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Large-scale quantum computers will inevitably need quantum error correction to protect infor-

mation against decoherence.

Traditional error correction typically requires many qubits, along

with high-efficiency error syndrome measurement and real-time feedback. Autonomous quantum
error correction (AQEC) instead uses steady-state bath engineering to perform the correction in
a hardware-efficient manner. We realize an AQEC scheme, implemented with only two transmon
qubits in a 2D scalable architecture, that actively corrects single-photon loss and passively sup-
presses low-frequency dephasing using six microwave drives. Compared to uncorrected encoding,
factors of 2.0, 5.1, and 1.4 improvements are experimentally witnessed for the logical zero, one, and
superposition states. Our results show the potential of implementing hardware-efficient AQEC to
enhance the reliability of a transmon-based quantum information processor.

I. INTRODUCTION

Quantum error correction (QEC) is critical for per-
forming long computations involving many qubits, such
as Shor’s [1] or quantum chemistry algorithms [2]. Errors
accumulating in the quantum system can be regarded as
entropy or heat entering the system. In this context, the
standard measurement and feedback-based QEC meth-
ods can be thought of us creating a “Maxwell Demon”
keeping the system cold. These methods typically re-
quire many qubits and complex control hardware and
have been demonstrated approaching the fault tolerance
threshold [3-12]. When cooling atoms, rather than us-
ing measurement-based feedback, typically laser cooling
is used. In laser cooling, the measurement and feedback
are effectively encoded in the internal level structure and
clever choice of laser drives. Along these lines, it is pos-
sible to perform autonomous quantum error correction
(AQEC) where rather than measurements and gates, the
system is “cooled” via an appropriate set of drives and
couplings to engineered thermal reservoirs [13]. Like laser
cooling, AQEC can dramatically simplify the quantum
and classical hardware and control required. Both au-
tonomous and feedback-based QEC are more challenging
than simply cooling because they require that the cooling
process preserves the logical manifold of the system.

AQEC has received growing attention in theoretical
proposals [14-22]. In addition to the usual QEC condi-
tions [23], AQEC requires that the error-correction op-
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erations must commute with the system Hamiltonian at
all times. This makes AQEC most appropriate for hard-
ware efficient [241-29] systems with constrained error syn-
dromes. Thus far all demonstrations, have encoded the
logical qubits into 3D superconducting cavities using an
ancilla qubit as a control [24, 27].

In this report, we experimentally realize AQEC in a
pure transmon-based [30] system using scalable on-chip
circuit structures. We propose a new AQEC protocol,
called the Star code, which simplifies the original very
small logical qubit (VSLQ) proposal [16, 18] and does not
require four-photon drive terms. We develop a coherence-
preserving two-transmon coupler that can parametrically
generate all interactions needed for the protocol. With
AQEC turned on, the logical states show higher coher-
ence times than the uncorrected case. The structure of
the paper is as follows. First, we explain the logical en-
coding and Hamiltonian construction of the Star code.
Then we experimentally calibrate each of the parametric
processes used in the code. Finally, we prepare the logical
states and characterize the coherence improvement.

II. THEORY

The Star code encodes a logical qubit using two orthog-
onal states in a nine-dimensional (two-qutrit) Hilbert
space as |Lo) = (|lgf) — |fg))/v2 (logical “zero”), and
L) = (lg9) — £ ))/V2 (logical “one”) where |g).,|e),
and |f) represent the lowest three energy levels of a
transmon. The error states after a single photon-loss
(one transmon in |e)) are orthogonal to the logical space
and to each other. Further, both logical states have
an equal expected photon number so that photon loss
does not reveal information about the state it was emit-
ted from. We engineer a parent Hamiltonian for the
logical states through |gf) (fg| and |gg) (ff| paramet-
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ric processes. These processes are all implemented by
driving through |ee) as an intermediate state, producing
the star topology in Hilbert space that gives the code
its name (see Fig. 1la). Using an intermediate state al-
lows these to be achieved using only 2-photon drives (QQ
sidebands) rather than the higher-order 4-photon pro-
cesses required by the VSLQ [18]. Despite both sets of
drives going through |ee), with careful tuning of the drive
W, the logical states can be made dark with respect to
lee) by detuning the |Lg) (|L1)) sidebands by +v,. (£15).
When all of these processes are simultaneously applied,
the two-transmon Hamiltonian in the logical-static frame
(see Appendix B for derivation) is

] w TV, TV
Haq = (lee) (9] 2Tt o |ee) (fg| €2
+lee) (gg 2™ +|ee) (Ff1 ™) + hee. (1)

Each transmon @); is coupled to a lossy resonator Rj,
which acts as the cold reservoir for entropy dumping. A
single-photon loss, the dominant source of error in the
system, populates the |e) level, triggering autonomous
correction enabled by two transmon-resonator (QR) er-
ror correcting sidebands [e0); > [f1);,j = 1,2 (right
part of Fig. 1a). These sidebands are applied resonantly
at rates €); to the system, adding f{QRj to the system
Hamiltonian Hggatic,

. Q
Hom = aly (1f9) (egl + |1} {ef]) ® L + h.c.,

figrs ="2al, (Iaf) (gel + 1) (fel) © L+ e, (2

f{static :HQQ ® Iy + Z f{QRj + H.. (3)
j=1,2

Here a,; is the annihilation operator for the j-th res-
onator, and «; is the anharmonicity of j-th transmon.
H, contains the diagonal terms from frame transforma-
tion. We label the full state as |Q1Q2R1R2). We keep
the lowest two levels for each resonator, and I,, is the
n x n identity matrix.

