5.15 mW is consumed when the maximum allowable current
of 10 mA is injected into the device. The power consumption of the MTJ STO is
slightly lower than that of a state-of-the-art CMOS VCO [9], which is 6.8 mW.

2.4 A survey of GMR STOs

Compared with MTJ STOs, GMR STOs offer a higher and wider tunable frequency
range and thus broader functionality, yet lower output power [19]. Specifically, the
operating frequency of GMR STOs has been experimentally observed from several
gigahertz up to 46 GHz and extrapolated to above 65 GHz [18]. If the nano-contact
of STOs can be made much smaller, it is theoretically estimated that the operating
frequency of STOs can approach 200 GHz [68]. More recently, a very low Gilbert
damping and ultra-fast spin precession with frequencies up to 280 GHz has been
demonstrated [69], which makes it even possible to further extend the operating
frequencies of STOs. In addition, GMR STOs with nano-contact geometry generally
have higher Q factor, of over 1000. Therefore, many studies of GMR STOs have
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Figure 2.5: Typical frequency tunability of MTJ STOs used in this work [15]

recently been performed by varying the magnetic stack compositions [41], device
dimensions, and bias conditions (magnetic field strengh, magnetic field angle and
DC current) [33], so as to further improve the performance of GMR STOs. A survey
of different GMR STOs is shown in [Paper VII] (Table I). Similar to MTJ STOs,
the typical lateral size of GMR STOs is about 100 nm. The operating frequency
of GMR STOs spans from sub-GHz to tens of GHz. In addition, GMR STOs
generally have narrow linewidth down to few MHz. Nevertheless, the output power
emitted from the GMR STOs is generally about 20 dB – 30 dB lower that of MTJ
STOs [19, 60, 70]. In the past few years, efforts have been made to increase the
MR coefficient so as to enhance the output power of GMR STOs [66, 71, 72].
For instance, by using CoFeMnSi (CFMS) layers as both the FL and the PL,
high spin polarization has been achieved, which leads to large MR coefficient and
output power. The output power of the recently developed GMR STOs is already
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Figure 2.6: Typical MR of the GMR STOs used in this work (arrows in the figure
indicate the directions of field sweeping) [17]

comparable with that of MTJ STOs. Additionally, by combining the CFMS and
the nano-contact geometry, zero bias magnetic field, large output power and narrow
linewidth can be achieved simultaneously [66].

The GMR STOs used in this work are fabricated using a stack composition
of Pd(8)-Cu(15)-Co(8)-Cu(7)-NiFe(4.5)-Cu(3)-Pd(3) (in nanometers) and have dif-
ferent lateral sizes. Due to the fact that the maximum allowable current has a
quadratic dependence on the device lateral size, smaller GMR STOs have much
lower current handling capability, and hence much smaller current tunabiliy. For
example, experiments showed that a 100 nm and a 70 nm GMR STO can usually
handle a maximum DC current of approximately 45 mA and 28 mA, respectively.
To illustrate the general case, 70 nm GMR STOs that are intermediate in sizes,
are the primary focus of this work. A typical measured MR of these GMR STOs is
given in Fig.2.6. For this device, RP and RAP are 6.48 Ω and 6.62 Ω, respectively.
The calculated MR coefficient is approximately 2.16%.

GMR STOs have extremely wide tunabilities and high operating frequencies.
Typical frequency shifts versus DC current and magnetic field of the 70 nm GMR
STO have been measured. The RF measurement has been performed by sweeping
the magnetic field strengh from 0.7 T (= 7000 Oe) to 1.2 T (= 12000 Oe) and the
DC current from 5 mA to 23 mA, with a fixed out-of-plane magnetic field angle of
85o. Fig.2.7 shows the measured RF performance under a magnetic field between
0.8 T to 1.1 T and a current between 7 mA to 23 mA. Each plot of Fig.2.7 illustrates
that a tunability of about 5 GHz can be achieved from tuning the DC current. It
should be noted that a linear tunable range between approximate 10 GHz and 15
GHz with very narrow linewidth can be obtained when applying a magnetic field
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Figure 2.7: Typical frequency tunability of GMR STOs used in this work at a fixed
out-of-plane magnetic field angle of 85◦

of 0.9 T, as illustrated in Fig.2.7(b). In this case, 13 mA change in the DC current
leads to 5 GHz close-to-linear change in frequency. The calculated DC current
tuning sensitivity of GMR STO is about 0.38 GHz/mA. The magnetic field tuning
sensitivity can be calculated in a similar way by comparing the frequencies at a
fixed DC current, e.g. 20 mA, under different magnetic field strength conditions.
Biased by a DC current of 20 mA, the GMR STO presents a magentic field tuning
sensitivity of about 1 GHz/kOe.

In addition to the tunability, Fig.2.7 also presents information about the linewidth
and the threshold current of GMR STOs. It can be roughly estimated from the
figure that the linewidth is generally from several MHz to a few tens of MHz, which
is narrower than that of the MTJ STO. Therefore, GMR STOs typically have a
higher Q as well as better noise performance compared to MTJ STOs.

The GMR STO with a 70 nm dimension can draw a maximum current of about
28 mA. Consequently, the maximum power consumption of this GMR STO is
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around 5.2 mW, which is even lower than that of an MTJ STO.

2.5 STO-based applications

A wide range of applications, which take advantages of the STO technology, have
been explored and presented in [Paper VII]. The most suitable applications in-
clude microwave sources [19, 30], microwave detectors [23, 52, 53], non-coherent
transceiver [20, 73], magnonics [24, 25], neuromorphic computing [26, 74], magnetic
field sensing [27, 31, 75] and magnetic field generation [76, 77]. The suitable appli-
cations of STOs are not limited to the applications suggested above. For instance,
STOs are found very useful for high-density massively parallel microwave signal
processors and small phased array transmitters [41]. It has also been demonstrated
in [78] that STOs can be employed to develop novel high-data-transfer-rate read-
ers for hard disk drives (HDDs). Other applications, which can take full use of
the nanoscale size, high-speed, and wide tunability of STOs, need to be further
explored.

This work will mainly focus on the STOs’ potential for microwave sources and
magnetic field sensing applications.

2.6 Summary

The intriguing properties, especially extremely large tunability, miniature size, com-
patibility with standard CMOS processing, and low power consumption, of STOs
suggest that they are promising candidates for the next generation of microwave
oscillators. However, challenges still remain before widespread applications of STOs
are possible. The primary issues to be solved before widespread applications can
be developed are the limited output power and the considerable phase noise.





Chapter 3

MTJ STO Analytical Model

The STT effect has received much attention since its theoretical prediction [45, 46]
was experimentally verified in 2000 [47]. As it has been discussed in Chapter 2,
this interesting effect has been used to develop several novel spintronic devices.
One of the novel spintronic devices is STT-MRAM, which has revolutionized the
magnetic storage industry [25, 51]. In the past few years, extensive research on
modeling MTJ devices for STT-MRAM applications, has been carried out [48, 49,
79]. The developed models of the MTJ devices have been implemented in hardware
description languages, which enable estimation of the performance of STT-MRAMs
together with their CMOS circuits, further accelerating the development of STT-
MRAM technology. Meanwhile, the STO, which is another interesting spintronics-
based device, has recently received a rapidly growing interest because of its ability
to provide multiple functionalities. Particularly, the MTJ STO, which provides
comparatively large output power, shows great potential to be used in different
applications. This mainly motivates the focus of this chapter on the MTJ STO
model. However, in contrast to the case of STT-MRAM, very limited progress
has been achieved in modeling the STO for circuit- and system-level designs and
performance evaluations. The existing MTJ STO models [80, 81] are limited by
several factors, including a limited applicable range, inaccurate DC operating point,
and employment of expressions that are not validated by either experiments or
theory. This chapter proposes a novel MTJ STO electrical model, which captures
the electrical characteristics of MTJ STOs. It is based on analytical expressions,
making it an analytical model. It can overcome the issues of the existing MTJ
STO models, and it can enable development as well as evaluation of STO-based
applications.

A hardware description language is a specialized computer language, which is
employed to describe both structural and behavioral aspects of devices, circuits,
systems, etc [82]. The hardware description language allows the automatic analysis,
simulation, and evaluation of designs, with the help of electronic design automation

21
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(EDA) tools. A widely used hardware description language for analog design is
Verilog-A, which employs mathematical expressions to describe the behavior of any
devices. Verilog-A enables co-simulations of the MTJ STO model with CMOS
circuits, and allows device-, circuit-, and system-level design as well as analyses. It
is suitable for modeling MTJ STOs and is used in this work. The Verilog-A MTJ
STO model is an electrical model at behavior level.

3.1 Comparative study of STO models

The core of STO modeling is to solve the LLGS, as given in Eq.(2.1). One possible
approach to solving the LLGS is based on micromagnetics [83], which can provide
micromagnetics-based models. Another approach is based on the macrospin ap-
proximation [43]. The models, which utilize the macrospin approximation as the
basis, are macrospin-based models. This section will start with a brief introduction
of these two approaches, and a comparison between their corresponding models.

3.1.1 Micromagnetics versus macrospin approximation

Micromagnetics (also called micromagnetism) is a continuum 1 description of the
behavior of the magnetization vector field in ferromagnetic structures. These ferro-
magnetic structures typically have sizes between nanometers or micrometers. Such
a behavior description of STOs is very important since it allows studies of the STOs’
behavior at a sub-micron scale, and investigations of their dynamics. For instance,
the influence of the Ampère field, the damping constant and the sample shape,
on both the magnetization configuration and the frequency-versus-current depen-
dence, has been successfully examined by using micromagnetic simulations [83].
Commonly used software for performing micromagnetic simulations of STOs include
but are not limited to OOMMF [84], MuMax [85], MicroMagus [86], and Nmag [87].
With the exception of Nmag, which uses finite element calculations, the aforemen-
tioned software are based on finite difference calculations. A micromagnetics-based
model presents the magnetization dynamics of the STO on a microscopic scale,
and also includes short and long-range (maxwellian) interactions between magnetic
moments. However, this model is not possible to implement using a hardware
description language, due to the very complicated nature of numeric computations.

Macrospin approximation, as opposed to micromagnetics, assumes that only a
spatially uniform magnetization precession is excited and the spin-polarized current
is uniform across the area of the FL [43]. A macrospin-based model is, therefore,
able to provide an analytical solution to the MTJ STO electrical model. Such ana-
lytical solutions can usually reproduce many important features of the experiments,
while allowing implementation in a hardware description language.

1Continuum is defined as a continuous sequence in which adjacent elements are not perceptibly
different from each other, but the extremes are quite distinct.



3.1. COMPARATIVE STUDY OF STO MODELS 23

Based on the comparison given above, one may conclude that the macrospin-
based model is more suitable for circuit- and system-level designs, and therefore,
it is considered in this work. To examine the necessity of a new macrospin-based
model, state-of-the-art macrospin-based STO models and their limitations will be
investigated in the next subsection.

