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Abstract

In the physical implementation of modern superconducting quantum computing sys-
tems, microwaves play a significant role in the control and measurement of qubits. The
advances towards the use of microwaves in the quantum signal processing regime have
inspired research on a suite of superconducting radio frequency (RF) components such
as phase shifters, beam splitters, circulators, isolators, Josephson parametric amplifiers,
and kinetic inductance travelling wave amplifiers. Although many room-temperature
microwave components are commercially available, but there is a need to develop cryo-
genic microwave components, considering the challenges involved in the successful de-
livery of room-temperature generated microwave signals to the qubit chip. For the fur-
therance of large-scale quantum systems, tremendous efforts are being made to integrate
the microwave photon generation, modulation, and routing in the cryogenic conditions
adjacent to the qubits. This has created an urgent demand for various superconducting
RF components.

In order to tune the phase of on-chip coherent microwave sources in cryogenic en-
vironment, a compact, low-loss, fast-tunable, wideband phase shifter is needed. Su-
perconducting phase shifters are also employed in the chip-to-chip quantum network
communication with microwave photons and have recently found applications in the
future secure communication using far-field microwave quantum technologies. This the-
sis reports the development of radio frequency superconducting quantum interference
devices (rf-SQUIDs) based analog phase shifters for such quantum applications. Each
rf-SQUID is a superconducting loop shunted by a Josephson junction (JJ) and a long
array of rf-SQUIDs is coupled with a low temperature superconductor (LTS) niobium
(Nb) microwave transmission line (TL). The inductance of rf-SQUIDs is dependent on
the flux threading the loop, which can be precisely controlled by applying a dc current
or RF power or a combination of the two. Since the variable inductance of an array of
rf-SQUIDs is tightly coupled to the TL, they change the inductance of the TL leading
to a phase shift. The issue with this design is that the phase shift is achieved at the ex-

pense of changing characteristic impedance of the TL. In order to address this issue, a
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phase shifter using a reflective-type topology is developed. It utilizes a superconduct-
ing hybrid coupler monolithically integrated with two tunable reflective loads. An array
of rf-SQUIDs is used to achieve inductive tuning in the reflective loads, resulting in a
broadband true time delay phase shift. The inductance tuning using rf-SQUIDs is also
employed to demonstrate a tunable superconducting microwave resonator, which offers
ultra-wide tuning range of 1.24 GHz at the fundamental resonance at 5.6 GHz. Supercon-
ducting tunable resonators have vast potential applications in microwave tunable filters,
tunable couplers, tunable parametric amplifiers, SQUID multiplexers, and astrophysical

detectors.

This thesis reports first ever implementation of a power dependent cryogenic power
limiter based on rf-SQUIDS. The objective is to develop a LTS power limiter, which can
provide protection against power levels above —15 dBm and can be monolithically inte-
grated with other components on the superconducting chip. The output power increases
linearly with the input power up to —15dBm, and as the input power level increases be-
yond —15dBm, the device offers an increasing attenuation to limit the output RF power
to —15dBm. Apart from the quantum measurement systems, cryogenic power limiters
find applications in digital RF receivers. Such digital receivers are rapid single flux quan-
tum (RSFQ) based, which cannot handle high power levels. When controlled by using
dc current, this power limiter topology can be used as an analog variable attenuator as
demonstrated in this thesis. Design and simulations of a cryogenic magnetless circulator
based on the principle of spatiotemporal modulation angular-momentum (STM- AM)
are also presented in this thesis. Microwave circulators have found a prominent role in
the qubit readout circuitry and are used in conjunction with Josephson parametric am-
plifiers. The scheme is based on the parametric modulation of three identical, strongly

and symmetrically coupled resonators.

The devices are realized using MIT Lincoln Laboratory SFQbee eight-layer niobium-
based process, which provides a solid technology platform for building superconducting

circuits.
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Chapter 1

Introduction

1.1 Motivation

Apart from COVID-19 related research, quantum computing hardware has become the
most heavily invested scientific field in the pandemic era. Tech giants like IBM, Google,
Amazon, Intel, Microsoft, and many others are trying to make their own quantum
machines while governments across the globe are funding major national research
initiatives focused on quantum information. The synergy between microwave
engineering and quantum systems is long-standing but is now more evident than ever.
Quantum information processing systems rely on microwave technologies for the
precise control and readout of quantum states and have stimulated the development of
microwave devices in new operating regimes. In today’s state of the art technology,
each qubit is driven by microwave signals that are generated using room-temperature
electronics and carried to individual qubit [1]. The RF chains used for qubit control
and detection of the readout signals contain various microwave components such as
attenuators, filters, circulators and amplifiers as shown in Fig. 1.1(a). As the number of
qubits is increased, the number of coaxial cables running into the cryostat increases
exponentially. In order to resolve this issue, the microwave signal generation, shaping,
routing, and control needs to be done at the cryogenic temperatures closer to the
quantum processor.

The idea of developing on-chip coherent microwave sources in the cryogenic stage is
being recently explored [3]. Tuning the phase of such microwave source requires
low-loss, fast tunable, wide-band phase shifter. Although many room-temperature
phase shifters are available in the literature using CMOS, SiGe, Phase change material
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Q
I
Probe

Figure 1.1: A typical measurement and control setup for a superconducting quantum computing
chip sitting at the base plate of a dilution refrigerator at ~10 mK. The state of the superconduct-
ing qubits is probed by injecting a set of strongly attenuated microwave tones (< — 120 dBm)
that are subsequently amplified and delivered back to room temperature. The qubit induces a
state-dependent phase shift of the probe tone that is measured via homodyne detection at room
temperature. The weak output signal from qubit is amplified using superconducting parametric
amplifiers, such as a Josephson parametric amplifier (JPA), operating at 10 mK and semiconduc-
tor HEMT amplifiers operating at 4K. RF circulators are used to protect the quantum circuit
from reflections and noise. Separate input lines are used for qubit control microwave pulses [2].
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(PCM) and MEMS technologies [4-7], their performance degrades significantly when
operated at cryogenic temperatures. The superconducting phase shifters are thus an
appealing candidate with greater reason.

Although the signals required to drive qubits or to read them out are small (e.g. a peak
power of —66 dBm), the power applied at the room-temperature input is orders of
magnitude higher. The quantum state of a qubit is typically read out by probing the
linear resonators with weak RF signals (i.e., < — 120 dBm, 4 GHz to 12 GHz) and
measuring an associated state-dependent phase shift [1, 2]. To be compatible with
many different types of superconducting quantum devices, there is a need for new
topologies for cryogenic microwave components.

Apart from the quantum measurement hardware, a popular application of the power
limiters is in the cryogenic RF receivers. Due to the increased wireless signal traffic,
there is a demand to develop improved methods to receive the signal-of-interest while
simultaneously protecting the sensitive receiver components like low-noise amplifiers
(LNAs) and analog-to-digital converters (ADCs) from transient bursts of microwave
power. Microwave power limiters provide this capability to communication

systems [8]. RF receiver architectures use low-temperature superconductor (LTS)
Josephson junction (JJ) based ADC to digitize the RF signal directly from the antenna
without the need of a down-conversion circuit [9, 10]. Such ADCs are based on rapid
single flux quantum (RSFQ) technology; hence, they are at high risk of getting
damaged by any signals with power levels over —15dBm. An ideal limiter has no
attenuation when the input power level is low, but as the signal crosses the threshold
level, power limiter offers an attenuation that increases with increasing power in order
to maintain constant output power as shown in Fig. 1.2. The switching time for such
LTS power limiter is expected to be on the order of microseconds or less. The currently
available semiconductor diode-based limiters have two major drawbacks: First, the
threshold power level is high, and cannot be reduced below a certain level. Second,
there is a maximum limit on the input power beyond which the limiter cannot provide
the desired attenuation, and the output power starts increasing proportionally with the
input power. Magnetostatic surface wave (MSW) frequency selective limiters have
significantly low threshold power levels (<-25 dBm), but magnetostatic waves are long
wavelength spin waves that exist only over a limited frequency range (400 MHz to
4GHz). Our objective is to develop a LTS power limiter which can provide protection
against power levels below —15dBm, is capable of operating over a wide frequency
range, and can be monolithically integrated with other components on the
superconducting chip.

The superconducting technology has the potential to realize reconfigurable microwave

3
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Figure 1.2: (a) Power limiter used to protect low noise amplifiers (LNAs) and other sensitive
receiver electronics, (b) Power characteristics of a limiter showing the output power is limited
after the input power crosses the threshold value

devices with unprecedented performance [11, 12]. The quantum hardware
applications have pushed the boundaries of microwave technology and demand
innovations in the superconducting microwave hardware. The goal of this doctoral
research aligns with the demand and explores the cryogenic microwave components
like phase shifters, tunable resonators, variable attenuator, and magnetless circulator.

1.2 Research Objectives

Objective 1: Development of rf-SQUIDs based Superconducting Phase Shifter.

rf-SQUIDs are capable of detecting magnetic flux with incredible precision and
are popular for their applications in magnetometer. The primary objective of this
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research is to investigate the behavior of a microwave transmission line loaded by
an array of rf-SQUIDs. The inductance of rf-SQUIDs changes with the magnetic
flux resulting from the dc current or the RF power on the transmission line. The
goal is to simulate the model of one rf-SQUID coupled to a transmission line sec-
tion and study the change in inductance analytically. The dynamic inductance of
the transmission line is altered as the rf-SQUID inductance changes, leading to a
change in the wave velocity. The output signal phase shift achieved with the dc
current, or RF power provided on the transmission line is investigated.

Objective 2: Development of Superconducting Tunable Resonator.

Superconducting microwave resonators reported in the literature primarily bene-
fit from the current-dependence/magnetic-field dependence of nonlinear kinetic
inductance in a superconducting transmission line and are capable of providing
very limited resonance frequency tunability. The objective is to develop super-
conducting resonator with tunability range surpassing the current state-of-the-art.
Using rf-SQUIDs to achieve the inductance change in the resonator is studied in
detail. The possibility of using a separate dc control line to provide the flux to the
rf-SQUIDs instead of providing dc current on the RF signal line is investigated.

Objective 3: Development of Cryogenic Hybrid Couplers and Reflective Type
Phase Shifter.

The goal is to explore other topologies and develop a design of the phase shifter
improving on the drawbacks noted in the phase shifter in objective 1. Reflective-
type phase shifter topology requires a hybrid coupler and two tunable reflective
loads. Hence, the task is divided in two sub-tasks: i) investigation of hybrid cou-
pler configurations that can provide a wideband coupling response, ii) realization
of the tunable reflective loads that can provide the maximum phase shift.

Objective 4: Integration and Demonstration of Power Dependent Power Lim-
iter.
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To date, the research on superconducting limiters utilizes the switching of high
temperature superconductor transmission line from low-loss superconducting
state to the high-loss normal state when the microwave currents in the device ex-
ceed the critical value at high RF power levels. The objective here is to implement
a novel topology to achieve the RF power dependent power limiting operation at
very low RF power levels using Nb-based low temperature superconductor (LTS)
circuits.

Objective 5: Investigation of Cryogenic Magnetless Circulator.

The final objective is to investigate possible techniques to build a magnetless cir-
culator. The goal is to find a possible way to implement the principle of spatiotem-
poral modulation angular-momentum using rf-SQUIDs as flux tunable inductors.

1.3 Thesis Outline

This chapter discusses the introduction, motivation and the research objectives
followed by Chapter 2 that includes the background information about various
superconducting and room-temperature power limiters. It also briefly explores the
literature on magnetless microwave circulators. Chapter 3 provides the detail on the
simulations, theoretical analysis and design of rf-SQUIDs and the developed
superconducting phase shifter. Chapter 3 also provides the detail of the Nb-based
multilayer fabrication process and the test setup used for device RF measurements at
cryogenic temperatures. Superconducting microwave resonator design and
experimental measurements are reported in Chapter 4. It also includes the design and
measurements of cryogenic hybrid couplers and the reflective-type phase shifter.
Chapter 5 reports the principle, design and experimental testing of power dependent
power limiter. The variable attenuator design and response is also included. Chapter 6
includes the future work and provides insights into the proposed design for
magnetless cryogenic circulator. A summary of the work is given in Chapter 7. The
thesis concludes by listing the references and the list of publications generated from
this research. The complete 5 mm x 5mm chip layouts submitted for fabrication are
highlighted in Appendix A.



Chapter 2

Background Information

2.1 Brief History of Superconductivity

The phenomenon of zero resistance at low cryogenic temperatures was discovered in
1911 by Prof. H. K. Onnes in the Netherlands in the course of studying the low
temperature properties of metals [13]. To his surprise, the electrical resistance of
mercury vanished after cooling it in a bath of liquid Helium. This effect was found for
a variety of pure metals, alloys and ceramics with different critical temperatures T..
Below, these temperatures, the superconducting state is reached. In 1933, another
important property of superconductors was discovered experimentally by W. Meissner
and R. Ochsenfeld; they found that superconductors have the tendency to exclude
magnetic field. A certain class of superconductors, called Type I, can almost completely
exclude magnetic field and, therefore, have almost perfect diamagnetic properties.
Guided by the zero resistance and diamagnetism, a theory was developed by F.
London and H. London. Even today, the London theory is used extensively in applied
superconductor electronics where magnetic fields are weak. This theory assumed a
function ¥ (r) representing the superconducting electron fluid that can be thought of as
a single giant quantum mechanical wave function that extends throughout the
superconductor. It also revealed that magnetic flux is quantized inside
superconducting loops. It was later shown that the quantum of magnetic field has the
value @y = h/2e, where e is the electron charge and h is Planck’s constant.

The concept of electron pairing was introduced in 1956 by L. N. Cooper.
Superconducting state was a state of pairing of electrons of equal and opposite
momentum and spin, and are known as Cooper pairs. In 1957, J. Bardeen, J. R.

7
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Schrieffer, and L. N. Cooper (BCS) published a microscopic theory of superconductors
based on the concept of electron pairing in momentum space. It had been 46 years
between the original experimental demonstration of superconductivity and a
first-principles theory. With this new understanding, B. Josephson developed a theory
for quantum mechanical tunneling between superconductors, in which electron pairs
can pass through a thin insulator from one superconductor to the other, even with zero
applied voltage. This effect was later experimentally verified by Phil Anderson and
John Rowell at the Bell labs. The so-called Josephson effects, combined with low
electromagnetic loss, underlie today’s electronic applications.

2.2 Power Limiters

2.2.1 High Temperature Superconductor Based Microwave Limiters

High temperature superconductor (HTS) materials can undergo a transition from the
superconducting state to the non-superconducting state when the current density
exceeds a critical level. This current-density dependence of superconductor material
properties has been exploited to develop power limiters based on HTS materials. The
short switching times of one nanosecond or less ensure that very little energy is
transmitted through the limiter prior to switching, and so guarantees a high degree of
protection to downstream electronics from high-power transient signals. This
characteristic makes HTS technology a viable candidate compared to conventional
limiting technologies, such as diodes.

The basic idea used in the superconducting power limiters developed few years after
the discovery of HTS Y1BayCuzOy7_, (YBCO) was to reversibly drive a meandered thin
film superconducting transmission line from the low-loss superconducting state to the
high-loss normal state by exceeding the critical current density of the superconductor.

In 1999, M. Lindmayer et. al. studied the current limiting properties of HTS
YBCO-films on sapphire substrates [14, 15], but typically for DC and low-frequency
applications. Sapphire substrates were used for their high thermal conductivity and
low microwave loss. They used a mender shaped YBCO thin films of 300 nm thickness
deposited on 2-inch and 4-inch sapphire substrates by thermal co-evaporation. The
basic idea of the resistive fault current limiter was to use the fault current itself to drive
the superconductor into the resistive state. The tests were performed on the films using
30 us dc pulses and 50 Hz dc pulses for 50 ms, hence they exploited the resistive
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switching property of superconductor to develop fault current limiters at much lower
frequencies.

In 2003, J. C. Booth et. al. reported a microwave power limiter using a self-attenuating
HTS transmission line [16, 17]. It is based on reversibly driving a coplanar waveguide
(CPW) transmission line from the low-loss superconducting state to the high-loss
normal state when the microwave currents. This transition takes place when the
microwave currents within the device exceed a critical value. The 50 O CPW
transmission line section made from high-T, superconductor YBCO offers extremely
low conductor loss (<0.1 dB attenuation at 40 GHz) and high bandwidth (>40 GHz)
in the superconducting state (signal-pass state), but significantly attenuates the
microwave signal in the resistive normal state (signal block state). This power limiter
demonstrates a reversible limiting operation for continuous wave (CW) signals up to
10 W at 3GHz, and for 100 ps transient signals up to 100 W as shown in Fig. 2.1. The
switching time for this power limiter are demonstrated to be on the order of
nanoseconds as shown in Fig. 2.2.

25 : 150 1.5
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— 20 E
E 2100 1 3
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[=] - = (=N
o cw g &
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Figure 2.1: (a) Comparison of power limiting behavior for CW and 5 s pulsed microwave sig-
nals at 3GHz at 76 K. In the pulsed case, Pout corresponds to the peak power. The solid line
shows Pout = Pin, (b) Frequency dependence of the attenuation constant in the superconduct-
ing (T =70K) and normal states (T =95K). [16]

B. A. Belyaev et. al. reported a receiver protecting device based on a HTS microstrip
structure [18]. The device as shown in Fig. 2.3(a) represents essentially a three-unit
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Figure 2.2: (a) Frequency dependence of the characteristic impedance of the transmission line

limiter in the superconducting and normal states, (b) Incident and transmitted signal magni-
tudes for a power limiter at 76 K for a 100 ns wide pulse. [16]
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Figure 2.3: (a) Schematic diagram of the power limiting device: (1) substrate; (2) grounded
base; (3) strip conductors of side resonators with compensated coupling; (4) strip conductors of
the central composite resonator; (5) film conductor of HTS element, (b) Amplitude-frequency
characteristics of the device in cases when the HTS element occurs in the (1,3) superconducting

and (2,4) normal state. (1,2) are the results of numerical simulation while (3,4) is experimental
data. [18]
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Figure 2.4: (a) Design of the microstrip reflective power limiter with (1) dielectric substrate;
(2) copper external resonator; (3) copper parts of the internal resonator; (4) HTS element; (5)
NdGaOjs substrate; also a photograph of the device’s experimental realization is shown, (b) Fre-
quency response of the power limiter in the open state (solid line), the closed state (dashed line)
and in the absence of internal resonator and HTS element (dotted line). [19]

microstrip filter. Conductors of the identical input and output hairpin shaped
resonators are made of a normal metal, copper. The central composite resonator also
has a hairpin shape and is made of copper, but with a cut in the central part that is
shunted by an HTS film element made of YBCO on a NdGaO3 substrate. In the event of
low-power input signals, the HTS element is in the superconducting state and the
central resonator couples the outer pair of non-interacting microstrip resonators in the
working frequency band. Under the action of an electromagnetic pulse with the power
above a certain threshold, the HTS film element passes from the superconducting to
normal state, the Q-factor of the inner resonator falls, thus breaking the coupling
between outer resonators. This results in the power limitation at the device output due
to a strong signal reflection from the input as shown in Fig. 2.3(b).

Another similar design of a power limiter consisting of three resonators with a small
HTS element in the central resonator as shown in Fig. 2.4(a) is reported in [19]. The
operating frequency of the device is 8 GHz with 8.5% fractional bandwidth. This
device remains operable up to 40 W of input power, providing 38 dB limitation.

The spatial distribution of the temperature rise across an HTS transmission line when
the current density crosses a critical level is simulated by E. Rocas et. al. using both
electromagnetic and thermal modeling [20]. An iterative technique was used that
combines the Weeks-Sheen method [21, 22] to calculate the current-density

11



CH. 2 — BACKGROUND INFORMATION 2.2. Powegr LIMITERS

distribution with a finite-element method to calculate temperature rise at each point of
the transmission line. When the critical current density is exceeded, cooper pair
breaking begins to occur, and the material starts losing its superconducting properties.
This implies higher losses, and therefore higher dissipation, which produce a
temperature rise, which in turn increases the fraction of carriers in the normal state.
These transient effects end when electrothermal equilibrium is reached. This
current-density dependence of superconductor material properties has been exploited
to develop power limiters based on HTS materials [16-18, 20].