The Star code can correct the loss of a single pho-
ton from one of the qubits. Suppose @; loses a pho-
ton at rate 27;, where 7, is the |e) — |g) decay rate.
The logical |Ly00), consequently, becomes the error state
|E0100) = [eg00) with energy —%. When W > Q,
ﬁQRj is a perturbation and only drives the transition
|Ep100) <> |Lol0) (See Fig. 1 (a)). Assuming the res-
onator’s decay rate k1 > <1, this oscillation quickly
damps back to the original logical state |Lo00) with
no extra phase accumulated, and completes the correc-
tion cycle. The correction procedure for |L;) is similar
through an independent path. The logical superposition
state preserves relative phases since the QR sidebands do
not distinguish the correction path. Such a two-step logi-

cal refilling rate can be approximated with Fermi’s golden
rule Tr; ~ 5k [
Rj — Q24+2r2

against single-photon loss, the star code also provides

]. Apart from providing protection
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FIG. 1. Schematic of Star code and circuit implementation.
(a) Illustration of the autonomous error-correction scheme.
The protocol requires simultaneous application of two QQ
blue sidebands (|ee) <> |gg) and |ee) <> |ff)), two QQ red
sidebands (|ee) + |fg) and |ee) < |gf)), and two QR er-
ror correcting sidebands (]e0) <> |f1)). All six drives are
always-on. The red and blue QQ sidebands have nominally
equal rates W with equal and opposite detunings from the on-
resonance values. The right part describes the AQEC cycle
when a single-photon-loss event occurs. Logical state |L;00)
loses a photon from transmon Q) at rate 27, and becomes
the error state |E;;00). QR error correcting sidebands bring
the state at rate Qp to |L;1x) with one photon populating
Ry. Ry’s photon decays quickly (at a rate ki) and recover
the original logical state. (b) Circuit diagram for AQEC im-
plementation. The device consists of two transmons, two res-
onators, and an inductive coupler.

suppression to 1/f dephasing error [18, 32]. The contin-
uous QQ drives create an energy gap between the logical
manifold and all other states, suppressing low-frequency
noise. Theoretical lifetime improvement of logical states
is further discussed in Ref. [33].

We realize this protocol using the circuit shown in
Fig. 1b. The key component is the inductive coupler
based on the design in Ref. [34] that enables the real-
ization of fast parametric interactions. Two transmons
@1 and @)- serve as the qutrits and share a common
path to ground. This path is interrupted by a Super-
conducting Quantum Interference Device (SQUID) loop.
The SQUID functions as a tunable inductor with exter-
nal DC and RF magnetic fields threaded for activating
the QQ sidebands. Each transmon is capacitively cou-
pled to a lossy resonator serving both as the readout and
cold reservoir. QR sidebands can be performed by send-
ing a charge drive at the half transition frequency to the
transmon [35]. Full circuit quantization is shown in Ap-
pendix C.



(2) 2 P A, - SRy
N e
£ ,:‘#. B e 3 le0)yo|f1)
5 f % 1
g’l 5 $ 1o
L »

g o m Q, e Data
£ o ® Q, --- Simulation

1 , . .

0 1 2 3 4 5

b) 2%
DR A lgflfa)
8 ‘\.' A‘ f.\ ‘LCX //\ .’\\. ‘o,. ..’ L] 0. o 1
Y Y et
c A R b =
§ 71'\ 4I AQ.:Iﬂ‘o ‘;. (.\"‘.\/ ‘\?.o\\:*,\*'-: ° ‘:. D ™
& J .\\J >, ° L) [

O— 5 4 6 8

2
() %’\ lagheIf )
8 4’% e, J
A T e N e
c y . / \ & g
e 9 oll \\/ ~
2 i e
o

00 5 * 8

4
Time (us)

FIG. 2. Different parametric oscillations. (a) Error correcting
QR sidebands |e0) <> |f1) applied separately at rates Q1 =
0.49 MHz and 22 = 0.59 MHz to the transmon-resonator pairs
with |e) as initial states. Effective transitions (b) |gf) <
|fg) and (c) |gg) <> |ff) are measured when all QQ and QR
sidebands are simultaneously turned on. Extracted sideband
rates and detunings from simulation are W, = 1.45 MHz,
Wy, = 1.25 MHz, v, = 0.8 MHz, v, = —0.9 MHz, Q1 = Qs =
0.39 MHz. Oscillation distortions are quantitatively matched
in the lab frame simulations.

III. EXPERIMENTAL RESULTS

A. Device implementation and sideband calibration

In this section, we will characterize the individual
qubits and realize the required sidebands to create and
correct the logical states. We adjust the DC flux point
to minimize the Cross-Kerr coupling between transmons
which can dephase the logical superposition states (See
Appendix D for further discussion). The measured Cross-
Kerr couplings are all lower than 320 kHz while maintain-
ing Ramsey dephasing times Tg,, = 15.2(9.8) us with
relaxation time Thg4e = 24.3(9.1) ps, for Q1(Q2) (See Ap-
pendix A).

