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WIRELESS JOSEPHSON PARAMETRIC CONVERTER

GOVERNMENT FUNDING
This invention was made with government support under grant W911NF-09-1-0514
awarded by United State Army Research Office. The government has certain rights in the

invention.

RELATED APPLICATIONS
This application claims the benefit of U.S. provisional Application Ser. No.
62/149,419, titled “Wireless Josephson Parametric Converter,” filed on April 17, 2015, the

entire disclosure of which is incorporated herein by reference.

DISCUSSION OF RELATED ART

There are a number of different microwave devices and components that are available
for electrodynamic systems operating at microwave frequencies (e.g., frequencies between
about 300 MHz and about 300 GHz). Examples of such devices and components include
amplifiers, couplers, circulators, mixers, frequency converters, resonators, attenuators,
antennas, and transmission lines. These devices and components may be used in a wide range
of applications ranging from wireless communication systems to radar systems.

Various microwave devices and components may also be suitable for use in the field of
quantum information. For example, some quantum information systems (e.g., quantum
computers) may store and operate on information that is in the form of quantized states,
referred to as “quantum bits” or “qubits.” Operations on qubits may involve coupling
microwave signals into and/or out of one or more microwave resonators, to and from
superconducting integrated circuits, amplifying the signals, mixing and/or demodulating
signals, efc., so that quantum computations can be carried out. Some of these operations on
qubits may require the use of microwave devices and components.

Some quantum computing systems may utilize Josephson-junction-based amplifiers in
an electrodynamic system that interfaces with qubits. Conventional Josephson-junction
amplifiers may comprise superconducting elements formed on a substrate that are electrically
connected by wire bonds to other components in the system. The amplifier may be operated at

cryogenic temperatures and may provide a signal via a coaxial connector to processing
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electronics, which may be operated at room temperature. There may be additional components
(e.g., hybrid couplers, circulators, transmission lines, efc.) connected between the amplifier and

the processing electronics.

SUMMARY

Embodiments of the present disclosure relate to a Josephson-junction-based frequency-
converter/amplifier (referred to generally as a “converter”) that can wirelessly couple to and
operate on microwave signals in an electrodynamic system. In some embodiments, the
converter may be used to amplify one or more microwave signals. In some implementations,
the converter may be used to convert a frequency of a microwave signal noiselessly, though
other modes of operation are possible. In some applications relating to quantum information, a
converter may be used at high gain to produce a quantum state known as a two-mode squeezed
state.

According to some embodiments, a converter may comprise antennas connected to a
plurality of Josephson junctions that are integrated with the antennas onto a single substrate.
The Josephson junctions may be arranged to form a Josephson junction parametric converter
(JPC). The converter may be placed in a microwave waveguide cavity, or at a junction of
microwave cavities. In operation, the converter may wirelessly couple to and interact with
microwaves in one or more microwave cavities and emit one or more amplified signals
wirelessly via the antennas, without the need for hard-wired electrical connections (e.g.,
transmission lines or wire bonds) between the converter and other components in an
electrodynamic system.

An advantage of a wireless Josephson parametric converter is that it provides phase-
insensitive amplification (amplification that does not depend on the phase of the signal to be
amplified). Further, signal losses and distortions caused by parasitic inductances and
capacitances associated with hard-wired connections can be avoided, so that signal fidelity can
be improved over conventional amplifying devices.

Some embodiments relate to a wireless converter for microwave signals that comprises
a substrate, a plurality of first Josephson junctions formed on the substrate and connected in a
ring, and a ground plane formed on the substrate adjacent to the ring. The wireless converter
may further include a first antenna that is formed on the substrate and connected to the

plurality of first Josephson junctions, and include a second antenna that is formed on the
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substrate, oriented perpendicular to the first antenna, and connected to the plurality of first
Josephson junctions.

Some embodiments relate to methods of operating a wireless converter. One method of
operation may comprise acts of wirelessly receiving pump energy at a first frequency by a first
plurality of Josephson junctions formed on a substrate and connected in a ring, wirelessly
receiving a signal at a second frequency from a first antenna formed on the substrate,
wirelessly receiving an idler at a third frequency from a second antenna formed on the
substrate, and converting pump energy to the second frequency and third frequency by the
plurality of Josephson junctions to alter the signal and/or idler. The method may further
comprise wirelessly emitting the altered signal with the first antenna and/or emitting the altered
idler with the second antenna.

The foregoing and other aspects, implementations, embodiments, and features of the
present teachings can be more fully understood from the following description in conjunction

with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The skilled artisan will understand that the figures, described herein, are for illustration
purposes only. It is to be understood that in some instances various aspects of the
embodiments may be shown exaggerated or enlarged to facilitate an understanding of the
embodiments. In the drawings, like reference characters generally refer to like features,
functionally similar and/or structurally similar elements throughout the various figures. The
drawings are not necessarily to scale, emphasis instead being placed upon illustrating the
principles of the teachings. Where the drawings relate to microfabrication of integrated
devices, only one device may be shown of a large plurality of devices that may be fabricated in
parallel. Directional references (top, bottom, above, below, etc.) made to the drawings are
merely intended as an aid to the reader. A device may be oriented in any suitable manner in
embodiments. The drawings are not intended to limit the scope of the present teachings in any
way.

FIG. 1 depicts an electrodynamic system in which a converter may be used, according
to some embodiments;

FIG. 2A depicts a microwave frequency-converter/amplifier system, according to some

embodiments;
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FIG. 2B depicts a microwave {requency-converter/amplifier system, according to some
embodiments;

FIG. 3 depicts a mounting plate for mounting an active circuit of a converter system
between two microwave cavities, according to some embodiments;

FIG. 4A depicts elements of an active circuit for a microwave converter, according to
some embodiments;

FIG. 4B is a sectional view of elements of an active circuit corresponding to the cut
line in FIG. 4A;

FIG. 4C depicts a reference potential plane of an active circuit for a microwave
converter, according to some embodiments;

FIG. 4D depicts elements of an active circuit for a microwave converter, according to
some embodiments;

FIG. 5A depicts elements of a converter circuit, according to some embodiments;

FIG. 5B is a sectional view of elements of a converter circuit corresponding to the cut
line in FIG. 5A;

FIG. 6 is a circuit schematic that corresponds to an active circuit for a microwave
converter, according to some embodiments;

FIG. 7 shows results of calculations of oscillator Q values for an active circuit of a
microwave converter and for different idler antenna lengths;

FIG. 8A is a magnified image of elements of a microfabricated, wireless Josephson
parametric active circuit;

FIG. 8B is a magnified image of elements of a microfabricated, wireless Josephson
parametric active circuit that shows further details of Josephson junction converter circuitry at
a center of the device;

FIG. 9A shows measured gain values as a function of frequency of a wireless converter
at the signal frequencys;

FIG. 9B shows measured gain values as a function of frequency of a wireless converter
at the idler frequency;

FIG. 10 shows gain saturation curves that indicate different saturation power points
and dynamic ranges for a wireless converter;

FIG. 11 shows frequency-tunable amplification of the signal frequency for a wireless
converter;

FIG. 12A shows a swept tuning curve for a signal frequency of wireless converter;
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FIG. 12B shows a swept tuning curve for an idler frequency of wireless converter;

FIG. 13 depicts acts of a method for operating a wireless converter, according to some
embodiments; and

FIG. 14 depicts acts of a method for operating a wireless converter for entanglement of
qubits, according to some embodiments.

