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IMPLEMENTING QUBIT GATES USING PHASE-SHIFTED MICROWAVE
PULSES
CROSS REFERENCE TO RELATED APPLICATION

[001] This disclosure claims the benefits of priority to United States application number
17244930, filed on 29 April 2021 and entitled “IMPLEMENTING QUBIT GATES USING
PHASE-SHIFTED MICROW AVE PULSES”, which is hereby incorporated by reference in its
entirety.

TECHNICAL FIELD

[002] The present disclosure generally relates to quantum computing, and more particularly,
to implementation of qubit gates using phase-shifted microwave pulses.

BACKGROUND

[003] Quantum computations are performed on quantum bits, or qubits. Such computations
can be performed by quantum gates, which are analogous to the logic gates of digital
computations. A quantum computer can be configured to implement arbitrary quantum gates
using sequences of other basic quantum gate(s). The performance of the quantum computer can
depend on the selection of basic quantum gate(s) and how those gates are combined to
implement the arbitrary quantum gates. For example, the quantum computer may only be able to
apply a limited number of the basic quantum gate(s) before the targeted qubit(s) become
decoherent due to noise. The length of the sequences used to implement the arbitrary quantum
gates may therefore determine the number of arbitrary quantum gates that the quantum computer
can apply. Furthermore, the selection of basic quantum gate(s) can affect the fidelity of the
arbitrary quantum gates and the calibration requirements of the quantum computer.

SUMMARY

[004] The disclosed systems and methods relate to implementation of arbitrary single-qubit
gates using sequences of one or more phase-shifted microwave pulses. Disclosed embodiments
can reduce the calibration requirements for a quantum computer, reduce the number of
microwave pulses required to implement the arbitrary single-qubit quantum gate, or support
improved integration of two-qubit gates with single-qubit gates implemented using phase-shifted
microwave pulses.

[005] The disclosed embodiments include a system for applying a single-qubit quantum

gate having a unitary specifiable by at least a first real parameter, a second real parameter, and a
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third real parameter. The system can include a qubit and a quantum controller coupled to the
qubit by a driveline. The quantum controller can be configured to apply a sequence of phase-
shifted Pauli gates to the qubit to implement the single-qubit quantum gate, each phase-shifted
Pauli gate in the sequence having a rotation angle and a phase shift. The first, second, and third
real parameters of the unitary can correspond to a rotation angle in the sequence and the phase
shifts in the sequence, or the phase shifts in the sequence.

[006] The disclosed embodiments include a method for applying a gate sequence of
quantum gates to a qubit. The method can include operations of implementing a first quantum
gate in the gate sequence by applying a first sequence of phase-shifted pulses to the qubit. The
method can include further operations of implementing a second quantum gate in the gate
sequence, after applying the first quantum gate. The second quantum gate can be implemented
by applying a second sequence of phase-shifted pulses to the qubit. An additional rotation
introduced by the implementation of the second quantum gate can be independent of the
implementation of the first quantum gate. A pulse in the second sequence can be configured to
implement a virtual Z gate having a first rotation angle, an X gate having a second rotation angle,
and the virtual Z gate having a negative of the first rotation angle.

[007] The disclosed embodiments include a method for implementing a composition of a
two-qubit gate and the tensor product of a first single-qubit gate and a second single-qubit gate.
The method can further include operations of applying a first sequence of phase-shifted pulses to
a first qubit, applying a second sequence of phase-shifted pulses to a second qubit, and applying
the two-qubit gate to the first qubit and the second qubit. Applying the first sequence of phase-
shifted pulses to the first qubit can implement the first single-qubit gate. This implementation of
the first single-qubit gate can introduce an additional rotation phase shift. Applying the second
sequence of phase-shifted pulses to a second qubit can implement a product of the additional
rotation and the second single-qubit gate. The two-qubit gate to the first qubit and the second
qubit can be applied to obtain a phase-shifted version of the composition of the two-qubit gate
and the tensor product of the first single-qubit gate and the second single-qubit gate.

[008] The disclosed embodiments include a non-transitory computer-readable medium
containing instructions that are executable by a processor of a quantum controller. The quantum
controller can be coupled to a qubit. The instructions can be executable to cause the quantum

controller to perform operations for applying a single-qubit quantum gate to the qubit. The
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single-qubit quantum gate can have a unitary specifiable by a first, a second, and a third real
parameter. The operations can include applying to the qubit a sequence of phase-shifted Pauli
gates. Each phase-shifted Pauli gate in the sequence can have a rotation angle and a phase shift.
The first, second, and third real parameters can correspond to a rotation angle and the phase
shifts in the sequence; or to the phase shifts in the sequence.

[009] It is to be understood that both the foregoing general description and the following
detailed description are exemplary and explanatory only and are not restrictive of the disclosed
embodiments, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[010] The accompanying drawings, which comprise a part of this specification, illustrate
several embodiments and, together with the description, serve to explain the principles and
features of the disclosed embodiments. In the drawings:

[011] FIG. 1 depicts a Bloch sphere representation of a qubit, in accordance with disclosed
embodiments.

[012] FIG. 2 depicts a first, approximate implementation of an arbitrary single-qubit
quantum gate using phase-shifted microwave pulses, in accordance with disclosed embodiments.

[013] FIGs. 3A and 3B depict two differing implementations of an arbitrary single-qubit
quantum gate using phase-shifted microwave pulses, in accordance with disclosed embodiments.

[014] FIG. 4A depicts a sequence of quantum gates including a two-qubit quantum gate, in
accordance with disclosed embodiments.

[015] FIGs. 4B to 4D depict an implementation of the sequence of quantum gates of FIG.
4A using the single-qubit quantum gate implementation of either FIG. 3A or 3B, in accordance
with disclosed embodiments.

[016] FIG. 5 depicts a quantum controller for applying quantum gates to one or more qubits,
in accordance with disclosed embodiments.

