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JOSEPHSON JUNCTION-BASED CIRCULATORS AND RELATED SYSTEMS
AND METHODS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit under 35 U.S.C. §119(e) of U.S.
Provisional Patent Application No. 62/126,423, filed February 27, 2015, titled
“Integrated Directional Amplifiers and Circulators,” which is hereby incorporated by

reference in its entirety.

FIELD
[0002] The present application relates generally to circulator circuits. More
specifically, the present application relates to a quantum circuit that may be operated as a

reversible circulator.

BACKGROUND
[0003] Connecting elements directionally so that information flows only one way
is a requirement in signal processing. Directional elements route information from a
source to a destination, while simultaneously preventing interference from signals
passing through the chain in reverse. Canonically, separating an input from an output is
performed by the circulator. A circulator is a component with a number of ports
(typically three or four) that can operate in a sequence such that an input signal arriving

at one port is output from the next port in the sequence.

[0004] A second important directional device is the two-port amplifier, which is
used to increase signal power levels that are otherwise too weak to be successfully
processed by subsequent elements. The directionality of an amplifier is specified by the
reverse gain, i.e., the gain experienced by a signal traversing the amplifier in reverse,

which is usually much less than unity for a directional amplifier.
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SUMMARY
[0005] Some aspects are directed to a circuit comprising a plurality of Josephson
junctions arranged in series in a loop, at least one magnetic element producing magnetic
flux through the loop, a plurality of superconducting resonators, each resonator coupled
to the loop between a different neighboring pair of Josephson junctions of the plurality of
Josephson junctions, a plurality of ports, each port coupled to at least one of the plurality
of resonators at ends of the resonators opposite to ends at which the resonators are
coupled to the loop, and at least one controller configured to provide input energy to
each of the plurality of ports that causes the circuit to function as a circulator between the

plurality of ports.

[0006] According to some embodiments, the plurality of superconducting

resonators are each capacitively coupled to one or more of the plurality of ports.

[0007] According to some embodiments, the Josephson junctions are positioned

equidistantly around the loop.

[0008] According to some embodiments, the input energy comprises pumping
signals provided to each of the plurality of ports, the pumping signals having different

frequencies at each of the plurality of ports.

[0009] According to some embodiments, the input energy comprises a first
pumping signal input to a first port of the plurality of ports, a second pumping signal
input to a second port of the plurality of ports, and a third pumping signal input to a third
port of the plurality of ports, the first port is associated with a first resonant mode of the
circuit having a first resonance frequency, the second port is associated with a second
resonant mode of the circuit having a second resonance frequency, and the third port is

associated with a third resonant mode of the circuit having a third resonance frequency.

[0010] According to some embodiments, the first pumping signal has a primary
frequency equal to a difference between the second resonance frequency and the third

resonance frequency.

[0011] According to some embodiments, the second pumping signal has a primary

frequency equal to a difference between the first resonance frequency and the third
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resonance frequency, and the third pumping signal has a primary trequency equal to a

difference between the first resonance frequency and the second resonance frequency.

[0012] According to some embodiments, the circulator functions in a first direction
between the ports, and a phase of the first pumping signal plus a phase of the second
pumping signal minus a phase of the third pumping signal is equal to an odd integer

multiple of n/2.

[0013] According to some embodiments, the phase of the first pumping signal plus
the phase of the second pumping signal minus the phase of the third pumping signal is
equal to an odd integer multiple of -n/2, and the circulator functions in a second direction

between the ports, opposite to the first direction.

[0014] According to some embodiments, the input energy is first input energy, and
the at least one controller is further configured to provide second input energy to each of
the plurality of ports, different from the first input energy, that causes the circuit to

function as a directional amplifier.

[0015] According to some embodiments, the second input energy comprises a first
pumping signal input to a first port of the plurality of ports, a second pumping signal
input to a second port of the plurality of ports, and a third pumping signal input to a third
port of the plurality of ports, the first port is associated with a first resonant mode of the
circuit having a first resonance frequency, the second port is associated with a second
resonant mode of the circuit having a second resonance {requency, the third port is
associated with a third resonant mode of the circuit having a third resonance frequency,
and the first pumping signal has a primary frequency equal to a sum of the second

resonance frequency and the third resonance frequency.

[0016] According to some embodiments, the second pumping signal has a primary
frequency equal to a difference between the first resonance frequency and the third
resonance frequency, and the third pumping signal has a primary frequency equal to a

sum of the first resonance frequency and the second resonance frequency.

[0017] Some aspects are directed to a method of operating a circuit, the circuit
comprising a plurality of Josephson junctions arranged in series in a loop, at least one

magnetic element producing magnetic flux through the loop, a plurality of
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superconducting resonators, each resonator coupled to the loop between a ditterent
neighboring pair of Josephson junctions of the plurality of Josephson junctions, a
plurality of ports, each port coupled to at least one of the plurality of resonators at ends
of the resonators opposite to ends at which the resonators are coupled to the loop, the
method comprising providing an input pumping signal to each of the plurality of ports to

cause the circuit to function as a circulator between the plurality of ports.

[0018] According to some embodiments, each input pumping signal each has a

different frequency.

