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SYSTEM AND METHOD FOR PHASE ERROR REDUCTION IN QUANTUM
SYSTEMS

TECHNICAL FIELD
[0001] The present invention relates generally to quantum computing systems, and

specifically to a system and method for phase error reduction in quantum systems.

BACKGROUND
[0002] Superconducting qubits can take the form of an oscillator that can transfer
energy between some combination of an electric field of a capacitor, a magnetic field of an
inductor, and a superconducting phase difference, such as from a Josephson junction. Phase
errors can be introduced in a superconducting qubit. As one example, because the
superconducting qubit can include a Josephson junction, the difference in energy between the
quantum 0> and |1> states can be a function of a current in the Josephson junction that can
vary to cause a fluctuation in frequency, and thus phase, in response to noise coupling into
the system. As another example, when the energy of the quantum 1> state is greater than the
energy of the quantum |0> state, phase always increases in time. Furthermore, timing jitter in
the control pulses that are used to perform a gate operation on the superconducting qubit can
translate into jitter in the phase of the superconducting qubit as the gate operation is

performed.

SUMMARY
[0003] One embodiment of the invention includes a quantum system. The system
includes a superconducting qubit that is controlled by a control parameter to manipulate a
photon for performing quantum operations. The system also includes a quantum resonator
system coupled to the superconducting qubit and which includes a first resonator and a
second resonator having approximately equal resonator frequencies. The quantum resonator
system can represent a first quantum logic state based on a first physical quantum state of the
first and second resonators with respect to storage of the photon and a second quantum logic
state based on a second physical quantum state of the first and second resonators with respect

to storage of the photon.
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[0004] Another embodiment of the invention includes a method for reducing phase
errors in a quantum resonator system. The method includes storing a photon in one of a first
resonator and a second resonator of the quantum resonator system. The first and second
resonators can have approximately equal resonator frequencies. The method also includes
determining that the quantum resonator system represents a first quantum logic state based on
the photon being stored in the first resonator of the quantum resonator system. The first and
second resonators can have approximately equal resonator frequencies. The method further
comprises determining that the quantum resonator system represents a second quantum logic
state based on the photon being stored in the second resonator of the quantum resonator
system.

[0005] Another embodiment of the invention includes a quantum system. The system
includes a superconducting qubit that is controlled by a control parameter to manipulate a
photon for performing quantum operations. The system also includes a quantum resonator
system coupled to the superconducting qubit and which includes a first resonator and a
second resonator having approximately equal resonator frequencies. The quantum resonator
system can represent a first quantum logic state based on storing the photon in the first
resonator and a second quantum logic state based on storing the photon in the second
resonator. The quantum resonator system can be configured to periodically swap storage of
the photon between the first resonator and the second resonator to substantially mitigate

phase errors associated with the quantum resonator system.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] FIG. 1 illustrates an example of a quantum system in accordance with an
aspect of the invention.
[0007] FIG. 2 illustrates an example of a quantum resonator system in accordance
with an aspect of the invention.
[0008] FIG. 3 illustrates an example of an energy diagram in accordance with an
aspect of the invention.
[0009] FIG. 4 illustrates an example of a method for reducing phase errors in a

quantum resonator system in accordance with an aspect of the invention.
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DETAILED DESCRIPTION
[0010] The present invention relates generally to quantum computing systems, and
specifically to a system and method for phase error reduction in quantum systems. In a
quantum system, a superconducting qubit is coupled to a quantum resonator system. The
superconducting qubit can be configured to manipulate a photon for performing quantum
operations in response to a control parameter. As described herein, a photon is defined as a
discrete quantum of energy that is not limited to light, but can be used to describe a
transferrable unit of energy that defines an energy state of a qubit and/or a resonator. The
quantum resonator system includes a pair of resonators of approximately equal frequency,
such that the superconducting qubit can transfer the photon to a specific one of the resonators
to encode one of two quantum logic states. Thus, the two quantum logic states can be
represented based on which of the two respective resonators stores the photon with the other
resonator not storing a photon.
[0011] Specifically, the pair of resonators can include a first resonator and a second
resonator. A first quantum logic state (e.g., |[1>1) can be represented by a first physical
quantum state of the first and second resonators with respect to a single photon. As an
example, the first physical quantum state of the first and second resonators can correspond to
the first resonator storing the photon with the second resonator not storing a photon (e.g.,
[10>p). Similarly, the second quantum logic state (e.g., 10>1) can be represented by a second
physical quantum state of the first and second resonators with respect to a single photon. As
an example, the second physical quantum state of the first and second resonators can
correspond to the second resonator storing the photon with the first resonator not storing a
photon (e.g., [01>p).
[0012] As described herein, in ket notations denoting a given quantum logic state, a
subscript "L" indicates the quantum logic state (i.e., either a [1> or a [0>) that the combination
of resonators in the quantum resonator system collectively store. Also as described herein, in
ket notations denoting a physical quantum state of a resonator or resonators, a subscript "P"
indicates the quantum state or quantum information that is stored in a given resonator or set
of resonators based on the presence or absence of a photon. Therefore, in the above example,
when the first resonator stores a photon (i.e., [1>p) and the second resonator is in the ground
state and thus does not store a photon (i.e., |0>p), the resonators can collectively be expressed

3
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by the ket notation |10>p which can correspond to the quantum logic state [1>;. Similarly, in
the above example, when the second resonator stores a photon and the first resonator does not
store a photon, the resonators can collectively be expressed by the ket notation 101>p which
can correspond to the quantum logic state [0>.