DETAILED DESCRIPTION

[017] Reference will now be made in detail to exemplary embodiments, discussed with
regards to the accompanying drawings. In some instances, the same reference numbers will be
used throughout the drawings and the following description to refer to the same or like parts.
Unless otherwise defined, technical or scientific terms have the meaning commonly understood

by one of ordinary skill in the art. The disclosed embodiments are described in sufficient detail to
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enable those skilled in the art to practice the disclosed embodiments. It is to be understood that
other embodiments may be utilized and that changes may be made without departing from the
scope of the disclosed embodiments. Thus, the materials, methods, and examples are illustrative
only and are not intended to be necessarily limiting,

[018] Quantum computers offer the ability to perform certain tasks (equivalently, solve
certain problems) thought to be intractable to classical computers, including any possible future
classical computers. To understand the advantage of quantum computers, it is useful to
understand how they contrast to classical computers. A classical computer operates according to
digital logic. Digital logic refers to a type of logic system that operates on units of information
called bits. A bit may have one of two values, usually denoted 0 and 1, and is the smallest unit of
information in digital logic. Operations are performed on bits using logic gates, which take one
or more bits as input and give one or more bits as output. Typically, a logic gate usually only has
one bit as output (though this single bit may be sent as input to multiple other logic gates) and
the value of this bit usually depends on the value of at least some of the input bits. In modern-day
computers, logic gates are usually composed of transistors and bits are usually represented as the
voltage level of wires connecting to the transistors. A simple example of a logic gate is the AND
gate, which (in its simplest form) takes two bits as input and gives one bit as output. The output
of an AND gate is 1 if the value of both inputs is 1 and is zero otherwise. By connecting the
inputs and outputs of various logic gates together in specific ways, a classical computer can
implement arbitrarily complex algorithms to accomplish a variety of tasks.

[019] On a surface level, quantum computers operate in a similar way to classical
computers. A quantum computer operates in quantum logic. Quantum logic, as used herein,
refers to a system of logic that operates on units of information referred to as “quantum bits” or
simply “qubits.” A qubit is the smallest unit of information in quantum computers, and can have
any linear combination of two values, usually denoted |0) and |1). The value of the qubit can be
denoted |y). Different from a digital bit that can have a value of either “0” or “1,” 1)) can have a
value of a|0) + B|1) where a and 8 are complex numbers (referred to as “amplitudes”) not
limited by any constraint except |a|? + |8]? = 1. Qubits can be constructed in various forms and
can be represented as quantum states of components of the quantum computer. For example, a
qubit can be physically implemented using photons (e.g., in lasers) with their polarizations as the

quantum states, electrons or ions (e.g., trapped in an electromagnetic field) with their spins as the
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quantum states, Josephson junctions (e.g., in a superconducting quantum system) with their
charges, current fluxes, or phases as the quantum states, quantum dots (e.g., in semiconductor
structures) with their dot spin as the quantum states, topological quantum systems, or any other
system that can provide two or more quantum states. The quantum logic can use quantum logic
gates (or simply “quantum gates”) to create, remove, or modify qubits.

[020] Mathematically, a quantum gate is a propagator acting on a quantum state. A quantum
gate can take one or more qubits as input and give one or more qubits as output, and thus can be
represented as a matrix. Unlike classical logic gates (e.g., the AND gate), a quantum gate has a
characteristic that its input can be determined based on its output and information of the
transformation it applies, which is referred to as “reversible.” Such a reversible characteristic
necessitates that the number of outputs of a quantum gate equals to or exceeds the number of its
inputs and ensures that the input to a known quantum gate can always be constructed given its
output.

[021] Physically, a quantum gate can be implemented as a hardware device capable of
generating laser pulses, electromagnetic waves (e.g., microwave pulses), electromagnetic fields,
or any means for changing, maintaining, or controlling the quantum states of the qubits.
Superconducting quantum circuits can be used to implement qubits and quantum gates. Such
qubits can be based on currents (e.g., flux qubits) or charges (e.g., charge qubits), or energy (e.g.,
phase qubits). Different implementations can have different characteristics, such as sensitivity to
external noise, coherence time, or anharmonicity. For example, a transmon qubit, a type of
charge qubit including a capacitively shunted Josephson junction, can exhibit a reduced
sensitivity to charge noise. As an additional example, fluxonium qubit, a type of flux qubit
including a Josephson junction shunted by a capacitor and an inductor (the latter realizable using
an array of additional Josephson junctions), can exhibit long coherence times and large
anharmonicity.

[022] One way of visualizing a value of a qubit is to present the qubit as a point on a surface
of'a Bloch sphere. By way of example, FIG. 1 is a diagram illustrating a qubit represented in a
Bloch sphere 100, consistent with some embodiments of this disclosure. Bloch sphere 100 can be
conceptualized as existing in a three-dimensional (3D) space with coordinate axes x, y, and z,
respectively. It takes two values (e.g., latitude and longitude, or angles ¢ and 8 in FIG. 1) to
represent a point on the surface of Bloch sphere 100. In FIG. 1, the positive and negative poles
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of the z-axis correspond to |0) and |1), respectively. For a qubit ) = «|0) + B|1), because a
and 8 are complex numbers constrained by |a|? + |B|? = 1, |} can be represented as a
complex number a + bi. The values of a and b can be mapped to azimuthal and equatorial
angles ¢ and 6 in Bloch sphere 100, which in turn can be represented as a point on the surface of
Block sphere 100 in FIG. 1.

[023] Typically, quantum algorithms can be expressed in terms of their underlying quantum
circuits. A quantum circuit includes one or more quantum gates. Because a quantum gate can
transform a qubit in an infinite number of ways (e.g., by changing the values of @ and f§ in a
qubit a|0) + B|1)), there are infinite types of quantum gates. For example, there are infinite
quantum gates for performing unitary transformations on qubits because there are an infinite
number of ways to perform the unitary transformations. One type of quantum gates, known as
“Pauli operators” or “Pauli gates,” can be used to perform unitary transformations on qubits.
There are four Pauli operators, referred to as I, X, Y, and Z, respectively, where [ is the identity
operator, and X, Y, and Z represent 180° rotations around the x-axis, y-axis, and z-axis in 3D

space, respectively. For example, in system of two-state qubits, the Pauli gates can be

represented as matrices [ = (é 2) X = (2 é) Y= ((l) _Ol) and Z = (é _01

Pauli operators on n qubits can be defined as P, = {01 R R ay,lo; €{,X,Y, Z}} and

). The set of

|, | = 4™, where subscripts indicate the qubits on which an operator acts. For a set of n qubits,
there are 4™ Pauli matrices, each for a possible tensor product (in the form {0, ® - ®a,,}) of

o; € [I,X,Y,Z]. For example, in a three-qubit system including three qubits [14), [1,) and |3),
aPauli X gate acting on |1),) and a Pauli Z gate acting on |1,) can be represented as X, Z, =

X Zds =X, X ZyXL=XQIQNXURZIJINX(UQIQDN=XQZQI.