Both electromagnetic and thermal simulations are coupled and solved concurrently by
an iterative convergence algorithm, where the dissipated power is used as input to the
thermal-domain simulation, and the obtained temperature rise is used to change the
material properties in the electromagnetic domain simulation. Fig. 2.5(a) shows the
current density distribution obtained for the cross section of a CPW transmission line.
The electro-thermal model developed is used to compare the performance of a CPW
power limiter on two different substrates, sapphire and quartz, to demonstrate the
impact of the thermal properties on the limiter performance. If the reference
temperature is fixed at 83K, a temperature increment of 7K implies reaching the
critical temperature of 90 K. Hence, the 7K temperature increment sets the upper
power threshold for fast-switching behavior between the limiting and the
superconducting state. Fig. 2.5(b) shows the power threshold for achieving the
switching behavior; the upper threshold is around 35 dBm for the sapphire sample and
22 dBm for the quartz sample.

2.2.2 Semiconductor Limiters using PIN/Schottky Diodes

A number of different PIN diode limiter circuit configurations are commonly used for
power limiting purposes [23]. As shown in Fig. 2.6, they are broadly categorized as
normal, anti-parallel, stacking and negative bias configuration based on the way the
PIN/Schottky diodes are arranged in the circuit to achieve the desired functionality.

A simple, passive receiver-protection limiter comprises a PIN diode and an RF choke
inductor connected in shunt with the main signal path[23]. In most limiter circuits, the
input and output of the circuit include DC blocking capacitors as shown in Fig. 2.7(a).
The single-stage limiter can typically reduce the amplitude of a large input signal by
20dB to 30 dB. The PIN-limiter diode functions as an incident- power-controlled
variable resistor. Without a large input signal, the impedance of the limiter diode is at
its maximum, resulting in insertion loss of typically less than 0.5 dB. The choke serves
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Figure 2.5: (a) Current density in a CPW with a 10 ym wide center strip and a 5 um gap. The
HTS film is 150 nm thick, the ground planes are 100 ym wide, and the input power is 0 dBm,
(b) Temperature rise and upper power threshold in two different samples made of a sapphire

substrate and a quartz substrate. [20]
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Figure 2.6: Different popular configurations for PIN diode limiter. [23]
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as the DC return in the diode’s RF detector role. In the absence of a signal, the choke
also discharges the charge stored in the diode and the DC blocking capacitors. Any
large input signal temporarily forces the impedance of the diode to a much lower value,
producing an impedance mismatch that reflects most of the input signal power back
toward its source. Above the threshold, the transfer function of the limiter shows an
increasing insertion loss as signal amplitude increases until the diode is forced to its
minimum impedance as shown in Fig. 2.7(b).

0 = Limiter Output —— PinlL
Low Insertion Limiting ~
= 20 F— > 4+ Operation —2
DC DC E Loss Operation P pe
Block Block = il 7
(o] -
Input o—| |——o Output ARl 1d8 % ——
E I
Limiter RF s !
PN Choke i Threshold Level
-
= — -10

-10 0 10 20 30
Input Power (dBm)

(a) (b)

Figure 2.7: (a) A single stage limiter using PIN diode, (b) Output power vs Input power for a
single-stage limiter.[23 ]

A high RF signal level forces the series resistance of the limiter PIN to its minimum
value. If the input-signal amplitude increases further, the output power from the
limiter also increases on a decibel-for-decibel basis, because the finite, nonzero
minimum impedance of the diode remains fixed and reaches a saturation resistance
value. Consequently, the reflection loss caused by the impedance mismatch also
remains constant. The transfer function for a single stage limiter is shown in Fig. 2.8 a).
For a practical limiter, the RF currents in the limiter diode operating in its saturated
mode can approach or exceed the value that damages the diode, so avoid operating
with input signal levels that force the diode into hard saturation. When the large input
signal is no longer present, the impedance of the diode reverts from a very low value to
its maximum value after a brief delay elapses. The sensitivity of the receiver is
temporarily degraded during this interval, since any signals that might arrive during
this interval would be attenuated by the mismatch loss of the diode’s very low
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impedance.

This limiter circuit can be extended to multistage by using multiple cascaded diodes
separated by one-quarter wavelength, A/4 as shown in Fig. 2.8 b). The limiter diode at
the input, often called "coarse limiter", has a thicker I layer. The limiter PIN diode at
the output, referred to as "clean-up stage", is the diode with thinner I layer, selected so
that the threshold level of the circuit is low enough to protect the remainder of the
receiver components.
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/ PIN
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Input Power (dBm) (b)
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Figure 2.8: (a) Power transfer function for a Single-stage limiter, (b) Two-stage limiter using PIN
diodes.[23]

Another popular diode limiter configuration is the anti-parallel configuration. Since
the even-order distortion generated by each diode will have opposite polarities,
self-cancellation will occur to the extent that the diodes are matched. Using the
anti-parallel configuration has an added bonus that it does not need a choke for the DC
return. Coupled resonant circuits containing nonlinear elements can be used as
microwave power limiters [24]. A nonlinear conductance placed inside the resonant
circuit results in an amplitude-dependence of the resonator equivalent conductance
and the coupling factor between the resonator and an external circuit. Hence, the
transmission of the resonance circuit depends on the input signal power. The
appropriate design and optimization allow to combine this effect with the nonlinear
conductance large-signal characteristic, which allows to obtain limitation of power
transmitted through the set of coupled resonators. The coupling of the resonator and
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the external circuits transforms the input signal amplitude applied to the nonlinear
element. The nonlinear element used here is an anti-parallel pair of Schottky diodes as
shown in Fig. 2.9.

A third diode limiter configuration, the stacked configuration, reduces the overall
capacitance because the two diodes are connected in series. Hence, the stacking has
also been successfully used to reduce distortion in attenuator and limiter circuits [25].

Vertical GaAs PIN diodes have been available in MMIC circuits since their introduction
in 1987. They have been used in building attenuator circuits, single-stage and
multiple-stage limiter circuits (Fig. 2.10 a) [27]. A practical single-stage limiter can
hardly realize constant output power; hence, multistage limiters are usually used to
reduce the flat leakage power if needed. If the peak power-handling requirement is
extreme, a stacked diodes may be used to achieve the desired bandwidth. Fig. 2.10 a)
shows a schematic of a limiter with 6 PIN diodes, and its measured power limiting is
shown in Fig. 2.10 b). Fig. 2.11 a) shows a schematic of the limiter with 8 PIN diodes
and its limiting performance is shown in Fig. 2.11 b).

An implementation of the stacked antiparallel configuration is presented by S. Deng
et.al. [26] as shown in Fig. 2.12. The circuit consists of two PIN diodes and two zener
diodes with the cathodes of the PIN diode and zener diode connected. The
configuration can be approximately equivalent to the reverse-biased anti-parallel

0
Schottky o | | | | ]
diodes 4 f— —
6 f— —
out _ 8 — ]
£ -10 |— l Slmulahon‘
a 45 )
] | —
Zp = -4 —
2 6| —
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| | 26 |— —
28 —
| [ A .30 | ] | ] ] ] ]
| | Schottky 4 resonators 20 15 10 -5 0 5 10 15 20
L—___| diodes Input Power (dBm)
(a) (b)

Figure 2.9: (a) A microwave two-stage limiter circuit composed of two coupled A /4 microstrip
resonators loaded by anti-parallel pairs of Schottky diodes, (b) Simulated and measured char-
acteristics of output power versus input power of the microwave limiter at center frequency of
2.87 GHz. [24]
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Figure 2.10: (a) Schematic of a two-stage limiter design using 6 PIN diodes , (b) Measured
limiting provided by two-stage limiter circuit. [25]

circuit, where the reverse-biased voltage equals to the zener voltage of the stacked
zener diode. By varying the zener voltage which can be more easily fabricated, limiters
for protecting ADCs with any threshold can be realized theoretically and exhibit
excellent second harmonic cancellation because of anti-parallel configuration as shown

in Fig. 2.13.

Reverse-bias techniques have been shown to reduce distortion in PIN diode switches
and the mechanism is attributed to the negative bias preventing RF rectification.
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Figure 2.11: (a) Schematic of a two-stage limiter design using 8 PIN diodes , (b) Measured
limiting characteristics of the circuit. [25]
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Figure 2.12: (a) Circuit for the simulation of stacked antiparallel configuration, (b) Image of the
fabricated limiter. [26]

Reverse-bias techniques also widen the diode’s depletion zone. It is conceivable that
the reduced junction capacitance is partly responsible for the improvement in linearity.

Limiters based on diodes are less compact and their current consumption can be tens
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Figure 2.13: (a) Input power versus output power at 30 MHz, (b) Input power versus output
power at 300 MHz. [26]
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of milliamperes (mA) with significant insertion loss.

2.2.3 RF-MEMS Based Power Limiters

The concept of RE-MEMS based limiter has been studied by some research groups
considering the well-known self-actuation of RF-MEMS in the case of shunt

switches [28, 29]. The advantages of using MEMS switches for power limiter
applications include linearity, low power consumption, high isolation and very low
insertion loss. J. R. Reid et al. provide an analytical calculation of microwave actuation
for shunt capacitive MEMS switches [30]. They studied that the RF actuation of the
switch depends not only on the effective RMS voltage of the microwave signal, but also
on the heating of the switch due to dissipated microwave power. Hence, the thermal
heating of the bridge in the shunt type capacitive MEMS switch further lowers the
pull-in voltage of the switch. Fig. 2.14 shows the concept of self-actuation in
RF-MEMS [28, 30].

Moveahle
plate

Force generated
by high RF power

! A
Transmission Insulating
line layer

Figure 2.14: Cross section of a shunt capacitive RF MEMS switch displaying the self-actuation
phenomenon used for power limiting. [28]

J. Gauvin et al. have developed a 10.24 GHz microwave power limiter with adjustable
threshold power and high dynamic limiting range using RF self-actuation
phenomenon in MEMS switches [28]. A MEMS power limiter using a single shunt
RE-MEMS capacitive switch is shown in Fig. 2.15(a). It consists of a 0.8 ym thick
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electroplated gold plate suspended 0.3 ym above an insulating layer of aluminum
nitride (AIN) patterned on the signal line of CPW. The device offers a dynamic range
of 3.4 dBm to 28.1 dBm threshold power with an insertion loss of 0.2 dB.

MEMS switch
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input arm output Input Power (dBm)
(a) (b)

Figure 2.15: (a) SEM picture of a RF-MEMS based power limiter developed using single

shunt switch, (b) Computed and measured input/output power characteristics of the limiter
at 10.24 GHz. [28]

To increase the operating range, another design of a MEMS power limiter using an
array of four MEMS switches is shown in Fig. 2.16(a). The first MEMS actuates at input
power 28.2 dBm, attenuating the output power by 3 dB. The output power then starts
increasing until the second MEMS actuates at an input power of 31.1 dBm. This
phenomenon repeats as shown in Fig. 2.15(b) and the device offers a 27.5 dBm limited
output power and a dynamic range of more than 8 dB.

Biasing the MEMS switches allows further decreasing the threshold power. Providing
a DC bias of 5.2V to the MEMS switches lowers the threshold power of the limiter to
14.1 dBm with a dynamic range better than 13 dB, while limiting the output power at
13.8 dBm. Providing a DC bias voltage reduces the gap between the suspended metal
bridge and the signal line, which in turn reduces the RF power level at which the
switch self-actuates. The only disadvantage of providing the DC bias is the increase in
insertion loss of the switch from 0.65dB to 1dB.

Not only the capacitive shunt switches, but thermally actuated lateral RF MEMS
switches have also been investigated for power limiter applications [31]. Thermally
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Figure 2.16: (a) SEM picture of an array of RF MEMS shunt switches used as a power limiter, (b)
Computed and measured input/output power characteristics of the limiter at 10.24 GHz. [28]
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Figure 2.17: (a) SEM picture of the fabricated thermally actuated switch, (b) Power level at
which switch actuates vs applied dc actuation voltage. [31]
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actuated MEMS switches offer improved device sensitivity when used in power limiter
applications in comparison with the electrostatically actuated MEMS switches.
Fig. 2.17(a) shows a SEM picture of the thermally actuated MEMS switch.

The level of power at which the switch actuates can be varied by controlling the applied
dc actuation voltage as shown in Fig. 2.17(b). A DC voltage of 11V is enough for
chevron to push forward the contact plate such that it forms a contact with the signal
line and turns the switch-ON. However, to operate the switch in the power limiting
region, a voltage less than 11V is applied such that the contact plate moves sufficiently
close to the signal line but does not form the contact. When a high RF power is applied
to the signal line, the switch self-actuates. For example, for 10V applied to the chevron,
a RF power of 35 W (45.4 dBm) is sufficient for switch to self-actuate.

2.2.4 Vanadium Dioxide Based Power Limiters

Another approach used to develop microwave power limiting devices is based on
reversible semiconductor-to-metal transition of vanadium dioxide thin films integrated
on CPW transmission lines [32]. VO, thin films are patterned on the CPW line such
that they fill the gap between the signal line and the ground lines as shown in

Fig. 2.18(a). At low microwave power levels and room temperature, the VO, is in its
semi-conducting state with a high resistivity and allows the signal to pass through the
line with almost no attenuation (<0.7 dB from 100 MHz to 40 GHz). When the
incoming RF power level exceeds a threshold value, the VO, layer undergoes a phase
transition to its low-resistive metallic state and the RF signal is shunted to the ground
and highly attenuated. VO; layers are capable of sustaining CW RF power levels as
high as 10W, hence can be used for protection against very high RF power levels. The
device threshold power can be further lowered by providing an external temperature
because lower input RF power is then needed to reach the transition temperature of
VO, as shown in Fig. 2.18(b).

Hence, the device functions as a self-resetting fuse, passing the incoming RF power up
to a threshold value and once the value is reached it completely blocks the signal and
no power is transmitted to the output. However, another design of a CPW VO, based
power limiter has been reported which allows a relatively constant level of transmitted
power even after the transition point [33]. The design involves using two
power-dividers and combiners in series configuration with the CPW as show in

Fig. 2.19(a). The 50 Q central linear transmission line is divided into two loops, one
thinner 100 Q branch and another 50 () branch. The impedance difference of the two
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Figure 2.18: (a) Power limiter design consisting of a CPW transmission line with VO, film pat-
terned in the gaps between the signal line and the ground planes, (b) Transmitted vs incident

CW microwave power at 10 GHz for a 100 pm-length VO,-based CPW transmission line at dif-
ferent operating temperatures. [32]
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Figure 2.19: (a) Image of the microwave power limiter based on two dividers using two identi-
cal distributed VO, films and Ni-doped carbon patterns, (b) Measurements of the transmitted
power versus the incident power at 10 GHz for different DC bias voltages. [33]

23



CH. 2 — BACKGROUND INFORMATION 2.2. Powegr LIMITERS

branches makes the incident power to be divided in each loop with 1/3 of input power
transferring through the 100 Q) branch and the remaining 2/3 of the power passing
through the 50 O loop. The 100 Q part of each loop is connected to the ground plane
using a VO, in series with a Ni-doped carbon patterns for insuring the limiting
function of the device. When the VO is in the semiconducting state, the RF signal is
transmitted with small attenuation through the two loops. However, when the RF
signal increases beyond the threshold level and the VO, transitions to the metallic state,
1/3 of the input power is attenuated for each loop as shown in Fig. 2.19(b).
Additionally, the trip point of the power limiter can be adjusted by applying a dc bias
voltage between the signal line and ground plane.

2.2.5 Frequency Selective Power Limiters

Frequency selective limiters (FSL) are non-linear devices that attenuate large radio
frequency signals while simultaneously allowing small signals at different frequencies
to pass with little change as shown in Fig. 2.20 [34-36]. Frequency selective limiting is
a unique feature of ferrite devices and arises from the nonlinear interaction of the spin
precession at the signal frequencies, w, with spin waves at half of the signal, w/2.

In 1983, S. N. Stitzer reported frequency selective microwave power limiting in thin
yttrium-iron-garnet (YIG) films [34]. It is based on the phenomenon that when an RF
magnetic field is applied to a ferromagnetic insulator immersed in a static magnetic
field, it causes the magnetic dipoles in the crystal to precess at the applied radio
frequency [36]. At low levels of the applied RF, the precession angle is proportional to
the RF field strength, and the only loss mechanism is the linear damping of the
precession angle. At sufficiently high levels of the RF field (above threshold), the
precession angle saturates, the coupling becomes nonlinear, and part of the power is
coupled through half-frequency spin waves to the crystal lattice, where it is dissipated
as heat. However, since the spinwave manifold excited by the strong signal has a
relatively narrow bandwidth, low level signals which may be present simultaneously
with the strong signal are unaffected by it if they are separated in frequency by more
than a few times the spinwave linewidth. The design of such power limiters
incorporates a microstrip line coupled continuously to a thin epitaxial YIG film grown
on a gadolinium-gallium-garnet (GGG) substrate as shown in Fig. 2.21(a). Measured
power limiting data of the YIG power limiter is shown in Fig. 2.21(b) for three different
operating frequencies.

Such stripline frequency selective limiters, fabricated using thick YIG films are suitable
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for broadband, microwave applications in UHF through S-band (400 MHz to 4 GHz).
However, the threshold power levels almost 100 times lower than the stripline designs
can be achieved by using scandium-gallium-yttrium-iron-garnet (ScGaYIG) films. A
magnetostatic wave limiter with threshold power level < — 20 dBm, operating in the
400 MHz to 800 MHz has been reported [35]. As shown in Fig. 2.22(a), a YIG film,
supported by a GGG substrate is place over microstrip transducers defined on a
dielectric substrate. The operating frequency is determined by the magnetic bias field
applied parallel to the transducers. Impedance matching circuits are required at the
input and output ports to ensure minimum insertion loss. Doping YIG films with

scandium and gallium impact the threshold power and power limiting as shown in
Fig. 2.22(b).

Reflective-type frequency selective limiters built on single-crystal undoped yttrium
iron garnet have also been reported[37]. These are akin to surface acoustic wave
devices in that they transduce the energy from the electromagnetic domain into surface
waves that have much shorter wavelength than their electromagnetic counterparts.
However, in this case, these are magnetostatic surface waves (MSW), and as a result
above a critical power level previously referred to as power threshold the energy can no
longer be coupled to MSW and is reflected back towards the source. Fig. 2.23 below
shows the limiting behavior of the MSW-based device over several frequencies from
998 MHz to 1083 MHz.
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Figure 2.20: A spectrum (left) with various above-threshold (1,4,5) and below-threshold (2,3)
measured signals. When this spectrum is passed through a frequency selective limiter (FSL), it’s
response changes to provide selective attenuation of above-threshold signals (middle). Below
threshold signals of interest are unaffected (right).[37]
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The MSW frequency selective limiters have significantly low threshold power levels
(< —25dBm), but magnetostatic waves are long wavelength spin waves that exist only
over a limited frequency range (400 MHz to 4 GHz).

Another approach to develop frequency dependent power limiters involves integrating
RF MEMS switches with bandpass filters to form a power limiter where the output RF
power is limited to specific levels based on the frequency band [38]. The limiter
attenuates the high-power signal only within the bandwidth of the integrated filter. As
shown in Fig. 2.24(a), the circuit consists of a 90° hybrid coupler at 2.6 GHz with 10 %
bandwidth which is coupled to bandpass filters with a center frequency of 2.62 GHz
through two Radant RF MEMS SPST switches. The output ports of the bandpass filters
are terminated in 50 Q loads. The dc bias voltage to the MEMS switch is reduced below
its actuation voltage (~76 V) and the input RF power is increased gradually from
0.01W to 15W. As the input power level to the limiter circuit reached 12.58 W, a drop
in the limiter output power by 8 dB is attained as shown in Fig. 2.24(b).
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Figure 2.21: (a) Design of the thin film YIG limiter, (b) Measured power limiting at different
frequencies. [34]
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Figure 2.22: (a) Geometry of magnetostatic wave frequency selective limiter utilizing surface
wave propagation for low loss and low threshold, (b) Power limiting for three YIG films with
different ScGa doping. [35]

2.3 Microwave Circulators

For decades, circulators have been built almost exclusively through the magnetic
biasing of ferrites [39-41]. These magnetic devices can achieve excellent performance
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Figure 2.23: (a)Frequency selective limiter device, (b)Measured RF input and output power at
L-band, (c) Measured output power as a function of frequency. [37]
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Figure 2.24: (a) Image of the fabricated power limiter using one hybrid coupler, two MEMS
switches and two bandpass filters, (b) Power characteristics of the limiter. [38]

in terms of isolation, power handling, bandwidth of operation and insertion loss, yet
they typically result in bulky, nonintegrable, and expensive devices that may not be
suited for various commercial systems or quantum measurement circuits. To overcome
these problems, magnet-free implementations of circulators based on active solid-state
devices or nonlinear materials with geometric asymmetries have been pursued [42-44].
Despite significant research efforts over many years, these alternative solutions
continued to suffer from a fundamentally poor noise figure (NF), nonlinearities and
limited power handling. Hence, there is an urgent need of a fully passive magnet-free
material that can operate on par, or even outperform magnetic approaches.

