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Error-corrected gates on an encoded qubit
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To reach their full potential, quantum computers need to be
resilient to noise and decoherence. In such a fault-tolerant
quantum computer, errors must be corrected in real time to
prevent them from propagating between components'2, This
requirement is especially pertinent while applying quantum
gates, where the interaction between components can cause
errors to spread quickly throughout the system. However,
the large overhead involved in most fault-tolerant architec-
tures®* makes implementing these systems a daunting task,
motivating the search for hardware-efficient alternatives*®.
Here, we present a gate enacted by an ancilla transmon on a
cavity-encoded logical qubit that is fault-tolerant to ancilla
decoherence and compatible with logical error correction.
We maintain the purity of the encoded qubit by correcting
ancilla-induced errors in real time, yielding a reduction of the
logical gate error by a factor of two in the presence of natu-
rally occurring decoherence. We also demonstrate a sixfold
suppression of the gate error with increased ancilla relax-
ation errors and a fourfold suppression with increased ancilla
dephasing errors. The results demonstrate that bosonic
logical qubits can be controlled by error-prone ancilla qubits
without inheriting the ancilla's inferior performance. As such,
error-corrected ancilla-enabled gates are an important step
towards fault-tolerant processing of bosonic qubits.

In recent years, quantum error correction (QEC) has been
demonstrated to protect stored logical qubits against decoherence,
either by encoding the information redundantly in a block of mul-
tiple physical qubits®” or in a single higher-dimensional bosonic
element'*""?. The concept of fault-tolerant operations extends this
principle to the protection of quantum information during a com-
putation involving multiple elements. In particular, errors propagat-
ing between elements must not accumulate to the extent that the
errors can no longer be removed by QEC. Each task performed in a
quantum computer must eventually be made fault-tolerant, includ-
ing syndrome measurements'>'*, state preparation'*'"> and gates's.
Only once all the necessary components are realized fault-tolerantly
and are connected in a way that is compatible with error correc-
tion can one claim a fully fault-tolerant quantum computing archi-
tecture with which one could perform computations at any desired
accuracy'’.

Some quantum gates are naturally protected by the encoding
of choice and do not require additional resources, such as braid-
ing operations in the surface code’, transversal operations in CSS
codes' and displacements in GKP codes”. However, these ‘natural’
operations are often insufficient to create a universal gate set’'.
One method of addressing this shortcoming is to ‘inject’ addi-
tional gates by coupling to an ancilla qubit that has more complete
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functionality’>”. These ancilla-based operations are not native to
the encoding and, as such, require a significant overhead in hard-
ware and number of operations to be implemented fault-tolerantly™.

Here, we devise a hardware-efficient circuit that uses a driven
ancilla qubit to apply protected gates to a bosonic logical qubit. Our
scheme works by encoding the ancilla in a single multilevel system
as well, and using this freedom to identify and correct errors occur-
ring during the gate operation. Remarkably, by employing the infor-
mation obtained in the final ancilla measurement, we can recover
the coherence of the logical qubit and reapply the gate if necessary.

The principal mechanism underlying the gate’s fault tolerance is
path independence*—the property whereby, given fixed initial and
final ancilla states, the net logical operation is independent of the
specific ancilla trajectory induced by control drives and decoher-
ence events (Fig. 1). Path independence requires that we drive the
ancilla in such a way that its populations do not depend on the state
of the logical system. Additionally, to make the logical qubit insen-
sitive to the exact timing of ancilla decoherence events, we use an
error-transparent interaction'>” to couple the ancilla and the qubit.

We implement our logical qubit using a single bosonic mode
in a superconducting cavity (Fig. 2a and Supplementary Section
9). Within this mode, quantum information is stored in the sub-
space defined by the binomial ‘kitten’ code®, which, like the
Schrodinger cat code’, can correct for the loss of a single photon.
The logical states can be represented in the photon number basis
as [0), = 7 ([0) + [4)) and [1); = [2). We implement a family
of operations S(#) = e¥%/2, which are rotations by any angle 6
around the Z, axis in the logical subspace (Fig. 2b), using the selec-
tive number-dependent arbitrary phase (SNAP) protocol’”*. This
protocol drives a dispersively coupled transmon ancilla qubit to the
excited state with a photon-number-dependent phase. S(8) can be
effected by choosing the phase of the control drive to be zero on
photon number states |0) and |4), and 6 on |2). The arbitrary angle
of rotation in S(6) allows the realization of logical Clifford opera-
tions (@=kn/2, with k € Z) as well as non-Clifford operations such
as the T-gate (9=n/4). This gate set can be combined with a single
rotation around a different logical axis to provide universal control
of the logical qubit.