3.1.2 State-of-the-art macrospin-based STO models
In 2009, Andrei Slavin and Vasil Tiberkevich proposed an analytic theory of mi-
crowave generation in STOs, which is based on the macrospin approximation and
the universal model of an auto-oscillator with negative damping and nonlinear fre-
quency shift [43]. Specifically, this theory works properly for non-isochronous STOs
1, for which the amplitude and the frequency are strongly coupled [88]. Their theory
has subsequently been strengthened quantitatively and qualitatively by both exper-
iments and micromagnetic studies. Thereafter, it has been widely used for modeling
STOs and performing macrospin-based simulations of STOs [59, 80, 81, 89, 90, 91].
Since the work of [43] provides a more comprehensive macrospin approximation-
based analyses of STOs, compared to most of the relevant literature, e.g. [92, 93], it
has been used as the basis of several macrospin-based STO models that have been
implemented in Verilog-A. These models have been proposed by the same research
group, and they are presented in [80], [81] and [94]. They are the first STO mod-
els implemented in Verilog-A, and they have opened the possibility of evaluating
STOs with circuits. Nevertheless, these models have several issues that need to be
overcome. The main issues are as follows:

1. These models have not been verified against the experimental data of multiple
MTJ STOs. In addition, the simulation results of these models under all the
possible bias conditions are not available. For instance, [80] presents the
simulation results of an MTJ STO used in [95], at a fixed DC bias current of
1.5 mA and a fixed magnetic field magnitude. Consequently, these simulation
results are not sufficient to demonstrate that this model can be applied to
various MTJ STOs or for a given MTJ STO at a different bias condition.

2. These models include inaccurate DC operating points and utilize expressions
that are not fully validated by either experiments or theory. For example,
Eq.(4) and Eq.(5) of [81] are not yet supported by any experiment or existing
theory.

3. The information of full Verilog-A implementation is absent. In the STO
Verilog-A model presented in [94], which has only been validated by GMR
STOs’ measurements to a limited extent, it is not possible to change the bias
magnetic field in the Verilog-A model. This is because the calculation of the
effective magnetic field is not included. Instead, the effective magnetic field is

1This theory is not very suitable for mutual synchronization of STOs.
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Table 3.1: Signal fluctuation generation approach proposed in [94] and written in
Verilog-A

module GMR_STO(top, bottom);
......
analog begin

//the effective magnetic field and some other important parameters
obtained from Matlab are imported
......
//generation of frequency fluctuations (below)
@(timer(0, time_random*1n+1.00001n)) //call a timer function to
generate a frequency fluctuation at a random time (every coulple of ns)
begin

st=(linewidth/(2*‘pi))/const1; //an undefined const1 is introduced
time_random=abs($random%const2); //a random time interval
//another undefined const2 is introduced
fluctuation=$rdist_normal($random%const3, 0, st); //fluctuation
has a Gaussian random distribution during random period
//another undefined const3 is introduced

end

time_signal=sqrt(p)*cos(2*‘pi*(ωg+fluctuation)*$abstime);
//generate the RF term of STOs’ signals
V(top, bottom)<+Rdc*Itb+time_signal;
//output both the DC term and the RF term of STOs’ signals

end
endmodule

calculated in Matlab, and then manually imported into the circuit simulation
platform, such as Cadence. Moreover, both calculation in Matlab and im-
portation of the calculated data need to be performed for each magnitude or
angle of the bias magnetic field. This model, therefore, does not allow tuning
the applied field in the circuit simulator, and it can not be considered to be
fully implemented in Verilog-A. As a result, this model is very difficult and
inefficient to use when designing or evaluating dedicated circuits for STOs.

4. The phase noise or the signal fluctuation generation approach proposed in
[94] is given in Table 3.1. The output signal of an STO model using this
approach, is plotted in Fig.3.1. The highlighted signal discontinuities, which
do not exist in the real signal generated by STOs, may cause convergence
issues. As a consequence, the model proposed in [94] is not reliable under all
circumstances.

5. As it can be seen in Table 3.1, there are three constants const1-const3, whose
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Figure 3.1: Signal discontinuities due to the use of the signal fluctuation generation
approach given in Table 3.1

values are not provided in [94]. const1 is used to scale the calculated linewidth,
const2 and const3 are employed to generate random time intervals and ran-
dom fluctuations, respectively. These constants are responsible for producing
the correct linewidth information, which is carried by the output signal of
the model. However, it is very difficult to determine the values of these con-
stants, due to the fact that the correct values of const1-const3 can only be
obtained when the simulation time step is fixed and known. Nevertheless, the
simulation time step cannot be fully controlled by the user nor the program-
mer, as detailed in [Paper V]. Therefore, const1-const3 are more likely to be
the fitting parameters, since they cannot be determined from the unknown
simulation time step. The use of these constants (const1-const3) further in-
troduces deviations from experiments.

More recently, a set of elemental modules has been proposed in [96]. These mod-
ules can be combined in specific ways to model composite devices involving both
spintronic and nanomagnetic phenomena. Some modules are dedicated for repre-
senting diverse materials. Other modules are responsible for describing spintronic
or nanomagnetic phenomena. A wide range of devices or phenomena, such as LLG
for magnetization dynamics and non-equilibrium Green’s functions for quantum
transport, have been successfully modeled using these elemental modules. Further-
more, these elemental modules can also be used to build spin-circuits for larger and
more complex structures. Moreover, they have been implemented in a hardware
description language. The entire set of elemental modules has been carefully bench-
marked against either theory or experiments. Nevertheless, an STO model based
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on the proposed modules has not yet been demonstrated. At present, the thermal
noise is not considered in the modules.

None of the aforementioned models is ready to be used for STO-based system-
and circuit-level designs. A new STO model, which can overcome the issues of the
exisiting models, is necessary to enable the development of STO-based applications.
Such a model is proposed in this work and will be introduced in the next two
sections.

3.2 Analytical model of the MTJ STO

As a first attempt to fully implement an STO model using a hardware description
language, MTJ STOs are considered mainly for the following two reasons. The
first reason is that MTJ STOs are more likely to be used in applications, since their
output power is larger than that of GMR STOs. The second reason is that most
MTJ STOs [15, 19, 55, 56, 57, 65] are biased by the in-plane bias field, where the
out-of-plane field is not needed. Therefore, it is more suitable to start only with
the in-plane bias field for simplicity. The model implementation flow established
for MTJ STOs, can be also used to model GMR STOs.

The proposed macrospin-based MTJ STO model can be used by different MTJ
STOs and can overcome the issues of the STO models mentioned in the previous
section. The model uses the Hamiltonian formalism presented in [43] as the basis,
and then it is completed by including the DC operating point and the electrical RF
power. Afterwards, it is verified by comparing it against three different MTJ STOs
[15, 95, 97], which are fabricated and used in studies by different research groups.
The critical input parameters used for these three MTJ STOs are summarized in
Table II of [Paper IV]. These input parameters include information regarding the
material and the stack structure of an MTJ STO, which enables a model using
a generalized stack structure for different MTJ STOs. These parameters do not
usually have the same values for different MTJ STOs with different materials and
structures. The values of most of these input parameters can be obtained from
measurements or are suggested by theoretical studies. All the parameters in Table
II of [Paper IV] are the necessary inputs of the proposed model. Figure 3.2
presents the interface of the proposed model, where Hd (saturation magnetization),
Rap (anti-parallel resistance) and Rp (parallel resistance) are the input parameters
that can be obtained directly from measurements. For more information on how to
determine the values of the other input parameters, please see [Paper IV]. With the
input parameters and the bias condition information, the characteristics of the MTJ
STO can be obtained. The characteristics of the MTJ STO, according to Eq.(2.2),
include both the DC and the alternating current (AC) or oscillating components.
The DC component can be described by either the DC voltage across the MTJ
STO or its DC resistance. The AC (oscillating) component is characterized by the
operating frequency, the peak power (or amplitude) and the linewidth.
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Figure 3.2: User interface of the proposed model

3.2.1 Generalized stack structure
In [Paper IV] and Chapter 2 of this thesis work, the structure and the geometry
of different MTJ STOs have been investigated and summarized. It can be found
that the actual structure of MTJ STOs is very complicated. Additionally, both the
structure and the geometry can vary among MTJ STOs. By using the aforemen-
tioned input parameters, which include the structure and the geometry information
of an MTJ STO, it is possible to employ a generalized stack structure to develop the
MTJ STO model that can be used by different MTJ STOs. The generalized stack
structure, which is composed of the FL, the NM and the PL as given in Fig.2.1 and
Fig.2.2, is used in this work.

3.2.2 Effective magnetic field
To calculate the characteristics of MTJ STOs, the first step is to determine the
effective magnetic field. The effective magnetic field is highly dependent on the
external bias field. In Fig.1 of [Paper IV], the external bias field of a general
case, where the STO is biased by the field combining both in-plane and out-of-
plane components, is presented. Since this work only focuses on the MTJ STOs,
which are biased by only the in-plane magnetic field, the external bias field in
Fig.1 of [Paper IV] can be simplified to Fig.3.3. Figure 3.3 shows the directions
of the in-plane bias magnetic field Hext and the bias current IDC. In addition to
Hext, the dynamics of MTJ STOs are also influenced by other factors including
but are not limited to the perpendicular torque, the interlayer exchange coupling
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Figure 3.3: Directions of Hext, Hint, bJ and IDC in an MTJ STO biased by the
in-plane field

(IEC) and the magnetic anisotropy field HA [15, 43, 95, 97, 98, 99, 100]. The
perpendicular torque and the in-plane torque are the two components of the STT.
The perpendicular torque introduces an additional field, which has a magnitude
of bJ (in the unit of the magnetic field) and lying on the x̂-axis, as depicted in
Fig.3.3. The magnitude bJ, for MTJ STOs, can reach 25% of that of the in-plane
STT component [99]. Therefore, bJ cannot be simply neglected. The interlayer
coupling field Hint is produced by the IEC effect, which is the coupling between
the FL and the PL, whose origin is detailed in [101, 102]. Hint has a considerable
magnitude, for instance, it is about 100 Oe in [15] where the bias field has the
same order of magnitude (FL excitations region in Fig.2.5). It lies on the x̂-axis,
as shown in Fig.3.3. To achieve an accurate model, it is necessary to take this field
into account when determining the effective field. The anisotropy field HA also has
significant contribution to the effective field, and hence has already been included
in the boundary conditions given in Eq.(102) of [43] to determine the effective field.
Considering bJ and Hint, these boundry conditions can be re-written as Eq.(4) in
[Paper IV]. Both the magnitude Heff and the angle (φeff, or direction) of the
effective field can be obtained by solving the boundary conditions.

