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Accurate control of qubits is the central requirement for building functional quantum processors. For
the current superconducting quantum processor, high-fidelity control of qubits is mainly based on inde-
pendently calibrated microwave pulses, which could differ from each other in frequencies, amplitudes,
and phases. With this control strategy, the needed physical resource could be challenging, especially when
scaling up to large-scale quantum processors is considered. Inspired by Kane’s proposal for spin-based
quantum computing, here, we explore theoretically the possibility of baseband flux control of supercon-
ducting qubits with only shared and always-on microwave drives. In our strategy, qubits are by default far
detuned from the drive during system idle periods, qubit readout and baseband flux-controlled two-qubit
gates can thus be realized with minimal impacts from the always-on drive. By contrast, during working
periods, qubits are tuned on resonance with the drive and single-qubit gates can be realized. Therefore,
universal qubit control can be achieved with only baseband flux pulses and always-on shared microwave
drives. We apply this strategy to the qubit architecture where tunable qubits are coupled via a tunable
coupler, and the analysis shows that high-fidelity qubit control is possible. Besides, the baseband control
strategy needs fewer physical resources, such as control electronics and cooling power in cryogenic sys-
tems, than that of microwave control. Of note, the flexibility of baseband flux control could be employed
for addressing the nonuniformity issue of superconducting qubits, potentially allowing the realization of
multiplexing and cross-bar technologies and thus controlling large numbers of qubits with fewer con-
trol lines. We thus expect that baseband control with shared microwave drives can help build large-scale

superconducting quantum processors.
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I. INTRODUCTION

For quantum processors built with superconducting
qubits, both the control accuracy and the qubit number
have shown steady improvement over the past two decades
[1]. Notably, quantum gate operations, which are gener-
ally implemented by using microwave or baseband flux
pulses [2], with errors reaching the fault-tolerant thresholds
have been achieved in quantum processors with several
tens of qubits [3—6]. Nevertheless, it is known that ful-
filling the full promises of quantum computing requires
the implementation of fault-tolerant schemes, which will
need the high-fidelity control of millions of qubits [7,8].
In such large-scale superconducting quantum processors,
the needed physical resource, such as control electron-
ics and cooling power in cryogenic systems, could be the
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most challenging obstacle for achieving accurate control
of qubits, let alone solving the wiring problem [9—11] and
the device yield problem [12,13].

In superconducting quantum processors, each qubit has
typically a different set of parameters: frequency, anhar-
monicity, coupling efficiency, and signal attenuations in
control lines. Thus, in current small-scale quantum proces-
sors, to ensure accurate qubit control, each qubit should
have its dedicated control pulse with different parameter
settings [14,15]. This means that the microwave control
pulses could differ from each other in their amplitudes, fre-
quencies, and phases, while for the baseband flux pulse,
their amplitudes could be different. Moreover, these con-
trol pulses are generated at room temperature, and then
delivered to qubits in the cryogenic system through a series
of attenuators and filters for suppressing harmful noises,
such as thermal noise [2,16,17]. Considering these gen-
eral arguments, the physical resource for realizing qubit
control could be highly related to the type of employed
control. To be more specific, the microwave control and

© 2023 American Physical Society


https://orcid.org/0000-0002-3586-1359
https://orcid.org/0000-0001-9720-7267
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.054050&domain=pdf&date_stamp=2023-05-15
http://dx.doi.org/10.1103/PhysRevApplied.19.054050

PENG ZHAO et al.

PHYS. REV. APPLIED 19, 054050 (2023)

its signal synthesis are more complicated and expensive
than that of the baseband flux control, for which only a sin-
gle digital-to-analog converter (DAC) per qubit is needed
[2,16,17]. Moreover, given the limited available cooling
power in cryogenic systems, the microwave control lines
generally need the attenuation of 60 dB [about 20 dB at
the mixing chamber plate (MXC), for which the avail-
able cooling power is smallest], leading to heating loads
larger than that of the baseband flux lines (about 20 dB,
need no attenuation at the MXC stage) [3,16,17]. Addition-
ally, in large-scale quantum processors, microwave control
requires higher-density control lines, making it challeng-
ing to suppress the microwave crosstalk [18—20] and thus
to achieve high-fidelity qubit control. By contrast, with
baseband flux control, there exists only a single control
parameter, potentially allowing the application of multi-
plexing technologies and cross-bar technologies to address
the challenges, e.g., the wiring problem, toward large-scale
quantum computing [21-24].

Given the above discussion, when scaling up to large-
scale quantum processors, implementing baseband flux
control could make requirements less stringent than that
of microwave control. However, currently, microwave
control is generally the essential one for implementing
qubit addressing and single-qubit gate operations [2,25,
26], and even for two-qubit gates, such as cross-resonance
gates [27]. In this work, we explore theoretically the
possibility of developing the baseband flux control of
frequency-tunable qubits with the help of always-on shared
microwave drives. It should be noted that previous works
on studying baseband control of superconducting qubits
mainly focus on low-frequency qubits, e.g., the compos-
ite qubit [28] and heavy-fluxonium qubit [29], here we
focus on the transmon qubits [30] that have been widely
used in current superconducting quantum processors. The
basic idea of our control strategy is sketched in Fig. 1(a),
where two qubits are coupled via a coupler and the always-
on microwave drive (XY line) is shared by both qubits
(in principle, can be extended to multiqubit cases), the
qubit control and the single-qubit addressing can be real-
ized only through the flux (Z) control lines. Our work
is motivated by Kane’s proposal for realizing spin-based
quantum computing [31], where the spin qubit is by default
off resonance with the global always-on microwave mag-
netic field (i.e., at the idle point) and single-qubit gate
operations are realized by tuning the spin qubit on reso-
nance with the field (i.e., at the working point) [32,33], as
shown in Figs. 1(b) and 1(c). Due to the always-on shared
drive, the computational states are the basis states of the
microwave-dressed qubit [34-36], and accordingly, in the
present work, all the qubit control is analyzed based on
this microwave-dressed basis. As an example, application
of this baseband control strategy, in a system comprising
two frequency-tunable transmon qubits coupled via a tun-
able coupler [37], we study the feasibility of this strategy
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FIG. 1. Baseband flux control of transmon qubits with a shared
always-on microwave drive. (a) Sketch of a baseband flux con-
trolled two frequency-tunable transmon qubits (Qp and Q;) with
dedicated Z lines. The two qubits are coupled via a coupler O,
which could be a tunable coupler. Through a shared X7 line, the
two qubits are driven simultaneously by a global and always-on
microwave drive with the frequency w, and the constant ampli-
tude 2,. Baseband flux pulses are delivered to the qubits and
coupler through their dedicated Z lines. (b) At the idle point,
the qubit is far detuned from the drive, i.e., the drive detun-
ing, |A4| = |wo1 — wa| > 4. Left: Bloch vector in the rotating
frame with respect to the drive (here, confined to qubit subspace
spanned by the lowest two-energy levels of the transmon qubit).
Due to the always-on drive, the Bloch vector (dashed red arrow)
at the idle point is tilted toward the X axis. We thus choose the
logical computational states to be the dressed eigenstates defined
by the tilted Bloch vector. Right: energy-level diagram of the
qubit at the idle point. Here, o, denotes the qubit anharmonic-
ity. (¢) When operating the system at the working point, where
the qubit is on resonance with the drive, single-qubit operations
can be implemented. Left: Bloch vector (solid red arrow) at the
working point. Since the initial Bloch vector is slightly tilted, a
small detuning §; between the qubit and the drive is needed for
enabling complete Rabi oscillations. Right: energy-level diagram
of the qubit at the working point.

for achieving high-fidelity gate operations. By theoretical
analysis, we show the following:

(1) To implement single-qubit gate operations, espe-
cially, v X gates, the baseband Z(flux) control provides
great flexibility in the gate tune-up procedure. This flexibil-
ity could be used to relieve stringent requirements on qubit
frequency, drive strength, and gate time for implementing
single-qubit gates, and thus can even compensate for the
nonuniformity of qubit parameters, potentially allowing
multiplexed control of qubits to be performed.

