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The superconducting fluxonium qubit has a great potential for high-fidelity quantum gates with its
long coherence times and strong anharmonicity at the half-flux-quantum sweet spot. However, current
implementations of two-qubit gates compromise fluxonium’s coherence properties by requiring either a
temporary population of the noncomputational states or tuning the magnetic flux off the sweet spot. Here
we realize a fast all-microwave cross-resonance gate between two capacitively coupled fluxoniums with
the qubit dynamics well confined to the computational space. We demonstrate a direct controlled NOT
(CNOT) gate in 70 ns with fidelity up to F = 0.9949(6) despite the limitations of a suboptimal measure-
ment setup and device coherence. Our results project a possible pathway towards reducing the two-qubit
error rate near to or below 10~ with present-day technologies.
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I. INTRODUCTION

The development of superconducting circuits into a
leading platform for scaling up quantum computation [1,2]
over the past decade has been riding almost exclusively on
the optimization of transmons [3]. The transmon has been
entrenched as the go-to qubit, as it is easy to build with
only one or two Josephson junctions, simple to model in
the oscillator basis using perturbation theory, and robust to
operate with minimal spurious degrees of freedom. How-
ever, it sacrifices anharmonicity, a fundamental quantum
resource, for suppression of charge noise, and features
a rather restricted parameter space. Recently, the fluxo-
nium qubit [4] has emerged as a serious challenger to the
monopoly of the transmon as the building block of a super-
conducting quantum processor [5,6], becoming the second
type of superconducting qubit crossing the 99% fidelity
threshold for two-qubit gates [5,7-9].

Moving forward, fluxonium qubits have the potential to
outperform transmons in gate fidelity due to their inher-
ent advantages of having both longer coherence times and
higher anharmonicity. In particular, the lowest two energy
levels of the fluxonium at the half-flux quantum, to be
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used as the computational states |0) and |1), enjoy sub-
stantial protection from dielectric loss due to their low
transition frequencies [10] (typically 100 MHz to 1 GHz
or lower [11] compared to typical transmons at 4-6 GHz),
recently reaching a record 1 ms in coherence time [12].
Despite the low qubit frequency, the noncomputational
transitions to higher excited states are in the range of sev-
eral gigahertz, and this strong anharmonicity provides a
large bandwidth and on-demand interactions to enable fast
gate operations [13].

However, existing implementations of fluxonium two-
qubit gates do not yet fully utilize these core advantages.
Controlled Z (CZ) and controlled phase (CPHASE) gate
schemes from Refs. [7,8] temporarily populate the higher
excited states during the gate operation, and therefore
are fundamentally limited by the faster decoherence rates
of the plasmon transitions (which are in principle com-
parable to transmons). The flux-controlled iSWAP gates
from Refs. [5,9] temporarily bring the fluxonium away
from the half-flux “sweet spot” and are therefore suscep-
tible to first-order flux noise in the same way as similar
schemes for transmons. To fulfill fluxonium’s full poten-
tial, several proposals have been put forward to carry out
two-qubit gates within the high-coherence computational
subspace at fixed frequencies [6,14,15], among which the
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cross-resonance (CR) controlled NOT (CNOT) gate [15] best
leverages the fluxonium anharmonicity.

In the CR scheme, a control qubit is strongly driven at
the resonance frequency of a (coupled) target qubit, lead-
ing to a CNOT operation or its equivalent. The CR gate
has gained substantial popularity in transmon-based sys-
tems due to its all-microwave implementation and simplis-
tic experimental requirements [16—22]. After a decade of
experimental optimization and theoretical modeling [23—
27], the two-transmon CR gate has reached state-of-the-art
fidelity of up to 99.8% [28]. Despite this success, trans-
mons are arguably poorly suited for the CR gate: in a
nutshell, the CR interaction arises when the control qubit
acts as a switchable microwave filter which regulates the
amplitude and phase of the effective drive field arriving at
the target qubit. The anharmonicity of the qubit is the cru-
cial resource that dictates how strongly and how broadband
this filtering effect depends on the control qubit state [23].
With limited anharmonicity, the optimized transmon CR
gate has to navigate a fabrication-demanding straddling
regime of qubit frequencies, and even then the gate speed is
typically well over 100 ns [17,18], limited by leakage error
under strong drives in a crowded spectrum. A scheme that
relaxes this constraint to some degree is demonstrated in
Ref. [29] where a cross-resonance gate is realized between
a transmon and a C-shunt flux qubit, which offers an
improved frequency window for efficient CR interaction.

In this work, we show that the fluxonium qubits are
ideally suited for cross-resonance interactions by function-
ing as broadband quantum switches with high on:off ratio
for external control fields. Following the proposal of the
selective-darkening CR scheme [15], we demonstrate a
direct CNOT operation between capacitively coupled flux-
onium qubits with gate fidelity above 99.4% from inter-
leaved randomized benchmarking (F = 99.49(6)% aver-
aged over 7 h, 99.42(6)% averaged over four separate trials
spanning two months). The CNOT gate is implemented in a
ZZ-canceled two-qubit device with a gate time of 70 ns
and minimal pulse shaping. The current gate performance
is limited by a severe microwave reflection problem of our
drive lines (mitigated by a cancelation technique to be dis-
cussed in Appendix A) and lower-than-expected coherence
times in our setup, which can be substantially improved in
the near future.

I1. FLUXONIUM AS A QUANTUM SWITCH

The working principle of the fluxonium CR gate can be
conceptually illustrated in the bare single-qubit level dia-
gram in Figs. 1(a) and 1(b). We consider two capacitively
coupled fluxonium qubits, where the low-frequency con-
trol qubit 4 is driven at the moderately higher frequency
(wp/2m ~ 1 GHz in our experiment) of the target qubit B.
The Hamiltonian is

I:[=]:]A +IA‘]B + Jenynpg +ﬁ]cr+ﬁdra (1

where the individual bare fluxonium Hamiltonian (o =
4,B),

Hy = AEcoii% + YE14@% — Ejg cos(@e — ¢5),  (2)

is written in terms of the dimensionless flux (¢,) and
charge (7,) operators and the charging (Ec,), inductive
(ELg), and Josephson (£ ) energies. The capacitive inter-
action between the two fluxoniums is described by the cou-
pling energy Jc. The last two terms in Eq. (1) describe the
aforementioned cross-resonant drive, ﬁcr = g474 COS wpt,
and a small additional drive applied directly to qubit B,
If]dr = 83?[3 COS wpt.

The highly anharmonic control qubit 4 functions like a
microwave switch due to its very state-dependent response
to the off-resonance CR drive. When the control is in |0) 4,
qubit B receives an effective drive field mediated by the
virtually excited |0)4-|1)4 transition [Fig. 1(a)], with a
resonant Rabi rate

Je (Olil1)*

Qo ~ &4
h wp — Wy

} (0lag1), 3)

where the part in square brackets can be understood as a
“transmission factor” of the CR drive, while the matrix ele-
ment (0|ng|1) factors in the response function of B to any
electric drive field it receives. The transmission factor flips
sign when qubit 4 is excited to [1),, giving the original
cross-resonance ZX Hamiltonian for the ideal spin-1/2 sys-
tem [16]. This ZX effect is suppressed by the small charge
matrix element of the low-frequency fluxonium transitions.

However, the |1), state also opens a stronger pathway
of transmission via the virtual noncomputational |1) 4-|2) 4
transition [Fig. 1(b)]. Even though this transition is sev-
eral gigahertz detuned, w4 12 > wy, wg, its presence is felt
strongly since the process doubly benefits from its much
larger matrix element (1|7n4]2), giving

-~ 2
Q) ~ gy <—i%> [(OInAll) +

wp — Wy

(1174]2)>

Wy,12 — WB

] (0l7p(1).
“4)

This extra term describes an enhanced CR effect beyond
the spin-1/2 system, which is known to provide up to a
factor of 2 boost for the transmon CR rate in the straddling
regime but requires precise frequency placements and may
easily cause leakage error [23].

