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Single flux quantum (SFQ) digital logic has been proposed for the scalable control of next-generation
superconducting-qubit arrays. In the initial implementation, SFQ-based gate fidelity was limited by quasi-
particle (QP) poisoning induced by the dissipative on-chip SFQ driver circuit. In this work, we introduce
a multichip-module architecture to suppress phonon-mediated QP poisoning. Here, the SFQ elements and
qubits are fabricated on separate chips that are joined with In-bump bonds. We use interleaved random-
ized benchmarking to characterize the fidelity of SFQ-based gates and we demonstrate an error per Clifford
gate of 1.2(1)%, an order-of-magnitude reduction over the gate error achieved in the initial realization of
SFQ-based qubit control. We use purity benchmarking to quantify the contribution of incoherent error at
0.96(2)%; we attribute this error to photon-mediated QP poisoning mediated by the resonant millimeter-
wave antenna modes of the qubit and SFQ-qubit coupler. We anticipate that a straightforward redesign
of the SFQ driver circuit to limit the bandwidth of the SFQ pulses will eliminate this source of infidelity,
allowing SFQ-based gates with error approaching approximate known theoretical limits, of order 0.1%
for resonant sequences and 0.01% for more complex pulse sequences involving variable pulse-to-pulse
separation.
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I. INTRODUCTION

Superconducting qubits have achieved both gate [1]
and measurement [2,3] fidelity at the threshold for fault-
tolerant operation [4]. Recent demonstrations of quantum
advantage [5] and of distance-3 and distance-5 surface
codes [6–8] motivate efforts to scale to larger multiqubit
arrays that are compatible with robust error correction.
However, theoretical estimates suggest that a practical
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error-corrected quantum computer will require more than
106 physical qubits, for physical hardware at the cur-
rent level of fidelity [4]. While it is believed that current
quantum-classical interface technology can be scaled by
brute force to implement systems with around 1000 phys-
ical qubits, limited by the heat load and physical footprint
of the control hardware [9], no clear path is known for fur-
ther scaling up. There have been serious steps to address
specific obstacles to scaling, including the establishment of
quantum links between separated cryogenic systems [10],
the optimization of room-temperature hardware design for
a more compact microwave unit [11], the integration of
cryogenic CMOS-based microwave pulse generators into
qubit cryostats for proximal control [12,13], the utilization
of low heat-load photonic links to route control and mea-
surement signals within the cryostat [14], and the devel-
opment of compact low-heat-load microcoax cables [15].
However, an integrated systems engineering approach to
scaling superconducting qubits is so far lacking.

Typically, qubit control is achieved with shaped
microwave pulses derived from room-temperature
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digital-to-analog converters and microwave generators; the
hardware overhead associated with microwave-based qubit
control is one of the major obstacles to scaling to large
system sizes. An alternative approach is based on sin-
gle flux quantum (SFQ) digital logic [16–22]. Here, the
qubit mode is irradiated with a train of quantized flux
pulses, with pulse-to-pulse timing adjusted to induce a
coherent rotation in the computational subspace and to
minimize leakage [23]. This approach, in conjunction with
digital qubit readout using the Josephson photomultiplier
[3,24,25], forms the basis of a scalable quantum-classical
interface for ultralarge qubit arrays [26]. An initial experi-
ment to implement SFQ-based control of superconducting
qubits has yielded a fidelity of 95% for π/2 and π rotations
[27]; the gate fidelity has been limited by quasiparticle
(QP) poisoning [28] associated with operation of the dissi-
pative SFQ-pulse generator, which has been fabricated on
the same chip as the qubit. In a more recent experiment,
digital control of a three-dimensional (3D) transmon qubit
with an error per Clifford gate of 2.1(1)% has been demon-
strated using a Josephson pulse generator [29] located
at the 3-K stage of the cryostat [30]. There have been
separate theoretical proposals for high-fidelity SFQ-based
control sequences involving variable pulse-to-pulse sepa-
ration [31,32], for SFQ-based entangling gates [33], and
for a scalable multiqubit architecture based on SFQ con-
trol [34]. However, a key prerequisite to the adoption of
SFQ control for large-scale multiqubit arrays is the real-
ization of high-fidelity single-qubit rotations. It is critical
to investigate all the potential error channels and to under-
stand the fundamental limits to fidelity, chief among them
generation of QPs by the dissipative SFQ-pulse driver.

In this work, we adopt a multichip-module (MCM)
architecture to segregate the SFQ-pulse driver and the
qubit onto two separate chips. In so doing, we suppress
both phonon-mediated QP poisoning and direct diffusion
of QPs from the SFQ driver to the qubit. We demon-
strate an order-of-magnitude reduction in SFQ-based gate
infidelity, from an average error per Clifford gate of
9.1% achieved in Ref. [27] to the average error per Clif-
ford of 1.2(1)% demonstrated in this work. We find that
the infidelity is dominated by incoherent error associ-
ated with photon-mediated QP poisoning. We anticipate
that straightforward design changes to the SFQ driver and
appropriate QP mitigation on the qubit chip can lead to fur-
ther reductions in gate infidelity, to the point at which we
are limited by leakage to errors of order 0.1% with naive
resonant control [23] and 0.01% for optimized control
sequences [31,32].

This paper is organized as follows. In Sec. II, we present
the quantum-classical MCM and describe basic SFQ-based
single-qubit control. In Sec. III, we describe randomized
benchmarking (RB) and interleaved randomized bench-
marking (IRB) to characterize the fidelity of π/2, π ,
and average Clifford rotations and we perform detailed

error budgeting of SFQ-based gates. In Sec. IV, we show
that the infidelity is dominated by a subtle form of QP
poisoning associated with the emission of pair-breaking
photons from the SFQ driver. In Sec. V, we present simu-
lation results that validate our model for photon-assisted
QP poisoning mediated via spurious antenna modes of
the qubit and SFQ-qubit coupler. Finally, in Sec. VI, we
discuss straightforward modifications to the SFQ-qubit
architecture to further suppress the QP-induced gate infi-
delity. These improvements should allow us to access gate
fidelity comparable to that achieved with state-of-the-art
microwave-based gates but with a compact streamlined
hardware footprint for the control system.