3.2.3 DC operating point

As it has been introduced earlier in this section, the electrical signal generated by
the MTJ STO consists of a DC component and an AC component. The DC resis-
tance and the DC voltage are a function of φeff [103]. They can vary significantly
as φeff changes. However, in the existing models [80, 81], a fixed DC resistance of
RAP and hence a fixed DC voltage is employed for different bias conditions. The
fixed DC operating point for different φeff brings inaccuracies in calculating other
characteristics of the MTJ STO and the RF voltage that is delivered to the load.
Moreover, it may lead to inappropriate dedicated circuits. In this work, the DC re-
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sistance and the DC voltage across the MTJ STO as a function of φeff are included,
as presented in [Paper IV].

The AC component of the MTJ STO can be described as

VRF = RprecIDC cos(ωgt+ ϕ(t)) (3.1)

To determine the AC component, the operating frequency ωg, the random phase
fluctuation ϕ(t) (or the linewidth) and the amplitude of the resistance oscillation
Rprec (or the output power) need to be obtained, as it will be discussed in the next
three subsections.

3.2.4 Operating frequency
The operating frequency ωg of the MTJ STO can be expressed by [43]

ωg = ω0 +Np (3.2)

where ω0 is the FMR frequency, N is the coefficient of the nonlinear frequency shift,
and p is the dimensionless power. To determine ω0, N and p, many other interme-
diate parameters need to be calculated from the aforementioned input parameters
and the bias condition. [Paper IV] discusses in detail how the intermediate pa-
rameters are calculated. To provide a better understanding of dependencies among
input parameters, bias conditions, intermediate parameters and the output ωg, the
flowchart for calculating ωg is shown in Fig.3.4. Regarding the input parameters,
the effective field (both φeff and Heff) has already been discussed in Section 3.2.2.
Saturation magnetization of the PL M0 (= 1000/(4π)H0) is a material-dependent
constant. It is a measurable and known parameter for a given STO. The anisotropy
field HA, Gilbert damping parameter αG and dimensionless spin polarization effi-
ciency ε are usually either provided by the manufacturer or determined by emperical
values. As it is discussed in [43], q1 and η are usually phenomenological parameters,
and they are the only phenomenological parameters in this model. Once all the in-
put parameters are determined, ωg can be calculated according to the flowchart
given in Fig.3.4 and as it is detailed in [Paper IV].

3.2.5 Output power
In the existing MTJ STO models [80, 81], expressions that are not validated by
either theory or experiments, have been used to fit the RF power of the model
to the measured data. In this work, the experimentally validated expressions [99],
which give the relationship between the peak power P (ω) and the precession angle
θprec, are used. θprec can be determined based on a relationship between θprec
and p, given in [104]. p has been obtained, as shown in Fig.3.4 and explained in
the previous subsection. As a consequence, a relationship between P (ω) and a
known parameter p is built. The amplitude of the resistance oscillation Rprec can
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Figure 3.4: Flowchart for calculating the operating frequency ωg

be obtained as P (ω)/(I2
DC).The flowchart for calculating P (ω) and Rprec is shown

in Fig.3.5. Regarding the input parameters, the measured RAP and RP are used.
The frequency-dependent RF power transfer efficiency ξ(ω) is assumed to be 1,
which means that the insignificant power loss due to parasitics is not considered. It
should be noted that the expressions of P (ω) and Rprec include Bessel functions of
the first kind, which are difficult to implement in hardware description languages.
Considering that MTJ STOs have limited precession angles [103], it is possible
to use the approximations J1(θprec) ∼ θprec

2 and J0(θprec) ∼ 1 − θ2
prec
22 to simplify

the expressions of P (ω) and Rprec. The simplified expressions, which are given in
[Paper IV], allow implementation in hardware description languages. By following
the flowchart in Fig.3.5 and using the detailed description in [Paper IV], both P (ω)
and Rprec can be obtained.
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Figure 3.5: Flowchart for calculating the peak power P (ω) or the amplitude of the
resistance oscillation Rprec

3.2.6 Linewidth

Before determining the linewidth, it should be noted that only white frequency
noise is considered in this work. For fluctuation frequencies wider than 1 MHz -
100 MHz [28], white frequency noise is the noise type dominating the linewidth.
A quantitative theoretical analysis of the low-frequency, colored frequency noise
(e.g. 1/f noise) of STOs is required [59] before the colored frequency noise can be
considered in the model.

When the applied IDC is smaller than Ith, which is the threshold current and
has been obtained as shown in Fig.3.4, the STO is operating in the below-threshold
regime. The above-threshold regime and the near-threshold regime correspond to
IDC>Ith and IDC∼Ith regimes, respectively. For different regimes, the linewidth
2∆ω of the STO is determined by different factors [43], and different assumptions
are usually considered in different regimes [43]. For instance, in the above-threshold
regime, it is sufficient to consider that the frequency is independent of the oscilla-
tion power and the linewidth can be found by determining the statistical properties
of the phase, which are not valid for the below-threshold regime. As a consequence,
the expressions for estimating linewidth in different regimes are not identical. How-
ever, in the existing MTJ STO models presented in [80, 81], only one expression
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is applied to obtain the linewidth in different regimes. This work, in contract to
[80, 81], analyzes the linewidth in different regimes separately. Particularly, for the
near-threshold regime, where IDC is close or equal to Ith, our calculations suggest
that the linewidth expression used for the above-threshold regime can offer reason-
able agreement between the modeled and the measured linewidth. Therefore, the
linewidth expression used for the above-threshold regime is also employed for the
near-threshold regime. Based on the analysis given in [Paper IV], the regime 0.85
Ith < IDC < Ith is considered as the near-threshold regime. The flowcharts for cal-
culating 2∆ω in different regimes are given in Fig.3.6. Most of the input parameters
of these flowcharts have been introduced in the previous subsections. The input
parameter Veff is the effective area of the STO. It is a geometry-related parameter,
and it is usually provided by the manufacturer. The other input parameter kBT
is the product of the Boltzmann constant and the temperature. In this work, it
is considered as a constant by assuming a fixed room temperature. The linewidth
of the MTJ STO in different regimes can be obtained by following the flowcharts
given in Fig.3.6 and the details provided in [Paper IV].

The proposed model of the MTJ STO has been validated by comparing it against
the measurement results from three different MTJ STOs under different bias condi-
tions. The proposed model matches well the measured data with respect to all the
characteristics. Detailed comparison between the proposed model and the measured
data, as well as analyses of discrepancies, are given in [Paper IV]. This conpari-
son demonstrates that the proposed model can reproduce the experimental data
with an acceptable degree of accuracy. In addition, the proposed analytical model
is suitable to be implemented in a hardware description language. The Verilog-A
implementation of this analytical model will be presented in the next section.

3.3 Verilog-A model implementation

The DC component of the STO’s output voltage can be written in Verilog-A as

VDC = RDC · IDC;

where RDC has been obtained in Section 3.2.3, and IDC is the applied DC cur-
rent. The AC component, which has been given in Eq.(3.1), can be written in
Verilog-A as

VRF = Rprec · IDC · cos(ωg · $abstime+ ϕ(t));

where the $abstime function returns the absolute simulation time. It can be noticed
that ωg and Rprec have been obtained in Section 3.2.4 and Section 3.2.5, respec-
tively. ϕ(t), which is used to represent the phase fluctuation (or the phase noise),
is related to the STO’s linewidth. The linewidth has been derived in Section 3.2.6.
In contrast to ωg and Rprec, ϕ(t) is a function of time and it cannot be directly
implemented in Verilog-A. Therefore, this section mainly addresses the phase noise
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Figure 3.6: Flowcharts for calculating the linewidth 2∆ω in different regimes

Verilog-A implementation. To begin with, a study of different phase noise Verilog-A
implementation methods are carried out and discussed in the next subsection.

3.3.1 Verilog-A implementation methods for modeling the
phase noise

The following methods, which enable circuit- or system-level simulations and de-
signs, are commonly used to model oscillators with phase noise.
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1. In one common phase noise generation method presented in [105, 106], the
step-specific perturbed frequency fVCO + ∆fVCO is integrated from t =0 up
to t, which causes a discontinuous phase change whenever ∆fVCO is updated.
In this case, the comparatively large and discontinuous phase changes lead to
significant signal discontinuities. This type of discontinuity cannot represent
the signal generated by MTJ STOs. Additionally, it may cause convergence
issues during simulations.

2. The method employed in [94] yields a phase noise ϕSTO(t) that is discon-
tinuously updated. Similar to the previous method, this method may cause
convergence issues because of the large and discontinuous phase changes.

3. An oscillator model with arbitrary phase noises is given in [107]. It uses
a frequency-dependent noise source that directly phase-modulates an ideal
oscillator. To apply this model to STOs, a relationship between frequency
and linewidth needs to be identified. However, such relationship is not well
known for STOs. Therefore, such model is not yet appropriate for STOs.

None of the methods mentioned above is currently suitable to Verilog-A STO model
implementation. As a consequence, an approach to accurately generate the phase
noise of MTJ STOs and that can be fully implemented in Verilog-A, is required
and it is proposed in this work.

3.3.2 Accurate phase generation
The solution for achieving an accurate and reliable MTJ STO model is to implement
a function ϕ(t), which can generate a continuous, linear phase change both at and
between the fixed points of the randomized phase fluctuation. The approach to
implement such a ϕ(t) is described in detail in [Paper V]. The Verilog-A code of
the proposed phase noise generation is given in Table 3.2. For this Verilog-A model,
both the simulation time (“sim_time” in the Verilog-A code and tsim in [Paper
V]), and the virtual time step (“delta_t” in the Verilog-A code and ∆t in [Paper
V]) need to be specified, as shown in Fig.3.2. The virtual time step reflects how
often the frequency fluctuation happens. It also enables producing the frequency
noise for the specific linewidth without considering the adaptive real time step.
The adaptive real time step is provided by the circuit simulator, and it cannot be
controlled by users and programmers. Therefore, the simulation time also needs to
be defined, so as to provide right amount of frequency fluctuations. With the help
of these two user-defined time constants, a continuous phase change is successfully
implemented.

3.3.3 Simulation results
To validate the proposed phase noise generation approach, transient simulations of
the proposed model and the model in [94] have been performed separately. The
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Table 3.2: The proposed phase noise generation approach written in Verilog-A

module MTJ_STO_ver1(MTJ_STO_RF, GND);
......
analog begin

@(initial_step(“tran”, “dc”)) //calculations are executed once
begin

...... //calculations of intermediate parameters and characteristics
//generation of frequency fluctuations
Myseed=abs($random%255);
phase_acc[0]=0;
for (j=0;j<=sim_time/delta_t;j=j+1)
begin

fluctuation[j]=
($rdist_normal(Myseed,0,sqrt(linewidth*delta_t)))/delta_t;
//assign a random number to the vector of
the angular velocity fluctuation
if (j>0)
begin

phase_acc[j]=fluctuation[j-1]*delta_t+phase_acc[j-1];
//store the phase deviation accumulated from t = 0 to
each virtual time step

end
else

phase_acc[0]=0;
end
k=-1;

end

//generation of phase noise
@(timer(0, delta_t) //it is called every ∆t
begin

k=k+1;
end
phase=($abstime-(k*delta_t))*fluctuation[k]+phase_acc[k];

time_signal=Rpeak*cos(ωg*$abstime+phase);
//the RF part of STOs’ signals in terms of resistance variation
V(MTJ_STO_RF, GND)<+ Rdevice*Iapp+time_signal*Iapp;
//output both the DC part and the RF part of STOs’ signals

end
endmodule
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Figure 3.7: Comparison of the measured and simulated time domain signals

time domain signals of these transient simulations have been compared against the
measured output signals generated by STOs given in [108, 109], as illustrated in
Fig.3.7. Despite the fact that the amplitude noise is not fully considered in this
work, the general nature of the signals obtained from the proposd model agrees
well with the measured results. A Gaussian amplitude noise can be added to the
proposed model, when its standard deviation can be determined.

