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Single-flux-quantum (SFQ) circuits have great potential in building cryogenic quantum-classical interfaces for scaling
up superconducting quantum processors. SFQ-based quantum gates have been designed and realized. However, current
control schemes are difficult to tune the driving strength to qubits, which restricts the gate length and usually induces
leakage to unwanted levels. In this study, we design the scheme and corresponding pulse generator circuit to continuously
adjust the driving strength by coupling SFQ pulses with variable intervals. This scheme not only provides a way to adjust
the SFQ-based gate length, but also proposes the possibility to tune the driving strength envelope. Simulations show that
our scheme can suppress leakage to unwanted levels and reduce the error of SFQ-based Clifford gates by more than an

order of magnitude.
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PACS: 85.25.Cp, 85.25.-j, 03.67.Lx

1. Introduction

Superconducting circuits offer a promising platform for
constructing large-scale quantum processors./'=3! Currently,
most superconducting quantum circuits in dilution refrigera-
tors are controlled by shaped microwave pulses, generated by
room-temperature electronics and delivered through coaxial
cables. With the increasing number of qubits, such approaches
become increasingly difficult due to hardware overhead, heat
load management, and signal latency. For further scaling
up of superconducting quantum computing, several cryogenic
quantum-classical interfaces have emerged to circumvent this
bottleneck, such as photonic links,*! cryogenic CMOS-based

781 etc.

circuits>-®! single flux quantum (SFQ) circuits,

The SFQ circuit!®! is a kind of superconducting digi-
tal circuit with ultra-low power consumption and excellent
compatibility to superconducting qubits. By synthesizing the
SFQ voltage pulses whose time integral is exactly equal to
Py = h/(2e), waveforms comprising of SFQ pulse trains are
generated by the SFQ circuits. Universal quantum gates can be
realized by coupling such specific waveforms as drive pulses
to qubits, which have been demonstrated theoretically!!%-13]
and experimentally.['4-10] In the original control scheme, SFQ
pulses distributed at equal intervals of the clock cycle con-
stitute sequences (single-SFQ-pulse sequence) corresponding
to the gate operation, which means that the driving strength

remains constant during gate operation. This restricts the
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gate length and often induces leakage to higher levels of
the qubit.['!l Also, approaches including genetic algorithms
were employed to optimize SFQ pulse sequences for leakage

I7.181 But the generation of such sequences often

suppression. !
requires a far larger circuit scale consisting of more than hun-
dreds of Josephson junctions.[”!

In this work, we propose an SFQ-based qubit control
scheme with continuously tunable driving strength by dual-
SFQ-pulse sequence. And we design a circuit that implements
this scheme using only eleven Josephson junctions. Simu-
lation and numerical analysis show that the circuit we de-
signed can continuously adjust the qubit drive strength within
a range of about twice that of equally spaced pulses. By tun-
ing and shaping the driving strength, the SFQ-induced leakage
to higher energy levels of the qubit is significantly suppressed.
We demonstrate that this control scheme can lower the error
per Clifford gate by more than a tenfold reduction.

2. Model and circuit design
2.1. Model of driving strength tuning

The SFQ-based qubit control model is shown in Fig. 1(a),
SFQ pulses are generated and then coupled to the transmon
qubit through a capacitor Cc. Typically, the SFQ pulses are

resonant with the qubit and equally spaced, each pulse in-
ducing a rotation of the state vector on the Bloch sphere

around the y axis by an angle 88 = Cc®y+/2wy0; /(hC),!
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where Cc is the coupling capacitance, @ is the transition
frequency of qubit, C is the qubit self-capacitance. Within
the two-level subspace, the qubit evolution operator including
the free precession and the SFQ-pulse-induced discrete rota-
tion of the state vector in each clock cycle can be written as
Uo = Ry(00)R;(27), where R is the rotation gate. In the ex-
periment, after the device is fabricated and the qubit frequency
is fixed, the incremental rotation, 06, of the qubit state vector

in each clock cycle cannot be adjusted.