II. QUANTUM-CLASSICAL MCM AND
SFQ-BASED QUBIT CONTROL

To suppress QP poisoning, the dominant source of infi-
delity in previous approaches to SFQ-based qubit control
[27], we segregate the qubit and SFQ elements onto two
separate chips that are bump bonded with In to form the

(a) (c)

(b)

(d)

FIG. 1. The quantum-classical multichip module (MCM). (a)
A micrograph of the qubit chip. Two flux-tunable transmons are
fabricated on the chip, each with a local quarter-wave coplanar
resonator for readout. (b) A micrograph of the SFQ driver chip.
Two dc-to-SFQ converters are integrated on the chip, along with
the feed line for the readout resonators and flux-bias lines for
the qubits. The In bumps are visible as the regular grid pattern
over the continuous ground plane. (c) A photograph showing the
assembled MCM stack; the qubit chip is outlined in red and the
SFQ chip is outlined in blue. (d) The circuit diagram for one
qubit-SFQ pair; here, the quarter-wave readout mode is depicted
using its lumped-element equivalent. In-bump bonds between the
ground planes provide the only galvanic connection between the
two chips; coupling between circuit elements across the chip-
to-chip gap is achieved either capacitively or inductively. The
colors used in the legend to identify specific circuit elements
are matched to the false coloring of the bond pads in the image
of (b).
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MCM stack shown in Fig. 1. The qubit chip shown in
Fig. 1(a) incorporates two flux-tunable transmon qubits,
each with its own local quarter-wave resonators for state
measurement. The SFQ driver chip shown in Fig. 1(b)
incorporates two dc-to-SFQ converters along with all con-
trol and readout lines for the qubits. The two chips are
bonded by In bumps to form the MCM via the technique
described in Appendix A 3 [see Fig. 1(c)]. The MCM
architecture suppresses QP poisoning of the qubit in two
ways. First, the direct diffusion of QPs from the SFQ driver
to the qubit is not possible, as the two elements reside
on separate chips that are separated by low-gap In-bump
bonds: QPs that relax to the In gap edge will be unable
to enter the Nb ground plane of the quantum chip [35].
Similarly, pair-breaking phonons that propagate to the In-
bump bonds are expected to scatter to the In gap edge
through electron-phonon interaction, so that phonons will
have insufficient energy to enter the Nb ground plane of
the qubit chip; acoustic mismatch across the bump bonds
will further inhibit phonon propagation from chip to chip.
In Fig. 1(d), we show a simplified circuit diagram for one
qubit-SFQ pair, with the qubit readout resonator depicted
as its lumped-element-equivalent tank circuit. Each qubit-
SFQ pair involves one flux bias line for the qubit, one
current bias line for the SFQ driver, and one microwave
drive line to trigger SFQ pulses. The qubit readout line
is shared between the two qubit-SFQ pairs. Details of the
experimental setup are given in Appendix B.

The quantum-classical MCM is characterized in a
closed-cycle dilution refrigerator at a base temperature of
20 mK. Preliminary optimization of SFQ-based qubit rota-
tions is described in Fig. 2. To generate a well-controlled
SFQ pulse train from the driver circuit, we provide dc bias
to the SFQ current port and we apply a shaped microwave
pulse to the SFQ trigger port. The bias current is adjusted
to be slightly less than the critical current of the device and

the frequency of the microwave trigger pulse is adjusted
to the desired frequency fSFQ of the SFQ pulse train. To
avoid direct drive of the qubit via crosstalk from the SFQ
trigger line, we generate an SFQ pulse train at a sub-
harmonic of the fundamental qubit frequency f01. In the
experiments described here, we drive the qubit at the fre-
quency fSFQ = f01/4. With the SFQ trigger tone applied,
we sweep the current bias Ib of the SFQ-pulse driver to
determine an operating regime where the induced qubit
Rabi frequency is insensitive to SFQ driver bias; the results
are shown in Fig. 2(a). Over the optimal range of SFQ
driver operation, we find a weak dependence of Rabi fre-
quency on Ib; we discuss possible explanations for this
dependence in Appendix C. In Fig. 2(b), we show the
results of a Rabi chevron experiment used to fine tune the
SFQ drive frequency. Finally, we perform the generalized
Rabi experiment described in Fig. 2(c) in order to identify
the duration and relative timing of SFQ pulse trains needed
to execute qubit rotations about arbitrary control vectors
oriented in the equatorial plane of the Bloch sphere. The
symbol φ in Fig. 2(c) refers to the phase associated with
the relative timing of the initial X /2 pulse train and the
subsequent pulse train RSFQ. By controlling the phase rela-
tionship between the two pulse trains, it is possible to
realize full orthogonal control of the qubit.