To verify the Verilog-A model against the analytical model, and to validate
the Verilog-A model at circuit- and system-levels, a number of simulations have
been performed. The simulation results are presented in [Paper V]. They show
that the Verilog-A model gives the same characteristics as those obtained from
the proposed analytical model. The simulation results further demonstrate that
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the proposed MTJ STO model enables the design and the performance evaluation
of MTJ STO-based circuits and systems. Consequently, the proposed MTJ STO
model may accelerate the development of MTJ STO-based applications.

3.3.4 Limitations of the proposed MTJ STO model
The proposed phase noise generation approach ensures a reliable and accurate MTJ
STO model. However, it is not suitable for simulations that involve momentary
variations in the operating conditions. However, at the early stage of evaluating
STOs in various applications and designing STO-based systems, these simulations
involving momentary variations in the operating conditions are not critical.





Chapter 4

CMOS High Frequency Circuits
for MTJ STOs

Considering the current maturity level of the STO technology, not all the popular
applications mentioned in Chapter 2 can be developed. For instance, the STO-based
neuromorphic computing is still at the conceptual phase. A lot of challenges still
remain before its practical implementation. There are three popular applications,
which may be suitable to be developed. They are the STO-based non-coherent
transceiver, the STO-based magnetic field sensing and the STO-based microwave
oscillator. Among these three suitable applications, the STO-based non-coherent
transceiver, which utilizes either on-off keying (OOK) or ASK modulation technique
[20, 73], can be developed by using existing power amplifiers and narrowband LNAs,
similar to the case presented in [20]. Compared to the STO-based non-coherent
transceiver, the STO-based magnetic field sensing and the STO-based microwave
oscillator are more difficult to achieve since the existing circuits cannot provide the
required performance (e.g. bandwidth, gain, and balun). Therefore, this chapter
focuses on the circuits for the STO-based magnetic field sensing and the STO-based
microwave oscillator.

For both the STO-based magnetic field sensing and the STO-based microwave
oscillator, the main issue that needs to be overcome is the limited output power.
One possible approach to enhance the output power of STOs is to use injection
locking. It has been experimentally verified that STOs can be locked to an external
RF current with a frequency fe, which is close to twice the free-running frequency
f0 [103]. By using an external RF current with a 2.1 mA root mean square (RMS)
amplitude, the output power of the STO is enhanced by 7 dB while the phase is
locked during injection locking. Nevertheless, this approach cannot be implemented
in real applications since an external RF current is needed, and the 7 dB power
enhancement is not sufficient for applications. An alternative approach is to use
mutual phase-locking or synchronization of multiple STOs. To date, the maximum

39
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Table 4.1: Performance metrics of MTJ STOs used in this wrok

Specification
DC current 0 mA to 10 mA
Tunability range 2 GHz to 8 GHz
Magnetic field tuning sensitivity 6.15 MHz/Oe (FL modes)
DC voltage tuning sensitivity -225 MHz/V
Parallel resistance 37 Ω
Anti-parallel resistance 64.5 Ω
Output power -60 dBm to -40 dBm
Linewidth Few hundred MHz

number of STOs which have been successfully synchronized, is three [110]. The
experimental results of the three synchronized STOs, however, do not show obvi-
ous improvement on the total output power. Therefore, mutual phase-locking or
synchronization approach is not ready to be used in applications. Currently, the
only approach to prove the STOs’ potential for applications is by using an external
amplifier IC to enhance the output power of STOs.

This chapter presents the dedicated CMOS circuits, which are proposed to im-
prove the limited output power of MTJ STOs, for the STO-based magnetic field
sensing and the STO-based microwave source applications. MTJ STOs are con-
sidered in these applications, since they provide higher output power than GMR
STOs. The MTJ STOs, which have been presented in Chapter 2 and are similar
to those in [15, 57], are used in these applications. The measured characteristics of
a typical MTJ STO used in this work are summarized in Table 4.1. The dedicated
circuits are implemented in a 65 nm CMOS process, with a 1.2 V power suppy.

4.1 System-level considerations

4.1.1 MTJ STO-based magnetic field sensing system

Recently, STOs, as magnetic field sensors, have shown the potential to outperform
Hall-effect sensors [111] in terms of sensitivity [75]. Unlike Hall-effect sensors, the
STO-based sensors translate the magnitude and angle of the magnetic field into
oscillation frequencies (or frequency changes) instead of voltage levels. Accord-
ingly, the STO-based sensors, in contrast to Hall-effect sensors, can relax the large
signal-to-noise ratio (SNR) requirement of the system. They can also offer higher
resolution of field sensing, compared to Hall-effect field sensors. For instance, as
reported in [75], a magnetic field change of one Oerstad can introduce 173 MHz
change in the oscillation frequency of the STO. Similarly, a change of field angle
by one degree can change the frequency by 500 MHz [112]. Moreover, STOs have
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Figure 4.1: MTJ STO-based magnetic field sensing system [31]

low power consumption, compact size and high level of integration with CMOS
technologies [18].

A possible MTJ STO-based magnetic sensing system can be built as shown in
Fig.4.1. This system is composed of an MTJ STO, a bias-tee, a wideband LNA,
buffers and a frequency-to-voltage converter (FVC). The MTJ STO used in this
work, as shown in Table 4.1, has a sensitivity of 6.15 MHz/Oe. It has a sensing range
of about 150 Oe - 800 Oe, and an output frequency range of approximately 2 GHz
– 8 GHz. The bias-tee allows only the AC oscillation signal passing to the LNA,
without being disturbed by the DC bias current required to drive the MTJ STO.
The maximum DC bias current that can be used to tune the operating frequency of
the MTJ STO, as mentioned in Chapter 2, is about 10 mA. Different topologies for
implementing an on-chip bias-tee for this MTJ STO have been investigated [113].
These topologies include RC- and LC-based passive bias-tees, as well as current
mirrors. Nevertheless, none of these topologies enable a large DC current handling
capacity up to 10 mA using a CMOS technology with a very limited power supply
(e.g. 1.2 V), while offering the wide frequency operation of 2 GHz – 8 GHz for
the AC signal. Therefore, an off-the-shelf bias-tee is employed in this work. The
wideband LNA is required to mitigate the limited output power generated by the
MTJ STO, so that the amplified signal can be utilized by an FVC. The LNA is a
key component of the entire system, since it should provide sufficient gain within
a large frequency range, while consuming low power and area, so that it can be
used in a wide range of magnetic field sensing applications. In addition, a balun
is required before the FVC, so as to convert the unbalanced MTJ STO signal to
a differential output, which can be directly used by the FVC, whose topology is
similar to that given in [114] for the wideband operation. In should be noted that
the differential output is connected by buffers so as to drive the FVC. To complete
the system, the FVC is necessary to convert the frequencies into voltages for further
signal processing.

Based on the MTJ STO-based magnetic sensing system given in Fig.4.1, the re-
quirements of the LNA with respect to balanced-to-unbalanced conversion (balun),
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Table 4.2: LNA requirements

Parameter Value or range Note
Balun incl. Yes
Bandwidth 2 GHz – 8 GHz
Input
impedance

∼ 50 Ω The maximum mismatch loss is
0.12 dB, consideing that the MTJ
STO’s resistance takes value
within 51 Ω ± 13 Ω (under all
conditions).

Gain > 16 dB A gain larger than 16 dB is
needed to drive an FVC similar
to [114].

Linearity The input-referred 1 dB
compression point (IP1dB)
should be larger than the
MTJ STO signal

Size Similar to state-of-the-art
LNAs

The LNA should be inductorless.

Noise perfor-
mance

Similar to state-of-the-art
LNAs

ESD protec-
tion incl.

Yes

IC packaging Wire-bonded on the
printed circuit board
(PCB)

Power con-
sumption

Similar to state-of-the-art
LNAs

bandwidth, input impedance, gain, linearity, size, noise performance, electrostatic
discharge (ESD) protection, IC packaging as well as power consumption, are dis-
cussed in [Paper III] and summarized in Table 4.2.

4.1.2 MTJ STO-based microwave oscillator

While the MTJ STO is a promising technology for the low-cost highly-tunable fully-
integrated microwave oscillator, its limited output power and spectrum impurity
are two current drawbacks. A perfect in-phase mutual synchronization of STOs can
theoretically improve both the output power and the linewidth. However, as it has
been discussed at the beginning of this chapter, the obtained experimental results
of the STOs’ mutual synchronization suggest that it is not ready to be used in real
applications. A possible solution to overcome the aforementioned drawbacks, is to
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Figure 4.2: MTJ STO-based microwave oscillator in a PLL

use a dedicated amplifier to enhance the MTJ STO’s output power, and then use
a phase-locked loop (PLL) to achieve a stable phase locked operation, as shown in
Fig.4.2. The MTJ STO, the bias-tee, and the dedicated amplifier together form
an STO-based microwave oscillator, which can be directly used in the PLL. In
the PLL, the RF signal of the STO-based microwave oscillator is down converted
by the frequency divider and then compared with a reference clock signal. The
comparison result, which is a phase difference, is fed to a phase frequency detector
(PFD). The PFD generates a voltage output, which is the phase error signal and
is proportional to the obtained phase difference. The DC component of the phase
error signal is extracted by a low-pass filter, and then fed into a bias control circuit.
The bias control circuit converts the filtered phase error signal into a DC current,
which fine tunes the MTJ STO’s frequency. PLL-locking through an external 80
MHz reference clock has been experimentally achieved for an MTJ STO at a single
frequency of about 5 GHz [115]. To retain the advantage of MTJ STO’s wide
tunability range, a PLL with a wideband operation, similar to PLL LMX2487E
[116] with a frequency range of 3 GHz – 7.5 GHz, is more suitable. Therefore,
the PLL, which utilizes the STO-based microwave oscillator and has a wideband
operation, is the targeted system of this work. To make such a PLL functional, the
output power of the STO-based microwave oscillator should be at least -10 dBm.
Therefore, the wideband amplifier, which can cover at least 3 GHz – 7.5 GHz, with
noise, linearity and matching considerations, is required to achieve such STO-based
microwave oscillator. Based on the targeted PLL shown in Fig.4.2, the requirements
of the wideband amplifier with respect to gain, bandwidth, impedance matching at
both input and output, noise as well as linearity, are analyzed in [Paper II] and
summarized in Table 4.3.
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Table 4.3: Wideband amplifier requirements

Parameter Value or range Note
Balun incl. Yes Fully differential topology should be em-

ployed to reject common mode distur-
bance and to enable noise cancellation.