[0019] According to some embodiments, a first input pumping signal is input to a
first port of the plurality of ports, a second input pumping signal is input to a second port
of the plurality of ports, and a third input pumping signal is input to a third port of the
plurality of ports, the first port is associated with a first resonant mode of the circuit
having a first resonance frequency, the second port is associated with a second resonant
mode of the circuit having a second resonance frequency, the third port is associated with
a third resonant mode of the circuit having a third resonance frequency, and the first
input pumping signal has a primary frequency equal to a difference between the second

resonance frequency and the third resonance frequency.

[0020] According to some embodiments, the second input pumping signal has a
primary frequency equal to a difference between the first resonance frequency and the
third resonance frequency, and the third input pumping signal has a primary frequency
equal to a difference between the first resonance frequency and the second resonance

frequency.

[0021] According to some embodiments, the circulator functions in a first direction
between the ports, and a phase of the first input pumping signal plus a phase of the
second input pumping signal minus a phase of the third input pumping signal is equal to

an odd integer multiple of n/2.

[0022] According to some embodiments, the phase of the first input pumping
signal plus the phase of the second input pumping signal minus the phase of the third
input pumping signal is equal to an odd integer multiple of -n/2, and the circulator

functions in a second direction between the ports, opposite to the first direction.
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BRIEF DESCRIPTION OF DRAWINGS

[0023] Various aspects and embodiments will be described with reference to the
following figures. It should be appreciated that the figures are not necessarily drawn to
scale. In the drawings, each identical or nearly identical component that is illustrated in
various figures is represented by a like numeral. For purposes of clarity, not every

component may be labeled in every drawing.

[0024] FIG. 1 is a block diagram of an integrated circulator/amplifier circuit,
according to some embodiments;

[0025] FIG. 2A is a block diagram of an integrated circulator/amplifier circuit
having three ports and four resonators, according to some embodiments;

[0026] FIG. 2B illustrates spatial excitation patterns of three orthogonal resonance
modes of the circuit of FIG. 2A, according to some embodiments;

[0027] FIG. 3A illustrates pumping a port of the circuit of FIG. 2A to produce
conversion between the other two ports, according to some embodiments;

[0028] FIG. 3B illustrates pumping a port of the circuit of FIG. 2A to produce gain
between the other two ports, according to some embodiments;

[0029] FIG. 4 illustrates various ways in which the circuit of FIG. 2A may be
pumped to produce combinations of conversion and gain functions, according to some
embodiments;

[0030] FIGs. SA-5C illustrate operation of the circuit of FIG. 2A as a reversible
circulator, according to some embodiments; and

[0031] FIGs. 6A-6D illustrate operation of the circuit of FIG. 2A as a directional

amplifier, according to some embodiments.

DETAILED DESCRIPTION

[0032] Measurements of quantum systems often require probing of a quantum
system using a signal containing only a few photons. Measuring such a weak signal with
high fidelity frequently demands a high-gain, low-noise chain of amplifiers. In addition,

circulators are often used to control the flow of energy around the quantum system. As
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discussed above, a circulator has a number of ports that can operate 1n a sequence such

that an input signal arriving at one port is output from the next port in the sequence.

[0033] However, such circulators and amplifiers when used in a quantum circuit
often produce unacceptable levels of noise. Even a relatively noiseless amplifier or
circulator that causes reduces signal-to-noise by a mere 1 dB would cause a 25%
reduction in the power of the signal. For the low power regime of quantum circuits, such
an attenuation may be too great for the circuit to function as intended. While quantum
noise sets a lower bound on the amount of noise that can be achieved, an ideal circulator
or amplifier would be limited only by the quantum noise (sometimes referred to as being

“quantum-limited”).

[0034] The most widely chosen amplifiers for quantum circuits are
superconducting parametric amplifiers, sometimes referred to as “paramps.” Standard
paramp designs are not directional, however, and instead amplify in reflection and
require external circulators to separate incoming and outgoing signals. Moreover,
commercially available circulators typically rely on ferrites and/or permanent magnets to
distinguish between polarized waves propagating in different directions. Such materials
tend to be bulky, thus limiting scalability of circuits in which they are used. In addition,
their magnetic nature can make them incompatible with superconducting elements (e.g.,
qubits) within the circuit, and they may add noise to a signal in the circuit as a result of

their insertion loss.

[0035] The inventors have recognized and appeciated that a circulator may be
produced by exciting selected resonant modes of a circuit featuring a loop of Josephson
junctions coupled to a number of resonators. In some embodiments, the same device
may also be operated as a directional amplifier by changing only the frequencies and
relative phases of one or more pump inputs used to excite the resonant modes.
Moreover, in some embodiments the directionality of the circulator function may be

switched simply by changing the relative phases of the pump inputs.

[0036] The integrated device described herein may be fabricated on-chip with qubit
devices, as it avoids the bulky, magnetically biased ferrite materials used in commercial
circulators. In some implementations, when functioning as a circulator, the device may

add no noise by preserving the quantum state of light as it passes from one port to
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another; and in some implementations, when functioning as an amplitier, the device may

produce noise that is quantum-limited.

[0037] Following below are more detailed descriptions of various concepts related
to, and embodiments of, an integrated reversible circulator and directional amplifier. It
should be appreciated that various aspects described herein may be implemented in any
of numerous ways. Examples of specific implementations are provided herein for
illustrative purposes only. In addition, the various aspects described in the embodiments
below may be used alone or in any combination, and are not limited to the combinations

explicitly described herein.