[0013] In addition, it is to be understood that the physical quantum state of the first
and second resonators with respect to the single photon is not limited to the physical quantum
states |10>p and 101>p, defined respectively by the photon strictly occupying either the first or
the second resonator, but could instead include linear superpositions of physical quantum
states of the first and second resonators with respect to the single photon. Specifically, the
quantum logic state 1> can represent the physical quantum state all0>p + BlO1>p and the
quantum logic state 0>, can represent the physical quantum state 110>p - al01>p, which are
each linear superpositions of the single photon in the first and second resonator. The
coefficients "a" and "B" are amplitudes of the linear superposition terms (e.g., 1/\2).
Furthermore, the pair of resonators may not have a specific quantum logic state, such as 1>,
or [0>1, but may instead have a quantum logic state that is a linear superposition of the two
defined quantum logic states. Specifically, the pair of resonators can typically occupy the
quantum logic state ly> = yI1>1 + 80>, which corresponds to the physical quantum state [y>
=YI1>L + dl0>1 = (Yyo+OP)I10>p + (YB-001)|01>p. Thus, as described herein, the quantum logic
states |1>1, and |0>1, can represent linear superposition quantum logic states all>7, + Bl0>; and
Bl1>y, - al0>1, respectively. .

[0014] The use of two resonators with approximately equal frequencies to encode a
single quantum logic state can substantially mitigate timing jitter in control signals by
substantially mitigating time evolution of the quantum information in the two resonators
relative to each other. Specifically, because each of the quantum logic states includes a
single photon, the phase of each quantum logic state will increases at a rate equal to the
frequency difference between the two resonators. However, because the resonators have
approximately equal frequencies, the relative phase between the two resonators is
substantially constant in time, resulting in timing errors in the gates used to manipulate the
quantum information introducing substantially no phase errors.

[0015] In addition, the quantum resonator system can be configured to periodically

swap the quantum information between the pair of resonators. As an example, the quantum
4
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resonator system can include a controller and a clock. The clock can be configured to set a
frequency at which the periodic swapping of the quantum information between the resonators
can occur. The controller can thus track the storage of the photon between the pair of
resonators to maintain the respective representation of one of the first and second quantum
logic states. Specifically, the controller can initially identify that the ket notation [10>p
corresponds to the quantum logic state |1>1. However, after the quantum information is
swapped between the two resonators, the controller can subsequently identify that the ket
notation I01>p corresponds to the quantum logic state [1>;. The periodic swapping of the
photon between the two resonators can thus substantially mitigate phase errors resulting from
a slight mismatch in frequency between the two resonators in the quantum resonator system.
[0016] FIG. 1 illustrates a quantum system 10 in accordance with an aspect of the
invention. The quantum system 10 can be implemented in any of a variety of quantum and/or
classical computing environments, such as in or as part of a quantum processor. The
quantum system 10 includes one or more superconducting qubits 12 that are coupled to a
quantum resonator system 14. As an example, the qubit(s) 12 can each include an
arrangement of an inductor, a capacitor, and a Josephson junction, and can be configured as
one of a flux, phase, or charge qubit.

[0017] The qubit(s) 12 and the quantum resonator system 14 can collectively be
configured to manipulate a photon to perform one or more quantum gate operations.
Specifically, the qubit(s) 12 can be configured to manipulate the photon between the

qubit(s) 12 and the quantum resonator system 14 in response to adjustment of a control
parameter. In the example of FIG. 1, the quantum system 10 includes a parameter

controller 16 that generates one or more respective signals CCP. As an example, the signal(s)
CCP can control any of a variety of classical control parameters, such as a current, generated
by the parameter controller 16 that can adjust a frequency of the qubit(s) 12. Thus, the
signal(s) CCP can adjust the frequency of the qubit(s) 12 to transfer (i.e., create and/or
destroy) the photon between itself and the quantum resonator system 14 in a variety of ways
to perform the quantum gate operations.

[0018] The quantum resonator system 14 includes a first resonator 18 and a second
resonator 20. The first and second resonators 18 and 20 can be configured as any of a variety
of resonators. As an example, the first and second resonators 18 and 20 can be configured as
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transmission line resonators, lumped element resonators, distributed resonators, or a
combination thereof. As another example, the first and second resonators 18 and 20 can be
formed from a coplanar, strip line, microstrip, slot line, or coaxial waveguide comprising a
capacitive or inductive gap at each respective end. The first and second resonators 18 and 20
have a frequency that is approximately equal with respect to each other (e.g., 10 GHz). Thus,
at a given time, either one of the first and second resonators 18 and 20 can store the photon
that is provided by the qubit(s) 12 in substantially the same manner to preserve the quantum
information that is provided by the photon. As a result, the first and second resonators 18
and 20 can collectively represent one of two quantum logic states based on in which of the
first and second resonators 18 and 20 the photon is stored.