Recently, however, it was shown that parametric circuits can overcome these
limitations. Soon after the concept of spatiotemporal modulation angular-momentum
(STM-AM) was introduced [45], advances in this area have led to the development of
circulators that can support metrics of performance comparable to traditional
magnetic-biased ferrite devices, while at the same time offering distinct advantages in
terms of reduced size, weight, and cost due to the elimination of magnetic bias. In this
section, we will discuss the recent developments of STM-AM based circulators.

In [45], Andrea Alu et. al. reported the concept of magnetic-free non-reciprocity and
isolation. The scheme is based on the parametric modulation of three identical,
strongly and symmetrically coupled resonators as shown in Fig. 2.25(b). The resonant
frequencies of the individual tanks are modulated by external signals with the same
amplitude and a relative phase difference of 120°, imparting an effective electronic
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angular momentum to the system. Individual LC tanks consist of capacitance C
equally distributed on both sides of the inductance L as shown in Fig. 2.25(a) and the
resonance frequency modulation is achieved by means of capacitance modulation
using varactor diodes. The diodes are biased by two signals, a static signal V., which
provides the required reverse bias and controls the static capacitance, and a RF signal
vm(t) providing the time modulation. Fig. 2.25(c) shows a photograph of the
fabricated prototype.

Without modulation, the signal is equally split at the two output ports and the system
is fully reciprocal as show in Fig. 2.26(a). When the modulation signal is switched on,
the symmetry is broken, and power is unequally split. For V,, = 0.6V, as can be seen in
Fig. 2.26(b), at the resonance frequency of 170 MHz, power incident at ports 1, 2 and 3
is routed to ports 2, 3 and 1, respectively, demonstrating the circulator operation. For
comparison, Fig. 2.26(c) shows the S-parameters obtained using full-wave and circuit
simulations, which show agreement with the measurement results.

Apart from this arrangement of the LC-tanks, three series or parallel LC tanks can be
connected in a loop or to a central node [2], resulting in four single-ended topologies
shown in Fig. 2.27. In the absence of any kind of modulation, the tanks resonate at the
natural oscillation frequency given by :

200 20

|

1

$ — Vi + V()
|

Figure 2.25: Circuit implementation of the non-reciprocal coupled-resonator loop at radio fre-
quencies (a) A single resonant circuit of the proposed device comprising of an L-C tank with
modulated capacitance. Capacitance modulation is achieved with varactor diodes, (b) A loop
formed by three identical resonators coupled through three identical capacitances, (c¢) Photo-
graph of the fabricated prototype. [45]

29



CH. 2 — BACKGROUND INFORMATION 2.3. Microwave CIRCULATORS

(4]
=
(=]}

o
m

o
o

(=]
I
T

D4

Mormalized 5 parameters
Mormalized S-parameters
Mormalized S-parametars

=1
P
!3
ha

o
[=}

D_D I I I I
140 160 180 200 140 160 180 200

Frequency (MHz} Frequency (MHz} Freguency (MHz)

Figure 2.26: (a) Measured transmission from port 1 to ports 2 and 3 without modulation (V,, =
0V'). The power is equally split to the output ports, (b) Measured scattering parameters when
Vi = 0.6V. Incident power to ports 1, 2 and 3 is transmitted to ports 2, 3 and 1, respectively, (c)
Simulated response of the loop for the case when V,,, = 0.6V. [45]

Figure 2.27: The single-ended topologies of STM-AM circulators (a) Bandpass/wye, (b) band-
stop/wye, (c) bandstop/delta, and (d) bandpass/delta.[2]

1
fO N 27T/ LoCo

The instantaneous oscillation frequencies of the tanks are spatio-temporally modulated
as:

fn = fo+ Afcos(27ft + (n —1)271/3)

where Af is the modulation depth and f,;, = w;, /27 is the modulation frequency. This
modulation scheme generates an effective angular-momentum bias in the clockwise
direction. Such biases impart a macroscopic sense of precession to the degenerate
modes of opposite handedness, which results into nonreciprocity and isolation.
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The bandstop/delta topology displayed in Fig. 2.27(c) was built and tested in [46].
This circuit can also be reconfigured for operation at different channels over a
frequency range of 60 MHz by simply changing the dc bias of the varactors. Fig. 2.28(a)
shows the complete schematic of the circulator and Fig. 2.28(b) shows the simulated

0
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Figure 2.28: (a) Schematic of the magnet-less circulator. Photograph of the fabricated prototype
is shown in the inset, (b) Simulated S-parameters without modulation (dashed lines) and with
modulation (solid lines). [46]
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Figure 2.29: (a) Schematic of the voltage-mode differential STM circulator and photograph of
the fabricated prototype, (b) Measured S-parameters. [47]
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S-parameters with and without modulation. Without modulation (V};, = 0), the circuit
is, clearly, reciprocal with the same transfer function seen between the input port (e.g.,
port 1), and any of the output ports (i.e.,, S21 = S31) and behaves as a bandstop filter.
When spatiotemporal modulation is applied with V};, = 3.62V, the S-parameters
become nonreciprocal. The measured insertion loss, return loss, and isolation at the
center frequency of 1 GHz were 3.3, 10.8, and 55 dB, respectively, and the measured
bandwidth was 2.4 %.

As seen above, single-ended STM-AM circulators can achieve good performance in
terms of several metrics, particularly in terms of power handling and noise figure.
Nevertheless, these circuits suffer from large Intermodulation products (IMPs) in close
proximity to the desired bandwidth resulting from parametric mixing induced by the
temporal modulation and from the inevitable nonlinearities associated with its circuit
components. This problem was overcome in [47] by combining two single-ended
circuits in a differential voltage or current-mode architecture and by maintaining a
constant 180° phase difference among their modulation signals, i.e.,

i

I

(a)

Figure 2.30: (a) Implementation of the switched capacitors in a modified wye topology where
the inductors are transformed into a delta connection, (b) Photograph of the chip layout and the
packaged chip mounted on a PCB. [48]

(b)
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Figure 2.31: (a) FBAR chip showing the schematic of connection and the designed PCB of the
circulator. Three FBARs are monolithically integrated on one chip, (b) Measured insertion loss
(IL) from TX to ANT and from ANT to RX and measured isolation (IX) from TX to RX. [49]

fn+ = foEtAfcos(2mtfiut + (n —1)27t/3)

where f, + and f,, — are the modulation signals of the two-constituent single-ended
circuits. A voltage-mode configuration was built and tested using two of the
single-ended bandstop/delta circuits as shown in Fig. 2.29(a). A picture of the
fabricated prototype is shown in the inset. The measured insertion loss, return loss,
and isolation at the circulator’s center frequency of 1 GHz were 1.78 , 23, and 24 dB,
respectively, and the fractional bandwidth was 2.3 % (23 MHz).

All the circuits mentioned above are based on printed circuit board (PCB) prototypes,
which, despite outperforming previous works in many metrics, were still limited in
size. To overcome this problem and to achieve significant miniaturization, an
integrated circuit implementation is highly desirable. Toward this goal, Kord et.

al. [48] modified the bandpass/wye topology to be compatible with CMOS
technologies and experimentally validated the resulting circuit in a current-mode
architecture using a 180 nm process. The modulated capacitors were implemented
using switched capacitors as shown in Fig. 2.30(a), which resulted in a larger
modulation index than varactors, alleviated the tradeoff between the index and the
Q-factor, and permitted the use of digital clocks which can be easily integrated on chip.
Fig. 2.30b) displays photos of the fabricated chip and the testing board. The measured
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return loss, insertion loss, and isolation at the center frequency of 910 MHz were
roughly 12, 4.9, and 60 dB, respectively.

Although a CMOS implementation of STM-AM circulators did significantly reduce the
size compared to a PCB design, extreme miniaturization is still limited by the fact that
on-chip inductors consume a large silicon area and exhibit low Q-factors. This problem
can be overcome by using micromachined integrated devices, such as MEMS
resonators. Such devices can exhibit a series resonance with a very high Q-factor,
which mimics the response of a series LC tank while being much smaller in size. Yu et.
al. [49] presented the first MEMS implementation of STM-AM circulators as shown in
Fig. 3.10(a). If port 1, 2, and 3 are connected to receiver RX, transmitter TX, and
antenna ANT, the insertion loss of signal transmission from ANT to RX and from TX to
ANT and the isolation between TX and RX, which are the most important metrics in
full-duplex operation are shown in Fig. 3.10(b). The measured return loss, insertion
loss, and isolation at the center frequency of 2.5 GHz were roughly 15, 4, and 30dB,
respectively with a bandwidth of 34.7 MHz.
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Chapter 3

rf-SQUIDs and Cryogenic Microwave
Phase Shifter

3.1 Introduction to Josephson Junctions and rf-SQUIDs

3.1.1 Flux Quantization in a Superconducting Loop

First predicted by F. London [50], flux quantization was observed experimentally by
Deaver and Fairbank [51] and Doll and Nébauer [52] in 1961. They showed that the
flux contained in a closed superconducting loop is quantized in units of the flux
quantum

dy =h/2e ~2.07 x 107 Wb (3.1)

where, h = 27th is the Planck’s constant, and e is the electronic charge.

Flux quantization arises from the fact that the macroscopic wave function given by

Y (E,t) = “I’(?,t)’ exp [i0(%, )] (3.2)

must be single valued in going once around a superconducting loop. In the absence of
the applied fields or currents, the phase (T, t) takes the same value throughout the
superconductor for all Cooper pairs, which have charge 2e. In the case of a loop
threaded by a magnetic flux, however, the phase around a loop changes by 27t11, where
n is the number of enclosed flux quanta.

35



Ch. 3 - RF-SQUIDs AND PHASE SHIFTER 3.1. JosePHSON JuNcTIONS AND RF-SQUIDs

3.1.2 Josephson Junctions

In 1962, B. Josephson provided a theoretical prediction of quantum mechanical
tunneling of cooper pairs between two superconductors separated by a thin insulating
layer [53] as shown in Fig. 3.1 a). Nine months after the publication of his theoretical
paper, the effect was experimentally observed by Phil Anderson and John Rowell at the
Bell labs [54]. They used tin-tin-oxide-lead (Sn-SnO,-Pb) junctions and observed
zero-voltage currents whose maximum value before a voltage appeared was highly
sensitive to magnetic fields as shown in Fig. 3.1 b). This Josephson
coupled-superconductor effect is inherent in any
superconductor-insulator-superconductor (SIS) tunnel junction if the insulating tunnel
barrier is sufficiently thin to allow the coupling energy between superconducting pairs
on the two sides to exceed thermal fluctuations.

rfQ@ T

¥, =[P
Superconductor

~
I

insulator, thickness~ nm

CURRENT IN mA

R
T

O

VOLTAGE IN mV

Figure 3.1: Left: The schematic of a Josephson junction, a thin layer of insulator sandwiched
between two superconductors, Right: First time experimental verification of the Josephson effect.
Current-voltage characteristics for a Sn-SnO,-Pb tunnel structure at ~1.5K, (a) for a field of
6 x 1077 T, and (b) for a field of 4 x 107> T [53].

The Josephson effect provides a tunneling supercurrent given by [55]:
I =Ipsind (3.3)
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at zero voltage, proportional to sin §, where

5=06,—0, (3.4)

is the difference between the phases of the pair states on each superconductor side, and
Iy is the critical current. In the presence of a voltage V between the superconductors, §
evolves with time t according to

ds 2V _2mv 65)
dt h $o

Eq. 3.1 and 3.2 describe the static (“dc”) and dynamic (“ac”) properties of a Josephson
junction. A high-quality Josephson tunnel junction has a hysteretic current-voltage
(I-V) characteristic. As the current is increased from zero, the voltage switches
abruptly to a nonzero value when I exceeds Iy but returns to zero only when I is
reduced to a value much less than Iy. This hysteresis can be eliminated by shunting the
junction with an external shunt resistance.

Refractory Josephson Junctions are fabricated from thin, polycrystalline films of Nb,
with Nb-AlO,-Nb junctions fabricated in situ, i.e., by sequential deposition and Al
oxidation without breaking vacuum. This process can yield spreads in critical current
of only a few percent across the wafer. The trilayers are patterned with reactive ion
etching, and their sides protected by anodization.

3.1.3 rf-SQUIDs

The Superconducting Quantum Interference Device (SQUID) combines the physical
phenomenon of flux quantization and Josephson tunneling. SQUIDs; which are
intrinsically flux-to-voltage transducers, are the most sensitive detectors of magnetic
flux available [55]. They are amazingly versatile, being able to measure any physical
quantity that can be converted to a flux, for example, magnetic field, magnetic field
gradient, current, voltage, displacement, and magnetic susceptibility. As a result, the
very first applications of SQUIDs were in the detection of tiny magnetic fields
produced by the human brain and in the measurement of fluctuating geomagnetic
fields in remote areas. There are two kinds of SQUIDs as shown in Fig. 3.2. The first,
the dc-SQUID, consists of two Josephson junctions connected in parallel in a
superconducting loop, and is so named because it can be operated with a steady
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current bias. The second, the rf-SQUID, involves a single Josephson junction
interrupting the current flow around a superconducting loop, and is operated with a
radio frequency flux bias.

Josephson junction
Josephson junctions

1/ éf’ =

2
™~ Superconducting
. Supercunductlng
winng wiring
(a) (b)

Figure 3.2: (a) One-junction rf-SQUID, (b) Two-junction dc-SQUID.

In both cases, the output from the SQUID is periodic with period ¢ in the magnetic
flux applied to the loop. One generally is able to detect an output signal corresponding
to a flux change of much less than one flux quantum. For building the microwave
circuits as a part of my research, I will be dealing with only rf-SQUIDs.

<+—Insulator

Superconductor

Figure 3.3: rf-SQUID consisting of a superconducting loop of inductance, L, interrupted by a
single Josephson junction.

Flux quantization imposes the constraint

=27n (3.6)
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On the total flux ¢ threading the loop. The phase difference é across the junction
determines the supercurrent

I, = —Iysin (2”‘”) (3.7)
$o
Flowing in the ring. This current flowing around the loop generates a flux given by:
2
¢r = —LIpsin ( m'bT) (3.8)
$o

A quasistatic external flux phi thus gives rise to total flux given by

¢ = ¢ — Llysin (27;;“) (3.9)

One of the important points to keep in mind when using RF SQUID as a flux-sensitive
inductor is to operate it in the nonhysteretic regime (dispersive mode), which means

B = ((2mLlp) /¢o) < 1.

When the tunneling supercurrent flowing through the JJ is below a certain threshold,
the “critical current”, the J] is electrically equivalent to a non-linear inductor. However,
unlike varactors, the JJ is a lossless reactive element, its resistance in the
superconducting state being lower than the resistance of a typical forward-biased
semiconductor diode by orders of magnitude. SQUID inductance is a combination of
the junction inductance and the inductance of the superconducting loop. This SQUID
inductance is controlled by modulating the magnetic flux threading the junction loop.

3.2 rf-SQUIDs Coupled Microstrip TL

Phase shifters play a key role in the modern-day RF systems such as electronic
scanning antenna arrays. Over the past years, both high temperature superconductor
(HTS) and low temperature superconductor (LTS) phase shifters have been explored
for incorporation into existing superconducting systems. In [56], ferroelectric materials
were employed with HTS to develop phase shifters. Both HTS-based SQUIDs and
LTS-based SQUIDs are proposed in [57, 58] to realize phase shifters. In [59], a
magnetic-flux-tunable phase shifter utilizing three equidistant SQUIDs on a
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Figure 3.4: (a) Cross-section view, (b) 3D view of a microstrip transmission line coupled to an
array of SQUIDs

transmission line (TL) was proposed. The phase shifter was employed to implement
arbitrary single-qubit gates for qubits based on propagating microwave photons.

A Distributed Josephson Inductance (DJI) approach to building a superconducting
phase shifter is presented here. In this approach, the RF signal passes through a fixed
length of microstrip transmission line (TL) which is magnetically coupled to an array
of superconducting quantum interference devices (SQUIDs) along its length as shown
in Fig. 3.4.

In the absence of rf-SQUIDs, as shown in Fig. 3.5, the microstrip TL will have a fixed
capacitance per unit length C and a fixed inductance per unit length L. The small
signal wave velocity of a transmission line is given by v = 1/+/(L - C).

In the DJI approach, rf-SQUIDs are placed between the top conductor and the ground
plane of the microstrip line. Each rf-SQUID consists of one Josephson junction shunted

40



Ch. 3 - RF-SQUIDs AND PHASE SHIFTER 3.2. RF-SQUIDs CourLEp Microstrir TL

Microstrip TL (Top Conductor)

Figure 3.5: 3D view of the microstrip TL magnetically coupled to an array of rf-SQUIDs.

L Microstrip TL M
o /5000 0 f-SQUID > —
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L, xJJT ¢
Microstrip TL Ground
o =—oO
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Figure 3.6: (a) Equivalent circuit of a TL unit cell containing a rf-SQUID, (b) 3D view of rf-
SQUIDs placed between the top conductor and ground plane of TL.

by an inductive superconducting loop. The length of line containing one SQUID is
much shorter than the RF wavelength. Each rf-SQUID is a superconducting loop
extending on two metal layers shunted by vias on one end and JJ on the other end as
shown in Fig. 3.6(b).

The equivalent circuit of a transmission line section coupled to a rf-SQUID is shown in
Fig. 3.6(a). The magnetic coupling of the microstrip line to an array of rf-SQUIDs leads
to a dynamic inductance per unit length (Lg,,,) as shown in Fig. 3.7. Hence, coupling a
large number of SQUIDs to a superconducting microstrip TL creates a variable
magnetic medium in which wave velocity can be controlled electronically,

v=1/ (Ldyn'c)-

When a dc control current I, is passed through the microstrip TL, flux is linked to the
SQUID loop since it is magnetically coupled to the TL. This linked flux results in a
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Figure 3.7: (a) The lumped element model of a distributed Josephson inductance (DJI) trans-
mission line, (b) Small signal RF equivalent circuit of the DJI

change in the phase of the SQUID, thereby altering the dynamic inductance of the
transmission line. The change in wave velocity and hence the phase delay in the TL can
also be achieved by increasing the power of the RF signal which will provide an
equivalent RF current Igr or by superimposing a dc control current on the RF signal
current, I = I + Irp cos(wt), where I is the total current along the upper conductor of
the microstrip and Igr is the total RF current superimposed on the dc current I;.. In
other words, the output phase can be controlled using dc current or RF power or a
combination of the two on the TL. The phase shift at the output can also be achieved
through the application of an external magnetic field. The magnet is oriented so that its
field passes through the SQUID loops. However, this work focuses on using either dc
current or RF power for controlling the output signal phase.

The dynamic inductance in terms of the phase of the SQUIDs and the electrical
parameters of the transmission line is presented. This derivation is inspired by the
effective inductance expression for single rf-SQUID coupled to the RF tank circuit [60].
Each superconducting TL unit-cell consists of a series inductance, L, and a shunt
capacitance, C. The series inductance of the transmission line cell is coupled to a single
SQUID loop through a mutual inductance, M. The rf-SQUID loop consists of a
superconducting loop with inductance, L;, and a Josephson tunnel junction. The
expression for the dynamic inductance of the rf-SQUID coupled TL can be analytically
derived.
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The flux through the inductor, L, and L is given as ®, and ®s, respectively. The flux
through these inductors is related to the current through the two inductors by

P L M| |I

P, M Lg| | L
® = LI + MI, (3.10)
®; = MI + LI, (3.11)

where, L is the self inductance per cell of the transmission line, L; is the self inductance
of the SQUID and M is the mutual inductance between the transmission line and one
SQUID. I is the current through the transmission line section and is controlled
externally, while I; depends on the operating point of the SQUID.

According to the well known Josephson relation

I, = I.sin6 (3.12)

where, I is the critical current of the JJ and 0 is the phase of the SQUID.
Phase of the SQUID, 0 is expressed as

271Dy

0 —
Dy

(3.13)

where, @ is the flux quantum (Pg = 2.0679 x 10~1° Wb). The negative sign reflects
the fact that as I is increased from zero, ®; initially opposes &

Substituting Eq. (3.12) in (3.10)

® =LI+ MI.sinf (3.14)

and substituting Eq. (3.12) in (3.11)

®; = MI + LsI. sin6 (3.15)
Finding ®; from Eq. (3.13)
0P
P = ———
? 27
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Using value of @, in Eq. (3.15)

o
0Py _ MI + LI sin @
27T
2 2
_9 = CI%M[ i (}%LSIC sin 0
2itMI _ 0 E 2rtLsI, E sing
o 0 D

The factor (27tLsl;) /Py is the screening parameter (also called SQUID parameter), 5.