III. BENCHMARKING OF SFQ GATES

After demonstrating basic qubit control with SFQ pulse
trains, we characterize the fidelity of SFQ-based gates. It
is critical to find the set of parameters in the multidimen-
sional SFQ operation space to optimize the gate fidelity.
In this work, the SFQ control parameters include the bias
current Ib, the trigger frequency fSFQ, the phase differ-
ence between orthogonal rotations, the trigger amplitude,

(a) (b) (c)

FIG. 2. SFQ-based qubit operation at the subharmonic drive frequency f01/4. (a) Rabi oscillations as a function of the current bias Ib
of the SFQ driver. (b) The Rabi chevron experiment at variable drive frequency in the vicinity of f01/4. (c) The generalized Rabi scan
at f01/4, with variable time t and phase φ for the Rabi drive; the inset illustrates the relationship between the phase φ and the relative
timing of the pulse trains used to implement the X /2 and RSFQ rotations.
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and related mixer-calibration parameters of the trigger sig-
nal. Here, we follow a two-step optimization procedure
involving error amplification to tune up individual gates
followed by global optimization using randomized bench-
marking (RB) [37,38]. Initially, we find the best operating
parameters for each individual gate. We construct equiva-
lent identity and π -pulse sequences by concatenating many
instances of the individual gate, e.g., S1 = X 30, and S2 =
X 31. We measure the difference of |1〉-state occupation fol-
lowing application of the two sequences P1(S2) − P1(S1)

while sweeping the SFQ drive parameters and we adjust
the parameters to maximize the sequence contrast. We find
that the optimal parameters for the SFQ driver are not
exactly the same across all SFQ-based gates. For global
optimization of SFQ-based gates, including optimization
of the time delay associated with orthogonal rotations on
the Bloch sphere, we maximize the RB sequence fidelity
following the ORBIT method developed in Ref. [39].

Following optimization of the SFQ gate parameters, we
use the technique of interleaved RB to access the gate
fidelity independent of state-preparation-and-measurement
error [40]. The set of single-qubit Clifford gates used in the
reference RB sequence is listed in Table II. Here, we eval-
uate the fidelity of the set of gates {X , Y, ±X /2, ±Y/2}.
In Fig. 3, we present RB and interleaved-RB data taken
across 6 h, highlighting the temporal stability of SFQ-
based single-qubit control. A fit to the reference curve
yields the average Clifford-gate fidelity FCliff = 0.988(1).
From the interleaved-RB scans, we extract the gate fideli-
ties shown in the inset of Fig. 3(c). As a check, we calculate
the fidelity of an average Clifford gate from the extracted
fidelities of the six interleaved gates. The appropriate
weighted sum over the interleaved gates fidelities yields an
average Clifford-gate fidelity of 0.988(3), consistent with
the measured RB value FCliff.

The measured error associated with SFQ-based control
shows a one-order-of-magnitude reduction compared to
the first-generation result of [27]. Accurate understanding
of the source of the error is critical to further optimiza-
tion of SFQ-based gates. As a starting point, we need to
distinguish between coherent and incoherent error. The
former involves pulse sequence miscalibration, while the
latter is due to qubit dissipation via uncontrolled coupling
to the environment. Here, we use purity benchmarking
[41] to extract the incoherent contribution to the error. The
gate sequence is shown in Fig. 4(a). We apply a random
sequence of m Clifford gates followed by quantum state
tomography to determine the purity of the qubit state. The
decomposition of the Clifford gates used in purity bench-
marking is the same as that shown in Table II. A fit to
the purity curve yields an incoherent error for the aver-
age Clifford gate of rCliff, inc = 0.96(2) × 10−2. From RB,
we find an error per Clifford gate of rCliff = 1 − FCliff =
1.2(1) × 10−2. We see that 80% of the error is due to
incoherent processes. In Fig. 4(b), we plot the error of

(a)

(b)

(c)

FIG. 3. (a),(b) Randomized benchmarking (RB) of SFQ-based
gates with the drive at frequency f01/4 = 1.2264 GHz: pulse
sequences for (a) reference and (b) interleaved RB. (c) Depolar-
izing curves for the reference RB sequence and six interleaved-
RB sequences. Each data point is the average of 150 random
sequences across 6 h. The inset shows the fidelities of the average
Clifford gate [36] and the six interleaved gates.

the six interleaved gates characterized previously and of
the average Clifford gate versus gate time. The average
Clifford-gate time is 90.4 ns, 2.26 times that of the π/2
gate. We see that gate error increases with gate duration.
The dashed blue line in Fig. 4(b) shows the baseline inco-
herent error per gate tgate/Terror [42], where tgate is the
gate length and where 1/Terror = 1/3(1/T2,white + 1/T1)

is calculated from the qubit coherence times (for details,
see Table I in Appendix D) measured using conventional
microwave-based sequences with the SFQ driver turned
off [43]. Comparing this baseline error to the measured
incoherent error for the average Clifford gate, we see
that operation of the SFQ-pulse driver induces additional
incoherent error around 2.6 times that of the baseline. In
Sec. IV, we show that photon-assisted QP poisoning is the
source of the additional incoherent error.

IV. DYNAMICS OF QP POISONING

Nonequilibrium QPs are a dominant decoherence source
for superconducting quantum devices [44–48] and sup-
pression of QP poisoning associated with the dissipative
SFQ-pulse driver is the primary reason for adopting the
MCM architecture described here. The analysis above indi-
cates that SFQ gate infidelity is dominated by incoherent
error and that operation of the SFQ-pulse driver leads
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(a)

(b)

FIG. 4. The characterization of incoherent error. (a) Purity
benchmarking of SFQ-based gates at pulse frequency f01/4 =
1.2264 GHz. The inset shows the gate sequence for purity bench-
marking. Here, quantum state tomography is applied at the end
of the m randomized Cliffords. The incoherent error per Clif-
ford, rCliff, inc, is extracted from the purity of the final state. (b)
The gate error derived from the RB measurements of Fig. 3(c)
versus the gate duration. For the average Clifford gate (black dia-
mond), incoherent errors constitute 80% of the total error (red
circle). The blue dashed line shows the baseline incoherent error
of 0.27 × 10−2 for the average Clifford gate extracted from the
coherence times of the qubit measured with microwave-based
gates in the absence of SFQ operation.

to significant suppression of qubit coherence. QP poison-
ing remains the most likely mechanism for suppression
of qubit coherence. To quantify the generation of QPs at
the qubit chip from operation of the SFQ-pulse driver, we
perform microwave-based inversion-recovery experiments
following application of an off-resonant SFQ drive and we
fit the recovery signal to the form [49,50]