Bandwidth 2 GHz – 8 GHz
Input
impedance

∼ 50 Ω The maximum mismatch loss is 0.12 dB,
consideing that the MTJ STO’s resis-
tance takes value within 51 Ω ± 13 Ω
(under all conditions).

Output
impedance

∼ 50 Ω

Gain > 30 dB A large gain is needed to drive a PLL.
Linearity The output third-

order intercept point
(OIP3) should be
larger than -10 dBm

An OIP3 larger than -10 dBm can meet
the dynamic range and intercept point
requirements of the PLL.

Size Similar to state-of-
the-art limiting am-
plifiers

The balun-LNA proposed in the previ-
ous subsection has a very compact size.
Hence, the total size is mainly deter-
mined by the amplification chain, which
uses a limiting amplifier to obtained the
required gain in this case.

Noise per-
formance

Similar to state-of-
the-art balun-LNAs

The noise performance is mainly deter-
mined by the first stage, which is a
balun-LNA in this case.

ESD pro-
tection
incl.

Yes

IC packag-
ing

Wire-bonded on the
PCB

Power con-
sumption

Similar to state-of-
the-art limiting am-
plifiers

The power consumption should be as
low as possible so as to be used in STO-
based microwave source applications.

4.2 Circuit-level considerations

4.2.1 Balun-LNA

As it can be seen from Table 4.2, a balun is required to achieve the STO-based mag-
netic field sensing system proposed in Fig.4.1. One possible approach is to use an
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off-the-shelf balun. However, it typically has a considerable size, and it introduces
additional loss at high frequencies. A suitable approach is to use a balun-LNA [117].
To achieve a balun-LNA, a common-source (CS) stage is employed in combination
with a common-gate (CG) stage, forming a CG-CS topology, as it is discussed in
[117]. This CG-CS topology provides noise and distortion cancellation, broadband
input impedance matching and simultaneous gain balancing. However, it suffers
from the trades-offs between power consumption, noise figure (NF), bandwidth,
gain and gain imbalance. An improved CG-CS LNA using local feedback to boost
the CG transconductance has been proposed in [118]. The local feedback brings
gain boosting and good linearity. Nonetheless, it requires additional transistors,
which bring extra parasitics and hence degrade the bandwidth. As a result, none
of the aforementioned balun-LNAs can fulfill the bandwidth requirement shown in
Table 4.2. A novel inductorless balun-LNA, which can meet the requirements given
in Table 4.2, has been proposed in this work for the MTJ STO-based magnetic
sensing system. The proposed balun-LNA employs a CS stage combined with a
cross-coupled CG stage. The cross-coupled transistors introduce a dual feedback
loop into the circuit so as to allow more design variables to enter into the expres-
sions of input matching, gain, and noise performance. The theoretical analysis
of the proposed balun-LNA is detailed in [Paper I]. According to the theoreti-
cal analysis, the proposed balun-LNA can provide wideband impedance matching,
noise cancellation and gain boosting simultaneously. The post-layout simulations
of the balun-LNA show a gain of 20 dB, a -3 dB bandwidth of 2 GHz – 8.7 GHz,
an input-referred third-order intercept point (IIP3) of -3.5 dBm, and an IP1dB of
about -18 dBm. The maximum simulated NF of the buffered balun-LNA within
the band of interest is 4.5 dB. In addition, it consumes a total power of 3.84 mW,
and takes an area of 0.0044 mm2. The post-layout performance metrics fulfill the
requirements determined in Section 4.1.1, which indicates that the proposed balun-
LNA is suitable for the STO-based magnetic field sensing system.

In order to characterize the performance of the balun-LNA, a balanced-to-
unbalanced buffer, which is presented in [Paper III], is used for measurement
purpose. In addition to providing balance-to-unbalance conversion, this output
buffer offers a unity transfer function and an output impedance matched to 50 Ω.

4.2.2 Wideband amplifier

To meet the requirements for building the STO-based microwave oscillator given in
Table 4.3, a wideband amplifier is proposed, and it is composed of three stages: a
balun-LNA as the input stage, followed by the amplification stage and the output
buffer stage. The balun-LNA proposed in the previous subsection is very suitable
to be used as the first stage of the wideband amplifier for the STO-based microwave
oscillator. This is because the proposed balun-LNA is dedicated to the MTJ STO,
and it has already considered the aspects of balun, bandwidth, impedance matching,
size, noise performance, ESD protection, packaging as well as power consumption.
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The amplification stage is responsible for providing enough gain. It is realized
by cascading five cascode stages to achieve a large gain, followed by a CS stage
to obtain a large output swing. Meanwhile, the total bandwidth BWtot of the
cascaded stages should be able to cover the entire tunable range of the MTJ STO
if possible, and is determined by [119]

BWtot = BW · m

√
2 1

n − 1 (4.1)

where BW is the bandwidth of each stage, n is the number of identical stages, m
is 2 and 4 for first-order and second-order amplifier stages, respectively. A larger
n leads to a lower BWtot. Hence, as it is demonstrated in [113], a trade-off be-
tween bandwidth and gain exists in the entire amplification chain. Furthermore, in
practice, extra parasitics within each stage and between stages result in additional
bandwidth shrinkage. Consequently, in order to obtain sufficient gain and band-
width simultaneously, an approach to enhance the bandwidth is in demand. One
possible approach to enhance the bandwidth is to use Miller capacitor compensa-
tion [120] in the amplification stage. Yet, this approach suffers from instability
and capacitance mismatch. Another possible approach is to use the active feed-
back [121], which has relatively high complexity and hence can be hardly used
in cascaded stages. Other approaches, such as capacitive degeneration technique
[122] and Cherry-Hooper stage [123, 124], introduce gain degradation and there-
fore are not preferred. The inductive peaking approach in [122] can provide both
large gain and wide bandwidth, and hence is employed in the amplification stage.
The drawback of this approach is that a large silicon area is required for the on-
chip inductor. As a result, only two differential inductors are used to obtain the
required bandwidth, and placed in the first and fifth stages so as to accomplish
relatively optimal floorplan and layout. To drive the PLL with 50 Ω terminations,
the balanced-to-unbalanced output buffer introduced in the previous subsection, is
employed.

In this work, wire-bonding-based IC packaging is considered. Taking the par-
asitics brought by the bonding wires and pads into account, the post-layout sim-
ulation results of the wideband amplifier exhibit a typical S21 of 45 dB, a -3 dB
bandwidth of 2 GHz – 8 GHz, an IIP3 of about -37 dBm (the OIP3 is about 8
dBm), maximum S11 and S22 of -10 dB and -7.5 dB, respectively. In addition,
the maximum simulated NF within the -3 dB bandwidth is 4.7 dB. The wideband
amplifier core draws a total current of 21.19 mA from the 1.2 V power supply. It
occupies a core area of 0.16 mm2. The post-layout performance metrics fulfill the
requirements given in Table 4.3. Therefore, the wideband amplifier is suitable to be
combined with the MTJ STO to build a microwave oscillator. The MTJ STO-based
microwave oscillator is shown in Fig.4.3.
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Figure 4.3: MTJ STO-based microwave oscillator

4.3 Measurement results

Both the balun-LNA and the wideband amplifier have been implemented. To eval-
uate the performance of the proposed balun-LNA and the wideband amplifier, the
die has been directly wire-bonded on the test board. This is because other pre-
molded packages introduce significant signal losses at high frequencies and thus
should be avoided. All the test boards in this work have been fabricated using
ROGERS 4350 high-frequency substrate in order to minimize signal losses within
the bands of interest. The RF input and output pads on the test board have been
connected through 50 Ω microstrip transmission lines to subMiniature version A
(SMA) connectors.

Balun-LNA

The measurement results of the proposed balun-LNA are fully presented in [Paper
III]. They follow well the post-layout simulations, except that the measured band-
width is about 1.7 GHz narrower than the simulated one. The main contributor of
the bandwidth shrinkage is the parasitics introduced by the PCB traces, bonding
wires, and SMA connectors. Despite the bandwidth shrinkage, the balun-LNA can
still cover most of the operating frequency range of MTJ STOs. Table 4.4 summa-
rizes the performance of the proposed balun-LNA and gives comparison to other
recently published balun-LNA designs [117, 118, 125, 126, 127]. Among all the
designs presented in Table 4.4, the proposed balun-LNA shows the largest gain and
bandwidth product with low power consumption. Moreover, it presents competi-
tive linearity and comparable NF within a wider frequency range. Since no on-chip
inductor is required, this design occupies a very small chip area. The comparison
in Table 4.4 demonstrates that the proposed balun-LNA is the most suitable one
for MTJ STOs, and it can be used in MTJ STO-based field sensing systems.
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Table 4.4: Comparison with previous balun-LNA designs

Tech.
(nm)

VDD
(V)

BW
(GHz)

Gain
(dB)

NF
(dB)

IIP3
(dBm)

S11
(dB)

Power
(mW)

This
work

65 1.2 2-7 20 <5 +2 @3
GHz

-6 3.84

[117],
2008

65 1.2 0.2-
5.2

15.6 <3.5 0 -10 14

[118],
2010

130 1 0.2-
3.8

19 <3.4 -4.2 -9 5.7

[118],
2010

130 0.85 0.2-
3.8

14.8 <4.1 -3.8 -9 3.2

[125],
2012

130 1.2 0.1-2 16.6 <3.8 +0.5 -10 3

[126],
2013

180 1.1 3.1-
10.6

11.02 <4.9 -3.6 -10 6.93

[127],
2014

130 1.3 6.5-9 23 <3.2* -18.4 -20 7.15

* This is a simulated result.