2nMI .
o, —6 — Bsind
I
0 =—-2m (£> — Bsin6 (3.16)
Dy

| do |
Layn =371 (3.17)
Differentiating Eq. (3.14) w.r.t. I
do de

Differentiating Eq. (3.16) w.r.t. I
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dé 2nM de
a - @ — BcosO (a)
(1+ Bcost) % = —2;1)?4
% R (12f][;/lcos 0) (3.19)
Substituting Eq. (3.19) in (3.18)
Ly, = Ccll;{; =L+ MI.cos@ (—@0 (12-17—-[24(:05 0))
2
L gt

The mutual coupling, M between the two inductors L and L; is related by the coupling
coefficient, k

E |- %2 E
i LLs |
M? = K?LLs (3.21)
Substituting Eq. (3.21) in (3.20)
[ _g_ 27mkLLslccosf
ayn — D (1+ Bcosh)
Substituting the SQUID Parameter, 3
k?BL cos 0
Liyjy=L— ———
ayn (1+ Bcosb)

Hence, the dynamic inductance, Ly, of a transmission line cell coupled to a RF SQUID
is
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| k2B cos 6 |
' Layn = L (1 - ﬁ—) : (3.22)

Hence, the phase, © of the TL of length /;,; coupled with an array of rf-SQUIDs is given
by:
O=w LdynC X ltot (323)

3.3 Simulations for Mutual Inductance and Coupling
Coefficient

The values of the design parameters used for EM simulations are as follows:

Diameter of circular JJ, dj;c = 3 ¥ 107°m

Critical current density of the JJ, Jc =1 X 108 A/m?

Length of microstrip TL containing one SQUID, [,,,,;; = 50 X 107°m
Total length of the microstrip TL, l;p;y = 142 x 1072 m

Width of the microstrip TL, w = 1.5 x 107 ®m

Freq. of operation, fo = 10 x 10° Hz

No. of rf-SQUIDs, N = 2256

Reference

Reference Plane

Plane

Figure 3.8: Microstrip TL unit-cell in Sonnet EM
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We created a microstrip TL model in Sonnet EM as shown in Fig. 3.8. The length and
width of the microstrip in the model are w and [,,,,;;, respectively, which represent the
section of TL covering one SQUID. This is done in order to find the value of self
inductance L of the TL section when no SQUID is coupling to it. The simulated value
for L is given in table 3.1. Another 3D model is designed in Sonnet EM placing a
rf-SQUID between the top conductor and ground plane of the microstrip TL as shown
in Fig. 3.9. This is done in order to simulate the SQUID loop inductance, Ls, and then
mutual inductance, M and coupling coefficient, k. The vertical gap between the
microstrip signal line and the rf-SQUID top conductor is selected to be 200 nm based
on the fabrication process defined in section 3.4.1. The simulated values are given in
table 3.1 and will be used in the analysis given in the following sections.

'l-._ Reference Reference 7_4

Microstrip on

M7 (L) 1\
\A\ e | \ bt
SQUID on M S ‘ N
and M5 (Ls) ”_I-——_.—r@w; |

\ ] Plane

Whe———+ on M5
W Reference -
W _ — Plane

T B

|

Figure 3.9: 3D model of an rf-SQUID in Sonnet EM

Critical current of the JJ, I, can be calculated from junction’s area, A}, and critical

current density, .
Ic= e X Ajunc (3'24)

I, = (1x10%) x (7.07 x10712) = 7.07 x 107* A

Calculating SQUID Parameter, § from SQUID inductance, Ls and critical current, I:

47



CH. 3 — RF-SQUIDs AND PHASE SHIFTER 3.3. SIMULATIONS

Table 3.1: Simulated results for L, L;, M and k using Sonnet EM

TL Self Inductance  rf-SQUID Self Inductance Mutual Inductance

Coupling Coefficient
L (H) Ls (H) M (H) k
16.5e-12 4.4e-13 2.24e-12 0.83
2mLgl,
= 3.25
F=". (3.25)
27r(4.4 x 10713)(1 x 108
B= ( ) = ) _ 0945 (3.26)
2.0679 x 10—
Oxide Layers
\ . a
T | I
\ TL Input Port Microstrip TL / TL Output Port
r-SQUID r-SQuID
Input Port
_ -SQUID
f-SQUID < = i Output Port Microstrip TL Ground
Input Port

Z
Microstrip TL
und (b )

(a)

Figure 3.10: (a) rf-SQUID and TL model in Ansys Maxwell 3D, (b) Cross-section view of the

model.

Figure 3.11: Simulation model of rf-SQUID coupling a microstrip TL in Ansys Maxwell 3D
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Table 3.2: Simulated results for L, L;, M and k using Ansys Maxwell 3D

Gap  TL Self Inductance  rf-SQUID Self Inductance ~Mutual Inductance = Coupling Coefficient

d, (m) L (H) Ls (H) M (H) k
5e-9 16.5e-12 4.4e-13 2.67e-12 0.991
10e-9 16.5e-12 4.4e-13 2.62e-12 0.972
20e-9 16.5e-12 4.4e-13 2.56e-12 0.950
50e-9 16.5e-12 4.4e-13 2.47e-12 0.917
80e-9 16.5e-12 4.4e-13 2.40e-12 0.891

100e-9 16.5e-12 4.4e-13 2.31e-12 0.857

200e-9 16.5e-12 4.4e-13 2.24e-12 0.831

300e-9 16.5e-12 4.4e-13 2.17e-12 0.805

500e-9 16.5e-12 4.4e-13 2.09%e-12 0.776

For comparison, an rf-SQUID/TL 3D model was created in Ansys Maxwell 3D as
shown in Fig. 3.10. Ansys Maxwell 3D is a simulation tool for studying the magnetic
fields. Simulations are repeated for different values of the gap, d, between the
microstrip TL and the top conductor of the rf-SQUID as shown in Fig. 3.11. The results
of the mutual inductance M, and coupling coefficient k are presented in Table 3.2. We
observe that the mutual coupling increases as the gap between the rf-SQUID and top
conductor of microstrip decreases. The magnetic flux density as shown in Fig. 3.12 can
also be observed at various values of 4.

B [uTesla]

50.0000
466667
433333
40,0000

36,6667
333333
30,0000
26,6687
233333
20,0000

16,6667
133333
10.0000
6.6667
33333

0.0000

Figure 3.12: Magnetic flux density in rf-SQUID using Ansys Maxwell 3D
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Knowing the values of M and k, and other given parameters, the dynamic inductance
and the total phase shift for DJI transmission line as a function of the dc current along
the upper conductor is computed in Table 3.3. The computed values of dynamic
inductance for the dc current ranging from 0 mA to 36 mA are plotted in Fig. 3.13(a).
Relative phase shift with the input control current at 10 GHz is shown in Fig. 3.13(b).
Hence, DJI transmission line introduces a phase delay which is adjustable using the
control current,l;,.

Table 3.3: Analysis of the dynamic inductance and phase shift as a function of current using the
given and simulated parameters

Current rf-SQUID Phase Phase Shift
I MXxI LgxI P, 0 cos 0 Layn (Lgyn % C) (¢]
(A) (Wb)  (Wb) (Wb) (%) (H) )
Input - - Eq. (3.11) - - Eq. (3.22) - Eq. (3.23)
0 0 0 0 0 0 0 0 0
1.5e-3  3.36e-12 3.11le-16 3.36e-12 75 0.99 10.98e-12 2.34e-13 0.05
3.0e-3 6.72e-12  3.1le-16 6.72e-12 15 0.97 11.06e-12 2.34e-13 0.19
45e-3 10.08e-12 3.11le-16 10.08e-12 225 0.92 11.18e-12 2.36e-13 0.43
6.0e-3  13.44e-12 3.1le-16 13.44e-12 30 0.87 11.37e-12 2.38e-13 0.77
7.5e-3  16.80e-12 3.11e-16 16.80e-12 375 0.79 11.61e-12 2.40e-13 1.23
34.5e-3 77.28e-12 3.1le-16 77.28e-12 1725 -0.99 18.59%¢-11 9.61e-13 130.07
36.0e-3 80.64e-12 3.11e-16 80.64e-12 180 -1.00 21.25e-11 10.3e-13 141.94

Phase control can also be achieved using RF power instead of dc current. The dynamic
inductance of the TL and the output phase shift achieved by varying the RF power
from —30dBm to 10 dBm is shown in Table 3.4.

RF current, I;¢ is computed from RF power, P, ¢ using
L= /Prf/Zo (3.27)

50



Ch. 3 - RF-SQUIDs AND PHASE SHIFTER 3.4. MIT-LL FaBricaTiON PrROCESS

A plot of the dynamic inductance for the RF power ranging from —30dBm to 10 dBm is
shown in Fig. 3.14(a) and the calculated phase shift at 10 GHz for various RF power
levels is shown in Fig. 3.14(b).

3.4 Multi-layer Superconducting Fabrication Process

3.4.1 MIT Lincoln Laboratory (MIT-LL) SFQ5ee Process

All the proposed superconducting microwave devices are fabricated using MIT Lincoln
Laboratory (MIT-LL) SFQ5ee fabrication process [61]. This mature and advanced
integrated circuit fabrication process provides a solid technology platform for building
the superconducting circuits. It is a niobium-based fabrication process using
Nb/Al-AlO, /Nb tri-layer technology with a current density, J. of 10kA/cm?. As
shown in the cross section in Fig. 3.15, there are nine superconducting layers: eight
niobium wiring layers MO-M7 and one layer of high kinetic inductance (HKI) material,
LO. There is one normal metal layer, M8 (Pad), for chip contact metallization and chip
packaging. Interconnects between all metal and resistor layers are formed by vias CO,
C4, C5, and I0-17. Most of the layer interconnects are etched vias filled with the

T 1 1T 1 1 "1 - 10
200 o— Dyn. Inductance, Ldyn é)o %D —10 | ]
E | | —=— TL Inductance, L s1 = i |
B 150 | §1g 3V ]
v I § 1w S0 ]
& 100 3 g 70 .
é $~’. 'é —-90 B N
2 50 2 —110 | ]
= —130 | %%
0 g _150 L | | | | | .|
0 5 10 15 20 25 30 35 ° 0 5 10 15 20 25 30 35

Applied Current, I (mA) Control Current (mA)
(a) (b)

Figure 3.13: (a) Dynamic inductance, L4, and transmission line inductance, L of a unit-cell, (b)
Calculated relative phase shift at 11.6 GHz as a function of dc current ranging from 0 mA to 8 mA
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Table 3.4: Analysis of the dynamic inductance and phase shift as a function of RF power.

RF RF RF rf-SQUID Phase = Dynamic Relative
Power Power Current Inductance Phase Shift

prf (dBm) Prf (W) Irf (A) 6 (o) cos 6 Ldyn (H) (Lﬂlyn X C) ) (o)

Input Input  Eq. (3.27) Eq. (3.22) Eq. (3.23)
-30 1.00e-6  1.32e-4 1.65 0.999 1.096e-11 2.332e-13 0.00
-25 3.16e-6  2.34e-4 3.40 0.998 1.097e-11 2.333e-13 0.01
-20 1.00e-5  4.16e-4 8.54 0.989 1.099e-11 2.336e-13 0.05
-15 3.16e-5 74le-4 1889 0946 1.112e-11 2.34%¢-13 0.23
-10 1.00e-4  1.32e-3  40.17 0.764 1.172e-11 2.412e-13 1.12
-5 3.16e-4  234e-3  83.14 0.119 1.534e-11 2.760e-13 6.06
0 1.00e-3  4.16e-3 25197 -0.309  2.12le-11 3.245e-13 12.93
5 3.16e-3  7.41le-3 566.58 -0.894  7.873e-11 6.252e-13 55.55
10 1.00e-2  1.32e-2 357.80 -0.999  2.099e-10 1.021e-12 111.63

niobium metal of the subsequent superconducting layer.

Keeping in mind the Nb layers in the fabrication process, the DJI transmission line can
be realized either by placing the rf-SQUIDs loop directly below the microstrip top
conductor as shown in Fig. 3.17(a). In this case, the meandered microstrip top
conductor will be designed on Nb layer M7 and rf-SQUID loop will spread on the Nb
layers M5 and M6 shunted by a JJ using J5 and C5 on one end and vias I5 on the other
end. The gap between the microstrip conductor and the rf-SQUID is dictated by the
dielectric layer thickness given in the fabrication process. Another way to achieve the
DJI phase shifter is by placing the rf-SQUIDs on both sides of the microstrip top
conductor as shown in Fig. 3.17(b). In this design, both the microstrip signal line and
the superconducting loop of the rf-SQUID are placed on the Nb layer M6. This design
provides more control in terms of adjusting the amount of mutual coupling, as the
distance of the SQUIDs from the signal line can be adjusted during design, however,
the minimum gap between two is dictated by the fabrication process.
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3.5 Cryogenic Test Setup for RF Measurements

3.5.1 Device Testing at Cryogenic Temperatures

All the superconducting microwave devices in this thesis report are measured using
the cryogenic test setup shown in Fig. 3.18. The setup includes a Lakeshore cryogenic
probe station, a Keysight performance network analyzer (PNA), a source measurement
unit (SMU) or a power supply unit. The chips for testing are loaded in the cryogenic
chamber along with the calibration substrate as shown in the enlarged section in

Fig. 3.18. The chamber is pumped to very low pressure of 1 x 10~ mbar and the
temperature is lowered down to 77 K using liquid nitrogen which is followed by liquid
helium to lower it further down to 3.8 K. The temperature is maintained at 3.8 K for the
entire duration for consistent and repeatable measurements. SOLT calibration is done
at cryogenic temperatures. For on-wafer measurements, the chamber has two dc
probes and two ground-signal-ground (GSG) RF probes which are connected to the
two ports of Keysight PNA. The dc excitation (control current/control voltage) can be
provided in precisely controlled steps using SMU.
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150 1 5 8 |
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Figure 3.14: (a) Dynamic inductance, L, of a transmission line cell as a function of RF power
ranging from —30dBm to 10dBm, (b) Calculated relative phase shift for the RF power range
—30dBm to 10 dBm
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Figure 3.15: Cross section of the MIT-LL 10 kA /cm? SFQ5ee process.

m{Q resistor

High-kinetic-inductance layer

Figure 3.16: Scanning electron microscope (SEM) of the wafer cross section highlighting the MIT-
LL SFQb5ee process node. Various Nb metal layers (M0-M7), vias (10-16), josephson junction (]JJ),
resistor layers (r5 and m(}), and a high-kinetic inductance layer are indicated [61].

3.6 LTS Phase Shifter Using rf-SQUIDs

sec:phase-shifterl After the simulations and theoretical analysis presented in the
sections 3.2 and 3.3, a phase shifter is designed with a microstrip TL strongly coupled
to an array of rf-SQUIDs placed between it’s top conductor and the ground plane as
shown in Fig. 3.19. The current that is flowing on the superconducting TL generates a
magnetic flux that is coupled to the SQUID loop varying its inductance.
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The array of rf-SQUIDs effectively represents an array of variable inductors coupled to
the TL. Each rf-SQUID extends on two Nb layers shunted by vias on one end and a JJ

on the other end. The device is realized using MIT-LL SFQ5ee Nb based fabrication
process described in section 3.4.1. The optical micrograph of the design is shown in

—

Figure 3.17: (a) rf-SQUIDs placed under the microstrip TL using two additional Nb layers, (b)
rf-SQUIDs placed on both sides of the microstrip TL on the same Nb layer.
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Figure 3.18: Cryogenic test setup at CIRFE showing the Lakeshore probe station, PNA and PSU.
The enlarged image highlights the chips loaded in the cryo chamber.
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Array of rf-SQUIDs coupled to the Transmission Line

20 N O R I
R e Tk S S

Superconductmg Transmlssmn Line

(a)

Nb-based Microstrip TL

Ground P {;;

(b)

Figure 3.19: (a) Schematic of the phase shifter comprising of an array of rf-SQUIDS coupled to the
superconducting transmission line (TL), (b) 3D rendered image showing rf-SQUIDs distributed

underneath the superconducting TL.
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we ;. RE Input

RF Output g
N o

Figure 3.20: Optical micrograph of the fabricated phase shifter. The signal is given at the RF
input, which connects to a meandered microstrip line coupled with rf-SQUIDs and a phase shift
is observed in the signal at the RF output.

Fig. 3.20. This design of phase shifter has 2256 rf-SQUIDs placed directly below a
meandered microstrip TL. The total device footprint is 2.5 mm x 1.6 mm.

By varying the analog control current injected on the RF line via a bias tee, it is possible
to control the variable inductance resulting from the coupling between the rf-SQUIDs
and the TL, subsequently affecting the phase of the transmitted signal. The device is
tested at a temperature of 4 K in a cryogenic probe station shown in Fig. 3.18. A control
current is provided on the superconductor TL, increasing linearly from 0 mA to 36 mA.

The measured RF performance including the phase shift, insertion loss, and return loss
of the phase shifter over dc to 26.5 GHz is shown in Fig. 3.21. The measured phase shift
is highlighted in X-band and K-band in Fig. 3.21(a) and (b), while the S-parameters
are given in Fig. 3.21(c) for a minimum current Iy, of 0.1 mA and a maximum current
Imax of 36 mA . A total relative phase change of 130° is seen at 10 GHz and 328° at

22.25 GHz. The insertion loss variation of the phase shifter over the X-band and
K-band is 0.46£0.23 dB and 2.5 &= 1 dB, respectively. The return loss is better than 20 dB
over the X-band and better than 14 dB in the K-band.
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Figure 3.21: Measured relative phase shift and S-parameters of the phase shifter with control cur-
rent of Inin = 0mA and I;hax = 36 mA over (a) 9.5GHz to 10.5GHz, (b) 21.75GHz to 22.75 GHz,
(c) insertion loss and return loss for the frequency range 0 GHz to 26.5 GHz.
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Figure 3.22: Measurement results of the phase shifter for a control current ranging from 0 mA
to 36 mA. The phase shift, insertion loss and return loss for three different frequencies in the
X-band and K-band are shown.

The theoretically calculated phase based on the expression given in section 3.2 at

26.5 GHz is shown along with the measured phase shift from the fabricated device in
Fig. 3.22. The analytical solution does not include parasitic elements along the TL, thus
a resonant behavior around 26 mA in the measured device can not be predicted with a
theoretical model. The measured RF response of the device with respect to control
current at the center and two extreme frequencies in the X-band (8 GHz, 10 GHz,

12 GHz) and K-band (18 GHz, 22.25 GHz, and 26.5 GHz) is also shown. In the X-band,
the maximum relative phase shift of 100°, 132° and 165° is achieved at 8 GHz, 10 GHz
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and 12 GHz, respectively. The corresponding insertion loss at the three frequencies
stays at an almost constant level for lower current values and later shows an increase,
with the maximum insertion loss being 1.85 dB at 12 GHz at a control current of 26 mA.
The return loss at all three frequencies for the entire control current range is better than
20dB. The phase shift of the device at the K-band frequencies follows a similar pattern,
with maximum relative phase shift of 257°, 332° and 376° and insertion loss variation of
1.924+1.4dB, 2.444+1.7 dB, and 2.9+2 dB observed at 18 GHz, 22.25 GHz and 26.5 GHz,
respectively. The return loss at 18 GHz is better than 14 dB for the three frequencies in
K-band.

The phase tunability can be further optimized by tuning the junction diameters and
also the total length of the rf-SQUID loops. The measured average resistance of the
phase shifter remains stable at 0.83 () with varying control current, exhibiting a power
consumption of less than 1 mW at maximum control current.

To conclude, the proposed LTS-based phase shifter demonstrates analog
ultra-wideband response in the X- and K-bands. A maximum relative phase shift of
130° and 328° is obtained at 10 GHz and 22.25 GHz, respectively, with a control current
of 36 mA.

60



Chapter 4

Superconducting Microwave Resonator
and Reflective Type Phase Shifter

4.1 Superconducting Tunable Microwave Resonator

Superconducting tunable microwave resonators are popular for their applications in
microwave tunable filters [62, 63], tunable couplers [64 ], tunable parametric
amplifiers [65], SQUID multiplexers [66—-68], astrophysical detectors [69], and
scanning microwave microscopes [70]. With the booming interest in quantum
computing, the superconducting resonators are highly in demand for the qubit
readout, capture, storage, on-demand release, and routing of single microwave
photons [71-73].