The situation for fluxonium is fundamentally differ-
ent. This additional transmission factor contains no small
parameters related to either qubit frequencies and hence
can be the dominant enabler of fast gates for low-frequency
qubits. It leads to a conditional rotation of qubit B, and, by
applying a small compensation drive directly on B (Hyg)
to fully cancel out its dynamics in the off state (known
as selective darkening [30]), a direct CNOT gate can be
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(a),(b) The mechanism of the fluxonium cross-resonance effect, illustrated in the relevant bare energy-level diagram of two

fluxonium qubits. A large CR drive and a small direct drive at wp are applied simultaneously to the two qubits. (a) The off state of the
fluxonium switch. When 4 is in |0), the relatively weak |0)-|1)-mediated transmission of the CR drive (blue) is canceled by the direct
drive. (b) The on state of the fluxonium switch. When 4 is in | 1), the stronger |1)-|2)-mediated transmission of the CR drive (magenta)
is activated. The |0)-|1)-mediated drive also flips its sign (red) and adds constructively to the total CR effect. Note that the |0)-|2)
transition is forbidden at half-flux. (c) Photo of half of the cavity with two input ports, where the sapphire chip with two fluxonium
qubits is located in the middle. (d) Photo of the two fluxonium qubits, each made of an extended dipole antenna (capacitor), a junction
chain superinductor (see the zoomed-in dark-field image), and a small Josephson junction (at the position marked by the blue cross).
The dipole of qubit A4 is extended towards input port 1 and hence more strongly coupled to it, and vice versa for qubit B.

realized. In this discussion, we have omitted the (non-
negligible) |0)-|3) contribution and non-RWA(rotating
wave approximation)-like hybridizations; a more rigorous
calculation has been carried out in Ref. [15]. Crucially, in
contrast to previous microwave-based two-qubit gates that
necessarily populate the noncomputational states [7,8],
here the occupation probability of the |2) 4 state is minimal
since it scales inverse quadratically with the multigigahertz
drive detuning (while €2; scales inverse linearly).

I11. DEVICE SETUP AND EXPERIMENTAL
METHODS

While the local drives required in the CR scheme
may fit more naturally with planar architectures, here we
use a convenient three-dimensional (3D) circuit quan-
tum electrodynamics (CQED) design [31] to carry out a
proof-of-principle demonstration. Two capacitively cou-
pled fluxoniums are fabricated on a sapphire substrate and
enclosed in a copper cavity, and the Hamiltonian param-
eters extracted from the two-tone spectroscopy are listed
in Table 1. Compared to a similar device in Ref. [7], our
cavity has two drive ports placed on the opposite sides of
the sapphire chip. Each port has stronger coupling to one
of the qubits due to the asymmetric layout of the fluxoni-
ums on the chip, which gives us spatial selectivity to apply
drives to the two-fluxonium circuit [Figs. 1(c) and 1(d)].

A large external superconducting coil is used to apply a
static global magnetic field to the circuit. We carry out our
experiment at a fixed bias field giving ¢$*'/27 = 0.5006
and ¢5'/27 = 0.4990, when both qubits are within 0.7
MHz from their exact half-flux sweet spots. The coherence
times for both fluxoniums at this operating point are noted
in Table I, which are primarily not limited by flux noise

(i.e., insensitive to the exact choice of external flux in the
vicinity of this operating point). We attribute the subpar T
times to a combination of higher dielectric loss and insuf-
ficient IR shielding compared to the current state of the
art [12]. Both low-frequency noise and cavity photon shot
noise contribute to the low 75 times.

A. ZZ cancelation, initialization, and readout

The relatively strong capacitive coupling between the
two fluxoniums results in a static ZZ interaction £2,/2m =
0.9 MHz. While £2, does not limit the fidelity of the direct
CNOT gate thanks to its selective-darkening construction
[15], it affects other gates and poses crosstalk challenges
in scaling up multiqubit systems. Throughout our experi-
ment, we apply an off-resonant continuous microwave tone
(at 3.850 GHz, 54 MHz detuned from the |11)-|21) transi-
tion) at all times to cancel the ZZ interaction by differential
ac Stark shift (giving residual &7 /27 < 20 kHz) [8]. This
ZZ cancelation pump results in an estimate of a total of
2% 3% hybridization between computational states and
higher levels, and the impact on qubit coherence is experi-
mentally very minimal. Future studies may further employ
multipath or tunable couplers to suppress &7z [6,32] if
needed. For the rest of the paper, we will work exclu-
sively with the dressed eigenstates under the pump tone,
which are labeled |00), |01), |10), and |11), and form the
computational basis of the two-qubit system.

We initialize our qubits in the |00) state with an esti-
mated fidelity of about 94% using a cavity-sideband cool-
ing procedure. This protocol effectively dumps the entropy
of the low-frequency qubits to the cold bath of the high-
frequency cavity over a duration of 15 ps. Because of
the lack of a quantum-limited parametric amplifier in
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TABLEI. Device parameters. The qubit frequencies and the (range of daily-averaged) coherence times are measured at the operating
flux point of the experiment. The frequency pairs for 1-2 transitions correspond to the cases with the other qubit being in ground
(left) and excited (right) state. The circuit Hamiltonian parameters and transition matrix elements are extracted from fitting the qubit
spectroscopy data.

Qubit  E /h Ec/h Ej/h wu/2n  wu12/2m Je/h o [Olaa|D)] [(1]7]2)] Ty T3 Tox
(@) (GHz) (GHz) (GHz) (GHz)  (GHz)  (GHz) (s) (1s) (ks)
A 078  1.I8 403 0.5552 3.719/3.796 0.8 0.13 0.55  52.0-60.0 14.0-15.5 22.0-24.0
B 142 113 434 1.0045 3.691/3.610 0.20 059  17.0-33.0 5570 13.0-16.5

our experiment, the joint two-qubit state is measured by
analyzing the averaged readout transmission signal with
different combinations of qubit prerotations preceding the
measurement [33]. See Appendices C and D for more
details of state initialization and readout.

B. Characterization of cross-resonance dynamics

To realize controlled operation of qubit B, we apply
microwave drives at wp simultaneously to both physi-
cal input ports. The two drives are produced by separate
in-phase and quadrature modulation of the same local
oscillator source. Therefore, they are phase-locked from
each other but have independently controllable complex
amplitudes C and C'. The CR drive amplitude &4 and direct
drive amplitude ep locally incident on the two qubits are
linearly related to C and C’' by a complex-valued 2 x 2
“classical crosstalk” matrix, which we do not need to
explicitly characterize. We simply find a complex ratio n =
C'/C experimentally to darken the |00)-|01) transition, so

that the combined effect of A, and Hy, gives a rotating-
frame effective drive Hamiltonian in a block-diagonal form
(written in the form of 4 ® B),

.Q Ay
Hdr=5|1)(ll®0x+70"z®l (5)

where the first term denotes a conditional X rotation of
the target qubit (equivalent to (2/4)(I — 0,) ® o) and the
second term represents an ac Stark shift A; on the control
qubit.

To calibrate the complex drive ratio 1, we initialize 4
in |0) and null the Rabi oscillation of B by sweeping the
relative amplitude and phase of the drives. After fixing
n, we still retain the freedom of choosing C, or the over-
all amplitude scale and common phase of the two drives,
which endows full control of the |10)-|11) subspace. When
A 1is initialized in |1), B displays the prototypical Rabi
dynamics, as shown in Fig. 2(b) over a range of drive
detunings for a given drive power. We can further recon-
struct the Bloch-sphere trajectory of qubit B under the

(@) (e) )
| 1y, -~
Input1 ——— = t, Ao
Cooling tone XA
Input 2 - < 7
Combined CX drive Iy} %) ly)
(b) 0 Qubit B state
10 >
- o f) m
T s L = 1 /)
= 3 i o "
s 2 0. o f I
< = =1 h
o 0 g 2 ;
£ < «Q !
c 0. =
=1 2 5
3-5 kS 3
< — Control in |0)
) 0 — Controlin |1)

o
o

100 200 300 400 500//5500 5600 5700 5800 5900 6000
CRdrive length (ns)

400 0 200 400 600 800 1000 0

CR drive length (ns)

200 400 600 800 1000 0

FIG. 2. (a) Pulse sequence for measuring the controlled driven dynamics of qubit B. Here the first X2 pulse is applied (skipped)
to set the control = on (off ) state, and the second X2 pulse is applied (skipped) to reset 4 to |0) for consistent readout contrast. (b)
Rabi oscillation of B at the on state as a function of time and drive detuning under the optimized complex drive ratio n for the CR
gate. (¢),(d) Dynamics of B at the off state when 7 deviates in (c) amplitude and (d) phase from the perfect darkening condition. The
ratio 7 is in arbitrary units, as it includes the difference in attenuation and electrical delay of the two drive lines. (e),(f) Conditional
Rabi oscillation of B under resonant CR drive, comparing its dynamics at the on (red) and off' (blue) states. Panel (e) shows the
tomographically reconstructed Bloch sphere trajectory of qubit B over the first oscillation period of panel (f). The loss of oscillation
contrast over long time is consistent with qubit coherence times. All data are taken with a combined drive amplitude that gives an
estimated effective CR drive strength €4(0|nz|1) of 90 MHz.
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CR drive by performing single-qubit state tomography at
different times for the control qubit in |0) and |1), respec-
tively [Fig. 2(e)], which demonstrates that the desired
Hamiltonian equation (5) has been realized. We can also
vary the conditional Rabi rate 2 as a function of time
using a drive envelope C(¢), and any envelope that gives
an integrated rotation angle [ Q(f)dt = 7 would yield a
CNOT-equivalent controlled X,; rotation.