(i1) Since the transmon qubit has a weak anharmonicity,
in the traditional microwave control setup, leakage during
gate operations can be suppressed by using the derivative
removal by adiabatic gate (DRAG) scheme [25]. In our
setup, while the DRAG scheme can no longer be directly
utilized, we show that by using a modified fast-adiabatic
scheme, the leakage can also be suppressed heavily.

(iii)) While the always-on microwave drive is detuned
from the qubits, it can induce ac-Stark frequency shifts on
the qubits [34-36,38,39]. Consequently, any fluctuations
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in the drive amplitude will cause qubit dephasing. By
numerical simulation, we study the effect of the amplitude-
dependent noise on the qubit and show that the fluctuation-
induced dephasing can be eliminated by tuning the qubit
away from the drive. Similarly, by numerical simulation of
qubit readout dynamics, the impacts of the always-on drive
on the readout fidelity can also be neglected safely when
the drive detuning is far larger than the drive strength.

(iv) In the qubit architecture with tunable coupling,
we show that with the baseband control strategy and the
modified fast-adiabatic scheme, high-fidelity single-qubit
gates are achievable. We also outline the leading error
mechanisms that should be considered carefully when
applying baseband control in large-scale quantum systems.
Additionally, we further show that with the always-on
microwave drive, baseband-controlled two-qubit CZ gates
can still be achieved with high gate fidelity and short gate
length.

The rest of the paper is organized as follows. In Sec. I,
we provide an overview of the baseband control scheme. In
Sec. I1I, we consider an example application of the base-
band control strategy for achieving high-fidelity single-
and two-qubit gates in a qubit architecture with tunable
coupling. In Sec. IV, we provide discussions of the chal-
lenges and opportunities for realizing the baseband control
strategy in superconducting quantum processors. Finally,
we provide a summary of our work in Sec. V.

II. OVERVIEW OF THE BASEBAND CONTROL
SETUP

Here, we provide an overview of the baseband control
setup schematically illustrated in Fig. 1(a). In our setup,
frequency-tunable transmon qubits are driven simultane-
ously by a single always-on global drive with a constant
amplitude and each qubit has its dedicated flux control
lines, i.e., Z lines. The same as Kane’s proposal [31],
single-qubit addressing or single-qubit gate operations can
be implemented by tuning the qubits on resonance with the
global drive, as shown in Fig. 1(c). By contrast, when bias-
ing at the idle point, as shown in Fig. 1(b), the qubit is far
detuned from the drive, thus in principle, qubit readout and
baseband-controlled two-qubit gates can be realized with
minimal impacts from the always-on drive. To evaluate the
feasibility of the control scheme, in the following, we first
consider implementing universal control of an ideal two-
level system, which is subjected to an always-on drive,
using only Z control. Next, we consider a more practical
case of transmon qubits, which has a weak qubit anhar-
monicity, making qubits particularly susceptible to leakage
during gate operations. We show that with a fast-adiabatic
scheme [40], Z-controlled single-qubit gate operations can
be achieved with fast speed and low leakage. Finally, by
biasing the qubit at the idle point, we further study the

impact of the always-on drive on the qubit dephasing and
qubit readout.

A. Z control of an ideal two-level system

For a baseband controlled two-level system (TLS) sub-
jected to an always-on global drive, the system Hamilto-
nian is (hereinafter, we set i = 1)

Hyap = %GZ + Qg4 cos(wgt)oy, (1)

where w, is the bare qubit frequency and can change
according to the Z control pulse, w; and €, are the
frequency and the amplitude of the drive, respectively.
Moving into the rotating frame with respect to the global
drive and after applying the rotating wave approximation
(RWA), the Hamiltonian reads

A Q
o+ o, )

Hrot = > B

where Ay = w, — wy denotes the drive detuning. Note that
unless otherwise stated, the RWA is used throughout this
work.

At the idle point, the drive detuning is far larger than
the drive strength, thus the Bloch vector is slightly tilted
towards the X axis, as shown in Fig. 1(b). Generally, the
dressed eigenstates defined by this tilted Bloch vector are
chosen to be the logical computational states. The tilted
angle and the dressed states can be quantitatively obtained
by diagonalization of the Hamiltonian in Eq. (2), giving
rise to

A
Hang = =2, with Z = cosfo. +sinfo,,  (3)

where 6 = arctan(2;/A,) is the tilted angle and A =

A%+ Q% From the above discussions, when |Ay| >

Q4, one can neglect the angle, as well as the difference
between the bare states and the dressed states.

As shown in Eq. (3), by biasing the qubit at the idle
point, the Z rotations can be easily realized by choosing
suitable delay times 7 between Z pulses, i.e.,

UZ — e—iA‘L’/ZZ. (4)

Note here that compared with the traditional microwave
control, virtual-Z (VZ) gate scheme [41] is not suitable for
the present baseband control. However, similar to the VZ
gate, besides time delay, here, no actual control pulses are
needed for implementing Z rotations.

Generally, as shown in Fig. 1(c), by tuning the qubit on
resonance with the global drive, single-qubit X rotations
can be achieved. However, we note that since the initial
Bloch vector is slightly tilted, as shown in Fig. 1(b), a small
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FIG. 2. Flexibility of +/X rotations. (a) Population in state |1)
(i.e., Py at the end of the pulse) versus the drive detuning and
the pulse length of square pulses with the qubit prepared in state
|0). Here, the drive strength is 10 MHz and the drive detuning
at the idle point is —100 MHz. The red star indicates the optimal
parameter set for implementing X rotations, while the dashed and
dotted lines indicate the available parameter sets for implement-
ing +/X rotations based on numerical simulations and analytical
expression in Eq. (5), respectively. (b) Same as in (a), instead
showing P; versus the drive detuning and drive amplitude with
the fixed gate length of 50 ns.

drive detuning §; = |in /A4 is needed for enabling ideal
X rotations with respect to the initial Bloch vector defined
by Eq. (3). Thus, according to Z control pulses, X rotations
can be realized by tuning the qubit from the idle point to
the working point with a small overshoot [42]. This fact
is further illustrated by the results shown in Fig. 2. By
initializing the qubit in state |0) and using square pulses
(results with cosine-decorated square pulses can be found
in Appendix A), Fig. 2(a) shows populations Py, i.e., the
population in state |1) at the end of the applied pulse, ver-
sus the drive detuning 6, and the pulse length. Here, the
drive amplitude is 10 MHz and the detuning at the idle
point is —100 MHz. Similarly, given a fixed pulse length
of 50 ns, Fig. 2(b) shows P; versus 6, and 2,. The optimal
parameters for X rotations are indicated by the red stars.
Indeed, we find that a small frequency overshoot is needed
for X rotations.

In the present work, note that choosing +/X gates as
the native gates could simplify the tune-up procedure
of single-qubit gate operations. This is because of the
following:

(1) Arbitrary single-qubit rotations can be generated by
two VX gates and three Z gates [41], i.e., Zy — VX —
Zgyo — NX — Zy3, with Z, = exp[—i¢Z/2].

(i1)) Compared with the native X gate, the implemen-
tation of /X gates does not pose stringent requirements
on the on-resonance condition, i.e., even the qubit is
slightly off resonance with the drive, ~/X gates can still be
achieved. This can be captured by the analytical expression
of Rabi oscillations for the two-level system initialized in

state |0), i.e., Rabi’s formula

Q2 t
Pi() = —94—sin® | =,/Q2 + A2 |. 5
0 Q2+ Az [2 at B ®)

From Eq. (5), implementing NS gates requires P; = 1/2
at the end of the applied pulse, giving rise to the relations
among the pulse length, the drive detuning A, and the
drive amplitude 2, as illustrated by the dotted lines of
Fig. 2. Accordingly, the results based on numerical simu-
lations are also presented, as indicated by the dashed line
of Fig. 2. Note here that the derivation of the analyti-
cal equation ignores the slight tilt at the idle point, and
this explains the discrepancy between the analytical and
numerical results. Both the analytical and numerical results
show that compared to X rotations, the available parame-
ter ranges of +/X rotations can provide great flexibility in
its tune-up procedure.