The features and advantages of the embodiments will become more apparent from the

detailed description set forth below when taken in conjunction with the drawings.

DETAILED DESCRIPTION

By way of introduction, quantum information processing uses quantum mechanical
phenomena, such as energy quantization, superposition, and entanglement, to encode and
process information in a way not utilized by conventional information processing. For
example, an initial state of a problem to be solved may be encoded onto a number of qubits.
The computation may involve the manipulation and interaction of the qubits according to
quantum mechanical rules. A final state of the qubits may be read out to determine a solution
to the problem. Some computational problems (most notably, cracking encryption codes and
evolution of complex multi-state systems) may be solved significantly faster using quantum
computation rather than conventional classical computation.

The term “qubit” is used in the field of quantum information processing to refer to the
encoded information itself (i.e., the quantum bit), and is also used to refer to the physical
system that retains the information.

A qubit may be formed from any physical quantum mechanical system with at least two
orthogonal states. The states used to encode information are referred to as the “computational
basis.” For example, photon polarization, electron spin, and nuclear spin are examples of two-
level physical systems that may be used as qubits to encode information for quantum
information processing. Different physical implementations of qubits have different
advantages and disadvantages. For example, photon polarization benefits from long coherence
times and simple single qubit manipulations, but suffers from the inability to create simple
multi-qubit gates.

Qubits based on other physical systems have also been proposed. Qubits based on
superconducting Josephson junctions include “phase qubits” (where the computational basis is
the quantized energy states of Cooper pairs in a Josephson Junction), “flux qubits” (where the

computational basis is the direction of circulating current flow in a superconducting loop), and
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“charge qubits” (where the computational basis is the presence or absence of a Cooper pair on
a superconducting island). Qubits based on superconducting devices can exhibit strong qubit-
qubit coupling, which can enable easier implementation of multi-qubit gates than for photonic-
based qubits, for example.

Whatever the choice of the system used to form qubits, the system should allow
scalability to a large number of qubits (e.g., thousands or more). For quantum information
processing to become a viable technological tool, the system should be able to carefully
configure and control a large number of qubits and the interactions between these qubits. For
example, qubits should have long coherence times (an ability to maintain their state when not
operated on), be able to be individually manipulated, be able to interact with one or more other
qubits to implement multi-qubit gates, and be able to be initialized and measured efficiently.

Embodiments described in this application relate to a superconducting Josephson-
junction-based frequency-converter/amplifier that can be used in quantum electrodynamic
(QED) systems for quantum information processing. For example, the converter may be used
to operate on microwave signals received from qubits (e.g., in an electronic read-out chain).
The converter is configured to wirelessly interact with a microwave environment in which it is
placed, so that deleterious effects of hard-wired links on quantum information fidelity can be
reduced. Although the converter is described mainly in the context of quantum information
processing in this application, it may be used in other areas of microwave signal processing,
such as for optomechanical resonators, semiconductor qubits, or axion detectors, for
amplification and/or frequency conversion.

FIG. 1 depicts an electrodynamic system 100 in which a frequency converter/amplifier
system 120 may be used. In some embodiments, the electrodynamic system 100 may include a
signal source 110 that is coupled to the converter system via a transmission link 115. A
transmission link may also couple energy from a pump source 105 to the converter 120. In
some cases, signal-processing electronics 140 may also be coupled to receive one or more
amplified signals or a frequency-converted signal from the converter. The converter 120 may
include superconducting circuit elements and be maintained at cryogenic temperatures when in
operation. A signal received from the signal source 110 may be frequency converted and/or
amplified by the converter 120, and the amplified signal or frequency-converted signal may be
transmitted to processing electronics 140 or other downstream components. In some
embodiments, a microwave circulator at the source 110 may couple the signal to and from the

converter 120 and to the processing electronics 140. In some implementations, a second
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“idler” source 130 may be coupled to the converter system via a transmission link 115, and a
returned idler output may be coupled to the same or different processing electronics. When
operating on a signal received from the signal source 110, the converter may convert energy at
a pump frequency ®, from the pump source 105 to energy in the amplified signal at a second
frequency s (referred to as the “signal” frequency) and to energy at a third frequency oy
(referred to as the “idler” frequency).

In some embodiments, a signal source 110 may comprise one or more qubits of a
quantum information processing system. In some cases, a signal source 110 may comprise an
output from a quantum logic gate. According to some embodiments, a transmission link may
comprise a microwave strip line, waveguide cavity, or a coaxial cable (e.g., an sub-miniature
version A (SMA) microwave cable). A pump source 105 may comprise a microwave
oscillator operating at a pump frequency ®, between about 3 GHz and about 25 GHz, which
may or may not be tunable in frequency, and may be tunable in power.

The inventors have recognized and appreciated that integration of Josephson-junction-
based amplifiers into QED systems such as that depicted in FIG. 1 can be challenging, because
of interconnections that may be needed between the amplifier and adjacent components in the
system (e.g., waveguides, coaxial or microstrip transmission links, efc.). Additionally, these
amplifiers may require ancillary microwave components like directional couplers and/or hybrid
couplers to operate. As a result, potentially undesirable consequences affecting signal quality
may arise. For example, hard-wired links to some microwave components can introduce
parasitic inductances, capacitances, and losses that can reduce measurement efficiency and
thus the fidelity of qubit readout. Also, the hard-wired links and some components may result
in a complicated frequency dependence of impedances seen by an amplifier, which can limit
the amplifier’s tunability and performance.

Further details of a converter system 120 are depicted in FIG. 2A, according to a first
embodiment. An active circuit (shown in FIG. 3) of the converter may be formed on a
substrate and mounted at a junction region 235 between a first microwave waveguide 210 and
a second microwave waveguide 220. The converter system 120 may further include a first
waveguide extension 232 and a second waveguide extension 234 that are connected to the first
and second waveguides, respectively. In some embodiments, a converter system 120 may
further include a conductive coil 240 wound around one of the waveguides or waveguide
extensions and having leads 245 that can be connected to a current source to flow current

through the coil and create a magnetic field within the junction region 235 of the waveguides.
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The waveguides 210, 220 and waveguide extensions 232, 234 may be connected with fasteners
at mating flanges 215, for example.

In some embodiments, the first waveguide 210 and second waveguide 220 may
comprise coaxial-to-microwave-cavity adapters (e.g., model WR-90 available from Fairview
Microwave Inc. of Allen, Texas), though plain microwave cavities or resonators may be used
in some cases. The first waveguide 210 may include a coaxial connector 205 for providing and
receiving a microwave {requency (e.g., a signal frequency) to and from a cavity of the first
waveguide. The microwave cavity of the first waveguide may have a long transverse
dimension Dy oriented in a first direction. The second waveguide 220 may have a long
transverse dimension that is oriented in a direction orthogonal to the long transverse dimension
Dy of the first waveguide 210. The second waveguide may include a coaxial connector 207
for providing and receiving a microwave frequency (e.g., an idler frequency) to and from the
second waveguide 220. The first waveguide and second waveguide may be formed from
highly conductive material (e.g., aluminum, copper, or any other suitable conductive material).