[0019] As an example, a first quantum logic state 11> can represent a first physical
quantum state associated with the first and second resonators 18 and 20 with respect to a
single photon. For example, the first physical quantum state can be the physical quantum
state |10>p, in which the first resonator 18 stores a photon and the second resonator 20 does
not store a photon. Similarly, a second quantum logic state 10 >, can represent a second
physical quantum state associated with the first and second resonators 18 and 20 with respect
to a single photon. For example, the second physical quantum state can be the physical
quantum state |01>p, in which the second resonator 20 stores a photon and the first

resonator 18 does not store a photon. Therefore, instead of performing quantum operations
between the qubit(s) 12 and a single resonator, in which the physical quantum states of
including a photon (i.e., I1>p) and not including a photon (i.e., I0>p) are equivalent to the
quantum logic states 1> and 10>, respectively, the quantum resonator system 14 can always
include a single photon to represent either of the quantum logic states |1>1, and [0>y.

[0020] The use of both the first and second resonators 18 and 20 having
approximately equal frequencies to encode the quantum logic states |1>1, and 10>, with a
single photon can substantially mitigate phase errors in the quantum system 10. Specifically,
timing jitter in the signal(s) CCP is substantially mitigated based on the first and second
resonators 18 and 20 being approximately the same frequency and based on the each of the
quantum logic states 1>, and 10>, including a single photon. In a single resonator quantum
system, when the energy of a quantum |1> state is greater than the energy of the quantum 0>
state, phase always increases in time. By contrast, in the quantum resonator system 14, the

6
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phase of each of the quantum logic states |1>1, and 10>, increases at a rate equal to the
frequency difference between the first and second resonators 18 and 20, which is
approximately zero. Therefore, the relative phase between the first and second resonators 18
and 20 is substantially constant in time, resulting in timing errors in the manipulation of the
qubit(s) 12 by the signal(s) CCP introducing substantially no phase errors.
[0021] As an example, in a single resonator quantum system, a 10 GHz resonator
configured as a transmission line resonator can have a length of approximately 10
millimeters. Using standard photolithography techniques, the length of the resonator can be
controlled to about 100 nanometers, thus ensuring that the frequency is accurate to
approximately one part in 10°. Therefore, the phase of the physical quantum state |1>p, and
thus likewise the quantum logic state 1> based on the quantum system being a single
resonator quantum system, would increase relative to the phase of the physical quantum state
|0>p, and thus the quantum logic state [0>1, at a rate of approximately 2x*10 GHz. Therefore,
if a control signal manipulating the associated qubit had a timing jitter of approximately 100
picoseconds, it would introduce a phase error of approximately 2*x (i.e., one complete cycle).
However, in the quantum system 10, the first and second resonators 18 and 20 can be
frequency matched to better than approximately one part in 10° (i.e., 100 kHz). Therefore,
the relative phase increase between the physical quantum state |10>p (i.e., the quantum logic
state |1>1) and the physical quantum state [01>p (i.e., the quantum logic state |0>1) would thus
be less than approximately 2a*100 kHz. Accordingly, a timing jitter in the signal(s) CCP
would introduce a significantly mitigated phase error of approximately 2n* 107 radians.
[0022] While the first and second resonators 18 and 20 can be fabricated to have
approximately the same frequency, as indicated above, exact frequency matching of the first
and second resonators 18 and 20 during fabrication can be highly unlikely. Therefore, to
substantially mitigate phase errors that can result from a mismatch in frequency between the
first and second resonators 18 and 20, the quantum resonator system 14 can be configured to
periodically perform a logical X-gate operation to swap quantum information between the
first and second resonators 18 and 20. Specifically, the logical X-gate operation can swap
storage of the photon between the first and second resonators 18 and 20, such that the
physical quantum states of the first and second resonators 18 and 20 are reversed (i.e., [10>p
=2101>p or [01>p =2110>p). As an example, the qubit(s) 12 can be involved in the logical X-
7
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gate operation, along with, for example, one or more additional superconducting qubits in the
quantum resonator system 14. As aresult, an increasing phase error based on the frequency
mismatch between the first and second resonators 18 and 20 can be substantially reversed
upon swapping the quantum information between the first and second resonators 18 and 20.
[0023] As an example, the first and second resonators 18 and 20 can each have a
frequency of approximately 10 GHz. A frequency mismatch between the first and second
resonators 18 and 20 can cause a phase error to evolve at a rate of approximately 22100
kHz, as described above. Thus, as an example, the quantum resonator system 14 can perform
the logical X-gate operation at a frequency of approximately 50 MHz. The phase error of the
quantum resonator system 14 thus evolves at a positive rate for approximately 20
nanoseconds to a value of approximately 47*10~ radians, the reverses after the logical X-gate
operation at a negative rate back to approximately zero. If the phase error then evolves at the
negative rate past zero, the logical X-gate operation occurs once again to reverse the phase
error accumulation at the positive rate. In the example of the qubit(s) 12 being included in
the logical X-gate operation, a timing jitter in the signal(s) CCP of approximately 100
picoseconds would result in a phase error of less than 20*10° radians per logical X-gate,
and could thus accumulate a maximum phase error of approximately 2x*500 Hz, even in the
presence of noise sources in an associated clock.

[0024] The quantum resonator system 14 can be configured to track the storage of the
photon between the first and second resonators 18 and 20 to maintain a given quantum logic
state regardless of in which of the first and second resonators 18 and 20 the photon is stored.
Specifically, upon performing a first logical X-gate operation, the photon is swapped from
the first resonator 18 to the second resonator 20 (i.e., |10>p =101>p). However, such a swap
of the photon is not intended to change the quantum logic state (e.g., 11>1) that is encoded by
the quantum resonator system 14. Therefore, after the logical X-gate operation, the quantum
resonator system 14 can set the physical quantum state 101>p to correspond to the quantum
logic state |1>, for purposes of subsequent quantum operations associated with the quantum
system 10. Accordingly, the quantum resonator system 14 can track the storage of the photon
between the first and second resonators 18 and 20 for all subsequent X-gate operations, such
that the quantum resonator system 14 can maintain the encoding of the quantum logic state
|1>1, regardless of which of the first and second resonators 18 and 20 store the photon.