To calibrate the QR sidebands for selective photon
pumping, we initialize the system in |eg00) and apply a
continuous charge drive at frequency (wy1 + wg1 + 1)/2
to activate a 2-photon |e0) < | f1) transition between Q4
and R; at a rate of 0.49 MHz. The system achieves a
steady state |fg00) within 3 nus as shown by red points in
Fig. 2(a). Similarly, a 0.59 MHz QR2 drive takes |ge00)
to |gf00) in a similar time (blue points in Fig. 2(a)).
The decay of transmon reduces the final average photon

number slightly below 2.

We achieve at least 20 MHz QQ red sidebands
((l7,k) < |7+ 1,k—1))) and 5 MHz QQ blue side-
bands ((|7,k) <> |7+ 1,k +1))) separately at the oper-
ating point, demonstrating a fast, coherence-preserved
two-qutrit coupler with suppressed ZZ interaction. Blue
sidebands have a slower rate limited by stray signals from
higher flux modulation frequencies (See discussion in Ap-
pendix E). All possible sidebands realized in this coupler
are shown in Appendix F.

By driving all six sidebands, the core effective 4-
photon processes, |fg) < |gf) and |gg) + |ff) and
the error-correcting QR drives can be realized simulta-
neously. In practice, the QQ red and blue sideband rates
(W, = 1.45 MHz and W, = 1.25 MHz) are slightly differ-
ent. When applying all sidebands, we choose a smaller
W, because the coupler was found to heat and shift the
readout resonator when driven at larger rates making
tomographic reconstruction inaccurate. We choose al-
most opposite detunings (v, = 0.8 MHz, v, = —0.9 MHz)
for larger energy separation of the eigenstates and bet-
ter error correction performance. Both QR sidebands
are turned on at rates Q; = Qo = 0.39 MHz. Fig. 2(b)
shows the evolution when the initial state is |gf). The
average photon number of @; (in red) and Q2 (in blue)
are read out simultaneously, and the oscillation between
0 and 2 forms an effective 4-photon red sideband. Note
that this effective swap process is slightly different from
the direct |fg) <> |gf) transition as the population in
|ee) will appear intermediately when the initial state has
overlap with the eigenstates that have |ee) component.
Under this condition, |ee) is no longer the dark state
of the mixed QQ sidebands. Oscillation damping orig-
inates from the detuning-induced slow interference and
decoherence of the qutrit subspace, and this distortion is
captured by the simulation as well. Similarly, by choos-
ing the initial state as |gg), the effective four-photon blue
sideband |gg) <> |ff) can be observed in Fig. 2(c).

B. Error Correction Performance

The logical state initialization requires sequential ap-
plication of multiple single-qutrit and two-qutrit rota-
tions. For |Lg) and |L1), QQ red and blue sidebands are
used to generate entanglement, and for |L,) = (|Lo) +
L))/V2 = (I9) + 1£)(Ig) — 1£))/2, only single qutrit
rotations are required. The preparation times for ini-
tial states are separately 313 ns, 142ns, and 282ns for
|Lo), |L1) and |L,). The detailed preparation circuit
is discussed in Appendix G. We perform full two-qutrit
state tomography [36, 37] and obtain initial state fideli-
ties of 88.1%, 89.1% and 88.7% for the three states re-
spectively. The tomography sequences and density ma-
trix reconstruction are shown in Appendix H.

We characterize the performance of the Star code by
comparing three different cases — free decay, QQ side-
band spin-locking (4 QQ echo), and full AQEC. For
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FIG. 3. Error population under different conditions. Black, blue, and green points represent tomographic measurement results
under free decay, 4 QQ echo, and full AQEC. The y-axes represent the combined population of error states for initial states
|Lo), |L1), and |L,). Population accumulates at the error states in the free decay case, enhanced in the 4 QQ echo case, and
corrected with AQEC drive on. The experimental data is explained with master equation simulations. Detailed simulation

parameters are shown in the Appendix I.

free decay, we do not apply any drive after the state
preparation. For the 4 QQ echo case, we turn on the
QQ sidebands |ee) < {lgf).|fg),l99),1ff)} with a
similar rate-detuning configuration as shown in Fig. la
(W, = 1.0MHz, W, = 1.7MHz,v, = 1.5MHz, 1, =
0.0 MHz). This case shows coherence improvement from
spin-locking. The full AQEC (W, = 1.45 MHz, W, =
1.25 MHz, v, = 0.8 MHz, v, = —0.9 MHz, Q; =
Q9 = 0.39 MHz) demonstrates further improvement from
photon-loss correction. We plot the density matrices of
the logical states after preparation and after 9 ps in Ap-
pendix H for reference.

To demonstrate that our protocol corrects single-
photon loss error, in Fig. 3, we plot the combined pop-
ulation of error states as a function of time for all three
cases. The error populations are computed through the
expectation values of €9 = |ge) (ge| + |eg) {eg| for |Lg),

1 = lef){ef| + |fe) (fe] for |L1), and eg + &1 for |L,)
corresponding to the states after single-photon loss. We
extract the error population from the density matrices re-
constructed with full two-qutrit state tomography at each
time point up to 27 ps using the Maximum Likelihood Es-
timation (MLE) from 5000 measurements for each state.
This is a direct demonstration of the AQEC’s effective-
ness, as it measures the error state population designed
to correct by the protocol. Compared to the free decay
cases (black dots), turning on the AQEC clearly corrects
photon loss and suppresses the error rate below the free
decay cases (green dots). The error rates for all three log-
ical states increase in the 4 QQ echo case (blue dots), as
enhanced qutrit decay rates in the presence of sideband
can lead to extra photon loss. The solid lines represent
rotating frame simulations and are in agreement with the
experimental data.