[0038] FIG. 1 is a block diagram of an integrated circulator/amplifier circuit,
according to some embodiments. Circuit 100 shown in FIG. 1 may be operated by the
controller and signal source 105 to perform as a circulator or as a directional amplifier,
although additional modes of operation other than circulator or amplifier are not
necessarily excluded by the below description. Circuit 100 also includes a plurality of
ports 110, a subcircuit 120 which routes the ports to one or more of the resonators 130,
and a circuit loop 150 around which a number of Josephson junctions 140 are placed and
interspersed with connections to the resonators 130. A magnetic flux @ is directed
through the interior of the loop 150, which may be generated by a suitable magnetic

component (not shown).

[0039] In the example of FIG. 1, there may be one or more parametric processes
that comprise one or more 2-body interactions between standing electromagnetic modes
within the resonators 130a, 130b, ..., 130n which are coupled together via the loop 150
and the Josephson junctions 140a, 140b, ..., 140n. According to some embodiments, the
standing electromagnetic modes may be within the microwave region of the
electromagnetic spectrum. Input signals that excite these resonance modes may be used

to operate the device as a circulator or amplifier, for instance, as described below.

[0040] While circuit 100 is depicted in FIG. 1 as having a particular physical
layout, it is not intended that circuit 100 be limited to such a configuration. Rather, FIG.
1 is intended to demonstrate merely how the components of circuit 100 connect to one

another and in general the components may be arranged in any suitable manner. In some
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embodiments, it may be preferable that some of the components of circuit 10U are

arranged in a particular manner, examples of which are described below.

[0041] Controller and signal source 105 provides input energy comprising one or
more signals to any one or more of the ports 110a, 110b, 110c, ..., 110n. In general,
circuit 100 may include any number input ports, and while four input ports are illustrated
the number of ports could be fewer in number than four. While a circulator traditionally
has at least three ports, the system 100 could also, in some embodiments, be
implemented with two ports to act as an isolator, although in general at least three ports
are preferred in circuit 100 to provide circulator functionality — that is, so that an input
signal to one port is output from the next port in a sequence. For instance, in the
example of FIG. 1 when circuit 100 is functioning as a circulator: an input signal input to

port 110a may be output from port 110b, an input signal input to port 110b may be

output from port 110c, ..., and an input signal input to port 110n may be output from
port 110a.
[0042] In the example of FIG. 1, controller and signal source 105 may select any

combination of the frequency, phase and amplitude of one or more input signals to be
provided to the ports 110a, 110b, 110c, ..., 110n. Controller and signal source 105 may
provide select particular values of input signal frequency, phase and amplitude and to
select ports to which an input signal should be provided with the selected frequency,
phase and amplitude in order to cause the circuit 100 to perform circulator or amplifier
functions. The input signals provided by the controller and signal source 105 to the ports
in order to excite the circuit 100 to perform circulator, amplifier, or other suitable

functions are referred to collectively herein as “pump signals.”

[0043] Input signals input to the ports may comprise pump signals which excite a
resonance frequency of one of the modes of circuit 100 and may further comprise one or
more information signals originating from a circuit to which circuit 100 is coupled (not
shown) and which are provided as input such that circuit 100 can perform circulation
and/or amplifier functions upon such information signal(s). For example, one or more of
the ports 110a, 110b, 110c, ..., 110n may receive input pumping signals to excite
resonances of the circuit such that the circuit 100 is configured to act as a circulator. At

the same time or subsequently, an information signal input to one of the ports (which
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may, or may not, include a port to which a pumping signal is applied) may be output

from the next port in the circulation sequence, as discussed above.

[0044] Irrespective of which input signals are provided to the ports, each port is
coupled to one or more of the resonators 130a, 130b, ..., 130n via subcircuit 120 which
routes each port to the one or more resonators to which it is coupled and may

additionally provide circuit components along such routing paths.

[0045] According to some embodiments, subcircuit 120 includes one or more
components that adjust the phase of a signal supplied to one of the ports 110a, 110b,
110c, ..., 110n before supplied the phase-adjusted version of the signal to one of the
resonators 130a, 130b, ..., 130n. For example, a phase of a signal may be adjusted by
some fixed amount, such as n, /2, /4, etc. In some cases, a phase-adjusted version of
an input signal may be supplied to a first resonator of the resonators 130a, 130b, ...,
130n and in addition a non-phase-adjusted version of the same input signal may be
supplied to a different resonator of the resonators 130a, 130b, ..., 130n. Such an
approach may aid in exciting resonant frequencies of the circuit 100 since it may allow a
pumping signal at a particular frequency to be supplied to two different resonators with

different phases at the same time.

[0046] The resonators 130a, 130b, ..., 130n may have the same or difference
dimensions and may be, for instance, superconducting resonators (e.g., transmission line
resonators). According to some embodiments, one or more of the resonators may be

capacitively coupled to the subcircuit 120. In some embodiments, the resonators 130a,

130b, ..., 130n are quarter wave or half wave resonators. In some embodiments, the
resonators 130a, 130b, ..., 130n are quarter wave microwave resonators.
[0047] According to some embodiments, resonators 130a, 130b, ..., 130n may be

arranged proximate to one another such that signals passing within such resonators cause
resonance effects within each other. For example, two quarter wave resonators may be
placed close to one another and end to end such that they are functionally equivalent to a
half wave resonator. It will be appreciated that terms of fabrication, there may be a
marginal difference between a case where resonators 130a, 130b, ..., 130n consist of

only a number of nA resonators (where n is any value, such as 0.5) that are operating like
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twice as many nA/2 resonators. Accordingly, it is within the spirit and scope of the

example of FIG. 1 that the resonators 130a, 130b, ..., 130n represent such arrangements.

