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Abstract

Advancing error-corrected quantum computing and fundamental science necessi-
tates quantum-limited amplifiers with near-ideal quantum efficiency and multiplex-
ing capability. However, existing solutions achieve one at the expense of the other;
for example, Josephson traveling wave parametric amplifiers (JTWPAs) are high-
gain, broadband, and chip-based quantum amplifiers that conventionally incur a
bandwidth-noise tradeoff. When operated at 20-dB gain and instantaneous band-
widths of a few GHz, JTWPAs typically reach near-quantum limited intrinsic effi-
ciencies of 70% - 85% relative to that of an ideal phase-preserving quantum amplifier.
This is due to information leakage to the sidebands of the JTWPA, which can be
recovered by adiabatically transforming the input modes to Floquet modes of the
system within the device.

In this thesis, we experimentally demonstrate the first Floquet-mode traveling-
wave parametric amplifier (Floquet TWPA). Fabricated in a superconducting qubit
process, this Floquet TWPA achieves minimal dissipation, quantum-limited noise
performance, and broadband operation. Our device exhibits > 20-dB amplification
over a 3-GHz instantaneous bandwidth, <0.5 -dB average in-band insertion loss, and
the highest-reported intrinsic quantum efficiency for a TWPA of 92.1±7.6%, relative
to an ideal phase-preserving amplifier. When measuring a superconducting qubit, our
Floquet TWPA enables a system measurement efficiency of 65.1± 5.8%, the highest-
reported in a superconducting qubit readout experiment utilizing phase-preserving
amplifiers to the best of our knowledge. Finally, we discuss the noise limitations of
our current experimental setup, as well as impedance matching strategies that will
enable us to push towards ideal JTWPA performance. These general-purpose Floquet
TWPAs are suitable for fast, high-fidelity multiplexed readout in large-scale quantum
systems and future monolithic integration with quantum processors.

Thesis Supervisor: Kevin P. O’Brien
Title: Associate Professor of Electrical Engineering and Computer Science
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Chapter 1

Introduction

Quantum-limited amplifiers enable faithful detection of single-photon-level sig-

nals by noisy real-world electronics [8]. They are critical front-end hardware for

various information-critical applications in quantum information science, metrology,

and astronomy. Since their development, quantum-limited amplifiers have enabled

fast and high-fidelity single-shot readout of quantum bit (qubit) states [9, 10] and

will continue to play an increasingly important role in the era of fault-tolerant quan-

tum computing. Due to algorithmic complexity, finite qubit coherence, and imper-

fect hardware control [11], large-scale quantum computers with potentially millions

of physical qubits and active quantum error correction are needed to ensure fault-

tolerant operations and empower real-world applications.

Surface codes [12, 13, 14, 15] are leading quantum error correction (QEC) schemes

due to their high error threshold, compatibility with 2D hardware architectures, and

the availability of efficient error decoding algorithms [16, 17]. In each QEC cycle,

physical qubit errors are detected and decoded by sets of simultaneous stabilizer mea-

surements on auxiliary qubits to extract the error syndromes of data qubits, without

collapsing the underlying logical qubit state. For QEC to break even and improve

the overall error rate, surface codes thus require quantum-limited amplifiers, which

enable real-time quantum feedback as well as minimize both the readout errors and

the error-correction cycle duration to reduce qubit decoherence. Additionally, the

logical state preparation error also depends on the readout speed and fidelity of the
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corresponding initialization stabilizer measurements. Fast, high-fidelity readout is

thus critical to the success of QEC, which imposes stringent performance and scal-

ability requirements on the measurement hardware, especially the quantum-limited

preamplifiers.

Josephson traveling-wave parametric amplifiers (JTWPAs) [18, 19, 20, 21, 22] are

promising candidates as quantum preamplifiers for large-scale fault-tolerant quantum

computers. JTWPAs achieve near-quantum-limited noise performance over several

gigahertz of instantaneous bandwidth and a high dynamic range (−80 to −110 dBm),

capable of simultaneously reading out tens to hundreds of frequency-multiplexed

qubits. However, JTWPAs introduce more noise than resonator-based amplifiers

[23, 24, 25, 26, 27, 28] due to non-negligible material loss and coherent sideband

leakage [18, 7], leading to either degraded readout fidelity or extended measurement

time.

Floquet-mode traveling-wave parametric amplifiers (Floquet TWPAs) [7] have

recently been proposed to overcome the quantum efficiency-bandwidth trade-off in

conventional TWPAs. In comparison, Floquet TWPAs encode information in instan-

taneous Floquet modes rather than single-frequency modes to eliminate sideband leak-

age from parasitic nonlinear processes. Furthermore, Floquet TWPAs adiabatically

mode-match the information-carrying Floquet modes to single-frequency modes for

convenient usage, improved directionality, and insensitivity to out-of-band impedance

mismatch, paving the way for direct integration with quantum processors without iso-

lators.

Experimentally realizing Floquet TWPAs with these advantages is challenging, as

they require greater electrical length and are consequently more vulnerable to ma-

terial dissipation than conventional TWPAs. TWPAs are often implemented with

parallel-plate capacitors using lossy dielectrics such as silicon oxide [18, 29] and alu-

mina [20, 21] (tan 𝛿 ≈ 10−3). At this loss level, the intrinsic quantum efficiency

of Floquet TWPAs will be limited by material loss and is predicted to decrease to

∼ 90% [30] from 99.9% when lossless, diminishing the performance advantages over

the conventional amplifier paradigm. Since the completion of this manuscript, we
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have become aware of a recent preprint [31], which uses a superconducting-qubit

fabrication process to implement a periodically-loaded JTWPA.

In this work, we present the first experimental demonstration of a Floquet TWPA,

fabricated in a superconducting qubit process. In addition to simpler fabrication and

integrability with superconducting qubits, our implementation dramatically reduces

material loss by more than 50× compared to existing parallel-plate processes, using

a single-layer defined distributed coplanar capacitors on a high-resistivity crystalline

silicon substrate [1, 31]. Overall, our implementation results in an effective loss tan-

gent tan 𝛿eff ≈ 6× 10−5 and < 0.5 dB of average insertion loss within the entire 4-12

GHz frequency range, dominated by packaging and impedance mismatch and can

be further minimized with qubit-amplifier integration in the future. Our Floquet

TWPA achieves a peak gain exceeding 20 dB, several gigahertz of instantaneous 3-dB

bandwidth, and a 1-dB compression point of −106.5 dBm at 21 dB gain, making it

suitable for use in large-scale fault-tolerant quantum computers and various other

information-critical applications.

1.1 Thesis outline

This thesis is organized as follows. Chapter 2 provides background information on the

historical development of the JTWPA and the need to optimize noise performance,

scalability, and integrability, leading to the design of the Floquet TWPA. We examine

the available pool of power calibration methods to evaluate amplifier performance and

identify two in-situ methods, the waveguide QED (wQED) and circuit QED (cQED)

calibrations that we utilize in this work. We then derive how to obtain the intrinsic

of the Floquet TWPA and full-system of a measurement chain for qubit readout.

Chapter 3 reviews circuit quantum electrodynamics, focusing on a discussion of

topics helpful for understanding the theoretical basis of JTWPAs. In particular, we

discuss Josephson junctions and the quantum LC resonator, which provide crucial

nonlinearity and serve as the fundamental building block for superconducting quan-

tum devices. We then summarize the relevant theoretical background for JTWPAs,
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including the nonlinear wave equation and phase matching strategies. This will pro-

vide useful intuition for the development of Floquet JTWPAs, and we will discuss

how the performance of a JTWPA depends on phase matching and sideband losses.

Chapter 4 describes the device under study, fabricated by our collaborators at

Lincoln Laboratory with a superconducting Al qubit process. Next, we present mea-

surements of the gain, insertion loss, and P1dB of the aforementioned device. A com-

prehensive measurement setup diagram is provided in Appendix A. We implement

packaging improvements that enable quick, modular and better impedance-matched

measurements of the devices; further details are provided in Appendix B.

Chapter 5 reports on the intrinsic quantum efficiency of the Floquet TWPA. We

measure a flux-tunable waveguide QED (wQED) device and perform a global fit over

input-power-dependent transmission to define the absolute power calibration. Our

obtained intrinsic quantum efficiency is the highest reported for a TWPA device to

the best of our knowledge. We also discuss the concomitant susceptibility to self-

oscillations that results from having near-ideal insertion loss.

Chapter 6 reports our full-system quantum efficiency characterization results for a

qubit readout experiment utilizing the Floquet TWPA. Using measurement-induced

dephasing of a circuit QED (cQED) superconducting qubit measured in reflection, we

obtain a power calibration at the resonator frequency of the qubit, and demonstrate

that the Floquet TWPA provides the highest full system quantum efficiency reported

thus far for a phase-preserving amplifier. We perform qubit readout with this device

acting as a preamplifier.

Finally, Chapter 7 concludes by discussing the limitations of our experimental

setup and outlining future steps for the use of Floquet JTWPAs in fault-tolerant

quantum computing experiments.
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Chapter 2

Background and related work

Broadly speaking, the motivation for engineering JTWPA devices lies in faithful

amplification of very small RF signals from cryogenic experiments. In particular,

superconducting qubit experiments rely on a nonlinear element called the Joseph-

son junction, which is a junction between two superconducting metal layers, to pro-

duce weakly correlated electron wavefunctions that can tunnel through the junction.

These systems are engineered at radio and microwave frequencies to be compati-

ble with widely-used semiconductor fabrication processes and commercially available

measurement instrumentation [32]. However, since the temperature requirements for

superconductivity are low, usually around 10 to 20 mK, achieving excellent qubit

readout is quite difficult; retrieving a signal on the order of femtowatts and sending it

back to room temperature introduces extra heating and therefore loss into the system.

Moreover, since the qubits themselves decohere easily due to fabrication inconsisten-

cies and coupling to the environment, so the input signal itself needs to be a weak

tone. As discussed in Chapter 1, JTWPAs are often utilized in such experiments due

to their relatively low noise and high broadband gain [33, 6, 2, 18, 21].

Another field with similar power requirements to superconducting qubit measure-

ment is fundamental particle physics research. As more sensitive detectors such as

quantum amplifiers have been developed, there has been increased interest in mid-

scale experiments involving a measurement volume on the order of tens of cubic

meters, instead of full particle colliders or Cherenkov detector tanks [34]. One such
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example in neutrino mass measurement is Project 8, which involves precisely detect-

ing coherent cyclotron radiation from electrons emitted in the beta decay of a gaseous

source in a large magnetic field. The cyclotron frequency depends on the electron’s

kinetic energy because of relativistic effects, which can be then used to reconstruct

the mass of the neutrino [34]. This approach is advantageous since its sensitivity

scales with detector volume, it is less sensitive to systematic uncertainty, and the

extracted measurement is model-independent; however, at a magnetic field of 1T,

the 26 GHz cyclotron radiation is only about 1 femtowatt in power [34], similar to

the power requirements and readout challenges involved in a superconducting qubit

readout experiment. This requires a signal-to-noise ratio 10 to 20 times greater than

currently achieved per receiver antenna with commercial off-the-shelf amplifiers, and

we need to trigger the signal within 10 microseconds to achieve the desired energy

resolution. Hence, the low-noise, tunable, and high-gain JTWPA can also be tailored

for this application.