In addition to correcting photon loss, it is also impor-
tant to characterize how well the AQEC protocol pre-
serves the coherence of the logical states. To quantify
the coherence, we plot the decay of the most sensitive
off-diagonal matrix element for each logical state. Fit-
ting the data to the exponential decays for |Ly) and

|L1) [38], the logical states’ coherence are improved
from 11.8ps (|Lo)) and 3.3ps (|L1)) in the free decay
cases, to 18.6 s and 17.1 ps in the four QQ echo cases,
and up to 23.4ps and 16.9ps in the error correction
cases (see Fig. 4(a), (b)). This demonstrates a factor
of 2.0 and 5.1 improvement in logical state coherence
against the free decay case. We use the operator X =
(l99) +1fg)) ({af| + (ff]) /2+ h.c. for showing |L;)’s co-
herence. X is the projection of the error-transparent log-
ical X rotation (I + X1) X2/2 to the {|g),|f)} subspace,
with X; = (aj;ja:;j + agjagi)/V2 [16]. In Fig. 4, the
solid and dashed lines represent rotating-frame simula-
tions and fit, matching qualitatively to the experimental
data. Our results demonstrate a factor of 1.4 improve-
ment in |L;)’s lifetime.

The large difference in free-decay coherence times be-
tween |Lg) and |Lp) originates from the low-frequency
dephasing noise on ®pc through the flux line. It causes
a shift in both transmons’ frequencies in the same di-
rection, which |Lq) is sensitive to but |Lg) is not. The
passive echo protection from the Star code drives sup-
presses this; consequently, in the 4 QQ echo case both
logical states have similar coherence time.

The AQEC performance is primarily limited by three
factors in our experiment. The most important fact is
that the QQ sideband rates W,. and W, are well below
their ideal values. Stronger drives would further sup-
press phase noise (lifetimes in the 4 QQ echo experiment
are well below 27}, indicating room for improvement),
and the increased energy separation would also allow us
to use stronger QR drives, correcting photon loss more
quickly. Although the coupler supports 9 MHz QQ side-
bands for short periods, when W}, goes beyond 5 MHz the
readout resonator frequency starts to shift, introducing
systematic measurement distortion (See Appendix E for
details). This problem worsens with all six tones applied
and we stay well below this limit to ensure reliable to-
mography results. The second limit is the ZZ coupling
between the transmons, an extra dephasing channel for
superposition states (see Appendix D for details). Our
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FIG. 4. Coherence improvement. Black, blue, and green cir-
cles are experimentally obtained expectation values for the
relevant operators representing coherence at a given time.
The expectation values are extracted from the tomographic
reconstruction of states with 5000 repeated measurements.
The improvement with AQEC turned on is explained by the
master equation simulation. All traces are fitted to the ex-
ponential decay curve Aexp(—t/7)+ C. The error bars (one
standard deviation) for 7 are obtained from the fitting*. The
fast transition period (first 1.5 ps ~ Qj_l in the AQEC case is
not included in the fitting for a better representation of logi-
cal coherence.

*Large error comes from treating C' as a free variable in the
fitting.

coupler is operated at the minimum ZZ flux bias of the
coupler to minimize the effect. It could be further mit-
igated by stronger QR sidebands enabling faster error
correction, or through additional off-resonant QQ drive
terms to dynamically cancel it. The third limit comes
from heating and physical coherence drop when side-
bands are turned on. The average photon number in the
readout increases from < 0.01 (free decay and 4 QQ echo
cases) to 0.03 (AQEC case), and the photon-excitation
event in the transmon is a non-correctable error source
(see Appendix I). This explains why a clear reduction in
correctable error rate does not result in a comparable in-
crease in the logical lifetime. Further improvement can
thus come from two paths—improving isolation between
control signals or improving physical qubit coherence so
that weaker drives can be more effective. Other limits
are in the order of ms as shown in Appendix I and do
not affect our results considerably.

IV. CONCLUSION AND OUTLOOK

We have experimentally demonstrated a hardware-
efficient AQEC code, the Star code, that requires only
two transmon-resonator pairs and a linear coupler to per-
form the second-order transitions. Three levels per trans-
mon are used to store information, with the middle level
capturing photon loss error, and entropy is dumped to
the resonator autonomously through the always-on cool-
ing sidebands. Inter-transmon parametric drives are ap-
plied to the coherence-preserving coupler for separating
the Star code logical space. We demonstrate AQEC’s ef-
fectiveness in a pure transmon system that is free from
3D cavities, compared to previous AQEC demonstrations
in the bosonic system. Our system is entirely constructed
from scalable components and fundamentally avoids the
need for fast and accurate error detection and feedback
error correction pulses. The Star code can be a self-
corrected building block for the surface code [3, 39] to
further correct higher-order errors when scaled up.

Future work will include realizing proposed error-
transparent single-qubit and multi-qubit gates [16]. The
Star code can also be implemented in other platforms
that have full control of multiple anharmonic three-level
systems.
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Appendix A: Device Parameters

Transition T4 (us) Tr (4S) Techo (1S)

Qile) — |g) 243 152 246
Qale) = lg) 91 9.8 14.3
Qilf) = le) 271 167 293
Qa2lf) = le) 267 201  34.3
Rl =10y 0.3
Ry|1) — [0) 0.3

TABLE I. Device coherence parameters.