[0048] According to some embodiments, Josephson junctions 140a, 140b, ..., 140n
may be equidistantly arranged around the loop 150. The loop 150 may have any suitable
shape, and is not limited to the shape shown in FIG. 1. For example the loop 150 may be
arranged as a square, rectangle, circle, ellipse, or any other suitable shape. As shown, the
resonators 130a, 130b, ..., 130n are arranged to couple to the loop in between
neighboring pairs of the Josephson junctions 140a, 140b, ..., 140n. While such an
arrangement may be beneficial to arrange suitable couplings between the resonators, it
will be appreciated that additional Josephson junctions may also be provided within the

circuit loop 150 so long as suitable couplings between the resonators are provided.

[0049] FIG. 2A is a block diagram of an integrated circulator/amplifier circuit,
according to some embodiments. Circuit 200 shown in FIG. 2A is a particular example
of the more general circuit depicted in FIG. 1, with three ports and four resonators. FIG.
2B illustrates the spatial excitation patterns of three orthogonal resonance modes of

circuit 200, as described further below.

[0050] In the example of FIG. 2A, the three ports 211, 212 and 213 are also labeled
(and referred to herein) as ports a, b and c, respectively. The three ports are coupled to
resonators 231, 232, 233 and 234 via one or more of the 180° hybrid units 221, 222 and
223. The resonators are coupled around a loop 250 in which four Josephson junctions
are arranged equidistantly and interspersed between the four resonators. A magnetic flux
® is directed through the interior of the loop 250, which may be generated by a suitable
magnetic component (not shown). For example, ® may be equal to half a flux quantum.
In the example of FIG. 2A, each of the resonators 231-234 is coupled to the 180° hybrid

units 221, 222 via a capacitor.

[0051] The 180° hybrid units 221, 222 and 223 are devices that output two equal
amplitude in-phase signals when fed an input through the sum port (labeled “X” in FIG.
2A) and output two equal amplitude 180° out-of-phase signals when fed an input through
the difference port (labeled “A” in FIG. 2A). Conversely, when signals are input through
the ports labeled “C” and “D” in FIG. 2A, these signals will be output as a sum at the

sum port () and as a difference of the two signals at the difference port (A). These

- 10 -
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devices are used in circuit 200 to prepare phase shifted versions ot pumping signals to
excite resonance modes, although generally any suitable device for performing such a

task may have been used instead of the 180° hybrid units.

[0052] According to some embodiments, the resonators 231, 232, 233 and 234 may
each be quarter wave resonators. According to some embodiments, the resonators 231,
232, 233 and 234 may be a pair of crossed resonators. For example, resonators 231 and
233 may be a first resonator crossed by the loop 250 and Josephson junctions, and
resonators 232 and 234 may be a second resonator crossed by the loop and the Josephson
junctions. For example, the loop 250 may be embedded at the central current antinodes
of the two resonators. According to some embodiments, two such resonators may each
be a half wave resonator such that 231, 232, 233 and 234 each function effectively as

quarter wave resonators.

[0053] FIG. 2B illustrates the spatial excitation patterns of three orthogonal
resonance modes of circuit 200, which will be described now in connection with FIG.
2A. In the discussion below, the resonators 231, 232, 233 and 234 are assumed to be two
crossed resonators formed first from 232 and 234, and second from 231 and 233, which

have resonant modes with frequencies w, and wy, respectively.

[0054] The first mode 250, shown in FIG. 2B, may be excited by providing an
input pumping signal into port @ (211) shown in FIG. 2A. The input pumping signal
enters the 180° hybrid 222 at the difference port and is therefore output to both
resonators 232 and 234 with each of those outputs being 180° out of phase from one
another. This phase difference is illustrated in FIG. 2B, which depicts the square shape
of loop 250 with the relative phases of inputs to the resonators at corresponding positions
around the loop depicted using “+” and “—” symbols. For the purposes of the discussion
at present, it is not important that any of the modes, including this first mode — which
will henceforth be referred to the “a-mode” — be excited using any particular absolute
phase values, so long as there is a 180° difference between the phases. The “+” and “-”
symbols shown in FIG. 2B are thus arbitrary and are intended merely to illustrate the
relative phase difference between inputs to the resonators at the respective positions

around the loop 250. In order to excite the “a-mode” of the circuit 200, the pumping
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signal input to port 211 may be at the resonant frequency w, of the resonator formed by

resonators 232 and 234.

[0055] The second mode 260, shown in FIG. 2B, may be excited by providing an
input pumping signal into port b (212) shown in FIG. 2A. The input pumping signal
enters the 180° hybrid 221 at the difference port and is therefore output to both
resonators 231 and 233 with each of those outputs being 180° out of phase from one
another. This phase difference is illustrated in FIG. 2B, which depicts the square shape
of loop 250 with the relative phases of inputs to the resonators at corresponding positions
around the loop depicted using “+” and “—” symbols. As discussed above, these symbols
are intended to convey relative phase, not absolute phase. In order to excite this “b-
mode” of the circuit 200, the pumping signal input to port 212 may be at the resonant

frequency wy, of the resonator formed by resonators 231 and 233.