C. Single-qubit control and pulse correction

We use a similar calibration procedure to obtain uncon-
ditional single-qubit rotations. Since microwaves applied
to either input ports contribute to both fldr and ﬁcr, but at
different ratios, to realize clean single-qubit rotation of B
independent of 4, we apply microwave drives at wp to both
ports simultaneously with a complex drive ratio " to null
the o, ® o, term of the drive Hamiltonian (see Appendix
E). Because the CR effect from the higher-frequency B to
the lower-frequency A is weaker for our device parame-
ters, in practice we did not find it necessary to pursue the
compensated drive scheme for 4 and simply used port 1 to
drive it.

Fast high-fidelity gates in general require impedance-
matched transmission lines free of standing waves. As
gate fidelity improves, impedance mismatch can start to
cause appreciable harm, the characterization and mitiga-
tion of which may require careful studies. Accidentally,
we had to carry out the experiment under a challenging
condition with extreme reflection problems in our drive
lines. Each control pulse bounces off the cavity multi-
ple times, among which the most pronounced secondary
impact arrives about 20 ns later than the original pulse
and carries ~ 35% of the original amplitude. We devel-
oped an ad hoc procedure to calibrate the timing and
complex amplitude of the reflected pulses, which extends
the method in Ref. [34] to both / and Q quadratures (see
Appendix A). By programming waveform predistortion
to all control pulses to cancel the reflections throughout
our experiment, we improved single-qubit gates from a
completely meaningless mess to average fidelity of F 2>
99.8% for 4 and F 2 99.7% for B, as measured by simul-
taneous randomized benchmarking (see Appendix E). For
both qubits, each single-qubit gate uses a 16 ns pulse with a
Gaussian envelope (o = 4 ns). The fidelity remains lower
than the qubit coherence limit, which we attribute to the
imperfect waveform correction.

IV. PERFORMANCE OF THE
CROSS-RESONANCE GATE

A. Gate tune-up and calibration

Under the CR drive Hamiltonian [Eq. (5)], the dynam-
ics in Fig. 2(e) provides a coarsely tuned controlled X,
rotation (CX,) after a half Rabi period. To bring up a

high-fidelity two-qubit gate, we fine-tune the CR drive
parameters and account for extra single-qubit phases (6,4
and 6g) with rotating frame updates (known as virtual Z
rotations [35]) to realize the CX,, gate:

10 0 0
0 % 0 0
0 0 0 —iea]| T
0 0 —id® 0
10 0 0
01 0 0
=lo 0o o —il° (6)
0 0 —i 0

where the top-left and bottom-right blocks correspond to
the |0),4 and |1)4 subspaces, respectively. The CX,; gate is
connected to the textbook CNOT gate by an S gate on A4,
which can be trivially absorbed in 6,4 at no additional cost.
We targeted CX,; instead of CNOT in our calibration and
verification routine to emphasize the underlying continu-
ous dynamics of the gate (which is a conditional rotation).
For all purposes, our result can be viewed as applicable for
a CNOT gate.

Our CX,; gate uses a rounded square pulse envelope typ-
ically with 6 ns half Gaussian (o = 3 ns) rising and falling
edges. At a fixed gate time, we iterate through dedicated
subroutines sensitive to specific control errors to calibrate
against seven parameters: the relative amplitude and phase
(complex 1) of the CR drive to ensure selective darken-
ing of the |00)-|01) transition; the common amplitude and
phase (complex C) and the detuning of the CR drive to
ensure a precise X, rotation in the [10)-|11) subspace; the
relatively large single-qubit phase 64 due to the ac Stark
shift [0z ® I term in Eq. (5)]; and a small phase 85 possibly
due to a spurious I ® o Hamiltonian from a higher-order
CR effect [15]. These seven parameters cover all possible
control errors of CX, within its block-diagonal structure.
We further monitor possible spurious rotations of 4 (i.e.,
leakage drive on 4) to ensure the process is block-diagonal.
See Appendix F for details of the calibration procedure. A
similar routine has been described in a recent report of the
CR gate in transmons [28].

B. Gate characterization

We use QPT and IRB to characterize the performance
of the CR gate. Figure 3 shows the result for our cali-
brated CR gate at an optimal gate length of 7, = 70 ns.
Our process tomography follows the procedure outlined in
Ref. [36]. The reconstructed process matrix is in excellent
agreement with the ideal CX, gate, with no outstanding
spurious nonzero elements, qualitatively confirming the
performance of the gate. The extracted process fidelity is
99.1%, although the QPT fidelity is known to be sensitive
to the underlying model of rescaling state preparation and
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e Two-qubit RB (reference)
Avg 2Q clifford fidelity = 97.85(4)%

o Interleaved RB with CX; (t, =70 ns)
CX, fidelity = 99.49(6)%

@ Interleaved RB with I (idle time = 70 ns)
0.71 Idle fidelity = 99.63(6)%

|
-

X1 = 0 20 40 60 80 100
Number of Two-Qubit clifford gates

FIG. 3. (a) The reconstructed process matrix of our CR gate
calibrated for a total gate length of 70 ns (including two 6-ns
Gaussian ramp edges) by quantum process tomography (QPT).
(b) The ideal process matrix of CX,; for comparison. (c) Inter-
leaved randomized benchmarking (IRB) of the CR gate. The plot
is averaged over 60 randomly generated Clifford sequences per
data point over a continuous run of 7 h. The reference error per
two-qubit Clifford (2.15%) is consistent with the average number
of physical single-qubit gates (6.5) and two-qubit gates (1.5) per
Clifford and their fidelity. IRB of a 70-ns idling gate provides an
estimate of the decoherence error.

measurement (SPAM) infidelity. The IRB provides a more
SPAM-agnostic validation of the CR gate fidelity. Follow-
ing the IRB procedure [20,37], we compare the sequence
fidelity versus sequence length for random two-qubit Clif-
ford gates (reference) and those interleaved with additional
CX, gates, giving the CX,; gate fidelity F = 99.49(6)%
[Fig. 3(c)]. See Appendix F for more details.

C. Gate speed and pulse shape

We calibrated and benchmarked the CX,; gate at differ-
ent gate times in the 50—100 ns range, and the IRB fidelity
is shown in Fig. 4(a). We achieved CR gate fidelity above
99% over a broad range of gate times, and the fastest well-
performing gate takes only 54 ns (F ~ 99.3%). This is a
notable speedup from the transmon CR gates, which have
been typically in the range of 150 ns or longer [17,18,22]
and only very recently reaching a record of 90 ns [28]. We
also benchmarked the fidelity of idling gates with different
(idling) time using IRB, which has been used as a sensi-
tive noise spectrometer to probe qubit decoherence on the
same time scale as fast gate operations [38]. However, we
observed unusual nonmonotonic behavior in idling fidelity
which cannot be explained by any Markovian noise mod-
els. While part of the fluctuations may be attributed to qubit
coherence time fluctuations over the two months of data
acquisition, we believe this observation is a clear evidence
that the residual pulse reflection problem remains a major
contributing factor in our gate error and is responsible for

a) 0.018
( ) W CXerror (ramp time = 6 ns)
0.016 T A CXerror (ramp time = 2 ns)
. 0.014 % f D Error per Identity (idle time)
0N
&£ 0.012 E
g ’
< 0.010
S t 3 ; ;
5 0.008 P
g s
= 0.006 % -1 E
o P-0-% &
o 0.004 %
0.002 & "o
0.000 1— - - - . .
50 60 70 80 90 100
Gate time (ns)
b) 0.010 . . :
( ) = coherent error
| coherent + analytic for decoherence
. 0.008} { with decoherence, T} 2 =T} "2 =1 s |
Uls A with decoherence, T} =T} =0
£ 0.006 iy 8 04
<) Q&
% g &8
S 0.004 [k 9 & R ]
5 900988
& A
A- A
0.002 -
0.000 .
40 60 80 100

Gate time (ns)

FIG. 4. (a) The two-qubit CX,, gate error extracted from IRB
versus gate time for rounded square pulses with ramp times of
6 ns (blue) and 2 ns (red). Also plotted for comparison is idling
error from IRB (grey). (b) Numerical simulation results of coher-
ent error per gate (solid blue curve), total error per gate including
decoherence of computational states (red triangles), and total
error per gate further including decoherence of the noncomputa-
tional |2) states (green diamonds). The decoherence rates of the
|2) states are exaggerated (77 = 7, = 1 us) to demonstrate that
their effect is very minimal. The decoherence rates of the com-
putational states in the simulation use 77 and 7> values in Table
I, whose contribution to gate error is in good agreement with the
analytical estimate of 7, /T (orange dashed line). The simula-
tion follows the numerical procedure in Ref. [15] and is based
on the fluxonium parameters from the experiment and considers
rounded square pulses with ramp time of 6 ns.

the unexpected peaks and valleys of the CR gate fidelity
with respect to gate time.