Generally, due to the flexibility of /X rotations, for
tuning up /X gates, the above-mentioned overshoot can
be ignored. In the next subsection, we show that follow-
ing this way, given a fixed drive detuning, ~/X gates
can be realized by only optimizing the ramp times of
control pulses, as suggested by Fig. 2(a). Meanwhile,
in large-scale quantum systems with multiplexed control,
this flexibility can be the most encouraging advantage as
to mitigate single-qubit gate error due to stray coupling
between qubits and to compensate for the nonuniformity
of qubit parameters. This is discussed in detail in Sec. [V.

B. Baseband control of qubit with fast-adiabatic ramps

In the above discussion, the single-qubit baseband con-
trol is discussed for an ideal two-level system. Nev-
ertheless, for practical superconducting qubits, such as
the transmon qubit, the weak qubit anharmonicity makes
single-qubit gate operations particularly prone to leak-
age outside the qubit subspace. For one such baseband
control transmon qubit, which is driven by an always-on
global drive, the system Hamiltonian is (hereafter, trans-
mon qubits are modeled as anharmonic oscillators [30])

o Q ) )
Hq = wanaq + —anaTaqaq + Td(azeflwdt + aqe+"”dt),

q 2 974
(6)

Here, a, (a;) is the annihilation (creation) operator.
Figure 3(a) shows the energy spectrum of the driven
qubit versus the drive detuning with qubit anharmonicity
ay/2m = —250 MHz, drive frequency wy/2m = 6.1 GHz,
and drive amplitude 2,/27 = 10 MHz. One can find that
due to the global drive, there exits an off-resonance cou-
pling between states |2) and |1), which can cause leakage
to state |2) when performing X rotations, i.e., biasing the
qubit from its idle point to the working point. Note that
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FIG. 3. Leakage out of the computational subspace. (a) Energy

spectrum (solid lines) versus the drive detuning in the rotating
frame corresponding to the global drive. The dashed lines denote
the bare energy levels (i.e., spectrum without the drive). Here,
the used system parameters are qubit anharmonicity o, /27 =
—250 MHz, drive frequency w; /27 = 6.1 GHz, and drive ampli-
tude ©2,;/27 = 10 MHz. (b) Bloch vector for the leakage space
spanned by states {|1), |2)}. The strength of the coupling between
states |1) and |2) is v/2Q,. At the idle point and in the leakage
space, the drive detuning is A, + o, while at the working point,
the detuning is «,. During single-qubit X rotations, the Bloch
vector in this leakage space varies according to the drive detun-
ing. In the present work, to avoid possible leakage during qubit
control, the qubit idle frequency is far detuned below the drive
frequency.

there exist two leakage channels, caused by the |1) < |2)
and |0) <> |2) interactions, as shown in Fig. 3(a). Since
the |0) <> |2) interaction involves second-order processes,
generally, the induced leakage error is far smaller than that
of the |1) <> |2) interaction. Here, we thus mainly focus
on the leakage error caused by the |1) <> |2) interaction.
However, we note that in our numerical analysis, all the
leakage channels, including the |0) <> |2) interaction, are
taken into consideration. While this leakage issue can be
addressed by using the DRAG scheme in the traditional
microwave control setup, this scheme cannot be directly
utilized for the baseband flux control setup, as here only Z
control is available.

Additionally, in principle, at the idle point, qubits could
be far detuned above or below the frequency of the always-
on drive. However, to avoid possible leakage error during
qubit control, such as gate operations, qubit initialization,
and readout, we prefer to bias the qubit away from the
harmful avoid crossing caused by coupling between states
[1) and |2), as shown in Fig. 3(a). In this way, during
the baseband-controlled gate operations, the qubit system
will not sweep through or operate nearby this harmful
avoid crossing, generally allowing the suppression of the
leakage to state |2). Considering this fact, hereafter, we
consider biasing the qubit below the drive frequency at
the idle point. Even in the setting, during Z-controlled
single-qubit gate operations, leakage error can still occur
due to the nonadiabatic error, as shown in Fig. 3(b). In

the following, we consider using a fast-adiabatic control
scheme for suppressing the leakage further.

As shown in Fig. 3(b), the leakage error occurs when
one nonadiabatically varies the driving detuning. Con-
sidering that coherence times of superconducting qubits
are still limited, our target is to find a good flux con-
trol pulse, thus the nonadiabatic error is suppressed while
maintaining a fast operation speed. Fortunately, this issue
has already been addressed successfully by using a fast-
adiabatic scheme introduced in Ref. [40]. Within the
scheme, optimal control pulses can be obtained for min-
imizing nonadiabatic errors for any pulse longer than the
chosen pulse length. However, we note that the original
scheme only addresses the nonadiabatic error in the pulse
ramps. Thus, here, to address the leakage issue in our set-
ting, we consider using a square control pulse with optimal
fast-adiabatic ramps, which is obtained following the fast-
adiabatic scheme [40] (see Appendix B for details). The
inset of Fig. 4(a) shows the optimal ramp pulse (solid
blue line), which is used for generating our target con-
trol pulse with a flat middle part and fast-adiabatic ramps
(solid orange line). Hereafter, we refer to this pulse as the
fast-adiabatic flat-top pulse.

Here, we turn to evaluate the efficiency of the proposed
fast-adiabatic flat-top pulse. We consider that the qubit idle
frequency is 6.0 GHz and during the implementation of
single-qubit X rotations, the drive detuning A, varies from
the idle point at —100 MHz to the work point at 0 MHz

(a) ———— (b)
1074 f‘\ 56101 o hold tima 0.8 hold time: t, = 20 ns
3 o
1:'.é6'05' /\
10-6 v' 2 6.00
< i 5 0.6
% -8 H k!
€ 10 Al 2
g < 0.4
10*10
02
—— fast adiabatic pulse
square pulse with fast adibatic ramps — Py Py
0 10 20 30 40 50 0 10 20 30 40 50

Ramp time t; (ns) Ramp time t; (ns)

FIG. 4. Minimizing leakage out of the computational subspace
for performing Z-controlled X rotations. (a) Leakage as a func-
tion of the ramp time for the transmon qubit initialized in state
|1) with the anharmonicity /27 = {—200, —250, —300} MHz
( denoted by the solid line, dashed line, and dotted line, respec-
tively). Inset shows the typical fast-adiabatic pulse and the
fast-adiabatic flat-top pulse (i.e., square pulse with fast-adiabatic
ramps) for controlling the qubit frequency from the idle point
(6.0 GHz) to the working point (6.1 GHz). The other system
parameters are as follows: the hold time (i.e., the pulse length of
the flat part) #, = 20 ns, drive frequency w; /27w = 6.1 GHz, and
drive amplitude ©;/27 = 10 MHz. (b) Same as in (a), instead
showing the population in states |0) and |1) versus the ramp time
of the fast-adiabatic flat-top pulse.
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and then coming back, according to the fast-adiabatic flat-
top pulse. By initializing the qubit in state |1), Fig. 4(a)
shows the population leakage to state |2) as a function of
ramp times with the hold time of 20 ns and the qubit anhar-
monicities o, /2w = {—200, —250, —300} MHz. For easy
comparison, the results for applying only the fast-adiabatic
pulse are also presented. One can find that by using the
fast-adiabatic flat-top pulse, the leakage can be suppressed
below 10~¢ for ramp times longer than 10 ns, and insert-
ing a square pulse in the fast-adiabatic pulse does not
change the efficiency of the original fast-adiabatic scheme.
In Fig. 4(b), we also show the populations in |0) and |1)
versus the ramp times. Additionally, Appendix B presents
further results for different drive strengths.

From the results shown in Fig. 4, one can find that VX
rotations can be realized with the ramp time at about 10
ns, giving rise to the total pulse length of about 30 ns.
Meanwhile, the same as the case for two-level systems
(in Sec. I A), here, single-qubit Z rotations can be eas-
ily implemented by controlling the time delay between Z
pulses. Therefore, we could reasonably expect that with the
help of the fast-adiabatic scheme, fast-speed single-qubit
operations could be achieved with low leakage errors (we
evaluate the single-qubit gate performance in detail in the
following section).