[0056] The third mode 270, shown in FIG. 2B, may be excited by providing an
input pumping signal into port ¢ (212) shown in FIG. 2A at the common mode frequency
of the two other resonant modes (i.e., at a common mode of o, and ®p). This common
mode frequency will hereafter be referred to as @.. The input pumping signal enters the
180° hybrid 223 at the difference port and is therefore output to both the 180° hybrid 221
and the 180° hybrid 222 at their respective sum ports. The 180° hybrid 221 therefore
outputs identical signals to resonators 231 and 233 whereas the 180° hybrid 222 also
outputs identical signals to resonators 232 and 234, yet the signal output to resonators
231 and 233 is 180° out of phase with respect to the signal output to resonators 232 and
234 due to the function of 180° hybrid 223. This phase difference is illustrated in FIG.

2B, which shows the relative phase of the four resonators 270.

[0057] The inventors have recognized and appreciated that a circuit, such as circuit
100 shown in FIG. 1 or circuit 200 shown in FIG. 2A, may be off-resonantly pumped in
order to couple together modes of the circuit to produce functionality associated with, for

example, a circulator or an amplifier.

[0058] As discussed above in relation to the example of FIGs. 2A-2B, each of the
three resonant modes of circuit 200 may be excited by providing a pumping input at a
particular frequency (®,, @ Or ® at ports a, b or ¢, respectively). The example

embodiments discussed below illustrate how pumping of a port at a different frequency
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from those resonant frequencies, yet at a frequency that is based on the resonant
frequencies of at least some of the modes, may allow gain or conversion functions to be
performed between ports of the circuit 200. These gain and conversion functions may be
combined in a suitable manner such that circuit 200 performs, for example, as a
circulator or a directional amplifier, although other functions may be possible using the

same circuit and by providing suitable pumping inputs to the ports.

[0059] FIG. 3A illustrates pumping one port of the circuit of FIG. 2A to produce
conversion between the other remaining ports, according to some embodiments. In the
example of FIG. 3A, port ¢ (213) of FIG. 2A is pumped at a frequency equal to the
difference between the resonant frequencies of the two other ports a (211) and b (212).
That is, port ¢ is pumped at a frequency w? = |w, — wp|. This causes a conversion
process between ports ¢ and b in which incident signals are either reflected (with
coefficient V1 — C), or transmitted with coefficient v/C. Signals transmitted through the
device in this manner experience a pump-phase dependent non-reciprocal shift (where

the pump-phase is labeled ¢, in the figure).

[0060] The diagram 300 in FIG. 3A illustrates a graphical representation of the
scattering matrix produced by this conversion operation. In the example of FIG. 3A,
chart 310 illustrates the 5->b component of the scattering matrix Sy, plotted against a
probe frequency. As shown, there is a dip at a frequency wj (which, in this example is
approximately equal to 5.25 GHz) where photons have been up-converted from wy to w,

with conversion coefficient C given by approximately 1 — C =—18 dB.

[0061] While the example of FIG. 3A illustrates conversion between ports ¢ and b
by appropriate pumping of port ¢, similar conversion operations may be performed by
pumping at ports @ and b as well. That is, by pumping at port a at a frequency wk =
|wp — we|, conversion between ports b and ¢ may be induced; and by pumping at port b

at a frequency wl’; = |w, — wg|, conversion between ports ¢ and ¢ may be induced.

[0062] FIG. 3B illustrates pumping a port of the circuit of FIG. 2A to produce gain
between the other two ports, according to some embodiments. In the example of FIG.
3B, port b (212) of FIG. 2A is pumped at a frequency equal to the sum of the resonant
frequencies of the two other ports a (211) and ¢ (213). That is, port b is pumped at a
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frequency wl’; = wg + w,. This causes a gain process between ports @ and ¢ in which
incident signals are either amplified in reflection with voltage gain v/G), or transmitted
with gain VG — 1, together with a pump-phase dependent non-reciprocal phase shift ¢,,.

A signal incident on one port may be combined with amplified vacuum-fluctuations from
the other port, achieving phase-preserving amplification. Due to the symmetry of the

amplification process, the amplified signal can be collected from either output port.

[0063] The diagram 350 in FIG. 3B illustrates a graphical representation of the
scattering matrix produced by this gain operation. In the example of FIG. 3B, chart 360
illustrates the a->a component of the scattering matrix S,, plotted against a probe
frequency. As shown, there is a peak at a frequency w, (which, in this example is

approximately equal to 9.15 GHz) where photons have been amplified.

[0064] While the example of FIG. 3B illustrates gain at ports a and ¢ by
appropriate pumping of port b, similar gain operations may be performed by pumping at
ports a and ¢ as well. That is, by pumping at port a at a frequency wk = w, + w,, gain
at ports b and ¢ may be induced; and by pumping at port b at a frequency wl’; = W, + Wg,

gain at ports ¢ and a may be induced.