The first waveguide extension 232 and second waveguide extension 234 may be
formed from highly conductive and non-magnetic material such as copper or aluminum. The
first waveguide extension may include a microwave cavity having a long transverse dimension
Dj; that approximately matches the long transverse dimension of the first waveguide 210 and
is oriented in the same direction as the first waveguide. The second waveguide extension 234
may also include a microwave cavity having a long transverse dimension that matches to the
long transverse dimension of the second waveguide 220 and is oriented in the same direction
as the second waveguide. The overall length of a microwave cavity formed by the first
waveguide 210 and first waveguide extension 232 may be selected so that a node in the
microwave field at a desired signal frequency introduced at connector 205 does not occur at the
junction region 235. In some cases, the length of the first waveguide 210 and first waveguide
extension 232 may be greater than approximately 10 mm. The overall length of a microwave
cavity formed by the second waveguide 220 and second waveguide extension 234 may be
selected so that a node in the microwave field at a desired idler frequency introduced at
connector 207 does not occur at the junction region 235. In some cases, the length of the
second waveguide 220 and second waveguide extension 234 may be greater than
approximately 10 mm. By selecting the lengths of these adjoining microwave cavities in this
manner, electromagnetic coupling to the active circuit at the junction region 235 can be

improved.
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In some embodiments, one or both of the waveguide extensions 232, 234 may include
one or more coaxial connectors 206 for applying pump energy to the converter system 120. In
some cases, the coaxial connectors 206 may be located on opposite sides of a waveguide cavity
as indicated in FIG. 2A. By applying a pump signal of essentially the same phase and
amplitude to opposite sides of a microwave cavity, a resulting electrodynamic field excited
within the cavity can be made more symmetric about a central axis of the cavity. The
inventors have found that a symmetric pump field improves operation of the converter.

FIG. 2B depicts an alternative embodiment of a converter system 122. In some
embodiments, a first microwave waveguide 212 and a second microwave waveguide 222 may
be connected to a common mounting plate 237, inside of which is mounted an active circuit of
the converter. A conductive coil may be mounted within the mounting plate 237, and leads
245 from the coil may extend outside the mounting plate as depicted in the drawing. The
mounting plate 237 may further include one or more coaxial connectors 206 for applying pump
energy to the converter.

Further details of the mounting plate 237 and active circuit 350 are illustrated in
FIG. 3, which is a sectional view corresponding to the cut line in FIG. 2B. According to some
embodiments, an active circuit 350 may be formed on a substrate and mounted centrally within
a region of the converter system where microwave cavities from the first and second
waveguides or waveguide extensions 232, 234 abut. In some embodiments, there may be a
first recess 310 formed in the mounting plate 237 to receive the active circuit 350. A portion
of the first recess 310 may approximately match the shape and orientation of the microwave
cavity of the first waveguide 212. On a reverse side of the mounting plate 237 may be a
second recess 320 that approximately matches a size and orientation of a microwave cavity of
the second waveguide 222. The two recesses 310, 320 may meet at a center of the plate 237 to
form a clear opening through the plate. For the embodiment depicted in FIG. 2A, the cavities
of the two waveguide extensions 232, 234 may meet at the junction region 235, where the
active circuit 350 is mounted. There may be holes 307 in the mounting plate 237 for fastening
the first waveguide 212, the second waveguide 222, and the mounting plate 237 together.

In some implementations, the mounting plate 237 may include trenches 315 formed in
the plate to receive a conductive coil, such as the coil depicted in FIG. 2A, and allow leads 245
to extend outside the plate. The plate body 305 may be formed from a non-magnetic material
(for example, aluminum or copper). Applying a current to a coil in the trenches 315 can

produce a magnetic flux flowing through the active circuit 350 (in a direction into or out of the



10

15

20

25

30

WO 2016/168642 PCT/US2016/027817
- 10 -

drawing sheet). By locating a coil closer to the active circuit, less current is needed to generate
the magnetic flux, and a more uniform magnetic field may be produced at the active circuit.
The trench 315 surrounding the active circuit need not be circular and may be any suitable
shape. In some embodiments, a coil may be placed within a recess 310, for example.
Although a coil could be integrated on the same substrate as the active circuit 350, the
integration may require hard-wired electrical connections to the substrate.

FIG. 3 shows that the long transverse dimensions Djz, Dy of the two waveguide
cavities are arranged essentially orthogonal to each other. The active circuit 350 may be
located centrally and at the junction of the two waveguide cavities, as depicted. The active
circuit may include an integrated first antenna 371 having two antenna halves 371a, 371b and
an integrated second antenna 372 having two antenna halves 372a, 372b. The first antenna 317
may be configured to wirelessly couple to and/or excite microwaves in the first waveguide 212
(or 210), and the second antenna may be configured to wirelessly couple to and/or excite
microwaves in the second waveguide 222 (or 220).

By elongating the two microwave cavities in a transverse dimension, each cavity may
support polarized microwaves. For example, the first microwave cavity may be oriented with
its long transverse dimension in the X-direction, as indicated by the recess 320, and may be
shaped to support Y-directed linear polarization (electric field polarized along the Y direction),
which can couple to the first antenna 371. The second microwave cavity may be shaped and
oriented to support X-directed linear polarization, which can couple to the second antenna 372.
Accordingly, a signal frequency may couple to the first antenna 371 and an idler frequency
may couple to the second antenna 372. By having orthogonal polarizing microwave cavities
and coupling antennas 371, 372, direct cross-coupling of a signal and idler microwaves
between the first and second waveguides is reduced which improves the fidelity of signals
processed from the converter.

According to some embodiments, a short transverse dimension D g of the first
microwave cavity may be between about 0.05 A and about 0.5 A, where A is the wavelength
of a desired signal frequency ®; to be supported by the first waveguide 210 (or 212). The first
antenna 371 may have an end-to-end length that is less than or approximately equal to the short
transverse dimension of the first microwave cavity (e.g., between approximately 0.1 Ds and
approximately Dys). A short transverse dimension D;g of the second microwave cavity may be
between about 0.05 A; and about 0.5 A;, where A; is the wavelength of a desired idler frequency

®; to be supported by the second waveguide 220 (or 222). The second antenna 372 may have



10

15

20

25

30

WO 2016/168642 PCT/US2016/027817

-11 -

an end-to-end length that is less than or approximately equal to the short transverse dimension
of the second microwave cavity. The long transverse dimension D;;, D,; of each microwave
cavity may be approximately equal to twice the short transverse dimension in some
embodiments, though longer or shorter dimensions may be used in other embodiments.

At locations near the active circuit 350, there may be one or more conductors 360 that
protrude through one or more corresponding holes in the plate 237 (or waveguide extensions
232, 234) into a microwave cavity and connect to the coaxial connectors 206 (not shown in
FIG. 3). The conductors 360 may be used as antennas to deliver microwave pump energy
wirelessly into the microwave cavities to excite the active circuit 350. Although depicted as
protruding from short edges of a waveguide cavity, the conductors 360 may protrude from the
centers of long edges of the waveguide cavities, and there may be pairs of conductors 360 on
both sides of the active circuit 350 (e.g., extending into the first and second waveguide
cavities). The conductors may, in some cases, be flush with an edge surface of a microwave
cavity or may extend up to 2 mm into the microwave cavity. The conductors may connect to
center conductors of SMA cables, and each be excited with a microwave signal having
essentially a same phase and amplitude.