Wideband amplifier

The performance of the wideband amplifier has been evaluated before the attempt
at connecting it with the MTJ STO to develop the MTJ STO-based microwave oscil-
lator given in Fig.4.3. The measured S11 and S22 parameters are approximately -10
dB. The measured S21 and maximum NF, within the bandwidth of 2 GHz – 7 GHz,
are 35 dB and 5 dB, respectively. The measured IIP3 at 5 GHz is about -28 dBm.
In general, the measured results match the post-layout simulations. However, the
measurement results show bandwidth shrinkage, gain degradation and fluctuations,
compared to the post-layout simulations. The causes of the signal degradation have
been analyzed in [Paper II]. The main contributors are SMA connections on the
test board, bonding wires, and other on-chip and off-chip parasitics. Despite the sig-
nal degradation, the measured bandwidth can still cover a large portion of the MTJ
STO’s operating frequency, and the rest of measured results meet the requirements
given in Table 4.3. Consequently, the wideband amplifier enables the utilization of
MTJ STOs as microwave oscillators in multi-band/multi-standard radios. In order
to prove MTJ STO’s potential use as a microwave oscillator, the MTJ STO-based
microwave oscillator has been implemented by connecting an MTJ STO through a
bias-tee to the proposed wideband amplifier.
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MTJ STO-based microwave oscillator

The measurement of the MTJ STO-based microwave oscillator has been performed
under a fixed magnetic field at H = 400 Oe with an in-plane angle of 15o. The
measured power spectrum of the MTJ STO-based microwave oscillator given in
[Paper II] demonstrates the DC current tunability of this oscillator. By further
tuning the magnitude and angle of the magnetic field, a tunability of about 3 GHz
– 7 GHz can be achieved. The performance of the proposed MTJ STO-based mi-
crowave oscillator, and a comparison between this work with other works, are given
in [Paper II]. Compared to the solution in [19], the proposed microwave oscillator
provides a much wider tunable range. In comparison to Mini-Circuits ZVE-3W-
83+ [128], the proposed wideband amplifier has a much smaller size, better noise
performance, much lower power consumption, and hence allows a direct connection
to the MTJ STO using chip-on-board technique and miniaturization. Moreover, the
proposed microwave oscillator is able to be directly connected to other RF blocks
in multi-band/multi-standard radio applications. Specifically, the output power of
the MTJ STO-based microwave oscillator allows the direct connection with a PLL.
Accordingly, the proposed MTJ STO-microwave oscillator can be potentially used
as a new microwave source for multi-band/multi-standard radios.





Chapter 5

Integration of GMR STO and
CMOS Circuitry

As it has been shown in Chapter 2, GMR STOs have a higher and wider tunable fre-
quency range and hence broader functionality, but lower output power, compared
with MTJ STOs. The very high and wide operating frequency range opens the
possibility of employing GMR STOs in millimeter wave applications, for instance,
in wideband data transmission systems. However, the typical GMR STOs have a
small DC resistance (much less than 50 Ω as summarized in Fig.2.6 and [Paper
VII], which is not suitable for direct connections with 50 Ω components and systems
typically used for RF or microwave applications. The typical measurement setup
for characterizing GMR STOs is based on bulky discrete off-the-shelf components
and RF cables, and it requires probing on GMR STOs. The off-the-shelf compo-
nents are usually equipped with 50 Ω connectors. Due to the mismatch between a
very small resistance of the GMR STO and the 50 Ω connection, the measurement
setup introduces unwanted wave reflections, which cause unwanted standing wave
patterns in the spectrum and hinder the study of the GMR STO’s dynamic prop-
erties to some extent. To eliminate wave reflections, and to avoid the losses due
to external components and connections, the GMR STO needs to be directly inte-
grated with other technologies, e.g. CMOS and GaAs, which allow implementing
the required circuits for the GMR STO. The integration of an MTJ STO with a
dedicated CMOS IC amplifier and an off-the-shelf bias-tee has been proposed and
implemented [19]. However, the off-the-shelf bias-tee does not allow the dedicated
IC being directly connected to the MTJ STO. As a result, it cannot be used for the
complete STO-IC integration. Morever, the off-the-shelf component together with
the required extra bonding wire in the signal path would introduce significant per-
formance degradation within the operating frequency range of GMR STOs. Hence,
the complete integration is required by GMR STOs. This chapter presents the
integration of GMR STO with a complete dedicated CMOS IC, which includes
wideband amplification, the necessary on-chip bias-tee and ESD protection.

51
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5.1 Integration considerations

Three possible approaches for integrating the GMR STO with the CMOS IC, in-
cluding monolithic integration, flip-chip-based integration and wire-bonding-based
integration, have been discussed in [Paper VI]. The pros and cons of these inte-
gration approaches are summarized in Table 5.1.

Monolithic and flip-chip-based approaches enable a higher level of integration
and better performance at high frequencies. Hence, they are the ultimate integra-
tion solutions. The monolithic integration has been used in the hybrid CMOS/MTJ
logic circuits for the STT-MRAM [129, 130, 131]. However, it has not yet been im-
plemented to handle the RF signals generated by STOs. To use monolithic approach
for STO-IC integration, the surface roughness of the metal layer, which is in the
IC stacks and used as the buffer layer for fabricating STOs, needs to be very well
controlled. The roughness of this layer is critical since it has significant impact
on the spatial variation in the multilayers structure, and hence on the dynamics
of STOs [132]. To avoid unpredictable device performance and significant perfor-
mance degradation [132], the RMS roughness of this layer needs to be lower than
∼3 Å (= 0.3 nm). The flip-chip-based integration is one of the main approaches
for interconnecting ICs [133]. It becomes suitable for a wider range of uses, as
the cost of flip-chip-based integration is reduced [134]. The flip-chip-based integra-
tion allows easier implementation and measurement, compared with the monolithic
approach. At the same time, it retains a low-loss interconnection. Nevertheless,
both monolithic and flip-chip-based integrations are not ready for STO-IC integra-
tion, unless the device-to-device performance of STOs is improved so that no major
adjustments (e.g. topology) of the circuitry are required for different devices.

The wire-bonding-based integration allows independent characterizations and
optimizations of both the IC and the STO prior to integration. It also enables easy
mounting of both the STO and the IC, which introduces another degree of freedom.
As a first attempt to demonstrate the integration of GMR STO and CMOS IC, this
approach is most appropriate for the current level of maturity of the GMR STO
technology. This approach, however, brings more parasitics as compared to the
other integration approaches mentioned above. The considerable parasitics bring
a non-uniform signal degradation within a wide frequency range. Consequently,
these parasitics need to be coped with during the design phase to take advantage
of the GMR STOs’ wide tunability.

5.2 System architecture

The architecture of the proposed GMR STO-CMOS IC system is shown in Fig.5.1,
and detailedly introduced in [Paper VI]. The system is composed of a GMR STO,
a bias-tee, ESD protection diodes, an input filter, a set of amplification stages and
an output filter. The GMR STO used in this work has been introduced in Chapter



5.2. SYSTEM ARCHITECTURE 53

Table 5.1: Pros and cons of different integration approaches

Integration approach Pros Cons
Monolithic integration

CMOS 

stack

STO

|-200 nm-|

• Minimum signal
degradation at high
frequencies
• Single-chip inte-
gration (minimum
packaging size)

• Difficult implemen-
tation
• Does not allow in-
dependent characteri-
zations and optimiza-
tions of the IC and the
STO device
• Long development
time

Flip-chip-based integration

CMOS 

stack

STO

|-200 µm-|

• Easies implemen-
tation and measure-
ment compared to the
monolithic integration
• Low-loss intercon-
nection

• Diffucult PCB-based
IC test
• Difficult manual in-
stallation

Wire-bonding-
based integration

CMOS 

stack

STO

|-300 µm-|

• Easy implementa-
tion and measurement
• Allows indepen-
dent pre-integration
characterizations and
optimizations of the
IC as well as the STO

• Non-uniform and
non-negligible signal
degradation at high
frequencies
• Limited frequency
range

2. It has a lateral size of 70 nm and a resistance of about 6.5 Ω. The GMR STO is
placed on a ground-signal-ground (GSG) coplanar waveguide (Fig.5.1), where the
RF signal pad is directly wire-bonded to the CMOS IC, and the ground pads are
connected to the ground of the PCB. To protect the GMR STOs from being broken
by large DC currents, the maximum DC current used in this work is 22 mA. By
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Figure 5.1: System architecture of the proposed GMR STO-CMOS IC system

sweeping the magnitude of the applied magnetic field from 8 kOe to 12 kOe, varing
the out-of-plane angle of the applied magnetic field (θ) from 79◦ to 85◦, and altering
the injected DC current up to 22 mA, the operating frequency of the GMR STO can
be tuned approximately from 8 GHz to 20 GHz. The operating frequency can be
further extended, especially, by expanding the range of θ. However, the achievable
frequency range of the GMR STO-CMOS IC system is limited by several factors,
such as, the wire-bonding-based integration approach, trade-offs and constraints
in the CMOS IC design, which will be discussed later. The combination of these
factors limits the achievable frequency range of the GMR STO-CMOS IC system
to about 8 GHz – 16 GHz. The bias-tee is necessary to supply DC current to the
STO, while allowing only the AC signals to pass from the STO to the IC. ESD
protection diodes are employed to protect the transistors, which typically have a
low breakdown voltage (e.g. ∼3 V) for a 65 nm CMOS process, from being damaged
by ESD events. The input and output filters, which can handle the considerable
parasitics at the input and the output of the CMOS IC, respectively, are built
in order to achieve a flat gain within the frequency range of interest. A set of
amplification stages, which allows connections with other application-specific RF
blocks, and offers good noise performance, are used to complete the system. It is
composed of three stages, which are an LNA, a gain stage and an output buffer. An
LNA with a high input impedance is chosen for achieving both maximum voltage
delivery and large SNR. A gain stage is used to provide additional amplification.
An output buffer, which can drive a 50 Ω load, is employed as the last stage. The
CMOS IC allows connections to other RF components with 50 Ω terminations in
the future, regardless of whether the output filter is required (depending on the
factors such as packaging, ESD protection, etc.).
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5.3 CMOS circuits – design considerations

The circuit design considerations of the aforementioned components of the GMR
STO-CMOS IC system are detailed in this section.

5.3.1 On-chip bias-tee

The bias-tee is a passive component, which has three ports: an AC port, a DC
port and an (AC+DC) port, as shown in Fig.5.2. The bias-tee usually consists
of a capacitor (C) between AC and (AC+DC) ports to block the DC signal, and
a resistor (R) or an inductor (L) between DC and (AC+DC) ports to provide a
DC current without disturbing the AC signal. The topology of the dedicated on-
chip bias-tee is determined by the amount of DC current required for the given
application. For applications that require small DC currents, the RC bias-tee
(Fig.5.2(a)) is preferred to offer a constant RF isolation between the DC port and
other ports over a wide frequency range, while producing only a small voltage drop
across the resistor and dissipating low power [135]. In this work, the DC current
required to be handled by the bias-tee is up to 22 mA. By using the RC bias-tee, a
large voltage drop will be detected across R, as R has to be large enough to block
the AC signal from the DC power supply. As a result, the RC bias-tee topology is
not acceptable in this work. The LC bias-tee (Fig.5.2(b)) for wideband operations
needs multiple inductors placed in series, which takes a large silicon area (the size
of one inductor is on the order of 100 × 100 µm2) [136]. A bias-tee, which can
overcome the aforementioned issues for wideband operations at high frequencies,
has been proposed in [Paper VI] and depicted in Fig.5.2(c). It utilizes a small
resistor R1 (∼120 Ω) connected in series with an on-chip spiral inductor L1 (1.6
nH) and a bonding-wire-introduced inductance L2 (>2 nH) for DC coupling, and
an MIM capacitor Cblock of 1.3 pF for AC coupling. An array of off-the-shelf bypass
capacitors with different capacitances, simply represented by Cbypass in Fig.5.2(c),
is employed off-chip to filter the noise at the DC port. The small R1 is used to
prevent a large voltage drop and power dissipation. The value and size of L1 are
determined by considering the trade-offs between the inductance value (related to
DC blocking performance), self-resonant frequency (SRF) or Q, and the current
handling capacity. These trade-offs are involved in selecting the number of turns,
separation distance between each turn and the metal width. In addition, to avoid
electromigration problems, a large number of vias are added to the joints connecting
different metal layers in the DC coupling path, so as to allow a DC current up to
22 mA. The value of L2 depends on the length of the bonding wire. As it is
explained in [Paper VI], the length of the bonding wire is selected to be about
2 mm for both high impedance at high frequencies and reliable implementation.
The capacitor Cblock, whose main capacitance and undesired fringe capacitance are
both proportional to its size, is designed to provide 1.3 pF main capacitance, for
the purpose of achieving a good S21 (transmission coefficient) within the frequency
of interest. The proposed bias-tee takes a total silicon area of only 100 × 110 µm2,
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Figure 5.2: (a). RC bias-tee (b). LC bias-tee (c). the proposed bias-tee

which is dominated by the size of the on-chip inductor.