[0065] In the example of FIGs. 3A-3B, the resonant modes with frequency w, and
wyp are taken to have energy decay rates kg, kjp respectively. In the conversion process
shown in FIG. 3A, provided that the pump frequency w? is sufficiently detuned from any
harmonic of the c-mode, the pump can be approximated as a classical drive and the

interaction Hamiltonian can be written as:
Ko = gap(abTe'® + athe 19p),

where a' and a; and b and b are the creation and annihilation operators for their
respective modes a and b; g,y 1s the pump-power-dependent coupling; and ¢, is the

pump phase. The conversion process is then characterized by the conversion coefficient

at zero detuning:

VC = (21gap|? /Kakp) /(1 + |gan |* /K akp),

whose value ranges from 0 (no-conversion) to 1 (full-conversion when g, = \/KqKp).
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[0066] Similarly, in the gain process shown in FIG. 3B, the interaction

Hamiltonian can be written as:

HE, = gop(atbte'®s + abe™¥r),

int
[0067] The gain of the resulting amplification process at zero detuning can then be
written as VG = (1 + |gap|?/%akp) /(X — |Gap|?/Kakp). High gain is achieved for
|gab|2 = KqKp.

[0068] As per the above description, it is clear that each of the three ports in the
illustrative circuit 200 shown in FIG. 2A may be pumped in either or both of two ways.
That is, each may be pumped according to the conversion process described above
and/or pumped according to the gain process described above. Since both processes
utilize pumping frequencies that would generally be different at each port, they are
generally compatible with one another and could in theory be applied at the same time.
FIG. 4 illustrates various ways in which the circuit of FIG. 2A may be pumped to
produce combinations of conversion and gain functions, according to some

embodiments.

[0069] The inventors have recognized and appreciated that a circuit such as circuit
200 may be operated using a suitable combination of the above-described conversion
operations to cause the circuit to function as a circulator. While, as described above,
when the circuit is excited as a converter between ports the energy can flow in both
directions between those ports (thereby perhaps creating a device that resembles a
gyrator with a frequency translation more than a circulator), the inventors have
recognized that by appropriately tuning the phases and frequencies of pump inputs to the
circuit, the device may nonetheless function as a reversible circulator. This pumping

configuration with respect to the illustrative circuit of FIG. 2A will now be described.

[0070] FIGs. 5A-5C illustrate operation of the circuit of FIG. 2A as a reversible
circulator, according to some embodiments. The circuit 200 shown in FIG. 2 may be
operated as a circulator by pumping each of the three ports in the “conversion mode”

described above — that is, at a frequency equal to the difference between the resonant
frequencies of the other two ports (wf = |w, — w|, W) = |w, — wg|, and @ =

|wp — wgl), and the three pumping signals at ports a, b and ¢ have phases ¢, ¢, and ¢,
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respectively. Specifically, the circuit 200 will act as a circulator if ¢£i¢ = ¢, + ¢ —

¢, = +m/2 or odd-integer multiples thereof.

[0071] In the ideal case, the circulator 500 uses three conversion processes that
would each individually achieve full conversion (C = 1). Positive or negative
interference occurs as signals travel around the device, their phase being controlled by
¢ine which is believed to act here like a gauge flux, playing the role of the magnetic
field in a conventional circulator. According to some embodiments, the amplitude
(power) of the three pumping signals of FIG. 5A are equal, or substantially equal, to one

another.

[0072] As shown in Fig. 5B, for ¢£¢ = +m/2, a matched circulator with

clockwise circulation is created. In general, any odd-integer multiple of /2 will also

produce the same result (i.e., 37 /2, 5m/2, etc.). Similarly, as shown in Fig, 5C, for
¢ire = —m/2, amatched circulator with counter-clockwise circulation is created. In

general, any odd-integer multiple of —m/2 will also produce the same result (i.e., —37/

2,=5m/2, etc.).

[0073] It is noted that that this circulator is somewhat different from a ferrite-based
circulator in that it translates the frequencies of signals passing through it, but at least in
some implementations this may be of little practical consequence since the center

frequency of signals can be shifted without degrading their information content.

[0074] As one non-limiting example, w, =9.18 GHz, w, =5.25 GHz, 0w, =7.17
GHz, and the circulator may be operated by pumping at w? = 1.92 GHz, w, =2.01 GHz,
and w? = 3.93 GHz such that the phases of the three input pumping signals combine
such that ¢&¥%¢ = ¢, + ¢, — ¢, = +nm/2 where n is an odd integer. The direction of
the circulator may be switched simply by changing the phase of one or more of the
pumping signals (e.g., if ¢, = ¢, = ©/4 and ¢, = 0, thereby producing a clockwise
circulator, ¢, may be adjusted to be equal to — i, thus adjusting the direction of the
circulator to counter-clockwise simply by changing the phase of only one of the pumping
inputs.

[0075] FIGs. 6 A-6D illustrate operation of the circuit of FIG. 2A as a directional

amplifier, according to some embodiments. The circuit 200 shown in FIG. 2A may be
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operated as a directional amplifier by, as shown in FIG. 6A, pumping two ot the three
ports in the “gain mode” described above and the other port in the “conversion mode.”
That is, two ports are each pumped at a frequency equal to the sum of the resonant
frequencies of the other two ports, and the remaining port is pumped at a frequency equal

to the difference between the other two ports (e.g., wh = wp, + w,, wl’; = w, + wg, and

w! = w, — wp). If the three pumping signals at ports a, b and ¢ have phases ¢, ¢, and

¢., respectively, then for the circuit to function as a direction amplifier a combined
phase is equal to ¢p2% = ¢, — ¢, + ¢ = £m/2 or odd-integer multiples thereof.
According to some embodiments, the amplitude (power) of the three pumping signals are

equal, or substantially equal, to one another.