The ancilla undergoes two predominant types of error: dephas-
ing and energy relaxation. To correct the effects of these errors, we
must first make them independently detectable. We do so by modi-
fying the SNAP protocol to use three levels of the ancilla, instead
of two. By driving a Raman transition (Fig. 2c and Supplementary
Section 5) from the ground state (|g)) to the second excited state
(1)) with a photon-number-dependent phase, we implement the
SNAP operation while avoiding population of the first excited state
(|e)). Next, we swap |f) and |¢) so as to minimize the probability of
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Fig. 1| Working principle of the error-corrected logical gate. Control
drives excite the ancilla from the ground state |g) to the second excited
state |f) around an axis e?|f)(g| 4 e |g) (f| with ¢» =6 for the logical state
[1), and ¢ =0 for |0),. This implements the gate S(0) (green arrows),
which represents a Z, rotation by an angle 8 on the logical system (boxes).
Path independence requires that all closed loops in the ancilla transition
graph produce the identity operation on the logical qubit, implying that the
logical operation is uniquely determined by a measurement of the ancilla
state (Supplementary Section 2). A rapid, unconditional gf swap (shown in
Fig. 2d) is applied before the measurement to minimize the probability of
ancilla relaxation during the measurement. Error transparency guarantees
that the logical operation associated with the dominant decoherence
events (ancilla relaxation and dephasing, depicted by blue and dark red
arrows) is the identity /.. The operation succeeds in the case of either no
error or relaxation. In the case of dephasing, the operation is not applied,
but repeating the protocol makes the gate succeed deterministically.
Relaxation from |e) to |g), shown with a faint arrow, breaks path
independence, as well as error transparency, but is a low-probability
second-order error.

ancilla relaxation during the subsequent ancilla state measurement
(Fig. 2d and Supplementary Section 7). The measurement outcome
determines which (if any) type of ancilla error occurred, as well as
the operation effected on the cavity state.

We ensure protection against ancilla dephasing during the
SNAP operation by simultaneously driving the ancilla to |f) with
equal rates £ for all photon number states in the logical subspace.
Because the control drives have photon-number-dependent phases,
the ancilla becomes entangled with the logical system. However,
in the limit of driving slowly compared to the dispersive coupling,
the ancilla population remains uncorrelated with the logical state
during the driven evolution (Supplementary Section 5). Therefore,
projecting the ancilla to |g) or |f) at any time during the protocol,
as the environment does in the case of dephasing, does not impart
any back-action on the logical state. However, dephasing events will
create some probability of not successfully finishing the transit from
|£) to | f). By considering the effective Hamiltonian in the interac-
tion picture during the operation (Supplementary Section 1)

Hine = 2 8(0) @ | f) (8] + 27 S(=6) ® [g) (/] (1)

we can see that the logical action associated with going from |g)
to |f) is the desired gate S(0), whereas the logical action of going
from |f) to |g) is the inverse operation S(—6). As a result, if the
ancilla trajectory ends in |g) (|f) following the final swap) due to a
dephasing event, the net effect on the logical system is the identity
operation. Remarkably, this path independence ensures protection
even against multiple dephasing events. We can ensure determinis-
tic application of the gate in the presence of dephasing by resetting
the ancilla and repeating the protocol upon measuring | f).
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Energy relaxation during application of the gate occurs pre-
dominantly through decay from |f) to |e). The latter state remains
unaffected under the action of the control drives, and therefore
the final state should be detected as |e), assuming no further decay
events. Because the trajectory taking the ancilla from |g) to |e)
passes through |f) (Fig. 1), the effective operation on the logical
system is S(¢). However, the cavity state will also acquire a ran-
dom phase-space rotation (depending on the jump time) due to
the static cavity-ancilla interaction y|f)(f |ata, where a'a is the
photon-number operator and y;, the dispersive interaction rate in
|f) in a frame rotating with |e). This random rotation can be under-
stood as the back-action induced by the emitted ancilla excitation
carrying photon-number-dependent energy. By using the detuned
sideband driving scheme presented in ref. *, we can effectively set
X=0 for the duration of the gate (Supplementary Section 6). This
‘error-transparency’ drive eliminates the random rotation imparted
on the cavity state, thereby maintaining path independence in the
case of relaxation.