At the center of the active circuit 350 there may be a ground-plane region 355
containing additional circuitry. Further details of circuitry in the ground-plane region are
shown in FIG. 4A and FIG. 4B, according to some embodiments. The ground-plane region
355 may include capacitors 442, 444, 432, 434 connected to the first antenna 371 and second
antenna 372 and also connected to converter circuitry 450. The periphery 405 of the ground-
plane region 355 may be rectangularly shaped, though other shapes may also be used, and
comprise a step in surface height, as seen in FIG. 4B.

In the ground-plane region, there may be a conductive film 404 formed in any suitable
shape on a substrate 402 using any suitable microfabrication techniques. The conductive film
404 may support superconductivity and serve as a ground plane or reference potential plane for
the active circuit. The conductive film 404 may be formed from one or any suitable
combination of the following materials: niobium, aluminum, niobium nitride, niobium
titanium nitride, titanium nitride, and rhenium. Other materials that support superconductivity
may be used additionally or alternatively in some cases. A thickness of the conductive film
may be between approximately 30 nm and approximately 500 nm, depending on the material

selected. A lateral dimension of the ground plane may be between approximately 200 microns
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and approximately 1 mm. The substrate may comprise an insulator (e.g., sapphire, quartz,
fused silica, a ceramic, a semiconductor), and may or may not be mounted on a carrier.

An insulating layer 406 (for example, an oxide or nitride) may be deposited over the
conductive film 404 and have a thickness between about 50 nm and about 250 nm.
Additionally, conductive plates may be formed over the insulating layer and portions of the
conductive film 104 using microfabrication techniques to form a first capacitor 442, a second
capacitor 444, a third capacitor 432, and a fourth capacitor 434. FIG. 4B depicts a conductive
plate 442a of the first capacitor 442. The size of the conductive plates and thickness of the
insulating layer may be selected to provide desired capacitances for the four capacitors. For
signal and idler frequencies in a range between about 6 GHz and about 12 GHz, the values of
capacitances may be between about 6 pF and about 20 pF. The first and second capacitors
442, 444 may connect to the first half and second half of the first antenna 371, and the third
and fourth capacitors 432, 434 may connect to the first half and second half of the second
antenna 372.

In some embodiments, a material that is used to form conductive plates of the
capacitors 442, 444, 432, 434 may support superconductivity. The same material may be used
to form the first and second antennas 371, 372, and may also be used to form converter
circuitry 450 described in further detail below. Examples of material used to form the
conductive plates and converter circuitry include one or a combination of the following
materials: aluminum, niobium, niobium nitride, niobium titanium nitride, titanium nitride, and
rhenium. In some implementations, portions of the converter circuitry, conductive plates for
the capacitors, and the antenna halves may be formed in a same layer of material deposition
and be electrically connected. According to some embodiments, a superconducting critical
temperature T for the material used to form the converter circuitry 450 is less than a
superconducting critical temperature T, for the material used to form the conductive film 104.

An example pattern of a conductive film 404 that is used to provide a reference
potential plane is depicted in FIG. 4C, though other patterns may be used. The conductive
film 404 may be patterned in an annular shape to have a central open area 407 in which the
converter circuitry 450 is located. The inventors have recognized and appreciated that the
converter may be tuned in frequency by applying magnetic flux through the converter circuitry,
and therefore recognize that a cut or gap 403 across the conductive film 404 is needed to allow
flux to pass through the conductive film when the conductive film is in a superconducting

state. The gap 403 may have a width W that is between approximately 50 nm and
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approximately 10 microns wide, though the narrower widths may contribute parasitic
capacitance. The inventors have further recognized and appreciated that improved
performance of the converter circuitry is obtained when the gap 403 is oriented along an axis
of symmetry of the first antenna 371 or second antenna 372. By orienting the gap 403 along an
axis of symmetry, cross coupling between the two polarized signal and idler microwaves can
be reduced. In some embodiments, there may be an additional cut running across the
conductive film 404 that is orthogonal to the first cut. In some cases, there may be a single cut
extending from the open area 407 in the conductive film 404 to an edge or corner of the
conductive film 404 (e.g., extending along a direction of one antenna half or at an angle to an
antenna half.

FIG. 4D depicts an alternative embodiment of elements of an active circuit near the
ground-plane region 355. In this embodiment, there may be interdigitated capacitors 441, 445,
431, 435 connected to the antenna halves and located adjacent to the ground-plane region. The
interdigitated capacitors may be formed from a single layer of conductive material. The
interdigitated capacitors may be used alternatively to or in addition to the parallel-plate
capacitors. The interdigitated capacitors may be connected in series between the antennas and
converter circuitry. In some embodiments, the capacitance of an interdigitated capacitor may
be tuned by changing a number of fingers on the capacitor, the space between fingers, and the
length of the fingers. This may allow fine tuning of the active circuit (e.g., changing Q values
of the circuit) for improved frequency conversion or amplification at signal and/or idler
frequencies.

In some embodiments, antennas may not be used in combination with the interdigitated
capacitors. Instead, the interdigitated capacitors may connect to integrated wire bonding pads
on the same substrate. Wire bonds may then be made between the bond pads and signal, idler,
and/or pump sources. Further, a ground plane that is cut symmetrically with respect to one or
both antenna axes (e.g., as depicted in FIG. 4C) may be used.

Further details of an embodiment of converter circuitry 450 are depicted in FIG. SA
and FIG. 5B, which is an elevation view corresponding to the cut line shown in FIG. 5A. In
some embodiments, converter circuitry may comprise a plurality of Josephson junctions that
are arranged to form a Josephson parametric converter (JPC). Parametric amplifiers (paramps)
based on Josephson junctions, such as the Josephson parametric converter (JPC), can play
important roles in the quantum non-demolition (QND) readout chain of superconducting

qubits. It is likely that paramps will continue to be used in future systems involving quantum
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error correction and other quantum information processing applications. According to some
embodiments, there may be a first plurality of Josephson junctions 515 that are connected
together by conductive traces 510 to form an outer ring 530. There may be a second plurality
of Josephson junctions 525 that are connected to a center pad 540 and to nodes on the outer
ring between the first Josephson junctions 515, forming interior circuit loops having two or
more Josephson junctions in each interior loop. Nodes on the outer ring may be connected to
plates of the capacitors (e.g., capacitors 442, 444, 432, 434) that connect to the halves of the
first and second antennas 371, 372.

According to some embodiments, the Josephson junctions 515, 525 may be formed
using a suspended bridge mask formed, for example, from a
poly(methylmethacrylate)/methylmethacrylate bilayer resist and a double angle evaporation, as
described in G. J. Dolan, “Offset masks for lift-off photoprocessing,” Applied Physics Letters,
Vol. 31, No. 5, pp. 337-339, 1977, which is incorporated herein by reference. A first
deposition may be carried out at a first angle to form a first contact of the junction, which is
followed by a second deposition deposited at a second angle to form a second contact of the
junction. Between the two depositions, a thin, barrier layer 527 may be formed (e.g., by
oxidation) over the first deposition at the junctions to provide a potential barrier through which
Cooper pairs tunnel. According to some embodiments where the signal and idler frequencies
are between about 6 GHz and about 12 GHz, the first junctions 515 may have critical current
values between about 4 LA and about 10 HA, and the second junctions 525 may have critical
current values between about 8 LA and about 15 HA. In some implementations, the first
junctions 515 may have critical current values between about 1 LA and about 2 LA, or between
about 2 A and about 4 LA The first junctions 515 may contribute to parametric amplification
by the circuit, and the second junctions 525 may not. The second junctions may help stabilize
the circuit and permit magnetic flux biasing of the circuit.