5.3.2 On-chip ESD protection
Different approaches to implement the ESD protection, which are presented in [137],
have been investigated. To achieve large bandwidth at high frequencies and to fully
utilize the parasitcs introduced by the ESD protection diodes, the ESD protection
is designed to be embedded in the input and output filters, which will be discussed
in the next subsection. ESD protection diodes are added at both input and output
pads to protect the IC. In order to allow a large current (∼ 22 mA) passing through
the proposed bias-tee without triggering the clamp circuit, no ESD protection is
added at the pad for applying the DC current to the GMR STO. The sizes of
these diodes are 30 µm × 2 µm, which can provide basic ESD protection while the
parasitics can be handled by the input and output filters.

5.3.3 Input and output filters
Considerable parasitics are introduced by bonding wires, on-chip bias-tee and ESD
protection diodes. Other parasitics that should be considered are brought by on-
chip and off-chip pads and routing wires. All of these parasitics make the dedicated
IC for GMR STOs challenging to achieve wideband operation at high frequencies.
To relieve the impact of these parasitics on the circuit performance, input and out-
put filters are built by utilizing these parasitics, so as to achieve a flat frequency
response over the required bandwidth. To fully utilize the aforementioned para-
sitics, a 5th-order LC low-pass filter and a 3rd-order Butterworth bandpass filter
(shunt) are implemented as the input and output filters, respectively. In order to
integrate the bonding wire in the input filter, the bonding wire needs to provide an
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inductance of about 0.4 nH, which is required by the filter. Hence, a bonding wire
with a length of about 0.4 mm is needed (a ∼ 1 mm length would introduce ∼ 1
nH as a rule of thumb). However, a bonding wire with such short length is difficult
to implement. Especially, it is not feasible if a manual wire bonder is used, as in
this case. A possible solution is to use two bonding wires, which have a length of
about 0.8 mm and are placed in parallel, to obtain a total inductance of 0.4 nH.
Two RF pads are then inserted for these two bonding wires. The detailed design
of these two filters is given in [Paper VI].

5.3.4 Amplification stages
The three amplification stages, which are the LNA, the gain stage and the out-
put buffer, use the cascoded CS topology, which bring simplicity, high gain and
wide bandwidth while reducing the undesired Miller effect. Additionally, as it
is explained in [Paper VI], bandwidth enhancement is necessary to achieve the
required bandwidth. Concerning the required gain, bandwidth, noise and layout-
introduced parasitics, a bandwidth enhancement approach using inductive peaking
is employed to provide an impedance component that increases with frequency,
compensating the significant gain drop at high frequencies [138]. The inductive
peaking technique is used in each stage of the amplifier (Fig.7 of [Paper VI]),
where the inductors Lln (n=1, 2, and 3 represent the LNA, the gain stage and
the output buffer, respectively) are arranged in series with the load resistor Rln to
shunt the total capacitances Cln seen at the output nodes

Cln = Cdb,n + Cgd,n + Cgs, n+1 + Cp,n (5.1)

where Cdb,n and Cgd,n are the drain-bulk and gate-drain capacitances of each stage,
respectively, Cgs,n+1 is the gate-source capacitance of the next stage (for the LNA
and the gain stage), Cp,n is the total parasitic capacitance at the output node of
each stage. The total frequency-dependent load impedance Zln of each stage can
be written as

Zln = ( 1
sCln

) ‖ (Rln + sLln) = Rln + sLln

1 + sRlnCln + s2LlnCln
(5.2)

Eq.(5.2) indicates that the inductor Lln introduces a zero so that the total Zln
increases with the frequency, compensating the impedance drop owing to Cln, and
thus extending the bandwidth. For each stage, the inductor value is determined
based on the load resistor value, so as to achieve a close-to-maximum bandwidth
extension ratio.

5.4 CMOS IC – post-layout simulation and measurement
results

The proposed IC has been implemented in a 65 nm CMOS process. The entire
IC consumes 14.3 mW from the 1.2 V power supply, and takes a total silicon area
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of 700 µm × 470 µm = 0.329 mm2. The post-layout simulation results have been
analyzed and discussed in [Paper VI].

As a first attempt to integrate the GMR STO and the CMOS IC, the perfor-
mance of the CMOS IC has firstly been characterized separately. The CMOS IC
measurement results presented and discussed in [Paper VI] show a de-embedded
gain of about 10 dB, a bandwidth of 9.5 GHz – 15 GHz, an input referred voltage
noise of about 2 nV/

√
Hz, an IIP3 of -18.5 dBm and an IP1dB of -35.5 dBm. The

measurement results show that the proposed CMOS IC can provide low-noise am-
plification and sufficient linearity, while covering a large portion of the GMR STO’s
operating frequency range. Hence, the proposed CMOS IC is very suitable to be
used as a pre-amplifier targeting GMR STOs.

Bias-tee reliability

Since the proposed bias-tee needs to handle large currents (up to 22 mA), which
are required by the GMR STO with 70 nm lateral size, it is important to test
the reliability (or current-handling capacity) of the bias-tee before integrating the
GMR STO with the CMOS IC. During this reliability test, large currents (IDC
> 20 mA) have been injected into the on-chip bias-tee and the resistance seen
from the DC port of the bias-tee has been measured. As a current larger than 24
mA has been injected into the bias-tee, a resistance increase has been observed.
Thereafter, a 25 mA current has been continuously injected into the bias-tee, and
the resistance as a function of time has been recorded, as plotted in Fig.5.3. This
test result matches well with the late failure case of via-depletion electromigration,
which exhibits gradual resistance increases and/or resistance steps, as given in [139].
In this case, the gradual resistance increase is likely due to the grow of a void in
the line (or partially in the via and partially in the line), which gradually reduces
the available copper volume. The reliability test shows that the proposed bias-tee
is able to handle a maximum current of 23 mA, above which it suffers from the
electromigration issue.

5.5 GMR STOs – measurement results

Over 10 GMR STOs with 70 nm lateral size have been characterized. The typical
MR and frequency tunability have been provided in Fig.2.6 and Fig.2.7, respectively.
It should be noted that for the GMR STOs, which will be used for the integration,
only the DC resistance and vortex-mode [140] have been examined. This is because
RF measurements require rotating the probed GMR STO, which introduces the risk
of destroying its pad. Experiments also show that the GMR STO cannot be reliably
wire-bonded after the RF characterization. As a result, the GMR STO, which has
not been RF characterized, is used for the GMR STO-CMOS IC integration.
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Figure 5.3: Resistance seen from the DC port of the bias-tee increases as a function
of time (IDC=25 mA)

Pad (waveguide) of GMR STOs

The pad (waveguide) of the GMR STO is vulnerable in the RF characterization,
which requires rotating the probed GMR STO in the electomagnet. For example,
a broken waveguide and even a detached signal pad have been observed during
measurements. These problems also occur during wire bonding. They are mainly
due to the weak strength of the metal-oxide interface adhesion using copper met-
allization. The solution to this problem is to improve adhesion of the metal-oxide
interface during fabrication. A possible approach is to use platinum or aluminium
metallization instead of copper metallization [141].

Process variation of STOs

To examine the impact of the STOs’ process variation on their RF performance,
6 GMR STOs from the same batch with identical dimension (70 nm) have been
RF characterized under the same bias condition. The measurement results show
that the operating frequencies of these GMR STOs vary from 12.61 GHz to 14.31
GHz (∼ 10%) under the same bias condition. Accordingly, the device variability of
GMR STOs should be significantly improved before the widespread uses of GMR
STOs in applications.

5.6 GMR STO-CMOS IC integration

This is the first attempt of integrating the GMR STO and the dedicated CMOS
IC, so the implementation of the integration will be introduced before presenting
the measurement setup and results.
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Figure 5.4: Short circuit during wire bonding

5.6.1 Implementation
Both the GMR STO and the CMOS IC have been manually fixed on the PCB board
with a spacing of ∼ 0.8 mm. The signal pad of the GMR STO has been connected
to the RF pads of the CMOS IC by two bonding wires. The ground pads of both
the GMR STO and the CMOS IC have been wire-bonded to the ground pad on the
PCB. The integration of the GMR STO with the CMOS IC is shown in [Paper
VI]. It is worth noting that two issues have been identified during the integration:
short circuit during wire bonding, and the length of bonding wires.

Short circuit during wire bonding

As it can be seen in Fig.5.4, the power rail (VDD, using the top metal layer of the
IC) and the die seal ring (grounded through P+ contacts) are located 2.3 um and
10 um away from the aluminium pad in the pad ring, respectively. Fig.5.4 shows
a wedge-to-wedge wire bonding where the wedges of the gold wires are partially
overlapped with the power rail, causing short circuits between the pads and the
power rail due to the damaged inter-layer dielectric (ILD). The solution to this
wire bonding problem is to use ball bonding instead of wedge bonding. In addition,
a failed wire bonding may lead to a short circuit, and hence cause the problem that
no RF signal can be detected at the output.

Length of bonding wires

The lengths of the bonding wires cannot precisely be controlled by the manual wire
bonding installation. The implemented bonding wires shown in Fig.5.5, have been
examined under a microscope. It has been estimated that the real bonding wires in
the signal path have a length approximately 1.1 mm, a maximum height of about
0.6 mm and a stop height of 0.3 mm. The length of the real bonding wires are
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Figure 5.5: The shape of real bonding wires

longer than that considered during the design phase. The identified length and
heights of the real bonding wires have been imported to the bonding wire model
provided by Advanced Design System (ADS), so as to simulate the real bonding
wires. The simulation results presented in [Paper VI], show that the real bonding
wires, compared against the bonding wires used during the design phase, introduce
extra losses at high frequencies.

