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Josephson travelling wave parametric amplifier and its application for
metrology
Overview
The overall objective of this project is to develop a novel and practical broadband microwave amplifier capable
of operation at and beyond the fundamental, or standard quantum limit, of sensitivity. Applications of this
capability are in strong demand across wide-ranging areas of fundamental and applied physics and
engineering, including quantum information processing, quantum computing (for instance in the readout of
qubits), quantum metrology (for instance microwave-photon counting), radio-astronomy, medical imaging,
communications and other forms of sensing.
Need
Quantum technologies offer a step change in sensitivity or accuracy not attainable with classical devices. They
will promote transformative advances to science and society, improve the competitiveness of European
industry and SMEs by creating new commercial opportunities on many of the world’s biggest markets and
seed yet unimagined applications for the future. Areas that benefit include quantum computing, single-photon
detection in the microwave regime and “quantum non-demolition” measurements. Recent developments in
quantum sensing, quantum information circuits, astronomical detection and modern communications rely on
the precision detection of microwave photons. The emerging field of microwave quantum optics promises a
new regime of ultra-precise and metrological measurement. The need is not just for determination of
microwave power but for the precise determination of single photon properties including timing and phase, and
truly quantum properties such as squeezing and entanglement.
These developments critically depend on the availability of cryogenic amplifiers with sufficient gain and
bandwidth plus added noise no larger than that determined by quantum-mechanical principles. State-of-theart cryogenic semiconductor amplifiers possess at GHz frequencies an electrical noise that is at least a factor
of ten too high for quantum sensitive experiments and key applications of quantum circuits. This is a major
obstacle for the development of superconducting quantum technology. Superconducting quantum-limited
microwave amplifiers available in both research laboratories and commercially all suffer from compromises in
specification. A broadband quantum-limited microwave amplifier is therefore urgently needed.
The Josephson Travelling Wave Parametric Amplifier (JTWPA), to be developed by the consortium will achieve
significant advances in the state-of-the-art gain, bandwidth and simplicity of construction. The JTWPA with its
quantum-limited noise, will be applied in a number of key scenarios, including testing with two types of single
and multi-photon sources, and integration of the amplifier with two established quantum sensor technologies
(the SQUID and SET electrometer) to facilitate early uptake by the user community.
Objectives
The overall goal of this project is to develop a novel and practical broadband microwave amplifier capable of
operation at and beyond the fundamental, or standard quantum limit, of sensitivity.
The specific objectives of this project are:
1. To develop a broadband Josephson travelling wave parametric amplifier (JTWPA) utilising
three-wave mixing, with a power gain of 20 dB and flatness of 3 dB in a one octave range centred on
5 GHz to 6 GHz. The amplifier development will include optimisation of circuit design parameters and
physical layout, the preparation of functional samples and optimisation of the fabrication technology.
JTWPA circuits will be developed in Nb, Al and Nb-Al hybrid technology according to the intended
application.
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2. To analyse the amplifier noise and demonstrate thermal noise-squeezing (up to 5 dB) and
quantum-limited performance (noise temperature better than, at least hf/kB ~ 0.3 K), and to clarify the
role of device parameters (nonlinearity and dispersion, signal gain, bandwidth and dynamic range) to
optimise the amplifier operation.
3. To develop reliable and validated quantum amplifier metrology (components and processes) for the
characterisation of the JTWPA device and other quantum devices such as cryogenic amplifiers and
microwave photon generators. The envisaged metrology platform will allow the characterisation of devices
in terms of their gain and bandwidth. Besides using standard room temperature microwave sources,
fundamental metrology of the JTWPA and other quantum devices will be extended to the single-photon
limit by the integration of a cryogenic on demand single-photon source.
4. To improve the sensitivity of the JTWPA device to quantum levels with minimum backaction, through
integration with quantum sensors and macroscopic quantum systems. In particular, to combine the
JTWPA-based preamplifier with nanoSQUID sensors operating in a dispersive mode and rf-singleelectron-transistor (rf-SET) charge detectors optimised for error counting in single electron pumps. Both,
the SQUID and the superconducting SET (i.e. Cooper-pair transistor) are examples of macroscopic
quantum sensors/systems since their behaviour involves a macroscopically large number of Cooper pairs.
Further, to demonstrate frequency multiplexing in these circuits, and flux and charge sensitivities
approaching the standard quantum limit.