The most common approach for developing superconducting resonators primarily
benefits from the current-dependence/magnetic-field dependence of nonlinear kinetic
inductance (KI) in a superconducting transmission line [74, 75]. Coplanar waveguide
(CPW) resonators have shown tunability through the application of a perpendicular
magnetic field, but the tunability range is limited to only few MHz, or 0.05% for a

6 GHz resonator [76]. A tunability range of 6% and 15%, based on a change of kinetic
inductance with dc current has been observed in ultra-thin Niobium (Nb) and
Niobium Nitride (NbN) nanowires, respectively, with widths of approximately

100 nm [77]. A resonance frequency tunability of 180 MHz around 4.5 GHz is reported
in a superconducting resonator made from niobium titanium nitride (NbTN) film [78].
Very recently, superconducting resonators have been implemented using Josephson
Junctions (JJs) or rf-SQUIDs as tunable inductors. The tunability is achieved by
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Figure 4.1: Optical micrograph of the LTS resonator highlighting the MIM capacitor and the
microstrip TL inductor connected in shunt with the central microstrip connecting two RF ports.
The control line runs parallel to the rf-SQUIDs array and terminates in a DC pad on each end.
The inset highlights the rf-SQUID loop placed between the microstrip inductor (carrying the RF
signal) and the dc control line.

applying an external magnetic field. Most of the reported superconducting resonators
use a single rf-SQUID and provide a tuning range of typically about 500 MHz [79-82].

The design and experimental data of a tunable resonator using an array of rf-SQUIDs
as the tunable element is presented in the following sections. This resonator is excellent
for monolithic integration with other low-temperature superconducting (LTS)
integrated circuits requiring a wide tunability range and high tuning speed.
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4.1.1 Design and Operation Principle of the Tunable Resonator

An optical micrograph of the fabricated resonator is shown in Fig. 4.1. It consists of an
RF input port and output port connected by a superconducting microstrip
transmission line (TL). A multi-layer metal-insulator-metal (MIM) capacitor and a
microstrip inductor are connected in shunt with the TL section. The MIM capacitor
and the microstrip tunable inductor are sized to tune the resonance frequency within
the frequency band 4 GHz to 8 GHz, which is one of the most popular for the quantum
systems. The tunable inductor is implemented using a transmission line loaded with
an array of rf-SQUIDs and is terminated in a short circuit. A second TL carrying a dc
current is placed adjacent to the array of rf-SQUIDs to tune their inductance. Through
mutual coupling, the tunable inductance of the SQUID tunes the effective inductance
of the microstrip transmission line, thus making the resonance frequency of the
resonator tunable. The SQUID inductance can be tuned by either one of the control
mechanisms: externally applied magnetic field using the dc current carrying TL or by
varying the input RF power. The design parameters of the presented resonator are
given in Table 4.4. Another variation of the resonator design using a single RF port can
also be made by placing both the inductor and capacitor elements in series instead of
shunt as shown in Fig. 4.2.

The microstrip TL inductor is designed by placing the top conductor and the ground
plane on two different Nb layers spaced with layers of SiO, to achieve a characteristic
impedance Zy = 50 Ohm. The rf-SQUID used in the design is a Nb-based
superconducting loop shunted by a single Nb-AlOx-Nb JJ. The superconducting loop
can be designed either on the same microstrip signal Nb layer in the form a ring as
shown in the inset of Fig. 4.1. Alternatively, the SQUIDs can be placed between the top
conductor of the microstrip and the ground plane using two additional Nb layers [83].
The inductor TL is terminated in a short circuit and is folded in order to reduce the
chip area. An array of fifteen rf-SQUIDs is laid out along the length of the microstrip
inductor. The dc control current could also be potentially applied to the microstrip TL
through bias tees directly on the RF input port [57, 83]. In that case, the control current
cannot be exceeded beyond the threshold critical current of the superconductor or the
material will switch to its non-superconducting state and the device performance
suffers significantly.

In the proposed design, we have used a separate control TL which runs parallel to the
rf-SQUIDs and is terminated by a dc pad on each end to provide the control current.
Hence, the rf-SQUID loop lies between the RF microstrip signal line and the control
line as shown in Fig. 4.1 and Fig. 4.2. The amount of dc current provided to the control
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Table 4.1: Design specifications of Superconducting Resonator

Name of the Parameter Value

Width of microstrip inductor line 1pum

Area of each plate of MIM capacitor 91 ym x 73 pm
Area of each SQUID loop 18 ym x 17 ym
Number of SQUIDs 15

Diameter of circular JJs 3pum

Critical current of JJ 0.707 mA

Gap between rf-SQUIDs and microstrip inductor 1um
Gap between adjacent rf-SQUIDs 2um
Width of dc control line 4pm

line determines the flux coupled to the SQUID inductance loops which changes the
dynamic inductance of the rf-SQUID. The SQUIDs act as variable inductors, and since
they are magnetically coupled to the inductor microstrip TL section, change in SQUID
inductance causes change in the resonator inductance and hence the resonance
frequency.

When an external control current Iey is provided to the control line with inductance L,
a magnetic field is generated, which produces an external magnetic flux ¢eyx; given by:

¢ext = LcIext (4.1)

When the SQUID loop with a self-inductance L; is threaded by the external flux ¢ext,
due to flux quantization condition, a circulating current i, is induced in order to screen
this flux. The flux due to the circulating current also adds to the total flux ¢, which is
expressed as:

Qbs - ¢ext + Lsis (4'2)
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RF Port AI DC Pad
| I’ :

Figure 4.2: (a) 3D view of the proposed LTS resonator layout comprising a single RF port, a
MIM capacitor, a microstrip TL inductor and an array of rf-SQUIDs, (b) Optical micrograph of
the fabricated device.

The amount of circulating supercurrent is determined as:

is = —I; sin(%) (4.3)

$o

where, I is the critical current of the J] and ¢y = 2.0679 X 10712 is the magnetic flux
quantum.

The superconducting loop inductance Ls is coupled to the TL inductor L, with mutual
inductance M. The value of mutual inductance M depends on the gap between the
rf-SQUID and the microstrip TL. The coupling coefficient K and the screening
parameter f of rf-SQUID are given by:

@ M 21kl

"L PT g (44)

The inductance is then varied by the magnetic field generated by the dc current
carrying wire placed on the side. The effective inductance of the microstrip line is then
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given as:
L,=L,(1-AL) (4.5)

where AL is given by:

KZ

AL = 1+1/Bcos(2meps/ o)

(4.6)

If C, is the capacitance of the MIM capacitor, then in the absence of control current, the
resonance frequency is given by f, = 1/2m+/L,C,. Providing a control current will
change with the variable inductance of the TL and the resonance frequency changes by
fl =1/2m/L.C,. Using an array of rf-SQUIDs and high critical current JJs allows us to
obtain wider tunability range.

4.1.2 MIM Capacitor

Multi-layer stacked MIM capacitor is used as it offers higher capacitance density and
higher self resonance compared to the interdigitated capacitor design. The entire MIM
multi-layer stack shown in the 3D view in Fig. 4.2 consists of four Nb metal layers and
three dielectric layers in between the metal layers, effectively realizing three capacitors
connected in parallel. A higher capacitance using a smaller area is achieved, thanks to
the extremely thin SiO; dielectric layer between the Nb layers allowed by the
fabrication process. The design uses a stack of four Nb 91 ym x 73 ym rectangular
sections separated by three ~ 200 nm thick dielectric layers. The capacitance value
offered by the stack can be closely estimated by means of Sonnet EM simulations. The
simulated value of capacitance is 4.85 pF and the self resonance was >11 GHz. The
overall capacitor area can be further reduced and the value of achieved capacitance can
be increased by increasing the number of stacked metal layers as the fabrication
process allows for 8 Nb layers.

4.1.3 Experimental Measurements of Superconducting Resonator

The frequency response of the fabricated resonator is measured using the Lakeshore
probe station, Keysight performance network analyzer (PNA-X) and a source
measurement unit (SMU). All measurements are performed at the cryogenic
temperature of 3.8 K achieved using liquid nitrogen, followed by liquid helium. The
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Figure 4.3: Simulated S1; of the resonator using ADS circuit simulation and Sonnet EM simula-
tion showing a close match.

device response is simulated starting from a circuit model in Keysight ADS followed by
a Sonnet EM simulation as shown in Fig. 4.3. The S-parameters of the resonator are
measured as a function of the applied control current to the dc control line. As shown
in the measurements given in Fig. 4.4, with no dc current flowing in the control line,
the device shows resonance peak at 5.63 GHz. For a control current sweep from 0 mA
to 2mA, a tunability of 1.24 GHz is observed. Fig. 4.5 shows the corresponding phase
of Sq; for the tunable range.

We also measured the resonance response of the device by varying the RF power
provided at the input port of the resonator as shown in Fig. 4.6. A few MHz frequency
shift is observed for the initial increase in RF power, but rapid change can be seen after
—10dBm. In actual system applications, such resonators operate at a power level that
is almost constant.

Table 4.5 compares the proposed resonator with the current state-of-the-art. Various
superconducting resonators are compared on the basis of overall dimensions, tuning
range, operation frequency, design topology and superconductor material used. Most
of the superconducting resonators in literature utilize kinetic inductance based
resonance frequency tuning. The disadvantage of such approach is the low tuning
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Figure 4.4: (a) Measured Sq; of the resonator for a control current sweep from 0 mA to 2maA.
(b) Resonance frequency shift as a function of control current.
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Figure 4.5: (a) Measured S;; of the resonator for different values of RF power ranging from
—30dBm to 0dBm. (b) Resonance frequency shift as a function of input RF power.
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Figure 4.6: (a) Measured S;; of the resonator for different values of RF power ranging from
—30dBm to 0dBm. (b) Resonance frequency shift as a function of input RF power.
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Table 4.2: Comparison of the proposed superconducting resonator with state-of-the-art

Res. Design LTS/ Control Overall Tuning  No. of

Freq. Topology HTS Type Size Range SQUIDs

(GHz) - - (Magnetic field/current) (mm x mm) (MHz) Used
This 5.63 SQUIDs Nb DC current (0mA to 2mA) 0.11 x 0.28 1240 15
[76] 6 KI Nb  Mag. Field (—0.2mT to 0.2mT) 10 x 3 2 NA
[74] 2.4 KI NbN DC current (0 mA to 3.5mA) 2.7 x 09 62 NA
[75] 7.6 KI NbTiN DC current (O0mA to 5mA) 11.14 x 7.14 95 NA
[78] 4.5 KI NbTiN  DC current (OmA to 0.25mA)  0.15 x 0.45 180 NA
[79] 4.54 SQUIDs Al Mag. Flux(¢/¢p) (—0.5t00.5)  0.16 x 0.22 580 6
[80] 6.9 SQUIDs Al Mag. Flux(¢/¢p) (—0.5t00.5)  2.59 x 1.36 670 1
[81] 7.41 SQUIDs Nb Mag. Field (0pT to 10 uT) 1.15 x 1.55 100 1
[82] 5 SQUIDs Nb/Al Mag. Flux(¢/¢o) (—0.5to 0.5) 54 x 54 700 2

range. Other designs using rf-SQUIDs for frequency tuning, however, use only one or a
maximum of 6 r{-SQUIDs, which limits the tuning range. The proposed resonator not
only provides a large tuning range with fine analog tuning response but also has the
smallest device footprint compared to the state-of-the-art.

To conclude, a compact LTS microwave resonator with a large tuning range of 1.24 GHz
at a fundamental resonance frequency of 5.6 GHz is presented. The tunability is
achieved by coupling an array of rf-SQUIDs to a mirostrip TL by varying the control
current via on-chip external dc control circuitry. The proposed resonator circuit is
fabricated using a multi-layer Nb-based microfabrication process node. The presented
device is compared with the current state-of-the-art highlighting largest tuning range
and smallest device footprint. The tuning range of the resonator can be further
enhanced by increasing the array size of the rf-SQUIDs, which makes this presented
design scalable. Superconductor resonators have a potential use in various
reconfigurable microwave devices.
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4.2 LTS Wideband Quadrature Hybrid Couplers

Quadrature hybrid couplers are used to combine and split the microwave signal and
serve as an important part of complex monolithically integrated circuits and

systems [84-88]. Cryogenic test systems employ 90° hybrid couplers along with the
active circuitry such as cryogenic mixers and balanced amplifiers [89, 90]. Recently, the
superconducting hybrid couplers have been explored for applications in quantum
information processing circuits [91][92]. While room temperature hybrid couplers are
commercially available, they are bulky and cannot be easily integrated with cryogenic
circuits. Very few papers are reported on wideband niobium-based hybrid couplers
operating at 4K [93].

There are different configurations for building hybrid coupler such as, branch line,
Lange, tandem coupled line designs [94]. While the first two offer a narrowband
coupling performance, the last one offers a wideband performance, however, it
requires a very tight gap between the coupled lines to achieve the desired 3 dB
coupling, which can be a design constraint in many fabrication processes. The MIT-LL
superconducting process [61] offers the feasibility of realizing very tight gaps between
narrow width transmission lines. In the previous attempts to design tandem couplers,
air bridges/bond wires are used to provide crossovers for tandem connections which
have significant effect on the coupler performance. This fabrication process makes it
possible to realize low loss bridges using the second niobium layer leading to a highly

@ RF Input @ Through @ Coupled @ Isolated

Coper. DM »®
ayr

e =2

(@) °@) @« » @@

—
(@) (b)

Figure 4.7: (a) Schematic of the quadrature hybrid coupler displaying all the four RF ports:
Input, Through, Coupled and Isolated. (b) The design of CPW-based hybrid coupler using two
tandem coupled lines and interconnections between signal lines and ground planes.
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miniaturized design with relatively low insertion loss. In the section, design,
simulations and measurements of quadrature hybrid couplers using a tandem coplanar
waveguide (CPW) architecture from low temperature superconductor (LTS) Niobium
(Nb) are presented. The design topology is well suited for monolithic integration with
other superconducting components. The crossovers, which are essential for the tandem
structure, are routed from a second niobium layer in a multi-layer fabrication process.

A
~
g ~
S
s 8 o8 8

Figure 4.8: (a) Optical micrograph of the fabricated hybrid coupler. The length has been trimmed
to include the ends and the center part of the design, (b) an enlarged image of the monolithically
integrated 50 Q micro resistor termination, (c) an enlarged image of the coupled lines crossover
in the tandem design highlighting the dimensional parameters.
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Table 4.3: Various parameters on device geometry

Geometry Hybrid Coupler design-A Hybrid Coupler design-B

Parameter fo =30GHz fo =10GHz
Ltot 864 pm 2375 um
lc 6 pm 6 pm
Ws 20 pm 20 pm
91 1pm 1pm
92 2 um 2 um

4.2.1 Design of CPW Based Hybrid Coupler

A CPW based tandem hybrid coupler design shown in Fig. 4.7 consists of two section
CPW parallel-coupled lines. The hybrid coupler shown in Fig. 4.8 is a four-port device,

Figure 4.9: 3D rendered image of the meandered hybrid coupler design-C with a compact foot-
print of 0.45 mm x0.31 mm. The enlarged section shows the crossovers connecting the coupled
lines and the ground planes.
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Design-A  30GHz

92 mm x 0.16 mm

Design-B  10GHz

Design-C 10GHz 2.43 mm x 0.16 mm

0.41 mm x 0.35 mm

Figure 4.10: Size comparison of the hybrid couplers design-A, design-B, and design-C. The
design-C has 64% smaller footprint compared to design-B while operating at the similar wide-
band frequency range.

the input, through, coupled and isolated ports are referred to as ports 1,2,3 and 4,
respectively. The signal provided at input port 1 is split equally between the direct port
2 and the coupling port 3, while port 4 acts as the isolation port. Tandem configuration,
comprising the n-section parallel-coupled lines, can achieve a high coupling even with
relatively low coupling values of the individual sections. The design has two center
conductors placed side by side and the bridges, designed to connect the individual
ground planes and the signal lines, are placed on the second niobium layer through
vias. The 50 Q) micro resistor termination is shown in the enlarged section in

Fig. 4.8(b), and (c) highlights the connection between the signal lines at the crossover,
achieved through vias and a second metal layer at the bottom. Both the coupled and
through lines in the design are selected to be quarter wavelength long (A/4) at 10 GHz
for the first hybrid design-A and at 30 GHz for the second hybrid design-B.

The design dimensions are then finely optimized in simulation using Sonnet EM to get
the desired RF performance. The optimized dimensional parameters used in design-A
and design-B are listed in Table 4.3 with the only difference between design-A and
design-B being the length of the coupled lines.

Designing a hybrid coupler at lower frequencies requires longer length of the tandem
coupled lines, hence, Fig. 4.9 shows a highly compact design for the hybrid coupler
design-C. In this design, the coupled lines are carefully meandered such that they fit in
an area 64% less than the hybrid coupler design-A with the same center frequency of
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10 GHz as shown in Fig. 4.10. The crossovers in the rendered image (Fig. 4.9) are
shown as air bridges for illustration and better understanding.

4.2.2 Simulations and Experimental measurement

The hybrid coupler designs are simulated using Sonnet EM and Fig. 4.13 shows the
simulated S-parameter response of the hybrid coupler design-B. The lakeshore
cryogenic probe station used for measurements has only two RF GSG probes, hence,
the network analyzer is connected to two out of four ports of the hybrid coupler, while
the other two ports are terminated in 50 () load. A standalone design of the micro
resistor shown in Fig. 4.11 was tested, and the measurement results show good
agreement with the simulated response over the 10 MHz to 50 GHz frequency range.
The CPW pads and tapers were de-embedded during micro resistor measurement.

Measurement results of the hybrid coupler design-A at 4K are shown in Fig 4.12, and
are in agreement with the simulated response in Sonnet EM. The device shows
excellent 3 dB coupling over the frequency range of 26 GHz to 44 GHz with less than
0.5 dB insertion loss at the coupling and through ports, and the return loss is better
than 24 dB. The hybrid coupler design-B designed at the center frequency of 10 GHz
demonstrates 3 dB coupling response from 8 GHz to 18 GHz with the measured
insertion loss at the coupled port <1dB and return loss >22 dB as shown in Fig. 4.13.
The device measurements show excellent agreement with the simulation results. The
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Figure 4.11: Left: Optical micrograph of a single port integrated 50 QO termination used for veri-
fication, right: The simulated and measured response of the termination from dc to 50 GHz.
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Figure 4.12: Simulation and measurement of the hybrid coupler design-A with the desired cou-
pling performance observed over the 26 GHz to 44 GHz frequency range.
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Figure 4.13: Simulated and measured S-parameters of the hybrid coupler design-B showing ex-
cellent coupling for the frequency range 8 GHz to 18 GHz. The simulation results are represented
by dotted lines, and the solid lines demonstrate the measured response of the device.
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Figure 4.14: S-parameters simulation of the compact hybrid coupler design-C showing the 3 dB
coupled response between 8 GHz and 18 GHz.

simulated S-parameter results for the proposed compact hybrid coupler design-C are
displayed in Fig. 4.14. The coupler demonstrates an insertion loss less than 1 dB over
the frequency range 8 GHz to 18 GHz and the return loss and isolation better than
20dB.

To conclude, the design and measurement results of two fabricated wideband
quadrature hybrid couplers using tandem coupled lines are discussed. A highly
compact version of hybrid coupler using meandered coupled lines with 64% area
reduction compared to the original design is also demonstrated. Hybrid couplers are
important passive components used in various microwave circuits such as mixers,
balanced amplifiers and phase shifters.

To conclude, the design and measurement results of two fabricated wideband
quadrature hybrid couplers using tandem coupled lines are discussed. A highly
compact version of hybrid coupler using meandered coupled lines with 64% area
reduction compared to the original design is also demonstrated. Hybrid couplers are
important passive components used in various microwave circuits such as mixers,
balanced amplifiers and phase shifters.
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4.3 Reflective Type Phase Shifter

The advances towards the use of microwaves in the quantum signal processing regime
have inspired research on a suite of superconducting RF components such as
circulators, isolators, Josephson parametric amplifiers, beam splitters, phase shifters,
and kinetic inductance travelling wave amplifiers. Although many room-temperature
phase shifters are available in the literature using CMOS, SiGe, Phase change material
(PCM) and MEMS technologies [4-7], the most important factor when employing
microwaves for quantum technologies is the requirement of cryogenics. Considering
the challenges involved in the successful delivery of room-temperature generated
microwave signals to the qubit chip, for the furtherance of large-scale quantum
systems, tremendous efforts are being made to integrate the microwave photon
generation, modulation, and routing in the cryogenic conditions adjacent to the

qubits [95]. In order to tune the phase of on-chip coherent microwave sources [3], a
compact, low-loss, fast tunable, wide-band phase shifter is needed. In the chip-to-chip
quantum network communication with microwave photons [96], the phase shifter
provides the freedom to precisely control the propagating microwave photons enabling
the transfer of quantum states between distant spaced qubits [97]. Very recently,
superconducting phase shifters have found applications in the future secure
communication using far-field microwave quantum technologies [98, 99].