8
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[0025] In addition, the qubit(s) 12 can be coupled to the quantum resonator system 14
in a variety of ways. As an example, the qubit(s) 12 can be a single qubit coupled to one of
the first and second resonators 18 and 20, such that the photon can be transferred between the
qubit 12 and the one of the first and second resonators 18 and 20. As an example, the

qubit 12 can be coupled to the first resonator 18, such that the qubit 12 could transfer the
photon to the first resonator 18 to achieve the physical quantum state 110>p, and thus encode
the quantum logic state [1>;. To instead encode the quantum logic state |0>1, the quantum
resonator system 14 could simply perform the logical X-gate operation, such as via an
additional qubit, to swap storage of the photon from the first resonator 18 to the second
resonator 20 (i.e., [10>p =101>p) after the photon is transferred to the first resonator 18. As
another example, the qubit(s) 12 can be two separate qubits, each coupled respectively to one
of the resonators 18 and 20, to transfer the photon to a respective one of the resonators 18
and 20 in response to respective separate control signals, such as including the signal(s) CCP.
As yet another example, the qubit(s) 12 can be coupled to one or more interposing resonators
and/or qubits in the quantum resonator system 14 that allow manipulation of the photon
between the resonators 18 and 20.

[0026] FIG. 2 illustrates an example of a quantum resonator system 50 in accordance
with an aspect of the invention. The quantum resonator system 50 can correspond to the
quantum resonator system 14 in the example of FIG. 1. Therefore, reference is to be made to
the example of FIG. 1 in the following description of FIG. 2.

[0027] The quantum resonator system 50 includes a first resonator 52 and a second
resonator 54, that are configured as a first matched pair of resonators, as indicated by the
dashed line 56. The quantum resonator system 50 also includes a third resonator 58 and a
fourth resonator 60, that are configured as a second matched pair of resonators, as indicated
by the dashed line 62. The first matched pair of resonators 56 can have a first resonator
frequency and the second matched pair of resonators 62 can have a second resonator
frequency that is unequal to the first resonator frequency. As an example, the first resonator
frequency can be approximately 10 GHz and the second resonator frequency can be
approximately 15 GHz.

[0028] The first and second resonators 52 and 54 can correspond to the first and
second resonators 18 and 20 in the example of FIG. 1. Specifically, the quantum resonator

9
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system 50 can be configured to store a photon in one of the first and second resonators 52
and 54 to encode the quantum logic states |1>1, and 10>1, respectively. As an example, the
first quantum logic state |1>1, can be represented by the physical quantum state [10>p in which
the first resonator 52 stores a photon and the second resonator 54 does not store a photon.
Similarly, the second quantum logic state |0 >1, can be represented by the physical quantum
state I01>p in which the second resonator 54 stores a photon and the first resonator 52 does
not store a photon.
[0029] In the example of FIG. 2, the first resonator 52 and the third resonator 58 are
separated by a first superconducting qubit 64, and the third resonator 58 and the second
resonator 54 are separated by a second superconducting qubit 66. In addition, the second
resonator 54 and the fourth resonator 60 are separated by a third superconducting qubit 68,
and the fourth resonator 60 and the first resonator 52 are separated by a fourth
superconducting qubit 70. As an example, the qubits 64, 66, 68, and 70 can all be configured
substantially the same. As another example, the qubits 64, 66, 68, and 70 can be configured
as substantially matched pairs, such that the first and third qubits 64 and 68 are substantially
matched and the second and fourth qubits 66 and 70 are substantially matched. The
qubits 64, 66, 68, and 70, as well as the second pair of matched resonators 62, can be
configured to perform the logical X-gate to swap the quantum information between the first
and second resonators 52 and 54. Specifically, the qubits 64, 66, 68, and 70 can be
configured to swap the quantum information between the first and second resonators 52
and 54 via the intermediate third and fourth resonators 58 and 60.
[0030] In the example of FIG. 2, the quantum resonator system 50 includes a first
parameter controller 72 and a second parameter controller 74. The first parameter
controller 72 generates a control signal CCP1 that is provided to the first and third qubits 64
and 68 and the second parameter controller 74 generates a control signal CCP2 that is
provided to the second and fourth qubits 66 and 70. As an example, the control signals CCP1
and CCP2 can be any of a variety of classical control parameters, such as a current, generated
by the respective parameter controllers 72 and 74 that can adjust a frequency of the qubits 64,
66, 68, and 70. Thus, the signals CCP1 and CCP2 can adjust the frequency of the qubits 64,
66, 68, and 70 to manipulate a photon between the resonators 52, 54, 58, and 60.
Accordingly, the qubits 64, 66, 68, and 70 are configured to perform the logical X-gate