P1(t) = e〈nqp〉(exp(−t/T1,qp)−1)−t/T1,R , (1)

where P1(t) is the |1〉-state occupation of the qubit, 〈nqp〉
is the mean number of QPs coupled to the qubit, T1,qp is
the qubit energy relaxation time per QP, and T1,R is the
energy relaxation time due to remaining relaxation chan-
nels. The above relation comes from averaging the qubit
free-induction decay signal over an ensemble of quasipar-
ticles coupled to the qubit junction that follows a Poisson

distribution with mean number 〈nqp〉. In Fig. 5(a), we plot
inversion-recovery signals measured with (red points) and
without (blue points) application of a 7-µs off-resonant
SFQ poisoning pulse prior to the measurement. The solid
traces are fits to the data from Eq. (1) to extract 〈nqp〉. In
a separate experiment, we vary the poisoning pulse length
prior to the T1 measurement. Fits to the inversion-recovery
scans yield T1,qp = 6.8(6) µs and T1,R = 26(1) µs; in
Fig. 5(b), we plot 〈nqp〉 as a function of the poisoning
length. The data are well described by a model where the
rate of QP removal is linear in QP density, as expected for
both diffusion of QPs from the junction and QP trapping at
defect sites. We express the time-dependent QP population
as follows [51,52]:

〈nqp(t)〉 = G
s

(1 − e−st), (2)

where G is the QP generation rate and s is the QP removal
rate. Removal can be due to several different physical pro-
cesses: quasiparticle recombination, out-diffusion from the
junction area, or trapping at defect sites. Here, we use
a simplified linear decay model where all of these pro-
cesses are folded into the single rate s; we find that this
model provides a reasonable description of the quasiparti-
cle dynamics in our experiment. We find G = 0.14(2) µs−1

and s−1 = 2.8(4) µs. The generation rate corresponds to
3.7(5) × 10−5 QPs coupled to the qubit per phase slip of
the SFQ driver, a factor-of-43 improvement compared to
the QP poisoning seen in the first-generation SFQ control
experiments of [27].

Our next task is to understand the physical mechanism
for QP poisoning in the MCM architecture. There are two
possibilities. In one scenario, QP poisoning is mediated
by pair-breaking phonons that propagate from the classi-
cal chip to the quantum chip [53], despite the presence of
the low-gap In bumps that are expected to promote phonon
relaxation below the gap edge of the Nb ground plane of
the quantum chip. Alternatively, QP poisoning could be
dominated by pair-breaking photons associated with the
ultrahigh-bandwidth SFQ pulses. It is known that qubit
structures are efficient absorbers of pair-breaking radia-
tion in the millimeter-wave range [54,55]; for picosecond
SFQ pulses with a bandwidth of the order of hundreds of
gigahertz, the electromagnetic transient could lead to emis-
sion of pair-breaking photons that are then absorbed at the
qubit junction. We expect to be able to distinguish these
two processes by examining the temporal dynamics of QP
poisoning in our experiment: while the photon-assisted QP
poisoning mechanism will lead to immediate suppression
of qubit coherence, the phonon mechanism will involve a
time delay of the order of tens of microseconds between
application of the SFQ pulse and the onset of enhanced
QP relaxation associated with the propagation of phonons
from the SFQ driver to the qubit [56].
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(a)

(b)

FIG. 5. QP poisoning induced by operation of the SFQ-pulse
driver. (a) Microwave-based energy relaxation curves of the
qubit with and without prior application of an off-resonant SFQ
pulse train at fSFQ = 1.21 GHz. The mean number 〈nqp〉 of QPs
coupled to the qubit is extracted from a fit of Eq. (1) to the data.
(b) 〈nqp〉 versus the SFQ poisoning pulse length. Each point is
extracted from eight T1 traces of the type shown in (a).

We probe the dynamics of QP poisoning in the MCM
by applying a short 50-ns burst of off-resonant SFQ pulses,
using the two qubits on the MCM as QP sensors. We
increment the relative delay between application of the poi-
soning pulse and qubit measurement; in order to access
short time scales, we use a fast-qubit measurement with
duration of 96 ns. The geometry of the experiment is
shown in the inset of Fig. 6. We find that the effect of QP
poisoning is to increase P1, where the baseline levels of
qubits 1 and 2 are 1.6% and 0.5%, respectively. This fact
alone argues in favor of the photon-mediated mechanism,
which drives upward qubit transitions far more efficiently
than diffusion across the qubit junction of QPs that are
resident in the junction leads [57]. We probe qubit popu-
lation P1 as a function of idle time following the poisoning
pulse; the results are shown in Fig. 6. We find a monotonic
decrease in excess P1 toward the baseline value following
application of the poisoning pulse. In a similar experiment
involving the injection of pair-breaking phonons into the

FIG. 6. The dynamics of QP poisoning from the SFQ-pulse
driver. A variable idle time follows application of a brief SFQ
poisoning pulse; subsequent fast-qubit measurement is used to
extract the qubit |1〉-state occupation P1. The inset shows the rel-
ative positions of Q1 (red), Q2 (blue), the dc-to-SFQ converter
(black rectangle), and the SFQ-qubit coupling capacitor (green
square). For both qubits, P1 decays monotonically with the idle
time. We observe no time lag between application of the poison-
ing pulse and the peaking of enhanced excess P1, indicating that
poisoning is mediated by pair-breaking photons, as opposed to
pair-breaking phonons.

qubit substrate, Iaia et al. have observed a QP-induced
enhancement of the qubit relaxation rate that peaks at
a time of approximately 30 µs following application of
the poisoning pulse, consistent with diffusive propagation
of phonons from the injector junction to the qubit over
the approximately 4-mm separation between the elements
[56]. We take the much faster response of the qubit to
the poisoning pulse observed in our experiments as fur-
ther evidence that coupling of the SFQ driver to the qubit
is mediated by photons as opposed to phonons.

