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Autonomous Quantum Error Correction of Gottesman-Kitaev-Preskill States
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The Gottesman-Kitaev-Preskill (GKP) code encodes a logical qubit into a bosonic system with resilience
against single-photon loss, the predominant error in most bosonic systems. Here we present experimental
results demonstrating quantum error correction of GKP states based on reservoir engineering of a
superconducting device. Error correction is made fully autonomous through an unconditional reset of an
auxiliary transmon qubit. We show that the lifetime of the logical qubit is increased from quantum error
correction, therefore reaching the point at which more errors are corrected than generated.
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Improving error correction schemes is a central chal-
lenge toward the development of fault-tolerant quantum
processors. A high-quality bosonic mode controlled by an
auxiliary nonlinear element has proven a valid candidate to
replace the standard two-level system approach [1-4],
bringing to life the visionary proposal of Gottesman et al.
for error correction at the individual qubit level [5—11]. This
approach is gaining momentum, thanks in part to recent
experiments showing an increase in logical lifetime of
bosonic codes through error correction [12-18], and
promises to ease the requirements on number of modes
needed for useful quantum computation [7-9].

Most of the recent bosonic code error correction
experiments in superconducting circuits have relied on
measurements of the auxiliary nonlinear element to
condition real-time feedback and feed-forward operations
[12—-14,17,18], thereby introducing challenges related
to measurement fidelity and complexity and latency of
control electronics. Fully autonomous quantum error
correction protocols for bosonic codes alleviate those
challenges by reducing reliance on measurement of the
auxiliary [15,16,19-21].

Recent work introduced more efficient protocols for error
correction of finite-energy Gottesman-Kitaev-Preskill (GKP)
qubits [16,22]. With this approach, an improvement of the
logical lifetime of the GKP qubit by a factor of 2.27 over the
logical lifetime of the Fock encoding was demonstrated [17].
There, the reset of the auxiliary qubit, necessary for the
reservoir-engineered quantum error correction (QEC) pro-
tocol, was implemented with a measurement of the auxiliary
followed by feedback and feed-forward operations on both
the auxiliary and the bosonic mode.

In this Letter, we present experimental results demon-
strating a fully autonomous QEC protocol of a GKP qubit
through a feedback-free reset of the auxiliary transmon

0031-9007/24/132(15)/150607(6)

150607-1

qubit. Despite the auxiliary having 10 times stronger
relaxation rate than the bosonic mode, we demonstrate
an increase of the logical lifetime of the GKP qubit when
applying error correction. Experimental results are sup-
ported with numerical simulations that show quantitative
agreement for both the initialization and the quantum error
correction of GKP states.

A multielement superconducting device is used to
experimentally realize autonomous QEC of GKP states
in a circuit quantum electrodynamics architecture [23].
The bosonic mode is hosted inside a three-dimensional
seamless coaxial cavity [24] made out of high-purity
aluminum [Fig. 1(a)]. The fundamental 1/4 mode of the
cavity, hereafter the ‘“storage mode,” has a lifetime of
Tis = 0.34 ms. A chip in the coaxial line architecture is
used to provide the nonlinearity required to control the
storage mode [25]. A transmon qubit, a resonator, and a
Purcell filter are fabricated on this silicon chip [23,26]. The
auxiliary transmon qubit has a relaxation time 7' = 33 ps
and echo coherence time 7, = 48 ps. The resonator, used
for readout and reset of the auxiliary transmon [27-29], has
a fundamental 1/2 mode that is overcoupled through the
Purcell filter to an output port with total decay rate
k./2m = 1.7 MHz. The chip is slightly inserted inside
the microwave cavity to overlap with the storage mode,
leading to a dispersive shift of 2y, /2x = =22 kHz per
excitation [24,25].

The GKP states initialized and error corrected in this
Letter are the six finite-energy cardinal states | + i) with
i €{X,Y,Z} of finite-energy parameter A. As shown in
Fig. 1(b), we experimentally prepare these states by
applying a circuit with alternating auxiliary rotations and
conditional displacements of the storage mode, exploiting
that such circuits enable approximate universal control of
the storage mode [30]. Conditional displacements, which

© 2024 American Physical Society
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FIG. 1.