[024] The Pauli gates can be understood as rotations around the three principal axes of the
Bloch sphere. By way of example, with reference to FIG. 1, the Pauli X gate, Pauli Y gate, and
Pauli Z gate can be understood as causing the point representing |y) to rotate by 180° around the
x-axis, y-axis, and z-axis in Bloch sphere 100, respectively.

[025] Single quantum gates can be implemented using sequences of other quantum gates,
for example by combining arbitrary Pauli rotations or continuously parametrized geometric gates.
But the relationship between gate parameters and the physical control parameters of the system

may be complicated. For example, a Pauli X gate can be obtained by providing a microwave



10

15

20

25

WO 2022/228532 PCT/CN2022/089985

pulse to a superconducting quantum circuit implementing a qubit. The rotation angle 8 of the
Pauli X gate may depend on a combination of the waveform, length, and amplitude of the
microwave pulse. Furthermore, this relationship can be affected by a pulse distortions or leakage
of quantum information outside the computational subspace. Accordingly, in this example,
accurate implementation of the Pauli X gate may require tuning or calibration of the waveform,
length, and amplitude of the microwave pulse.

[026] As depicted in FIG. 2, some single quantum gate implementations support more
straightforward relationships between gate parameters and physical control parameters. FIG. 2
depicts an exemplary gate sequence 200, including two single-qubit gates in sequence (gates 201
and 203). As shown in FIG. 2, the single-qubit gate 201 can be implemented using gate
sequence 205, as follows:

29Xn/2ZpXn/2Z
[027] where Zg is an arbitrary Z-rotation:
Zp = ooz _ [e‘g 0. ]
0 ez
[028] where X, 1s a /2 X-rotation:
Xnj2 = e = v_li[_ll _1L]

[029] and where X, Y, and Z are the Pauli operators.

[030] Gate sequence 205 can be approximately realized using phase-shifted microwave
(PMW) pulses. Given a microwave pulse that implements an X/, gate, phase-shifting the
microwave pulse can cause the microwave pulse to implement the gate sequence Z_, X, ,Z,,. In
this manner, given a calibrated X, /, gate, an additional “virtual” Z,, gate can be produced using
only one physical control parameter: the phase shift w. Unlike the microwave pulse waveform,
length, and amplitude in the general case, in this case the physical control parameter (the phase
shift) maps directed to the gate parameter (the Z-rotation). In some instances, only the X, ,, gate
need be calibrated, thereby reducing the calibration requirements of the system. Additionally, the
phase shift can be precisely controlled (e.g., using a global frequency reference such as an atomic
clock, or the like).

[031] The disclosed embodiments realizes arbitrary single qubit gates (e.g., using

superconducting circuits or the like) using phase-shifted microwave (PMW) pulses. In some
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embodiments, a PMW pulse can realize an X gate. By adding a phase-shift ¢ to the X gate, the X
gate can be conjugated with Z,, gate. In a first general case, an arbitrary single qubit gate can be
realized using two PMW X, /, gates and one PMW X, gate, where /2 and 7 denote the angle
of rotation of the unshifted X pulse. In some special cases, a single qubit gate can be realized
using only one or two PMW X gates. In a second general case, an arbitrary single qubit gate can
be realized using a PMW X/, gates and a PMW X, gate, where o denotes a rotation selected
based on the unitary of the arbitrary single qubit gate being realized. The disclosed systems and
methods can support quantum computation on superconducting circuits with minimal necessary
X-pulse calibration.

[032] Gate sequence 206, depicted in FIG. 2, can approximately implement gate sequence
205 using a sequence of PMW pulses. The sequence of PMW pulses can include a first phase-
shifted pulse 207 and a second phase-shifted pulse 209. Pulse 207 generates the gate sequence
Z_Xn /22, Introducing an additional Z_, rotation. Pulse 209 generates the gate sequence
Z_(p+0)Xn/2Z 9+ thereby compensating for the Z_,, rotation introduced by pulse 207. But
pulse 209 introduces an additional Z_ ) rotation. To implement gate sequence 205, gate
sequence 206 would therefore require an additional Z g4+ gate to compensate for the
Z_(p+w) Totation introduced by pulse 209.

[033] Rather than providing the additional rotation as part of gate sequence 206, known
methods for implementing arbitrary single-qubit gates may provide the compensatory Z g4 +a)
rotation by phase shifting subsequent single-qubit gates. For example, to implement the single-
qubit gate sequence U,U,, where:

Ui =29, Xnj2Zp, Xn/2Zew,
Uy =2¢,Xn/220,Xn/22 0,

[034] U, can be shifted as follows:

Uy = Z_ 0,49, +00) U220, +@1+01) = £0,-01+ 91 +0)Xn/22L 9, X /22 00548, +91 +001)

[035] The phase-shifted U, gate can be implemented using two PMW pulses:

PMW; = Z—(w2+91+<p1+w1)Xn/ZZ(w2+91+<p1+w1)

PMW2 = Z—((p2+w2+91+(p1+w1)Xn:/ZZ((p2+w2+91+(p1+w1)
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[036] As before, an additional rotation (e.g., Z(9,+¢,+w,)+6, +0, +w,) ) Would be required to
implement the phase-shifted U, gate. This additional rotation may be carried on to the next
single-qubit gate in the sequence.

[037] While the phase-shifting approach may be suitable for sequences of single qubit gates,
this approach may be incompatible with certain two-qubit gates, such as CNOT, V/SWAP, or

ISWAP gates.

[038] The disclosed systems and methods can support the generation of arbitrary single-
qubit gates using PMW pulse(s). The PMW pulse(s) can be applied to realize gates of the form
Z_Xn /22, which can be concatenated to implement the arbitrary single-qubit gate. As
disclosed herein, these PMW pulse(s) can implement the arbitrary single-qubit gates without
necessarily introducing an additional Z-rotation. Therefore, the disclosed systems and methods
can be compatible with any two-qubit gate. The disclosed systems and methods also maintain the
benefits of using of PMW pulse(s) (e.g., control parameter accuracy; reduced calibration
requirements; a clear association between physical control parameters, such as phase shift, and
gate parameters, such as Z-rotation angle; and the like). Accordingly, the disclosed systems and
methods constitute an improvement in the technical field of quantum computing.

[039] FIGs. 3A and 3B depict two differing methods for implementing an arbitrary single-
qubit quantum gate using phase-shifted microwave pulses, in accordance with disclosed
embodiments. Both methods use a sequence of one or more PMW pulses. In some embodiments,
the PMW pulses can be phase-shifted X gates.