C. Dephasing due to fluctuations in the drive
amplitude

Within the introduced baseband control setup, at the idle
point, the global always-on drive acts as an off-resonance
drive and can induce ac-Stark frequency shifts on the
qubits. For the two-level system studied in Sec. IT A, the
shift is given as dw = A — Ay ~ Q2/(2A,), while, tak-
ing the higher-energy levels of the transmon qubit into
consideration, the shift is [39]

2
g $2;

T %
284(Ag+ )

Sw

From Eq. (7), the shift has a quadratic dependence on the
drive amplitude, making the qubit frequency more suscep-
tible to possible amplitude noise. Therefore, fluctuations in
the drive amplitude can cause qubit dephasing, which has
been recently observed in superconducting qubits [36].
Here, to numerically study the amplitude-fluctuation-
induced qubit dephasing, we consider an amplitude-
dependent noise, i.e., amplitude fluctuations are propor-
tional to the amplitudes. By assuming the drive subject to
zero-mean Gaussian noise, i.e., N(0,0), we numerically
simulate the time evolution of the off-diagonal matrix ele-
ment py (¢) for the qubit initialized in state (|0) + [1))/ V2.
After averaging po () over 2000 trajectories (i.e., realiza-
tions of noise), the magnitudes of the off-diagonal matrix
element display a clear exponential decay, as shown in
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FIG. 5. Qubit dephasing due to the fluctuations in the ampli-

tude of the always-on drive. (a) Time evolution of the magnitudes
of the averaged off-diagonal matrix element, i.e., |{po; (?))|, for
the qubit initialized in state (|0) + [1))/ V2. Here, we assume that
the drive amplitudes (2,/27 = 10 MHz) subject to amplitude-
dependent Gaussian noise, i.e., N(0,0), and 2000 realizations
of noise are used for obtaining |{0o;(¢#))|. The dashed lines are
exponential fits [1 — exp(—t/Ty)]/2, giving rise to the dephas-
ing time Ty. (b) Dephasing time versus the noise variance. For
given noise variances, the inset shows the dephasing time ver-
sus the drive amplitude. Here, the other parameters used are as
follows: Ay/2mr = —100 MHz and /27 = —250 MHz.

Fig. 5(a). Here, the evolution time is 10 ws, the other
used parameters are as follows: Ay/2m = —100 MHz,
Qg4/2m = 10 MHz, and «,/2mr = —250 MHz, giving rise
to Sw/2m ~ —0.36 MHz. By fitting the decay curves to
[1 —exp(—t/Ty)]/2, Fig. 5(b) shows the dephasing time
T, versus the noise variance o. Here, we also show the
results for ©2;/2m = 20 MHz. Additionally, in the inset,
we further show the dephasing times versus the drive
amplitudes.

From the results shown in Fig. 5(b), and given the
typical noise variance of 1%, we can conclude that
the amplitude-noise-induced dephasing can be safely
neglected by detuning the qubit far from the drive fre-
quency. Meanwhile, we note that to ensure high-fidelity
gate operations within sub-100 ns, the drive amplitude
itself should be larger than 10 MHz. Finally, we note that
besides the qubit dephasing, when the always-on drive
is shared by multiple qubits, there are two additional
potential issues related to the drive and its fluctuation:

(1) Qubit decoherence due to the excess quasiparticles
(QPs) [43]. Previous works have demonstrated that QPs
can be injected into a qubit by applying a high-power
microwave pulse resonance with its readout resonator
[44,45]. However, at the present setting, the strength of the
always-on drive is far smaller than that of the former case,
we thus expect that the contribution of the always-on drive
to the excess QPs is negligible.

(i1) When the always-on shared (global) drive is shared
by multiple qubits, fluctuations in the drive can result in

054050-6



BASEBAND CONTROL OF SUPERCONDUCTING...

PHYS. REV. APPLIED 19, 054050 (2023)

errors on multiple qubits. At first glance, this can cause
correlated errors. However, as discussed in Ref. [46], pro-
vided the fluctuation is small and quantum error correction
is frequent, the fluctuation in the shared drive can result in
a correlated probability of error on multiple qubits, but the
errors themselves will not be correlated. Additionally, as
suggested in Fig. 5(b) and Eq. (7), by increasing the qubit-
drive detuning, the fluctuation-induced dephasing (error)
can be heavily suppressed at the system idle time. And dur-
ing single-qubit gate operations, with the currently avail-
able control electronics, single-qubit gates with gate errors
below 0.0001 have been demonstrated [47,48]. Thus, we
argue that fluctuations in the shared drive itself can indeed
cause errors, but probably a rather small one (< 0.0001).
In this case, the control-noise-induced error may still be
handled by the error-correction schemes [46].

D. Impact of the always-on drive on the qubit readout

As mentioned in Secs. I and II A, due to the presence of
the always-on drive, in this work, the microwave dressed
states are defined as the computational states. Here, since
the available control over the always-on drive is limited,
the previous method [35,49], in which the dressed state is
first mapped back to the corresponding bare state, and then
the traditional dispersive readout is employed for infer-
ring the qubit information [50], cannot be directly utilized.
However, as discussed in Sec. I A, when the drive detun-
ing is far larger than the drive amplitude, i.e., |Ag4| > Qq,
the difference between dressed states and bare states can
be neglected. Therefore, we expect that by keeping a large
ratio of the drive detuning to the drive amplitude, the qubit
information can be directly inferred using the traditional
dispersive readout scheme.

To explore the possible impact of the always-on drive on
the qubit dispersive readout, we numerically simulate the
system dynamics during the dispersive readout. By apply-
ing a 250-ns square readout pulse with frequency w and
amplitude 2 to the readout resonator with decay rate «,
the full system dynamics are governed by the Hamiltonian

Hicag = Hq + Cl)rajar + g(a;ar + aqa;r)
+ E(arfe—twt + are+zwt)’ (8)

where H, denotes the qubit Hamiltonian given in Eq. (6),

w, is the frequency of the readout resonator, a, (ai) is
the annihilation (creation) operator of the resonator, and
g denotes the strength of the qubit-resonator coupling.
In the following, the qubit information is encoded into
single quadrature, i.e., I quadrature, by choosing the read-
out frequency to be w = (w0 + w,1)/2 [50]. Here, wy
and w,; denote the dressed resonator frequencies with the
qubit in states |0) and |1), respectively. The other system
parameters are as follows: w,/27 = 6.0 GHz, o /27 =

—250 MHz, w;/2m =6.1 GHz, o,/2m =5.0 GHz,
g/2m = 100 MHz, /2w = 5 MHz, and /2w = 7 MHz.

According to Eq. (8), we simulate the system dynam-
ics based on solving the stochastic master equation [51].
Then, following Ref. [52], we further calculate the inte-
grated readout quadrature with an optimal weight function
(see Appendix C for details). With 5000 repetitions of
the simulation for each qubit basis state, i.e., |0) and |1),
Fig. 6(a) shows the two histograms of the integrated read-
out quadrature with the qubit prepared in states |0) and |1),
respectively. Here, the drive magnitude is 20 MHz. For
easy comparison, we also present the result for the global
drive is absent, as shown in Fig. 6(b).

Fitting the histograms to Gaussian functions gives the
state-decision threshold at the intersection point of the two
fitted distributions. Accordingly, the readout fidelity can be
calculated as F =1 — [P(0|1) + P(1]0)]/2, where P(0|1)
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FIG. 6. Qubit dispersive readout with the presence of the

always-on drive. (a) Histograms of the integrated readout quadra-
ture for the qubit prepared in states |0) (blue) and |1) (orange).
The dashed blue line and dashed orange line denote the Gaus-
sian fits of the histograms for states |0) and |1), respectively. The
intersection point of the two fitted distributions gives the state-
decision threshold. The inset shows the /Q scatter plot of the
integrated readout quadrature. (b) Same as in (a), instead show-
ing the results without the always-on drive. (c) Readout error
1 — F as a function of the drive strength.
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(P(1]0)) denotes the error probability that the qubit ini-
tialized in state |1) (|0)) is identified as in state |0) (|1)).
Accordingly, Fig. 6(c) shows the readout error 1 — F' ver-
sus the drive strength. One can find that when increasing
the drive amplitude from 0 to 20 MHz, while the error
shows an upward trend, the increased error is below 1%.
Moreover, the upward trend also suggests that by further
increasing the ratio |A4|/ 24, the increased error should be
heavily suppressed.