(a) Schematic of hardware architecture. The storage mode, in which the GKP code is encoded, is the fundamental mode of a

coaxial cavity dispersively coupled to an auxiliary transmon qubit. The auxiliary is also dispersively coupled to an on-chip resonator
used for readout and reset. (b) Protocol for the initialization of GKP logical states with a depth-N circuit. Each layer n consists of an
auxiliary rotation of parameter R, and a conditional displacement on the storage mode of parameter f3,. (c) Protocol for measurement of
the characteristic function of initialized GKP logical states. Real part of the characteristic function Re(C|.z ), of GKP logical states
(A | =X), () | +X), and (f) | — ¥) for A = 0.36 using a circuit with a depth N = 9, leading to an initialization duration of 7.86 ps
excluding resets. (g) State fidelity estimated from state reconstruction given measured (d)—(f) and simulated characteristic functions.

displace the state of the storage mode with a sign
conditioned on the state of the auxiliary, are implemented
with the echoed conditional displacement protocol in
0.85 ps [14,30]. The initialization protocol parameters
for the auxiliary rotation and conditional displacements
of the storage mode are found using optimization for a
given target state | + fiy) and parameter A [31].

We perform tomography of the prepared states by
measuring the characteristic function C|,;(f) of the
storage mode using the auxiliary initialized in |g), where
p is the amplitude of the tomography conditional displace-
ment [14,30,39]. The complete protocol for initialization
and tomography of GKP logical states is shown in Fig. 1(c).
The initial reset, whose details are discussed later,
decreases to probability of the auxiliary to be in its excited
state |e) from the thermal population of 0.4% to 0.1%.
The reset after the initialization protocol approximately
ensures that the tomography protocol starts with the
auxiliary in |g) even if errors have occurred during the
initialization protocol.

The real part of the characteristic function for the
GKP states |—X), |+ X), and |—Y) are shown in
Figs. 1(d)-1(f) for finite-energy parameter A = (.36, cor-
responding to an average number of photons 71, = 3.5 and
squeezing of 8.9 dB. The remaining cardinal states of the
GKP qubit are obtained by a rotation in phase space with
P, — if,. We evaluate the fidelity of initialized GKP

logical states with Fj = Try/p"/*prgep'/?, where p is

the density matrix obtained via state reconstruction from

measurements of the characteristic function [40], and
Prarger 18 the density matrix of ideal finite-energy GKP
logical states [Fig. 1(g)]. State fidelity averaged over the
cardinal states reaches 85(1)%. By fitting fidelities from
numerical simulations to the experimentally estimated
fidelities, we estimate an intrinsic dephasing of the storage
mode at a rate ks, = (110 ms)~!, which is consistent with
the value of Ref. [30]. Storage mode dephasing, amplified
during large displacements [30], explains a preparation
infidelity of 6.4%, while decay of the auxiliary leads to an
additional 4.0% [31].

While the full tomography in phase space is useful to
estimate the density matrix and state fidelity from
reconstruction, the logical information of the GKP qubit
can be measured more efficiently. The logical fidelity Fy
may be expressed as

1 1
FL:§+E Z

fio € {X0.Y0.20}

where (2y), = (£i|fo| £ i) is the expectation value of the
infinite-energy Pauli operator fi; when a logical state | + z)
with i€ {X,Y,Z} is prepared [17,41]. The Pauli expect-
ation value corresponds to the real part of the characteristic
function C|.z(B;,) of the state | + ) with Bs, = /8,
By, = (1+i)¢/V/8, and B, = it/\/8 with £ = 2./x for
the square GKP qubit [22,42]. After state preparation, the
logical fidelity reaches 84%.
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A reset of the auxiliary qubit is required for error
correction of GKP states based on reservoir engineering,
as it constitutes the dissipative channel through which
entropy is evacuated [22]. The error correction can be
made completely autonomous using a microwave-activated
unconditional reset [27-29]. As shown in Fig. 2(a), the
reset is based on swapping two excitations from the
auxiliary to a single readout resonator excitation through
an effective |f0,) <> |g1,) transition of the coupled system
[27,28,43], where |kn,) = |k) ® |n,) corresponds to the
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FIG. 2. (a) Dissipative swap between the auxiliary qubit and
p p yq

the resonator enabled by an effective |f0), <> |g1), transition,
followed by relaxation as |gl), — |g0),. (b) Reset protocol with
Ny, dissipative swaps. (c) Average reset error &, as a function
of N4 measured experimentally (orange) and obtained from
numerical simulations (teal). The horizontal dashed line indicates
the experimental noise floor of 4 x 107*. (d) Logical fidelity Fy.
measured as a function of free evolution time (blue, top axis) or
number of dissipative swaps (orange, bottom axis). Plain and
dashed lines show fits to the data from which logical lifetimes 7'
of 0.176 and 0.143 ms are obtained for free evolution without and
with dissipative swaps, respectively. The limit F; — 0.5 repre-
sents a fully decohered logical channel. Inset: enlarged to
highlight the optimal value of Ny, = 2.