In addition to ancilla errors, the protocol is compatible with QEC
protecting against photon loss in the cavity. Because the control
drives do not act on the system in the odd photon number subspace,
the result is equivalent to incomplete driving followed by photon
loss. Although not done in this work, applying a parity measure-
ment'*” and recovery operation® following the protocol would
make the effect of photon loss equivalent to that of ancilla dephas-
ing (Supplementary Section 3).

The key feature here is that, regardless of the measured ancilla
state, the cavity remains in a definite pure state contained within
the logical subspace. To demonstrate this, we create’ the state
[+X), = % (10); +|1)1), apply the operation S(x/2) and per-
form Wigner tomography (Fig. 2c). In this experiment, the
error-transparency drive is applied and the ancilla is measured
without conditional repetition of the gate. The Wigner functions are
shown separately for each measured ancilla state. To emphasize the
effect of ancilla errors, we increase the ancilla error probability dur-
ing this operation (Supplementary Section 4), so that the probabili-
ties of relaxation and dephasing errors are ~20% each. As expected,
in the case of successful completion of the protocol (ancilla in
|£)), or in the case of relaxation (ancilla in |e)), the gate is correctly
applied. Different deterministic phase-space rotations are acquired
by the cavity for different final ancilla states as a result of evolu-
tion during the ancilla measurement. This angle can be corrected
in software by updating the phase of subsequent drives around the
cavity resonance frequency. Finally, in the case of ancilla dephasing
(ancilla in | f)), we observe the initial logical state |[+X), . The slight
asymmetry is a result of the Kerr evolution, whose removal requires
successful completion of the logical gate®.

We next perform two versions of the full gate, the standard
(non-corrected) gate Sy and the error-corrected gate S¢ (Fig. 2d),
again with increased ancilla error rates. We characterize the result
via Wigner tomography without conditioning on the ancilla
measurement outcome (Fig. 2e). In the case of the standard gate
(Sxc), we observe significant smearing of the final state. However,
in the case of the error-corrected gate (Sc), which includes the
error-transparency drive, ancilla measurement, reset and condi-
tional repetition, it is evident that, despite the high ancilla error rate,
the cavity coherence is mostly preserved.

To establish the gate’s logical error probability quantitatively, we
turn to interleaved randomized benchmarking (IRB)*'. We first cre-
ate a set of operations from the logical Clifford group using numeri-
cal optimal control®. We then interleave the S(n/2) gate between
randomly selected Clifford operations, scanning the length of the
sequence (Fig. 3a). We measure the probability of obtaining the
correct answer in the ancilla after applying a decoding operation
as a function of the sequence length # (Fig. 3b), and compare the
performance of Sy and S.. The measured gate error probability for
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Fig. 2 | Experimental protocol and tomography of logical states after gate application. a, The system consists of a 1/4 coaxial superconducting cavity
coupled to an ancilla transmon (blue), which is in turn coupled to a stripline readout resonator (orange). The protocol involves control drives, which
address the first (w,.) and second (w,) ancilla transition frequencies off-resonantly, the error-transparency drive (at ¢y, Supplementary Section 6)" and
the readout drive (wgo). b, The protocol effects a rotation around the logical Z, axis by an arbitrary amount 6. In the following demonstrations, we prepare
the initial state |[+X), (simulated Wigner function in the solid box) using numerically optimized pulses of duration 1.2 ps, and apply a @=m/2 rotation,
producing the target state |[+Y) (dashed box). ¢, The Raman SNAP operation consists of applying a control drive detuned from the w,, transition (blue
arrow) as well as a comb of control drives (green arrows), detuned in the opposite sense from the w,, transition and separated in frequency by twice the

ancilla-cavity dispersive shift 2y, =2nx —2.4 MHz (Supplementary Section 5). The measured Wigner tomograms of the cavity state, post-selected on the
final ancilla state following a gf swap (dashed arrows), are shown to the right. The different cavity phase-space rotations are a result of state-dependent
Stark shifts during the ancilla measurement. d, The control sequence without error correction (S,c(8), blue box) involves the Raman SNAP operation and a
gf swap (Supplementary Section 7), and takes 2.2 ps. In the error-corrected protocol (S.(8), red box), we add the error-transparency drive during the SNAP
operation to remove the random cavity phase-space rotation induced by |f) — |e) relaxation. We then add an ancilla readout and reset (taking 1.6 ps,
including feedback latency), and reapply all steps upon measuring |f). e, Unconditional Wigner tomogram after application of the logical gate without error
correction (top) and with error correction (bottom). When applying the error-corrected logical gate, ancilla-state-dependent rotations of the cavity phase
space are corrected in software. The data in this figure were obtained with artificially induced ancilla dephasing and relaxation probabilities (~20% each)

to emphasize the increase in the fidelity of the final state when error correction is performed.