In addition to neutrino mass measurement, another popular application of quan-

tum amplifiers is the detection of dark matter. Proposed haloscopes often have simi-

larities with the Project 8 neutrino mass detection process, utilizing a resonant cavity

and a large magnetic field (around 8 Telsa) to detect very weak conversion events

of dark matter axions into microwave photons. The recent work by ADMX is a

first demonstration of a JTWPA-aided resonant cavity haloscope dark matter search,

which has already eliminated one of the two axion benchmark models from 1.9 𝜇𝑒𝑉

to 3.53 𝜇𝑒𝑉 , and currently working towards discovering 2 𝜇𝑒𝑉 to 20 𝜇𝑒𝑉 dark matter

axions within the next 10 years [35]. On a larger scale, the Vinante group has re-

cently proposed to create detector arrays with both JTWPAs and kinetic inductance

TWPAs, with the aim of creating general detectors useful not only for dark matter

and neutrino detection, but also for CMB and next-generation X-ray measurements

[36].

To explore why JTWPAs are such an attractive choice for high sensitivity exper-

iments, we start first with the Friis formula to evaluate the total noise of a measure-

ment chain, which is depicted in Fig. 2-1. In this chain, a source is amplified by N
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Figure 2-1: Simplified measurement chain featuring multiple amplifiers, adapted from
[1]. The Friis equation indicates that the noise temperature of the first amplifier in
the chain dominates the overall output noise.

successive amplifiers, each featuring a gain of 𝐺𝑖 and a noise temperature of 𝑇𝑖 where

i is the index. The Friis formula states that the output temperature is

𝑇out = 𝑇1 +
𝑇2

𝐺1

+
𝑇3

𝐺1𝐺2

+ · · ·++
𝑇𝑁−1

𝐺1𝐺2 · · ·𝐺𝑁

(2.1)

which leads us to conclude that 𝑇1, or the noise added by the first amplifier, is the

dominant source of noise for the output of the measurement chain. Thus, the use of

a low noise, high gain ‘preamplifier’ dramatically boosts the efficiency of the entire

chain.

2.1 Quantum amplifiers and metrics

Here we discuss the origins of the JTWPA by turning to the concept of parametric

amplification, and explore the move toward phase-sensitive cavities, phase-preserving

traveling wave devices, and more exotic architectures. An important metric for eval-

uating such devices is quantum efficiency, which is a measure of how much infor-

mation is recovered at the output of the measurement chain, versus the fundamental

quantum limit of how much the measurement chain should be able to preserve [8].

Realistically, the preamplifier should provide a balance of gain level, bandwidth, noise

added, and quantum efficiency performance.

2.1.1 Parametric amplification

Parametric amplifiers were first proposed by Cullen et al. as a novel strategy which

did not add extra power to the signal tone itself, but instead transferred power from
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Figure 2-2: Simplified toy model describing the concept of parametric amplification.[2]

a separate pump tone through a nonlinear interaction [37]. In general, this leads to

many desirable qualities: parametric amplifiers can be broadband, low-noise, high

gain, and easily tunable in terms of frequency. A popular toy model for parametric

amplification is that of a "child on a swing", shown in Fig. 2-2. In this figure, the

signal tone is the periodic back-and-forth motion of the swing; the pump tone can be

understood as a periodic action the child takes to change their center of mass, such

as standing up and crouching down, in such a way that amplifies the magnitude of

the swinging action itself. We see that the process of amplification transfers energy

from this separate action, taken by the child, instead of a direct injection of energy

into the swinging motion (such as an external source pushing the swing). Though

this model does not exactly capture the nonlinearity needed to induce this interaction

in realistic devices, it is suitable for understanding the basic concept of parametric

amplification [2].

The qualities of parametric amplification are all desirable for the high-sensitivity

experiments described above. As the theoretical background for superconductivity

was developed, Brian Josephson discovered the Josephson effect, which became a way

to provide nonlinearity for superconducting devices, further explored in section 3.1.

Researchers started utilizing this nonlinearity to promote mode interaction (or in the

language of optics, wave mixing) processes in thin-film, chip-based devices, described

below.
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2.1.2 Cavity-based parametric amplifiers

One of the prevalent uses of Josephson non-linearity is a Josephson Parametric

Amplifier (JPA) [25, 38, 39, 27, 40, 41, 42]. This device is a parametric oscillator,

consisting of a resonator shunted by a Josephson junction or junction array. In

operation, the pump and signal tones are sent through a transmission line to which

the JPA is coupled, and the JPA will amplify any intra-cavity field that is close to

its resonant frequency, which is fundamentally narrowband, although strategies have

emerged for improved impedance engineering to widen the bandwidth to 640 MHz

[27] and to provide tunable frequency operation to cover a wider total bandwidth,

most recently up to 2 - 18 GHz[38, 40].

Since it is possible to control the relative phase relation of the signal and pump,

the JPA is also known as a “phase-sensitive" device, with a mode for squeezed opera-

tion that enables noise performance to approach and go beyond the noise performance

defined by the standard quantum limit [25, 38]. Devices utilizing phase-sensitive am-

plification include the Josephson Parametric Dimer amplifier, Snail Parametric Am-

plifiers, the rf-SQUID JPA, and the Field-Programmable JPA, which usually provide

full system qubit readout efficiencies of 60%−75% for approximately 24 tot 26 dB gain

over, a typical bandwidth of around 7-26 MHz [43, 44, 45, 46]. More direct embedding

of the qubit with a flux-pumped phase-sensitive JPA results in a measurement effi-

ciency of 80% [47]. In addition, a recent relatively broadband design, the CPW-based

broadband impedance-transformed parametric amplifer (CIMPA), leverages a similar

integration method to achieve over 20 (15) dB gain over a 200 (700) MHz bandwidth

with near quantum-limited added noise, and features a tunable operating frequency

[48].

The capability to achieve quantum-limited noise performance in either phase-

preserving or phase-sensitive mode makes JPA and JPA-based devices popular can-

didates for experiments such as qubit readout and axion dark matter searches. For

the latter, the HAYSTAC experiment operates a SQUID-based JPA around 5.6 GHz

with a fairly narrow bandwidth of 2.3 MHz, as well as a JPA in conjunction with a
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squeezed state receiver [49, 25]. Dark matter detection experiments such as QUAX

have focused on fully characterizing and developing novel calibration methods for

RF amplification chains, utilizing both JPAs and JTWPAs for axion searches around

10 GHz [50, 51, 52]. Thus far, these experiments have operated the JPA in phase-

preserving mode and achieved a full system efficiency of approximately 55% − 59%

[51, 53, 52]. We note that the highest full system efficiency currently reported from

phase-preserving mode JPAs was measured in a qubit readout experiment and is at

62% [41, 42] relative to an ideal phase-preserving amplifier.

2.1.3 Traveling-wave architecture parametric amplifiers

To overcome narrow instantaneous bandwidth limitations, we consider travel-

ing wave architectures, which utilize Josephson nonlinearity over a long interaction

length by chaining many junctions together; this leads to a broad intrinsic band-

width as the signal no longer has to be exactly resonant with a particular caivity

to experience amplification. Early designs performed poorly due to phase-matching

limitations [23, 37]. Subsequent realizations of this architecture utilized the high

kinetic inductance of NbTiN, with periodic loading structures to maintain phase-

matching in a 4 wave-mixing (4WM) regime [54]. Instead of Josephson junctions, the

nonlinearity originates from the kinetic inductance in a thin superconducting wires

that varies with DC current, where nonlinear scaling is scaled by the critical cur-

rent of the superconducting material used. These Kinetic Inductance Traveling Wave

Parametric Amplifiers (KIT-TWPAs) can be conceptualized as lumped-element LC

ladder transmission lines with periodically varying inductance and capacitance val-

ues in each unit cell, which opens up a photonic bandgap near the pump harmonics,

thus manipulating the dispersion to achieve phase-matching. However, due to the

high kinetic inductance in the KIT transmission line, initial designs proved hard to

impedance match to 50 Ohm meausurement chains, and the scale of nonlinearity re-

quired a long transmission line to achieve > 20 dB gain, as well as relatively high

pump power and therefore high dissipation requirements. Newer iterations address

these issues by reducing the phase velocity and implementing stop-band engineering
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strategies (such as phase-matching resonators from [6] in traditional 4WM KITs [55]),

by switching to 3-wave mixing (3WM) regimes to reduce the pump power require-

ments as in [56], or by utilizing millimeter-wave pump tones to tune the inductance

in microstrip geometries for wideband performance [57, 58]. The noise performance

of KITs has traditionally been limited by the high power operation requirements, but

has recently reached near-quantum-limited levels [59, 57, 58].

However, due to the power handling requirements of KITs, existing impelmen-

tations usually operate at a temperature of 4K, which provides a good balance of

minimal noise and power dissipation capability; this operating temperature is not

low enough for KITs to act as effective preamplifiers for superconducting qubits in a

20 mK mixing chamber. Thus, the use of Josephson junctions in TWPAs (dubbed

JTWPAs) developed in parallel, since they feature stronger nonlinearity per junction

and thus require lower pump powers and shorter device lengths to achieve 20 dB of

amplification [7]. We take a closer look at phase-matching in JTWPAs: for a device

with signal and pump tones, even if we can control the relative phase relation between

the tones, this will change throughout the length of a traveling wave devices. Self-

phase modulation (where the tone modifies itself) and cross-phase modulation (where

the different tones undergo photon-photon interaction) lead to phase mismatches that

break the conservation of momentum and energy needed for an efficient wave mixing

process [2, 60]. There are several engineering solutions that have been proposed to

mitigate these phase mismatches in JTWPAs; in Section 3.3, we explore the canonical

example of resonant phase matching in a 4WM device, in which LC resonators are

periodically inserted into the transmission line in order to generate a stop band in

the dispersion relation and recover phase-matched operation at frequencies near the

pump tone [6, 18]. This strategy effectively phase-matches the system around the

frequency of the LC resonators and allows JTWPAs to achieve high gain of > 20 dB

over several GHz of bandwidth; however, the fabrication requirements for this design,

featuring thousands of unit cells and hundreds of LC resonators, are quite difficult to

achieve [61].

Alternate strategies have also been proposed, most notably inserting supercon-
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ducting quantum interference devices (SQUIDs) that allow nonlinearity tuning with

a magnetic field; generally, these designs are less difficult to fabricate, but require

additional flux tuning capability [39, 62, 20]. This ability to tune higher-order disper-

sion nonlinearities enables the use of 3-wave mixing (3WM) regimes, which can lead

to even elower pump power and less stringent phase matching requirements [62, 20].

Further exploration of bias tuning by Miano et. al. [63] added inductive SQUIDs

(instead of JJs) symmetrically around the transmission line, allowing independent

tuning of the both second and third order nonlinearities with a separate bias cur-

rent, and to a wide bandwidth without the need for a resonant structure. Similarly,

Ranzani et al. have designed a reversed Kerr TWPA that achieves phase matching

with a sign reversal of third-order nonlinearity, which also results in phase-matching

without the need for additional dispersion engineering [21].

These advances established the JTWPAs as a reliably broadband, high-gain de-

vice for qubit readout experiments; however, the noise performance of broadband

devices remained approximately 20% below ideal noise performance as defined by the

standard quantum limit, i.e. quantum efficiencies of approximately 80%. In con-

trast, the previously discussed cavity-based narrowband JPA amplifiers, operating in

phase-preserving or phase-sensitive mode, are capable of reaching or surpassing the

ideal noise performance as defined by the quantum limit. Extensive investigation con-

ducted by Peng et.al. led to the realization that information in broadband JTWPAs

experienced loss to higher-order sidebands, and that it could be recovered by utilizing

adiabatic Floquet physics in device design; the device measured in this thesis follows

this scheme, which is further discussed in Section 3.4 [7, 1, 64].