[040] Consistent with the depiction in FIG. 3A, the real parameters of a single-qubit unitary
can be mapped to phase-shifts for the gates in gate sequence 310. Accordingly, for any single-
qubit unitary, a linear system can be solved to determine the appropriate phase-shifts for
implementing that single-qubit unitary. In some embodiments, the phase-shifted X gates in gate
sequence 310 can be selected from the group consisting of X, /, and X, gates.

[041] In a general case, the single-qubit quantum gate 201 can be implemented using gate
sequence 310. This gate sequence can include three PMW pulses: a first phase-shifted pulse 311
(realizing a phase-shifted X/, gate), a second phase-shifted pulse 313 (realizing a phase-shifted
Xy gate), and a third phase-shifted pulse 313 (realizing a phase-shifted X, gate).

[042] Concatenation of three PMW pulses yields the following matrix:
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Z_0Xn /2207 - pXnZ pZ— X j2Z 0

—el0-w)/2 cos—(e —20+ ) _el+w)/2 sin—(e —20+w)
_ 2 2
e—i(9+w)/2 sin (6 _ 2<P + (U) _e—i(G—w)/z cos (6 — 2<P + (U)

2 2
[043] The general form of a single-qubit gate can be expressed as an element of the special
unitary group of degree 2, with three real parameters, as follows:
(o Bv) = :_l?;;‘;yy e_eﬁcs(‘:z
[044] By examination, the matrix for the three PMW pulses equals U(a, 3, y) when:
O-2¢0+w)/2=m—Y

6 —-—w)/2=a
O+w)/2=8
[045] Directly solving this linear system yields:
0=a-
p=-B+y-m
w=-a-7
5 [046] Accordingly, an arbitrary single-qubit gate can be realized using two PMW X, /,

gates and one PMW X, gate, as follows:
U, B,Y) = Z_q1pXn/2Za-pZa—y+nXnZ -pty-nlo+pXn/2Z-a-p
[047] In accordance with disclosed embodiments, following calibration of the X/, gate and
the X, gate, an arbitrary single-qubit gate can be realized without requiring further calibration.
As calibration of the X, /, gate and the X,; gate may be performed during initialization or
10  characterization of the quantum computer (e.g., as part of a Clifford-based randomized
benchmarking, 71 relaxation, 72 echo measurements, or the like), the disclosed embodiments
can reduce calibration requirements for performing quantum calculations.
[048] In some instances, fewer than three PMW pulses may be required to realize a qubit.
The unitary U(a, 3, v) can be decomposed into Pauli operators:
U(a, B,y) = cosy[cos(a) I + sin(a) iZ] + siny [sin(B) iX — cos(B) iY]
15 [049] When v is /2, the diagonal terms of U(q, B,y) are zero. The decomposition of

U(a, B,Y) can into Pauli operators becomes:

10
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U(a, B, /2) = sin(B) iX — cos(B) iY
[050] Applying a single PMW X, yields a unitary as follows:
Z_pXpZy = —cos(@) iX + sin(@) iY
[051] Equating the coefficients of iX and iY yields ¢ = —f + 3w /2. Thus, through an
appropriate selection of ¢, a single PMW X, gate can be used to realize single-qubit gates
having support only on iX and iY.
5 [052] When v is 7, the off-diagonal terms of U(q, B, y) are zero. The decomposition of
U(a, B,v) into Pauli operators becomes:
U(a, B, ) = cos(a) I + sin(a) iZ
[053] Applying a two PMW X, pulses yields a unitary as follows:
Z_gXpZoZ_pXnZ, = —cos(0 — @)l —sin(6 — @) iZ
[054] Equating the coefficients of I and iZ yields 8 — ¢ = o + m. Thus, through an
appropriate selection of 8 and ¢, two PMW X, gates can be used to realize single-qubit gates
10  having support only on [ and iZ.
[055] Furthermore, the gates used for single-qubit Clifford-based randomized
benchmarking can be produced using just one PMW X, , pulse for each benchmarking gate.
Xnj2 = ZoXn/2Zo
Xonjp=Z-nXnj2ln
Yujo = ZnjoXnj2l-ns2
Yornse = Znj2Xns2lnse
[056] Consistent with the depiction in FIG. 3B, the real parameters of the single-qubit
unitary can be mapped to a combination of gate phase-shifts and a gate rotation angle in gate
15  sequence 320. Accordingly, for any single-qubit unitary, a linear system can be solved to
determine the appropriate phase-shifts and gate rotation angle for implementing that single-qubit
unitary.
[057] In some embodiments, one phase-shifted X gate in gate sequence 320 can be a X,
gate. The unitary of the single-qubit gate being implemented by gate sequence 320 can determine
20  the phase shift o of the other phase-shifted X gate in gate sequence 320.
[058] A direct calculation of the unitary for the concatenation of an arbitrary-rotation PMW
gate and a PMW X, gate yields:
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o o
Z_pXoZpZ_XnZ, = cos= [— cos(w) iX + sin(w) iY] — sinE [cos(p — w) + sin(¢ — w)iY]

[059] A first PMW pulse (e.g., first phase-shifted pulse 321) can implement the sequence of
gates:

Z- X Zo

[060] A second PMW pulse (e.g., second phase-shifted pulse 323) can implement the
sequence of gates:

Z_yXoZ,

[061] Accordingly, the method depicted in FIG. 3B can implement an arbitrary single-qubit
quantum gate using two PMW pulses. As described above, the unitary U(a, 3,v) can be
decomposed into Pauli operators:

U(a, B,y) = cosy[cos(a) I + sin(a) iZ] + siny [sin(B) iX — cos(B) iY]

[062] Equating variables yields the linear system:

o=2y—"1
o=3n/2+a-
w=3n/2-

[063] This linear system can be solved to determine appropriate values of o, ¢, and w for
implementing the unitary U(a, 3,V).

[064] As compared to the method of FIG. 3A, the method of FIG. 3B may reduce the
number of pulses required to realize a quantum computation, therefore providing an
implementation-dependent improvement in gate fidelity. However, this method may involve an
additional calibration of the X gate, as the X, gate (unlike, for example, the X/, and X, gate)
may not otherwise be calibrated during initialization or characterization of the quantum computer.

[065] Consistent with disclosed embodiments, gate sequence 310 can be used to implement
an additional Z rotation. In some embodiments, a need for an additional Z rotation (e.g., in
response to frame shifts or other effects) can be determined during a quantum computation. In
response to the determination, the additional Z rotation can be implemented during application of
a gate sequence by updating PMW phase shifts using the following update rules.