A combination of ferroelectric/ferrite materials with high temperature
superconductors (HTS) has been successfully used to obtain phase shifts at microwave
frequencies [100-102]. Initial experimentation on using single HTS SQUID to achieve
phase shift in microwave signals began in 1991 [103] and soon after, long arrays of
LTS/HTS superconducting quantum interference devices (SQUIDs) (>1500) coupled
with a microwave transmission line (TL) demonstrated to provide a tunable wave
velocity, and hence, a phase shift at the output [58, 104, 105]. A phase shifter
employing 2256 rf-SQUIDs has been recently proposed [83]. When the SQUIDs are
coupled to an external magnetic flux, they behave as variable inductors coupled to the
transmission line. The issue with the design [83] is that the phase shift is achieved at
the expense of changing characteristic impedance of the TL leading to reflections at the
input port, which is undesirable in the single-photon quantum applications.

In this section, a reflective-type phase shifter (RTPS) topology in which an array of
rf-SQUID:s is used to achieve the dynamic inductance in the tunable reflective loads is
demonstrated. The design uses fewer number of SQUIDs in comparison to the 2256
rf-SQUIDs used in [83]. In the proposed design, only 56 rf-SQUIDs are used in each
tunable load to achieve the desired phase shift over a wide frequency band with
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Figure 4.15: Schematic of the proposed reflection-type phase shifter (RTPS) consisting of a
quadrature hybrid coupler terminated with two identical reflective loads. The input RF signal is
split equally by the hybrid coupler, reflected off of the two reflective loads, and the phase shifted
signal is obtained at the RF output. I is the reflection coefficient and X is the tunable reactance
of each reflective load.

minimum reflections.

4.3.1 RTPS Design and Operation Principle

The schematic of the proposed rf-SQUIDs-based RTPS is shown in Fig. 5.3 and the
layout of the phase shifter is shown in Fig. 4.16. The total device area is

2.5 mm x 0.24 mm and the various dimensional parameters are given in Table 4.4. The
RF signal is provided at the input port and the desired phase shifted signal is obtained
at the output port. The output phase is controlled by the control current provided to
the DC line, which tunes the flux threading each rf-SQUID loop, providing a phase
shift between the signal at input and output port.

The proposed RTPS comprises of a 90° (quadrature) hybrid coupler and two identical
reflective loads as shown in the circuit topology in Fig. 5.3. The designed quadrature
hybrid coupler splits the signal provided at the input port equally between the through
and coupled ports with 90° phase difference between them. The through and coupled
ports of the hybrid coupler are terminated in identical tunable reflective loads. Hence,
each half of the input signal reflects off of the reflective load and combines
destructively (out-of-phase) at the input port, resulting in desired input matching, and
constructively (in-phase) at the isolated port, giving the desired phase shift at output.
Depending on the load type, the RF signal at input port will be transmitted to output
port with its phase shifted by an angle 6yt

80



CH. 4 — SUPERCONDUCTING REsoNATOR aAND RTPS 4.3. RerLEcTIVE TYPE PHASE SHIFTER

Figure 4.16: Layout of the proposed LTS based reflective-type phase shifter (RTPS) showing the
monolithic integration of a hybrid coupler section with two identical reflective loads. An array of
rf-SQUIDs is used to provide tunable inductance in each reflective load. Dimensional parameters
of each rf-SQUID are highlighted along with the Nb/AlO,/Nb JJ used in each SQUID loop.

If Zy is the characteristic impedance of the quadrature coupler and Z;, is the impedance
of the reflective load, the phase shift between input and output port will vary with the
load impedance Z; as given by the relation:

Z
2 Zo (4.7)
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Table 4.4: Design specifications of Superconducting Resonator

Name of the Parameter Value

Width of microstrip inductor line 1pum

Gap between rf-SQUIDs and microstrip inductor (gs;) 1pm

Length of SQUID washer (Is;) 17 pm
Width of SQUID washer (ws;) 18 ym
Number of SQUIDs in each reflective load 56

Gap between adjacent rf-SQUIDs lym
Diameter of circular JJs 3um
Critical current of JJ 0.707 mA
Width of dc control line 4pum

where ZI'; is the phase of the load reflection coefficient. Z; is the impedance of the
reflective load, which is mainly reactive in superconducting circuits.

If Z1min and Zpmax are the minimum and maximum impedance values of the tunable
load, respectively, then the total phase shift range 6;ange achieved can be described as:

-1 (ZLmax> (ZLmin) ‘
tan —
Z Zo (4.8)
= AFLmax - Zerin

Qrange = -2

where ZI' max and £’ min are the maximum and minimum values of the phase of
reflection coefficient. The device layout in Fig. 4.16 shows a hybrid coupler terminated
by two monolithically integrated reflective loads. The impedance value of each
reflective load is made tunable by using rf-SQUIDs.
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Figure 4.17: Fabricated micrograph of the standalone reflective load used in the proposed RTPS.

4.3.2 Tunable Reflective Load

The reflective load can be designed by using a combination of inductive and capacitive
elements in many possible series and parallel configurations. The standalone reflective
load section used in the proposed RTPS is shown in Fig. 4.17. The load design utilizes
two shunt microstrip line sections, one of which ends in an open circuit (capacitive
element) and the other microstrip section is terminated at the ground plane (inductive
element). The dimensions of the microstrip sections are optimized using Sonnet EM
simulator and meandered to achieve smaller footprint. We designed the resonant loads
with the capacitive open-ended microstrip section 1 ym wide and 1000 pm long, and
inductive short-ended microstrip section with width 1 ym and length 1076 ym. The
vertical gap between the two Nb layers forming the microstrip signal line and ground
plane is 0.615 pym. An rf-SQUID offers a variable inductance when coupled to an
external magnetic flux. Adding an array of 56 rf-SQUIDs alongside the shorted
microstrip section provides the tunability in load impedance and phase shift. The
value of microstrip inductance changes with the change in inductance of the
rf-SQUIDs. The change in inductance provided by each rf-SQUID can be studied
analytically using the approach of Barone and Paterno [60].

In order to derive the expression for the change in inductance of the microstrip
inductor when coupled to an array of rf-SQUIDs, we consider a unit-cell microstrip TL
model shown in Fig. 4.18. The microstrip unit-cell consists of an equivalent shunt
capacitance C, and series inductance Ly, which is coupled to one superconducting
loop with inductance L and JJ with inductance L;. The coupling between the inductors
Lm and Ls is defined in terms of mutual coupling M; and coupling coefficient K;. In
the proposed topology, an additional microstrip control TL is monolithically integrated
on-chip, which runs parallel to the rf-SQUIDs. The unit inductance of the control
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microstrip TL L. is coupled to the SQUID loop inductance Ls with mutual inductance
M, and coupling coefficient K.

M2 MZ
Kz — 1 ; KZ — 2 )

When a control current iy is provided to the control TL, a magnetic field is generated
around the microstrip top conductor, which produces a geometrical flux ¢ext inside the
SQUID loop given by:

(Pext - MZidc (4-10)

A circulating current i is induced in the SQUID loop to screen this flux, due to flux
quantization condition. The flux due to the circulating current also adds to the total
flux ¢s, leading to the following expression:

$Ps = Pext + Lsis (4.11)

The circulating supercurrent depends on two factors: the critical current I of the JJ and
the total flux in the SQUID loop:

2
is = —I. sin%% (4.12)
0

where ¢ is the flux quantum (¢y = 2.0679 x 10~ °Wb) and I is determined by the
area of the junction A and the current density J. of the Nb-AlOx-Nb junctions (I. =
Jo x A =0.707mA). The behaviour of the SQUID is characterized by the screening
parameter of rf-SQUID given by:

2L
b= (4.13)

For this application, the condition B < 1 is satisfied, the internal flux in the SQUID
increases monotonically with the external flux gext.

SQUID inductance is a combination of the junction inductance and the inductance of
the superconducting loop. The effective inductance controlled by modulating the
magnetic flux threading the junction loop can be obtained as:
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Figure 4.18: (a) Circuit model of a single rf-SQUID coupled to microstrip line section, (b) 3D

realization of the circuit model.

Leff = -
Differentiating Eq. (4.11) w.r.t is

d¢ext o
dis Ls

Differentiating Eq. (4.12) w.r.t ¢s

dis _2nl

dps <P0C

Combining Egs. (4.13, 4.14, 4.15, 4.16)

d(Pext

1
i/ dg,

o(22)
$o

L

Leti = Ls + Bcos(27ps/ o)

Leff = Ls + Lj

where L; is the junction equivalent inductance.

Ls

L= B cos(2mtes /o)
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Figure 4.19: The lumped element equivalent circuit of the reflective load and the simulated load
impedance range and phase shift range.

The effective inductance of the microstrip inductor L, coupled to the SQUID is given
as:

L
L' =L {1—1@—5}
m T m 'L+ Lg

— Lm [1 - Ki } (4.18)
14+ (1/Bcos(27tgps/ o))
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The inductance of the microstrip inductor unit-cell is changed as:

L, =Ln(1—AL)
The change in inductance is expressed as:

2
Kl

AL = 1+1/Bcos(2mps/ o)

(4.19)

The inductance change resulting from a single SQUID is scaled when an array of
rf-SQUIDs is coupled throughout the length of the microstrip inductor. As shown in
Fig. 4.17, the equivalent circuit of the proposed reflective load topology consists of an
inductor Lgr connected in parallel with a capacitor Cr with individual reactances given

by:

—1
XLR = CUOLR,' XCR = C(JOCR (420)

An array of 56 SQUIDs leads to a total inductance change AL of 374 pH. The change in
inductance leads to a change in phase of the load reflection coefficient as shown on the
smith chart in Fig. 4.19 at 10 GHz and 15 GHz. The phase shift § from the reflective
loads is obtained when the inductor is varied between minimum inductance (Lin)
and maximum inductance (Lmax) values in the X- and Ku- band frequencies. A
method to increase the phase shift range is described in detail in section 4.3.3.

Using the dimensional parameters of the design given in Table 4.4, the theoretical
phase prediction of the proposed RTPS at 10 GHz with the control current ranging
from 0 mA to 6.25mA is compared with the measured phase shift from the fabricated
structure at 10 GHz and 15 GHz in the section 4.3.3.

4.3.3 Measurement Results

The fabricated phase shifter is tested using the experimental setup shown in Fig. 3.18.
Calibration is done at cryogenic temperatures. The S-parameters of the phase shifter
are measured using on-wafer probing with ground-signal-ground (GSG) RF probes on
the input and output ports. A source measurement unit (SMU) is used to provide the
control current in precisely controlled steps. The analog operation of the phase shifter
is observed by providing control current at the DC pads. The measured S-parameters
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Figure 4.20: (a) Measured S-parameters of the analog phase shifter from 8 GHz to 18 GHz for
the control current range 0 mA to 3mA, and (b) Measured relative phase shift of the device in
the X- and Ku- Band.
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Figure 4.21: Measured relative phase shift for control current values 0mA to 3mA (a) in the
frequency range 8 GHz to 12 GHz, and (b) in the frequency range 12 GHz to 18 GHz.

from the proposed device over the frequency range 8 GHz to 18 GHz are shown in

Fig. 4.20(a), and the unwrapped relative phase shift over the operating range is shown
in Fig. 4.20(b). The measured insertion loss is <1.5dB for all values of control current
from 0 mA to 3mA over the frequency range 8 GHz to 18 GHz. The measured return
loss of the phase shifter module is >17 dB for the entire bandwidth. The return loss is
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Figure 4.22: Simulated phase shift prediction with the change in control current from 0 mA to
3mA and the measured phase shift from the fabricated device (a) at the centre frequency 10 GHz
in the X-band, (b) at the centre frequency 15 GHz in the Ku- band, (c) measured insertion loss at
10 GHz and 15 GHz with the control current, (d) measured return loss with the control current
at 10 GHz and 15GHz.

greater than 26 dB at 10 GHz and greater than 35dB at 16.5 GHz for the entire control
current range of 0 mA to 3mA.

The measured phase tuning range in the X- band and Ku- band is shown in Fig. 4.21(a)
and (b), respectively. The maximum phase shift of 49.31° is observed at 10 GHz with
continuous and dense tuning steps. Control current can be varied between 0 mA to
3mA to get any desired phase value within 49.31° region. In the Ku- band, a phase shift
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Table 4.5: Comparison of the proposed phase shifter with state-of-the-art

Operating Active Superco. Overall Control Type Phase Ins. No. of
Frequency  Element Material Size (Magnetic Field/ Shift Loss squid/
(GHz) - (LTS/HTS) (mm?) DC Current) (®) (dB) JJs

This 8—18 rf-SQUIDs  Nb (LTS) 0.6 DC Current 49° at 10GHz 2 112
[103] 9.95-—10.05 rf-SQUIDs YBCO (HTS) 4.94 Mag. Field 10° at 10GHz 5 1
[104] 8—12 rf-SQUIDs  YBCO (HTS) 12 Mag. Field/Current 20° at 10 GHz 2 2000
[58] 5—-15 rf-SQUIDs  Nb (LTS) 20 Mag. Field/Current 60°at11.6GHz 5 1600
[105] 8§—-12 JJarray  YBCO (HTS) 25 DC Curr./RF Power ~ 8°at 10GHz 12 300
[83] 8§ —27 rf-SQUIDs  Nb (LTS) 4 DC Current 130°at10GHz 0.69 2256

range of 66.89° is achieved at 15 GHz for the control current ranging from 0 mA to
3mA. The measured change in phase with respect to control current at 10 GHz and
15GHz is plotted along with the simulated phase shift prediction in Fig. 4.22(a) and
(b), respectively. The measured values agree well with the simulated phase shift. The
insertion loss variation with control current at the centre frequencies in X- and Ku-
band is given in Fig. 4.22(c). The insertion loss at 10 GHz is less than 1.2 dB for the
control current range 0 mA to 3mA and less than 1.5 dB at the frequency 15 GHz.

Fig. 4.22(d) highlights the change in return loss with the control current at 10 GHz and
15 GHz. The return loss is better than 27 dB for the entire control current range at

10 GHz and better than 19dB at 15 GHz.

Table 4.5 compares the proposed phase shifter with other state-of-the-art
superconducting phase shifters operating in the similar frequency range. Various
rf-SQUID/]J]J array based phase shifters are compared on the basis of type of
superconductor material, overall size, control type, phase shift range, insertion loss
performance, and the number of SQUIDs/]JJs used. Most of the rf-SQUIDs based phase
shifters in literature are implemented as a microstrip transmission line coupled to an
array of rf-SQUIDs. The biggest drawback of this approach is that a large number of
SQUIDs are required to achieve the phase shift, for instance, 2000 YBCO based
rf-SQUIDs are used in [104] to attain a phase shift range of 20° at 10 GHz, and 1600 Nb
based rf-SQUIDs used in [58] provide a maximum phase shift of 60° at 11.6 GHz. In
our previous work utilizing a similar approach [83], we demonstrated a maximum
relative phase shift of 130° at 10 GHz with 2256 rf-SQUIDs. Using YBCO based J]J
arrays, [105] exhibited a phase shift of 8° at 10 GHz. Another major drawback of these
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Figure 4.23: The lumped element equivalent circuit of the reflective load and the improved load
impedance range and phase shift range.

designs is their large device footprint due to the use of a long microstrip line. Moreover,
this approach is prone to exceeding the current density of the superconductor and
self-heating. In [103], a phase shift of 10° is observed at 10 GHz with single rf-SQUID.
However, the device reported in [103] is not a wideband phase shifter and has a very
narrow operating range of 9.95 GHz to 10.05 GHz. The proposed analog phase shifter
shows a relative phase shift of 49° at 10 GHz using lesser number of rf-SQUIDs and
smaller chip area compared to all the others. The chip area can be further reduced by
using the meandered type design of the hybrid coupler described in [106].
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4.3.4 Maximizing the Phase Shift

In order to increase the phase shift, the difference between maximum and minimum
impedance values of the tunable load in Eq. 2 needs to be increased. Simply increasing
the number of rf-SQUIDs will increase the variable inductance range and hence the
phase shift. We have simulated and predicted an increased phase shift of 85.7° at

10 GHz and 91.6° at 15 GHz if the number of rf-SQUIDs in each reflective load are
doubled. Simulated unwrapped relative phase shift with 748 pH change in inductance
in each reflective load is shown in Fig. 4.23. Other reflective load topologies can be
used and optimized to achieve a higher phase shift. Another possible solution is to
cascade two RTPS modules, and can be extended upto n number of cascaded stages to
achieve increased phase shift range [107]. However, in the cascaded RTPS approach,
the insertion loss of the device also scales up with each added stage.

To summarize, an analog rf-SQUIDs-based reflective type phase shifter that provides a
49° and 67° continuous phase shift in the X- and Ku-bands, respectively is developed.
The phase shifter offers low insertion loss for different phase states over the whole
bandwidth. The proposed structure utilizes a tandem hybrid coupler that offers 3 dB
coupling to the through and coupled ports. An array of rf-SQUIDs coupled to the
microstrip acts as variable inductor in the reflective loads and provide a repeatable and
precise operation of changing the signal phase with low control current. The effect of
increasing the number of rf-SQUIDs in each reflective load is studied to optimize and
increase the phase shift range. Since this design offers a dense analog tunable phase
shift range, it can serve as a useful component for the quantum circuits tool box.
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Chapter 5

Power Dependent Microwave Power
Limiter and Variable Attenuator

5.1 Superconducting Microwave Power Limiter Using
rf-SQUIDs

Cryogenic RF receivers utilize low-temperature superconductor (LTS) Josephson
Junction (JJ) based analog-to-digital converter (ADC) to digitize the RF signal directly
from the antenna without the need of an analog down-conversion circuit [ 108]. Such
ADCs are based on rapid single-flux-quantum (RSFQ) technology, hence, they are at a
high risk of getting damaged even by RF signals with very low power levels above
—15dBm [9, 10]. In addition to the ADCs, analog circuits like low-noise amplifiers
(LNAs) also require high-performance input signal limiters. Most power limiters are
not capable of limiting such low power levels. Our objective is to develop a LTS power
limiter which can provide protection against power levels above -15 dBm and can be
monolithically integrated with other components on the superconducting chip.

The most common configurations of a limiter circuit utilize semiconductor PIN diodes
or Schottky diodes connected in single-stage, multi-stage, anti-parallel, or stacked
fashion [24-26]. Such semiconductor diode-based limiters have a major limitation that
the threshold power level is high and cannot be reduced below a certain power level.
Various RE-MEMS based power limiters have also been reported utilizing the
self-actuation phenomenon of the MEMS switches at high RF power levels [28, 31] or
varactors to control the input signal [84]. The advantages of using MEMS for power
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limiter applications include linearity, low power consumption, high isolation, and low
insertion loss. However, reliability issues of the MEMS devices and the high threshold
RF power level for limiting are the major drawbacks of this approach [88]. Another
approach used to develop microwave power limiting devices is based on reversible
semiconductor-to-metal transition of vanadium dioxide thin films, but they fail to offer
low threshold power levels [33]. The magnetostatic wave (MSW) frequency selective
limiters have significantly low threshold power levels (< —25dBm), but MSW are long
wavelength spin waves that exist only over a limited frequency range (400 MHz to
4GHz) [35].

The previous attempts to develop a superconducting power limiter as discussed in
detail in chapter 2 utilize the switching of high temperature superconductor (HTS)
transmission line from low-loss superconducting state to the high-loss normal state
when the microwave currents in the device exceed the critical value at high RF power
levels [16, 19]. A major drawback of such designs is that all of the energy is dissipated
into the superconductor at its switching to the normal state, causing excessive heating
of the superconductor and delayed recovery of the superconducting state after the
operation. Moreover, all the above techniques [16, 19, 24-26, 28, 31, 33, 35, 84, 88] are
not amenable to monolithic integration with superconducting receivers. In this paper,
we use radio frequency superconducting quantum interference devices (rf-SQUIDs) as
the active element to achieve the power limiting operation. The developed power
limiter demonstrates a threshold limiting power of —15dBm and can be monolithically
integrated with other superconducting components. With the recently growing
interest in quantum computers, this power limiter can also serve as a valuable addition
to the quantum engineering library by limiting the RF power of the control signals
provided to the sensitive qubits.