V. ANTENNA COUPLING OF THE SFQ
TRANSIENT TO THE QUBIT

It has recently been shown that absorption of pair-
breaking photons is a dominant source of QP poisoning in
Josephson devices [55,57–59]. For typical geometries, the
superconducting-qubit structure forms a resonant antenna
that provides an efficient power match from free space
to the high-impedance Josephson junction at milllimeter-
wave frequencies [54]. Due to its short temporal duration
of the order of picoseconds, the bandwidth of a single
SFQ pulse is of the order of hundreds of gigahertz, suf-
ficient to excite the millimeter-wave antenna mode of the
qubit and generate QPs. In Fig. 7, we consider the antenna
modes of the qubit and SFQ-coupler structures used in
our experiments. The experimental geometry is shown in
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Figs. 7(a) and 7(b); here, Nb metallization on the quan-
tum and classical chips is shown in gray and the white
regions indicate where the Nb has been removed. The cir-
cular qubit and the SFQ-qubit capacitive coupler both act
as resonant aperture antennas with efficient coupling to
free space at millimeter-wave frequencies. Following the
modeling described in Ref. [54], we plot the free-space
coupling efficiency ec of the bare-qubit-antenna mode as
the black curve in Fig. 7(c). The structure shows a clear
resonance at 240 GHz, corresponding to a match between
the qubit perimeter and one full wavelength of the radiated
field; higher-frequency peaks correspond to harmonics of
this fundamental mode.

In the same figure, we plot the coupling efficiency of
the qubit (red curve) and the SFQ coupler (blue curve) cal-
culated for the full MCM structure. Both modes display a
complicated frequency-dependent coupling efficiency with
peaks in the resonant response around 300 GHz. The
presence of a proximal ground plane in the second chip
of the MCM modifies the coupling of the qubit to free
space. We find that incorporation of the qubit into the
MCM structure shifts the bare-qubit-antenna resonance to
higher frequency. This shift is qualitatively compatible
with inductive screening by the ground plane of the classi-
cal chip, since image currents induced in the continuous
ground plane of the second chip will suppress the elec-
tric dipole moment of the qubit and reduce the coupling
to free space [58]. Similarity in the coupling efficiency of
the qubit and SFQ coupler could be due to loading of both
modes by the etched cavity in the ground plane of the SFQ
driver chip (see Appendix A.3). Detailed modeling of the
radiative coupling of qubits in various MCM architectures
is the subject of ongoing research.

After verifying that the SFQ-qubit pair can be con-
sidered as a coupled antenna system, we show that the
picosecond-scale SFQ pulse indeed leads to emission of
photons with energy sufficient to break Cooper pairs (for a
detailed discussion, see Appendix I).

From our analysis of QP poisoning presented in Fig. 5,
a single SFQ pulse delivered to the qubit generates 1.1 ×
10−4 QP at the qubit junction. We can ask the question:
if all the energy that goes into QP generation is derived
from SFQ-qubit antenna coupling, what is the efficiency of
energy transfer from the driver to the qubit? We define an
energy-conversion factor α as follows:

αESFQ = 1.1 × 10−4 × Eqp, (3)

where ESFQ is the available energy from one SFQ pulse
and Eqp is the energy of one QP. We take the available
energy per SFQ pulse to be equal to the phase slip energy
and, for simplicity, we assume that the generated QPs are

(a)

(c)

(b)

FIG. 7. Antenna modeling of the qubit and the SFQ-qubit cou-
pler. Schematics of (a) the qubit and (b) the region opposite the
qubit on the classical SFQ driver chip. Here, gray represents Nb
metallization on the two chips; in the white regions, the Nb has
been etched away. The qubit island is a circular pad with radius
75 µm. embedded in a circular ground-plane cavity with radius
87 µm. The Nb has been removed in a circular region on the clas-
sical chip directly opposite the qubit island in order to reduce the
capacitance between the qubit and the ground plane of the classi-
cal chip. In (a), the position of the qubit junction is indicated by
the red cross. In (b), the concentric black dashed lines indicate
the position of the gap between the qubit island and ground plane
relative to structures on the SFQ driver chip. The patch capaci-
tor that couples SFQ pulses to the qubit is shown at the bottom;
the capacitor is realized as a square electrode with dimension
35 µm × 35 µm. embedded in a cavity in the ground plane with
dimension 45 µm × 45 µm. The SFQ-qubit coupler is fed from
below the image by a microstrip line from the classical SFQ
driver circuit (not shown). (c) The numerically calculated free-
space coupling efficiency ec of the antenna modes of the qubit
and of the SFQ-qubit coupler [54]. The black curve represents
ec of the qubit with the SFQ chip removed; the dominant feature
at 240 GHz corresponds to the fundamental full-wave resonance
of the aperture antenna formed by the qubit island embedded in
the ground plane. The red and blue traces are simulation results
for ec of the qubit and SFQ-coupler modes calculated in the full
MCM architecture.

concentrated at the gap edge of Al. We find

ESFQ = Ic�0, (4)

Eqp = h × 50 GHz, (5)
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where Ic ∼ 100 µA is the critical current of the output
junction of the SFQ driver. Solving the above equations,
we find an experimental energy-conversion efficiency
αexp = 1.8 × 10−8.