[066] Given a, 3, ¥, and § (where the sum of «, 3, ¥, and § need not equal zero), a
sequence of gates Zs Xy /22, X ZgXr /22, and the identity:

ZpXnZurg = Z—pXnZy,
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the sequence of gates can be expressed in terms of PMW pulses as follows:
ZsXn /22y XnZpXnj2Za = (Z--0yXn/22-5)(Zy+5XnZarp)(Z-aXn/2Za)

Z5Xn2Zy XnZpXnjoZa = (Z-(-6)Xnj2Z-6)(Z-(a+p-y-8)/2XnZ(a+p-y-6)/2) (Z-aXn/2Za).

[067] Accordingly, the final Z rotation value & can be updated by changing the phase shift
for the middle and final pulses (e.g., to implement § — & + Ad, the phase-shift of the final pulse
decreases by A and the phase shift of the middle pulse decreases by Ad/2). Likewise, the first Z
rotation value a can be updated by changing the phase shift for the first and middle pulses (e.g,,
to implement @ — a + Aa, the phase-shift of the first pulse increases by Aa and the phase shift
of the middle pulse increases by Aa/2). Similarly, the Z rotation values ¥ and f§ can be updated
by updating the phase-shift of the middle pulse.

[068] FIG. 4A depicts a sequence of quantum gates including a two-qubit quantum gate, in
accordance with disclosed embodiments. As depicted, two single-qubit gates Uy and U; can be
applied to two separate qubits in parallel. A two-qubit gate V can then be applied to both qubits.
Two-single qubit gates Uj and U; can then be applied to two separate qubits in parallel.

[069] In the general case, single-qubit gates Uy and U, can differ. Accordingly, when
implemented using the gate sequence of FIG. 2, differing additional rotations will be introduced
for these two gates. In the general case, such differing additional rotations cannot be carried
through the two-qubit gate V.

[070] However, in some instances, Z rotations can be carried through the two-qubit gate V.
For a symmetric-phase-commuting two-qubit gate (e.g., an \/m gate, or the like):

V0,3600,0, s.t. V(Zy @ Zg) = (Zg, ® Zg, )V

[071] Thus, a common Z rotation 6 can be carried through the two-qubit gate V, potentially
with some updating (e.g., 8 = 6, and 8 — 0,) for each of the qubits. In some embodiments, as
depicted in FIGs. 4A to 4D, the two-qubit gate V may be an excitation-number-conserving qubit
gate. In such embodiments, 8 = 6, = 6.

[072] FIGs. 4B to 4D depict example implementations of the sequence of quantum gates of
FIG. 4A using the single-qubit quantum gate implementation of either FIG. 3A or 3B, in
accordance with disclosed embodiments.

[073] As depicted in FIG. 4B, in a first step of this implementation, the gate Uy can be
applied to a first qubit using the method depicted in FIG. 2. Accordingly, when:
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Up = Zo,Xn/2ZpoXnj2Zw,s
[074] the method depicted in FIG. 2 may introduce an additional rotation:
Uo = Z_ (9, +¢,+wy) Uo-

[075] In some embodiments, the method depicted in FIG. 2 may be used, even through it
introduces the additional rotation, because it requires only two PMW pulses (and therefore may
support improved gate fidelity, as compared to implementations requiring additional pulses).

[076] In parallel with the application of gate U,, a phase-shifted version of gate U; can be
applied to a second qubit using the method of FIG. 3A, the method of FIG. 3B, or by updating
an existing implementation of gate U, .

[077] As anon-limiting example of the method of FIG. 3A:

Z- 0,400t U1 = Z-9,Xn /226, 2 XnZp 2w Xn 220,

[078] As a non-limiting example of the method of FIG. 3B:

Z 0y tpstwnli = Z-p XoZp 2w XnjaZo,.
[079] As a non-limiting example of an existing implementation of gate U;:
Uy = ZsXn/2ZyXnlpXnj2Zy,

[080] by applying an update as described above:
Z—(90+(p0+w0)U1 = (Z—(—5+(90+<p0+w0))Xn/ZZ—8+(90+<p0+w0))~~~

(Z—(a+,6’—y—8+(90+<p0+w0))/2XﬂZ(a+ﬁ—y—8+(90+(p0+w0))/2) (Z_aXn/2Zq).

[081] According to any one of these implementations, U; = Z_(g, +¢,+w,)U1. Accordingly,
as depicted in FIG. 4C, the Z_(g, 14, +w,) Totation can be treated as having commuted with the
two-qubit gate V. As depicted in FIG. 4D, the method of FIG. 2 can then be used to carry the
phase shifts forward. Additionally or alternatively, the method of FIG. 3A or FIG. 3B could be
used by subsequent gates to compensate for the additional rotation (e.g., the subsequent gate G
could be implemented as GZ g, 1, +aw,)» OF the like). In this manner, the disclosed systems and
method can be used, together with the method of FIG. 2, to implement sequences of one- and
two-qubit gates.

[082] While described for convenience herein with regards to Pauli X gates, the disclosed
systems and methods are not so limited. In some embodiments, phase-shifted Pauli Y gates could

be used in additional to, or as an alternative to, the phase-shifted Pauli X gates described herein.
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[083] FIG. S depicts a quantum controller 510 for applying quantum gates to one or more
qubits, in accordance with disclosed embodiments. In the non-limiting example depicted in FIG.
5, quantum controller 510 is coupled to a qubit implemented by superconducting quantum circuit
520 using a microwave drive line. In this non-limiting example, the qubit is a transmon qubit and
includes capacitor Cq4 in series with a Josephson junction shunted by a capacitor Cr. However,
other types of qubits may be used, such as fluxonium qubits or the like, consistent with disclosed
embodiments. In some embodiments, superconducting quantum circuit 520 can be realized using
a chip containing the qubit and at least a portion of the microwave drive line coupling the qubit
to quantum controller 510.

[084] Quantum controller 510 can be a digital computing device (e.g., a computing device
including a central processing unit, graphical processing unit, application specific integrated
circuit, field-programmable gate array, or other suitable processor). Quantum controller 510 can
configure quantum circuit 520 for computation, provide computational gates, and read state
information out of quantum circuit 520.