Relevant coherence parameters and frequencies at the
operating point (Coupler DC flux bias ®pc = 0.3795P))
without external drives are listed in Table. I and Ta-
ble. II. The ZZ coupling (dispersive shifts) between
two-transmon energy levels are measured in the exper-
iment through Ramsey fringe frequency difference (Ap-
pendix G), and the cross-Kerr couplings Ji1, Jo1, Ji2,
Jog are calculated from the measurement results.

Appendix B: Star code frame transformation

We explicitly show the Hamiltonian for the Star code in
different frames, with the sideband parameter set {W, =
Wy = W,Q; = Q,v,,15}. Without the external drives,
the device can be described by the following Hamiltonian
in the lab frame by keeping leading-order terms,

hE

o
H= (ijnqj + 5ngj (ngg = 1) + wrjnr; + Xjnqj“m‘)
j=1
+ Y Ti(ng) (ng2)". (B1)
3,k=1,2
Parameter Symbol Value/27
Q1 ge frequency wq1  3.2049 GHz
Q-2 ge frequency wq2  3.6625 GHz
@1 anharmonicity a1 —116.4MHz
()2 anharmonicity e % —159.6 MHz
R frequency wr1 4.9946 GHz
Ry frequency Wr2 5.4505 GHz
R, dispersive shift X1 —180kHz
Rs dispersive shift X2 —330kHz
(Elee) = Elge)) = (Eleg) = Blgg)) ZZge  —261KkHz
Egey = Bleey) = (Egg) = Ejeg)) ZZeyr  —130kHz
Blepy = Ejeey) = (Eigs) = Eige)) ZZer —301kHz
Eizs) = Ejey) = (Eirg) = Eleg)) ZZsp1 —171kHz
Eirsy = Eige)) = (Elgpy — Eigey) ZZgr2 —289kHz
Eleyy = Bigpy) = (Ejeg) — Elgg)) ZZgy1  —619kHz
Eige) = Eirg) = (Elge) = Blgg)) ZZgg> —464KkHz
Coeflicient of ngimg2 J11 —312kHz
Coefficient of n?ﬂnqz Jo21 25kHz
Coefficient of nqlngz J12 —49kHz
Coefficient of nﬁlngz Joao —43kHz

TABLE II. Device frequencies without external drives.

Capacitance (fF) Josephson Energy (GHz)

Ca 1659 E, 124
Cp 1234 E; 12.1
C. 178.3 E; 1106.0
Caz 2.0

TABLE III. Capacitances and Josephson energies used in the
simulation. Capacitances are extracted through design geom-
etry simulations in ANSYS Q3D, and Josephson energies are
calculated from the room temperature resistances of identical
test junctions on the same chip.

Here ng; = aCTU- ag; and n,; = aij ar; are the photon num-
ber operators for the j-th transmon and resonator respec-
tively with ag;(,;) representing the annihilation operator
for the j-th transmon (resonator). x; and Jj, are the
Z 7 coupling strength between the j-th QR pair and be-
tween two transmons. Inter-transmon ZZ couplings are
expanded to the second order for explaining shifts up to
|f) level. Cross-Kerr couplings J;j, are minimized by bi-
asing DC flux at ®pc = 0.3795®; to suppress logical
states’ extra dephasing channel (see derivation in Ap-
pendix D).

Then we bring in external drives and ignore the static
7 7 couplings between QQ and QR, which can be reintro-
duced into the equation by shifting the diagonal energies.
The lab-frame Hamiltonian then reads

_ R T % NN B %
Hyy, = E (wq]aqjaqj + anjaqjaqjaqj + wrja, Gr;
j=1,2

+ Hgg + Hgri + Hgre,
Hoq =Aqq (1) (ajﬂ + aql) (a:;Z + aqz) ;

Horj =Aqr; (1) (af,j + aqj) (aij + a,,j) )

(B2)

Agq (1) == cos (w2 = — o = 7))

w
+ — cos ((wg2 — wg1 + a2 + 11) t)

V2

+ W cos ((wq1 + wg2 — vp) t)

w
+ -5 cos ((wg1 + wg2 + a1 + g + 1) t),

Q
AQrj (t) =—= cos ((wgj + wrj + ) t).

V2

Next, we move to the “logical-static” frame where all

logical states have zero energy resulting in (we keep the



lowest two levels for the resonators)

~ « o
Hstatic = - 71<Peg +Pef) - 72(Pge +Pfe)
+ Hgo
—Z%aTa'—i-fI ; (B3)
o Grjtri QRjs
j=1,2

[ w TV, TV,
Alag =15 (Iee) (9f €27 + |ee) (fg] *7

+ lee) (gg| ™" + |ee) (f f|*™") @ I,
+ h.c.,

L (eg) (Fal + 1ef) (1) ©10) (1) © I + huce,

2
= (96} (01 +17e) () © 1o @ [0) 1] + .

Finally, we perform another rotating frame transfor-
mation so that the detuned QQ sidebands become time-
independent, which leads to

E[QRl =

HQRQ =

« (67
- 71(Peg + Pey) — 72(Pge + Pse)

_Vr(ng+Pfg+Pye+Peg)
—p(Pyg + Prg + Pep + Pre)
+ Hjq
Qo -
= Y Sanary + Hon,
§j=1,2

Hrot =

-~ w
Hoq = (lee) {gf] + lee) (9]
+ lee) {gg| + |ee) {ff] + h.c.) @ I4.
Here I, is the n x n identity matrix and Py, = |ab) (ab|®
I;. Rotating Wave Approximation (RWA) is applied
in the last two transformations. In the final frame,

{|Lo),|L1)} have different energies {—v,., —vp}, and the
superposition states become time-dependent.

