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ABSTRACT

Compared to traditional semiconductor control electronics (TSCE) located at room temperature, cryogenic single flux quantum (SFQ)
electronics can provide qubit measurement and control alternatives that address critical issues related to scalability of cryogenic quantum
processors. Single-qubit control and readout have been demonstrated recently using SFQ circuits coupled to superconducting qubits.
Experiments where the SFQ electronics are co-located with the qubit have suffered from excess decoherence and loss due to quasiparticle poi-
soning of the qubit. A previous experiment by our group showed that moving the control electronics to the 3 K stage of the dilution refrigera-
tor avoided this source of decoherence in a high-coherence three-dimensional transmon geometry. In this paper, we also generate the pulses
at the 3K stage but have optimized the qubit design and control lines for scalable two-dimensional transmon devices. We directly compare
the qubit lifetime T1, coherence time T�2 , and gate fidelity when the qubit is controlled by the Josephson pulse generator (JPG) circuit vs the
TSCE setup. We find agreement within the daily fluctuations for T1 and T�2 , and agreement within 10% for randomized benchmarking. We
also performed interleaved randomized benchmarking on individual JPG gates demonstrating an average error per gate of 0.46% showing
good agreement with what is expected based on the qubit coherence and higher-state leakage. These results are an order of magnitude
improvement in gate fidelity over our previous work and demonstrate that a Josephson microwave source operated at 3 K is a promising
component for scalable qubit control.

Published by AIP Publishing. https://doi.org/10.1063/5.0147692

Superconducting quantum circuits are a leading technology for
developing quantum computing. However, there are multiple issues
with scaling this technology, ranging from refrigeration and power dis-
sipation to the ingress/egress issue related to control, measurement,
and error correction of a large number of qubits. Fault-tolerant quan-
tum computers will require error detection and correction, which
involves a massive hardware overhead. Estimates suggest that a general
purpose fault-tolerant quantum computer will require millions of
physical qubits, far beyond current capabilities.1–4

One possible solution to the ingress/egress issue is to incorporate
some of the control electronics at the 3K stage of the dilution refriger-
ator (DR). Traditionally, qubit gates and entangling operations are
performed using shaped microwave pulses synthesized using tradi-
tional semiconductor control electronics (TSCE) instrumentation at

room temperature. Two options for cryogenic-compatible electronics
have recently been proposed: cryo-compatible CMOS (cryoCMOS)
and superconductor electronics. Successful integration of DAC/mixers
for qubit control at 3K5–7 and at 100 mK8 using cryoCMOS technol-
ogy has been demonstrated. Still, significant gaps exist between these
devices and a scalable system for qubit control in the areas of gate
fidelity, power dissipation, and the accuracy, stability, and repeatability
of the control signals.9–11 Josephson junction (JJ) based circuits are a
promising alternative given the very low (�100 lW) on-chip power
dissipation.12

The use of single flux quantum (SFQ) pulses has been proposed
as a scalable paradigm for digitally controlling qubits12–15 and was
recently demonstrated with a SFQ driver and qubit circuits co-
fabricated on the same chip.16 The main limitation of the SFQ circuit
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(driver) operation proximal to the qubits is degradation of the qubit
lifetimes from quasiparticles created during SFQ pulse generation.17,18

One solution to suppress this phonon-mediated quasiparticle poison-
ing of the qubit by the driver is to use a multi-chip module where the
SFQ drivers and qubits are fabricated on separate chips.19 Another
potential solution, which we pursue in this work, is to move the pulse
generation circuitry to the 3K stage. Similar to the work of Ref. 22, we
deliver trains of pulses subresonantly to enact control, using a
Josephson pulse generator (JPG). In our previous demonstration of
3K JPG control of a high-coherence-time three-dimensional (3D)
qubit, we showed no detrimental effects due to quasiparticle poisoning
or thermal population on a 3D qubit. However, a maximum gate fidel-
ity of 98% was observed. In this report, we focus on optimizing a two-
dimensional (2D) qubit design, with a dedicated line for control sig-
nals, to show nearly coherence-limited single qubit gate operations
and demonstrate an order of magnitude improvement in gate fidelity
over our previous work.