ITII. AN APPLICATION IN QUBIT
ARCHITECTURES WITH TUNABLE COUPLING

Given the overview of the baseband control scheme, in
this section, we present the application of this scheme in
a qubit architecture with tunable coupling. As depicted in
Fig. 1(a), we consider that two frequency-tunable trans-
mon qubit Qp and Q; are coupled via a tunable coupler
0. (i.e., an auxiliary transmon qubit) and both qubits are
driven by an always-on global drive. After applying RWA,
the system Hamiltonian is given by

i & b
H = Z (a)jajaj + Eajajq,-aj)
j=0,1,c

+ Z ik (ajaz + ajak>

k=0,1,c
J#k
Qa (4 —iwgt Fiwgt
+ Z > a;e + aje , 9)
i=0,1

where w; and «; are the bare qubit frequency and the

qubit anharmonicity of Q;, g; (qj) is the associated anni-
hilation (creation) operator, and gj denotes strength of
the coupling between Q; and Q. Hereafter, the system
state is denoted by the notation |QyQ.Q;) and the used
system parameters are as follows: the qubit anharmonic-
ity «p/2m = oy /2n = —250 MHz, the coupler anhar-
monicity «. /27 = —200 MHz, the direct qubit-qubit cou-
pling strength go1/2m = 13 MHz (at wy /27 = w1 /27 =
5.5 GHz), the qubit-coupler coupling strength go./27 =
gic/2m =160 MHz (at wy1)/27 = w./2w = 5.5 GHz),
the drive amplitude 2;/27 = 10 MHz, and the drive
frequency w, /27 = 6.1 GHz.

Note here that the RWA is used for simplifying numer-
ical simulation (otherwise, given the always-on drive,
Floquet methods could be employed here [49,53—55]).
However, in the present two-qubit system with tunable
coupling, the non-RWA terms in the original Hamilto-
nian (see Appendix D for details) can significantly affect
the effective coupling between qubits and can shift the
bare qubit frequency. Thus, here, considering non-RWA
terms while still working within the RWA formalism, we
keep second-order corrections from the non-RWA terms

and find that with this correction (details on its deriva-
tion can be found in Appendix D), the results agree well
with the results without applying the RWA. Accordingly,
the corrections are taken into consideration throughout the
following discussion.

Before going into details of the baseband controlled gate
operations, we give a few brief discussions of the tun-
able coupling architecture. For performing gate operations
in multiqubit systems, the key benefit of the introduced
tunable coupler is that the interqubit coupling strength
can be tuned off by biasing the coupler at a certain fre-
quency point, i.e., zero-coupling point. However, the zero-
coupling point can change when the qubit is just biased
slightly away from its idle point. Fortunately, in the tun-
able coupling architecture, biasing the qubit slightly away,
generally, only causes a small increase in the residual
interqubit coupling. This can be found in Fig. 7. Figure 7(a)
shows the strengths of the residual resonance XY cou-
pling versus the qubit frequency and the coupler frequency,
while Fig. 7(b) shows the residual ZZ coupling versus
the frequencies of the two qubits with the coupler fre-
quency fixed at 11.35 GHz. Here, the XY coupling and
the ZZ coupling are numerically calculated by the diago-
nalization of the Hamiltonian Eq. (9) in the rotating frame
defined by the always-on drive. To be more specific, the XV
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FIG. 7. Residual coupling with varying qubit frequency. (a)
Left: residual resonance XY coupling versus the qubit frequency
and the coupler frequency. Horizontal cut through (left) denotes
the result plotted in (right), i.e., XY coupling versus the qubit fre-
quency with the coupler frequency fixed at w./27 = 11.35 GHz.
(b) Left: residual ZZ coupling versus the frequencies (wy and wy)
of the two qubits with the coupler frequency fixed at 11.35 GHz.
Horizontal cut through (left) denotes the result plotted in (right),
i.e., ZZ coupling versus frequency of Q; with the Qqy’s fre-
quency fixed at wy/27 = 6.0 GHz. Vertical cut through (left)
denotes the result plotted in the inset of (right), i.e., ZZ cou-
pling versus the frequency of Qy with the Q;’s frequency fixed at
w1 /2w = 5.9 GHz.
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coupling is extracted as half the energy difference between
dressed eigenstates |10) and |01), while the ZZ coupling
is (o, = (Ell — EIO) — (E()l — E()()). Here, EU denotes the
energy of dressed eigenstate |ij), which is adiabatically
connected to the bare state |i0j ) [56].

According to the above results, in the following dis-
cussion, we consider that at the system idle point, the
frequency of qubit Oy and qubit Q| are wy/27 = 6.0 GHz
and w; /27 = 5.9 GHgz, respectively, and the frequency of
coupler Q. is w./2w = 11.35 GHz. Therefore, the resid-
ual ZZ coupling is below 10 kHz at the system idle point.
Moreover, during the gate operations based on slightly
tuning qubit frequency, such as implementing single-qubit
gates by tuning the qubit from its idle point to the working
point (e.g., at 6.1 GHz), the residual interqubit ZZ coupling
can always be below 10 kHz.

A. Single-qubit gate operation

Following the scheme introduced in Sec. IIB, here,
Z-controlled single-qubit gates are realized by using the
fast-adiabatic flat-top pulse. Note here that in the present
two-qubit system, single-qubit gate operations for one
qubit are tuned up and characterized with the other qubit
in its ground state |0).

Figure 8 shows the leakage versus the ramp time of the
pulse with the qubit initialized in its excited state |1). One
can find that while for Qp, the result is in line with our
theory discussed in Sec. II B, i.e., by increasing the ramp
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FIG. 8. Performing Z-controlled X rotations with the fast-

adiabatic flat-top pulse in the two-qubit system with tunable cou-
pling. (a) Leakage as a function of the pulse ramp time for qubit
Qo initialized in state |1). Inset shows the population in states |0)
and |1) versus the ramp time for the Z-controlled X rotations.
The solid lines and dashed lines represent the results with the
coupler biased at two different idle points, i.e., 11.35 GHz and
11.25 GHz, respectively. Same as in Fig. 4, here, the hold time
of the utilized fast-adiabatic flat-top pulse is fixed at 7, = 20 ns.
(b) Same as in (a), instead showing the results for Q;. Addition-
ally, here also shows the population leakage to Qy, as indicated
by the orange lines.

time, the leakage can be further suppressed, the result of
() seems unreasonable at first glance. However, during
gate operations applied to Q1, Q) is tuned from its idle
point at 5.9 GHz to the working point at about 6.1 GHz,
according to the fast-adiabatic pulse, while Qy is fixed at
its idle point at 6.0 GHz. Therefore, during the pulse ramp,
0, will sweep through a tiny avoided crossing formed by
the residual resonance XY coupling between Qg and Q; at
6.0 GHz. In contrast, during single-qubit gate operations,
Qo will not sweep through Q). As shown in Fig. 7(a), the
strength of the residual XY coupling is about 0.1 MHz.
Thus, sweeping through this avoided crossing slowly will
generally cause more leakage into the nearby qubit Oy, as
shown in Fig. 8(b), where the orange solid line denotes
the population of Qp in state |1). One can find that for
t. > 10 ns, the leakage into Qy gives the leading contribu-
tions to the total leakage error. These results suggest that
there exists a trade-off between gate error resulting from
the qubit itself and error from spectator qubits, i.e., sup-
pressing leakage into |2) favors longer gate times, while
mitigating the leakage into the Oy favors short gate times.
This observation is in agreement with that in previous
work [57].