Appendix C: Circuit Hamiltonian and sideband
strength

Fig. 5a is our device’s false color optical picture. We
first consider the Hamiltonian of the two transmons:

Ho =TTCL'T — Ejycos (g — ¢1) — Eja cos (92 — ¢c)

— Ejccos <w%> cos (¢e), (Cla)
Dg
Ca+Cq2 —Cy2 0
Cr=| —Cp2 Cup+Cuz 0 ;
0 0 qu + Cq2 + ch
(Clb)
WT = (n17 n2, nt:) ) [njv QDJ] = —i. (Clc)

Here 77 and @ are the charge and phase variables and
can be found through the Legendre transformation. Ta-
ble. IIT includes all coefficients used in the quantization.

(b) Cp

FIG. 5. The device. (a) False-colored optical image. Two
transmons (red) are inductively connected through a SQUID
loop (purple, inset shows zoomed-in image). An on-chip flux
line is coupled to the SQUID for activating QQ sidebands
through parametric RF flux modulation at the proper DC
flux position. Each transmon is capacitively coupled to the
readout resonator (blue). Single transmon pulses are sent
through the resonator input lines. QR sidebands are applied
through corresponding charge lines. (b) Circuit schematic
diagram.

Then we extract the linear part of Hg to obtain

B E; E;
Ho=71TC; ' + Tﬂ (e — 1) + 7]2 (02 — ¢c)?
E.. Doy
+ 2] cos <7r—£0t><p(2:.
(C2)

Next, we rewrite the charge and phase variables in the
dressed basis with the unitary transformation matrix U
such that Hj is simultaneously diagonalized to find out
the normal modes,

HO - Z (C’yﬁ? + Dj ~j2> , (C3a)
j=1,2,c

ﬁ = (ﬁ17ﬁ2aﬁc)T = U_lﬁ, (Cgb)

—= ~ o~ o~ _

@ = (p1,P2, @) =U"', (C3c)
Ull U12 Ulc

U= Uz Uz Us (C34)
Ucl Uc2 Ucc

In the dressed basis, the nonlinear part is reintroduced
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FIG. 6. Circuit quantization results of Hg. Comparison of
(a) transmon frequencies and (b) cross-Kerr couplings be-
tween simulation and experiment. Q1 (red) and Q2’s (blue)
lg) <> le) and |e) <> |f) frequencies from numerical calcula-
tion and experiment are plotted as a function of ®ey. Four
inter-qutrit cross-Kerr coupling strengths, Ji1, J21, Ji2 and
Jao are calculated, and experiment data are marked out on
the Star code operating point (dashed line).

in the Hamiltonian to get

Ho= ) (Ojﬁf)
7j=1,2,c
— Ej cos (Uej @i — U1 85)
j=1,2,c
— L£j2 COS (Uzj@5 — UcjBj)
j=1,2,¢
(bxt ~
Ej. cos (77 ° )cos Z Uejgj |, (Cda)
®o j=1,2,c
with
- 2 Dj
nj=—=/="(a an), (C4b)
\/5 C] q)
N 1 /C;
8= 51 = (ok +au) (Cde)
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FIG. 7. Chevron plots for fast QQ sidebands. The state of
both transmons are simultaneously read out and shown as
photon numbers. Top two figures show 9 MHz |gg) <> |ee),
and bottom two demonstrate 21 MHz |ee) +» |gf) oscillations.

We use the scQubits package [40] to quantize the
Hamiltonian. The numeric and experiment comparison
are shown in Fig. 6. When ®.; is biased close to ®¢/2,
deviation appeared in numerics. This comes from the
asymmetry of SQUID junctions’ resistances and parasitic
SQUID loop inductance and is away from our bias point.
Around the DC flux position where the Star code pro-
tocol is implemented (marked as Fig. 6b dash line), we
have a decent explanation of both transmons’ frequencies
and cross-Kerr couplings.

The QQ sidebands are realized through parametric RF
flux modulation of the coupler. To understand the side-
band rate, we follow the previous paper[34] and apply an
adiabatic approximation to the Hamiltonian: The cou-
pler mode frequency remains high (> 15 GHz) above
transmons’ frequencies (< 4 GHz) in the system, there-
fore the coupler can be assumed static at the ground
state. The non-dynamical potential of the coupler mode



is removed by minimizing the Hamiltonian. Transmons
are treated as duffing oscillators when calculating the ef-
fective sideband rate. Keeping up to 2nd order expan-
sions, the Hamiltonian Had under adiabatic approxima-
tion is
H.q = waaglaql + wq2a22aq2
(6%))
—a

+ﬂaTaTa1a1+ TGTG/QG/Q
2q1q1qq 2q2q2qq

+ g1 (t) (afll + aql) (a;z + aqz)

+ g0 (—all + aql) (—a:;2 + aqg) , (Cha)
E1FEis
g1 (t) = J qj ® 1/wq1wq2, (C5b)
2Ej. cos (w%)
\/Cy1C,
g2 —Mww(ﬂwqg. (050)

Here ¢ (t) and g2 are flux-tunable inductive coupling

strength and constant capacitive coupling strength.