We can compare the experimentally extracted α with
the result derived from time-domain modeling of the cou-
pled antenna system. We take RSFQ = 1 � as the source
impedance associated with the SFQ-qubit coupler and we
model the SFQ transient as a Gaussian pulse with width
σ = 2.5 ps, derived from WRspice [60] simulation of our
dc-to-SFQ converter. As shown in Fig. 8(a), the SFQ pulse
applied to the coupler (blue) induces an oscillatory volt-
age response at the qubit junction port (red, scaled by a
factor 50), with a dominant frequency set by the product
of the energy spectral density of the SFQ pulse and the
photon-coupling efficiency of the coupler-qubit system. In
Fig. 8(b), we show in red the energy spectral density of
the response signal at the qubit port |˜Vqb|2/Rqb; here, ˜Vqb
is the Fourier transform of the voltage induced at the qubit
port and Rqb = 8.0 k� is the normal-state resistance of the
junction. As in Ref. [55], we define the photon-coupling
efficiency η as

η(f ) = ec,qb ec,coupler, (6)

where f is frequency and ec,qb (ec,coupler) is the coupling
efficiency of the qubit (coupler) calculated in Fig. 7(c).
In Fig. 8(b), we plot in blue the available energy spec-
tral density from the SFQ pulse |˜VSFQ|2/RSFQ scaled by
the coupling efficiency η. The close agreement with the
spectrum calculated from the voltage transient at the qubit
junction suggests that transport of pair-breaking energy
between the SFQ coupler and the qubit is dominated by
direct antenna coupling between the structures.

From our modeling, we calculate the total energy
dissipated at the qubit port for photons with a fre-
quency above 100 GHz and we find a simulated energy-
conversion factor αsim(σ = 2.5 ps) = 3.8 × 10−8, in rea-
sonable agreement with the experimental value αexp =
1.8 × 10−8. For the sake of completeness, we also sim-
ulate antenna coupling to the qubit of SFQ pulses with
varying widths. For SFQ-pulse widths σ = 0.5, 1, 2, and
5 ps, we find energy-conversion efficiency αsim = 1.3 ×
10−5, 1.3 × 10−6, 9.7 × 10−8, and 1.0 × 10−12, respec-
tively. It is clear that broader SFQ pulses, for which the
energy is compressed into a narrower spectral band, lead
to a suppression of antenna-mediated QP poisoning at the
qubit. As the typical qubit oscillation period of approxi-
mately 200 ps is orders of magnitude longer than typical
SFQ-pulse widths, a straightforward redesign of the SFQ
driver to suppress the spectral weight of the SFQ transient
above 100 GHz provides an obvious path to eliminat-
ing photon-mediated QP poisoning. Deviation of the SFQ
pulse from the ideal delta-function will cause misrotation

(a)

(b)

FIG. 8. The temporal response of the qubit antenna mode to a
single SFQ pulse. (a) The SFQ pulse and induced transient at the
qubit. A single SFQ pulse VSFQ with σ = 2.5 ps is delivered from
the SFQ-qubit coupler (blue trace). Antenna coupling between
the SFQ-qubit coupler and the qubit results in an induced voltage
Vqb at the qubit port (red trace; voltage scaled by a factor of 50
for clarity). (b) The energy spectral density of the qubit response
expressed in units of 	/Hz, where 	 = Eqp = h × 50 GHz. The
red trace is the energy spectral density calculated from the qubit
transient in (a); here, ˜Vqb is the Fourier transform of the induced
voltage at the qubit and Rqb is the normal-state resistance of the
qubit junction. The blue trace shows the product of the photon-
coupling efficiency η based on the frequency-domain antenna
modeling and the energy spectral density of the SFQ pulse. The
dominant Fourier component in the qubit response matches the
product of the energy spectral density of the SFQ pulse and the
photon-coupling efficiency of the coupler-qubit system.

of the qubit state vector on the Bloch sphere [30]; how-
ever, this is a coherent error that is readily addressed by
appropriate gate calibration.

VI. CONCLUSIONS

In this work, we advance the state of the art for SFQ-
based digital control of superconducting qubits. By seg-
regating qubits and classical control elements on sepa-
rate chips in an MCM architecture, we suppress phonon-
mediated QP poisoning and achieve an error per Clifford

030310-8



SFQ-BASED DIGITAL CONTROL... PRX QUANTUM 4, 030310 (2023)

gate of 1.2(1)%. This gate infidelity represents a one-order-
of-magnitude reduction compared to the first demonstra-
tion of SFQ-based qubit control [27] and a factor-of-2
reduction in the infidelity achieved in recent work involv-
ing a 3D transmon controlled by a Josephson pulse gener-
ator located at the 3 K stage of the cryostat [30]. We find
that the residual gate infidelity is dominated by photon-
assisted QP poisoning mediated via spurious millimeter-
wave antenna modes of the qubit and SFQ-qubit coupler.
To suppress QP generation at the qubit from the high-
bandwidth SFQ pulse, we suggest a modest redesign of
the SFQ driver circuit to yield SFQ pulses with broader
characteristic temporal width, corresponding to a narrower
pulse bandwidth in the frequency domain. Such a redesign
will concentrate the power emitted by the SFQ driver
below the aluminum gap edge, so that QP generation is
not possible. The qubit and the SFQ-qubit coupler could
also be modified to suppress their antenna coupling to free
space at frequencies just above the aluminum gap [54,55,
58]. To protect the qubit from any residual nonequilibrium
QPs, appropriate superconductor-gap engineering [35,61–
64] could be harnessed to promote the rapid outflow of QPs
from the qubit junction and to prevent the inflow to the
junction of QPs from remote parts of the qubit circuit. With
these steps to mitigate the various forms of nonequilibrium
QP poisoning, an SFQ gate error of order 0.1% is achiev-
able using resonant SFQ pulse trains [23]. Ultimately,
more complex control sequences involving nonuniform
SFQ-pulse spacing should enable single-qubit gate error
of order 0.01% [31,32], on par with that achieved using
microwave-based gates but with a significant reduction in
hardware footprint for the control system.
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APPENDIX A: FABRICATION OF THE
QUANTUM-CLASSICAL MCM

1. Qubit

The qubit chip is fabricated on a high-resistivity (>
10 k�-cm) 3-in. Si substrate with 100 crystal orienta-
tion. The native oxide of the silicon is stripped in dilute
(2%) hydrofluoric acid for 60 s immediately prior to
transfer of the wafer into the sputter deposition cham-
ber used for growth of the 100-nm Nb base electrode.
We use an i-line projection lithography tool to define the
qubit islands and readout resonators. We then etch the
Nb using BCl3-Cl2 chemistry in an inductively coupled
plasma reactive-ion-etch tool. We use an electron-beam
writer to define the Dolan bridges for the qubit junctions;
the Al-AlOx-Al junctions are then formed by double-angle
evaporation and thermal oxidation in an electron-beam
evaporator.