5.1.1 RF Power Dependent Phase Shift in DJI Transmission line

A microstrip transmission line (TL) tightly coupled to an array of rf-SQUIDs provides
a phase shift at the output controlled by the dc current as demonstrated in chapter 4,
section 3.2. This phase shifting response can also be achieved using RF power instead
of dc current as shown in the theoretical analysis in section 3.2. The amount of RF
power provided to the microstrip TL controls the flux through SQUID inductance
loops. Individual SQUID acts as a flux sensitive variable inductor, and since it is
magnetically coupled to the microstrip TL, change in SQUID inductance causes change
in the effective inductance of the TL and hence the phase of the output signal [57, 58].
The response of a meandered microstrip with an array of 3196 rf-SQUIDs laid out in
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Figure 5.1: Measured S-parameters and relative phase shift of the microstrip line coupled with
rf-SQUIDs over the RF power sweep from —30 dBm to 10 dBm.
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Figure 5.2: Calculated phase shift prediction with the change in RF power and the measured
phase shift from the fabricated device.

series along the length of the microstrip top conductor is shown in Fig. 5.1. In the
operating frequency range of 9 GHz to 11 GHz, a phase change of 176° is observed
when the RF power is swept from —30 dBm to 10 dBm. The insertion loss stays below
1.6 dB for all input power levels, and the return loss is maintained at > 20 dB as shown
in Fig. 5.1. The theoretical prediction of phase shift with RF power at 10 GHz as
described in section 3.2 is in close agreement with the measured relative phase shift
from the fabricated device.

5.1.2 Power Limiter Design and Operation Principle

The schematic of the proposed LTS power limiter, as shown in Fig. 5.3, comprises of
two 90° (quadrature) hybrid couplers. Each quadrature hybrid coupler consists of four
ports namely: input port (1), through port (2), coupled port (3) and an isolated port
(4). The through and coupled ports of the first hybrid coupler are terminated by two
identical length microstrip transmission lines (TL). One of the microstrip TL is coupled
to rf-SQUIDs throughout its length, hence offers a variable phase as explained in detail
in chapter 4. The other ends of the two microstrip TLs are connected to port 1 and port
4 of the second hybrid coupler. The output RF powers at the two remaining ports are
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Figure 5.3: Schematic of the proposed power limiter consisting of two quadrature hybrid cou-
plers and two microstrip TLs. One of the microstrip TL is coupled to an array of rf-SQUIDs and
provides a variable phase 6,, while the other microstrip TL offers a fixed phase angle 6;. The
output powers P; and P, are a function of the phase difference Af between the two microstrip
TLs.

Py = Py, sin?(A8/2) and P, = Py, cos?(A#/2). Hence, the output power is controlled by
the phase difference A8 between the two microstrip TLs, which in turn depends on the
RF power. An optical micrograph of the fabricated device is presented in Fig. 5.4. The
two microstrip meandered conductors are designed on two different Nb layers with
ground plane between them to make the design compact as shown in Fig. 5.5. The
SQUIDs are placed between the top microstrip and the ground plane, using two
additional Nb layers shorted by a JJ. An array of rf-SQUIDs is placed throughout the
length of the top microstrip with 2 ym gap between two consecutive SQUIDs.

A power limiter is designed using the design topology shown in Fig. 5.4. Two hybrid
couplers are used in the design with two phase shifters offering different phases at
same RF power level. A complete layout of the power limiter designed for operation at
10 GHz is shown in Fig. 5.4. The input RF signal is given at the port 1 of hybrid coupler
1 and its port 2 is connected to the microstrip line on M1 with no rf-SQUIDS (acting as
first phase shifter). Port 3 of the hybrid coupler 1 is connected to the microstrip line on
M7 with an array of rf-SQUIDS below it. The ground plane for both microstrip TLs lies
on M4. A 3D view of the microstrip lines on different superconducting layers is shown
in Fig. 5.5. Port 4 is terminated in a matched 50 ohm load. A zoomed view of the 50
resistor is shown in the inset in Fig. 5.4. Using symmetry of the hybrid coupler design,
port 1 of hybrid 2 is connected to M1 microstrip line and port 4 is connected to M7
microstrip containing rf-SQUIDs. Port 2 is terminated in 50 Q load and the output RF
signal is measured at port 3.
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Figure 5.4: Optical micrograph of the developed power limiter showing the monolithic integra-
tion of two quadrature hybrid coupler sections with two meandered microstrip TLs. The JJs
underneath the top microstrip TL and the 50 Q) load termination are highlighted.

Top Superconducting Microstrip TL

Array rorf
rf-SQUIDs.

Common Ground
~ Plane

Bottom Superconducting Microstrip TL

Figure 5.5: Layout of the meandered microstrip TLs used in the power limiter. The top microstrip
is coupled to rf-SQUIDs. The two microstrip lines share a common ground plane.
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Table 5.1: Design specifications of LTS Power Limiter

Name of the Parameter Value
Length of microstrip line 16.8cm
Diameter of circular JJs 3um
Critical current of JJ 0.707 mA
Length of each rf-SQUID 50 ym
Length of Hybrid coupler 2.33 mm

Coupling gaps in Hybrid coupler 1um

5.1.3 Measurement Results of Power Limiter

The RF performance of the fabricated power limiter is measured using Lakeshore
cryogenic probe station and Keysight performance network analyzer (PNA-X). The
chips are loaded in the4 K temperature stage as shown in Fig. 5.6. Our measurement
test chamber is fully shielded to ensure no interference from external magnetic fields.

The fabricated power limiter is tested at different RF power levels ranging from
—30dBm to 10 dBm and the measured insertion loss and return loss over the frequency
range 9 GHz to 11 GHz are indicated in Fig. 5.7. At the centre frequency of 10 GHz, the
insertion loss increases from 0.3 dB to 24 dB for the input RF power sweeping from
—15dBm to 10 dBm while no change in the insertion loss is observed up to —15dBm
and the insertion loss curved overlap at 0.3 dB. The measured return loss at the input
port is maintained at better than 20 dB for all power levels. The limiter offers minimum
attenuation when a low-power signal is incident on it, but as the signal crosses the
threshold level, the attenuation starts increasing with increasing power as shown in
Fig. 5.8. The incident RF power is transmitted through the circuit with minimum
insertion loss at low power levels until the threshold value of —15dBm is reached.
When the input RF power increases above the threshold value, the signal is attenuated
and the output signal level is limited at —15dBm.

Two tone intermodulation testing is performed at 10 GHz, with a frequency separation
of 100 MHz between the two signals. The measurements results shown in Fig. 5.9
reveal that no nonlinear harmonics are present at the power limiter output spectra at
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GSG Probe i

i

Figure 5.6: The chips loaded inside the cryogenic chamber of Lakeshore probe station for testing.
The chamber has two RF GSG probes, two dc probes and the chip holder is loaded on the 4K
temperature stage.

the levels of input signal up to at least —20 dBm. The intermodulation products start
appearing in the spectrum at power levels > —15dBm.

It is worth highlighting that the phase of the rf-SQUID loaded microstrip TL can be
controlled using various methods such as dc current, external magnetic field, RF
power, or dc superimposed with RF power. The objective of the presented power
limiter is to demonstrate the RF power dependency on the limiting operation without
providing any additional bias or excitation signals. While majority of the power
limiters behave like a circuit breaker which cuts off the output power instead of truly
limiting it while the proposed power limiter limits the output power at a designed
threshold power level. To the best of our knowledge, this is the first ever demonstration
of an RF power dependent power limiter for cryogenic systems.

In conclusion, a novel design of a microwave power limiter for applications in
superconductor based receivers is presented. A pair of wideband hybrid couplers is
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Figure 5.7: Measured insertion loss and return loss response of the power limiter over the fre-
quency range 9 GHz to 11 GHz with the input RF power level sweeping from —30 dBm to 10 dBm.
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Figure 5.8: (a) Measured insertion loss and return loss of the power limiter for the input RF
power range of —30dBm to 10dBm, (b) Measured output RF power as the input RF power is
increased from —30dBm to 10 dBm.

used in the design along with two microstrip transmission lines, one of which is
magnetically coupled to an array of rf-SQUIDs. Measured S-parameters and non-linear
performance of the power limiter were investigated over power levels ranging from
—30dBm to 10dBm. The power limiter begins to limit the RF signal when the
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Figure 5.9: Two tone intermodulation response of the power limiter at different input RF power
levels ranging from —30 dBm to 5 dBm.

threshold power level of —15 dBm is exceeded. A detailed analysis of the inductance
variation of the microstrip TL due to magnetic flux coupling with rf-SQUIDs is
presented, from which the change in output phase with the applied RF power is
theoretically analyzed. The simulation results of mutual coupling between rf-SQUIDs
and microstrip TL are presented. The phase shift obtained from the rf-SQUID coupled
transmission line can be adjusted by increasing the number of coupled rf-SQUIDs.

5.2 Variable Attenuator

In the physical implementation of modern superconducting quantum computing
systems, radio frequency (RF) attenuators play a significant role in the measurement
and control setup for qubits. The quantum state of a qubit is read out by probing with
heavily attenuated microwave signal (typically <-60dBm) [1] The input microwave
signal travels through a chain of attenuators mounted at different temperature stages.
Ideally, the attenuators and directional couplers used on the input line need to be well
thermalized and should have minimal self-heating to avoid the dephasing of qubits.
Excess thermal photons generated by the microwave components limit the coherence
times of superconducting qubit.

103



CH. 5 — POWER LIMITER AND ATTENUATOR 5.2. VARIABLE ATTENUATOR

The commercial off-the-shelf microwave attenuators have a downside that the
stainless-steel package along with the insulator material inside have low thermal
conductivities at low temperatures. Such attenuators, not designed for operation at
millikelvin temperatures, raise the noise temperature on the input line. Recent research
efforts involve using materials with better thermal and electrical properties and using
improved circuit topologies. A fixed level of attenuation is achieved using a
lumped-element thin-film resistive network made from nichrome (NiCr) [109]. The
fundamental limitation is that even with proper choice of materials and circuit layout,
the temperature difference inside the resistive network cannot be reduced below a
certain level at millikelvin temperatures [110]. Microwave cavity attenuators made
from low-temperature compatible normal metals such as brass,
oxygen-free-high-thermal-conductivity (OFHC) copper have been explored, but they
offer extremely narrowband performance [111]. Not only in the quantum
measurement systems, but the demand for on-chip precise microwave attenuators for
integrated mm-wave superconducting receivers is long standing [ 108, 112]. Previously,
the performance of a Josephson junction (JJ) itself as a variable attenuator has been
explored based on its change in the microwave impedance when dc biased at different
points in the current-voltage characteristics [ 113], but it fails to offer a wide dynamic
range and is limited to a few micro-watts saturation level. This welcomes other
microwave techniques to achieve the desired attenuation.

In this section, an experimental demonstration of a dc current controlled LTS
microwave attenuator is presented which provides variable and flat attenuation over a
wide frequency range without depending on the dissipative properties of the material
and can be monolithically integrated with other superconducting components to
provide a single-chip solution.

The proposed design consists of two quadrature couplers and two microstrip
transmission line (TL) sections as shown in the optical image in Fig. 5.10. One of the
TL is coupled to an array of 230 rf-SQUIDs which represents electromagnetically
coupled variable inductors, providing a variable phase 6; controlled by low dc control
current. The other microstrip TL offers a fixed phase 6,. The output attenuation is a
function of the phase difference Af between the two TLs. The dc control current is
provided using a separate microstrip line running parallel to the rf-SQUID loops. The
unused ports of the hybrid couplers are terminated in matched load using 50m
monolithically integrated microresistors as shown in the first callout in Fig. 5.10 using
the high-sheet-resistance layer R5 in the fabrication process. The second callout in the
image shows the interconnections in the hybrid coupler design routed from a second
Nb layer using vias. The gap g1 = 1 ym, gap g» = 2 pm, [, = 8 ym and ws = 20 ym. The
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Figure 5.10: Design layout of a superconducting microwave variable attenuator consisting of two

microstrip TLs disposed between two hybrid couplers. One of the microstrip TL is loaded with

230 rf-SQUIDs. The unused hybrid coupler’s ports are terminated with 50 () micro-resistors.
DC Control Lines

Hybrid Coupler
Array of rf-SQUIDs
Top LTS Microstrip TL
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= 50 Q Resistor

Bottom LTS Microstrip TL

Figure 5.11: Layout of the folded microstrip TLs used in the variable attenuator. The top mi-
crostrip is coupled to an array of rf-SQUIDs. The top an bottom microstrip line share a common

ground plane.
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Figure 5.12: The chips loaded inside the cryogenic chamber of Lakeshore probe station for test-
ing. The chamber has two RF GSG probes, two dc probes and the chip holder is loaded on the
4K temperature stage.

rf-SQUID design is highlighted in the third callout where g5 = 1 pm, wgy = 18 pym and
lsg = 17 ym. The JJ © used in the design is 3 um, which is a tri-layer juntion as shown in
the rendered image in the fourth callout of Fig. 5.10. The overall device dimensions are
2.6mm x 0.5 mm. The two microstrip lines are arranged on different Nb layers (M6
and M1) with a common ground plane between them (M4) as shown in Fig. 5.11. The
rf-SQUIDs are placed along the top microstrip.

The variable attenuator is fabricated using MIT-LL SFQ5ee process and tested in
Lakeshore Cryogenic Probe station on 4 K stage as shown in Fig. 5.12. The
measurement results of the S-parameters are shown in Fig. 5.13. Looking at the
measured magnitude of Sy1, the device displays more than 30 dB of precise analog flat
attenuation tuning range over 8 GHz to 12 GHz with a dc control current ranging from
0mA to 4.5mA. The device exhibits a very wideband operation with impressive
variable attenuation seen not only in the X— band but also in Ku— band. The return
loss at the input port for most states is less than 17 dB from 8 GHz to 18 GHz. To the
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Figure 5.13: Measured S parameters of the variable attenuator showing the insertion loss Sp; and
return loss Sy; for the control current sweep from 0 mA to 4.5mA.
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best of our knowledge, this is the first implementation of a variable attenuator using
distributed rf-SQUIDs.

5.2.1 Phase Shifter Using rf-SQUIDs

Since the variable attenuation mentioned above is a result of the phase difference
between the two TLS, it is interesting to individually know the phase shift offered by
the microstrip TL coupled to 230 rf-SQUIDs with control current. A standalone device
is designed as shown in the optical image of the fabricated device in Fig. 5.14 with two
RF ports connected by a meandered microstrip TL. The microstrip TL is coupled to 230
rf-SQUIDs (same as used in variable attenuator). The rf-SQUID loops lay along the
length of the microstrip and a second microstrip line running parallel to the SQUID
loops is used to provide DC flux. The dc control current is provided on the two DC
pads. The overall footprint of the phase shifter is 0.64 mm x 0.55 mm.

The phase shifter is tested at 4K, for a dc current sweep from 0 mA to 4.5mA, a signal
phase shift of 130° is measured at 10 GHz in X—band and 184° at 15 GHz in Ku—band
as shown in Fig. 5.15. For the entire control current sweep from 0 mA to 4.5mA, the
measured insertion loss (Sp1) is less than 1dB in the X—band and less than 2 dB for
entire frequency range 1 GHz to 20 GHz. The return loss at the input port is better than
18 dB in both X— and Ku— bands.

To verify the concept and study any coupling effects between the microstrip RF line
and the dc control current microstrip line, another clone of the device is fabricated as
shown in the optical image in Fig. 5.16 with rf-SQUIDs removed from the layout. The
measurement results shown in Fig. 5.17 show no phase shift with the dc current sweep
and the insertion loss and return loss remain consistent. This proves that the phase
shift is a result of the variable inductance of rf-SQUIDs with the dc flux.

To summarize, a LTS analog microwave variable attenuator is developed which can be
monolithically integrated with other components on the superconducting chip. The
variable attenuator design uses two wideband hybrid couplers and a phase shifter. The
phase shifter realized using a superconducting microstrip transmission line coupled to
an array of rf-SQUIDs provides a phase shift of 130° at 10 GHz and 184° at 15 GHz. The
variable phase shift is controlled by using dc current, which effectively controls the
level of attenuation at the output. The variable attenuator exhibits more than 30 dB of
precise analog flat attenuation tuning range in the X-band with more than 45dB of dc
current controlled attenuation in Ku-band. The device is fabricated using a multilayer
advanced superconducting process by MIT Lincoln laboratory. The large variable
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attenuation range demonstrated by the device and its potential for monolithic
integration with other Nb-based circuits makes it a desirable candidate for quantum
circuit measurements.
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Figure 5.14: Optical micrograph of the fabricated phase shifter consisting of an array of rf-
SQUIDs placed along a meandered microstrip TL connecting the two RF ports. The control
current is provided to a separate microstrip running parallel to the rf-SQUIDs. The enlarged
section highlights the rf-SQUID loop placed between the RF signal carrying microstrip line and
the dc current line.
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Figure 5.15: Measured S-parameters of the phase shifter from 1 GHz to 20 GHz with a dc current
sweep from 0mA to 4.5mA. The relative phase shift (£Sy;), insertion loss (|S21]), return loss
(|S11]) in the X-band and Ku-band are highlighted.
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Figure 5.16: Optical micrograph of the phase shifter design similar to Fig. 5.14 with the rf-SQUIDs
removed. Two parallel running microstrip lines can be seen in the highlighted section.
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Figure 5.17: Measured S-parameters of the phase shifter from 1 GHz to 20 GHz with a dc current
sweep from 0 mA to 4.5mA. No change in signal phase (£S5;), insertion loss (|S»1|), return loss
(|S11]) is observed.
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Chapter 6

Magnetless Superconducting Circulator

6.1 LTS Microwave Magnetless Circulator

RF cryogenic circulators play a prominent role in the readout of quantum bits (qubits).
Readout signals require significant amplification (typically 70 dB to 80 dB) for room
temperature demodulation circuitry. This is achieved by using a Josephson parametric
amplifier which is implemented as a single-port device that amplifies in reflection. RF
circulator is a three-port non-reciprocal device that allows the signals to flow in one
direction while inhibiting propagation in the reverse direction. Hence, circulators play
a very important role of separating the incoming signals from the reflected amplified
output from the Josephson parametric amplifier while maintaining a 50 Q impedance
at the quantum circuit.

For a very long time, nonreciprocity has been almost exclusively achieved through
magnetic biasing of ferrite materials. While conventional ferrite type circulators can be
designed to operate at cryogenic temperatures [114, 115], such circulators are
incompatible with other superconducting components. There are a number of reasons
that ferrite circulators are inconvenient for quantum computing research. First, they
are bulky, occupying valuable space in a dilution refrigerator. Second, they require a
large magnetic bias field that is incompatible with the superconducting microwave
circuit-based qubits are built on. Third, they introduce loss that is inherent to
microwave propagation in ferrite materials. This loss on top of other losses from cables
and connectors, impacts the overall system noise or measurement efficiency. With that
being the case, in the last few years, a number of researchers are working on the
development of such nonreciprocal devices that emphasize compactness, freedom
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from large magnetic bias fields, very low loss, and have the potential to be
monolithically integrated with other components on a single superconducting chip.
Such cryogenic circulators also find application in the front-end of integrated
superconductor receiver systems.

In our approach to building a superconducting magnet-less circulator, we will use the
principle of spatiotemporal modulation angular-momentum (STM-AM). The concept
of STM-AM was initially introduced by Andrea Alu et. al. in 2014 who presented a
magnetless circulator for airborne sound by synthesizing an effective
angular-momentum bias in the form of the mechanical rotation of air inside a circularly
symmetric resonant acoustic cavity [116]. Some notable works extending these
concepts to realize various nonreciprocal components for electromagnetic signals,
including gyrators, isolators and circulators have been reported. However, all of the
above-mentioned implementations are at room temperature either on a PCB using
varactors [47], monolithic CMOS integration [48], or using MEMS [49]. However,
development of cryogenic circulators using STM-AM remains unexplored and an
absolute need. Instead of achieving nonreciprocity through the use of magnetic
materials, time-dependent reactive elements can be used to provide nonreciprocal
operation. A standard superconducting circuit element, the Josephson junction, can be
operated as a time-variable reactance.

6.2 Operation Principle

The technique used here to accomplish magnetic-free non-reciprocity is founded on
angular momentum biasing of a resonant ring. In case of acoustic waves, mechanically
spinning a fluid generates the angular momentum required to achieve

non-reciprocity [116]. In case of electromagnetic waves, an effective electronic spin can
be realized by spatiotemporal modulation using a travelling wave [45].