qubit state |ke{g,e,f,...}) and resonator Fock state
|n, €{0,,1,,2,,...}). The resulting photon in the resonator
dissipates to the environment through |g1,) — |g0;) on a
timescale corresponding to resonator lifetime 7'y, = 1/k, =
92 ns. The complete process is an effective auxiliary-
resonator dissipative swap.

To reset the first excited state |e) of the auxiliary, we
prepend the dissipative swap with a z pulse addressing the
le) <> |f) transition [Fig. 2(b)]. This base sequence can be
repeated to reset the second excited state |f) of the qubit.
The reset protocol—which takes 414 ns per swap including
resonator decay—is repeated Ny, times to decrease the
reset error. Ideally, the qubit ends up in the ground state
after the reset regardless of the initial state |k €{g, e, f})
for Ngg > 2.

The average reset error, defined as

e=s S (1= py), 2)

ke{g.e.f}

where p; is the probability of the qubit being in the ground
state |g) when preparing state |k), is estimated as a function
of the number of dissipative swaps N4, with the storage
mode in equilibrium. We estimate the probabilities p,; and
the reset error &, shown in Fig. 2(c), with a procedure
aiming at factoring out state preparation and measurement
errors as described in the Supplemental Material [31].

When the storage mode is not in a Fock state |ng),
undesired entanglement is formed between auxiliary and
storage mode during the reset process due to their always-
on dispersive interaction. For instance, dispersion of the
auxiliary energy levels leads to an increase of the reset
error for Ny, = 2 from 1.4% in the vacuum to 2.8% in the
presence of a GKP logical state | — X) [31].

The optimal number of dissipative swaps per reset for
QEC needs to be chosen to achieve a low reset error, while
avoiding any adverse effects on the GKP state. Figure 2(d)
shows that we observe a decrease of the logical fidelity
when replacing free evolution of GKP states with a reset
composed of Ny, dissipative swaps [31]. Given that the
reset process should generate an identity operation on the
storage mode when the auxiliary is in |g), the observed
decrease of the logical lifetime hints at an additional
dephasing mechanism whose investigation is left to future
work. The inset of Fig. 2(d) indicates that N4, = 2 max-
imizes the logical fidelity of the GKP qubit. This value is
thus used throughout the Letter.

The quantum error correction protocols for GKP states
proposed in Ref. [22] engineer a set of two dissipators
whose ground state manifold corresponds to the desired
logical manifold even in the presence of single-photon
loss in the storage mode. A single round of the small-big-
small (sBs) protocol approximates each of the required
dissipators by a depth-3 circuit of auxiliary rotations
and conditional displacements, followed by a dissipative
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FIG. 3. (a) Quantum error correction protocol based on the sBs
protocol composed of auxiliary rotations, conditional displace-
ments, and a reset of the auxiliary. (b) Protocol used to measure the
logical lifetime. After initialization of a GKP logical state (encod-
ing), the sBs protocol is either applied (with QEC) or not (without
QEC) N;4 times. An extra idle time T';4 between each round is added
in both cases. The GKP qubit Pauli expectation value (fiy) . is
measured for states | £ ) (decoding). (c) Logical fidelity Fi,
measured as a function of time without QEC (blue) and with
default (red) or optimized sBs protocols (turquoise) for 7;qy = 40 ps.
The full lines show the decay of the logical fidelity obtained from a
fitting procedure [31]. The data without QEC are the same as in
Fig. 2(d). (d) Logical lifetime 77 obtained experimentally (dark
bars) and numerically (pale bars). The horizontal dashed line
corresponds to the logical lifetime without QEC.

operation implemented through unconditional reset of the
auxiliary [Fig. 3(a)]. The parameters of the sBs protocol are

ﬂsBs = (ﬁs]uﬂBvﬁsQ) with

i"=1)¢ sinh A2y

22 ’

() _ "¢ cosh Ay,

ﬂB \/z ’ (3)

A =

for round n and R, = [+(in/2),+(x/2),—(%/2),
—(im/2)] [22]. We use the effective finite-energy parameter
Agg, as an optimization parameter with a default value of A.
After each round, the conditional displacements are rotated
a quarter turn via the " factor in order to implement both
required dissipators while symmetrizing the conditional
displacements signs.