To address the above issue, one can change the idling
coupler frequency, the XY coupling can thus be further sup-
pressed at the resonance point, i.e., 6.0 GHz. By biasing
the coupler at 11.25 GHz, the residual XY coupling is sup-
pressed below 0.01 MHz. Accordingly, the leakage into Qg
is indeed suppressed heavily, as shown in Fig. 8(b), where
the dashed lines show the results with the coupler biased at
11.25 GHz.

Here, we turn to evaluate the gate performance of the
baseband controlled single-qubit gates, and use the met-
ric of the state-average gate fidelity [58] in the following
discussion (details on the fidelity calculation can also be
found in Ref. [57]). As mentioned in Sec. IT A, in the
present work, we focus on the implementation of X
gates. From the inset of Figs. 8(a) and 8(b), one can find
that for both qubits, +/X gates can be realized with a
ramp time of about 10 ns, giving rise to the total gate
time of about 30 ns. Moreover, even by biasing the cou-
pler at 11.35 GHz, Fig. 8 shows that when the ramp time
is about 10 ns, the leakage error can still be suppressed
below 5 x 107> for both qubits. This is to be expected,
since sweeping through the tiny avoided crossing with fast
speed could suppress leakage. By optimizing the ramp
times, we find that for both qubits, up to single-qubit Z
rotations, v/ X gates can be achieved with gate fidelity
exceeding 99.999% (for Qy, the gate fidelity is 99.9998%
and the optimal gate time is 30.2 ns, while for O, are
the 99.9996% and 29.4 ns). As mentioned before, Z gates
can be easily realized by choosing suitable time delays
between flux pulses. In this way, universal single-qubit
gates can be achieved by combining Z gates and X
gates.
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B. Two-qubit CZ gate

Having discussed the single-qubit control, we now turn
to the two-qubit case. Here, we consider the implementa-
tion of CZ gates in the two-qubit system with an always-
on drive. During the gate operations, Qp is fixed at its
idle point, i.e., 6.0 GHz, Q) is tuned from its idle point
(5.9 GHz) to the working point, where a complete oscilla-
tion between states |101) and |200) can occur. Meanwhile,
the coupler is tuned from its idle point at 11.35 GHz to
a working point at about 7 GHz, giving rise to the CZ
coupling strength of 20 MHz (see Appendix D).

Figure 9(a) shows the typical control pulse, i.e., the
pulse with a flat middle part and cosine-shaped ramps (see
Appendix A for details), with a pulse length of 30 ns for
the CZ implementation. By numerically optimizing the
working points of Q. and Oy, the gate fidelity of the imple-
mented CZ gate (up to single-qubit Z phases) is 99.82%.
After inspecting the qubit dynamics during the gates, one
can find that the leading error source is the population swap
between two qubits, as shown in Fig. 9(b). Following the
fast-adiabatic scheme discussed in Sec. II B and the previ-
ous work [40,59], here, the fast-adiabatic flap-top pulses,
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FIG. 9. Performing CZ gates with the fast-adiabatic flat-top
pulse in the two-qubit system with tunable coupling. During
the gate operations, qubit Qp is fixed at its idle point, i.e.,
6.0 GHz, qubit O, and coupler Q. are tuned from their idle points
(5.9 GHz and 11.35 GHz) to the working points, resulting in a
complete population oscillation between states |101) and |200).
(a) The cosine-decorated square pulse with the ramp time of
10 ns for implementing CZ gates. Up to single-qubit phase gates,
the gate fidelity is 99.82%. (b) Time evolution of the qubit state
population during the gate operation with the cosine-decorated
square pulse. Here, P;; denotes the population in state [i0j) for
the two-qubit system initialized in state [i0j). (c) For biasing
the coupler, the fast-adiabatic flat-top pulse with a hold time of
10 ns is employed, while for O, a cosine-decorated square pulse
with the ramp time of 6 ns is used. Here, the total pulse length is
30.7 ns and up to single-qubit phase gates, the CZ gate fidelity is
99.94%. (d) Time evolution of the qubit state population during
the gate operation with the fast-adiabatic pulse, showing that the
population swap between qubits is suppressed below 1073.

as shown in Fig. 9(c), with a hold time of 10 ns, is used to
suppress the population swap. Accordingly, the population
swap is indeed largely suppressed, as shown in Fig. 9(d),
improving the CZ gate fidelity to 99.94% with a gate time
of 30.7 ns. Additionally, we note that generally, by increas-
ing the gate length, the residual gate error can be further
suppressed (see also in Appendix E).

The above results show that although there exists an
always-on global drive, high-fidelity two-qubit gates can
still be achieved in a short time. This success is mainly
based on the fact that during the gate operations, the global
drive is far detuned from both qubits and the coupler.

IV. DISCUSSION

Given the above theoretical analysis of the implemen-
tation of the baseband flux control in tunable coupling
architecture, in the following, we give a few discussions of
the challenges and opportunities for realizing the baseband
control strategy in large-scale superconducting quantum
processors.

A. Practical challenges

While our theoretical study shows that baseband con-
trolled gate operations can be realized with high fidelity
and fast speed, we note that besides the qubit decoherence,
there exist several practical experimental issues that will
limit the available gate performance:

(1) Flux pulse distortion. Flux pulse distortion has been
demonstrated as a critical issue faced by baseband flux-
controlled gate operations [60—62]. Moreover, the above-
demonstrated high-fidelity gate operations are achieved by
using pulse-shaping technologies, thus, the impact of flux
pulse distortion can become more prominent in our setting.

(i1) Stray coupling beyond nearest neighbors. Gener-
ally, in our setting, the always-on drive is shared by
multiple qubits. When performing single-qubit gates in
parallel, multiqubit will be tuned on resonance with the
same drive. This means that any stray coupling between
these qubits will cause population swaps among these
qubits, as discussed in Sec. 111 A, leading to additional gate
errors compared to isolated gates. While near-neighbor
couplings between qubits can be controlled well in the
tunable-coupling architecture, parasitic coupling beyond
nearest neighbors can still exist due to, such as stray capac-
itive coupling, in multiqubit systems [57,63—65]. This will
degrade the efficiency of the baseband control strategy in
large-scale quantum processors.

(ii1) Defect modes, such as TLSs [66]. Same as in (ii),
when performing single-qubit gates, the working frequen-
cies of multiqubit are almost limited to a fixed one, i.e., the
frequency of the shared drive. This will limit the ability to
mitigate the impacts from defect modes by tuning the qubit
away from the defects [67].
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(iv) Keeping track of the single-qubit phase accumula-
tion. In our setting, the qubit frequency at its idle point is
detuned from the always-on drive. Thus, the single-qubit
phase will accumulate at the speed of the drive detun-
ing A during the idle time. While the accumulated phase
can be employed to realize single-qubit Z gates, on the
other hand, when performing gate sequences or quantum
circuits, the accumulated phase should be tracked care-
fully over the whole time domain. Compared with the
traditional microwave control, this could complicate the
implementation of quantum circuits.

In addition, we note that owing to the great flexibility
of Z-controlled /X gates, as discussed in Sec. I A, the
issues, related to (ii) and (iii), may be addressed. From the
results shown in Fig. 2, we can find that given a fixed
drive amplitude or a fixed pulse length, v/ X gates can
be achieved with a small drive detuning, for which its
magnitude can even be compared with that of the always-
on drive. Thus, when implementing isolated or paralleled
single-qubit gates, the working frequencies of qubits can
be biased intentionally at different frequency points, thus
impacts of sub-MHz stray coupling can be mitigated. Sim-
ilarly, the defect’s impact can be suppressed by biasing
qubits away from the leading defect modes.

B. Opportunities for solving challenges towards
large-scale quantum processors

Currently, in small-scale superconducting quantum pro-
cessors, each qubit has its dedicated control lines, such as
XY lines and flux (Z) lines. Moreover, due to the nonuni-
formity of qubit parameters, such as qubit frequency and
anharmonicity, the coupling efficiency between qubits and
control lines, and the signal attenuation and the distor-
tion in control lines, control pulses can differ from qubit
to qubit. Thus, generally, microwave control pulses dif-
fer with each other in their amplitudes, frequencies, and
phases, while for the baseband flux pulse, their amplitudes
could be different. When scaling up to large-scale quantum
computing, such strategy is not scalable.