The primary circuit topology is shown in Fig. 6.1(c). The scheme is based on the
parametric modulation of three identical, strongly and symmetrically coupled
resonators arranged in a loop. We propose connecting three bandstop LC resonators in
a delta topology. This circuit does not allow transmission to any port without
modulation, however, when angular momentum is imparted, the degenerate modes of
the loop split, allowing nonreciprocal transmission. Each resonator consists of a fixed
value capacitor connected across an rf-SQUID (or an array of rf-SQUIDs), which acts
as a flux-tunable inductor. The flux modulation is achieved by coupling the SQUID to a
fixed coil which provides the modulated rf signal. The rf-SQUIDs inductively coupled
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Figure 6.1: (a) rf SQUID is used as a tunable inductor, (b) Three port circulator showing the
direction of signal circulation, (c¢) The proposed schematic of a superconducting circulator based
on synthetic rotation. Three rf SQUIDs are modulated by RF signal 120° out of phase from each
other. The phase progression between the three modulating signals establishes the direction
of circulation, (d) The SQUIDs act as tunable inductors and modulate the coupling coefficient
between the three resonators with resonance frequencies ws (t), wz(t), ws(f)

to external bias are used as the non-linear element. The resonant frequencies of the
individual tanks are modulated by external signals with the same amplitude and a
relative phase difference of 120°, imparting an effective electronic angular momentum
to the system. Three oscillatory microwave tones are required to modulate the
inductance and, therefore, the frequency of three resonant circuits in a cyclic manner.

The circuit can be represented as three resonators with resonance frequencies of wy,
wy, and w3 coupled to each other with a coupling coefficient k, as shown in Fig. 6.1(d).
Without modulation, all the three LC tanks resonate at the same frequency of

wlsz:wgsz:1/\/L0C
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with temporal modulation

w1(t) = wo + amcos(wpt)
wy(t) = wo + amcos(wpyt +27/3)
w3 (t) = wo + amcos(wpyt +47m/3)

where wy is the static value of the resonant frequency, a,, is the modulation amplitude
and wy, is the modulation frequency. The currents flowing through the three
resonators can be intepreted as a superposition of two counter-rotating modes.
Without modulation, these two counter-rotating modes are degenerate, consequently,
if a signal is applied from one port, transmission to the other ports is equal and the
network is reciprocal. When modulation applied, it synthesizes an effective
angular-momentum bias in the clockwise direction because the phases of the
modulation signals increase by 120°in that direction, thus lifting the degeneracy of the
rotating modes and enabling them to oscillate at different frequencies, achieving a
nonreciprocal routing of the signals between the ports. It can be seen that by choosing
proper modulation amplitude and frequency, the two modes interfere destructively at
one port and constructively at the other port, thus fulfilling the operation of a
circulator. This theory is validated with simulations in the following section.

6.3 Simulations

A Matlab simulink model is developed based on the proposed circuit topology. Three
resonators, each consisting of a variable inductor connected across a fixed capacitor, are
connected in delta topology. The modulation signal is applied in a clockwise manner
with 120° phase increment between the successive ports. Ideally, the signal applied at
port 1 should be routed entirely to port 2 (with minimal insertion loss), with no signal
at port 3 (maximum isolation). In order to find the values of frequency and amplitude
of the modulation signal that will lead to the desired circulation operation, the input
signal transmission to all the three ports is noted for a sweep of frequency values and
amplitude. Fig. 6.2 shows the S-parameters versus the normalized modulation
frequency f,/ fo and normalized modulation amplitude AL/L for fo = 10GHz, C =
0.76 pF, and Ly = 0.37 nH. For a signal applied at port 1, Fig. 6.2(a) shows the surface
plot of transmitted signal (in dB) to port 3 (isolation), while Fig. 6.2(b) shows the
signal (in dB) received at port 2 (insertion loss). Fig. 6.2(c) shows the reflected signal
(in dB) back to port 1 (return loss). Fig. 6.3(a-c) shows the 3D plots of isolation (S31),

116



CH. 6 — MAGNETLESS SUPERCONDUCTING CIRCULATOR 6.3. SIMULATIONS

AL/L
AL/L

0
0 0.2 0.4 0.6 0.8 1
/o
-60 -50 —-40 -30 -20 -10
Isolation (dB) Insertion Loss (dB)

(a) (b)

AL/L

Return Loss (dB)

(¢)

Figure 6.2: Surface plots of S-parameters versus the normalized modulation frequency and nor-
malized modulation amplitude (a) Isolation, (b) Insertion Loss, (¢) Return Loss.
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insertion loss (Sp1) and return loss (S11). Fig. 6.2(a-c) and Fig. 6.3(a-c) allow us to find
the modulation parameters for which the S-parameters become optimum, ideally, with
minimum return loss, minimum insertion loss, and maximum insertion loss.
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Figure 6.3: 3D plots of S-parameters versus the normalized modulation frequency and normal-
ized modulation amplitude (a) Isolation, (b) Insertion Loss, (¢) Return Loss, (d) Simulated
S-parameters showing non-reciprocal operation.

These quantities do not necessarily become optimum under the same modulation
parameters, showing that we may need to tradeoff one or several of them when
selecting the best possible modulation parameters. In this case the selected modulation
frequency is 1.63 GHz and the amplitude is 0.47 times the inductance Ly. Using these
selected values, the S-parameters of the circulator are shown in Fig. 6.3(d). The values
for isolation, IL, and RL at 10 GHz are 43 dB, 12 dB and 2 dB, respectively.
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6.4. CIRCULATOR DESIGN

6.4 Circulator Design

In the design implementation, each resonator consists of a metal-insulator-metal
(MIM) capacitor, C, connected in parallel with a meandered microstrip inductor, L, as
shown in Fig. 6.4. The resonator design is simulated using Sonnet EM and the
resonance is observed at 10 GHz. In order to make the inductor tunable, an array of 34
rf-SQUIDs is placed along the length of the inductor. The circulator design has three
branches arranged in a delta fashion, where each branch connects two consecutive RF
ports. A resonator is placed in each of these branches.

Modulation is applied using a delay TL placed alongside the rf-SQUIDs. The length of
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Figure 6.4: The resonator design steps: (1) a MIM capacitor and microstrip inductor, the Sonnet
EM simulation for the resonator, (2) rf-SQUIDs coupled to the inductor, (3) modulation signal

routed alongside the rf-SQUIDs.
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the delay TL between two consecutive resonators is adjusted such that it provides a
phase delay of 120° at the modulation frequency of 1.63 GHz. Fig. 6.5 shows the
meandered microstrip TL model simulated in Sonnet EM and the £S,; of 120°.
Another meandered microstrip section is shown in Fig. 6.6, displaying a Z551 of 240°.
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Figure 6.5: Sonnet EM model of a meandered microstrip line, simulated phase of 120° at
1.63 GHz.
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Figure 6.6: Sonnet EM model of a meandered microstrip line, simulated phase of 240° at
1.63 GHz.

=

The complete circulator layout is shown in Fig. 6.7, consisting of three identical
resonators connected in delta topology. The signal is provided from the three RF ports
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and an additional port for providing the modulation signal. The modulation signal
from the port is provided to first resonator, which after meandering is provided to
second resonator with a phase delay of 120°. The signal is provided to the third
resonator after an additional meandered length providing a phase of 240°. Due to
circulator’s threefold rotational symmetry, the non-reciprocal operation can be seen
even by rotating the indices as (1,2,3) — (2,3,1) — (3,1,2).
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Figure 6.7: 2D layout of the superconducting magnetless circulator consisting of three resonators
and the meandered delay lines.

i

Fig. 6.8 shows the 3D view of the circulator layout. It highlights the multi-layer design
of the circulator. The highlighted sections show the resonator and the rf-SQUIDs. The
rf-SQUID loop is designed on the same layer as the microstrip inductor and is shunted
by a J]. A stack of three metal layers separated by dielectric are used in MIM capacitor
keeping the footprint small. This monolithic implementation allows for a compact
circulator design compared to the state-of-the-art and also the potential to integrate it
with other superconducting components one a single chip.
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) Meandered TL
for Phase Shift

Figure 6.8: 3D layout image of the superconducting magnetless circulator consisting of three
resonators and the meandered delay lines.

6.5 Fabrication and Future Improvement

The cryogenic circulator is fabricated using superconducting Nb 8-layer fabrication
process. The RF pads are on layer M8 and the meandered microstrip delay line on layer
MBé. For the resonators, the inductor line is designed on layer M6 with the ground
plane lying on layer M4. The MIM capacitor is made from three Nb-layers M6-M4
separated by two SiO, dielectric layers. The optical image of the fabricated circulator is
shown in Fig. 6.9. The overall device footprint is 0.88 mm x 1.08 mm, however each
resonator is 0.15mm X 0.21 mm. The enlarged sections highlight the resonator and the
rf-SQUID design used in the resonator. If one of the ports of the proposed device is
terminated in matched load, it functions as an isolator which is another useful
component in the quantum readout circuitry.

This circulator design provides a lot of scope for further improvement. Using
multiple-pole filters instead of a single pole LC resonator arranged in the wye/delta
topology to achieve the desired circulator operation with wider bandwidth can be
investigated. The reconfigurability in the circulator operation using analog modulation
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Figure 6.9: Optical micrograph of the LTS magnetless circulator. The enlarged sections show a
single resonator and rf-SQUID. The overall chip footprint is 0.88 mm x 1.08 mm.

can be explored.
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Chapter 7

Conclusion

The main focus of this doctoral thesis is on the development of high performance and
reliable superconducting microwave devices such as phase shifters, tunable resonator,
power limiter, variable attenuator and magnetless circulator. The proposed devices
offer a reconfigurable operation using arrays of rf-SQUIDs and are fabricated using
MIT-LL SFQ5ee multi-layer Nb-based fabrication process. The major contributions of
this research are summarized below:

Contributions
The major contributions of this thesis are outlined as follows:

e A Nb-based analog ultra-wideband phase shifter for X- and K- band is presented.
The device is realized by coupling an array of rf-SQUIDs to a meandered
microwave TL, and the resulting dynamic inductance of the TL is theoretically
analyzed. The mutual coupling between rf-SQUIDs and microstrip TL is
simulated using Sonnet EM and Ansys Maxwell 3D. The phase of the output
signal is tuned by using dc control current and the experimental results are
discussed. The phase shift by changing RF power is also experimentally tested
and reported.

e A superconducting resonator design using an array of rf-SQUIDs as the tunable
inductors is presented. The design comprises of a multi-layer MIM capacitor and
a microstrip inductor line loaded by an array of rf-SQUIDs. With applied dc
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current, the device offers an ultra-wide tuning range with which surpasses the
tunability offered by other state-of-the-art superconducting resonators. The
presented resonator is excellent for monolithic integration with other LTS
integrated circuits requiring a wide tunability range and high tuning speed.

e Quadrature hybrid couplers serve as an important part of many complex
monolithically integrated circuits and systems. While room temperature hybrid
couplers are commercially available, they cannot be easily integrated with
cryogenic circuits. The design and experimental measurements of Nb-based
quadrature hybrid couplers using tandem coplanar waveguide architecture are
presented. The design is well suited for monolithic integration with other
superconducting circuits. In this report, the hybrid coupler is successfully
integrated with two rf-SQUID tunable reflective loads to build a reflective-type
phase shifter. The phase tuning with dc current is achieved by using on-chip
external dc control circuitry.

e A novel design of a microwave power dependent power limiter is presented for
applications in superconductor-based receivers. The topology uses a pair of
wideband hybrid couplers along with two microstrip TLs, one of which is
magnetically coupled to an array of rf-SQUIDs and offers a variable phase while
the other microstrip TL provides a fixed phase. Measured S-parameters and
non-linear performance of the power limiter are investigated for a range of RF
power levels. A design of variable attenuator based on this topology is also
presented, in which the variable levels of attenuation are achieved using dc
current. To the best of our knowledge, these are the first implementations of a
microwave power limiter and a variable attenuator using rf-SQUIDs.

e The principle of spatiotemporal modulation angular-momentum (STM-AM) is
explored for developing a superconducting magnetless circulator. The device
consists of three strongly and symmetrically coupled resonators. The proposed
design uses rf-SQUIDs, which act as flux-tunable inductors to achieve the desired
spatiotemporal modulation. The challenges with the proposed implementation
and device measurement are reported and possible resolutions are mentioned for
future work.

In summary, the focus of this research has been on the development of monolithically
integrated, reconfigurable superconducting microwave devices suitable for quantum
applications.
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Figure A.1: 5mm x 5mm chip layout submitted to MIT-LL.
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Figure A.2: 5mm x 5mm chip layout submitted to MIT-LL.
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Figure A.4: 5mm x 5mm chip layout submitted to MIT-LL.
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Figure A.5: 5mm x 5mm chip layout submitted to MIT-LL.
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Glossary

Active RF Components rely on an external power source to perform their functions.
Some of the most commonly used active RF components are: power amplifiers,
low-noise amplifiers, diodes, limiters, switches, transistors, mixers, phase-locked
loops, data converters etc.

Bandwidth (BW) is the range of frequencies for which the RF performance falls
within specific limits.

Bias Tee is used to supply DC currents or voltages to bias RF circuits. A Bias tee is a
three-port device consisting a capacitor and an inductor. A Bias Tee can be
thought of as a diplexer with an ideal capacitor that allows AC through but
blocks the DC bias and an ideal inductor that blocks AC but allows DC.

Characteristic Impedance (Zy) is the characteristic property of a transmission line
describing the ratio between electric and magnetic fields.

Circulator is a passive, non-reciprocal three- or four-port device, in which a
microwave or radio-frequency signal entering any port is transmitted to the next
port in rotation (only).

Coaxial Cable is a type of transmission line consisting of two concentric conductors
insulated from each other. In its flexible form it consists of either a solid or
stranded center conductor surrounded by a dielectric. A braid is then woven over
the dielectric to form an outer conductor. A protective plastic covering is placed
on top of the braid.

Coplanar Waveguide (CPW) is a type of electrical planar transmission line which can
be fabricated using printed circuit board technology, and is used to convey RF
and microwave-frequency signals. On a smaller scale, coplanar waveguide
transmission lines are also built into monolithic microwave integrated circuits.
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dBm is unit of level used to indicate that a power ratio (expressed in dB) with
reference to one milli-watt (mW). It is a relative measure of signal power where
the reference 0 dBm = 1 mW

De-Embedding is mathematically removing the measurements affected by the fixture
leaving only the behavior of the device under test. This is commonly used when
there are non-coaxial connection from the VNA to the DUT, and it is used on
circuit board traces, backplane channels, semiconductor packages, connectors or
other discrete components.

Decibel (dB) is a relative unit without dimensions calculated as ten times the
logarithm to the base 10 of a power ratio or as twenty times the logarithm to the
base 10 of a voltage ratio.

Dielectric Constant (e,) is the electrical property of a material that describes its
behavior in an electric field. The dielectric constant of the dielectric material is the
most important design parameter for transmission lines and MIM capacitors, and
determines dimensions, losses and propagation characteristics.

Dynamic Range in terms of signal analyzer dynamic range is the maximum power
ratio (in dB) between a high power signal and low power signal that are present
at the input of the signal analyzer — such that both signals can be discerned and
measured at the same time or in the same display.

GSG Probe is a type of contact probe with ground-signal-ground (GSG) contact
geometry in coplanar waveguide (CPW) configuration with specified pitch
(spacing). GSG probes are most commonly used to perform on-wafer/die RF
measurements.

Heterogeneous Integration refers to the assembly and packaging of multiple
separately manufactured components onto a single chip in order to improve
functionality and enhance operating characteristics.

Impedance Match is a condition in which the impedance of a component or circuit is
equal to the internal impedance of a transmission line. This gives maximum
transfer of energy from the source to the load, as well as minimum reflection and
distortion.
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Insertion loss (IL) is the amount of signal attenuation (expressed in dB) between the
input and output ports of the RF device when the switch is in the ON-state.
Insertion loss should be as low as possible for maximum power transfer.

Intermodulation Distortion (IMD) is a phenomenon that occurs when two or more
fundamental frequencies are present in an electronic circuit.

Isolation (ISo) is the amount of signal attenuation (expressed in dB) between the
input and output ports of the RF device when the switch is in the OFF-state.
Isolation should as high as possible.

Matched Load (ML) is a device used to terminate a transmission line or waveguide so
that all the energy from the signal source will be absorbed.

Microfabrication is the process of fabricating miniature structures of micrometer
scales and smaller. Historically, the earliest microfabrication processes were used
for integrated circuit fabrication, also known as “semiconductor device
fabrication”.

Microstrip is a type of transmission line configuration which consists of a conductor
over a parallel ground plane, and separately by a dielectric substrate.

Millimeter Wave (mmWave) communication systems have attracted significant
interest regarding meeting the capacity requirements of the future 5G network.
Millimeter waves are electromagnetic (radio) waves typically defined to lie
within the frequency range of 30 GHz to 300 GHz. The microwave band is just
below the millimeter-wave band and is typically defined to cover the 3 GHz to
30 GHz range.

Monolithic Integration is a process of manufacturing a complete functional circuit or
group of circuits in a single piece of substrate. Monolithic integration provides
the flexibility of miniaturization, performance enhancements and packaging
ready devices.

Niobium (Nb) a chemical element with atomic number 41. Niobium becomes a
superconductor at cryogenic temperatures. At atmospheric pressure, it has the
highest critical temperature of the elemental superconductors at 9.2 K. It also has
the greatest magnetic penetration depth of any element.
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Passive RF Components does not require a power source to perform their functions.
Some of the most commonly used passive RF components are: capacitors,
inductors, resistors, baluns, filters, attenuators, antennas, switches, phase shifters,
hybrids, power dividers, power combiners, matching networks etc.

Phase Shifter is used to change the transmission phase angle of an input signal.
Ideally phase shifters provide an output signal with an equal amplitude to the
input signal, any loss here will be accounted to the insertion loss of the
component. The input signal is shifted in phase at the output based on the
configuration of the phase shifter selected.

PIN Diode a diode with a wide, undoped intrinsic semiconductor region between a
p-type semiconductor and an n-type semiconductor region. The p-type and
n-type regions are typically heavily doped because they are used for ohmic
contacts.

Probe Station is used to physically acquire signals from the internal nodes of a
semiconductor device. The probe station utilizes manipulators and probe heads
which allow precise positioning of fragile probes (DC/RF) on the surface of a
DUT. Probe station allows on-wafer testing flexibility, and is often faster and more
flexible to test a new electronic device than to wire bond and package.

Return Loss (RL) is the magnitude of the reflection coefficient (expressed in dB), and
the amount of reflected signal relative to the incident signal.

RF Front End is a device or module that incorporates all the circuitry between the
antenna and at least one mixing stage of a receiver and possibly the power
amplifier of the transmitter. They are used in a wide variety of RF products and
applications. Examples include wireless systems and FM radio systems.

RF Power Rating is the maximum level of RF power that passes through the RF device
without degradation to the switch lifetime when it is in the ON-state.

S-Parameters are used to describe the relationship between different ports, when it
becomes especially important to describe a network in terms of amplitude and
phase versus frequencies, rather than voltages and currents.

Source Measure Unit (SMU) is an instrument that can precisely source voltage or
current and simultaneously measure voltage and/or current. It combines the
useful features of a digital multimeter (DMM), power supply, true current
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source, electronic load and pulse generator, all into a single, tightly synchronized
instrument.

Spectrum Analyzer measures the magnitude of an input signal versus frequency
within the full frequency range of the instrument. The primary use is to measure
the power of the spectrum of known and unknown signals.

Superconducting Quantum Interference Device (SQUID) a device based on
superconducting loops containing Josephson junctions. It is a very sensitive
magnetometer used to measure extremely subtle magnetic fields as low as
5x10°*T

Superconductor a material that achieves superconductivity, which is a state of matter
that has no electrical resistance and does not allow magnetic fields to penetrate.
An electric current in a superconductor can persist indefinitely.
Superconductivity can only be typically achieved at very cold temperatures.

Transmission Line is a tri-layer junction made by sandwiching a thin layer of a
nonsuperconducting material between two layers of superconducting material.
Below the critical temperature, pairs of superconducting electrons can "tunnel"
right through the nonsuperconducting barrier from one superconductor to
another, causing a supercurrent to flow.

Transmission Line is a specialized cable or other structure designed to conduct
alternating current of radio frequency, that is, currents with a frequency high
enough that their wave nature must be taken into account.

Variable Attenuator is a tunable passive electronic device that reduces the power of a
signal without appreciably distorting its waveform. An attenuator is effectively
the opposite of an amplifier, though the two work by different methods. While an
amplifier provides gain, an attenuator provides loss, or gain less than 1.

Vector Network Analyzer (VNA) is a device used to measure S-parameters of the
circuit of interest for various frequencies. VNA is a test instrument that measures
the response of a network as vector: real and imaginary parameters so that its
performance can be characterized.

Wavelength (1) is the distance, measured in the direction of propagation, of a

repetitive electrical pulse or waveform between two successive points that are
characterized by the same phase of vibration.
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Yttrium Barium Copper Oxide (YBCO) a family of crystalline chemical compounds
that displays high-temperature superconductivity. It includes the first material
ever discovered to become superconducting above the boiling point of liquid
nitrogen (77 K) at about 92 K. Many YBCO compounds have the general formula
YB[ZQCL[3O7_X.
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