New research on JTWPAs continue to proliferate in recent literature, aiming to

directly address the issues of impedance mismatch and isolation in TWPAs. In partic-

ular, Chang et. al. utilizes a coplanar waveguide architecture to reduce the insertion

loss of a CP-JTWPA to below 1 dB up to 12 GHz, which is similar to the physical

platform pursued in this work to reduce insertion loss [31]. Their work utilizes pe-

riodic loading for phase-matching, and introduces a window function for the weight

of the periodic loading to mitigate the intrinsic ripple; this is a spatial variation of
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the periodic loading, not the nonlinearity as in a Floquet TWPA. The CP-JTWPA

is able to achieve high, broadband gain over a bandwidth of several GHz, as well

as an added photon noise of 0.63 photons, which is closer to quantum-limited than

previous experimentally realized JTWPA designs; however, this noise measurement

was performed in an idealized impedance environment with attenuators next to the

CP-JTWPA [31], which is a configuration not suitable for qubit readout.

Further advances include work demonstrated by Nililson et. al., which features a

3WM TWPA with a deliberately engineered cutoff frequency to prevent up-conversion,

a gap in the frequency spectrum to provide phase-matching, and impedance matching

networks at both ports of the TWPA; this design provides high gain per unit cell and

therefore simplifies and shortens device design [65]. In addition, Gaydamanchenko et.

al. pushed the operating bandwidth of 3WM TWPA gain performance to the octave

scale, by utilizing periodic variations of the capacitances to ground which allowed

for lower dispersion in the signal band, instead of relying on low plasma frequency

for phase-matching [22]. Furthermore, Malnou et al. have introduced the TWPAC,

which is a TWPA incorporating both forward gain and backward isolation through

frequency conversion of backpropagating signals, and they were able to achieve -20

dB isolation without the use of bulky conventional circulators and isolators [66]. In

addition, applications such as quantum radar with a JTWPA and a phase-conjugate

receiver have been proposed [67]. We note that all these related topics highlight

that JTWPA devices can be tailored to a wide range of disciplines, and the suitabil-

ity of JPAs versus JTWPAs depends heavily on the specific experiment targets of

instantaneous bandwidth, gain, quantum efficiency, and dynamic range.

2.2 Power calibration methods

In order to evaluate how these quantum amplifiers perform, we need to obtain

a reliable calculation of their respective quantum efficiencies, which depends on a

precise calibration of the power of the signal tone, or mean photon number, exactly

at the input of the amplifier. Due to cryogenic operation in dilution refrigerators,
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determination of this power relies on in situ experiments involving the tools we already

have: either matched load noise sources or superconducting qubits. The former ‘Y-

factor method’ relies on sources that produce a known amount of noise, such as a

coaxial cable [68, 69] or shot noise tunnel junction [70, 29]; however, these methods

both involve intermediate microwave networks between the source itself and the rest

of the measurement chain, leading to uncertainties of about 1-2 dB along the line.

In this thesis, we focus on qubit-based power calibration methods which provides a

measure of quantum efficiency with minimal additional uncertainties.

2.2.1 Qubit dephasing vs. information acquisition rate

A standard method used to evaluate efficiencies follows the definition of quantum

efficiency itself, as a measure of how fast a qubit dephases versus how fast we are able

to acquire information from this qubit, or Γ𝑚/Γ𝑡𝑜𝑡. This method benefits from the

fact that the qubit is already the device under study; thus, measuring its SNR and

dephasing performance is convenient for many [71, 44, 45, 47, 18]. Here the SNR is

defined as the average separation over the average standard deviation of homodyne

voltage histograms from a projective qubit readout, and the dephasing can be deter-

mined through a weak measurement inserted into a Ramsey sequence. It is crucial to

use strategies such as post selection and active reset to ensure that the qubit states

initialized and measured are in relatively pure states, so the any errors present are

fundamentally due to the nature of the measurement chain, instead of other decoher-

ence effects. Various different strategies may be used here, including integration over

readout time [18] or the resonator drive strength [71, 44, 45]. Generally, these results

focus on the full system efficiency of the measurement chain instead of the individual

components, since that is what matters for effective qubit readout. Representative

numbers from recent literature range from approximately 16.5 ± 2% for a relatively

lossy niobium uniform JTWPA measurement chain [71], to 72.4 ± 4% for the field

programmable phase-sensitive (FPJA) device [45], and 80% for a combined on-chip

JPA, JPA, and JTWPA measurement chain [47].
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2.2.2 Qubit dephasing and the AC stark shift

In order to obtain a more precise power calibration, researchers have also ex-

plored the relationship between the qubit dephasing, AC stark shift, and the res-

onator drive power incident on the qubit. In this method, we independently measure

the cavity frequency 𝜔𝑟 and output coupling rate 𝜅𝑐 to calculate 𝑃 = 𝜅𝑐ℎ̄𝜔𝑟𝑛 [72, 18].

First, similar to the qubit characterization experiments outlined above, 𝜅 and 𝜔𝑟 are

found with Lorentzian fits to the resonator transmission. Then, cross-verification of

𝜒 and 𝜅 can be done with fits to dephasing and the AC stark shift vs versus a weak

measurement-induced dephasing experiment. After ascertaining the incident power,

a simple noise rise experiment can give the SNR improvement provided by the device

and measurement chain under study, from which we can extract the noise temper-

ature of the full system, as well as individual devices, conditional on knowledge of

insertion loss between components in the system. This method is reliable and involves

multiple cross-checks, though it is limited by its narrowband nature; since the mea-

surement is frequency dependent, the only reliable power calibration result is near

the resonator frequency. We explore this method, denoted as the “cQED dephasing

method", further in Chapter 6.

2.2.3 Waveguide QED: qubit coupled to open transmission

line

To obtain a more broadband power calibration, which is suitable for devices

like the JTWPA, we turn to another qubit configuration that utilizes the strategy of

waveguide quantum electrodynamics, or wQED. This method features a qubit coupled

to an open transmission line, which can act as a perfect reflector at low input power,

and a perfect transmitter at high input power; fitting its transmission behavior allows

us to extract the exact power at the qubit [29, 73]. Since the qubit is operated in

transmission, there is no need for additional bulky and lossy circulators, and we can

situate the qubit in parallel with any amplifier under study, thereby eliminating the

need for precise knowledge of the insertion loss between the calibration device and
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Figure 2-3: (a) Simplified measurement chain with which to derive quantum efficiency
if we know the power at reference plane A, obtained from the circuit QED power cal-
ibration, or reference plane B, obtained from the waveguide QED power calibration.
For the former, we also need to know the insertion loss between A and B, which we
estimate from a dunk test. The second insertion loss between the TWPA and the
HEMT not necessarily directly measured or calculated, but included in the overall
system efficiency. (b) Measured signal with the TWPA on (orange line) and off (blue
line). We fit both curves with a gaussian to extract the respective signal and noise
(dark blue, green dashed lines). (c) After obtaining the power calibration, we find
a fixed difference factor, defined as the difference between the signal while TWPA
pump is off, and the calibrated power while TWPA is off. We can then replot our
curves with respect to the standard quantum limit. Here we use the results from the
cQED calibration, but the process is exactly the same for the wQED calibration.

amplifier. Since the qubits can be flux tunable, this calibration can also be broadband;

we explore the implementation and implications of this strategy in Chapter 5.

2.3 Quantum efficiency derivation

Generally, once we obtain an absolute power reference at the input of an am-

plifier, we can perform noise measurements with the amplifier turned on and off to

extract the system and intrinsic quantum efficiency. Consider the simplified readout

chain diagram shown in Figure 2-3(a), in which we combine and abstract various cir-

30



cuit components to several functional blocks, without loss of generality: the Floquet

TWPA and HEMT amplifiers, each with added noise and gain, as well as insertion loss

before and between the amplifiers. We define reference planes A-C for clarity. From

the cQED calibration with a qubit operated in reflection, we can obtain the absolute

power value at plane A, while from the wQED calibration with a device situated

in parallel, we can obtain the absolute power value at plane B; the full process for

these calibrations is provided in Chapters 5 and 6. The insertion loss between these

points can be estimated from a dunk test of the components (cables, circulator, and

directional coupler) in liquid nitrogen. We will use the following notation: 𝑆𝑋 and

𝑁𝑋 refer to the calibrated power of the signal and noise floor at the reference plane

X, and additional subscripts amp,i, and sys,on(off) denote values concerning the intrinsic

performance of the TWPA itself and full system performance while the TWPA is on

(off), respectively. For instance, 𝑆𝐴,sys,off corresponds to the signal power at reference

point A while the TWPA is turned off.

From the room temperature measurements at C and power calibration at A, we

extract the system gain, downstream gain (when TWPA is turned off), and amplifier

gain in linear scale:
𝐺sys,on = 𝑆𝐷,sys,on/𝑆𝐴,sys,on

𝐺sys,off = 𝑆𝐷,sys,off/𝑆𝐴,sys,off

𝐺amp,i = 𝑆𝐷,sys,on/𝑆𝐷,sys,off .

(2.2)

From the gain values, we can then extract the noise temperature from noise power

by dividing by the Boltzmann constant 𝑘𝐵 and the resolution bandwidth 𝐵 = 10 kHz

on the spectrum analyzer:

𝑇sys,on(off) =
𝑁𝐴,sys,on(off)

𝑘𝐵𝐵
=

𝑁𝐷,sys,on(off)/𝐺sys,on(off)

𝑘𝐵𝐵
. (2.3)

The system measurement efficiencies with the TWPA on and off can thus be

calculated from the noise temperatures using Equation (5.3), repeated here for con-

venience.

𝜂sys,on(off) =
ℎ̄𝜔

𝑘𝐵𝑇sys,on(off)

(2.4)
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Finally, we calculate the amplifier intrinsic quantum efficiency from the extracted

system noise metrics. The total noise photon numbers when the TWPA is turned on

and off (including the 1/2 vacuum noise photon) referred at the amplifier input are

𝑛sys,on(off) =
𝑘𝐵𝑇sys,on(off)

ℎ̄𝜔
= 1/𝜂sys,on(off), (2.5)

and the added noise photon number from the Floquet TWPA is thus

𝐴amp,i = (𝑛sys,on − 1/2)−
(︂
𝑛sys,off − 1/2

𝐺amp,i

)︂
, (2.6)

resulting in the normalized intrinsic efficiency [7]

𝜂amp,i = (1 + 2𝐴amp,i)
−1/𝜂ideal(𝐺amp,i)

=
2− 1/𝐺amp,i

1 + 2𝐴amp,i

=

(︂
2

𝜂sys,on
− 2

𝐺𝜂sys,off
+

1

𝐺

)︂−1⧸︁
𝜂ideal(𝐺).

(2.7)
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Chapter 3

Building a JTWPA

3.1 Circuit Quantum Electrodynamics

3.1.1 Josephson Junctions

The phenomenon of superconductivity involves cooling a material down beyond a

critical temperature, which results in a ‘supercurrent’ that can flow without dis-

sipation in the material. In a microscopic model of superconductivity, known as

Bardeen–Cooper–Schrieffer (BCS) theory, this supercurrent can be explained by the

pairing of electrons into ‘Cooper pairs’, which result from a slight attraction between

the electrons due to coupling with lattice vibrations at low temperatures. Since these

electron pairs exhibit boson-like behaviors and stay paired together, electron flow

does not experience any resistance [3]. This is desirable for a number of applications,

including dissipationless electronics and superconducting quantum computing.