[085] Consistent with disclosed embodiments, quantum controller 510 can configure the
quantum circuit 520 by enabling a gate operation to be performed on one or more qubits of
circuit quantum 520. In some embodiments, quantum circuit 520 can be configured by providing
one or more bias drives to move two qubits into resonance. Quantum controller 120 can provide
the one or more bias drives directly to circuit 520 or can provide instructions to a bias drive
source (e.g., waveform generator or the like), causing the bias drive source to provide the bias
drives to circuit 520. In some embodiments, providing the bias drive can include passing current
through a coil external to circuit 520. In various embodiments, providing the bias drive can
include passing current through a coil on the chip. The disclosed embodiments are not limited to
a particular method of providing the bias drive or a particular method of biasing the qubits.

[086] Consistent with disclosed embodiments, quantum controller 510 can implement
computational gates on circuit 520. In some embodiments, quantum controller 510 can
implement such gates by providing one or more PMW pulses (or other gate drives) to qubits in
circuit 510. In various embodiments, quantum controller 510 can implement such gates by
providing instructions to a computation drive source (e.g., a waveform generator or the like),
causing the computational drive source to provide such PMW pulses (or other gate drives) to

qubits in circuit 510. The PMW pulses can be selected to implement one or more quantum gates,
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as described herein. The one or more computational drives can be provided to qubits
implemented by quantum circuit 520 using one or more coils coupled to the corresponding qubits.
The coils can be external to circuit 520 or on a chip containing circuit 520.

[087] Consistent with disclosed embodiments, quantum controller 510 can be configured to
determine state information for quantum circuit 520. In some embodiments, quantum controller
510 can measure a state of one or more qubits of circuit 520. The state can be measured upon
completion of a sequence of one or more quantum operations. In some embodiments, quantum
controller 510 can provide a probe signal (e.g., a microwave probe tone) to a coupled resonator
of circuit 520, or provide instructions to a readout device (e.g., an arbitrary waveform generator)
that provides the probe signal. In various embodiments, quantum controller 510 can include, or
be configured to receive information from, a detector configured to determine an amplitude and
phase of an output signal received from the coupled resonator in response to provision of the
microwave probe tone. The amplitude and phase of the output signal can be used to determine
the state of the probed qubit(s). The disclosed embodiments are not limited to any particular
method of measuring the state of the qubits.

[088] In some embodiments, a non-transitory computer-readable storage medium including
instructions is also provided, and the instructions may be executed by a device (such as the
disclosed encoder and decoder), for performing the above-described methods. Common forms of
non-transitory media include, for example, a floppy disk, a flexible disk, hard disk, solid state
drive, magnetic tape, or any other magnetic data storage medium, a CD-ROM, any other optical
data storage medium, any physical medium with patterns of holes, a RAM, a PROM, and
EPROM, a FLASH-EPROM or any other flash memory, NVRAM, a cache, a register, any other
memory chip or cartridge, and networked versions of the same. The device may include one or
more processors (CPUs), an input/output interface, a network interface, and/or a memory.

[089] The foregoing descriptions have been presented for purposes of illustration. They are
not exhaustive and are not limited to precise forms or embodiments disclosed. Modifications and
adaptations of the embodiments will be apparent from consideration of the specification and
practice of the disclosed embodiments. For example, the described implementations include
hardware, but systems and methods consistent with the present disclosure can be implemented

with hardware and software. In addition, while certain components have been described as being
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coupled to one another, such components may be integrated with one another or distributed in
any suitable fashion.

[090] Moreover, while illustrative embodiments have been described herein, the scope
includes any and all embodiments having equivalent elements, modifications, omissions,
combinations (e.g., of aspects across various embodiments), adaptations or alterations based on
the present disclosure. The elements in the claims are to be interpreted broadly based on the
language employed in the claims and not limited to examples described in the present
specification or during the prosecution of the application, which examples are to be construed as
nonexclusive. Further, the steps of the disclosed methods can be modified in any manner,
including reordering steps or inserting or deleting steps.

[091] It should be noted that, the relational terms herein such as “first” and “second” are
used only to differentiate an entity or operation from another entity or operation, and do not
require or imply any actual relationship or sequence between these entities or operations.

2 <

Moreover, the words “comprising,” “having,” “containing,” and “including,” and other similar
forms are intended to be equivalent in meaning and be open ended in that an item or items
following any one of these words is not meant to be an exhaustive listing of such item or items,
or meant to be limited to only the listed item or items.

[092] The features and advantages of the disclosure are apparent from the detailed
specification, and thus, it is intended that the appended claims cover all systems and methods
falling within the true spirit and scope of the disclosure. As used herein, the indefinite articles “a”
and “an” mean “one or more.” Similarly, the use of a plural term does not necessarily denote a
plurality unless it is unambiguous in the given context. Further, since numerous modifications
and variations will readily occur from studying the present disclosure, it is not desired to limit
the disclosure to the exact construction and operation illustrated and described, and accordingly,
all suitable modifications and equivalents may be resorted to, falling within the scope of the
disclosure.

[093] As used herein, unless specifically stated otherwise, the term “or” encompasses all
possible combinations, except where infeasible. For example, if it is stated that a database may
include A or B, then, unless specifically stated otherwise or infeasible, the database may include

A, or B, or A and B. As a second example, if it is stated that a database may include A, B, or C,
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then, unless specifically stated otherwise or infeasible, the database may include A, or B, or C, or
AandB,or Aand C, or Band C, or A and B and C.

[094] It is appreciated that the above-described embodiments can be implemented by
hardware, or software (program codes), or a combination of hardware and software. If
implemented by software, it may be stored in the above-described computer-readable media. The
software, when executed by the processor can perform the disclosed methods. The computing
units and other functional units described in this disclosure can be implemented by hardware, or
software, or a combination of hardware and software. One of ordinary skill in the art will also
understand that multiple ones of the above-described modules/units may be combined as one
module/unit, and each of the above-described modules/units may be further divided into a
plurality of sub-modules/sub-units.

[095] In the foregoing specification, embodiments have been described with reference to
numerous specific details that can vary from implementation to implementation. Certain
adaptations and modifications of the described embodiments can be made. Other embodiments
can be apparent to those skilled in the art from consideration of the specification and practice of
the invention disclosed herein. It is intended that the specification and examples be considered as
exemplary only, with a true scope and spirit of the invention being indicated by the following
claims. It is also intended that the sequence of steps shown in figures are only for illustrative
purposes and are not intended to be limited to any particular sequence of steps. As such, those
skilled in the art can appreciate that these steps can be performed in a different order while
implementing the same method.