TDPext (t) d +
D, = ¥DC

€ cos (wgt) into Eq. C5b and assuming ¢ < ®pc, we ob-

tain

Plugging in the RF flux modulation

VEE; 1
————/Wq1We2

a1 (t) =

2E;. cos (Ppc + € cos (wat))
Ej1Ej (1 + esin (wgt) tan (Ppc))

== [ We .
2F;. cos (Ppc)

(Co)

Therefore the QQ sideband rate becomes (suppose |1)7)
and |¢2) are states connected by the sideband)
Elejg
28,

etan (‘1)[)0)

cos (Ppc) Az, (€7)

VWq1Wq2
with
Ara = (1] (GZl + aql) (aj;g + aq2) |a) s

and is proportional to the flux modulation rate. Ajs
is the state-dependent bosonic enhancement coefficient.
Higher order corrections can be calculated using time-
dependent Schrieffer—Wolff transformation[41], and for
our inductive coupler, both QQ blue and red sideband
will have a similar rate under the same e.

Each transmon is capacitively coupled to the readout
resonator, and the second-order QR error-correcting side-
bands are generated through the charge drive at half the
transition energy wagrj = (wgj + wrj + ag;)/2 with drive
amplitude €4,

O (1 \? 2 T
Hqr; :“qj“gjaqj + 37 (%j) (ag;)” + wrjay;ar;
+ Gqrj (—agj + aqj> (—aij + arj>

+ g5 (a:;je_i‘”d‘”'jt + h.c.) . (C8)

The effective QR
4
1692@%;‘/(“«1]’ —wp;)" [35].
2 .

cell limit (N —Jari"3
Wqj —Wr;)
QR frequency difference allows higher QR sideband rate
for the same drive amplitude. In our experiment, the
Purcell limit from the resonator is larger than 200 ps,

and is not limiting the physical coherence time.

sideband rate is € =
Under the same Pur-

) from the resonator, smaller

Appendix D: Transmon ZZ induced dephasing

Realizing AQEC requires error transparency to single
photon loss error. This makes ZZ coupling an extra
logical dephasing channel as it does not commute with
Hgior. In a two qutrit system, there are in total 7 differ-
ent ZZ frequency shifts coming from 4 cross-Kerr cou-
pling strengths Jy1, Jo1, J12, Joo. However, not all ZZ
couplings are detrimental to the Star code. The error
transparency requires no phase accumulation between
logical states during the error correction process. This
is equivalent to having the same energy for the photon
lost from one transmon, independent of the state of the
partner transmon,

Efp — Eep = Epg — Eeg,

(D1)
Epp— Efe =

gf — Ege-

Here Ejj, refers to the energy of the state |jk). Equa-
tions D1 are equivalent to ZZspo = ZZsp1 = 0 (see
Table. IT). When this is not the case, a random phase dif-
ference will accumulate between logical states after the
error correction, introducing dephasing to the logical su-
perposition states. The other ZZs are naturally error
transparent in the logical manifold since |ee) is dark and
will not affect the logical states’ coherence. To suppress
the ZZ-induced logical dephasing, we can increase the
QR sideband rate €2, shortening the |e) population time
in both qutrits and reducing the accumulated random
logical phase. To eliminate this dephasing channel, we
need a coupler that has zero ZZ;¢ and ZZ¢ g, when all
external sidebands are turned on. This can be poten-
tially realized in our current coupler with dispersive shift
engineering. We consider a two-transmon system with
static interaction that produces a set of dispersive shifts
for cancellation. The base Hamiltonian Hy,ge is

Hbase :Z (61,n |n1> <7’L1‘ + €2.n ‘n2> <n2|)
! (D2)
+ > Apm [nama) (nama|

nm

where €3 ,, are energies for single transmon levels, A,
is the static energy shift to the state when transmon 1
has n photons and transmon 2 has m photons. For the
ground state €; /3 g and Ago are set to 0. We add to Hyase
a QQ red sideband through the coupler,

Hp = 2gsin (27vt) (afllaqg + aqlajﬂ) . (D3)
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FIG. 8. Readout saturation feature for fast (rate 9 MHz) QQ
blue sideband |gg) <> |ee) in the long time scale. Top and
bottom panel show readout signals from the first and second
resonators.

We assume the frequency detuning v is far off-resonant
so that v > ¢, and this will introduce an energy shift
Djy, to all levels:

DB _ g2j(k+1) g%j(k+1)
i Eix—Ej ap1—v Ejx—Ej g1tV
N 9*(j + Dk > (j + Dk
Eix—Ejjip-1—v Ejx—Ejj1p-1+v

(D4)
For a detuned QQ blue sideband drive, one can find a
similar expression for the energy shift,
g+ D(E+1)
Eir—FEit1p+1—V
9%k
Eipr—FEj_1p-1—V

PG+ 1)(k+1)

Ejk — Ejp1,k41 TV
g*jk
Ejr—FEj_1x-1+v

(D5)

B
DY =

_|_

When multiple external QQ sidebands are applied, the

total dispersive shift to each energy level is given by
Dj, = ZD%{) + ZD](f), where the sum is over all
external QQ sidebands. Specifically for the Star code
scheme, we can modulate two extra QQ sidebands near
lef) < |gh) and |fe) <> |hg). This can introduce either
positive or negative D15 and Ds; to the system, depend-
ing on the choices of frequency detuning. The required
g for complete ZZ cancellation can be less than 5 MHz.
Therefore, it is theoretically possible to cancel ZZ¢ ¢ and
Z Zy o simultaneously under such two extra drives. We
did not turn on the cancellation sidebands in the exper-
iment, because our readout suffers from frequency shift
under strong flux modulation amplitude as discussed in
Appendix E.
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(a) RF flux modulation at 0.7 GHz

(b) RF flux modulation at 7 GHz
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FIG. 9. Distribution of electrical field’s amplitude (in log
scale) when RF flux drive is modulated at (a) 700 MHz and
(b) 7 GHz obtained from HFSS simulation.