According to some embodiments, an active circuit 350 of a microwave converter
comprises a lumped-element, Josephson parametric converter that is coupled directly and
wirelessly to microwave waveguide cavities using antennas. The lumped-element JPC may
include circuit elements having sizes appreciably less than the wavelengths of microwave
radiation that couple to the circuit (e.g., less than ¥4 wavelength). Due to the size difference,
electromagnetic propagation effects within the elements of the JPC may be ignored. A benefit

to having orthogonal linear polarizations in the adjoining microwave waveguides is that the
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polarizations better match to differential drives that are applied to the converter to drive the
correct current pattern through the Josephson junctions 515 of the outer ring 530.

A circuit schematic 600 of an active circuit 350 for a microwave converter, according
to one example, is depicted in FIG. 6. In some embodiments, an active circuit may comprise a
first antenna half Ala and a second antenna half A1b of a first antenna A1 that are connected
to a plurality of Josephson junctions J1, J2 connected as shown in the drawing. Capacitors C1
having essentially the same value may connect between a reference potential and nodes that are
between the first antenna halves and the Josephson junctions. The first antenna may be sized
and arranged to receive and/or transmit microwave signals of a first polarization at a signal
frequency for the converter. The arrangement of Josephson junctions J1, J2 contributes an
inductance for the converter circuit and may contribute parasitic capacitance. The value of
capacitors C1 may be selected to tune the converter to a desired operating frequency for the
signal input. The first antenna may then be designed (e.g., its length selected) to match an
impedance of the junction and capacitor circuitry to the impedance of the first antenna, which
can improve power transfer from the antenna halves to the Josephson junctions.

An active circuit may further include a first antenna half A2a and a second antenna half
A2b of a second antenna A2. The second antenna may be sized and arranged to receive and/or
transmit microwave signals of a second polarization (orthogonal to the first polarization) at an
idler frequency for the converter. The second antenna halves may also be connected to the
plurality of Josephson junctions. Capacitors C2 having essentially the same value may connect
between a reference potential and nodes that are between the second antenna halves and the
Josephson junctions. The value of capacitors C2 may be selected to tune the converter input to
the idler frequency, and the second antenna designed to match an impedance of the junction
and capacitor circuitry to the impedance of the second antenna.

Operation of the active circuit 350 may be understood in reference to FIG. 2A, FIG. 3
and FIG. 6. Pump energy at a first frequency may be coupled into the cavities of the
microwave waveguides 210, 220 via coaxial connectors 206 and conductors 360. This pump
energy couples to the converter circuit 450 via the first and second antennas, and drives current
through the Josephson junctions. Because of their non-linear behavior and arrangement in the
circuit, the Josephson junctions form a non-linear oscillator that couples wirelessly via the
antennas to microwave radiation in the adjacent cavities. With sufficient non-linearity, pump

energy (i.e., pump photons) at a first frequency ®, can be parametrically converted to energies

at the signal and idler frequencies s, ®; that are coupled into the microwave cavities via
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connectors 205, 207. In this process microwave pump photons are converted to signal and
idler photons. A requirement on the signal and idler frequencies is that their sum (frequency
translation with conjugation) or difference (frequency translation without conjugation) equate
to the pump frequency: o, + @il = ,. For signal (or idler) amplification, ®, + ®; = ®,. For
frequency conversion (e.g., converting information encoded on the signal frequency to the
same information encoded on the idler frequency), lo; — @il = @, The signal and idler waves
may have the same or different spatial modes within the adjoining microwave waveguides 210,
220 (or 212, 222).

Values of capacitors C1 and C2 and Josephson junction circuit inductance L; can be
adjusted during manufacture (e.g., by sizing capacitive plates and junction contacts) roughly
tune device operation to a desired frequency range. The converter may also contain additional
or stray inductances L,y from interconnects. The values of C1 and L; can be selected to give
the active circuit a resonant frequency ®; ~ [(L; + Lstmy)C]'O‘5 that is approximately equal to a
signal frequency that is to be amplified by the converter, where C is the combined capacitance
of capacitors C1 and C2. A desired frequency range over which the device operates may
comprise a sub-range of signal frequencies having a bandwidth of about 500 MHz that lies
between about 2 GHz and about 25 GHz. Fine tuning for amplification at the signal frequency
may be achieved by applying electrical current to coil 240, which changes an amount of
magnetic flux through the converter circuit 450. This flux induces a supercurrent in the outer
Josephson junction ring that alters the non-linear behavior of the oscillator which affects the
three-wave process in which the pump, signal and idler interact. The net result is to shift the
frequency at which peak signal gain occurs.

Numerical simulations were carried out to evaluate quality factors (Q values) of the
converter’s non-linear oscillator for signal and idler frequencies. Results from the simulations
are shown in FIG. 7. For the simulation, a length of the idler antenna was changed while the
signal antenna length remained fixed, and Q values for signal and idler frequencies were
calculated for each idler antenna length. The first set of calculated Q values 710 for the signal
frequency show that changing the length of the idler antenna does not appreciably affect the Q
value for the signal frequency. This indicates good decoupling of signal and idler frequencies.
Changing a length of the idler antenna by about 50% can change the Q value at the idler
frequency by more than three orders of magnitude, as shown by the calculated Q values 720
for the idler frequency. A similar set of curves result when the signal antenna length is

changed and the idler antenna length is constant.
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The inventors have recognized and appreciated that an instantaneous gain bandwidth of
a converter (a frequency bandwidth over which at least a desired signal gain can be achieved)
is inversely proportional to the Q factor for the signal, and that a saturation power point of the
converter (a level of signal input power at which signal gain begins to saturate) increases
monotonically as the signal Q increases. Therefore, there is a tradeoff between instantaneous
gain bandwidth and the converter’s saturation power point. FIG. 7 illustrates that an
instantaneous gain bandwidth (and as a result, the saturation power point) of a converter
system 120 may be set by adjusting the length of the active circuit’s antennas during
fabrication. In some embodiments, the lengths of the first and second antenna may be set to
provide Q values between approximately 20 and approximately 60. Depending on the
operational frequency, this range of Q values may correspond to antenna lengths between
about 6 mm and about 8 mm. Other values of Q may be used in other embodiments, for
example to increase saturation power point at the expense of instantaneous gain bandwidth.

An active circuit 350 and converter system 120 were fabricated to demonstrate
parametric amplification of microwave signal and idler frequencies. For this demonstration,
signal amplification at about 10 GHz was desired. FIG. 8A and FIG. 8B show magnified
images of portions of an active circuit 350 that was microfabricated on a sapphire substrate.
The ground-plane region 355 is visible in FIG. 8A as a dark square-shaped region. The
ground plane was formed from an approximately 150-nm-thick Nb film, which was patterned
to have a width and length of approximately 600 um x 600 um. Portions of the first antenna
371 and second antenna 372 that connected to parallel plate capacitors formed within the
ground-plane region are also visible. The end-to-end antenna lengths were each approximately
7 mm, and were formed from aluminum.