Due to the Josephson effect, when the phase difference d across a
JJ evolves by 2p, a voltage pulse V(t) is generated whose time-
integrated area is quantized and equal to the magnetic flux quantum
U0 � h=2e, where h is the Planck constant and e is the electron
charge, ð

Vdt ¼ U0: (1)

The duration of this SFQ pulse is approximately given by the charac-
teristic time of the junction defined as s ¼ U0=IcRs,

20 where Ic is its
critical current and Rs is its shunt resistance.

21

Unlike TSCE microwave qubit drives, we drive the qubit transi-
tions via a train of voltage pulses generated by JJs. If the width of these
pulses is much smaller than the qubit transition period, Tq ¼ 2p=x10,
then during pulse arrival, the qubit undergoes a discrete rotation dh
per pulse given by

dh ¼ NJJACcU0

ffiffiffiffiffiffiffiffiffiffi
2x10

�hCT

r
; (2)

where Cc is the control line-qubit coupling capacitance, CT is the qubit
capacitance, NJJ is the number of junctions in our JPG, and A is an
attenuation parameter that includes intentional as well as parasitic
attenuation in the lines.13 By appropriately designing NJJ , A, and Cc,
we achieve appropriate control line thermalization and tip-angle
per pulse, dh, with low digitization error.22 A train of sharp pulses
arriving resonantly to the qubit (xd ¼ x10), or at a subharmonic
(xd ¼ x10=k, where k � 2 is an integer), discretely rotates the qubit
around the Bloch sphere during pulse arrival. Between pulses, the
qubit precesses for k periods at fixed h, where h is the polar angle of
the state vector in the Bloch sphere.13

Since the voltage pulses are generated at the 3K stage and routed
to the qubit using coaxial cabling, the amplitude of a single SFQ pulse
is too small to efficiently drive the qubit through the necessary drive
line attenuation between the 3K and the mixing chamber stage. Thus,
an amplified multi-SFQ pulse is needed; this is possible using long
series arrays of NJJ junctions whose pulse amplitudes add coherently24

in topologies similar to those used in superconducting primary voltage
standards.25 This multi-SFQ pulse has area NJJU0. Arrays with
NJJ � 102–104 are required if located at 3K, with NJJ depending on

Cc and A. We estimate Cc ’ 0:3 fF based on EM simulations and
assume A ¼ 49 dB, the amount of explicit attenuation placed in the
qubit drive line. The JPG has NJJ ¼ 500, Ic ¼ 3:05 mA, and Rs ¼ 6:93
m X, resulting in a JJ characteristic frequency of fc ¼ 1=s ¼ 10:2
GHz. Figures 1(a)–1(c) show an image of the packaged device, a dia-
gram of the qubit chip, and a schematic of the experiment, respec-
tively. NJJ was specifically chosen to obtain a dh ’ Oð1Þ degree; based
on the measured and simulated parameters of the device, we expect
dh ¼ 2:6� from Eq. (2). Later we show that a p rotation corresponds
to 187 pulses, i.e., dh ’ 0:96�; the difference can be explained when
we include the finite width of the pulses22 as well as the 1–2 dB addi-
tional attenuation due to the coaxial cable used to route the pulses
from 3K to the qubit. The characteristic frequency fc was chosen high
enough so that the pulse width was much smaller than the qubit
period but low enough to ensure ample operating margins at the
reduced drive frequency fd=fc ’ 0:3.20

The JPG is driven using a sinusoidal signal at k � 2 because there
is no isolation between the drive input and device output [see
Fig. 1(c)]. Otherwise, if k¼ 1 was used, the large input signal used to
drive the JPG (the clock signal) would dominate the qubit control
dynamics. Generation of an integer number of JPG pulses ‘ is per-
formed by sending an integer number of sinusoidal drive periods, �.
Under certain bias parameter settings, called the locking range, there is