[0076] Unlike the circulator, the directional amplifier has a pronounced asymmetry
in signal flow through the device, as shown by the graphical scattering matrix 610 in Fig.
6B. The roles played by the three ports in the directional amplifier are labeled as the
Signal (S) input, Idler (I) input, and Vacuum (V) inputs. The S port is matched (no
power reflects), and incident power is instead transmitted with gain to the I and V ports.
Vacuum fluctuations incident on I are responsible for the additional amplified quantum

fluctuations necessarily associated with phase-preserving amplification.

[0077] Either port I or V in FIG. 6B can be considered to be the directional
amplifier’s output. The V port is noiselessly and directionally transmitted through the
device to the S port with unity gain. At least in some implementations, this may be
required by for quantum-limited amplification (sending it to either of the other 2 output
ports would degrade the noise performance of the device), and the information
conserving nature of the device (no entropy produced, assuming the pump to be perfectly
stiff).

[0078] In the example of FIGs. 6A-6D, the sign of ¢p&% determines which physical
port plays the role of S and V, with I remaining unchanged. When ¢4 = +nm/2 in the
example configuration of FIG. 6A, port a plays the S role and port b the V role, whereas

when When ¢@% = —n7m/2 in the example configuration of FIG. 6A, port a plays the V

role and port b the S role.
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[0079] The roles can be further re-mapped by changing which pair ot modes 1s
linked via conversion and thus, in general, each of the three physical ports can play each
role. For example, changing which of the ports in FIG. 6A is the port pumped in the
conversion mode and which two ports are pumped in the gain mode will allow
production of a directional amplifier in which any of the ports may be selected to play
any of the V, S or I roles. Since such configuration is based purely on frequency and/or
phase of the pumping signals, a directional amplifier that can be easily adapted during

operation may be produced.

[0080] Moreover, it will be apparent that since the same circuit may be pumped to
act as a reversible circulator or a directional amplifier, both functions may be easily
produced from the same circuit by altering the frequency and/or phase of pumping

signals.

[0081] While illustrative circuits described above utilize Josephson junctions, the
techniques described herein are not necessarily limited to the use of Josephson junctions
or to superconducting resonators. Indeed other types of devices that provide non-linear
couplings and other types of resonators may also be envisioned and used in the types of

circuits described above.

[0082] Further, it will be appreciated that while mathematical relationships
between frequencies and phases are outlined above, they are intended to represent ideal
circumstances and that minor deviations from such relationships may produce results
substantially the same as mathematically precise values. For instance, where a pumping
frequency would be, say 2 GHz as implied by a mathematical formula given above,
frequencies very close to 2 GHz may also produce useful, if not identical results. For
instance, in some cases, frequencies between 1980 MHz and 2020 MHz may be expected
to produce the same, or substantially similar, results as would a frequency of 2000 MHz.
Accordingly, frequencies and phases that deviate less than 1% from the ideal
mathematical value may be considered, for the purposes of the above discussion, to

comport with the spirit of the technical aspects discussed.

[0083] Having thus described several aspects of at least one embodiment of this
invention, it is to be appreciated that various alterations, modifications, and

improvements will readily occur to those skilled in the art.
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[0084] Such alterations, modifications, and improvements are intended to be part
of this disclosure, and are intended to be within the spirit and scope of the invention.
Further, though advantages of the present invention are indicated, it should be
appreciated that not every embodiment of the technology described herein will include
every described advantage. Some embodiments may not implement any features
described as advantageous herein and in some instances one or more of the described
features may be implemented to achieve further embodiments. Accordingly, the

foregoing description and drawings are by way of example only.

[0085] Various aspects of the present invention may be used alone, in combination,
or in a variety of arrangements not specifically discussed in the embodiments described
in the foregoing and is therefore not limited in its application to the details and
arrangement of components set forth in the foregoing description or illustrated in the
drawings. For example, aspects described in one embodiment may be combined in any

manner with aspects described in other embodiments.

[0086] Also, the invention may be embodied as a method, of which an 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.

[0087] Use of ordinal terms such as “first,” “second,” “third,” etc., in the claims to
modify a claim element does not by itself connote any priority, precedence, or order of
one claim element over another or the temporal order in which acts of a method are
performed, but are used merely as labels to distinguish one claim element having a
certain name from another element having a same name (but for use of the ordinal term)

to distinguish the claim elements.

[0088] Also, the phraseology and terminology used herein is for the purpose of

description and should not be regarded as limiting. The use of “including,”

EEINT3 9 el

“comprising,” or “having,” “containing,” “involving,” and variations thereof herein, is
meant to encompass the items listed thereafter and equivalents thereof as well as

additional items.
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CLAIMS

1. A circuit, comprising:

a plurality of Josephson junctions arranged in series in a loop;

at least one magnetic element producing magnetic flux through the loop;

a plurality of superconducting resonators, each resonator coupled to the loop between
a different neighboring pair of Josephson junctions of the plurality of Josephson junctions;

a plurality of ports, each port coupled to at least one of the plurality of resonators at
ends of the resonators opposite to ends at which the resonators are coupled to the loop; and

at least one controller configured to provide input energy to each of the plurality of

ports that causes the circuit to function as a circulator between the plurality of ports.