In FIG. 8B, further details of converter circuitry 450 can be seen within an open area of
the ground plane. The converter circuitry includes an arrangement of Josephson junctions like
those depicted in FIG. SA, where the smaller outer junctions were designed to have a critical
current between approximately 2 LA and approximately 4 LA, and the larger junctions were
designed to have a critical current between approximately 4 HA and 8 pA. To form the
parallel-plate capacitors 432, 434, 442, 444, a layer of nitride approximately 160 nm thick was
deposited over the substrate above the ground plane. Aluminum was also used to form plates
of the parallel-plate capacitors and the converter circuitry 450. Also visible in FIG. 8B is a

depression 810 running through capacitors 442 and 444. The depression is a result of a gap
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403 (depicted in FIG. 4C) crossing the ground plane, which creates a divot in the top plate of
the two capacitors.

The substrate having the active circuit was installed in a frequency-converter/amplifier
system like that depicted in FIG. 2A and operated wirelessly. The chip was mounted between
the two microwave cavities and no hard-wired connections were made to the chip. In a first
demonstration, pump energy at a frequency of approximately 18 GHz was applied to the
coaxial connectors 206, and a signal frequency to be amplified was applied to the first
waveguide 210. The amount of pump power was varied to change an amount of gain at the
signal and idler frequencies. The signal frequency was swept while the pump energy was
applied to the device. Background noise was used to provide a signal at the idler frequency.

FIG. 9A shows signal amplification as a function of signal frequency and as a function
of applied pump power. The results show that the peak amplification of the signal occurs at
approximately 9.99 GHz, and that the amount of gain increases with an increase in applied
pump power. By increasing pump power, the gain G of the converter could be increased from
about 5 dB to about 25 dB. It can also be seen from the results of FIG. 9A that the
instantaneous gain bandwidth (e.g., a range of frequencies between points on the curves at
which the gain falls by 3 dB) decreases with increasing signal gain. At a peak gain of 5 dB, the
instantaneous gain bandwidth is approximately 13 MHz.

FIG. 9B shows gain curves for the idler frequencies. Gain values between
approximately 5 dB and approximately 25 dB were observed for the idler. The peak gain for
the idler occurs at about 8.27 GHz. The instantaneous gain bandwidth also decreases with
increasing idler gain.

Saturation power points for the converter were evaluated in a series of measurements,
and the results are shown in FIG. 10. For each of these measurements, the signal frequency
was set at a peak gain value G and the amount of signal power input to the device was
increased by approximately 80 dB. Different peak gain values were set by changing the
amount of pump power delivered to the converter, as was demonstrated in FIG. 9A. The
results show that saturation of amplification and gain compression begin at different input
signal powers for the different initial gain values. For example, a 1 dB compression point of
the gain (which can be taken as a saturation power point of the converter) at a nominal gain
setting of 5 dB occurs for a input signal power (measured at the generator) of approximately
-40 dBm, whereas a 1 dB compression point for a gain setting of 25 dB occurs for a input

signal power of approximately -60 dBm. For these measurements, it was estimated that the
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input signal was attenuated by approximately 73 dB due to connections between the signal
generator and the converter. Accordingly, for a gain of approximately 25 dB, the saturation
point occurs between approximately -140 dBm and approximately — 120 dBm input to the
converter.

The results of FIG. 10 show that the saturation power point for the converter decreases
with increasing gain. The saturation power point is also a measure of the converter’s dynamic
range, which extends down to vacuum quantum fluctuations. The inventors have recognized
and appreciated that the saturation power point for a converter scales inversely with the
converter’s Q factor for the signal input and also scales approximately linearly with critical
current of the converter. The critical current may be adjusted by changing a junction size of
the circuit’s Josephson junctions and tunneling barriers. According to some embodiments, a
saturation power point for converter system 120 may be determined through design of the
device’s Q factor for the signal input, design of the Josephson junctions, and/or amount of
pump energy applied.

Tunability of the converter system was also demonstrated, and the results are shown in
FIG. 11. For this demonstration, different amounts of current /. were delivered to the
conductive coil 240 to produce different levels of magnetic flux through the converter circuit
450. At each current setting, the frequency of the input signal was swept while measuring
signal gain. At a first current setting of 0.97 mA through the conductive coil 240, a peak gain
of the signal frequency occurred at about 10.09 GHz. At a second current setting of
approximately 1.07 mA, a peak gain of the signal frequency occurred at approximately 9.76
GHz. The data point at 1.07 mA was measured at a different time from the other
measurements. Between the measurements, a residual of background flux changed in the
system. If the change had not occurred, the frequency observed at 1.07 mA would have
occurred for a current value less than 0.9 mA. The results of FIG. 11 show that the frequency
at which amplification occurs can be readily tuned over a range of at least 400 MHz.

Swept tuning curves for both the signal and idler frequencies were obtained for the
converter and are shown in FIG. 12A and FIG. 12B. For these measurements, the current
delivered to the conductive coil 240 was varied between -1.5 mA and +1.5 mA while the signal
and idler frequencies were swept to find the peak gain frequency at each current setting.
Because signal gain was observed at zero current bias, the system included a residual or

background magnetic field. Gain was not observed at all frequencies plotted on the traces, and
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the presence of gain depends upon how current is driven in the converter circuitry at the
relevant fluxes and frequencies.

Referring to FIG. 12A, the highest gain values for signal amplification were observed
for frequencies in the vicinity of and that included a first peak 1210 and frequencies in the
vicinity of and that included a second peak 1220. Referring to FIG. 12B, the highest gains for
the idler frequency were observed at frequencies that included a third peak 1230 and a fourth
peak 1240. These results indicate preferred operating frequency ranges that are in the vicinity
of selected peaks in the swept tuning curves.

Methods of operating a converter system 120 are associated with various embodiments
of the converter system. According to some embodiments and referring to FIG. 13, a method
1300 of operating a converter system 120 may comprise receiving (act 1310) pump energy at a
first frequency wirelessly at an active circuit comprising Josephson junctions (e.g., a Josephson
parametric converter circuit), and receiving (act 1320) a signal at a second frequency
wirelessly at the active circuit. For example, the pump energy and signal may be provided to
an active circuit, which has antennas that couple pump energy and signal energy and idler
energy into the circuit from one or more microwave cavities. A method 1300 may further
comprise parametrically operating on (act 1330) the signal with a converter circuit connected
to the antennas. In some cases, operating on the signal may comprise parametrically
amplifying the signal. In some cases, operating on the signal may comprise parametric
frequency conversion of input at the signal frequency to an output at the idler frequency.
According to some embodiments, the signal and idler may be re-radiated with a same antenna
that is used to receive the signal, idler, and pump energy. In some embodiments, a method
1300 of operating a converter system 120 may further comprise receiving (act 1340) a change
in magnetic flux through the converter circuit and receiving and/or amplifying a different
signal frequency.