Given the recent progress in the pursuit of scalable spin-
based quantum computing with multiplexing technologies
and crossbar technologies [21—24], we may also consider
how to utilize these technologies for solving the above-
mentioned challenges toward large-scale superconducting
quantum processors. One possible example is schemati-
cally illustrated in Fig. 10(a), where both the XY and Z
lines are shared by multiple qubits in a square lattice of
frequency-tunable qubits. Similarly, in qubit architectures
with tunable couplers, the Z-line shared scheme could be
employed for controlling tunable couplers, thus enabling
the implementation of baseband-controlled two-qubit gates
in parallel.

Note that in principle, the shared control scheme should
be applicable for driving all qubits with a single continuous
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FIG. 10. (a) Multiplexing control of qubit lattices of

frequency-tunable superconducting qubits with shared XY and
Z lines and local programmable memory. During the parallel
gate operations, the local memory can be used to switch on or
off the control on the individual qubit, and can provide the static
bias for compensating qubit nonuniformity. (b) Network of word
lines for digital addressing the local memory.

microwave source. As a practical application, we expect
that the shared scheme could be feasible for tens of
superconducting qubits. With this strategy, the number of
needed microwave drive lines is, at least, an order of mag-
nitude less than that in the traditional setting. Additionally,
to integrate with the widely used flip-chip technology, the
shared drive may be applied to multiple qubits through
a shared XY line. According to the discussion given in
Ref. [17], we estimate that when the strength of the always-
on microwave drive is about 10 MHz (\/)_( gates with a
gate time of 30 ns), the required power is about —14 dBm
at the room temperature, and through a series of attenuators
and filters (giving rise to the total attenuation of 60 dB), the
actual power delivered to the qubit chip is about —74 dBm.
As in the traditional setting, the average required power
per qubit drive line is about —78 dBm (to the qubit chip)
[17], we expect that the heating issue of the present shared
control scheme can be addressed.

Compared with the spin qubit, it seems that the super-
conducting qubit can provide more flexible control over
its physical size and qubit parameters [11,63,68—71], yet,
it can also show prominent nonuniformity. Unfortunately,
the success of the multiplexing technologies and cross-
bar technologies highly hinges on the uniformity of qubit
parameters. This can be more prominent for superconduct-
ing quantum processors based on individual microwave
control. In the context of the implementation of mul-
tiplex control of superconducting qubits, baseband flux
control may alleviate this issue of nonuniformity. Within
our baseband control setup, and applying the multiplex-
ing technologies shown in Fig. 10(a), there are three main
leading challenges from the qubit nonuniformity:

(i) The nonuniform amplitude of the shared microwave
drive or (ii) flux pulse felt by qubits (caused by, such as the
different coupling efficiency between qubits and the global
XY/Z line and the signal attenuation in control lines);
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(ii1) Independently calibrated parameters of flux pulse,
including pulse length and pulse shape, for implementing
accurate control on individual qubits.

However, as discussed in Sec. I A, for two-level sys-
tems, given a fixed pulse length and pulse shape (i.e.,
square shape, see Appendix A for results with smooth
pulses), owing to the flexibility of Z-controlled single-
qubit gates (based on +/X gates), the available parameter
ranges (i.e., the drive amplitude and the drive detuning)
can be explored for compensating the nonuniform of drive
amplitude. This exciting feature is illustrated in Fig. 2(b).
Furthermore, similar results can also be obtained for super-
conducting qubits, such as transmon qubits. Figures 11(a)
and 11(b) present the results for transmon qubits with 50-
ns square pulses and smooth pulses (i.e., cosine-decorated
square pulse with a hold time of 50 ns and a ramp time
of 10 ns), respectively. Here, the qubit anharmonicity is
—250 MHz and the other used parameters are the same
as in Fig. 2. In addition, we note that to achieve uniform
control pulses, the Z gate scheme based on time-delay and
the proposed fast-adiabatic scheme cannot be employed.
Here, we can instead use cosine-decorated square pulses
for implementing Z gates by tuning the qubit from the
idle point, and for suppressing leakage. From Figs. 11(a)
and 11(b), one can find that by adding cosine-shaped
ramps, the leakage error can be suppressed below 1074,
while for the square pulse the leakage can approach 1073,
To further suppress the leakage error, one can increase the

1.0 102
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Qq/21 (MHz) Qq/2m (MHz)
(b) 107
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- - - "
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FIG. 11. Flexibility of v/X rotations on superconducting trans-
mon qubits. (a) Population in states |0) (left panel) and |2)
(right panel) versus the drive detuning and the drive amplitude
with the qubit prepared in state |1). Here, the qubit anhar-
monicity is —250 MHz, the drive detuning at the idle point is
—100 MHz, and the length of the square pulse is 50 ns. The
dashed lines indicate the available parameter sets for implement-
ing ~/X rotations. (b) Same as in (a), instead showing the case
with cosine-decorated square pulses. The ramp time and the hold
time are 10 ns and 50 ns, respectively.

ramp time or decrease the drive amplitude. However, this
will increase gate length and thus cause more decoherence
errors.

Considering the above results, the above three chal-
lenges can be effectively overcome by addressing only
the nonuniformity issue of flux pulse amplitudes. This
nonuniformity issue could be removed by developing on-
chip programmable memory, such as the one demonstrated
by using single-flux quantum (SFQ) logic [72,73], which
could be used to compensate for the remaining nonunifor-
mity. In this way, combined with the word lines for digital
addressing, as shown in Fig. 10(b), it is possible using only
a few global XY and Z lines to achieve parallel control
of large numbers of qubits [21-24]. Nevertheless, given
the practical experimental limitations, such as the limited
cooling power, the realization of the local programmable
memory, which is compatible with superconducting qubits,
is still rarely explored [72], and undoubtedly, will be one
of the most crucial challenges for implementing multiplex-
ing control technologies. Last, but not least, we must stress
that before solving the issue of pulse distortion, the effi-
ciency of the above-discussed scheme could be limited for
implementing gate-based quantum computing.

V. CONCLUSION

In this work, we propose and theoretically study the
possibility of implementing baseband control of super-
conducting qubits, which are subjected to an always-on
global drive. Our results provide a general understanding
and the basic principles of realizing the baseband control
scheme for superconducting qubits, such as frequency-
tunable transmon qubits. In the qubit architecture with
tunable coupling, we show that high-fidelity and fast-speed
gate operations are possible by employing this baseband
control scheme. Additionally, we further discuss potential
challenges and opportunities for implementing such base-
band control strategy toward large-scale superconducting
quantum processors.
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APPENDIX A: FLEXIBILITY OF /X ROTATIONS

In Fig. 2, we show the dynamics of Z-controlled two-
level systems subjected to an always-on drive. Here, as
shown in Fig. 12, we further present the result for the case
with cosine-decorated square pulses, i.e.,

A(D)

Ay [1 — cos (271%)] /2, 0<t<t)2
=1 Ay l‘r/2<l‘<l‘g—l‘r/2,

Ay [1 — cos (27rtgt—:t>] /2, tg —1,/2 <t <t
(Al)

where, Az denotes the peak pulse amplitude, ¢, is the ramp
time, and #, represents the total pulse length. One can find
that the same as that with square pulses, to implement X
rotations, a small overshoot is needed, as indicated by the
red stars. Accordingly, as shown in Fig. 13, we also give
the results, including both the population in state |0) and
the leakage into state |2), for the transmon qubit. Here the
qubit anharmonicity is —250 MHz, and the transmon qubit
is prepared in state |1).