In the control scheme of single-SFQ-pulse sequence, the
phases of state vector precession are the same when each SFQ
pulse triggers the qubit. To tune 60, the phases of the trigger-
ing moments are shifted by £ ¢, where 0 < ¢ < w. So, each
equally spaced SFQ pulse is replaced by a double pulse with
an interval 2¢ /ap; as shown in Fig. 1(b). The corresponding
evolution operator for each clock cycle is

U = R.(9)R,(80)R.(2 —20)R,(56)R.(9)

—cos¢-sind 6o

In experiments, a quantum gate usually contains at least tens
of pulses,[!*16] that is, 0 < 7/2. So the time evolution op-
erator can be approximated as

U ~Ry(2cos¢-80)-R.(27). (2)

(a)

— cos? %9 —sin? 576 - el=i(20-7)]

cos@ -sind O |
—cos? 579 —sin? 579 celi@o-m) | W

The evolution trajectory of the qubit state vector within a pre-
cession period is depicted in Fig. 1(c), where the equivalent
incremental rotation in each clock cycle is 6. = 2cos¢ - 56.
By adjusting the interval of the dual pulses, we can tune the
equivalent driving strength of the SFQ sequence for the qubit.

Bias i
Microwave current SFQ pulses C
clock(s) - Cc¢
SFQ pulse Ak ]
@ generator Il $
(b)
2 [wo1
¢
L
¢ o
wo1 Wo1

Fig. 1. (a) Simplified diagram of SFQ-based qubit control scheme. (b) SFQ pulse sequence. The red vertical lines depict SFQ pulses, and the
width (typically several picoseconds) of the SFQ pulse is significantly shorter than the clock period. The upper sequence is in resonance with
the qubit and the SFQ pulses are uniformly spaced. The bottom sequence corresponds to the scheme with tunable driving strength, where each
pulse is replaced by a dual pulse with an adjustable interval. (c) The evolution trajectory of the qubit states on Bloch sphere corresponding to a
clock period. The green and red arrows are the evolution trajectories in the y > 0 and y < 0 hemispheres, respectively.

2.2. Circuit design

We design the dual-SFQ-pulse sequence generator as
shown in Fig. 2(a) to realize the above control scheme.
This circuit consists of two DC/SFQ converters and an SFQ
merger,!”) and the parameters are shown in Table 1. With
a bias current I, each DC/SFQ converter is driven by mi-
crowave pulses i4; and generates sequences of SFQ pulses
corresponding to its period and phase. The SFQ merger is
commonly employed as an OR gate in SFQ logic, wherein it

merges the two input SFQ pulse sequences into a single out-

put sequence. Combining two DC/SFQ converters driven by
microwaves with different phases to the merger, a dual-SFQ-
pulse sequence with a specific spacing is generated. The de-
sign of the dual-SFQ-pulse sequence generator was simulated
and confirmed with PSCAN2.["] The simulating waveforms
in Fig. 2(b) show that the circuit generates the dual-SFQ-pulse
sequence with a spacing of 2¢ /@y; when the phase difference
between the two microwave drives is 2¢. Furthermore, the
circuit can operate within the range of ¢ € (0.04237, 0.9587)

with a clock frequency of 5 GHz in margin simulation, and the
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limit of the range is determined by the width of the SFQ pulse.
In addition, the frequencies of the microwave drive (i4 ;) can
also be set to @y /n to avoid the impact of crosstalk from the
microwave driver on the qubit in the experiment. It is also

worth noting that the bias resistors in RSFQ circuits are re-

! DC/SFQ
Converter_1

qubit

_________________

| DC/SFQ
}(f?()llv(tl"r(‘r,Q

ia2(t)

Transmon

moved in the dual-SFQ-pulse generator to avoid quasiparti-
cle poisoning induced by excess quasiparticles. Moreover, the
power consumption of the SFQ circuit without bias resistors is
several nanowatts per Josephson junction, ! which is far less
than the cooling capacity of dilution refrigerators.