5.6.2 Measurement setup and results

As it has been introduced in Chapter 2, the GMR STO used in this work requires
an out-of-plane magnetic field so as to provide the RF signals. In order to apply the
out-of-plane magnetic field, the GMR STO is typically rotated in an electromagnet.
In this case, the GMR STO-CMOS IC system fixed on the test board, needs to be
rotated in the electromagnet. Several practical considerations in implementing the
measurement setup have been identified and they are discussed below.

To enable the test board (with wire-bonded GMR STO and the dedicated CMOS
IC) being placed in the electromagnet, bulky SMA connectors and RF cables have
been replaced by home-made shielded twisted-pair cables, as shown in Fig.5.6. The
output of the IC has been probed, and connected to the ZVA-213+ amplifier [142]
for sufficient gain, so as to observe the microwave signal at the output of the GMR
STO-CMOS IC system.

Before rotating the GMR STO-CMOS IC system and starting the RF mea-
surements, a small current has been injected through the DC port of the on-chip
bias-tee to the GMR STO and the voltage drop has been measured. It can be calcu-
lated that the total resistance seen from the bias-tee is ∼140 Ω, which is reasonable
considering the combined resistance of the on-chip bias-tee and the GMR STO.
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Figure 5.6: Modified test board for measuring GMR STO-CMOS IC system

Thereafter, in order to verify that the output of the GMR STO-CMOS IC system
has been properly probed, the dedicated IC has been biased and then a noise floor
change has been observed at the output.

The final measurement setup for characterizing the RF performance of the GMR
STO-CMOS IC system is given in [Paper VI]. After rotating the PCB with the
output of the GMR STO-CMOS IC system probed in the electromagnet, the DC
resistance through the bias-tee and GMR STO, the noise floor at the output, as
well as the total current consumption have been further examined. In order to fully
characterize the RF performance of the GMR STO-CMOS IC system, the current
has been swept from 5 mA to 22 mA, the magnetic field has been altered from 0.8
kOe to 1.2 kOe, and the magnetic field angle has been tuned from 79◦ to 85◦.

The measurement results of the GMR STO-CMOS IC system are fully presented
in [Paper VI].

Firstly, the GMR STO-CMOS IC system has been characterized by sweeping
only the DC current from 10 mA to 22 mA with a fine sweep step of 0.1 mA,
at a fixed magnetic field (10 kOe, 81◦). This measurement allows us to obtain
the current tuning sensitivity, which is about 0.28 GHz/mA. It also provides us
more information of the GMR STO-CMOS IC system, such as mode transitions,
linewidth and Q. For instance, the minimum linewidth observed is about 50 MHz,
which results in a high Q of approximately 300. Furthermore, this measurement
enables estimation of the integrated power of the GMR STO-CMOS IC system,
which is larger than that of the stand-alone GMR STOs in the range from 10 mA
to 20 mA. This enhanced integrated power indicates that the signal generated by
the GMR STO has been successfully delivered and amplified by the CMOS IC.
The wide current tunability, high Q and enhanced integrated power of the GMR
STO-CMOS IC system bring the GMR STO one step closer to its potential uses
as a DC current sensor and highly-tunable current-controlled microwave source.
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Figure 5.7: Measured spectrum comparison of two GMR STOs (at 10 kOe, with
70 nm lateral size and current sweep) (a) with off-the-shelf components at 85◦ (b)
integrated with the proposed CMOS IC at 81◦

Secondly, the frequency tunabilities originated from the changes of magnitude
and angle of the magnetic field have been examined. The measurement results given
in [Paper VI] show that the frequency of the GMR STO-CMOS IC system can
be tuned by the magnetic field magnitude, which presents a tuning sensitivity of
1.33 MHz/Oe approximately. The measurement results present also that 1◦ change
of the magnetic field angle offers an approximately 750 MHz shift in the operating
frequency.

Thirdly, the measurement results of the GMR STO-CMOS IC system do not
show any standing wave patterns. A measured spectrum of the GMR STO-CMOS
IC system is compared against that of a GMR STO connected with off-the-shelf
components (case of a typical measurement setup), and it is shown in Fig.5.7.
This comparison is performed by using two similar GMR STOs with the same size
and magnetic field magnitude. The nonexistance of the standing wave pattern in
Fig.5.7(b) demonstrates that the wave reflection issue, in the typical measurement
setup of GMR STO, is overcome by the integration.

Last but not least, the GMR STO-CMOS IC system also shows no significant
amplitude fluctuation in the measured SNR over the frequency range 9 GHz – 16.5
GHz. This indicates that the observed significant fluctuations in the stand-alone
S21 measurement of the CMOS IC are mainly caused by the SMA connections
and other PCB-introduced parasitics. It also reveals that the proposed integration
elimiates the performance degradation due to off-chip components.

To conclude, the implemented GMR STO-CMOS IC system shows a wide tun-
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ability range from 8 GHz to 16.5 GHz, a maximum SNR of 15 dB, a minimum
linewidth of 50 MHz, and it enhances the GMR STO output power by about 10
dB. The measurement results demonstrate that the first attempt of integrating the
GMR STO and the dedicated CMOS IC successfully eliminates the wave reflections
and brings the GMR STO technology closer to applications.



Chapter 6

Conclusions and Future Work

State-of-the-art STO technology features extremely wide tunability, high operating
frequency, high CMOS integration capability, ultra-fast switching speed (or turn-on
time), and very compact size. In order to capture most of STO’s advantages and
capitalize on its potential benefits, STO fundamentals have been studied, and the
state-of-the-art MTJ and GMR STOs have been investigated. The most suitable
applications have been identified as: microwave sources, microwave detectors, non-
coherent transceivers, magnonics, neuromorphic computing, magnetic field sensing,
and magnetic field generation. To enable the uses of STOs in applications, this
thesis work has mainly focused on the following three aspects. The first two aspects
consider the MTJ STOs, mainly because MTJ STOs present higher output power
than GMR STOs, and therefore, are more likely to be firstly used in applications.
The last aspect considers the GMR STOs, since GMR STOs have higher and wider
frequency ranges, but much smaller resistance compared with MTJ STOs, and
hence require integration to avoid significant performance degradations.

Firstly, an analytical comprehensive and compact MTJ STO model has been
proposed. It uses the macrospin approximation and the physics-based equations of
the STO as a basis. It considers the perpendicular torque and interlayer coupling
field, which can greatly influence the characteristics of MTJ STOs. The analytical
model has been verified against the experimental results of three different MTJ
STOs, under different bias conditions. Despite its simplicity, the proposed analyt-
ical model matches well the experimental results. The analytical model has been
fully implemented in Verilog-A to be used in system- and circuit-level designs. Par-
ticularly, an approach to replicate the phase noise and hence the generated signal
of MTJ STOs has been proposed and successfully used. This approach ensures
a reliable MTJ STO model, which brings no divergence during simulations. The
simulation results of both the stand-alone MTJ STO and the MTJ STO-based sys-
tem show that the proposed model can capture most of MTJ STOs’ characteristics.
They also demonstrate that the proposed model can greatly contribute to the devel-
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opment and evaluation of MTJ STO-based systems. However, the proposed MTJ
STO model is not suitable for simulations that involve momentary variations in the
operating conditions, such as current or field modulation. Future work should in-
clude the implementation of STO models, which are divergence-free, while allowing
all the necessary simulations and analyses, so as to enable comprehensive analy-
sis and evaluation of STO-based systems. The future models should also include
colored noise and temperature dependence.

Secondly, dedicated wideband CMOS circuits, which are necessary to improve
the limited output power of MTJ STOs and enable MTJ STO-based applications,
have been proposed, implemented and measured. All the CMOS circuits in this
work are implemented in a 65 nm CMOS process, with a power supply of 1.2 V.
One dedicated circuit is a novel balun-LNA, which is highly suitable for the MTJ
STO-based magnetic field sensing application. This balun-LNA can offer wide-
band matching, noise/distortion cancellation and gain boosting, simultaneously.
All design specifications, which include gain, bandwidth, power transfer, noise and
linearity, have been considered and their impact has been analyzed. The measure-
ment results of the implemented balun-LNA demonstrate that the dedicated balun-
LNA is suitable for the MTJ STO-based field sensing applications. In addition, a
wideband amplifier, which is composed of the balun-LNA, a set of amplification
stages and an output buffer, has been implemented for the STO-based microwave
source application. This wideband amplifier allows enhancing the limited output
power of the MTJ STO to a level that can be used in a PLL. Therefore, an MTJ
STO combined with the wideband amplifier can be used as a highly-tunable MTJ
STO-based microwave oscillator. The measurement results of both the stand-alone
wideband amplifier and the MTJ STO-based microwave oscillator demonstrate that
the proposed microwave oscillator opens a new possibility for implementing multi-
band/multi-standard radios. Future research may focus on designing the circuits,
which handle the phase noise of STOs, such as PLLs and injection-locked ring oscil-
lators (ILROs) for frequency synthesis. These circuits are very important for a few
STO-based applications, including microwave sources and magnotics. The main
reason why these circuits need to be specially considered and implemented, is that
the frequency fluctuation of STOs occurs every several nanoseconds or a few tens of
nanoseconds [19, 143]. The fast frequency change requires a rapid lock time (or set-
tling time) of at most a few nanoseconds, which is difficult to realize and is typically
not considered in the existing PLL or ILRO designs. Furthermore, the concept of
an MTJ STO-based non-coherent transceiver, which can take full advantage of the
MTJ STO technology and can employ MTJ STOs as both modulator and demod-
ulator, has been proposed in [Paper VI]. Implementation of such a transceiver in
the near future may offer great potential for impulse radio (IR)-UWB systems.

Thirdly, possible integration approaches, which can eliminate wave reflections
and avoid the losses due to external components as well as connections, have been
explored. The most suitable approach for the current level of maturity of STO
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technology is the wire-bonding-based integration, which allows easy implementa-
tion, measurement, and replacement. Therefore, this approach has been employed
in this work. Based on the selected integration approach, a GMR STO has been
successfully integrated with dedicated CMOS IC, which provides the necessary bias-
tee, ESD protection and wideband amplification. The measurement results of the
integrated GMR STO with CMOS IC demonstrate that the first attempt of GMR
STO-CMOS IC integration successfully eliminates wave reflections. Moreover, the
measurement results for different magnitudes and angles of the magnetic field, as
well as different DC currents for the GMR STO, show that the integrated GMR
STO with CMOS IC can potentially contribute to the development of applications
such as magnetic field sensing and highly-tunable microwave sources. Future work
may include attempts at integrating the GMR STO with CMOS IC monolithically
or flip-chip-based integrations, which can ultimately result in better performance
and miniaturization.

This work has established the basis for the development of STO-based applica-
tions. It is a first attempt of promoting STO technology toward applications. A
tremendous amount of work regarding the improvement of STOs, STO modeling,
CMOS IC design for STOs, and STO-CMOS IC integration is still required.
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