FIG. 1. Digital qubit control using a JPG. (a) Photo of the packaged JPG chip
mounted at the 3 K stage of the DR. The drive input (JPG output) is the left (right)
coplanar waveguide microwave launch. (b) Layout of the qubit chip mounted on the
base temperature stage. The input/output line for the readout cavity is shown in
black (top pad), and the direct drive line connected to the JPG to drive the trans-
mon qubit (red) is shown in blue (bottom pad). Inset shows the transmon qubit with
the capacitor plates (red) and junction (green). (c) Simplified schematic of the
experiment. JPG pulses [along with the larger subharmonic (xd ¼ x10=2) sinusoi-
dal drive signal] are routed directly to the qubit drive port. A commercial TSCE 65
GSa/s arbitrary waveform generator serves as the JPG clock to drive the JPG. The
TSCE qubit control/readout synthesizers and cold readout components are
attached to the k=2 cavity input port. A detailed description of the setup, including
the placement of the attenuation in both lines is shown in the supplementary
material.
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a one-to-one correspondence between the number of JPG pulses gen-
erated and the number of sinusoidal drive periods (� ¼ ‘).
Orthogonal axis control is realized by phasing the drive signal relative
to a timing reference. More details are found in Ref. 22.

We use a standard 2D qubit design with a k=2 transmission line
resonator capacitively coupled to a transmon qubit [Fig. 1(b)]. Unlike
our previous work,22 the qubit has a dedicated drive line to avoid
cavity-induced distortions of the JPG signal. This direct coupling
allows for a significant reduction in the JJ array size NJJ . The TSCE
control and readout line are both connected to the port of the resona-
tor (0.85MHz coupling rate). With this setup, a direct comparison of
qubit performance with both control schemes is possible during the
same cooldown. Qubit readout is performed by probing the qubit-
state-dependent frequency shift of the cavity. A Josephson parametric
amplifier26 (JPA) is operated with a phase-insensitive gain of 15 dB to
enable single-shot measurements. The same readout procedure and
instrumentation are used for both TSCE and JPG measurements.

To summarize the calibration method explained in Ref. 22, we
first characterize the qubit with the TSCE setup and then determine
the JPG operating parameters. Specifically, the RF JPG clock power
and dc current bias Ib locking ranges are determined. This is shown in
in Fig. 2. When applying the appropriate RF drive at a frequency fd , a
constant voltage Shapiro step27 appears at

V ¼ NJJU0fd: (3)

For any Ib on the Shapiro step, the device is locked. Thus, we first
maximize the locking range by determining the drive power giving the
largest Shapiro steps. Figure 2(a) shows an example JPG I-V curve
with locking range defined by black dashed lines. As we are restricted
to subharmonic drive frequencies, k ¼ 2 maximizes the locking range
by making fd as close as possible to fc

20 and provides the highest fidel-
ity (fastest) gates by reducing gate infidelity due to qubit decoherence.

Once an appropriate range of bias and RF power has been estab-
lished, we measure JPG-induced Rabi oscillations to characterize the

JPG-qubit coupling. At the optimal drive power, we measure the num-
ber of JPG drive periods � required for a p rotation of the qubit, �p, vs
Ib. Results of this procedure are shown in Figs. 2(b) and 2(c). By fitting
these Rabi oscillations at constant Ib, we obtain the number of pulses
for a p rotation �pðIbÞ and we look for regions where �p is insensitive
to the number of Rabi periods (i.e., drive time). This demonstrates
locking of the JPG. There is a small variation of �p due to a bias-
dependent pulse width.22 Since the characteristic time of our junctions
is U0=ðIcRsÞ ’ 90–100 ps, the JPG pulses cannot be approximated as
simple delta functions.