[096] The embodiments may further be described using the following clauses:

1. A system for applying a single-qubit quantum gate having a unitary specifiable by at least
a first real parameter, a second real parameter, and a third real parameter, the system comprising:
a qubit; and a quantum controller coupled to the qubit by a driveline and configured to: apply a
sequence of phase-shifted Pauli gates to the qubit to implement the single-qubit quantum gate,
each phase-shifted Pauli gate in the sequence having a rotation angle and a phase shift; and
wherein the first, second, and third real parameters correspond to: a rotation angle in the
sequence and the phase shifts in the sequence; or the phase shifts in the sequence.

2. The system of clause 1, wherein: the quantum controller is further configured to solve a

system of linear equations to determine the correspondence between: the first, second, and third
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real parameters and the rotation angle and two phase shifts in the sequence; or the first, second,
and third real parameters and three phase shifts in the sequence.

3. The system of any one of clauses 1 to 2, wherein: the sequence includes two phase-
shifted Pauli gates and the first, second, and third real parameters correspond to the rotation
angle and two phase shifts in the sequence; or the sequence includes three phase-shifted Pauli
gates and the first, second, and third real parameters correspond to three phase shifts in the
sequence.

4. The system of any one of clauses 1 to 3, wherein: the first, second, and third real
parameters correspond to three phase shifts in the sequence and each of the three phase shifts is a
differing function of two of the first, second, and third real parameters.

5. The system of any one of clauses 1 to 4, wherein: the first, second, and third real
parameters correspond to three phase shifts in the sequence and the rotation angles in the
sequence are selected from the group consisting of w/2, -n/2, and .

6. The system of clause 1, wherein: all entries on a diagonal of a matrix representing the
unitary are zero; the sequence is a single phase-shifted Pauli gate; and wherein the first, second,
and third real parameters correspond to a phase shift of the single phase-shifted Pauli gate.

7. The system of clause 6, wherein: the single-qubit quantum gate is selected from the group
consisting of Xy, X-n2, Yan, and Y-z,

8. The system of clause 1, wherein: all entries off a diagonal of a matrix representing the
unitary are zero; the sequence is two phase-shifted Pauli gates; the first, second, and third real
parameters correspond to phase shifts of the two phase-shifted Pauli gates; and the rotation angle
of each of the two phase-shifted Pauli gates is 7.

9. The system of any one of clauses 1 to 8, wherein: the implementation of the single-qubit
quantum gate does not introduce an additional rotation.

10. A method for applying a gate sequence of quantum gates to a qubit comprising:
implementing a first quantum gate in the gate sequence by applying a first sequence of phase-
shifted pulses to the qubit; and after applying the first quantum gate, implementing a second
quantum gate in the gate sequence by applying a second sequence of phase-shifted pulses to the
qubit, an additional rotation introduced by the implementation of the second quantum gate being

independent of the implementation of the first quantum gate, a pulse in the second sequence
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configured to implement: a virtual Z gate having a first rotation angle; an X gate having a second
rotation angle; and the virtual Z gate having a negative of the first rotation angle.

11. The method of clause 10, wherein: the second sequence includes three pulses and the
second rotation angle is selected from the group consisting of n/2, -n/2, and &.

12. The method of any one of clauses 10 to 11, further comprising: determining, during
application of the gate sequence, an additional Z rotation angle; and the second sequence of
phase-shifted pulses is further configured to additionally implement the additional Z rotation
angle.

13. The method of clause 10, wherein: the second sequence includes two pulses and the
second rotation angle depends on the unitary of the second quantum gate.

14. The method of clause 10, wherein: all entries on a diagonal of a matrix representing the
unitary are zero; and the second sequence is a single pulse.

15. The method of clause 10, wherein: all entries off a diagonal of a matrix representing the
unitary are zero; and the second sequence is two pulses.

16. The method of any one of clauses 10 to 15, wherein: the additional rotation introduced
by the implementation of the second quantum gate is zero.

17. A method for implementing a composition of a two-qubit gate and the tensor product of
a first single-qubit gate and a second single-qubit gate, comprising: applying a first sequence of
phase-shifted pulses to a first qubit to implement the first single-qubit gate, the implementation
of the first single-qubit gate introducing an additional rotation phase shift; applying a second
sequence of phase-shifted pulses to a second qubit to implement a product of the additional
rotation and the second single-qubit gate; and applying the two-qubit gate to the first qubit and
the second qubit to obtain a phase-shifted version of the composition of the two-qubit gate and
the tensor product of the first single-qubit gate and the second single-qubit gate.

18. The method of clause 17, wherein: the first sequence is two pulses; and the second
sequence 1s three pulses.

19. The method of clause 18, wherein: each of the two pulses in the first sequence
implements a phase-shifted Xy, gate or X- gate; and one of the three pulses in the second
sequence implements a phase-shifted X« gate.

20. The method of clause 17, wherein: the first sequence is two pulses; and the second

sequence 1s two pulses.
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21. The method of clause 20, wherein: each of the two pulses in the first sequence
implements a phase-shifted X/, gate or X-;, gate; and one of the two pulses in the second
sequence implements a phase-shifted X gate having a rotation angle dependent on the second
single-qubit gate.

22. The method of any one of clauses 17 to 21, wherein: the two-qubit gate is symmetric
phase commuting,

23. A non-transitory computer-readable medium containing instructions that are executable
by a processor of a quantum controller coupled to a qubit to cause the quantum controller to
perform operations for applying a single-qubit quantum gate to the qubit, the single-qubit
quantum gate having a unitary specifiable by a first, a second, and a third real parameter, the
operations comprising: applying to the qubit a sequence of phase-shifted Pauli gates, each phase-
shifted Pauli gate in the sequence having a rotation angle and a phase shift; and wherein the first,
second, and third real parameters correspond to: a rotation angle and the phase shifts in the
sequence; or the phase shifts in the sequence.

24. The non-transitory computer-readable medium of clause 23, wherein: the first, second,
and third real parameters correspond to three phase shifts in the sequence and each of the three
phase shifts is a differing function of two of the first, second, and third real parameters.

25. The non-transitory computer-readable medium of clause 23, wherein: the sequence
includes two phase-shifted Pauli gates and the first, second, and third real parameters correspond
to the rotation angle and two phase shifts in the sequence; or the sequence includes three phase-
shifted Pauli gates and the first, second, and third real parameters correspond to three phase
shifts in the sequence.

26. The non-transitory computer-readable medium of clause 23, wherein: all entries on a
diagonal of a matrix representing the unitary are zero; the sequence is a single phase-shifted
Pauli gate; and wherein the first, second, and third real parameters correspond to a phase shift of
the single phase-shifted Pauli gate.