The optimal choice of the gate time in principle is
determined by the tradeoff between the coherent con-
trol error at the short-time limit and the incoherent error
at the long-time limit. Numerical simulation of the CR
gate performance [15] using our device parameters illus-
trates this tradeoff clearly [Fig. 4(b)]: the unitary error
decreases fast with increasing gate time #,, while the inco-
herent error increases linearly in time as #;/7ey, Where
Tol = (T7 )+ Ty + 2T, + 275, 5)/5 [23]. The simu-
lation suggests further room to speed up the gate to the
40 ns range for optimal performance in a system free of
reflection problems.
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Another major advantage of highly anharmonic qubits
like the fluxonium is the relaxed requirements on pulse
shaping. The transmons CR gates often require careful
pulse shaping and slow ramp times (at least 15 ns [18,28])
to avoid driving unwanted transitions. The only constraint
in pulse shapes in our fluxonium CR gate is to avoid
off-resonant excitation of the qubit 4 (hence limited by
qubit-qubit detuning), and once again the small matrix ele-
ment of the low-frequency qubit 4 works in our favor.
We further tested reducing the pulse ramp from 6 ns to
2 ns, which is faster than the bandwidth of our arbitrary
waveform generator (AWG; 350 MHz, with 1 ns digital
resolution), and observed no apparent impact in CR gate
fidelity (Fig. 4(a)).

V. OUTLOOK

Compared to flux-controlled two-qubit gates, the all-
microwave cross-resonance gate has been historically con-
sidered a gate that sacrifices speed for simplicity and noise
protection. This fundamental tradeoff remains front and
center in today’s competition to scale with transmon-based
architectures. Armed with large anharmonicity and favor-
able selection rules (i.e., hierarchy of matrix elements), the
fluxonium qubits have opened a new dimension for engi-
neering the CR effect and are poised to make the best of
both worlds. Among the first generation of two-fluxonium
gates that have emerged recently, our CR gate is on par in
speed with the flux-controlled gates [5,9] without the need
of extra coupler elements or fast flux biasing.

The fluxonium CR gate is expected to well preserve
the coherence properties of the computational subspace at
half-flux. Although the lingering pulse reflection problem
prevented us from calibrating control errors much below
the reported gate infidelity, our best gate at 70 ns per-
forms very close to the free-evolution coherence limit [see
Fig. 4(b)], showing no hidden obstacles (such as drive-
induced instability or decoherence) at least at the level of
1073. One can be optimistic of rapid fidelity improvement
from the current level by unlocking the expected intrinsic
fluxonium coherence via better IR shielding and thermal-
ization [10,12]. Assuming the modest capacitive quality
factor Q = 6 x 10° as in Ref. [12] and that T»z ~ T, the
two qubits at their current working frequency would have
coherence times of 400 and 200 s, respectively, project-
ing a coherence-limited gate error rate of 2 x 10~* at 50
ns gate time. We note that modern transmons, with better
materials and fabrication processes [39,40], have achieved
0 factors 10 times better than this assumption, suggest-
ing substantial room for further improvement in dielectric
quality that would reduce the coherence-limited gate error
below 10~*. While it remains an open question whether the
fluxonium development can follow the same path to close
the gap in capacitive Q factor, at least one device in ear-
lier literature hinted at Q ~ 3 x 10° [41]. In addition, the

Hamiltonian parameters of our fluxonium qubits are by no
means optimal, and there is a large design space to explore
optimization strategies.

The selective-darkening CR effect of fluxonium qubits
can be more generally viewed as a quantum switch for
a broad bandwidth of external control fields. This allows
the fluxonium to function as the control qubit for multi-
ple neighbors across a large frequency span when the CR
scheme is implemented in multiqubit arrays. Transmon-
based architectures with all-microwave control face a
severe challenge in frequency crowding that not only
demands unprecedented precision in fabrication [42] but
also constrains the degree of lattice connectivity (which
is a key motivation behind the development of the heavy-
hexagonal code [43]). CR gates using fluxonium provide a
potential route to combine the simplicity of all-microwave
control with favorable connectivity for scalable archi-
tectures. For example, recent works [6,44] investigated
surface-code lattices based on the fluxonium CR gate,
which showed the substantial design freedom afforded by
this gate scheme.

As a broadband quantum switch, the fluxonium CR
effect provides the means not just for a single and discrete
two-qubit gate (CNOT), but also for a broader class of con-
trolled unitary operations. For example, by modifying the
phase and detuning of the CR drive, one can efficiently
implement controlled rotations of the target qubit around
arbitrary axes. Such controlled operations may be further
extended to manipulating multimode bosonic or multi-
qubit systems. Since controlled unitarity is one of the most
important building blocks for many quantum algorithms
and subroutines (e.g., phase estimation), native param-
eterized controlled unitary operations will likely bring
benefit to noisy intermediate-scale quantum (NISQ) era
applications.
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APPENDIX A: ACTIVE REFLECTION
CANCELATION VIA PULSE PREDISTORTION

Within our current fridge setup, an impedance mis-
match in the signal transmission chain severely impedes
the integrity of the microwave pulses at the two qubit
frequencies. Clean microwave pulses played into our
qubit input lines generate several reflections hitting the
qubit at a later time (on the order of tens of nanosec-
onds) with different amplitude (up to 35% of the original
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(a),(b) Rabi oscillation of qubit 4 as a function of drive time and amplitude under a single-port drive (a) without and (b) with

the predistortion. Problematic contrast loss is resolved and the correct oscillation frequency is recovered for (b). (¢),(d) Rabi oscillation
of qubit 4 as a function of drive time and drive detuning (the “chevron pattern”) for a single-port drive (c) without and (d) with the
predistortion, driven at an amplitude corresponding to the 7 pulse used throughout the experiment. The time axis does not include the
ramp time of the pulse, which is 6 ns for each edge. The reflection problem applies to both qubits and both drive lines: similar traces

are observed for all four combinations.

amplitude) and phase, leading to severe deviation from
the intended rotation. More critically, the pulse reflec-
tions overlap with subsequent pulses, resulting in unpre-
dictable behavior of gate sequences such as contrast loss in
power or time Rabi and strongly distorted chevron patterns
[see Figs. 5(a) and 5(c)]. We attribute the higher-than-
usual reflections to a noncryogenic directional coupler
placed at the mixing chamber with its coupled port con-
nected to the cavity through a few Eccosorb filters [see
Fig. 16(b)]. The unmatched nature of the cavity inputs
combined with the coupled port load deviating from the

ideal 50-$2 value at cryogenic temperature and the absence
of attenuation on the reflection path result in this critical
situation.

We mitigated this issue by applying a simple predis-
tortion model to the qubit pulses. Our model consists of
duplicating the ideal pulse into a train of delayed pulses
whose timing, amplitudes, and phases are chosen to over-
lap and cancel the mismatch-induced reflections at the
qubit port [Fig. 6(a)]. All corrections are applied in the
background and do not affect the effective qubit gate
times.
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FIG. 6. (a),(b) Illustration of the generated pulse envelope and resulting envelope at the qubit port (a) without any correction and (b)

with predistortion. The phases for reflections in (b) are not the same as in (a), as each correction implemented creates its own reflections
that change the phase of the ones following it. (c),(d) The pulse sequences for characterizing the (c) quadrature-phase and (d) in-phase
components of reflections. We sweep over the delay time Af for a given number of repetitions #. Here, 7 is a time long enough (80 ns)
for reflections from each set to not overlap with the next set or the readout. We start with n = 1 and proceed by increasing up ton = 7
for further amplification of the features. For the sequence in (d), the sign of the = pulse changes for each iteration. (¢) An example
trace from the sequence from (c) (n = 1) for characterizing the quadrature-phase reflection. Each jump that makes the qubit deviate
from its previous state can be attributed to an additional reflection. The delay times with which these reflections follow the original
pulse can be pinned down by summing the X,; pulse length with times #; pointed out with the red arrows shown. For both in-phase and
quadrature-phase reflection characterizations, we use X,; pulses as fast as 8 ns. (f) The set of envelopes that would need to be played
from AWG 7 and Q channels in order to have a clean X,; rotation for qubit 4.
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1. Reflection characterization

Pulse distortions due to impedance mismatch issues are
not unknown to the superconducting qubit community but
mainly arise in fast flux lines driving a low-impedance
inductor, and the suggested pulse predistortion schemes
mostly target the flux drive lines [45,46]. Our case of
microwave pulse reflection in our qubit drive lines is more
relatable to an earlier work [34] from which we make
use of a pulse sequence characterizing the Q-quadrature
reflection and extend it to our own model.