10
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operation by rotating the photon between the resonators 52 and 54 via the intermediate third
and fourth resonators 58 and 60 in response to the control signals CCP1 and CCP2. As a
result, quantum resonator system 50 can substantially mitigate phase errors based on
periodically performing the logical X-gate operations, similar to as described above in the
example of FIG. 1.
[0031] Specifically, because the control signal CCP1 is coupled to both of the
qubits 64 and 68, adjustment of the control signal CCP1 can adjust the frequency of the
qubits 64 and 68 in substantially the same manner. As a result, the transfer of the quantum
information between the first and third resonators 52 and 58 occurs substantially concurrently
and in substantially the same manner as the transfer of quantum information between the
second and fourth resonators 54 and 60. Similarly, because the control signal CCP2 is
coupled to both of the qubits 66 and 70, adjustment of the control signal CCP2 can adjust the
frequency of the qubits 66 and 70 in substantially the same manner. As a result, the transfer
of the quantum information between the third and second resonators 58 and 54 occurs
substantially concurrently and in substantially the same manner as the transfer of quantum
information between the fourth and first resonators 60 and 52.
[0032] In the example above, the first pair of resonators 56 have a frequency of
approximately 10 GHz and the second pair of resonators 62 have a frequency of
approximately 15 GHz. Thus, the control signal CCP1 can adiabatically sweep across a
range of frequencies associated with the qubits 64 and 68 from less than 10 GHz to greater
than 15 GHz to transfer quantum information from the first and second resonators 52 and 54
to the third and fourth resonators 58 and 60, respectively. Similarly, the control signal CCP2
can adiabatically sweep across a range of frequencies associated with the qubits 66 and 70
from greater than 15 GHz to less than 10 GHz to transfer quantum information from the third
and fourth resonators 58 and 60 to the second and first resonators 54 and 52, respectively. As
a result, the control signals CCP1 and CCP2 can cooperate to rotate the photon around the
arrangement of resonators 52, 54, 58, and 60 to perform the logical X-gate operations.
[0033] FIG. 3 illustrates an example of an energy diagram 100 in accordance with an
aspect of the invention. The energy diagram 100 demonstrates a graph of energy on the
vertical axis and a control parameter on the horizontal axis. The energy diagram 100 can
correspond to energy states of the first qubit 64 and the first and third resonators 52 and 58.
11
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Specifically, the energy states are demonstrated using conventional ket notation in which the
first quantum indicator corresponds to the state of the qubit (i.e., "g" for ground state and "e"
for excited state), and the second and third quantum indicators correspond to the physical
quantum state (i.e., "1" for presence of a photon and "0" for ground state, as described herein)
of the first and third resonators 52 and 56, respectively.

[0034] As the control signal CCP1 increases the frequency adiabatically from P1 to
P2 in a sufficiently slow manner, the energy state of the first qubit 64 evolves by following
the energy contours demonstrated in the energy diagram 100. As an example, P1 can
correspond to a frequency that is less than 10 GHz and P2 can correspond to a frequency that
is greater than 15 GHz. Thus, if the first resonator 52 begins in the ground state (i.e., "0"),
the energy diagram will follow a curve 102 from P1 to P2, resulting in the third resonator 58
likewise occupying the ground state. However, if the first resonator 52 includes a photon
(i.e., "1"), the energy diagram will follow a curve 104 from P1 to P2, resulting in the third
resonator 58 receiving the photon from the first resonator 52. A more detailed explanation of
the energy diagram 100, as well as manipulating the energy states between the first qubit 64
and the resonators 52 and 58, is described in U.S. Patent No. 7,498,832 and U.S. Application
No. 12/748,923.

[0035] While the adiabatic sweeping of the frequency can result in an arbitrarily small

amplitude error rate, the phase of the first qubit 64 can be expressed as:
L
¢= J%E (x(t ))dt ) Equation 1
h

Where: x corresponds to the control parameter CCP1 that is swept

from x(t;) = P1 to x(t;) = P2.
Because the frequency of the first qubit 64 can be swept at a rate that is relatively small
compared to the frequency of the first qubit 64, the resulting phase can be highly dependent
upon the rate at which the frequency is swept. Thus, by using matched qubits (i.e., the first
and third qubits 64 and 68 and the second and fourth qubits 66 and 70) that share common
control signals (i.e., control signals CCP1 and CCP2, respectively), the phase gained by the
quantum information transferred from the first resonator 52 to the third resonator 58 is

approximately equal to the phase gained by the quantum information transferred from the
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second resonator 54 to the fourth resonator 60. Accordingly, the logical encoding scheme
described herein substantially mitigates phase errors between the matched pairs of resonators
(i.e., the first and second resonators 52 and 54) based on the phase of the quantum logic state
I1>1, remaining substantially constant relative to the phase of the quantum logic state 10>r..
[0036] Referring back to the example of FIG. 2, as an example, the quantum
resonator system 50 begins in the physical quantum state [10>p, and thus the quantum logic
state 1>, such that the first resonator 52 stores a photon and the second resonator 54 stores
no photon. To perform a logical X-gate operation, the control signal CCP1 is adjusted by the
first parameter controller 72 to adiabatically sweep across a range of frequencies associated
with the qubits 64 and 68 from less than 10 GHz to greater than 15 GHz to transfer the
photon from the first resonator 52 to the third resonator 58 while concurrently transferring the
ground state (i.e., no photon) of the second resonator 54 to the fourth resonator 60. The
control signal CCP2 is then adjusted by the second parameter controller 74 to adiabatically
sweep across a range of frequencies associated with the qubits 66 and 70 from greater than 15
GHz to less than 10 GHz to transfer the photon from the third resonator 58 to the second
resonator 54 while concurrently transferring the ground state of the fourth resonator 60 to the
first resonator 52. As a result, the quantum resonator system 50 then occupies the physical
quantum state of 01>p subsequent to the logical X-gate operation.