In particular, Brian D. Josephson discovered in 1962 that supercurrents could tun-

nel between a thin layer of dielectric sandwiched between two superconducting metals

[74]. Deemed the Josephson effect, this phenomenon occurs even without a voltage

potential difference. In addition, when there is a voltage drop, the supercurrent will

oscillate at a frequency that is proportional to the voltage drop and dependent on the

magnetic environment. The physical junction itself is called the Josephson junction

(JJ), which has the typical structure shown in Fig. 3-1.
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Figure 3-1: Typical Josephson junction schematic. Coupled electron Cooper
pairs, drawn in red, tunnel from the superconducting layers (light gray) across a thin
insulating layer (dark gray), with exponential decay and oscillatory behavior akin to
that of free particle wavefunctions.[3]

As shown in the figure, the two superconducting layers are separated by a thin

insulating layer, and Cooper pairs on either side of the junction can tunnel through the

insulating barrier. The wavefunctions of these paired electrons resemble free electron

tunneling behavior, showing exponential decay upon tunneling. This effect can be

illustrated with the constitutive relations of Josephson junctions, which delineate the

dependence of current and voltage on phase, shown in Eq. 3.1.

𝐼 = 𝐼0 sin𝜙𝑉 =
Φ0

2𝜋

𝑑𝜙

𝑑𝑡
(3.1)

In Eq. 3.1, the junction parameter 𝐼0 is the critical current of a Josephson junction

and 𝜑 is the gauge-invariant phase difference across the junction. In Eq. 3.1, the

constant term Φ0

2𝜋
= ℎ̄

2𝑒
is the reduced flux quantum. Taken together, these equations

result in the nonlinear JJ inductance in Eq. 3.2, namely

𝐿𝐽 = 𝑉 (𝑡)/

(︂
d𝐼(𝑡)

d𝑡

)︂
=

Φ0

2𝜋𝐼0 cos(𝜑)
. (3.2)

From this equation, we see that the inductance of the Josephson junction is non-

linear, which will be crucial for application in JTWPAs and various other quantum

devices.
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Figure 3-2: Comparison of quantum oscillators by Krantz et al [4]: (a) Circuit
schematic of a standard LC resonator, which serves as a convenient analog for the
quantum harmonic oscillator. (b) Energy levels of a quantum harmonic oscillator
are equally spaced. (c) Circuit schematic of an LC resonator, in which the inductor
is replaced with a Josephson junction that is subject to the constitutive relation of
dependence of current and voltage on phase. (d) Energy levels of an anharmonic
quantum harmonic oscillator are not equally spaced, modelling the behavior of the
circuit in (c).

3.1.2 The Quantum LC oscillator

To build a realistic device, we first consider the classical description of an LC res-

onator, then incorporate nonlinearity with Josephson junctions. A classical LC res-

onator consists of an inductive (𝐿𝑟) and capacitive (𝐶𝑟) component in parallel, where

the energy oscillates between magnetic and electric forms, see Fig. 3-2(a). In the

classical Hamiltonian formation, we can draw an analogy between an LC circuit and

masses on springs, where the kinetic energy corresponds to the electrical energy, and

potential energy corresponds magnetic energy. We can write the Hamiltonian in the

generalized circuit coordinates of flux and charge, which we define from their rela-
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tionship with voltage and current:

Φ(𝑡) ≡
∫︀ 𝑡

−∞ 𝑉 (𝑡′) 𝑑𝑡′

𝑄(𝑡) ≡
∫︀ 𝑡

−∞ 𝐼 (𝑡′) 𝑑𝑡′
(3.3)

Using charge 𝑄 as the conjugate coordinate, we therefore write the Hamiltonian in a

form closely resembling a harmonic oscillator,

𝐻(Φ, 𝑄) = 𝑄Φ̇− ℒ =
𝑄2

2𝐶
+

Φ2

2𝐿
. (3.4)

By convention we can define the reduced flux 𝜙 ≡ 2𝜋Φ̂/Φ0 and reduced charge 𝑛̂ ≡

𝑄̂/2𝑒 to rewrite the Hamiltonian into

𝐻̂𝐿𝐶 = 4
𝑒2

2𝐶
𝑛̂2 +

(︂
Φ0

2𝜋

)︂2
𝜙2

2𝐿
. (3.5)

To convert this description into a quantum harmonic oscillator (QHO), we impose

the commutation relation [Φ̂, 𝑄̂] = 𝑖ℎ̄ for these conjugate variables in Eq. (3.5),

and we also factor the Hamiltonian in the typical quantum harmonic oscillator form

𝑥̂2 + 𝑦2 = (𝑥̂+ 𝑖𝑦)(𝑥̂− 𝑖𝑦)− 𝑖[𝑥̂, 𝑦]. Then we obtain

𝐻̂ =

(︃
Φ̂√
2𝐿

+ 𝑖
𝑄̂√
2𝐶

)︃(︃
Φ̂√
2𝐿

− 𝑖
𝑄̂√
2𝐶

)︃
− 𝑖

2
√
𝐿𝐶

[𝑄̂, Φ̂] (3.6)

which can be defined by a single operator

𝑎̂ =
1√
ℎ̄𝜔

(︃
Φ̂√
2𝐿

− 𝑖
𝑄̂√
2𝐶

)︃
(3.7)

and thus rewritten into the form of a quantum harmonic oscillator,

𝐻̂ = ℎ̄𝜔

(︂
𝑎̂†𝑎̂+

1

2

)︂
(3.8)

.

This resonator will have the form shown in Fig. 3-2(b) of a harmonic oscillator,
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hosting states with a fixed energy spacing of ℎ̄𝜔.

However, if we want a system that will work for a superconducting device such as

a qubit, we will need to distinguish and excite the oscillator states with fine-grained

control; if the energy spacings are equal, we cannot reliably transition between the

ground and first excited state only. Therefore, we add nonlinearity to the harmonic

oscillator by incorporating a Jospheson junction instead of a linear inductor, as shown

in Fig. 3-2(c). Recall that the expression in Eq. (3.3) for the inductance of the

Josephson junction can be brought into the Hamiltonian of Eq. (3.6), giving us the

anharmonic Hamiltonian

𝐻̂𝑎𝑛 = 4
𝑒2

2𝐶
𝑛̂2 − Φ0

2𝜋
𝐼0 cos(𝜙). (3.9)

This quantized circuit features unequal energy spacings between state transitions,

such as the ℎ̄𝜔01 and ℎ̄𝜔12 called out in Fig. 3-2(d). Adding the Josphsen junction

allows this circuit to function as an ‘artificial atom’ that can be customized, driven,

and measured in a wide range of quantum computing and sensing experiments.

3.2 The nonlinear wave equation

In this section, we explore the theory and design of the standard JTWPA device. We

consider a LC ladder transmission line with capacitively shunted Josephson junctions,

as shown in Fig. 3-3. From this figure, we see that instead of a linear inductor in

the LC resonators of each unit cell in the ladder, we have used a Josephson junction

instead, adding the same desirable nonlinearity in that of the quantum anharmonic

oscillator, which in this case encourages the interaction between a signal and pump

tone.

Within a transmission line with short spacing between each unit cell, we can

engineer the nonlinear effect from the Josephson inductance to dominate over the

linear inductance of the transmission line itself. For simplicity, we assume the ground

capacitors all have the same value, 𝐶𝑛 = 𝐶0, and we continue to assign 𝐿𝐽 to be the
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Figure 3-3: Typical JTWPA schematic.[5] JJs are represented by a cross in the
circuit schematic, and are located in a resonator configuration with a capacitor 𝐶𝐽 ;
this is analogous to the LC resonator, though the JJs are nonlinear. Each unit cell
is spaced a distance 𝑎 apart, and denoted by number 𝑛. Thus, we can see that there
are capacitors to ground for each unit cell labeled 𝐶𝑛 and so forth. The current and
voltage in each unit cell are also represented by 𝐼𝑛 and 𝑉𝑛, where a subscript of 𝐼𝐶,𝑛

indicates current along the branch of the shunt capacitor.

nonlinear Josephson inductance. Then we index each unit cell with a number 𝑛 and

can thus write equations for Kirchoff’s laws, the capacitor current-voltage relation,

and the Josephson current relation. By using a continuum approximation, we can

obtain and solve the nonlinear wave equation for this system. This derivation is

detailed in Yakkobi, et al.[5] and the supplement of O’Brien, et al. [6] ; here we go

directly to the result in Eq. 3.10.

𝐶0
𝜕2𝜑

𝜕𝑡2
− 𝑎2

𝐿𝐽

𝜕2𝜑

𝜕𝑥2
− 𝐶𝐽𝑎

2 𝜕4𝜑

𝜕𝑥2𝜕𝑡2
=

𝑎4

2𝐼20𝐿
3
𝐽

𝜕2𝜑

𝜕𝑥2

(︂
𝜕𝜑

𝜕𝑥

)︂2

(3.10)

In this equation, the terms on the left hand side are the weakly dispersive linear

waves, which have phase velocity that depends on spatial and temporal parameters,

while the term on the right hand side describes the cubic nonlinearity of the system.

Note that we are using the follwing ansatz solution in Eq. 3.11, which is a superpo-

sition of the pump, signal and idler waves, where 𝐴𝑚 is the amplitude of each wave

under the slowly varying envelope approximation (SVEA) [6].
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𝜑 =
1

2

[︀
𝐴𝑝(𝑥)𝑒

𝑖(𝑘𝑝𝑥+𝜔𝑝𝑡) + 𝐴𝑠(𝑥)𝑒
𝑖(𝑘𝑠𝑥+𝜔𝑠𝑡)+ 𝐴𝑖(𝑥)𝑒

𝑖(𝑘𝑖𝑥+𝜔𝑖𝑡) + 𝑐.𝑐
]︀

(3.11)

Following the typical SVEA assumptions, neglecting higher order dependencies,

and separating out pump, signal and idler terms, we obtain the coupled wave equa-

tions for the system shown below

𝐴𝑝(𝑥) = 𝐴𝑝,0𝑒
𝑖𝛼𝑝𝑥

𝜕𝐴𝑠

𝜕𝑥
− 𝑖𝛼𝑠𝐴𝑠 − 𝑖𝜅𝑠𝐴

*
𝑖 𝑒

𝑖(Δ𝑘𝐿+2𝛼𝑝)𝑥 = 0

𝜕𝐴𝑖

𝜕𝑥
− 𝑖𝛼𝑖𝐴𝑖 − 𝑖𝜅𝑖𝐴

*
𝑠𝑒

𝑖(Δ𝑘𝐿+2𝛼𝑝)𝑥 = 0

(3.12)

where the indexed self- and cross-phase modulation coefficients 𝛼, as well as coupling

coefficients 𝜅, are defined separately for signal, idler, and pump as follows.