We start by defining a reflection with respect to the main
pulse by three parameters: its delay time, relative ampli-
tude, and relative phase. More conveniently in the qubit
context, the reflections in the /-0 plane are defined with
the relative in-phase and relative quadrature-phase com-
ponents. Equivalently, we can characterize these reflection
parameters independently with relative amplitudes for in-
phase and quadrature-phase components at their relevant
delay times.

The first step of the characterization is pinning down the
delays of these reflections. An intuitive way of extracting
them is by varying the delay between the following two
rotations: X, and X_,. This is a sequence that isolates
and accumulates the quadrature-phase component for the
reflections while cancelling the in-phase component [34].
For short delay times where the reflections for X, arrive
after the pulse X_, with no overlaps, all reflections due to
X should be canceled out by the reflections of X_: the
measurement should result in the ground state. As the delay
increases, reflections of X, start overlapping with the pulse
X_y. For sufficiently short pulses, the result is the steplike
evolution of the qubit state where we can clearly see the
effects of individual reflections [see Fig. 6(e)]. It is possi-
ble to identify each reflection from such a trace, as each
of the “jumps” can be attributed to an additional reflection
hitting the qubit. The points with the highest derivatives
on these traces can be pinned down to determine the delay
times for these reflections.

We then use the same experiment with our targeted
gate length and adjust the quadrature reflection component
associated with each delay until the qubit state remains in
ground for all delays, a sign of a good predistortion can-
celing the reflections at the qubit ports. The X, and X_,
pairs are repeated up to seven times, amplifying the devi-
ation from ground, in a single measurement to finely tune
the quadrature components [Fig. 6(c)].

The in-phase component is tuned in a similar measure-
ment consisting of varying delay between X, and Y,
rotations [Fig. 6(d)]. The pulse sequence for the in-phase
component characterization is sensitive to both in-phase
and quadrature components. It is beneficial to have a
reasonably well-tuned cancelation of the quadrature com-
ponent before moving on with the in-phase component. We
then need to proceed with an iterative modification of both

a0, doe® "

Qubit A state

Pulse sequence

FIG. 7. AlIXY experiment [47] for the qubit 4 without
(orange) and with (blue) the reflection cancelation scheme after
the same set of tune-up procedures. The AIIXY experiment con-
sists of three sets of sequences: the first set of points land in
the ground state, the second in the equator, and the third in the
excited state. Pulse errors will show up as deviations from this
configuration.

I and Q of each reflection, until both pulse sequences result
in the designated final states with no significant deviations.

Both qubits’ drives require this protocol to be imple-
mented, with the case of qubit B being more challenging
than qubit 4 for being a combination of two individual
drives. A sample envelope played from the AWG for an X,
for the qubit 4 can be seen from Fig. 6(f). Rather than a sin-
gle Gaussian on the / channel for a 7 rotation around the X
axis, a set of two envelopes modified for reflection cance-
lations are played on both / and O channels. We depend
on this predistortion scheme for having meaningful and
reliable operations in our system. An “AllXY” experiment
[47] as a visual indicator of the level of improvement can
be seen in Fig. 7.

APPENDIX B: CALIBRATION OF INITIAL STATE
POPULATION WITH AN ENTANGLING GATE

Without a single-shot readout, we take extra steps to
calibrate the initial ground-state population of the qubits,
i.e., to measure our state initialization fidelity. This may
be accomplished by making use of higher transitions.
Comparing the amplitudes of |1)-]2) oscillations with and
without population inversion [48] would provide the infor-
mation about the initial state populations. However, this
process involves extra complexity for a two-fluxonium
system whose |1)-|2) transitions have frequency and read-
out visibility strongly dependent on the state of the other
qubit. In order to conveniently measure and track our qubit
initialization fidelity over the long course of our experi-
ment without requiring extra control resources, we make
use of the entangling gate available to us, the CX,, gate,
to calibrate qubit populations. Intuitively, if the conditional
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Rabi drive generates the same contrast as the unconditional
Rabi drive, it proves that the control qubit is in a pure |1)
state. A quantitative procedure can be developed around
this principle to calibrate any deviation of the control qubit
from the pure state.

We stress that the lack of knowledge about the initial
state purity does not represent an impediment to bench-
marking the two-qubit gate. The fact that the two-qubit
gate fidelity is obtained via the decay rate of the random-
ized benchmarking (RB) measurements allows extraction
of the CX, gate fidelity as long as we can measure
the relative qubit populations renormalized to the ini-
tial states. Our joint readout scheme, to be elaborated in
Appendix D, provides such measurements to certify the
CX, gate fidelity regardless of the initialization fidelity.
Nevertheless, for definiteness we report actual qubit
populations as calibrated in this section throughout the
paper.

The initial state populations of qubit 4 (control) and
qubit B (target) are calculated with two complementary
sets of measurements, each yielding the population infor-
mation for one of the two qubits. The way to design such a
scheme would not be unique. As long as we have a number
of independent measurements sufficient to set up a system
of equations with robust solutions, any of them would be
applicable. We describe our procedure under three approx-
imations and in the end we will discuss the caveats of
these approximations. These assumptions can be stated as
follows: (1) the whole population lies within the compu-
tational space (poo + po1 + pio +pi1 = 1); (2) the initial
residual populations for the two qubits are independent
from each other; and (3) the CX gate is perfect.

1. Measurement protocol for individual qubit
populations

To measure qubit A’s population, we apply four
Ramsey-like measurements on qubit B (Fig. 8) to obtain a
set of four equations. In the presence of an entangling gate,
the conditional flips result in different oscillation ampli-
tudes for qubit B, depending on the residual population
of qubit 4. In the ideal case of no residual population for
qubits 4 and B, these four measurements yield oscillations
with the following contrasts in readout voltages:

(@) = Mo — Moo,
(b) = Moy — Moo,
(¢) = My — M,
(d) — My — M.

Here M;; is the demodulated complex readout voltage
for the pure |ij) state. For this ideal case, qubit 4 has
all the population in the ground state so the contrasts
(@) — (b) and (c¢) — (d) are the same. There will be no

(a) Readout
qubitA 10)
qubit 8 |0)@ Rm(ﬁ @
wait time t_
(b)
qubitA |0) L
qubit B |0>R”/2(ﬂy)' =
()
qubitA [0) X” 1 @
qubitB |0) X, Rm@
waittime t_
(d)
qubitA [0) * X,

[=]

Rn/2(¢7

FIG. 8. Pulse sequences for the set of measurements to deter-
mine the residual population of qubit 4. All four measurements
result in oscillations as we sweep the phase of the 77 /2 pulse for
qubit B.

qubit8 |0) X,

difference between the unconditional and conditional oscil-
lations since CX,; has no effect on qubit B (target) with
qubit 4 (control) being in ground.
Now we can take into account that qubit 4 has some

nonzero population e in its excited state:

(@) = (I — e)(Mo1 — Moo) + e(M11 — M),

(b) = (1 —e)(Mo1 — Moo) — e(My1 — M),

() = (1 —e)(Myy — M) + e(Mor — Moo),

(d) = (1 —e)(My1 — M) — e(Mor — Moo).

The voltages M;; can be eliminated by a correct manipula-
tion of these four equations, i.e.,

o ©-@ o
@+ ®) + (© — (@
@ — ()

= Bl
‘CO-Oro+@ B
to give the residual population for the control qubit.

Qubit B’s initial excited-state population € should also
be taken into account to complete this approach. How-
ever, it merely brings an overall (1 — 2¢) factor to all four
equations that gets canceled out during the elimination [see
(B1)].