Other methods of operating a converter system 120 are also contemplated, as depicted
in FIG. 14. The inventors have recognized and appreciated that a converter system 120 may
be used in quantum information processing to entangle qubits. In some embodiments, a
method 1400 may comprise receiving (act 1410) pump energy wirelessly at a Josephson
parametric converter. The pump energy may be coupled wirelessly to the converter by one or
more antennas integrated on a substrate with the converter circuitry, and the substrate may be
mounted between abutting microwave cavities. A method 1400 may further comprise

receiving (act 1420) a first signal representative of a first qubit wirelessly at a signal port of the
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converter system 120, and receiving (act 1430) a second signal representative of a second qubit
wirelessly at an idler port of the converter system. Microwave circulators may be connected to
the signal port and the idler port, so that measurements of signals from each port can be made.
According to some embodiments, the method may further comprise measuring (act 1440) an
output from the signal 205 and/or idler port 207 of the converter system 120. The act of
measuring can result in entanglement of the qubits (e.g., the measurement projects the qubits
into an entangled state). Further details of entanglement with a parametric converter can be
found in M. Silveri, et al., “Theory of remote entanglement via quantum limited phase-
preserving amplification,” arXiv:1507.00732 [quant-ph], July 2015, which is incorporated
herein by reference.

Although example dimensions have been given for a converter system, the dimensions
of a converter system may scale with the wavelengths of the microwaves with which the
converter interacts. For example, at higher frequencies the dimensions of the converter
circuitry, capacitors, ground plane, antennas, and waveguide cavities may be smaller than for a
converter operating at lower frequencies. For high frequencies, it may be possible to form the
abutting waveguides and active circuit on one or two substrates that are assembled together.

Wireless converter systems, according to the present embodiments, can contain a small
number of parts, whose individual quality can be separately controlled before the final
assembly. This can permit reliable fabrication of microwave frequency-converters/amplifiers
that are less susceptible to spurious dissipation that leads to reduced frequency-
conversion/amplification efficiency. An ability to flexibly adjust device capacitance and
inductance and antenna length via microfabrication can facilitate tuning the converter for a
particular application (e.g., targeting dynamical range, gain, or bandwidth for a particular
application). In some embodiments, features for wireless coupling and amplification are
readily manufactural, so that the amplifier may be mass produced at reasonable cost.

A wireless frequency-converter/amplifier may be used for various microwave
applications and may be used as a building block for other devices. For example, two wireless
JPCs may be connected together to form a low-noise directional amplifier in some
embodiments.

A wireless frequency-converter/amplifier of the present embodiments may meet or
exceed the gain and bandwidth performance of conventional, wired Josephson-junction-based
amplifiers, and exceed the dynamic range, tunability, and efficiency of conventional wired

Josephson-junction-based amplifiers. The inventors have recognized and appreciated that, in



10

15

20

25

30

WO 2016/168642 PCT/US2016/027817

-22 -

some embodiments, intermediary elements (e.g., hybrid couplers and associated printed-circuit
components) may be eliminated from some microwave QED systems by using microfabricated
antennas and integrated, impedance-matching elements on chips that can be mounted directly
in a microwave cavity. The chip may include superconducting components that are used to
carry out quantum information processing. Signals to and from the chip may be transmitted
and received via a microwave waveguide-to-coaxial adapter. The simplification in the
microwave environment by using a wireless architecture may reduce or eliminate sources of
loss that currently limit the measurement efficiency of circuit QED systems.

Various configurations of wireless Josephson parametric converters may be
implemented. The configurations include, but are not limited to, any one or combination of the
following configurations.

(1) A wireless converter for microwave signals comprising a substrate, a plurality of first
Josephson junctions formed on the substrate and connected in a ring, a ground plane formed on
the substrate adjacent to the ring, a first antenna formed on the substrate and connected to the
plurality of first Josephson junctions, and a second antenna formed on the substrate, oriented
perpendicular to the first antenna, and connected to the plurality of first Josephson junctions.

(2) The wireless converter of (1), wherein the converter is configured to receive pump
energy at a first frequency, the first antenna is sized to couple to electromagnetic energy at a
second frequency, and the second antenna is sized to couple to electromagnetic energy at a
third frequency different from the second frequency, and wherein the first frequency is
essentially equal to a sum of the second and third frequencies or a difference of the second and
third frequencies.

(3) The wireless converter of (1) or (2), wherein a first half of the first antenna is
connected to a first node between two Josephson junctions on a first side of the ring and a
second half of the first antenna is connected to a second node between two Josephson junctions
on a second side of the ring, and a first half of the second antenna is connected to a third node
between two Josephson junctions on a third side of the ring and a second half of the second
antenna is connected to a fourth node between two Josephson junctions on a fourth side of the
ring.

(4) The wireless converter of (1) or (2), wherein the plurality of first Josephson junctions
is arranged to form a Josephson parametric converter.

(5) The wireless converter of (4), wherein the converter is capable of providing 20 dB

gain over a tunable frequency range as wide as approximately 400 MHz.
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(6) The wireless converter of (4), wherein the converter is capable of providing a gain of
approximately 25 dB with approximately 1 dB compression occurring at a value of between
approximately — 140 dBm and approximately — 120 dBm.

(7) The wireless converter of (1), further comprising a first capacitor connected to a first
node between a first half of the first antenna and the ring, a second capacitor connected to a
second node between a second half of the first antenna and the ring, a third capacitor connected
to a third node between a first half of the second antenna and the ring, and a fourth capacitor
connected to a fourth node between a second half of the second antenna and the ring.

(8) The wireless converter of (7), wherein the first through fourth capacitors comprise
parallel plate capacitors formed on the substrate.

(9) The wireless converter of (7), wherein the first through fourth capacitors comprise
interdigitated capacitors formed on the substrate.

(10) The wireless converter of (7), wherein the first and second capacitors have
essentially a same first capacitance and the third and fourth capacitors have essentially a same
second capacitance that is different from the first capacitance.

(11) The wireless converter of (7), wherein the first through fourth capacitors are
formed, at least in part, from a same layer of material used to form the plurality of first
Josephson junctions.

(12) The wireless converter of (11), wherein the same layer of material forms the first
antenna and the second antenna.

(13) The wireless converter of (11), wherein the same layer of material supports
superconductivity.

(14) The wireless converter of any one of (7), (8), and (10) through (13), wherein the
ground plane forms reference potential plates for the first through fourth capacitors.

(15) The wireless converter of any one of (1), (2), and (7) through (13), wherein the
ground plane comprises a conductive film patterned in an annular shape having at least one cut
across the film, wherein the cut prevents circular current flow around the annularly shaped
film.

(16) The wireless converter of (15), wherein the at least one cut divides the ground plane
symmetrically with respect to the first antenna and/or second antenna.

(17) The wireless converter of any one of (1), (2), and (7) through (13), further
comprising a second plurality of Josephson junctions located within the first plurality of

Josephson junctions and connected to the first plurality of Josephson junctions.
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(18) The wireless converter of (17), wherein junction sizes of the second plurality of
Josephson junctions are larger than junction sizes of the first plurality of Josephson junctions.

(19) The wireless converter of (17), further comprising a conductive coil located
adjacent to the ring and configured to provide magnetic flux through the ring when an
electrical current is applied to the coil.

(20) The wireless converter of any one of (1), (2), and (7) through (13), further
comprising a first waveguide abutting a first side of the substrate and having a first long
transverse axis, a first port in the first waveguide for coupling first energy to and from the first
waveguide, a second waveguide abutting a second side of the substrate opposite the first side
and having a second long transverse axis that is essentially orthogonal to the first long
transverse axis, and a second port in the second waveguide for coupling second energy to and
from the second waveguide.

(21) The wireless converter of (20), further comprising at least a third port for coupling
pump energy to the plurality of first Josephson junctions.