Our main experiment measures the logical lifetime of the
quantum memory. The protocol, shown in Fig. 3(b), is
composed of an encoding step through the initialization
protocol [Fig. 1(c)], followed by N4 rounds of quantum
error correction with the sBs protocol [Fig. 3(a)], and
finally a decoding step through measurement of the Pauli
expectation value of the GKP qubit. We insert an idle time
T;q after each round of error correction to allow us to
balance correctable single-photon loss from the storage
mode and uncorrectable errors introduced by auxiliary
decay during the sBs protocol [12]. The duration of the
QEC step is given by T = NyT,4, with time per round
Trd = TSBS —+ Tid’ with TSBS = 3.738 and Tid =40 HS.
This corresponds to a photon loss probability per round
kTge = 1.1 x 1072 and x,T,q = 1.3 x 1071,

Figure 3(c) shows the logical fidelity measured exper-
imentally without and with QEC, both with default and
optimized sBs protocols. We obtain the optimized protocol
by maximizing logical fidelity at Ny = 4 in a closed-loop
optimization. The optimization parameters are the effective
finite-energy parameter Agg,, the scaling of the second
small displacement, parametrized by the ratio |, |/|f;, |,
and a state rotation per round [31]. The optimized ratio
s, |/1Ps,| = 1.82 is found to be significantly different from
the value of the default protocol, yet consistent with results
in Ref. [17].

Figure 3(d) shows the logical lifetime obtained exper-
imentally and from numerical simulations from the decay of
the logical fidelity [31]. The gap between experimental and
simulation values, when not allowing any fitting parameters,
indicates that some effects are not captured in simulation.
The logical lifetime is increased by 21% through closed-
loop optimization. Most importantly, the logical lifetime is
increased by 24% when applying the optimized QEC
protocol compared to the lifetime of the same states without
QEC, thus demonstrating that our autonomous error cor-
rection protocol corrects more errors than it generates. The
logical lifetime with optimized QEC, T{™ = 0.218(23) ms,
is nevertheless lower than for the Fock encoding {0, 1} with
TFoek = 0.482 ms in simulations [31].

The gain from QEC in our experiment is limited by bit
flips of the auxiliary transmon during conditional displace-
ments of the sBs protocol, which can cause logical errors
not protected against by the GKP code [14,17,22]. The
presence of this error channel forces the insertion of idle
times Tiq > T, for optimal performance, which in turn
limits the rate of error correction and the protection against
single-photon loss in the storage mode. Both aspects call
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for reducing the rate of auxiliary errors with longer-lived
transmons [17,44] or fault-tolerant error syndrome extrac-
tion [45] with noise-biased auxiliaries [46-50] and reduc-
ing their impact on logical states through more robust
encoding of GKP qubits [51].

Irrespective of the error rate of the auxiliary, reducing the
probability of single-photon loss during the sBs protocol,
kTs = 1.1 x 1072 here, would increase the gain from
QEC [22]. For a fixed single-photon loss rate k,, improving
kT, would require faster conditional displacements,
either through optimization of the echoed conditional
displacement protocol [30] or through alternative methods
to implement conditional displacements in superconduct-
ing circuits [48,49,52-56]. Finally, the advantages of the
fully autonomous approach presented here and the mea-
sure-and-feedback approach of Ref. [17] could be com-
bined. Indeed, by using a measurement followed by an
unconditional reset of the auxiliary, one would have access
to error syndromes that can be used in a second layer of
quantum error correction, without requiring fast feedback
and feed-forward operations within the first layer.

In conclusion, we have demonstrated the preparation of
GKP logical states in the mode of a superconducting cavity
with state fidelities mainly limited by bit flips of the auxiliary
and intrinsic dephasing of the storage mode. A quantum error
correcting protocol based on reservoir engineering, in which
the reset of the auxiliary serves as the dissipative process, is
demonstrated. We have made the QEC protocol completely
autonomous through the implementation of an unconditional
auxiliary reset based on a dissipative swap to a lossy
resonator. Despite the auxiliary having a relaxation time
10 times shorter than the storage mode, we demonstrate
autonomous QEC of GKP states with a gain on the logical
lifetime of about 24%. To guide the requirements at the
second layer of error correction, further work is needed to
upper bound the gain from QEC of the GKP code accessible
with realistic hardware and software improvements.
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