The population € of qubit B can be measured in a com-
pletely analogous manner with these four sets of sequences
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if we have a CX, gate in the reverse direction, with
B as control and A4 as target. While this CXp_, 4 gate
is not native to our system, it can be constructed by
the native CX4_, 5 gate and single-qubit Hadamard gates.
Given that CX4_, 5 and CNOT4_, 3 only vary by an S gate
on qubit 4 (which is accounted for with a virtual Z in
the software), we apply the decomposition (CNOTz_, 4) =
H Hp(cNOT,4—, gp)H4Hp for reversing the direction of our
gate.

2. Initial state populations

Using the procedure above, we have measured the resid-
ual excited-state populations of both qubits after apply-
ing the reset protocol detailed in Appendix C. Over the
course of multiple weeks, we obtain the average resid-
ual population e of qubit 4 to be (1.0 = 0.3)%, and the
average residual population € of qubit B to be (5.0 &
1.3)%. If we assume the initial qubit states are uncorre-
lated, we can report the average initial state population
after the reset protocol to be P; = [Py, Po1, P10, P11] &
[0.94,0.05,0.01, 0.00]. It is worth considering our assump-
tions and possible caveats to this initial state population
measurement.

First, since the CX, gate is not perfect, the measure-
ment outcome of (b) and (d) (from Fig. 8) may be subject
to a relative error bounded by the infidelity of the CX gate,
1 — F. From Eq. (B1), recall that (a) ~ (b) and (¢) ~ (d)
(and (a) and (c¢) are similar in magnitude), and so the pos-
sible absolute error of the calculated populations e and € is
bounded by %(1 — F), or 0.005 for a 99% gate fidelity.

Second, it is possible that the initial qubit states are cor-
related after our sideband cooling mechanism. However,
the most correlated scenario of our initial state given the
data would be P; &~ [0.95,0.04,0.00,0.01], which corre-
sponds to a change comparable to the measurement noise
level. Essentially, when one of the qubit states is proven to
be sufficiently pure, it strongly limits the impact of possible
correlations.

Third, the initial states may have residual population in
noncomputational states, e.g., in |2). This population is
expected to be very small considering that we managed
to deplete the |1) state efficiently in our initialization and
that the |1)-]2) transition has high frequency and short
relaxation time. In addition, if qubit 4 is in |2), the Rabi
oscillation of B under CX drive would register a distinct
signature (i.e., oscillations of a different period) that is
entirely absent in the experiment (to sub-1% level). We
cannot place as stringent of a bound to the possibility of
qubit B starting in its |2) state, but this small population
would not affect the experiment in any way except for
the overall scale of readout voltages. For all purposes, we
may simply consider P as the population vector normalized
within the computation subspace.

APPENDIX C: STATE PREPARATION WITH
MULTIPHOTON COOLING

Our initial state preparation protocol aims for the reset
of qubit 4. Assuming a subsystem composed of A4 and
the cavity R, we drive a two-photon sideband transition
from the state |1)4]|0)z to |0)4|1)g, which then quickly
decays into |0) 4|0) g [Fig. 9(a)]. Initially, without any reset
protocol, qubit 4 is close to a 60%—40% mixture state.

To enact this multiphoton reset protocol, we apply a 15-
ps-long square pulse at a frequency of 3.524 GHz, which
is equal to half the difference between the cavity and qubit
A frequencies.

To calibrate the optimal cooling tone parameters, we
sweep over the frequency of the cooling tone for various
powers, comparing the on:off contrast of qubit 4. Using
the qubit population measurement presented in Appendix
B, we can observe the effect of the cooling tone with
respect to different cooling tone lengths, reducing the resid-
ual excited-state population of 4 to ~ 1% and saturating
after about 10 ps. For reasons yet to be understood, this
reset protocol simultaneously also resets qubit B to ~ 5%
level. We briefly attempted further cooling of qubit B with
a |1)3]|0)r <> |0)g|1)g two-photon drive, though it did not
bring additional improvement to the initialization.

APPENDIX D: JOINT READOUT WITH
PRE-PULSES

We implement a joint readout method that makes use of
a number of averaged measurements to extract the popula-
tion distribution of the two-qubit system [33,49]. Despite
increasing the time and number of measurements, this
simple scheme (with no additional experimental complex-
ity to the readout setup) makes it possible to implement
two-qubit experiments with no single-shot readout. This
used to be a common practice before Josephson paramet-
ric amplifiers became widely available. The characteristics
of our readout cavity and dispersive shifts, taken with
respect to the |00) state, are as follows: wgp = 7.598 GHz,
KRO/27T =56 MHZ, X|10)/27T =-6.0 MHZ, X|01>/2T[ =
2.6 MHz, and x|i1)/2m = 0.8 MHz. The dispersive shifts
were calculated using a weaker measurement than was
typically used throughout the experiment to mitigate relax-
ation effects during the readout.

At the end of any measurement, the readout gives us a
complex demodulated voltage of the cavity transmission
that involves contributions from all states weighted with
their corresponding populations:

V = pooMoo + porMo1 + proMio + priMi.

Here p = diag[p] = [poo. po1,p10,p11]" is the population
distribution for any state of the two-qubit system. This
population four-vector is particularly essential for bench-
marking purposes where we need to know how much of
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(a) Multiphoton cooling scheme used for initial state preparation. (b) Effect of cooling tones with various lengths on qubit

residual populations for the tone power and frequency specified in Appendix C. Each point corresponds to the average of 10 measure-
ments (with 5000 averages each) done with the same cooling configuration, and the error bars are the standard error for the distribution

of 10 measurements.

the final state is in |00). This single complex voltage value
by itself is not sufficient to pin down the population vec-
tor p. In order to obtain p at any moment, we first need to
know about the four-vector M where the components are
complex demodulated voltages of the cavity transmission
for the computational states [Myy, Mo, Mg, M11].

We also need to have a sufficient number of independent
measurements that will let us solve for the unknowns py,
Po1, P10, and py;. For that, any prepared state will be mea-
sured with four different readout configurations, varied by
pre-readout single-qubit rotations:

(1) no rotation (II),

(2) 7 pulse on qubit B (IX),

(3) m pulse on qubit 4 (XI),

(4) 7 pulse on both qubits (XX).

With this scheme, each measurement will eventually yield
a set of four measured voltages: V = [V, Vix, Vi, Vxx]'.
The correct mapping relates the four populations to the
four measured voltages:

V' Moy Moy My M\ [Poo
Vix My My My My | | por
Vxi | = | Mo My Mo Mot | | pio
Vxx My My My My 11

The matrix M is nothing but a permutation of the compo-
nents of M. The vector M will allow us to reconstruct the
inverse of the mapping relation that will give any state’s
population distribution, given the measured voltages:

p=M"V. (D1)
In the case of perfect state preparation, obtaining compo-
nents of the M would be straightforward. Although it is not

a realistic assumption, it is intuitive to look at the case with
P; =[1,0,0,0]”, where P; is the four-vector for the initial

states of the system:

Y Moy Mo My M 1 Moo
Vix | _ | Mot Moo My Mo |0] [ Mo
Vxi | | Mo My My My 0] (M
Vxx My My My My/ \O My,

For a more realistic case, we know that the initial pop-
ulation vector should have nonzero populations for the
remaining computational states as well. With the initial
state populations P; (obtained using the method from
Appendix B), the mapping can be written in the following
way:

Moo Poo Por Pro Pn Vi
Mot | Por Poo Pu Prio Vix
M| | Pwo P Po Por V<t |2
M P11 P Poi Py Vxx

which gives us the required complex demodulated volt-
ages. With the components of M at hand, we can now
construct the full mapping from Eq. (D1) that gives us the
population distribution for the computational states at any
point of a measurement.

Input 2

1
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A2

C

B2 mm

Qubit B
(target)

Qubit A
J,: (control)

il

FIG. 10. Effective circuit diagram of the capacitively coupled
two-fluxonium system with asymmetric coupling to two input
ports. The cavity mode is omitted for simplicity.
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APPENDIX E: CALIBRATION AND
BENCHMARKING OF SINGLE-QUBIT GATES

The fact that we are working in a 3D geometry with no
local drives and with a system that has a strong CR com-
ponent brings up the challenge of addressing the qubits
individually. Given that both input ports are coupled to
both qubits (see Fig. 10), any qubit B drive from one of
the individual ports (at frequency wg) will also be seen by
qubit 4, leading to conditional oscillations of B [Figs. 11(a)
and 11(b)]. In order to realize high-fidelity single-qubit
gates, we need to be able to address each qubit indepen-
dently from the state of the other one. As mentioned in the
main text, the frequency of the qubit 4 oscillations driven
from input 1 does not have a significant dependence on the
qubit B state and can be considered as a “clean” single-
qubit drive by itself. On the other hand, in order to realize
a “clean” single-qubit gate for B, the two individual drives
need to be combined with a scheme similar to the CR gate,
only this time to fulfill the requirement: (00|1:Idr|01) =
(10|I§Vd,|11) with the drive Hamiltonian from Eq. (5) of
the main text. With a similar procedure, one can find the
right relative amplitude and phase between the two drives
to satisfy this condition.