𝛼𝑠 =
2𝜅𝑘3𝑠𝑎

2

𝐿𝐽𝐶0𝜔2
𝑠

𝜅𝑠 =
𝜅(2𝑘𝑝−𝑘𝑖)𝑘𝑠𝑘𝑖𝑎

2

𝐿𝐽𝐶0𝜔2
𝑠

𝛼𝑖 =
2𝜅𝑘3𝑖 𝑎

2

𝐿𝐽𝐶0𝜔2
𝑖

𝜅𝑖 =
𝜅(2𝑘𝑝−𝑘𝑠)𝑘𝑠𝑘𝑖𝑎

2

𝐿𝐽𝐶0𝜔2
𝑖

𝛼𝑝 =
𝜅𝑘3𝑝𝑎

2

𝐿𝐽𝐶0𝜔2
𝑝

𝜅 =
𝑎2𝑘2𝑝𝐴𝑝,0𝐴*

𝑝,0

16𝐼20𝐿
2
𝐽

(3.13)

These equations are analogous to the case of an optical parametric amplifier op-

erating in a four-wave mixing regime, which also has coupled wave equations for the

pump, signal, and idler using the strong pump approximation [6]. Extending this

analogy, we can obtain solutions to Eqs. 3.12. For example, the signal amplitude at

position 𝑥 is given by Eq. 3.14:

𝐴𝑠(𝑥) =

[︂
𝐴𝑠(0)

(︂
cosh 𝑔𝑥− 𝑖∆𝑘

2𝑔
sinh 𝑔𝑥

)︂
+

𝑖𝜅𝑠

𝑔
𝐴*

𝑖 (0) sinh 𝑔𝑥

]︂
𝑒𝑖Δ𝑘𝑥/2 (3.14)

where the gain coefficient is defined as

𝑔 =
√︀
𝜅𝑠𝜅*

𝑖 − (∆𝑘/2)2 (3.15)

and the phase matching parameter has become
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∆𝑘 = ∆𝑘𝐿 + 2𝛼𝑝 − 𝛼𝑠 − 𝛼𝑖 = 2𝑘𝑝 − 𝑘𝑠 − 𝑘𝑖 + 2𝛼𝑝 − 𝛼𝑠 − 𝛼𝑖 (3.16)

From Eq. 3.15, we can note that the gain will depend on how properly phase-matched

the system is. If ∆𝑘 is far away from zero, the signal will experience oscillatory

gain that scales only quadratically with device length, while if ∆𝑘 = 0, then the

signal will depend exponentially on the gain coefficient 𝑔 and device length, thus

achieving significant amplification as desired [6]. This traveling wave architecture is

different from that of a traditional cavity amplifier, which only amplifies a narrow

band of frequencies around the cavity resonance. In contrast, the JTWPA supports

higher gain over a broad frequency band, by utilizing longer device lengths and deep

sub-wavelength resonators for phase-matching [6]. Crucially, by tuning the values

of the classical inductors and capacitors in each unit cell, we propose to tailor the

frequency bandwidth and dynamic range of operation to suit different experimental

requirements.

3.3 Phase matching and limitations

Having set up the physical configuration of a JTWPA and motivated the need for

proper phase-matching, we now look to engineering solutions to resolve this issue.

The canonical example is resonant phase matching (RPM) by O’Brien et al. in

2014, in which the transmission line is not only shunted by ground capacitors, but

also periodically shunted by LC resonators with inherent resonant frequency slightly

above the pump frequency [6]. This opens up a stop band in the dispersion relation,

and by tuning the pump wave vector along the dispersion curve to rephase with

the signal tone, phase matching can be achieved [2]. The schematic of this JTWPA

design is shown below in Fig. 3-4, adapted from O’Brien et al. Here we observe

that the LC resonators are added to each standard unit cell, parallel to the shunted

ground capacitor branch. Further dynamical control is achieved by adding a coupling

capacitor, 𝐶𝑐, into the shunted branch with the LC resonator. Thus, when the weak

signal and strong pump enter the device through the input, they interact with a

40



medium that has resonant features slightly above the pump tone; this opens up a

stop band in the dispersion relationship, as shown in part c).

Figure 3-4: JTWPA with resonant phase matching.[6] a) The standard JTWPA
is modified by adding an LC resonator and coupling capacitor 𝐶𝑐, shown in red, for
each unit cell. The amplified signal is indicated by the blue oscillatory curve. b) Inset
showing a single unit cell of the JWTPA with resonant phase matching. Note that
the convention followed here uses 𝐶 for the capacitor to ground, instead of 𝐶0 as we
have been using. c) The addition of the LC resonator opens up a stop band in the
normally linear TWPA dispersion (black dashed line), to result in the RPM TWPA
dispersion relation (red solid line). To achieve proper phase matching, we can adjust
the pump frequency for different levels of pump current, shown here as 𝐼𝑝 = 0.3𝐼0,
0.5𝐼0, or 0.7𝐼0, until the phase matching parameter ∆𝑘 = 0.

We note that we can make the following approximation, in which we neglect

dispersion and impedances dependent on frequency. Having done so, the phase-

matching expression becomes

∆𝑘 ≈ 2𝑘𝑝 − 𝑘𝑠 − 𝑘𝑖 − 2𝑘𝑝𝜅 (3.17)
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where 𝜅 =
(︀
𝑎2𝑘2

𝑝 |𝑍char |2 /16𝐿2
𝐽𝜔

2
𝑝

)︀
(𝐼𝑝/𝐼0)

2, and the characteristic impedance of the

transmission line is 𝑍char ≈
√︀
𝐿/ (𝐶0 + 𝐶𝑐) ≈ 50Ω. This characteristic impedance

is chosen for convenient integration with standard radio- and microwave-frequency

electrical components, and places some limits on the choice of circuit parameters. As

shown in Eq. 3.17, the phase mismatch can then be adjusted simply by adjusting the

pump wavevector 𝑘𝑝. We refer back to Fig. 3-4 c) to better conceptualize the situation.

Technically, in the weak pump limit, a standard, linear TWPA dispersion (shown in

the black dashed lines) would be perfectly phase matched for a degenerate four-wave

mixing process; i.e. the degenerate pump wavevector can be exactly the average of

signal and idler wavevectors. However, as we are operating in the strong pump regime,

self- and cross-phase modulation result in phase variation as the signal and pump

propagate throughout the device. Consequently, we can modify the pump wavevector

along the RPM TWPA dispersion relationship, shown in the red solid curved line.

The authors have calculated the pump power necessary to phase-match currents of

magnitude 𝐼𝑝 = 0.3𝐼0, 0.5𝐼0, or 0.7𝐼0, demonstrating that a dynamic tuning range for

an RPM TWPA is practically achievable. Having done so, the authors calculate the

exponential increase in gain, and simulate the system to show that the TWPA gain is

vastly improved to around 20 dB over a 4 GHz bandwidth, compared to 10 dB over a

narrower 1 GHz bandwidth for a non-RPM TWPA. The results are shown in Fig. 3-5.

The RPM TWPA, shown in purple, achieves significantly higher and broadband gain,

though it has a narrow dispersion feature at the center frequency, due to the existence

of a stop band opened by the LC resonators. Furthermore, we note that the phase

matching parameter in part b) for an RPM TWPA can be nearly zero close to the

center frequency, implying near-perfect phase matching in that operational region.
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Figure 3-5: Gain comparison for RPM.[6] a) The RPM TWPA (purple solid line)
and standard TWPA (black dashed line) are modeled with the same pump current
and frequency; the only difference is the presence of phase matching resonators in the
RPM TWPA. The gain is around 20 dB over a bandwidth of 4 GHz. Note that due
to the creation of a stop band, the RPM TWPA has a dispersion feature in the form
of a dip around its center frequency, 5.97 GHz. b) The phase matching parameter
is shown for a standard and RPM TWPA; we see that the RPM TWPA can achieve
near-perfect phase-matching near the center frequency due to tuning of the pump
wavevector.

3.4 Mitigating sideband loss with Floquet-mode de-

sign

However, even with phase-matching strategies, conventional JTWPA designs still

demonstrated noise performance that was about 20% below that of the quantum

limit [18, 6]. More extensive modeling completed by Peng et al. considered addi-

tional modes of the system, in addition to just the pump, signal, idler etc.; this lead

to the understanding that much of the information in the JTWPA was lost due to

sidebands [7]. We can conceptualize this by envisioning the profile of JTWPA, rela-

tive to an idealized vacuum environment it is situated in. Though we can optimize for
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impedance matching, there is still a sharp transition between the vacuum and nonlin-

ear interaction region; therefore, there is a mode mismatch between the input tones

and the Floquet modes of the JTWPA, leading to significant sidebands, as shown in

Fig. 3-6(e, g, i).

Figure 3-6: Floquet JTWPA versus uniform JTWPA design.[7] a) The infor-
mation in a Floquet TWPA consists of two main modes, an amplifying and deampli-
fying modes. A uniform TWPA would feature a mixture of these and other higher
order modes. (b) The circuit parameters in a Floquet JTWPA are smoothly var-
ied over the length of the device. (c) Theoretical gain curve comparison between
convention (uniform) or Floquet JTWPA, showing that the Floquet JTWPA has a
wide bandwidth with the same circuit parameters, and it is still able to reach 20 dB
gain over a few GHz of bandwidth. (d) Due to recovering losses from sidebands, the
quantum efficiency of a Floquet JTWPA is two orders of magnitude closer to that of
an ideal amplifier. (e, f) Pump profile of a conventional uniform JTWPA versus a
Floquet JTWPA. (g, h) Internal field profiles of the uniform and Floquet JTWPAs
for an injected signal mode. (i, j) Internal field profiles of the uniform and Floquet
JTWPAs for an injected sideband mode, assuming zero dielectric loss.

The key to recovering these sideband losses is a slow, adiabatic modulation of

the input modes, such that they are transformed into Floquet modes inside of the

JTWPA and then back into output modes at the end of the device; practically, this

involves tapering of circuit parameters at the boundaries of the device. This leads to

information recovery in the Floquet mode JTWPA, shown abstractly in Fig. 3-6(a)

and more concretely in the reduction of sidebands in Fig. 3-6(h, j). The device under

study in this thesis implements a modified Gaussian profile for elements across the
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length of a few thousand unit cells, depicted in Fig. 3-6(b, f). This device features

improved gain and quantum efficiency performance compared to the uniform JTWPA

design, as shown in Fig. 3-6(c), and is further described in Chapter 5, section 5.1.

Note that we define the quantum inefficiency in Fig. 3-6(d) as the difference from

that of an ideal amplifier, i.e.

𝜂 = 1− 𝜂

𝜂𝑖𝑑𝑒𝑎𝑙
. (3.18)
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Chapter 4

Floquet TWPA performance metrics

4.1 Device design

The Floquet TWPA is fabricated on a 200-mm high-resistivity (> 10 kΩ·cm)

float-zone silicon wafer using a standard superconducting qubit process [75, 76, 77,

78, 79, 80], consisting of an aluminum ground plane, Josephson junctions [81], and

aluminum air bridges [82] as shown in Fig. 4-1(a). Meandered with a 5× 40 mm chip

footprint, the Floquet TWPA consists of 3008 sets of three-Josephson-junction chains

interleaved by open-ended coplanar waveguide stubs, which function as low-loss dis-

tributed capacitors to ground. Capacitively coupled lumped-LC resonators centered

at ∼ 8 GHz are inserted every 8 unit cells to phase-match the desired four-wave-

mixing parametric amplification process [6]. The lengths of the Josephson junctions

and the coplanar stubs in each cell are jointly varied across the device to control

the instantaneous nonlinearity and implement the adiabatic Floquet scheme [7] while

maintaining ∼ 50Ω impedance matching between cells. The resulting junction critical

currents range from 4.62𝜇A in the middle to 13.1𝜇A at the ends, chosen to balance

Floquet mode matching at the interfaces and ∼ −100 dBm P1dB gain compression for

multiplexing tens of qubits.
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Figure 4-1: (a) Floquet TWPAs are fabricated on a 200-mm silicon wafer using a
standard superconducting qubit process. The Floquet TWPA chips are 5 × 40 mm
in size and are housed in a gold-plated package with SMPM connectors. (b) False-
color micrograph and circuit schematic of the Floquet TWPA. Each LC ladder of the
nonlinear transmission line consists of three Dolan-style Josephson junctions chained
in series (red) and a coplanar stub capacitor (yellow) to ground (light gray). The
junction sizes and coplanar stub lengths are varied as a function of position across the
device. The capacitively coupled phase matching resonators (blue) are inserted every
eight unit cells to phase match the parametric amplification process. The airbridges
(green) are placed in every cell to connect the grounds on both sides of the junction
chains.(c) Measured insertion loss (blue) and broadband parametric gain (light red)
of the Floquet TWPA, both normalized to a through line with matching cable lengths
in a microwave switch bank; the measurement setup is depicted in Figure 4-1(a). The
red dashed line is the parametric gain data smoothed with a Savitzky-Golay filter.