One of the issues observed in Ref. 16 was a reduction of the qubit
lifetime and coherence as more pulses were generated in the SFQ
driver. Here, we show that the JPG pulse drive does not reduce the
qubit coherence over the long timescales used for randomized bench-
marking (RB) characterization by performing long Rabi stability tests
as shown in Fig. 3(a). The observed relaxation in the Rabi oscillations
is consistent with the observed energy relaxation (T1) and decoherence
(T�2 ) measured using TSCE. We also characterized the stability of the
locking range by analyzing the stability of the Rabi frequency during
an extended Rabi experiment. Shown in Fig. 3(b) is the Rabi fre-
quency, extracted from Fig. 3(a) using a time window analysis, as the
Rabi experiment progresses in time. The time window used is approxi-
mately two oscillations.

Once the appropriate �p has been established, we perform a side-
by-side comparison of the TSCE and JPG setups through measure-
ments of T1, T�2 , and average gate fidelity F . For the T1 comparison, a
JPG p rotation (Xp) is constructed of �p ¼ 187 drive periods (62 ns
drive time). For the T�2 comparison, a JPG Xp=2 rotation is created
with a �p=2 ¼ 94 period drive waveform. Histograms of the extracted
T1 and T�2 values from 500 measurements each are compiled in Figs.
3(c) and 3(d), respectively. Excellent agreement between the two set-
ups is found in the measured values for T1 and T�2 , showing that JPG
operation does not increase relaxation or de-phasing from quasiparti-
cle poisoning.

FIG. 2. JPG calibration procedure: (a)
JPG I–V curve, shown here with
xd=2p ¼ 3:0349 GHz, is first used to
establish rough bounds on the range of Ib
giving a constant Rabi oscillation period
with respect to the number of drive peri-
ods �. From this dc measurement, we
extract a locking range of 1.8–2.8 mA,
which is indicated in all plots with dashed
lines. (b) Rabi oscillation scan using the
JPG as the drive while scanning current
bias Ib and number of drive periods, �.
The z-axis consists of the population in
the first excited state P1. (c) Extracted
number of JPG drive periods required for
a p rotation of the qubit �p vs bias. The
inset shows a zoomed-in area where the
Rabi-oscillation period of the qubit is
insensitive to variations in Ib, with red
dashed lines bounding �p by 6 1 pulse.
For a bias of Ib ¼ 2:6 mA, we extract �p

of 187 pulses (p-gate time of 62 ns).
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After demonstrating basic qubit control with JPG pulse trains, we
characterize the fidelity of SFQ-based gates. We perform RB for the
full single-qubit Clifford set: We apply a sequence of m random gates
(Cm) for the base RB sequence [Fig. 4(a)], or m random gates with the
gate under test (Ci) interleaved in the sequence for the interleaved ran-
domized benchmarking (IRB) sequence [Fig. 4(b)]. This is followed by
a single gate (C�1) to return the qubit to the j0i state. Following the
above procedure, one can plot the average post-sequence fidelity,
defined as the average probability of returning the qubit to j0i after
each sequence, and fit the two resulting depolarizing curves (with and
without the interleaved gate Ci) to a power law,

FseqðmÞ ¼ apm þ b; (4)

where the constants a and b encapsulate state preparation and measure-
ment (SPAM) errors and errors on the final gate. For single qubit gates,
the depolarizing parameter, p, is related to the per-gate error, r, by

r ¼ 1
2
ð1� pÞ (5)

or alternatively, gate fidelity F ¼ 1� r.
TSCE gates consist of traditional microwave pulses at the qubit

frequency shaped using a Gaussian with a width of rTSCE ¼ 15 ns and
truncated at 62rTSCE for a total time length designed to closely match

FIG. 3. (a) Typical Rabi oscillation driven by the JPG for drive times equal to the longest randomized benchmarking sequences used in this experiment. From this, we extract
an approximate decay time of 13.5 ls, close to the expected decay based on the observed T1 and T�2 .

23 (b) Time window analysis of the Rabi oscillations shown in (a). The
window used is approximately two oscillations. The x-axis in (b) is the same length as in (a), but it has been transformed to time rather than number of drive periods. We do
not observe significant deviation in the number of pulses for a p rotation (�p) across the entire experiment. (c) Comparison of the measured qubit lifetime T1 and (d) Ramsey
coherence time T�2 using the TSCE setup and the JPG at 3 K. Histograms and Gaussian fits of both the T1 and T�2 distributions show excellent agreement in the mean (l) and
standard deviation (r). The black dashed line represents the 2T1 limit for T2.