Sxc (obtained from the difference between the decay rates of the
interleaved and the non-interleaved sequences) is 4.6+0.1%. The
main effect in producing this error probability is ancilla relaxation
(~2.5%), with an additional 0.8% resulting from ancilla dephas-
ing, photon loss and thermal ancilla excitation. In contrast, the
error-corrected gate has an error probability of 2.4+0.1%. No
single process dominates the remaining error, but a full account-
ing of the known sources, including photon loss, readout-induced
dephasing and other sources predicts an error probability of 2.1%
(Supplementary Section 8). Incorporating photon-loss error correc-
tion and reducing ancilla readout times (without inducing cavity
dephasing®”) would provide the most impactful reductions in the
logical error rate.

To demonstrate the robustness of the gate to ancilla decoherence,
we intentionally introduce noise to increase the ancilla dephas-
ing and relaxation rates (Supplementary Section 4). We scan the
induced gf dephasing rate and ef relaxation rates from their native
rates of 1/(40 us) and 1/(47 ps), respectively, up to maximum rates of
~1/(2 ps). The measured ancilla state probabilities vary as expected,
with P, changing from 3.4% to 25% with increased relaxation
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rate and P; changing from <1% to 14% with increased dephasing
rate (Fig. 3¢). For Sy, the induced gate error probability is nearly
equal to the probability of measuring the ancilla in an excited
state, indicating that ancilla errors are bound to propagate and
affect the logical qubit. However, for S, the ratio of gate errors to
ancilla errors (Supplementary Section 4) is suppressed by a factor of
5.8+0.2 (4.2+0.4) for injected ef relaxation (gf dephasing) errors,
clearly demonstrating the resilience of the gate against dominant
ancilla errors.

The error-corrected gate is readily extended to protect
against a broader class of ancilla errors, such as thermal excita-
tion or multiple-decay events, by employing higher ancilla levels.
Furthermore, we can incorporate protection against photon loss by
performing a fault-tolerant parity measurement after the gate, and
using the result to perform QEC". Recently, a different type of gate
on a bosonic logical qubit was demonstrated to be error-transparent
to photon loss errors®. We have demonstrated the feasibility of a
hardware-efficient approach to protecting quantum information
not only during storage, but also as it is being processed by quantum
gates. Expanding these results to create additional error-corrected
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Fig. 3 | Benchmarking of the logical gate. a, Circuit for randomized benchmarking (RB) and interleaved randomized benchmarking (IRB)*°. We first prepare
an encoded state of the cavity using a numerically optimized encoding pulse U,,.. Next, we perform a random sequence of n operations drawn from the
Clifford group, C(Li). In the interleaved variants, after each random Clifford, we apply the logical gate (dashed box), either using the non-error-corrected
(Sye) or error-corrected (S¢) protocol. Finally, the net inverse Clifford operation is applied, followed by a decoding operation Ug,.. This maps the encoded
information onto the ancilla, where it can be measured. b, By fitting both the RB and IRB results to an exponential model Ae™"" + % (dotted lines), we can
learn the effective gate error probability. Without interleaved logical gates, we measure yzs=2.5+ 0.1% (black). We can determine the error probability
associated with the error-corrected (non-error-corrected) operation as ygs — ¥z =2.4 + 0.1% (4.6 + 0.1%) from the red (blue) curve. ¢, To demonstrate
the robustness of the protocol, we add noise to the system (Supplementary Section 4), which has the effect of increasing either the ancilla dephasing
(left) or relaxation rates (right). We measure the ancilla population (top) and IRB-inferred error probabilities (bottom). We see that the populations are
affected nearly independently by the respective noise parameters. We also see that, in both cases, S. (red markers) is significantly less likely than Sy
(blue markers) to translate ancilla errors induced by the added noise into logical errors. The dotted lines are derived from a full quantum simulation using
independently measured system parameters. Error bars indicate standard deviations.

gates®** and therefore providing universal fault-tolerant control, is
a promising path towards robust quantum computing devices.
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