4.2 Gain and insertion loss

As shown in Fig. 4-1(c), The total device insertion loss averages < 0.5 dB within the

full 4-12 GHz band. Because dielectric loss 𝐴dielectric[𝑑𝐵] ∝ 𝑘(𝜔) tan 𝛿 ∝ 𝜔 is linearly

proportional to wavevector 𝑘(𝜔) and signal frequency 𝜔 on the dB scale and our

device exhibits a near-zero slope, we attribute the remaining ∼ 0.11 dB frequency-

independent insertion loss to microwave packaging and impedance mismatch, which

can be optimized. In addition to minimal insertion loss, our Floquet TWPA exhibits

> 20 dB parametric gain over an instantaneous bandwidth of 3GHz as shown in

Fig. 4-1(c). We highlight that the parametric gain reported here in Fig. 4-1(c) is

relative to a through line and not to the undriven case. The device is measured in

a realistic measurement environment with directional couplers, circulators, and no

attenuators which would otherwise improve impedance matching conditions and gain
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Figure 4-2: Dynamic range of the Floquet JTWPA at a signal frequency of 6.59
GHz shows 𝑃1dB at −106.5 dBm (red star). The 1-dB SNRi compression point is at
∼ −104 dBm (blue star), which is 2.5 dB higher than the gain compression point,
indicating that the Floquet TWPA achieves improved noise performance compared
to conventional counterparts.

performance for TWPAs.

4.3 P1dB and dynamic range

In Figure 4-2, we plot the measured parametric gain and SNRi at 6.59GHz as a

function of the calibrated input signal power. At 21-dB gain, the 1-dB compression

point is 𝑃1dB = −106.5 dBm, as indicated by the red star marker. Remarkably, if

we similarly define a 1-dB SNRi compression point as the signal power at which the

SNRi lowers by 1 dB from the small-signal-power limit, the 1-dB SNRi compression

point occurs at a signal power 2.5 dB higher than the 𝑃1dB gain compression point,

as indicated by the blue star marker in Figure 4-2. This is in stark contrast to con-

ventional TWPAs, for which the SNRi compression occurs before the signal power

reaches the gain compression point [33]. The improved noise performance at high sig-

nal power yields another advantage over conventional TWPAs, potentially attributed
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to its efficient sideband leakage suppression [30].

The measured −106.5 dBm gain compression is on par with those of the experi-

mentally realized conventional JTWPAs (−110 dBm to −95 dBm) reported in liter-

ature [18, 20, 29, 21, 83], showing promise for broadband photon emission detection

and multiplexed qubit readout applications [84, 33, 85]. Nonetheless, we note that

there is still room for improvement of 𝑃1dB. The predicted gain compression point,

calculated using the pump depletion model [86] indicates a 𝑃1dB value ∼5.5 dB higher

than the measured value. We hypothesize that the cause for the lower measured 𝑃1dB

is not signal sideband leakage as in conventional JTWPAs, evidenced by the later-

occurring SNRi compression, but rather by the additional pump depletion from pump

intermodulation byproducts and self-oscillation formation inside the Floquet TWPA,

which will be discussed in Chapter 5. In future work, this parametric oscillation

can be alleviated by tighter fabrication tolerance and better compensation of small

resonance variations from varying capacitive couplings, which will increase paramet-

ric oscillation threshold and potentially lead to a 𝑃1dB closer to theory. Furthermore,

this particular Floquet TWPA device has a measured critical current density 𝐽𝑐 17.7%

smaller than the design value. With better 𝐽𝑐 targeting, 𝑃1dB will not only improve

from higher junction critical current and input pump power, but also from reduced

impedance mismatch and the resulting higher parametric oscillation threshold. In

addition, 𝑃1dB can also be improved with longer junction chains with proportionally

larger critical currents.
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Chapter 5

Intrinsic Quantum Efficiency using

wQED calibration

We evaluate the intrinsic noise performance of our Floquet TWPA using a waveg-

uide quantum electrodynamics (wQED) method [73, 87, 29, 88]. The wQED device,

consisting of a qubit symmetrically coupled to a transmission line, provides an abso-

lute power reference at the cryogenic stage at the qubit frequency for noise charac-

terization. At weak coherent drive powers (|𝛼|2 ≪ 1 where 𝛼 is the coherent state

amplitude), the qubit absorbs a single photon from the drive field and emits a photon

bidirectionally with a 𝜋 phase shift, thereby perfectly reflecting the single photon

through constructive interference in the backward direction and destructive inter-

ference in the forward direction [29, 88]. At higher drive powers, the transmission

increases and approaches unity. The power-dependent transmission can thus be fitted

to extract the desired absolute power reference.

5.1 Waveguide QED transmission calibration

The wQED device consists of a symmetric qubit coupled to an open transmission

line, which functions as a waveguide. The qubit frequency can be tuned with a DC

magnetic flux bias to find a flux-insensitive sweet spot, in this case 6.59 GHz. Once

tuned to the desired qubit frequency, we perform a 2D scan of the transmission profile
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Measured data

Figure 5-1: (a) Real part of theoretical model and real part of transmission data, in
which we observe the qubit perfectly reflecting an input photon at low powers, versus
transmitting near unity at higher powers. (b) Imaginary part of theoretical model
and imaginary part of transmission data, where we see a phase shift corresponding to
the dip in (a). (c) Global fit gives us a transmittance curve at the resonator frequency,
which allows us to extract the absolute power at every nominal input power used for
the power sweep.
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by sending in a weak coherent drive at varying input powers. At lower drive powers,

the qubit will absorb a single photon from the drive field and emit a photon bidirec-

tionally with a 𝜋 phase shift, thereby perfectly reflecting the single photon through

constructive interference in the backwards direction and destructive interference in

the forward direction. This results in a dip in the transmission at the resonant fre-

quency. At higher drive powers, the higher number states of the qubit become excited

and the resonant transmission increases, since the qubit can only emit up to a single

photon. In Figure 5-1 (a) and (b), we note that the real and imaginary parts of the

linear power scan exhibit the transmission behavior we expect (the measured data

is normalized to transmission with the qubit far detuned). The equation describing

transmission for a strongly coupled qubit and waveguide is

𝑡 = 1− Γ1

2Γ2

1− 𝑖Δ
Γ2

1 +
(︁

Δ
Γ2

)︁2
+ Ω2

Γ1Γ2

. (5.1)

where Γ1 is the decay rate of the qubit into the transmission line, Γ2 is the transverse

decoherence rate of the qubit, and Ω is the drive amplitude in units of Hz [29]. The

absolute drive power at the qubit is given by [73]:

𝑃 = 𝜋ℎ̄𝜔𝑖Ω
2/2Γ1. (5.2)

By performing a global fit of the input power-dependent transmission as shown in

Figure 5-1 (c), we can extract the drive amplitude Ω and the decay rate of the qubit

into the transmission line Γ1, and thus calculate the absolute power at the input of

the wQED device and the Floquet TWPA, which we called reference plane A from

the derivation in Chapter 2.

5.2 Measured intrinsic quantum efficiency

Figure 5-2(a) shows the experimental setup used to characterize the intrinsic amplifier

quantum efficiency. The Floquet TWPA and the wQED device are placed in parallel
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Figure 5-2: (a) Measurement setup for performing wQED power calibration and
characterizing the intrinisic amplifier quantum efficiency. The plane of absolute power
reference is placed right before the wQED and the Floquet TWPA within the switch
bank, labeled by the red letter A. (b) Noise temperatures measured at the optimal
pump configuration with the Floquet TWPA turned on (blue) and with it switched out
(gray), respectively. The red dashed line corresponds to the standard quantum limit
(SQL). Data is taken at a signal frequency of 6.59 GHz. (c) The measured gain and
SNRi (see main text for definition) of the Floquet JTWPA as a function of the applied
pump power at pump frequency 7.71 GHz. The optimal pump operating region is
highlighted in light gray, within which the maximal SNRi of 10.23 dB occurs at a
parametric gain of 20.18 dB. (d) The extracted system measurement efficiency 𝜂sys,on
(pink) and intrinsic amplifier quantum efficiency 𝜂amp,i (green), respectively, with
maximal values of 83.6±2.6% and 92.1±7.6%. (e) The measured noise power spectra,
normalized by the small-pump-power noise powers, as a function of the applied pump
power on the decibel scale. The dashed line at 7.71 GHz corresponds to the applied
pump as indicated by the white arrow and text. An abrupt noise floor rise is visible at
around −69.85 dBm, indicative of the onset of self-oscillations in the Floquet TWPA.
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inside a pair of multi-throw microwave switches, and the pump is combined with the

input signal tone through a 20 dB directional coupler before the switch bank. The

wQED device thus provides a power reference at the reference plane A, and we use

nominally identical microwave cables with matching lengths and similar PCB pack-

aging to minimize line differences between the different switch bank paths. After

the switch bank, the signal is routed to a double-junction circulator, a superconduct-

ing NbTi cable, and a high-electron-mobility transistor amplifier (HEMT) for further

amplification at 4K. We choose to operate and obtain an absolute power at the flux

sweet spot qubit frequency of 6.59 GHz, which is also near the center of the TWPA

high gain band.

In Figure 5-2(c), we plot the measured parametric gain (red) and the associated

SNR improvement (blue), SNRi ≡ SNRtwpa,on/SNRthru, as a function of the input

pump power at the pump frequency 7.71GHz. Instead of the common definition of

SNRi relative to an undriven device, we define the SNRi relative to a through line,

because this fairly represents the SNR improvement from adding the amplifier into

the measurement chain for devices with insertion loss. The parametric gain increases

monotonically with increasing pump power and reaches a local peak of 22.17 dB at

a pump power of ∼ −70.5 dBm before decreasing. The SNRi follows a similar trend

and peaks at 10.23 dB with a parametric gain of 20.19 dB, occurring at a gain just

1.98 dB before the peak gain at the pump power ∼ −71.2 dBm. The close proximity

of the gain and the SNRi optima in our Floquet TWPA shows an improvement over

conventional TWPAs, as predicted in [7] from more efficient sideband suppression.

In Figure 5-2(d), we show the corresponding system measurement efficiency

𝜂sys,on =
ℎ̄𝜔

𝑘𝐵𝑇sys,on

(5.3)

and the deduced phase-preserving intrinsic amplifier quantum efficiency from Eq.2.7:

𝜂amp,i(𝐺)=

(︂
2

𝜂sys,on
− 2

𝐺𝜂sys,off
+

1

𝐺

)︂−1⧸︁
𝜂ideal(𝐺) (5.4)

where G is the amplifier power gain (in linear units), 𝜂ideal(𝐺) = 1/(2 − 1/𝐺) [7]
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is the quantum efficiency of an ideal phase-preserving quantum-limited amplifier at

gain G, 𝜂sys,off refers to the system measurement efficiency when the Floquet TWPA is

turned off. We note that in this definition, the intrinsic amplifier quantum efficiency

is normalized by that of an ideal phase-preserving quantum-limited amplifier, with

100% corresponding to the standard quantum limit.