(b) 14,1 4,2 Va

2‘1514001

2¢/wor

T
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Fig. 2. (a) Circuit diagram of dual-SFQ-pulse generator driving the qubit. Two SFQ pulse sequences respectively generated by asynchronously
driven DC/SFQ converters are combined into one sequence via merger. The dual-pulse train is capacitively coupled to the transmon qubit.
(b) Input (up) and output (bottom) in the analog simulation, where i4 ; is the current of microwave drive and Vj is the generated waveforms of

the dual-SFQ-pulse generator.

Table 1. Parameters of dual-SFQ-pulse generator in simulation.

DC/SFQ Converter_1 DC/SFQ Converter_2 Merger

1 337 uA J4 337 uA J7 262 pA L9 33pH
12 180 pA J5 180 nA J8 237 uA L10 33pH
13 235 pA J6 235 uA J9 237 uA L11 1.15 pH
L1 4.45 pH L5 4.45 pH J10 262 uA L12 1.15 pH
L2 1.05 pH L6 1.05 pH Ji1 312 uA L13 1.25 pH
L3 2.35 pH L7 2.35 pH I3 487 uA L14 4.2 pH
L4 2.65 pH L8 2.65 pH

Iy 350 pA Iy 350 pA

3. Simulation and analysis
3.1. Driving strength spectrum analysis

We apply the Fourier transform on the voltage waveform
of the dual-SFQ-pulse sequence generated in the ciucuit simu-
lation. As shown in Fig. 3(a), the spectral component of driv-
ing sequence at the resonant frequency A(@p;) can be tuned
across 0 to 1.98 times the value in the equally spaced sequence
by modulating ¢, which agrees with the incremental rotation
of the qubit state vector §0.. While it may appear that extend-
ing the length of gate operation by A(@y; ) tuning can attenuate
the spectral component at the frequency of the unwanted tran-
sition (such as 1-2 transition), it is should be noted that the
spectral component corresponding to the 0—1 transition is also
reduced.["®! To evaluate the leakage to higher energy levels in
qubits driven by dual-SFQ-pulse sequences, we compare the
spectra of the sequences for the same gate operation. Upon in-
creasing ¢, the ratio between spectral components at @2 and
| shows a gradual decreasing trend with fluctuations, as de-
picted in Fig. 3(b). This suggests that appropriate modulation

of ¢ can effectively suppress leakage to higher energy levels.

The driving strength of an SFQ pulse train to the qubit
depends on its spectral component at the resonant frequency
A(wo;). The A(ay;) is fixed during the single-SFQ-pulse se-
quence, resulting in a rectangle-like driving strength envelope.
In microwave-based control schemes, the drive strength enve-
lope is usually optimized to minimize leakage to unwanted en-
ergy levels.!?1:221 The dual-SFQ-pulse sequence now offers the
potential to optimize the envelope for SFQ-based qubit control
by tuning the dual-pulse interval per clock cycle. For instance,
as demonstrated in Fig. 3(c), when the driving strength en-
velope is modulated into a Gaussian-like shape, we observe a
faster decrease of the ratio A(@;2) /A (o) ) with the gate length
compared to the single-SFQ-pulse sequence with rectangle-
like envelope. However, it is worth noting that accurate reg-
ulation of the driving strength envelope depends on the ac-
curately regulated two-pulse intervals per clock cycle, which
means that arbitrary waveform generators with sampling rates
much higher than the clock frequency are required to generate
i4; in the circuit in Fig. 2(a).

128501-3
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Fig. 3. Spectrum analysis of dual-SFQ-pulse sequences for wy;/(27) =5 GHz and @;2/(27) = 4.6 GHz. (a) The driving signal spectral component
A(wp) at the resonant frequency as a function of the phase difference 2¢ between i ;. (b) The ratio A(®y2)/A (1) of a 7 pulse as a function of 2¢
with 66 = /30. (c) The A(®2)/A (1) of sequences with rectangle-like and Gaussian-like driving strength envelope as a function of gate length £gac.