2. SFQ driver

The driver circuits are fabricated at the NIST Boulder
Microfabrication Facility. The substrates used are 3-in. Si
wafers with 150 nm of thermal oxide. The fabrication of
the drivers is based on the process for SFQ digital circuits
described in Ref. [65] with the following changes: (1) only
three superconducting layers are used, requiring only one
chemical-mechanical-planarization step before deposition
of the second Nb layer; (2) the top Nb layer is used as
the ground plane; (3) the barrier material used for the S-
I -S junctions is amorphous Si and external shunt resistors
are needed to bring the damping of these S-I -S junctions
near the critical regime with Stewart-McCumber parame-
ter βc ∼ 2; (4) the critical current density of the junctions
is 1 kA/cm2 and the characteristic junction frequency is
240 GHz; and (5) the shunt resistors are made of Pd-Au
alloy films with a sheet resistance of 2 �/�, deposited
by electron-beam evaporation and defined by a two-layer
lift-off resist process.

3. MCM

The fabrication steps for the under-bump and In-bump
layers deposited on each chip are similar to those described
in Ref. [66] but with a target bump thickness of 5 µm.
Additionally, hydrogen plasma cleaning before bonding
is avoided to prevent potential contamination of Nb
layers used both in the SFQ and qubit chips. The MCM is
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FIG. 9. The wiring diagram of the experiments.

bonded in a commercial flip-chip bonder. Before bonding,
the components are aligned to ± 1.0 µm. The copla-
narity is adjusted to be less than 100 µrad. The bonding
force used is 21.6 kN, which, given optical profilometer
measurements of the bump thickness (4.6 ± 0.2 µm)
and top contact area (260 µm2) for the 2193 bumps on
each chip, results in a calculated effective pressure of
3.9 × 1010 N/m2 and an expected resulting chip gap of
6.4 ± 0.3 µm.

APPENDIX B: WIRING

The experimental setup and wiring are shown in Fig. 9.

APPENDIX C: IMPACT OF SFQ-PULSE ERRORS

In addition to incoherent error from QP poisoning, the
instability of the SFQ-pulse delivery represents another
potential error channel. In Fig.2(a), we see that the Rabi
frequency associated with resonant SFQ drive is not a
constant over the full range of current bias; similar behav-
ior has been seen in Refs. [27,30]. In Fig. 10(a), we
plot the extracted Rabi frequency versus the bias current.
We find relative variation in the Rabi frequency of order
5% over the bias current range considered. In the fol-
lowing, we examine the possibility that this variation is
due to SFQ driver errors, namely, missed SFQ pulses or
delivery of double pulses, and we estimate the resulting
contribution to the SFQ gate error. For ideal operation of
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the SFQ driver, one pulse is delivered to the qubit per clock
cycle, where the clock cycle 1/fSFQ is set by the frequency
fSFQ of the microwave trigger pulse. Pulse dropouts will
result in systematic underrotation of the qubit state and a
reduction in the Rabi frequency, while double pulses will
cause overrotation of the qubit and an increase in the Rabi
frequency.

We define the SFQ-pulse probability PSFQ in three
regimes. For PSFQ < 1, one pulse is delivered per clock
cycle with probability PSFQ; the probability of a pulse
dropout is 1 − PSFQ. For PSFQ = 1, exactly one SFQ pulse
is delivered per cycle of the trigger wave form. Finally, for
PSFQ > 1, a double SFQ pulse is delivered with probability
PSFQ − 1, while a single SFQ pulse is delivered with
probability 2 − PSFQ.

Following Ref. [23], we perform Monte Carlo simula-
tions of the gate error and leakage to the |2〉 state for a Y/2
gate realized with the parameters of the SFQ driver-qubit
pair used in these experiments; the simulation results are

(a)

(b)

FIG. 10. The stability of the SFQ-pulse delivery and its effect
on qubit control. (a) The scaled Rabi oscillation frequency fRabi
extracted from Fig. 2(a) as a function of Ib. Over a bias current
range from 40 to 120 µA, we find approximately ±3% varia-
tion in fRabi around the value 6.25 MHz. A possible explanation
for the variation in Rabi frequency is that the number of SFQ
pulses delivered per cycle of the trigger wave form is either less
than or greater than one. (b) The simulated gate error and leak-
age to the |2〉 state for a π/2 gate implemented with an imperfect
SFQ-pulse driver. The gate error and leakage both increase in the
presence of SFQ-pulse dropouts and double pulses.

shown in Fig. 10(b). We find increased gate error and leak-
age as the probability of pulse dropouts or double pulses
increases. For a pulse-dropout or double-pulse probability
less than 3%, compatible with the variation in Rabi fre-
quency over the bias current range from 40 µA to 120 µA,
we put an upper bound on gate error of approximately
0.2%. While instability of the SFQ driver does not cur-
rently limit gate fidelity, it is possible that SFQ-pulse errors
will be a dominant source of infidelity in SFQ gates once
QP poisoning is fully suppressed.

APPENDIX D: SFQ-QUBIT PARAMETERS

In Table I, we list the measured and extracted parameters
of the SFQ-qubit pair used in these experiments.