Between pump powers of −71.25 dBm and −70.7 dBm exists a region (highlighted

in light gray) in which the system measurement efficiency exceeds 80% and the para-

metric gain exceeds 20 dB concurrently. The optimal system measurement efficiency

reaches 𝜂sys,on = 83.6± 2.6%, for which the downstream amplification chain (includ-

ing the HEMT) contributes to 9.22 ± 1.05% of the inefficiencies. This is among the

highest reported system measurement efficiencies [31], and we note that in contrast to

Ref. [31], our system measurement efficiency is measured without any attenuators im-

mediately before or after the amplifiers, which would otherwise improve impedance

matching conditions. At low parametric gain, the intrinsic amplifier quantum effi-

ciency approaches the quantum limit, within measurement uncertainty. At the same

operating point for optimal system measurement efficiency and > 20 dB gain, the

intrinsic amplifier quantum efficiency is 𝜂amp,i = 92.1 ± 7.6%, to our knowledge the

highest reported value in TWPAs [18, 19, 20, 21, 89]. Figure 5-2(b) shows the system

noise temperature of 378±25mK and 3.99±0.25K when the Floquet TWPA is turned

on (blue) and switched out (gray), respectively, at the optimal pump operating point

discussed above.

For the discussions above, the system noise is referred to the input of the wQED

device/the Floquet TWPA as shown in Figure 5-2(a). The choice of this plane of

reference A is suitable for extracting the intrinsic amplifier quantum efficiency, as is

the central focus of this section. Nonetheless, we note that the attained high system

measurement efficiency 𝜂sys,on = 83.6 ± 2.6% shows the great promise of minimizing

the insertion loss between the preamplifier and the quantum processor. In addition,

the above analysis sheds light on the limiting factors at high system measurement

efficiencies. As preamplifiers continue to advance in performance and become tightly

integrated with qubits, noise from downstream measurement chain will soon dominate
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and limit the attainable system measurement efficiency to be under ∼ 90%, even at

a 20 dB preamplifier gain. Near-ideal quantum measurements require preamplifiers

with higher gain, HEMTs with improved noise performance, or a second stage of

near-quantum-limited amplifiers following preamplification.

Above a pump power of −70 dBm, there exists a region where the parametric

gain increases to ≈ 25 dB while the SNRi decreases significantly. The SNRi becomes

negative around −69 dBm and parametric gain decreases again. Figure 5-2(e) shows

the corresponding noise power rise spectra, normalized by the small-pump-power noise

powers, as a function of frequency and pump power. We observe that these high gain

regions with poor noise performance are correlated with uniformly spaced noise peaks,

which form symmetrically about the dispersion feature and become increasingly more

prominent at higher parametric gain. At a pump power of ∼ −69.85 dBm, beyond the

optimal operating point, an abrupt noise floor rise occurs across the entire spectrum,

indicative of the onset of parametric self-oscillations, and consistent with the sudden

increase in measured parametric gain. We hypothesize that the noise peaks are caused

by self-oscillations originating in an effective cavity in the middle of the Floquet

TWPA, due to the varying phase-matching resonator frequencies. The self-oscillation

effect is also exacerbated by the minimal insertion loss and imperfect critical current

density targeting from fabrication (∼17.7% difference between measured and designed

𝐽𝑐).
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Chapter 6

System Quantum Efficiency using

cQED calibration

To characterize the system measurement efficiency for qubit readout, we perform an

in-situ power calibration using the measurement-induced dephasing method [72, 18]

on the transmon and readout resonator. A coherent tone populates the resonator,

causing an AC Stark shift and measurement-induced dephasing of the qubit. We

obtain an absolute power reference at the input of the qubit readout resonator by

fitting to the functional dependence of these rates on the resonator drive power and

detuning. Then, we can reliably calibrate the photon population in the resonator and

consequently the absolute power reference for the measurement tone at the input of

the qubit chip at the mixing chamber.

6.1 Circuit QED dephasing calibration

Figure 6-1 shows the pulse sequence of the aforementioned circuit QED power cali-

bration method. This sequence is similar to the well-known Ramsey measurement,

except that an additional weak measurement pulse with varying power is introduced

between the two 𝜋/2 pulses instead of simply idling as in the Ramsey sequence. With

a drive Hamiltonian ℋ̂𝑑 = 𝜖𝑑𝑎̂𝑒
𝑖𝜔𝑑𝑡 + 𝐻.𝑐., in which 𝐻.𝑐. stands for the Hermitian

conjugate of the preceding term and 𝜔𝑑 is the frequency of the drive tone, the steady-
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Figure 6-1: Pulse Sequence of the circuit-QED power calibration method. In each
Ramsey-like measurement, the duration of the flat-top Gaussian weak measurement
tone in between the two 𝜋/2 qubit pulses is varied to extract the measurement-induced
dephasing rate and AC Stark shift from the decaying sinusoidals at a particular drive
tone power. Such measurements are then repeated at varying input drive tone power
for power calibration fitting.

state AC stark shift 𝜔𝐴𝐶 and the measurement-induced dephasing rate Γ𝑚 can be

expressed as [72]

𝜔𝐴𝐶 = 2𝜒ℜ𝛼*
𝑒𝛼𝑔,

Γ𝑚 = 2𝜒ℑ𝛼*
𝑒𝛼𝑔,

(6.1)

in which

𝛼𝑒(𝑔) =
−𝑗𝜖𝑑

𝜅/2 + 𝑗(∆𝑟 ± 𝜒)
. (6.2)

In the above formulae, ∆𝑟 = 𝜔𝑟0 − 𝜔𝑑 is the resonator drive detuning, 𝜒 is the

dispersive shift between the qubit and the resonator, 𝜔𝑟0 is the bare (uncoupled)

resonant frequency of the resonator, and 𝜅 = 𝜅int + 𝜅ext is the total or the loaded

decay rate of the resonator. Utilizing the input-output theory, we can express the

input power in the feedline with the external coupling rate 𝜅ext as

𝑃in = ℎ̄𝜔𝑑𝜖
2
𝑑/𝜅ext. (6.3)

Figure 6-2(a) shows the measured AC Stark Shift 𝜔𝐴𝐶 and measurement-induced

dephasing rate Γ𝑚 as a function of the drive detuning ∆𝑟. Figure 6-2(b) shows three

representative linecuts, in which the weak measurement tone is far-detuned, at |1⟩

state resonance, and bare-resonance 𝜔𝑟0, respectively. In the far-detuned case (Fig-

ure 6-2(b) top), the resonator is barely populated by the drive and thus has minimal

excess dephasing. In contrast, the measurement-induced dephasing is maximized
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a b

Figure 6-2: (a) The measurement-induced dephasing rate Γ𝑚 and AC Stark Shift 𝜔𝐴𝐶

as a function of the detuning ∆𝑟 = 𝜔𝑟0 − 𝜔𝑑. (b) Measurement-induced dephasing
Measurements (Figure 6-1) as a function of the dephasing pulse duration at far-
detuned (top), near |1⟩ state resonance (middle), and at bare resonance (bottom),
respectively.

around the |1⟩ resonance (Figure 6-2(b) bottom).

Figure 6-3 shows the measured AC Stark Shift 𝜔𝐴𝐶 and measurement-induced

dephasing rate Γ𝑚 as a function of the DAC input power. We note the bottom x-axis

values 𝑃DAC (or MID pulse drive power) here are referenced at the input going into

the fridge at room temperature and therefore do not correspond to the power at the

chip to be calibrated, but instead act as a scaling reference for power linearity and

fitting. The top x-axis corresponds to the power-calibrated number of photons in

the resonator after fitting. The dashed-line fits in Figure 6-3 is obtained by applying

the experimentally extracted parameters 𝜒, 𝜔𝑟0, and 𝜅 presented in Table 6.1 and

using 𝑐𝜖 = 𝜖𝑑/
√
𝑃DAC as the only free fitting parameter. We can then extract the

photon number population and thus input measurement tone power at each nominal

DAC input power reference from the simultaneous fit for 𝜔𝐴𝐶 and Γ𝑚 for use in noise

characterization in the main text.

For the fits described above, we obtain the 𝜒 and 𝜅 values from resonator spec-

troscopy. Since this is a reflection measurement, it is possible to determine the exter-

nal and internal losses by measuring the resonator transmission, shown in Fig. 6-4.
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Figure 6-3: (a) The measurement-induced dephasing rate Γ𝑚 (a) and AC Stark Shift
𝜔𝐴𝐶 (b) as a function of the input DAC power at room temperature.

We utilize the following model for asymmetric resonators as follows [90, 91]:

𝑆11(𝑓) = 𝑎𝑒𝑖𝛼𝑒−2𝜋𝑖𝑓𝜏

[︂
(2𝑄𝑙/ |𝑄𝑐|) + 2𝑖𝑄𝑙 (𝑓/𝑓𝑟 − 1)

1− 2𝑖𝑄𝑙 (𝑓/𝑓𝑟 − 1)

]︂
. (6.4)

From fitting the resonator transmission while the qubit is in the ground and excited

states, we extract the values shown in Table. 6.1. We then input the 𝜒 and 𝜅 values

into the theoretical fit for our measurement-induced dephasing frequency and power

sweeps in Figure 6-2 and Figure 6-3. This allows us to extract a power factor 𝜖𝑑

from both sweeps at a chosen MID drive power, obtaining a difference of 5.293%

between the two obtained factors; this leads to a difference of 0.45 dB in the absolute

power calibration, -142.49 dBm and -142.04 dBm respectively. For the cQED power

calibration in this work, we choose the value obtained from the frequency detuning

MID sweep Figure 6-2 since it is a direct, well-averaged measurement over 49 different

frequency points at our desired drive power, as opposed to a single frequency for the

power-dependent MID sweep in Figure 6-3.
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Figure 6-4: Resonator spectroscopy performed with qubit in ground (blue data, or-
ange fit) versus excited (green data, red fit) states. Panel a) is the reflection and
panel b) is the phase.
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Table 6.1: Circuit QED parameters of the qubit-resonator system used for power
calibration.

𝜔𝑞 𝜔𝑟0 𝜒 𝜅 𝜅ext

(GHz) (GHz) (MHz) (MHz) (MHz)

5.769 6.505 1.296± 0.03 0.572± 0.04 0.458± 0.002

6.2 Measured full-chain system quantum efficiency

We now use the Floquet TWPA in a qubit readout experiment. As shown in ??(a),

we perform a reflection measurement on a transmon qubit separated from the TWPA

by a single-junction circulator and a 20-dB directional coupler. A circulator after

the Floquet TWPA mitigates reflections from subsequent components and reduces

thermal noise from higher temperature stages.

We perform noise spectral power density measurements and extract the maximum

system efficiency to be 65.1% ± 5.8%, at 20.6 dB gain, depicted in Figure 6-5(b).

This measurement efficiency is significantly higher than previously reported qubit-

readout-chain measurement efficiencies using TWPAs of approximately 20% to 50%

[18, 71, 92, 93, 94, 95, 20, 96], and is among the best achieved by phase-preserving

Josephson parametric amplifiers (JPAs), ranging from 55% to 63% for similar readout

chains [42, 41, 52, 53, 51, 97, 98]. We note that when operated in phase-sensitive

configurations, parametric amplifiers can provide higher system efficiencies [47, 45,

46, 43].