2. The circuit of claim 1, wherein the plurality of superconducting resonators are each

capacitively coupled to one or more of the plurality of ports.

3. The circuit of claim 1, wherein the plurality of Josephson junctions are positioned

equidistantly around the loop.

4. The circuit of claim 1, wherein the input energy comprises pumping signals provided to

each of the plurality of ports, the pumping signals having different frequencies at each of the

plurality of ports.

5. The circuit of claim 1,

wherein the input energy comprises a first pumping signal input to a first port of the
plurality of ports, a second pumping signal input to a second port of the plurality of ports,
and a third pumping signal input to a third port of the plurality of ports,

wherein the first port is associated with a first resonant mode of the circuit having a
first resonance frequency,

wherein the second port is associated with a second resonant mode of the circuit

having a second resonance frequency, and
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wherein the third port is associated with a third resonant mode of the circuit having a

third resonance frequency.

6. The circuit of claim 5, wherein the first pumping signal has a first primary frequency
equal to a difference between the second resonance frequency and the third resonance

frequency.

7. The circuit of claim 6, wherein the second pumping signal has a second primary
frequency equal to a difference between the first resonance frequency and the third resonance
frequency, and wherein the third pumping signal has a third primary frequency equal to a

difference between the first resonance frequency and the second resonance frequency.

8. The circuit of claim 5, wherein, in a first operating mode, the circulator functions in a
first direction between the plurality of ports, and wherein a phase of the first pumping signal
plus a phase of the second pumping signal minus a phase of the third pumping signal is equal to

an odd integer multiple of /2.

9. The circuit of claim 8, wherein, in a second operating mode, the phase of the first
pumping signal plus the phase of the second pumping signal minus the phase of the third
pumping signal is equal to an odd integer multiple of - 7/2, and wherein the circulator functions
in a second direction between the plurality of ports, opposite to the first direction of the first

operating mode.

10.  The circuit of claim 1, wherein the input energy is first input energy, and wherein the at
least one controller is further configured to provide second input energy to each of the plurality
of ports, different from the first input energy, that causes the circuit to function as a directional

amplifier.

11.  The circuit of claim 10, wherein the second input energy comprises a first pumping
signal input to a first port of the plurality of ports, a second pumping signal input to a second
port of the plurality of ports, and a third pumping signal input to a third port of the plurality of
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ports,

wherein the first port is associated with a first resonant mode of the circuit having a
first resonance frequency,

wherein the second port is associated with a second resonant mode of the circuit
having a second resonance frequency,

wherein the third port is associated with a third resonant mode of the circuit having a
third resonance frequency, and

wherein the first pumping signal has a first primary frequency equal to a sum of the

second resonance frequency and the third resonance frequency.

12. The circuit of claim 11,
wherein the second pumping signal has a second primary frequency equal to a
difference between the first resonance frequency and the third resonance frequency, and
wherein the third pumping signal has a third primary frequency equal to a sum of the

first resonance frequency and the second resonance frequency.

13. A method of operating a circuit, the circuit comprising a plurality of Josephson
junctions arranged in series in a loop, at least one magnetic element producing magnetic flux
through the loop, a plurality of superconducting resonators, each resonator coupled to the loop
between a different neighboring pair of Josephson junctions of the plurality of Josephson
junctions, a plurality of ports, each port coupled to at least one of the plurality of resonators at
ends of the resonators opposite to ends at which the resonators are coupled to the loop, the
method comprising:

providing a distinct input pumping signal to each of the plurality of ports to cause the

circuit to function as a circulator between the plurality of ports.

14.  The method of claim 13, wherein each input pumping signal has a different frequency.

15.  The method of claim 13, wherein a first input pumping signal is input to a first port of
the plurality of ports, a second input pumping signal is input to a second port of the plurality of
ports, and a third input pumping signal is input to a third port of the plurality of ports,
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wherein the first port is associated with a first resonant mode of the circuit having a
first resonance frequency,

wherein the second port is associated with a second resonant mode of the circuit
having a second resonance frequency,

wherein the third port is associated with a third resonant mode of the circuit having a
third resonance frequency, and

wherein the first input pumping signal has a first primary frequency equal to a

difference between the second resonance frequency and the third resonance frequency.

16.  The method of claim 15, wherein the second input pumping signal has a second primary
frequency equal to a difference between the first resonance frequency and the third resonance
frequency, and wherein the third input pumping signal has a third primary frequency equal to a

difference between the first resonance frequency and the second resonance frequency.

17.  The method of claim 15, wherein, in a first operating mode, the circulator functions in a
first direction between the plurality of ports, and wherein a phase of the first input pumping
signal plus a phase of the second input pumping signal minus a phase of the third input

pumping signal is equal to an odd integer multiple of /2.

18.  The method of claim 17, wherein, in a second operating mode, the phase of the first
input pumping signal plus the phase of the second input pumping signal minus the phase of the
third input pumping signal is equal to an odd integer multiple of — 71/2, and wherein the
circulator functions in a second direction between the plurality of ports, opposite to the first

direction of the first operating mode.
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