(22) The wireless converter of any one of (1), (2), and (7) through (13) incorporated in a
quantum information processing system.

Various methods for operating a wireless Josephson parametric converters may be
practiced. A method may include, but not be limited to, one or more of the following
combinations of acts suitably combined.

(23) A method of operating a wireless converter comprising acts of: wirelessly receiving
pump energy at a first frequency by a first plurality of Josephson junctions formed on a
substrate and connected in a ring, wirelessly receiving a signal at a second {requency from a
first antenna formed on the substrate, wirelessly receiving an idler at a third frequency from a
second antenna formed on the substrate, converting pump energy to the second frequency and
third frequency by the plurality of Josephson junctions, and wirelessly emitting an altered
signal with the first antenna.

(24) The method of (23), wherein the converting frequency converts input received at the
second frequency to output at the third frequency.

(25) The method of (23), wherein the converting amplifies input received at the second
frequency to an amplified output at the second frequency.

(26) The method of (23), further comprising:

receiving a change in magnetic flux through the ring; and

converting pump energy to a fourth frequency different from the second frequency
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responsive to the change in received magnetic flux.

(27) The method of (26), further comprising applying a current to a conductive coil to
control an amount of the magnetic flux.

(28) The method of any one of (23) through (27), wherein the signal is received from a
first qubit and the idler is received from a second qubit and further comprising measuring at
least an output signal from the first antenna.

(29) The method of (28), wherein the measuring entangles the first qubit and second
qubit.

The technology described herein may be embodied as a method, of which at least one
example has been provided. The acts performed as part of the method may be ordered in any
suitable way. Accordingly, embodiments may be constructed in which acts are performed in
an order different than illustrated, which may include performing some acts simultaneously,
even though shown as sequential acts in illustrative embodiments. Additionally, a method may
include more acts than those illustrated, in some embodiments, and fewer acts than those
illustrated in other embodiments.

EEINT3

The terms of degree used with numerical values (e.g., “approximately,” “substantially,”
and “about”) may be used to mean within +20% of a target dimension in some embodiments,
within +10% of a target dimension in some embodiments, within #5% of a target dimension in
some embodiments, and yet within +2% of a target dimension in some embodiments. These
terms of degree include the target dimension. Embodiments also include ranges or values
expressed using the exact numerical values given in the description (i.e., omitting the terms of
degree).

Having thus described at least one illustrative embodiment of the invention, various
alterations, modifications, and improvements will readily occur to those skilled in the art.
Such alterations, modifications, and improvements are intended to be within the spirit and
scope of the invention. Accordingly, the foregoing description is by way of example only and

is not intended as limiting. The invention is limited only as defined in the following claims

and the equivalents thereto.



10

15

20

25

30

MCSLLP
WO 2016/168642 PCT/US2016/027817

- 26 -

CLAIMS

What is claimed:
1. A wireless converter for microwave signals comprising:

a substrate;

a plurality of first Josephson junctions formed on the substrate and connected in a ring;

a ground plane formed on the substrate adjacent to the ring;

a first antenna formed on the substrate and connected to the plurality of first Josephson
junctions; and

a second antenna formed on the substrate, oriented perpendicular to the first antenna,

and connected to the plurality of first Josephson junctions.

2. The wireless converter of claim 1, wherein the converter is configured to receive pump
energy at a first frequency, the first antenna is sized to couple to electromagnetic energy at a
second frequency, and the second antenna is sized to couple to electromagnetic energy at a
third frequency different from the second frequency, and wherein the first frequency is
essentially equal to a sum of the second and third frequencies or a difference of the second and

third frequencies.

3.  The wireless converter of claim 1 or 2, wherein

a first half of the first antenna is connected to a first node between two Josephson
junctions on a first side of the ring and a second half of the first antenna is connected to a
second node between two Josephson junctions on a second side of the ring; and

a first half of the second antenna is connected to a third node between two Josephson
junctions on a third side of the ring and a second half of the second antenna is connected to a

fourth node between two Josephson junctions on a fourth side of the ring.

4. The wireless converter of claim 1 or 2, wherein the plurality of first Josephson junctions

is arranged to form a Josephson parametric converter.

5. The wireless converter of claim 4, wherein the converter is capable of providing 20 dB

gain over a tunable frequency range as wide as approximately 400 MHz.

6.  The wireless converter of claim 4, wherein the converter is capable of providing a gain of
approximately 25 dB with approximately 1 dB compression occurring at a value of between

approximately — 140 dBm and approximately — 120 dBm.
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7.  The wireless converter of claim 1, further comprising:

a first capacitor connected to a first node between a first half of the first antenna and the

ring;

a second capacitor connected to a second node between a second half of the first
antenna and the ring;

a third capacitor connected to a third node between a first half of the second antenna
and the ring; and

a fourth capacitor connected to a fourth node between a second half of the second

antenna and the ring.

8.  The wireless converter of claim 7, wherein the first through fourth capacitors comprise

parallel plate capacitors formed on the substrate.

9.  The wireless converter of claim 7, wherein the first through fourth capacitors comprise

interdigitated capacitors formed on the substrate.

10. The wireless converter of claim 7, wherein the first and second capacitors have
essentially a same first capacitance and the third and fourth capacitors have essentially a same

second capacitance that is different from the first capacitance.

11.  The wireless converter of claim 7, wherein the first through fourth capacitors are formed,

at least in part, from a same layer of material used to form the plurality of first Josephson

junctions.

12.  The wireless converter of claim 11, wherein the same layer of material forms the first

antenna and the second antenna.

13. The wireless converter of claim 11, wherein the same layer of material supports

superconductivity.

14. The wireless converter of any one of claims 7, 8, and 10-13, wherein the ground plane

forms reference potential plates for the first through fourth capacitors.

15. The wireless converter of any one of claims 1, 2, and 7-13, wherein the ground plane
comprises a conductive film patterned in an annular shape having at least one cut across the

film, wherein the cut prevents circular current flow around the annularly shaped film.
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16. The wireless converter of claim 15, wherein the at least one cut divides the ground plane

symmetrically with respect to the first antenna and/or second antenna.

17. The wireless converter of any one of claims 1, 2, and 7-13, further comprising a second
plurality of Josephson junctions located within the first plurality of Josephson junctions and

connected to the first plurality of Josephson junctions.

18. The wireless converter of claim 17, wherein junction sizes of the second plurality of

Josephson junctions are larger than junction sizes of the first plurality of Josephson junctions.

19. The wireless converter of claim 17, further comprising a conductive coil located adjacent

to the ring and configured to provide magnetic flux through the ring when an electrical current

is applied to the coil.

20. The wireless converter of any one of claims 1, 2, and 7-13, further comprising:

a first waveguide abutting a first side of the substrate and having a first long transverse
axis;

a first port in the first waveguide for coupling first energy to and from the first

waveguide;
a second waveguide abutting a second side of the substrate opposite the first side and

having a second long transverse axis that is essentially orthogonal to the first long transverse

axis; and
a second port in the second waveguide for coupling second energy to and from the

second waveguide.

21. The wireless converter of claim 20, further comprising at least a third port for coupling

pump energy to the plurality of first Josephson junctions.

22. The wireless converter of any one of claims 1, 2, and 7-13 incorporated in a quantum

information processing system.
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