APPENDIX B: FAST-ADIABATIC PULSE

As discussed in the main text, the fast-adiabatic scheme
is employed for designing an optimal control pulse for
suppressing leakage [40]. Our strategy is using the Slepian-
based method to design an optimal ramp pulse, and then
inserting a square pulse into the optimal pulse. In this
way, the target fast-adiabatic flat-top pulse is synthe-
sized for implementing low-leakage X rotations. There-
fore, here we focus only on finding the optimal ramp
pulse. As shown in Fig. 3(a), the leakage error results
from the nonadiabatic evolution in the leakage subspace.
Generally, during X rotations, i.e., the drive detuning
varies from the idle point with the control angle 6; =
arctan [«/EQd/ (Ag +a4)] to the working point with the

30 40 50
Hold time (ns)

Qq/21 (MHZz)

0 0.5 1.0 0 0.5 1.0
Py Py

FIG. 12. Same as in Fig. 2, instead showing results with
cosine-decorated square pulses. Here, the hold time is the pulse
length of the flat part of the cosine-decorated square pulse, and
the ramp time of the pulse is fixed at 10 ns.
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FIG. 13. Same as in Figs. 2(a) and 12(a), instead showing

the results for the transmon qubit with the anharmonicity of
—250 MHz. (a) Population in states |0) (left panel) and |2) (right
panel) versus the drive detuning and the pulse time with the
qubit prepared in state |1). Here, the drive detuning at the idle
point is —100 MHz, and the drive amplitude is 10 MHz. The
dashed lines indicate the available parameter sets for implement-
ing ~/X rotations. (b) Same as in (a), instead showing the case
with cosine-decorated square pulses. The ramp time is 10 ns.

control angle 6y = arctan [\/EQd /o], and then comes
back. Following Ref. [40], the ramp pulse with a length of
t, can be parameterized in terms of Fourier basis functions,
and is given by

2nt

o —6;
0() =0+ ~— >

M |:1 — cos
n=1,23.

I o

g

with constraints on the coefficients %, oqq A, = 1. Here, to
find the optimal pulse, we consider keeping three Fourier
terms. Following Ref. [40], the three optimized coefficients
can be obtained numerically by minimizing the integrated
spectral density of the pulse above a chosen frequency.

In the main text, the efficiency of the above-discussed
optimal pulse is only evaluated with the drive amplitude of
10 MHz. Here, we present more results with different drive
strengths. In Figs. 14(a) and 14(b), we show the results
with Q;/27 = 15 MHz and 24/27 = 20 MHz, respec-
tively. Similar to the results shown in Fig. 4, we find that
fast-speed /X rotations can be realized with low leakage.

APPENDIX C: READOUT

Here for easy reference, following Ref. [52], we briefly
describe the processing of the recording obtained from
continuous measurement to infer qubit states. As men-
tioned in the main text, by encoding the qubit information
into single quadrature, i.e., in-phase quadrature /, the qubit
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FIG. 14. Leakage with varying driving strengths. Same as in
Fig. 4, here shows the qubit population and leakage versus the
ramp time for the transmon qubit initialized in state |1) with the
anharmonicity «,/27 = —250 MHz. (a) The drive amplitude is
Qq/2m = 15 MHz and the hold time is fixed at 10 ns. (b) The
drive amplitude is 2,/27 = 20 MHz and the hold time is fixed
at 5 ns. The other system parameters are the same as in Fig. 4.

state can be inferred by recoding I, = (ai + a,)(t) dur-
ing the continuous measurement. To maximize the read-
out fidelity with a given measurement time (here is ¢; =
250 ns), the records of I; are integrated over the measure-
ment time #; with a weight function, giving rise to the
integrated readout quadrature value

ti
1=k / will, — (1) ds, (1
0
with the weight function
t
w, o [(IV) — (V)] with / W2dt = 1. (C2)
0

Here, (It(o)) and (It(l)) represent the expectation values of /;
for the qubit prepared in |0) and |1), respectively.

APPENDIX D: RWA AND CORRECTIONS

For two frequency-tunable transmon qubits (Qy and Q)
coupled via a tunable coupler Q., the system Hamiltonian

is given by

Hy, = a)-aTa- + %aTaTa'w
0= et ] 5 G
j=0,1,c

+ Z ik (aja,t + ajak>
k=0,1,c

J#k
+
+ Z ik (ajak + aja,t> .

k=0,1,c
J#k

(D1)

After applying the RWA, the non-RWA term, i.e., the terms
in the third line of Eq. (D1), is omitted, giving rise to

H, = wid a; + %aTaTaa»
RWA = TGS G
Jj=0,1,c

;
+ Z ik (aja,t + a; ak) .
k=0,1,c

j#k

(D2)

As mentioned in the main text, the non-RWA term can sig-
nificantly affect the effective coupling between qubits and
shift the bare qubit frequency. This can be found in Fig. 15,
where the numerically calculated XY coupling strengths for
ISWAP coupling Jjgp—go1 (the resonance coupling between
[100) and [001)) and CZ coupling Jj9;—200 (the resonance
coupling between |101) and |200)) are presented based on
Egs. (D1) and (D2).

To remove the discrepancy within the RWA formalism,
we consider eliminating the non-RWA terms in Eq. (D1)
by using the unitary transformation [37,75]

U=exp|— Z % (ajak - ajTa;) , (D3)

j#k Ik

iswap coupling (J100-001)

(a) cz coupling (/101 - 200) (b)

104 \ 10t
T 0 E o0
£ 10 £ 10
o o
£107? £ 101
Q Q
3 3
o (e}
© 10724 — Without RWA © 10724 — Without RWA
RWA RWA
==+ RWA with corrections ==+ RWA with corrections
10—3 -3
7 8 9101112131415 7 8 9101112131415
wc/2m (GHz) wc/2m (GHz)
FIG. 15. Numerically calculated XY coupling strengths of (a)

CZ coupling J191-20p (the resonance coupling between [101) and
|200)) and (b) iSWAP coupling Jigo—oo1 (the resonance coupling
between [100) and |001)). The blue and orange solid lines show
the results without the RWA and the results with the RWA,
respectively, while the green dashed lines denote results with the
RWA and the corrections.
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with ¥y = w; + ;. This  gives Hrwa, = U'H,U.
Expanding the above equation and keeping term up to
second order in the small parameters g;./ X;, we have

-t %
Hrwae ™ ) <@iajaj+?ajajaja/)’
j=0,1,c
n At ot
Zglc (alac +aiac)
i=0,1

1 &0 (aoaf 4 agal) (D4)

with the renormalized qubit frequency and coupler fre-
quency

2 2
B = — S0 _ Sie i = 0,1
2:Ol ic
2 2
G =, — 2 — L (D3)
2:Oc 2:lc
and the effective strength of qubit-qubit coupling
~ 8o0c8l1c 1 1 )
8o1 = 8o1 — + . (D6)
2 ( EOC z:lc

Taking the above-obtained corrections into consideration,
the results (dashed lines) with the RWA show a great
agreement with the results without the RWA, as shown in
Fig. 15. Finally, we note that in our numerical analysis,
each transmon qubit is modeled as an anharmonic oscilla-
tor truncated with five levels. Additionally, to reduce the
computational expenses, we further project the full sys-
tem Hamiltonian to a smaller subspace where at most five
excitations are permitted. We justify this choice by check-
ing the resulting gate error compared to models with more
energy levels or excitations and find that the variation of
the gate error is below 107,

1072
fast-adibatic flat-top pulse

w cosine-decorated square pulse
|
~ 1073
s
i

1074

20 30 40 50 60
Gate length (ns)
FIG. 16. Gate error versus the gate length. The blue and orange

lines denote the errors of CZ gates using the fast-adiabatic
flat-top pulse and the cosine-decorated square pulse. As in
Fig. 9(a), the ramp time of the cosine-decorated square pulse
is 10 ns. The hold times of the fast-adiabatic flat-top pulses are
{0, 10, 20, 30, 40} ns.

APPENDIX E: CZ GATE ERROR

As mentioned in the main text, generally, increasing
the gate length can further suppress the parasitic interac-
tion (i.e., qubit-qubit swap interactions and qubit-coupler
swap interactions) induced gate errors. Here, we provide
more numerical results on this issue. Figure 16 shows
the gate error versus gate length for the discussed two
types of pulses, i.e., the fast-adiabatic flat-top pulse and
the cosine-decorated square pulse.
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