FIG. 4. (a) Depolarizing curve for single qubit RB using the full Clifford set. Both TSCE and 3 K JPG qubit control setups have very similar performance. Solid lines are a fit to
Eq. (4). We extract an average error per gate of rTSCE ¼ ð3:96 0:2Þ 	 10�3 and rJPG ¼ ð4:66 0:3Þ 	 10�3, showing an improvement of almost an order of magnitude
compared to previous JPG implementations. Uncertainties in r ¼ 1� F are determined by the standard error of the fits to Eq. (4). (b) Depolarizing curves for the six inter-
leaved RB gate sequences and for the shorter reference sequence (without Ci ) in black using the JPG for the drive. The inset list shows the measured fidelities.
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the JPG p-gate time. In both cases, we include a 5 ns buffer idle time
around each gate. In Fig. 4(a), we show example depolarizing curves
for RB for both the JPG and TSCE. Sequence fidelity is defined as the
probability of return to the qubit ground state following the final pulse
of the RB sequence. From the fits, we obtain rTSCE ¼ ð3:96 0:2Þ
	10�3 and rJPG ¼ ð4:66 0:3Þ 	 10�3, where the uncertainties are
from the error obtained from the fit to Eq. (4). The observed gate error
in both cases is within 50%–70% of the calculated gate error due solely
to qubit dissipation and decoherence:28 3:0	 10�3 for TSCE and
2:7	 10�3 for the JPG.29

We then performed IRB on several individual gates.28,30,31 Figure
4(b) shows examples of depolarizing curves for a gate subset
(6Xp=2;Xp;6Yp=2, and Yp) when driven by the JPG. These individual
measurements are consistent with the observed RB error of
rJPG ¼ 4:6	 10�3. Although we have not performed measurements
that fully account for the sources of the gate errors, these IRB results
show that the JPG-based control setup operates nearly at the qubit
coherence-limit.

Given the sub-resonant drive of the qubit, one likely source of
errors is leakage to the second excited state (jf i).13 We have performed
simulations32 of this leakage, characterized by the pure-state density
matrix occupation qff , assuming the measured parameters of our sys-
tem (anharmonicity, pulse width, and JPG-qubit coupling strength);
the results are shown in Fig. 5 (see the supplementary material for a
more detailed explanation of the simulations). Based on the measured
IcRs value, the minimum width of the JPG pulses delivered to the qubit
is rJPG ¼ 17 ps, when parameterized by a Gaussian pulse. Room tem-
perature measurements of the pulses place an upper bound on the
width of rJPG ¼ 35 ps.22 Together, these two estimates correspond
to a pulse width range of rn ¼ 0.1–0.2 in units normalized by the
qubit period Tq (rn ¼ rJPG=Tq). From Fig. 5, we expect leakage of

qff ’ ð0:7–2Þ 	 10�3 for an Xp gate (leakage is approximately con-
stant below rn ¼ 0:1 and decreases as rn increases past this thresh-
old). The magnitude of this error is comparable to the observed
difference between the measured gate fidelity and the calculated
coherence-limited one.

In conclusion, by optimizing the JPG-qubit coupling, we have
experimentally demonstrated nearly coherence-limited digital con-
trol of a qubit using JPG pulses generated at 3K. The observed gate
fidelity of 99.54% using RB agrees with the measured individual gate
fidelities using IRB and is consistent with the limits imposed by
qubit relaxation together with higher state leakage due to sub-
resonant drive of the qubit. Further improvement in gate fidelities
could be achieved by using qubits with longer coherence times, using
shorter gates, using higher anharmonicity qubits (since this reduces
leakage), and/or utilizing pulse generators operating at frequencies
above the qubit frequency and capable of variable pulse-delivery
timing.14,33

See the supplementary material for specifications of the device
under test, a description of the simulations, and a detailed schematic
of the measurement setup.
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