[0037] In the example of FIG. 2, the quantum resonator system 50 also includes a
resonator system controller 76. The resonator system controller 76 is configured to provide a
signal X to command the first and second parameter controllers 72 and 74 to adjust the
respective control signals CCP1 and CCP2. In addition, the resonator system controller 76 is
configured to track the stored location of the photon to maintain the intended quantum logic
state of the quantum resonator system 50. For example, in the above description of the X-
gate operation, the resonator system controller 76 can identify that the photon was swapped
from the first resonator 52 to the second resonator 54. Thus, despite the quantum resonator
system 50 occupying the physical quantum state of I01>p subsequent to the X-gate operation,
the resonator system controller 76 can maintain the quantum logic state |1>;, of quantum
resonator system 50. As a result, the quantum system controller 76 temporarily changes the
correspondence of the quantum logic state |1>; from the physical quantum state |10>p to the
physical quantum state [01>p. In addition, the resonator system controller 76 includes a
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clock 78 that can be programmed by the resonator system controller 76 to define a frequency
of the periodic logical X-gate operations (e.g., 50 MHz). Thus, after a predetermined
duration of time subsequent to the logical X-gate operation described above, the quantum
resonator system 50 can once again perform a logical X-gate operation to transfer the photon
from the second resonator 54 to the first resonator 52 in the same manner described above, as
defined by the clock 78.
[0038] The photon can be loaded into the quantum resonator system 50 in a variety of
ways. As an example, one or more external superconducting qubits, such as the qubit(s) 12
in the example of FIG. 1, can be coupled to a respective one or more of the resonators 52, 54,
58, and 60. Therefore, to transfer a photon into the quantum resonator system 50, an external
qubit can perform a physical X-gate operation to create a photon in one of the first and
second resonators 52 and 54 to set the quantum resonator system 50 in one of the quantum
physical states [10>p or I01>p. The one or more external qubits could include a single qubit
that is coupled to one of the first and second resonators 52 and 54, such that the qubit can
perform a physical X-gate operation to create the photon in the one of the first and second
resonators 52 and 54 to set one physical quantum state, and the quantum resonator system 50
can perform a subsequent logical X-gate to set the other physical quantum state.
Alternatively, the one or more external qubits could include separate qubits coupled to each
of the first and second resonators 52 and 54 that could separately perform physical X-gate
operations to set the respective physical quantum states.
[0039] As another example, the associated quantum system in which the quantum
resonator system 50 is included may not include an external superconducting qubit. Instead,
the quantum resonator system 50 could load the photon into one of the first and second
resonators 52 and 54 by implementing a physical X-gate on one or more of the qubits 64, 66,
68, and 70. As an example, to set the quantum resonator system 50 to the physical quantum
state |10>p, one of the first and fourth qubits 64 and 70 could perform the physical X-gate
operation in response to a control signal, such as separate from the respective control signals
CCP1 and CCP2. Similarly, to set the quantum resonator system 50 to the physical quantum
state |[01>p, one of the second and third qubits 66 and 68 could perform the physical X-gate
operation in response to a control signal, such as separate from the respective control signals
CCPI1 and CCP2. As yet another example, one of the qubits 64, 66, 68, and 70 can perform a
14
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physical X-gate operation in response to a separate control signal to create the photon in the
one of the first and second resonators 52 and 54 to set one physical quantum state, and the
quantum resonator system 50 can perform a subsequent logical X-gate to set the other
physical quantum state.

[0040] It is to be understood that the quantum resonator system 50 is not limited to
the example of FIG. 2. As an example, the resonator system controller 76 and the clock 78
can be configured separate with respect to each other, and can be configured as a
conventional processor and clock circuit, respectively. As another example, the logical X-
gate operation described above is not limited to clockwise rotation around the resonators 52,
54, 58, and 60, but could instead rotate counter-clockwise around the resonators 52, 54, 58,
and 60 by reversing the adjustments to the frequency of the qubits 64, 66, 68, and 70 based
on the control signals CCP1 and CCP2. As another example, the quantum resonator system
50 could be configured to encode more than just two quantum logic states, but could instead
encode four quantum logic states using the resonators 52, 54, 58, and 60, or could include
more quantum logic states by including additional resonators and/or qubits. Therefore, the
quantum resonator system 50 can be configured in a variety of ways. Furthermore, it is to be
understood that the location of the photon with respect to a given opposing pair of the
resonators 52, 54, 58, and 60 can be linear superposition physical quantum states, as opposed
to defined locations, as described above.

[0041] In view of the foregoing structural and functional features described above, a
methodology in accordance with various aspects of the present invention will be better
appreciated with reference to FIG. 4. While, for purposes of simplicity of explanation, the
methodology of FIG. 4 is shown and described as executing serially, it is to be understood
and appreciated that the present invention is not limited by the illustrated order, as some
aspects could, in accordance with the present invention, occur in different orders and/or
concurrently with other aspects from that shown and described herein. Moreover, not all
illustrated features may be required to implement a methodology in accordance with an
aspect of the present invention.