27. The non-transitory computer-readable medium of clause 23, wherein: all entries off a
diagonal of a matrix representing the unitary are zero; the sequence is two phase-shifted Pauli
gates; the first, second, and third real parameters correspond to phase shifts of the two phase-

shifted Pauli gates; and a rotation angle of each of the two phase-shifted Pauli gates is 7.
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[097] In the drawings and specification, there have been disclosed exemplary embodiments.
However, many variations and modifications can be made to these embodiments. Accordingly,
although specific terms are employed, they are used in a generic and descriptive sense only and
not for purposes of limitation or restriction of the scope of the embodiments, the scope being

defined by the following claims.
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CLAIMS

What is claimed is:

1. A system for applying a single-qubit quantum gate having a unitary specifiable by at least
a first real parameter, a second real parameter, and a third real parameter, the system comprising:

a qubit; and

a quantum controller coupled to the qubit by a driveline and configured to:

apply a sequence of phase-shifted Pauli gates to the qubit to implement the single-qubit
quantum gate, each phase-shifted Pauli gate in the sequence having a rotation angle and a phase
shift; and

wherein the first, second, and third real parameters correspond to:

arotation angle in the sequence and the phase shifts in the sequence; or

the phase shifts in the sequence.

2. The system of claim 1, wherein:

the quantum controller is further configured to solve a system of linear equations to
determine the correspondence between:

the first, second, and third real parameters and the rotation angle and two phase shifts in the
sequence; or

the first, second, and third real parameters and three phase shifts in the sequence.

3. The system of claim 1, wherein:

the first, second, and third real parameters correspond to three phase shifts in the sequence
and each of the three phase shifts is a differing function of two of the first, second, and third real
parameters.

4. The system of claim 1, wherein:

the first, second, and third real parameters correspond to three phase shifts in the sequence
and the rotation angles in the sequence are selected from the group consisting of n/2, -n/2, and =.

5. The system of claim 1, wherein:

the implementation of the single-qubit quantum gate does not introduce an additional
rotation.

6. The system of claim 1, wherein:

the sequence includes two phase-shifted Pauli gates and the first, second, and third real

parameters correspond to the rotation angle and two phase shifts in the sequence; or
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the sequence includes three phase-shifted Pauli gates and the first, second, and third real
parameters correspond to three phase shifts in the sequence.

7. The system of claim 1, wherein:

all entries on a diagonal of a matrix representing the unitary are zero;

the sequence is a single phase-shifted Pauli gate; and

wherein the first, second, and third real parameters correspond to a phase shift of the single
phase-shifted Pauli gate.

8. The system of claim 7, wherein:

the single-qubit quantum gate is selected from the group consisting of Xy, X-n2, Ya, and
Y-n2.

9. The system of claim 1, wherein:

all entries off a diagonal of a matrix representing the unitary are zero;

the sequence is two phase-shifted Pauli gates;

the first, second, and third real parameters correspond to phase shifts of the two phase-
shifted Pauli gates; and

the rotation angle of each of the two phase-shifted Pauli gates is .

10. A method for applying a gate sequence of quantum gates to a qubit comprising;

implementing a first quantum gate in the gate sequence by applying a first sequence of
phase-shifted pulses to the qubit; and

after applying the first quantum gate, implementing a second quantum gate in the gate
sequence by applying a second sequence of phase-shifted pulses to the qubit, an additional
rotation introduced by the implementation of the second quantum gate being independent of the
implementation of the first quantum gate, a pulse in the second sequence configured to
implement:

a virtual Z gate having a first rotation angle;

an X gate having a second rotation angle; and

the virtual Z gate having a negative of the first rotation angle.

11. The method of claim 10, wherein:

the additional rotation introduced by the implementation of the second quantum gate is zero.

12. The method of claim 10, wherein:

24



5

10

15

20

25

30

WO 2022/228532 PCT/CN2022/089985

the second sequence includes three pulses and the second rotation angle is selected from the
group consisting of 7/2, -n/2, and &

13. The method of claim 10, wherein:

the second sequence includes two pulses and the second rotation angle depends on the
unitary of the second quantum gate.

14. The method of claim 10, wherein:

all entries on a diagonal of a matrix representing the unitary are zero; and

the second sequence is a single pulse.

15. The method of claim 10, wherein:

all entries off a diagonal of a matrix representing the unitary are zero; and

the second sequence is two pulses.

16. The method of claim 10, further comprising:

determining, during application of the gate sequence, an additional Z rotation angle; and

the second sequence of phase-shifted pulses is further configured to additionally implement
the additional Z rotation angle.

17. A method for implementing a composition of a two-qubit gate and the tensor product of
a first single-qubit gate and a second single-qubit gate, comprising:

applying a first sequence of phase-shifted pulses to a first qubit to implement the first
single-qubit gate, the implementation of the first single-qubit gate introducing an additional
rotation phase shift;

applying a second sequence of phase-shifted pulses to a second qubit to implement a
product of the additional rotation and the second single-qubit gate; and

applying the two-qubit gate to the first qubit and the second qubit to obtain a phase-shifted
version of the composition of the two-qubit gate and the tensor product of the first single-qubit
gate and the second single-qubit gate.

18. The method of claim 17, wherein:

the first sequence is two pulses; and

the second sequence is three pulses.

19. The method of claim 18, wherein:

each of the two pulses in the first sequence implements a phase-shifted X, gate or X-z»

gate; and
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one of the three pulses in the second sequence implements a phase-shifted X gate.

20. The method of claim 17, wherein:

the first sequence is two pulses; and

the second sequence is two pulses.

21. The method of claim 20, wherein:

each of the two pulses in the first sequence implements a phase-shifted X, gate or X-,,
gate; and

one of the two pulses in the second sequence implements a phase-shifted X gate having a
rotation angle dependent on the second single-qubit gate.

22. The method of claim 17, wherein:

the two-qubit gate is symmetric phase commuting.

23. A non-transitory computer-readable medium containing instructions that are executable
by a processor of a quantum controller coupled to a qubit to cause the quantum controller to
perform operations for applying a single-qubit quantum gate to the qubit, the single-qubit
quantum gate having a unitary specifiable by a first, a second, and a third real parameter, the
operations comprising;

applying to the qubit a sequence of phase-shifted Pauli gates, each phase-shifted Pauli gate
in the sequence having a rotation angle and a phase shift; and

wherein the first, second, and third real parameters correspond to:

arotation angle and the phase shifts in the sequence; or

the phase shifts in the sequence.
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