APPENDIX E: GENERALIZED RABI SCAN WITH
SFQ CONTROL

The number of lobes in the polar plot of Fig. 2(c) is
twice of the ratio of the qubit frequency f01 to the SFQ
drive frequency fSFQ. In this paper, fSFQ = f01/4, so we see
4 × 2 = 8 lobes in the plot. Four of these lobes are easy
to understand: in the laboratory frame, the qubit state vec-
tor winds four times around the Bloch sphere in between
SFQ pulses, so it samples each azimuthal angle 4 times
per SFQ clock cycle. In addition, with the pulse sequence
used here, it is impossible to distinguish positive and neg-
ative SFQ rotations RSFQ, as the final X /2 gate maps the
qubit state vector to locations on the Bloch sphere with the
same polar angle (and with azimuthal angle differing by
π ). Thus, instead of four lobes, we find eight lobes.

TABLE I. The parameters of the devices used in the exper-
iments. The resonator and qubit frequencies are measured by
spectroscopy. The qubit baseline coherence times T1 and T2,white
are extracted from microwave-based inversion-recovery and
echo sequences. T1,qp is extracted from nonlinear fits to the inver-
sion recovery signals shown in Fig. 5. The SFQ operation param-
eters, including the trigger frequency, trigger power, trigger dc
offset, and current bias, are chosen to maximize the SFQ-based
qubit gate fidelity. The SFQ-qubit coupling capacitance is calcu-
lated following [23] from the measured Rabi frequency shown in
Fig. 10(a).

Description Symbol Value

Readout-resonator frequency fRO 6.786 GHz
Qubit maximum operating frequency f01 4.906 GHz
Qubit energy relaxation time T1 26 µs
Qubit phase relaxation time T2,white 20 µs
Qubit energy relaxation time per QP T1,qp 6.8 µs
SFQ trigger frequency ωSFQ/2π 1.226 GHz
SFQ trigger power −45 dBm
SFQ trigger dc offset 90 µA
SFQ current bias Ib 80 µA
SFQ-qubit coupling capacitance CSFQ 180 aF
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TABLE II. A list of the 24 composite single-qubit Clifford
gates used in this work and their lengths in units of the π/2 gate
length.

Gate length Gate sequences
(π/2 gates)

0 I
1 ±X /2

±Y/2
2 X

Y
X /2, ±Y/2

−X /2, ±Y/2
Y/2, ±X /2

−Y/2, ±X /2
3 X , ±Y/2

Y, ±X /2
−X /2, ±Y/2, X /2
±X /2, Y/2, ±X /2

4 X , Y

APPENDIX F: SINGLE-QUBIT CLIFFORD GATES

The 24 composite single-qubit Clifford gates are listed
in Table II.

APPENDIX G: CHARACTERIZATION OF
SFQ-BASED GATES WITH DRIVE AT f01/2

We also use IRB to characterize SFQ-based control at
the first subharmonic f01/2 of the qubit fundamental fre-
quency; the results are shown in Fig. 11. The average error
per Clifford gate is 1.8(2)%, which is slightly higher than
the result obtained at a drive frequency f01/4. It is likely
that the degraded fidelity at the higher drive frequency is
due to the higher rate of photon-assisted QP generation
associated with the shorter interpulse spacing.

FIG. 11. The IRB of resonant SFQ-based gates implemented
at drive frequency f01/2.

APPENDIX H: MEASUREMENT OF SHORT-TIME
RESPONSE OF THE QUBIT TO QUASIPARTICLE

INJECTION

The 50-ns injection pulse and the fast 96-ns qubit read-
out are used to probe the short-time response of the qubit
to quasiparticle injection by off-resonant SFQ pulses, as
described in Fig. 6. The reduction in measurement inte-
gration time leads, of course, to reduced fidelity for the
measurement; however, it is straightforward to compen-
sate by increasing the number of averages. For each point
in Fig. 6, we use a two-component Gaussian fit to the
results of 5000 single-shot heterodyne measurements to
extract the occupation of the qubit |1〉 state. We then repeat
this experiment 300 (150) times for Q1 (Q2) and average
the results of those trials to obtain the data presented in
this paper. This short measurement interval is used only
to acquire this data set, for which high timing resolution
is required. For all other data presented in this paper, the
measurement integration time is in the range 1–2 µs.

APPENDIX I: FREQUENCY-DOMAIN ANALYSIS
OF SFQ PULSES

We consider an SFQ pulse with a Gaussian envelope in
the time domain:

VSFQ(t) = �0√
2πσ

e
−t2

2σ2 , (I1)

where �0 is the magnetic flux quantum and σ is the stan-
dard deviation of the pulse in time. The Fourier transform

FIG. 12. The Fourier transform of the Gaussian SFQ pulses
with varying standard deviation σ in the range 0.5–5 ps. In the
Fourier-domain representation of the pulse, the standard devia-
tion is σf = (2πσ)−1. Narrower SFQ pulses in the time domain
involve more spectral weight above the Al energy gap 2	Al/h ∼
100 GHz, where there is the possibility of photon-assisted QP
generation.
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of the SFQ pulse is given by

˜VSFQ(f ) = �0e
− f 2

2σ2
f , (I2)

where σf = (2πσ)−1 is the standard deviation of the
pulse in the frequency domain. For typical Nb-based SFQ
devices [16], σ is of the order of 1 ps. In Fig. 12, we plot
˜VSFQ(f ) for Gaussian SFQ pulses with four values of σ .
For shorter pulses, the SFQ transient involves significant
spectral weight at frequencies above the Al energy gap
(approximately 100 GHz). Pair-breaking photons emitted
by the transient can couple resonantly to the qubit struc-
ture via the spurious millimeter-wave antenna modes of the
device. To suppress this form of QP poisoning, it is possi-
ble to intentionally broaden the SFQ pulses by increasing
the damping of the SFQ driver. As the qubit oscillation
period is 2 orders of magnitude larger than the SFQ-pulse
width, broadening the SFQ pulse to, say, σ = 5 ps will
have a negligible effect on the coherent qubit rotation
induced by the SFQ pulse.
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