5. To facilitate the take-up of the technology and measurement infrastructure developed in the project
by the measurement supply chain (quantum technology professionals) and end users (electronics,
healthcare, information and communications industries) including demonstration of the application of the
JTWPA device in at least two quantum measurement case studies.
Progress beyond the state of the art
Low noise microwave amplification at cryogenic temperatures can currently be delivered using either
commercially available semiconductor amplifiers or specially developed superconducting parametric
amplifiers. Semiconductor amplifiers have a noise more than ten times larger than parametric amplifiers.
Present generation parametric amplifiers can deliver quantum-limited performance but are compromised by
limited bandwidth, fabrication complexity and difficulty of operation. Most state-of-the-art Josephson
parametric amplifiers are designed as resonators with integrated Josephson junctions, substantially limiting
the signal bandwidth and the dynamic range. Recently, the concept of a parametric amplifier with microwaves
travelling along a transmission line with embedded Josephson junctions was developed, based on a cubic
nonlinearity and the four-wave mixing principle. These circuits afforded greater bandwidth however they suffer
from imperfect phase matching of the travelling microwaves and cannot achieve flat gain in a sufficiently wide
frequency range. The amplifier to be developed in this project consists of a microwave transmission line formed
by a serial array of nonhysteretic one-junction SQUIDs. These SQUIDs are flux-biased such that this onedimensional metamaterial possesses large quadratic nonlinearity and nominally zero (unwanted) cubic
nonlinearity, allowing the use of the favourable three-wave mixing principle. The JTWPA operating in the threewave mixing mode will outperform state-of-the-art parametric amplifiers with respect to simultaneously
achieving large gain and high bandwidth. The new design has four key advantages. 1) A three-wave mixing
approach has the benefit of the pump tone being widely separated from the signal band, considerably reducing
the need for output filtering. 2) Efficient operation with reduced pump power due to large gain. 3) High dynamic
range in wideband operation by using the travelling wave concept. 4) Simplicity of construction and operation.
Noise analysis of the JTWPA operating in both degenerate (signal phase sensitive) and non-degenerate
(phase insensitive) regimes will be carried out. Careful study of noise squeezing in the degenerate mode
including achievement of deamplification of vacuum fluctuations will be the fundamental test of quantum-limited
operation of the circuit. Additionally, this JTWPA will enable squeezed microwave radiation generated in both
monochromatic and broadband (or multimode) regimes.
A metrology platform will be developed to compare the characteristics of different cryogenic amplifiers
(parametric amplifiers and semiconductor-based amplifiers) and photon generators. In addition to using
standard room temperature microwave sources for the characterisation of devices in terms of their gain and
bandwidth, the JTWPA will be integrated with an on-demand single-photon source for characterisation of its
single photon properties to explore its utilisation as a single photon detector in the microwave frequency range.
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The new type of JTWPA will be integrated together with existing quantum-based sensors to demonstrate the
overall technical advancement beyond what can currently be realised using state-of-the-art amplifiers. Such
integrated circuits can achieve improved sensitivity close to the standard quantum limit, show minimised
backaction and higher bandwidth compared to state-of-the-art devices. Multiplexed rf-SET sensors used in
combination with JTWPAs for metrology of the electrical current at the quantum level and rf-SQUID sensors
with integrated JTWPAs resulting in faster and more sensitive magnetic sensors will be developed.
Results
JTWPA technological approach, objective 1
Within this project a JTWPA operating in the three-wave mixing mode will be developed and functional samples
will be fabricated, outperforming state-of-the-art parametric amplifiers with respect to simultaneously achieving
large gain (20 dB) and high bandwidth (one octave). Due to full control of both quadratic and cubic
nonlinearities, the JTWPA will allow efficient phase matching and, therefore, large gain in the widest frequency
range. The net result will be a practical high-gain amplifier of simple construction without special phasematching elements, wide bandwidth with a flat gain response and with great promise for quantum-limited
performance.
A first series of JTWPAs has been designed and fabricated in Niobium technology. Pretesting at a temperature
of 4.2 K indicates a relative gain (difference in the output signal with the pump signal switched on and off) of
more than 12 dB in a bandwidth of 1.4 GHz. It is expected that with an improved design the gain and bandwidth
can be increased to reach the targeted parameters. Additionally, JTWPA samples have been designed and
fabricated in Aluminium technology, using tunnel junctions made by angle deposition. Both types of samples
will soon be examined at mK temperatures.