[0042] FIG. 4 illustrates an example of a method 150 for reducing phase errors in a
quantum resonator system in accordance with an aspect of the invention. At 152, a photon is
stored in one of a first resonator and a second resonator of the quantum resonator system, the
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first and second resonators having approximately equal resonator frequencies. At 154, it is
determined that the quantum resonator system represents a first quantum logic state based on
the photon being stored in the first resonator of the quantum resonator system. The second
resonator of the quantum resonator system can be in the ground state in the first quantum
logic state. The storage of the photon can occur as a result of a physical X-gate operation
associated with the qubit.

[0043] At 156, it is determined that the quantum resonator system represents a second
quantum logic state based on the photon being stored in the second resonator of the quantum
resonator system. The first resonator of the quantum resonator system can be in the ground
state in the second quantum logic state. A logical X-gate operation can be periodically
performed to swap storage of the photon between the first resonator and the second resonator
to substantially mitigate phase errors associated with the quantum resonator system based on
a predefined clock frequency. The logical X-gate can include rotating the photon around a
ring of four resonators that include the first and second resonators, as well as associated
interconnecting qubits, to swap the quantum information between the first and second
resonators.

[0044] What have been described above are examples of the present invention. It is,
of course, not possible to describe every conceivable combination of components or
methodologies for purposes of describing the present invention, but one of ordinary skill in
the art will recognize that many further combinations and permutations of the present
invention are possible. Accordingly, the present invention is intended to embrace all such

alterations, modifications and variations that fall within the scope of the appended claims.
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CLAIMS

What is claimed is:

1. A quantum system comprising:

a superconducting qubit that is controlled by a control parameter to manipulate a
photon for performing quantum operations; and

a quantum resonator system coupled to the superconducting qubit and comprising a
first resonator and a second resonator having approximately equal resonator frequencies, the
quantum resonator system representing a first quantum logic state based on a first physical
quantum state of the first and second resonators with respect to storage of the photon and a
second quantum logic state based on a second physical quantum state of the first and second

resonators with respect to storage of the photon.

2. The system of claim 1, wherein the first physical quantum state is defined as the
photon being stored in the first resonator and no photons being stored in the second resonator,
and wherein the second physical quantum state is defined as the photon being stored in the

second resonator and no photons being stored in the first resonator.

3. The system of claim 1, wherein the first and second resonators are configured as
transmission line resonators formed from a coplanar waveguide, a microstrip waveguide, a

strip line waveguide, or a slot line waveguide.

4. The system of claim 1, wherein the quantum resonator system is further configured to
periodically perform a logical X-gate operation to swap storage of quantum information
associated with the photon between the first resonator and the second resonator to
substantially mitigate phase errors associated with the quantum resonator system, the
quantum resonator system tracking the storage of the quantum information associated with
the photon to maintain the respective representation of one of the first and second quantum

logic states regardless of in which of the first and second resonators the photon is stored.
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5. The system of claim 4, wherein the quantum resonator system comprises a clock
configured to define a frequency of the periodic swapping of the storage of the photon

between the first resonator and the second resonator.

6. The system of claim 4, wherein the first and second resonators each have a first
resonator frequency, wherein the quantum resonator system further comprises a third
resonator and a fourth resonator each having a second resonator frequency that is not equal to
the first resonator frequency, the quantum resonator system periodically swapping storage of
quantum information associated with the photon between the first resonator and the second

resonator via the respective third and fourth resonators.

7. The system of claim 6, wherein the quantum resonator system further comprises:

a first pair of superconducting qubits that interconnect the first and third resonators
and the second and fourth resonators, respectively, that are controlled by a first control signal
to transfer the quantum information from the first resonator to the third resonator and from
the second resonator to the fourth resonator, respectively; and

a second pair of superconducting qubits that interconnect the second and third
resonators and the fourth and first resonators, respectively, that are controlled by a second
control signal to move the quantum information from the second resonator to the third

resonator and from the second resonator to the fourth resonator, respectively.

8. The system of claim 7, wherein the first resonator frequency is less than the second
resonator frequency, wherein the first control signal is configured to adiabatically sweep a
resonant frequency of the first pair of superconducting qubits from a first frequency that is
less than the first resonant frequency to a second frequency that is greater than the second
resonator frequency to substantially concurrently transfer the quantum information from the
first resonator to the third resonator and from the second resonator to the fourth resonator,
respectively, and wherein the second control signal is configured to adiabatically sweep a
resonant frequency of the second pair of superconducting qubits from the second frequency

to the first frequency to substantially concurrently transfer the quantum information from the
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third resonator to the second resonator and from the fourth resonator to the first resonator,

respectively.

0. A method for reducing phase errors in a quantum resonator system, the method
comprising:

storing a photon in one of a first resonator and a second resonator of the quantum
resonator system, the first and second resonators having approximately equal resonator
frequencies;

determining that the quantum resonator system represents a first quantum logic state
based on the photon being stored in the first resonator of the quantum resonator system; and

determining that the quantum resonator system represents a second quantum logic
state based on the photon being stored in the second resonator of the quantum resonator

system.

10. The method of claim 9, wherein storing the photon in the second resonator comprises:
storing the photon in the first resonator; and

swapping quantum information between the first and second resonators.

11. The method of claim 9, wherein storing the photon in one of the first and second
resonators comprises performing a physical X-gate operation on the one of the first and
second resonators via one of a first and second superconducting qubit associated with the

quantum resonator system and coupled to the first and second resonators, respectively.