This vector compensation scheme is illustrated in more
detail in Fig. 12. We can consider the drive from each port
as having two components: a direct drive, which is inde-
pendent of the state of qubit 4, and a CR drive, which is
turned on whenever qubit 4 is in |1). We tune the complex
ratio i’ of the drives on each port such that the CR compo-
nents are of equal amplitude and opposite phase, thereby
leaving only the direct drives. With the proper ratio, qubit
B’s Rabi frequency no longer depends on the state of qubit
A [Fig. 11(c)].

We benchmark our single-qubit gates using simultane-
ous single-qubit randomized benchmarking (insensitive to
SPAM errors) [50]. We generate random sequences of N
pairs of Clifford gates, one for each qubit, with N ranging
from 1 to 200, and apply them to each qubit simultane-
ously in time. At the conclusion of each sequence, we
measure two different quantities: the fidelity of the |0) state
of qubit 4 and the fidelity of the |0) state of qubit B. This

(a)
QubitAin|0)

Q
Direct drive from Port 1
Direct drive from Port 2

QubltA in[1)
ﬂ)/

Direct drive from Port 1
CR drive from Port 1
Direct drive from Port 2
CR drive from Port 2

QubltA in [0) or 1)

D
NP

Direct drive from Port 1
CR drive from Port 1
Direct drive from Port 2
CR drive from Port 2

FIG. 12. (a)Effective drive on qubit B, shown in the 7-Q plane,
when qubit 4 is in |0). The qubit is driven with a different ampli-
tude and phase depending on which driving port is used. (b)
Effective drive on qubit B, shown in the 7/-Q plane, when qubit
A4 is in [1). The qubit is driven with a different effective ampli-
tude and phase due to the CR component of the drive now being
turned on. (c) Relative amplitude and phase are applied to the
two driving ports to exactly cancel the CR drives and achieve
unconditional single-qubit rotations.

measurement was repeated 456 times over the course of
several weeks, with different random sequences of N Clif-
ford pairs being generated each time. The results were
averaged together, separately for each qubit, and each fit
to a single exponential. The resulting traces are shown
in Fig. 13. From these traces, we can extract the average
error per Clifford on each individual qubit. Taking into
account the construction of our single-qubit Clifford gate
set, which utilizes virtual Z gates and contains 1.167 phys-
ical single-qubit gates per Clifford, we report the following
average fidelities per physical gate: 4 = 0.99835(4) and
Fp = 0.99734(6).

APPENDIX F: CALIBRATION AND
BENCHMARKING OF THE CR GATE

The preliminary CX,, gate tune up involves the calibra-
tion of the relative phase, the relative amplitude, and the
overall amplitude, as elaborated in the main text. However,
a more sophisticated calibration procedure is needed to
realize a high-fidelity CX gate. Assuming that we already
have a gate with the above three parameters calibrated

(a) mQubitAin[0) mQubitAin|1) (b) mQubitAin|0) mQubitAin|1) (c) mQubitAin[0) mQubitAin|1)

1.0 : 10 1.0 . .
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FIG. 11. (a) Rabi oscillations of qubit B driven from port 1. (b) Rabi oscillations of qubit B driven from port 2. (c) Rabi oscillations

of qubit B after applying the complex ratio n’ between the two driving ports.
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FIG. 13. Simultaneous single-qubit randomized benchmark-

ing. The two traces shown are measured fidelities to the |0)
state of qubit 4 and the |0) state of qubit B at the conclu-
sion of N random pairs of single-qubit Clifford gates. Each
trace is the averaged result of 456 randomized benchmarking
experiments performed over the course of several weeks. The
error bars shown are the standard errors taken across these 456
experiments.

reasonably well, we can now proceed with the next level
of calibration. We should note that we do not apply any
brute-force or black-box tools (such as Nelder-Mead or
machine learning algorithms) to numerically optimize the
gate parameters against the two-qubit gate fidelity. We rely
on the following completely intuitive calibration procedure

targeting individual parameters for realizing high-fidelity
gates. It has the benefit of speed and transparency.

From the observed control Rabi dynamics (Fig. 2), we
know that the process has a block-diagonal structure. The
remaining degrees of freedom that would not be distin-
guishable for the drives from Fig. 2 are the imprinted
phases for the two qubits. Taking them into account,
we can write our experimental CR matrix to have the
following form:

10 0 0
0 &% 0 0
Rew=1{o 0o 0 —iewu| D
0 0 —ie® 0

where 6,4 and 6 are phases picked by qubit 4 and B during
our cross-resonance gate operation. Brought into a super-
position state, the phases 64 (6z) would be what we would
observe to be the additional phase accumulated on the
qubits A (B) under the CR drive. It is possible to mea-
sure these phases using the same pulse sequences from
Fig. 8. The phase difference between the oscillations result-
ing from the measurements of (@) and (b) on qubit 4 (qubit
B) will give us 64 (6p).

1. Integrating single-qubit Z rotations

Given that our experimental cross-resonance gate real-
ization brings along extra phase accumulations on both
qubits 4 and B, we first need to show the equivalence of
our experimental gate to a CX,; gate.

FIG. 14. CR tune-up sequences.
These seven experiments check the
following criteria. (1) No drive on
— qubit B when qubit 4 is off : the
calibration experiment (a) makes
sure that qubit B does not rotate

(a) C
qubitA  |0) ®
X _
qubite  |0) — \7,[22 = — (e)
—/2 ‘1)

(b) n |0)

/2

|0) — sz ’_‘L‘ L
|O> —m/2 X (f)

X with respect to the X axis when
qubit 4 is in |0),; and experiment

-
s X (b) does a similar check for the

Y axis. (2) Resonant-7 condition
n when qubit 4 is on: experiment
(c) checks whether qubit B over-

rotates or not, given qubit 4 is in
state |1) 4; and experiment (d) does
the complementary check by mak-
ing sure that qubit B is driven along
the big circle on the Bloch sphere.
—n (3) Alignment check: experiment

[%7]
(c) n -
1)
/2
|0) — H v (9) r
—m/2
Y Py
(d) L =, 1) al2
0 X
. |0)
Yn/2

R (20, (e) checks if the CR rotation aligns
. " . with the X axis of qubit B. (4)
R .(20,) Correction of single-qubit frames:

X experiments (f) and (g) make sure
that the extra phases on qubit A
and qubit B are compensated in the
correct way.
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The relevant Z-rotation operations that qubit 4 and B
undergo are expressed as

1 0 0 0
260={y o o o
0 0 €% 0
and
1 0 0 0
Zon={5 9 1
0 0 0 €%

It can be shown that our experimental CR gate is equiva-
lent to a CX gate up to a number of Z rotations:

- (ensfe (4]
)

Since these Z rotations can simply be applied via virtual
Z’s [35] in the software, there is a complete equivalence
between our experimental cross-resonance gate and a CX;
gate as long the correct virtual Z operations are applied.
We can also trivially change 64 by 7 /2 to convert the gate
to a CNOT. For the rest of the section and for all our bench-
marking purposes, our gate is composed of the form as in
Eq. (F2).

(F2)

2. Fine tuning the gate for high fidelity

The fine-tune-up procedure consists of the calibration of
the following parameters:

(1) relative amplitude of the two drives,

(2) relative phase of the two drives,

(3) overall amplitude of the drive,

(4) detuning of the CR drive with respect to the qubit B
drive (CR detuning Awcr),

(5) misalignment of the CR drive with respect to the
qubit B drive (CR angle A¢cr),

(6) phase picked up by qubit B during the CR drive, and

(7) phase picked up by qubit 4 during the CR drive.

Of these parameters, the requirements for CR detuning
(4) and CR angle (5) have been determined heuristically.
The optimal values for these two parameters are small but
nonzero (Awcg ~ order of 100 kHz, A¢cgr ~ order of
1072 rad) and we suspect that their presence is related to
the remaining underlying reflection issue. Our procedure
is similar to the calibration procedure from Ref. [28] and
has been tailored to fine-tune the seven degrees of free-
dom of our CX; gate. The detailed procedure and the pulse

sequences can be seen from Fig. 14. Sweeping over the cal-
ibration parameter, the two measurements that differ from
each other by an inversion of one of their pulses result in
a crossing point that gives the correct value for each of
these seven parameters. In order to increase the sensitivity
of these calibrations, we can increase the number of repe-
titions of the CR gate in the sequence (an even number of
repetitions is required for the 64 calibration.)