3.2. Fidelity optimization

Quantum gates implemented using dual-pulse sequences
are expected to exhibit higher fidelity compared to single-
pulse sequences with equally spaced SFQ pulses, due to
the suppression of leakage to non-computational states. To
quantitatively assess the potential of the dual-SFQ-pulse driv-
ing scheme in enhancing fidelity, we conducted randomized
benchmarking with simulation to evaluate the fidelity of Clif-
ford gates based on single- and dual-SFQ pulse sequences. Ini-
tially, we modeled the transmon as a three-level system, with
the output voltage waveform V () from the SFQ pulse genera-

tor coupled to it, as depicted in Hamiltonian

We then calculated the qubit state evolution and sequence vis-
ibility numerically by QuTiP.!?*! This allowed us to calibrate
the pulse sequences for each quantum gate and perform ran-
domized benchmarking for parameters of the transmon qubit
and coupler listed in Table 2.

Table 2. Parameters of randomized benchmarking.

Parameter 66  (wp;/2m) (GHz) Anharmonicity (|et| /27) (MHz)

I /30 5 400
I /60 5 450

As demonstrated in Fig. 4, substituting the single-SFQ-
pulse sequence with an optimized dual-SFQ-pulse sequence
can considerably enhance fidelity. Even in parameter con-
ditions where excessive coupling induces significant leakage
(66 = m/30), the average fidelity of Clifford gates is improved
from 96.7% to 99.6% by tuning the driving strength with dual-
SFQ-pulse sequence. Likewise, for parameter-II as shown in
Table 2, the optimized dual-SFQ-pulse sequence suppresses
the error per Clifford gate to 8 x 10~*, which is more than one
order of magnitude lower.

0 0 0
H="1n|0 oy 0
0 0 2mp —a
0-1 0
156
+?v@) 1 0 —V2|. (3)
0 0v2 0
1.0 ' ' ' '

Sequence visibility
o e
o o0

e
=~

0.2%

Single-SFQ-pulse sequencs

80 = /30,
i F=0.9671+0.005
60 = /60,

F=0.9913£0.0011

|| Dual-SFQ-pulse sequence

50 = 7/30,¢ = 0.468x
F=0.996-+0.0006

00 =7/60, p = 0.4747

F=0.999240.0001

0 100 200 300 400

500 600

Number of Cliffords Nciittora

Fig. 4. Randomized benchmarking of SFQ-based gates. We simulate 100 random sequences for each sequence length Nciifford-

4. Summary and outlook

In summary, we proposed a qubit control scheme based
on SFQ circuitry with tunable driving strength and present a
dual-SFQ-pulse sequence generator to implement it. Through

simulation and analysis, we demonstrated that the pulse gen-
erator can produce sequences with continuously tunable driv-
ing strength and fixed coupling. This overcomes the limita-

tion of the original single-SFQ-pulse sequence, which lacked

128501-4
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the ability to shape the driving strength envelope. By tuning
and shaping the driving strength, the power spectral compo-
nent inducing leakage to the non-computational state can be
significantly suppressed. The randomized benchmarking re-
sults show that compared with the Clifford gate composed of
the single-SFQ-pulse sequence, the optimized dual-SFQ-pulse
sequence reduces the gate error by more than an order of mag-
nitude.

Moreover, our proposed qubit control scheme with tun-
able driving strength not only improves the fidelity of SFQ-
based single-bit gates but also has practical significance in
SFQ-activated CZ gate.!'?! It provides another dimension of
tunability and allows the two-qubit gate scheme to arbitrarily
select working points with different gate times under specific
subharmonic. This optimization makes the SFQ-activated CZ
gate scheme more suitable for all-fixed qubits systems.
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