Noise analysis and squeezing, objective 2
The noise properties of this new type of amplifier will be examined to clarify the dependence on the main
device parameters (nonlinearity and dispersion, signal gain, bandwidth and dynamic range) and to optimise
the amplifier operation. Noise analysis of the JTWPA operating in both degenerate (signal phase sensitive)
and non-degenerate (phase insensitive) regimes will be carried out. Quantum-limited performance (noise
temperature better than hf/kB ~ 0.3 K) and noise-squeezing (up to 5 dB) will be demonstrated. A study of noise
squeezing in the degenerate mode, including achievement of deamplification of vacuum fluctuations, will be
done as the fundamental test of quantum-limited operation of the circuit.
A low-temperature setup at RHUL is now operational for the characterisation of both resonator and travelling
wave parametric amplifier devices at the many photon level at 4.2 K, and at sub-100 mK temperatures. In
addition, a new 300 mK low-temperature system will be obtained by NPL. This cryostat will be used for wide
bandwidth characterisation (4-12 GHz). The configuration of a further measurement setup at PTB based on a
dilution refrigerator was started with the goal to characterise JTWPA circuits at mK temperatures with a focus
on linearity, dynamic range and noise, using standard microwave generators and thermal noise sources.
Quantum amplifier metrology, objective 3
A reliable and validated quantum amplifier metrology platform, including components and processes for the
characterisation of the JTWPA and other similar devices such as semiconductor cryogenic amplifiers and
photon generators, will be developed. The JTWPA will be combined with an on-demand single-photon source
to characterise its single photon properties and to validate true single-photon detection. This will allow for a
dependable characterisation and comparison of cryogenic microwave amplifiers and related instruments.
The two cryostat systems at RHUL and NPL mentioned above will together form the metrology platform for
microwave measurements. A single-photon source design based on an output from EMRP project EXL03
Microphoton has been developed and will be fabricated. It will be tested on RHULs sub-100 mK system.
Integration of JTWPA with sensors, objective 4
The JTWPA will be integrated together with existing quantum-based sensors to demonstrate the overall
technical advancement beyond what can currently be realised using state-of-the-art amplifiers. Such integrated
circuits which can achieve improved sensitivity close to the standard quantum limit, show minimised backaction
and higher bandwidth compared to currently available devices. JTWPA-based preamplifiers will be combined
with rf-nanoSQUID sensors and rf-SET charge detectors. Frequency multiplexing and flux and charge
sensitivities approaching the standard quantum limit will be demonstrated in these circuits.
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Rf-SET: The first series of rf-SETs in Al technology has been designed. The modification of the measurement
setup to accommodate the rf-tank circuit at mK temperatures for rf-SET characterisation has started. NanoSQUID: Design for Al nano-SQUIDs has begun. Preliminary Nb nanoSQUIDs were designed and fabricated.
First characterisation of DC nanoSQUIDs in Nb technology was accomplished and V-Phi modulation was
observed.
Impact
The project will facilitate the take-up of new technology and measurement infrastructure by the measurement
supply chain (quantum technology professionals) and end users (electronics, healthcare, information and
communications industries) including demonstration of the application of the JTWPA in at least two quantum
measurement case studies.
The research will have potential impact in several important and emerging fields of science and technology,
such as quantum information processing and communication (QIPC), solid-state quantum computing,
cryogenic (including superconductive) electronics and sensors operating at the quantum limit, ultrasensitive
microwave measurements, and fundamental metrology.
The project website has been established, and a stakeholder group was formed with 30 individual members
from universities, research institutions, NMIs and small and large companies located in and outside of Europe.
Impact on industrial and other user communities
The development of the JTWPA will have a large impact on the field of quantum computation, it will be of
particular interest to high-tech industries (for example Google, IBM, D-Wave) who require simultaneous
measurement of the states of a large number of qubits. The JTWPA, when integrated with quantum sensors
will allow amplification of extremely small microwave signals with the lowest possible noise, key to the next
generation of cryogenic measurement equipment for the purpose of delicate quantum measurements. The
research will generate significant Intellectual Property (IP) including detailed parametric amplifier designs,
external microwave circuits for operating the amplifiers and techniques for interfacing the amplifiers to different
quantum-based sensors. The project will develop unique IP in the area of cryogenic parametric amplifiers
which will be of interest to high-tech companies engaged in quantum computing and the manufacture of
ultrasensitive instruments using quantum devices and systems.