12. The method of claim 9, further comprising:
periodically performing a logical X-gate operation to swap storage of quantum
information associated with the photon between the first resonator and the second resonator
to substantially mitigate phase errors associated with the quantum resonator system; and
tracking the storage of the quantum information associated with the photon to
maintain the respective representation of one of the first and second quantum logic states

regardless of in which of the first and second resonators the photon is stored.
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13. The method of claim 12, wherein the first and second resonators each have a first
resonator frequency, wherein periodically performing the logical X-gate operation comprises:

transferring quantum information associated with the first resonator to a third
resonator having a second resonator frequency;

transferring quantum information associated with the second resonator to a fourth
resonator having the second resonator frequency substantially concurrently with the
transferring of the quantum information of the first resonator to the third resonator, the third
and fourth resonators each having a second resonator frequency that is unequal to the first
resonator frequency;

transferring the quantum information associated with the fourth resonator to the first
resonator; and

transferring the quantum information associated with the third resonator to the second
resonator substantially concurrently with the transferring of the quantum state of the fourth

resonator to the first resonator.

14. The method of claim 13, wherein transferring the quantum information associated
with the first and second resonators to the third and fourth resonators, respectively, comprises
adjusting a first control signal associated with a first pair of superconducting qubits that
interconnect the first and third resonators and the second and fourth resonators, respectively,
and wherein transferring the quantum information associated with the third and fourth
resonators to the second and first resonators, respectively, comprises adjusting a second
control signal associated with a second pair of superconducting qubits that interconnect the

second and third resonators and the first and fourth resonators, respectively.

15. The method of claim 14, wherein the first resonator frequency is less than the second
resonator frequency, wherein adjusting the first control signal comprises adiabatically
sweeping a resonant frequency of the first pair of superconducting qubits from a first
frequency that is less than the first resonant frequency to a second frequency that is greater
than the second resonator frequency to substantially concurrently transfer the quantum
information from the first resonator to the third resonator and from the second resonator to
the fourth resonator, respectively, and wherein adjusting the second control signal comprises
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adiabatically sweeping a resonant frequency of the second pair of superconducting qubits
from the second frequency to the first frequency to substantially concurrently transfer the
quantum information from the third resonator to the second resonator and from the fourth

resonator to the first resonator, respectively.

16. A quantum system comprising:

a superconducting qubit that is controlled by a control parameter to manipulate a
photon for performing quantum operations; and

a quantum resonator system coupled to the superconducting qubit and comprising a
first resonator and a second resonator having approximately equal resonator frequencies, the
quantum resonator system representing a first quantum logic state based on storing the
photon in the first resonator and a second quantum logic state based on storing the photon in
the second resonator, the quantum resonator system being configured to periodically swap
storage of the photon between the first resonator and the second resonator to substantially

mitigate phase errors associated with the quantum resonator system.

17. The system of claim 16, wherein the quantum resonator system further comprises:

a controller to track the storage of the photon to maintain the respective representation
of one of the first and second quantum logic states regardless of in which of the first and
second resonators the photon is stored; and

a clock configured to define a frequency of the periodic swapping of the storage of the

photon between the first resonator and the second resonator.

18. The system of claim 16, wherein the first and second resonators each have a first
resonator frequency, wherein the quantum resonator system further comprises a third
resonator and a fourth resonator each having a second resonator frequency that is not equal to
the first resonator frequency, the quantum resonator system periodically swapping storage of
the photon between the first resonator and the second resonator via the respective third and

fourth resonators.
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19. The system of claim 18, wherein the quantum resonator system further comprises:

a first pair of superconducting qubits that interconnect the first and third resonators
and the second and fourth resonators, respectively, that are controlled by a first control signal
to transfer quantum information from the first resonator to the third resonator and from the
second resonator to the fourth resonator, respectively; and

a second pair of superconducting qubits that interconnect the second and third
resonators and the fourth and first resonators, respectively, that are controlled by a second
control signal to move quantum information from the second resonator to the third resonator

and from the second resonator to the fourth resonator, respectively.

20. The system of claim 19, wherein the first resonator frequency is less than the second
resonator frequency, wherein the first control signal is configured to adiabatically sweep a
resonant frequency of the first pair of superconducting qubits from a first frequency that is
less than the first resonant frequency to a second frequency that is greater than the second
resonator frequency to substantially concurrently transfer the quantum information from the
first resonator to the third resonator and from the second resonator to the fourth resonator,
respectively, and wherein the second control signal is configured to adiabatically sweep a
resonant frequency of the second pair of superconducting qubits from the second frequency
to the first frequency to substantially concurrently transfer the quantum information from the
third resonator to the second resonator and from the fourth resonator to the first resonator,

respectively.
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150\

STORING A PHOTON IN ONE OF A FIRST RESONATOR AND A SECOND
RESONATOR IN THE QUANTUM RESONATOR SYSTEM, THE FIRST AND SECOND
RESONATORS HAVING APPROXIMATELY EQUAL FREQUENCIES

* /—154

DETERMINING THAT THE QUANTUM RESONATOR SYSTEM REPRESENTS A FIRST
QUANTUM LOGIC STATE BASED ON THE PHOTON BEING STORED IN THE FIRST
RESONATOR OF THE QUANTUM RESONATOR SYSTEM

* /—156

DETERMINING THAT THE QUANTUM RESONATOR SYSTEM REPRESENTS A
SECOND QUANTUM LOGIC STATE BASED ON THE PHOTON BEING STORED IN THE
SECOND RESONATOR OF THE QUANTUM RESONATOR SYSTEM

FIG. 4
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