This calibration procedure is run at regular intervals dur-
ing gate benchmarking and is completed with a visual
syndrome check that includes all the parameter checks
simultaneously.

3. Quantum process tomography with joint readout

The quantum process matrix of the CX,, gate is esti-
mated over a set of 1044 measurements with joint state
readout. We first apply the two-qubit gate on 36 initial
states prepared by applying all combinations of simultane-
ous target and control single-qubit gates: I, X5/, X_z /2,
Xz, Ygp2, and Y_j 5. State tomography is then applied
on the 36 new states following Ref. [36], with 29 pre-
readout pulses and measurements from which the final
density matrix is found via least-squares optimization.
The CX, process matrix is estimated via a simultane-
ous least-squares optimization over the 36 final density
matrices.

CNOT-like

iSWAP-like

S S
1 1
/ X 2! _lez
X
Yn/Z 4 XT’/Z "
LS VX

FIG. 15. Two-qubit Clifford group composition with CX,: C,
refers to the single-qubit Clifford group, while S; and S)I(/ 212

are each three-element subsets of C;.
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4. CX, randomized benchmarking

To measure the fidelity of our CX, gate, we perform
interleaved two-qubit randomized benchmarking. To con-
struct our two-qubit Clifford gate set, we follow the proce-
dures in Refs. [20,37], modifying it to create the two-qubit
Clifford group using our CX, gate as the generator. The
gate decomposition can be seen in Fig. 15. Each two-qubit
Clifford contains on average 6.483 physical single-qubit
gates and 1.5 CX gates.

We extract fidelity by measuring the sequence fidelity
of at least 12 different N values with N typically going
from 1 to 100. To measure sequence fidelity at each N, we
generate at least 40 different random Clifford sequences,
and for each random sequence we average 5000 times to
reduce noise. The average sequence fidelity is fit accord-
ing to the model F' = Ap™ 4+ B (with no constraints) to
obtain the decay constants, and the error per Clifford is
EPC = %(1 —p). The error bars on Fig. 3(c) are stan-
dard errors (stdev/+/N;), where “stdev” is the standard
deviation from the mean and N, is the number of runs.
The uncertainties for the EPCs and fidelity numbers are

(@)

Digitizer

Qubit drive

_®_

Readout

(From fridge)

+10 dB; [ >
To fridge
(Input 1)

ZZ cancellation

»
>
To fridge
(Input 2)

FIG. 16.

calculated from the fit errors. The three different kinds of
EPCs (EPC,s for reference two-qubit RB; EPCcx for inter-
leaved RB with CX,;; and EPC;q for interleaved RB with
) are calculated separately, and average fidelities for these
three are obtained via the following relations:

average 2Q Clifford fidelity = (1 — EPC,¢),

average CX,, fidelity = (1 — EPCcx)/(1 — EPCy),

average idle fidelity = (1 — EPCjqie)/(1 — EPCye).

APPENDIX G: EXPERIMENTAL SETUP

The most fundamental microwave setup requirement for
our experimental scheme is the phase locking between
the two drive tones played into the two input ports. We
realize this by using a single microwave generator that
resources all individual qubit drives. The same local oscil-
lator feeds the two “home-made” /-Q mixers (one per
control line) to maintain phase coherence during combined
drives. The LO frequency is set to 840 MHz based on
hardware constraints and to minimize spurious tones in
the qubit drive spectrum. Each “home-made” /-Q mixer
is composed of two discrete three-port mixers and power

__________________________________________

—
o
c
S
—
c
=1
(e}
(=4
o
=2

1

1

:
Single Junctign
Isolator

(a) Diagram of the room-temperature microwave setup. Note that what is depicted as a standard, four-port 7-Q mixer is the

“home-made” /-Q mixer described in Appendix G. The lines are also heavily filtered with low-pass and bandpass filters to eliminate
spurious tones. These details are omitted from the diagram for simplicity. (b) Diagram of the cryogenic setup.
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combiners (splitters) carefully chosen to cover both qubit
frequencies after up-mixing (corresponding to intermedi-
ate frequencies of —285 MHz for qubit 4 and 164 MHz for
qubit B). The entire room-temperature microwave setup is
shown in Fig. 16(a).

The fridge setup is shown in Fig. 16(b): The non-
cryogenic directional coupler to which we attribute the
impedance mismatch can be seen below the mixing cham-
ber. All the Eccosorb filters are made in-house and have
been chained up (4x for each input line and 3x for
the output line) between the cavity ports and the closest
microwave component. The experiment is carried out in
an Oxford Triton 500 Dilution Refrigerator with a base
temperature below 20 mK.

APPENDIX H: DEVICE FABRICATION

The fabrication procedure for the two-fluxonium device
is identical to that in Ref. [12]. The device is fabricated
on a 430-pm-thick sapphire chip with dimensions 9 x
4 mm?. Following the cleaning of the chip, the double-
layer resist’s first layer is prepared by spinning methyl
methacrylate EL-13 at 5000 revolutions per minute (rpm)
and baking at 180 °C for 1 min. This is followed by the sec-
ond layer of resist: 950 PMMA A3 spun at 4000 rpm for
1 min and baked at the same temperature for half an hour.
As the anticharging layer, 11 nm of Al is deposited using
a Plassys deposition system. The electron-beam lithog-
raphy is realized using a current of 1 nA on a 100 kV
Elionix EBL system. After the electron-beam lithography,
the anticharging layer is removed by keeping the chip in a
0.1 M potassium hydroxide (KOH) aqueous solution. The
development is done in a 3:1 isopropyl alcohol:deionized
water (IPA:DI) solution at a temperature of 6°C for 2
min. A Plassys deposition system is used for the double-
angle Al deposition (with a Al deposition thickness of 20
nm for the first and 40 nm for the second layer) with the
same process steps as detailed in Ref. [12]. Liftoff is real-
ized by keeping the chip in acetone at a temperature of
60°C for 3 h, followed by brief sonications in acetone
and IPA (5 and 10 s). As the last step, the chip is dried
with N,.

APPENDIX H: SIMULATION AND DISCUSSION
OF GATE FIDELITY

We carry out numerical simulations of the CR gate using
the Hamiltonian and coherence parameters extracted from
the experiment (Table I). The simulations [Fig. 4(b) and
Fig. 17] are based on the procedure from Ref. [15], which
searches for the lowest coherent gate error with respect
to the CNOT operation over the seven parameters of the
CR gate (similar to the actual experiment). Decoherences
of both the computational and noncomputational states
are then added to the simulation based on the optimized
parameter set.

Error per gate (1-F)

Gate length (ns)

FIG. 17. Numerical simulation for detailed breakdown of
coherent control errors in logarithmic scale, showing error due
to leakage to noncomputational states (Ejcakage), unintended rota-
tion of control qubit (Econtror), and misrotation of qubit B in |0) 4
and |1),4 state (53{;1). The simulation considers rounded square
pulses with ramp time of 6 ns. The dominant control errors at
gate time above 40 ns, Eontrol, an be substantially reduced by
using slower pulse ramps.

An additional observation about the simulation in
Fig. 4(b) is that the contribution from decoherence of the
noncomputational transitions is very small, as expected for
our CR scheme where qubit dynamics is well confined
in the computational subspace. Experimentally we found
T }*2 and T %_’2 times for the |1)-|2) transitions in the range
of 3—7 ws. A more precise characterization is nontrivial
due to the strong hybridization of noncomputational states,
the need for calibrating the joint readout for many combi-
nations of qubit states, and the need to actively cancel pulse
reflection at multiple frequencies. Nevertheless, for the
range of gate length explored in our experiment, we found
that even a very short coherence time of 7172 = 7)72 =
1 ps for both qubits would only contribute at 10% level
to the total decoherence error. Therefore, decoherence of
noncomputational states is expected to have negligible
contribution in our experiment (less than the day-to-day
fluctuations of the computational state decoherence).

The simulation in Fig. 17 shows that the coherent control
error is easily below 10~* at gate length above 50 ns. More-
over, the leading error is unintended rotation of control
qubit 4 by the CR drive. This is purely driven by the fast
ramp time of the control pulse, which contains a spectral
tail that marginally excite the control qubit with a detuning
of ~ 450 MHz. The error can be suppressed substantially
by choosing a slightly slower ramp time as needed, and is
therefore considered unimportant in Ref. [15].
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