6.3 Projective qubit readout

With the TWPA pump on, we obtain representative single shot readout histograms

in Fig. 6-5(c) and measure a 𝑇1-limited readout fidelity of 97.23% on average, with a

readout length of 0.5𝜇s. Overall, the Floquet TWPA provides an attractive balance

of wide bandwidth, high gain, and low noise for applications such as multiplexed

readout of superconducting or spin qubits [92, 94, 95, 11, 85].
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Figure 6-5: (a) Measurement setup for qubit readout, featuring a transmon qubit in
reflection followed by the Floquet TWPA. (b) Using measurement-induced dephasing
of the qubit, system efficiency is calculated to be 65.1% ± 5.8% at max (pink dots).
At the same pump power, the parametric gain is 20.6 dB (blue squares). (c) Qubit
readout with the JTWPA pump on, resulting in an average readout fidelity of 97.23%
over an integration time of 0.5 𝜇𝑠, with the threshold between the ground and excited
states defined by the gray dashed line.
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Chapter 7

Conclusion

In this work, we have presented the first experimental demonstration of a Floquet

TWPA, featuring > 20 dB parametric gain over 3GHz of instantaneous bandwidth.

Implemented using a standard superconducting qubit fabrication process, this Floquet

TWPA has an average insertion loss of <0.5 dB within the 4-12GHz band, which is

among the lowest insertion losses reported for a JTWPA [18, 71, 92, 93, 94, 95, 97,

98, 46].

We have also performed precise calibrations of the power incident on the TWPA

device using two different methods, one based on the AC stark shift of a strongly

coupled reflection-style qubit, and one based on the input-power-dependent trans-

mission of a wQED qubit coupled to an open transmission line. From these power

calibration methods, we show that the Floquet TWPA is capable of reaching an in-

trinsic quantum efficiency of 𝜂amp,i = 92.10± 7.6% at >20 dB parametric gain, which

is the highest reported intrinsic quantum efficiency for phase-preserving parametric

amplifiers in recent literature [18, 71, 92, 93, 94, 95, 46]. When situated in a super-

conducting qubit measurement setup as a general-purpose preamplifier, this Floquet

TWPA enables a system measurement efficiency of 65.1± 5.8%, the highest reported

in a superconducting qubit readout experiment with a phase-preserving amplifier to

the best of our knowledge [42, 41, 52, 53, 51, 97, 98].

Gain saturation measurements indicate that the Floquet JTWPA has 𝑃1dB =

−106.5 , which is typical for a JTWPA device[83] but lower than theoretical pre-
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diction. The dynamic range and general noise performance of the Floquet JTWPA

are adversely affected by the presence of pump intermodulation byproducts, which

manifest as measurable features in the noise power spectra with a clear dependence

on pump power. We hypothesize that these byproducts occur due to impedance

mismatches from both fabrication and capacitative coupling variation across the de-

vice, which creates an intra-TWPA cavity susceptible to self-oscillatory behavior. We

plan to address the parametric self-oscillations with improved 𝐽𝑐 targeting, fabrica-

tion precision, and compensation for capacitive coupling variation across the device

profile.

Furthermore, the qubit-compatible fabrication of the Floquet TWPA provides

significant potential for reducing footprint and insertion loss in superconducting qubit

readout chains. We propose patterning the qubit, directional coupler, and Floquet

JTWPA on the same Al wafer, then integrating them into the same package; this will

eliminate cabling between these devices, while still allowing for modularity with the

option of wire or bump bonding individual devices. With these improvements, we

intend to further enhance the performance of Floquet TWPAs to attain a projected

> 80% measurement efficiency, with the goal of enabling large-scale fault-tolerant

quantum computers and critical sensing applications in fundamental physics.
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Appendix A

Full fridge diagram

We characterize the Floquet TWPA in this paper with two setups: first, in a switch-

bank optimized for extracting TWPA metrics referred to a through line, and second,

in a qubit readout chain optimized for high system efficiency. The two setups are

depicted in fig. A-1. For the first setup in fig. A-1 (a), the gain and insertion loss

measurements, as well as the transmission measurements of the wQED device, are

performed with a vector network analyzer (VNA; Hewlett Packard 8720ES). For noise

rise experiments, we utilize an RF generator source (Windfreak; SynthHD PRO v2)

for a clean signal tone with minimal sidebands, and inspect the SNR improvement on

a spectrum analyzer (SA; Agilent E4440A). The TWPA pump tone is provided by

a separate RF generator (Windfreak; SynthHD PRO v2) at room temperature, and

couples into the signal line with a directional coupler (Marki; C20-0226) at cryogenic

temperatures. The Floquet TWPA is situated in parallel with the wQED device

and through line in a Radiall 6-port switchbank (Radiall R591762600); we utilize

non-magnetic cables of the same length and make within the switchbank in order

to provide the best possible reference for the line with the Floquet TWPA. The ca-

bles in the through line are connected with a SMPM barrel, as a close analog to the

adapters used to interface between the SMA-connectorized non-magnetic cables and

the TWPA package input with SMPM connectors. Before the directional coupler

and after the switchbank, we have 4-12 GHz double junction isolators and circu-

lators (LNF; ISISC4-12A, CICIC4-12A) to provide directionality and minimize the
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effect of downstream reflections. The signal goes through a HEMT amplifier (LNF;

LNC-6-20D), is further amplified by two room temperature amplifiers (Mini-Circuits

ZX60-05113-LN+), and reaches room temperature readout, which in turn can go to

port 2 of the VNA for transmission measurements, or the SA for noise rise experi-

ments.

The setup in fig. A-1 (b) consists of a simple qubit readout chain, with a transmon

qubit measured in reflection, utilizing the same fridge attenuation and TWPA pump

source as in (a). To minimize heating from the TWPA pump tone, we add two

bandpass filters (MCL VBF-7500+ 7450 to 7650 MHz BPF) to the pump line at the

mixing chamber stage. Since this measurement chain is optimized for high system

efficiency, we minimize the insertion loss between the qubit and the Floquet TWPA by

using a single junction circulator (LNF; CICIC4-12A) along with a low-loss aluminium

cable. In addition, we reduce the output circulator to a single junction circulator,

and use a HEMT amplifier (LNF; LNC4-8C) that has a low noise temperature of

1.5 K. For transmission experiments, we likewise obtain data with the VNA. For

qubit readout, power calibration, and noise rise experiments, the input signal tone

is provided by a digital-to-analog-converter (DAC) pin of an FPGA (AMD Zynq

UltraScale+ RFSoC ZCU111, Xilinx) running the Quantum Instrumentation Control

Kit (QICK) software. The output tone is read out either by the native analog-to-

digital converter (ADC) of the FPGA for qubit experiments, or with the SA for noise

rise experiments.
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Figure A-1: (a) Fridge diagram for the setup to characterize gain, insertion loss, and
intrinsic quantum efficiency performance metrics of the Floquet TWPA, including
a through line and wQED device in parallel with the Floquet TWPA. (b) Fridge
diagram for the setup to characterize Floquet TWPA performance in a qubit readout
chain. The transmon qubit is measured in reflection and used to perform a power
calibration (described in Appendix D) to obtain the measurement efficiency of the
full system.
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Appendix B

Packaging improvements

Initially, as shown in Fig. B-1, the JTWPA package consisted of a simple copper

box with a groove in which to insert the chip, as well as a hole drilled underneath

the JTWPA chip to effectively ‘dilute’ the permittivity of the substrate and thus

increase the frequency of the package mode. However, upon first measurement of

the package at room temperature, we discovered modes at 10, 17 and 22 to 25 GHz

that would result in the signal bypassing the actual JTWPA chip upon cryogenic

operation. Thus, we implemented two changes; first, by extending the center hole

underneath the JTWPA chip to a trench underneath the interposer chips as well as

the JTWPA chip, we pushed the modes up further to only around 22 GHz; next, we

sealed the gaps between interposer chips and the ground plane with silver paste. In

Fig. B-2 we show the room-temperature measurement results of these modifications.

We were guided to make these modifications by HFSS eigenmode simulations,

which show where the higher-frequency modes are located in the device. For example,

Fig. B-3 demonstrates that there are modes at 24.5 GHz located in the gap between

the interposer chip and package body, which we then sealed with silver paste.

We note that there still exist nonidealities with this package design, namely, the

soldered SMA-style connectors and wirebonds to the package introduce impedance

mismatches to the system, and furthermore, there still exist modes as 26 GHz. The

described design would be appropriate for initial testing at 23 GHz or below, but not

for the final JTWPA implementation.
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Figure B-1: Original JTWPA package design from MIT Lincoln Laboratory.

Figure B-2: Room temperature transmission measurement of original package (blue
line), adding a larger trench to the package (orange line), and sealing gaps with silver
paste (red line).

70



Figure B-3: Example 24.2 GHz mode in trenched package, not yet sealed with silver
paste.

Thus, our group has developed a new package design that replaces the SMA con-

nectors with SMPM connectors, rated up to 60 GHz at room temperature, and elim-

inates the need for wirebonding between the interposer and package. This improved

design optimizes package and connector modes, minimizes wirebonds on interposer

chips, and employs signal-line compensation strategies for better impedance matching

up to 18 GHz.

Our new package design is outlined in Figure. B-4. The package base and lid

are Copper 101, ordered from Protolabs and gold plated at MIT’s T. J. Rodgers

Laboratory for thermalization. Instead of a design in which the interposer chip and

the device itself both have to be wirebonded to the base of the package, we use a

copper/TMM10i interposer to hold the TWPA device above a trenched cutout. The

PCB material is ordered from Rogers Corp. and laser cut using an LPKF ProtoLaser

U4 machine, also at the T. J. Rodgers Laboratory. TMM10i was chosen for its thermal

compatibility with the rest of the package, and we are able to gold plate the PCB

for better wirebonding quality if needed. To provide the grounding of the PCB and

as well as the chip, we add a ring of indium wire that holds the PCB in place once

the lid is firmly screwed on. This enables greater modularity and faster testing, as
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Figure B-4: New package design, featuring (a) base, (b) lid, and (c) a picture of the
encapsulated PCB holding a wirebonded 5x5 uniform JTWPA chip. Note the com-
pensation structures on the PCB that help mitigate impedance mismatches caused
by the wirebonds.

we can easily swap out devices and cool down the same package without having to

remove wirebonds.

To improve impedance matching for the whole package at a wide range of frequen-

cies, we switch to SMPM connectors from Samtec (rated up to 40 GHz operation)

instead of SMA connectors, and we iterate the optimal footprint design to cut out on

the PCB with EM simulation software Ansys HFSS. We also model the impedance

mismatch caused by the wirebonds between the PCB and the TWPA device, and com-

pensate for the additional inductance by adding a Chebysheve filter on the interposer

coplanar waveguide, as pictured in Fig. B-4(c).

Our design improvements lead to easily scaled designs, such as the 5x40 mm chip

package used for the Floquet JTWPAs in this thesis, pictured in Fig. B-5(a). We

measured the room temperature modes of two of these packages using a simple CPW

in place of the JTWPA devices, and demonstrate that they are well matched up to

a frequency of 15 - 18 GHz in Fig. B-5(b), which is a marked improvement over
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Figure B-5: (a) New package design for the 5x40 mm Floquet JTWPA chip. (b)
Room temperature measurements of the new package using a simple CPW spacer
chip show reflections under -20 dB below 15 to 18 GHz.

the previous design. Since this design features low reflection and minimal spurious

modes over a broad range of frequencies, this package can also be tailored to suit

a wide range of superconducting quantum devices, and we have tested additional

packages for qubits (with added flux lines) that we intend to integrate with JTWPA

packages in future work.
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