Inspired by the ParaWave project SME SeeQC.EU, based in Italy, started its own JTWPA research program
and presented first results on the Applied Superconductivity Conference 2018 in Seattle, USA.
Impact on the metrology and scientific communities
The 2018 redefinition of the SI base units will result in a major overhaul to the definition of the Ampere. Central
to dissemination of precision electrical current standards within the redefined system is a need to count either
the single-electron tunnelling events or the errors of counting. One method of counting is achieved using an
rf-SET sensor. By integrating this sensor with the JTWPA the accurate measurements of small currents by
directly detecting the single electrons with almost GHz bandwidth in real time will be in principle possible.
Single-photon real-time detection is essential in, for example, the following technologies: quantum computing
with solid-state circuits and microwave photons; quantum key distribution for secure communication;
ultrasensitive spectrum analysis of microwave components; and quantum interference experiments with nonclassical photon states (beating the standard quantum limit). The use of the JTWPA in the qubit readout circuits
will substantially improve manipulation and characterisation of quantum circuits and facilitate the development
of a quantum processor. Also, this project will advance the field of QIPC with microwave frequencies, where
high-fidelity detection of single microwave photons is indispensable in the framework of circuit quantum
electrodynamics.
Fundamental and new quantum optical experiments in the microwave regime are of considerable interest to
the scientific community. The experiments include, but are not limited to, the second harmonic generation,
parametric down conversion with squeezing and generation of entangled photon pairs, etc. The availability of
JTWPAs, together with associated new and fundamental developments in Josephson quantum metamaterials
(due to the further exploitation of a non-centrosymmetric nonlinearity), would enable these experiments to be
realised. These are urgent and underpinning tasks for the field of superconductive quantum technology.
Some initial presentations have been given at national and international conferences in order to announce the
research activities to the scientific community.
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Impact on relevant standards
Information on progress and on the results of this project will be disseminated to the interested standardisation
community and to the relevant technical committees. This includes the Consultative Committee for Electricity
and Magnetism (CCEM), the EURAMET Technical Committee for Electricity and Magnetism (TC-EM) including
the Working Group on Strategic Planning and the sub-committees ‘DC and Quantum Metrology (DC&QM)’,
‘Radiofrequency and Microwave (RF&MW)’ and the International Union of Radio Science (URSI), especially
Commission A: Electromagnetic Metrology.
Reports or presentations detailing the work performed, possible technical issues and the results obtained will
be presented to the relevant technical committees. Comments and feedback will be sought about the project’s
activities. Since this project addresses fundamental research it might have impact on future standards in the
field of electric and/or microwave quantum metrology.
EURAMET TC-EM (Electricity and Magnetism) has been informed about the project through a presentation of
the consortium activities and the expected research results.
Longer-term economic, social and environmental impacts
The research will give a consortium of European NMIs and universities a leading capability in low level
microwave measurements which is key to realising several quantum technologies. New quantum technologies
will have a profound impact on many of the world’s biggest markets. The transition of quantum technologies
into commercial products will require a new generation of quantum engineers – specialists in physics, electrical
engineering, photonics, electronics or computer science who are conversant in multi-disciplinary approaches.
The specific research into JTWPAs and their applications would provide an important strand within this
strategy, developing knowledge and research expertise within European NMIs and academic departments
leading to new IP, metrology and capability, together with trained scientists and engineers.
Superconducting quantum devices are accepted world-wide to be a leading contender in the development of
future quantum technologies, including sensing, metrology and computing. The UK Blackett review “The
quantum age, technological opportunities” states that “quantum magnetometers can offer higher sensitivity
with less infrastructure, promising to make certain types of healthcare screening more cost-effective.” For
example, brain scans carried out using magnetoencephalography (MEG) is being investigated by researchers
to assist with early diagnosis of dementia. A key impact of the project is the ability to integrate these sensors
with the JTWPA to enable operation at sensor noise limit.
Quantum computing will be used to solve complex problems in wide-reaching areas of impact. Quantum
processors can be used for discovering of new medicines, optimising complex networks such as global supply
chains, and artificial intelligence.
Thus, this project will have a considerable effect on empowering Europe’s scientific and metrological success
and in the longer term on improving the competitiveness of European companies in the field of quantum
technologies.
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