Appendix E: Readout saturation and flux line
optimization

In our device, we use the on-chip flux line to generate
various two-qubit interactions through parametric mod-
ulation. A typical parametric coupler design includes
two qubits capacitively or inductively coupled through
a tunable coupler. Modulation of the coupler frequency
and the qubit-coupler coupling strength contribute to the
two-qubit interaction strength. For a capacitively cou-
pled system [41-44], coupler frequency modulation con-
tributes dominantly to the QQ sideband rate, and time-
dependent Schrieffer-Wolff transformation (SWT) proves
that [41] the ratio of interaction strengths between bswap
and iswap is S50 (w; is Q;’s frequency). Therefore,
a capacitive coupler provides a slower bswap than the
iswap. In contrast, an inductively coupled system [34, 45]
modulates the coupling strength between the qubit and
coupler more effectively, and both iswap and bswap will
have the same zeroth-order terms in the SWT expansion,
thus theoretically sharing the same rate under same mod-
ulation amplitude. Previous experiments achieved fast
iswap interactions, but a similar bswap rate has not been
demonstrated in either type of parametric coupler yet.
We experimentally realize a comparable maximum rates
of 9MHz bswap and 21 MHz iswap (shown in Fig. 7).
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(@) Unoptimized flux line geometry

(b) Optimized flux line geometry

FIG. 10. SQUID design. (a) Old design without optimization.
(b) Current design by maximizing the mutual inductance be-
tween the flux line and SQUID. The Ta and Al areas are
colored as grey and blue separately, and the bare sapphire is
colored white.

In the experiment, we notice that turning a strong
bswap on will shift both resonators’ frequencies after a
long time, resulting in the ‘saturation’ feature (Fig. 8).
Such a readout frequency shift is both sideband strength
and duration dependent, and the shift persists for a no-
ticeable period after all sidebands are turned off. Dis-
tinguishing transmons’ states through readout becomes
difficult when this happens. A readout is possible when
the shift is reversed after waiting for a sufficiently long
period but degrades readout fidelity due to transmons’
relaxation. While case-dependent dynamic demarcation
can distinguish states, this method becomes complex and
inaccurate. In our experiment, we decided to lower the
RF modulation amplitude and minimize the saturation
region by optimizing the flux line geometry.

One source for the readout saturation at the bswap
drive frequency is the flux line’s stray charge coupling to
the SQUID [45]. The on-chip flux line can be considered
an antenna. The coupler is located in the near-field re-
gion, and the electrical field amplitude is proportional to
the flux modulation frequency. Since bswap’s drive fre-
quencies are normally a magnitude higher than that of
the iswap operations, a much stronger stray-charge drive
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FIG. 11. The stepped impedance Purcell filter. (a) Optical
image of our SIPF chip made using Ta on sapphire. (b) Cal-
culated SIPF insertion loss. Transmon transitions, QQ red
and blue sideband frequencies are marked in the plot.

is observed when the bswap drive is on.

We verify this fact using ANSYS HFSS simulation (see
Fig. 9), where the electrical field amplitude is observed to
increase over an order of magnitude when the modulation
frequency is increased by a factor of 10. The stray charge
drive limits the maximum power we can use for the flux
modulation, and we focus on geometrical optimization to
improve the flux-to-charge drive ratio. In order to do so,
we maximize the mutual inductance between the SQUID
and the flux line by increasing the SQUID loop size and
bringing the flux line closer to the loop. The loop size in
our experiment is limited by the SQUID’s hysteresis [410]

set by the ratio Li‘;‘;" , where L. is the inductance of each

junction in the SQUID (assumed identical) and Ligop is
the SQUID loop inductance. When LLL]‘;" > 1, trans-
mon frequencies become hysteric as a function of ®pc,
and the region grows with the ratio. Dissipation appears
when modulating within the hysteric region and should
be avoided in our experiment. This property sets an up-
per bound for SQUID loop length.

We use HF'SS simulation to calculate flux threaded by
the SQUID loop and vary the geometry to maximize. As-
suming the electrical field is geometry insensitive around
the SQUID, maximizing SQUID flux increases the ratio
between the mutual inductive coupling and stray capac-
itive coupling strength of the flux line. The original and
optimized designs are shown in Fig. 10. The simulation
suggests a factor of 3.5 improvement in the ratio.

Being strongly coupled to the SQUID, the flux line is
also a channel for transmons’ relaxation. In order to im-
prove Purcell protection, we design a Stepped-Impedance
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FIG. 12. QQ (top panel) and QR (bottom panel) sidebands
with rates achieved in the experiment without readout satu-
ration.

band-stop Purcell Filter (SIPF) as shown in Fig. 11,
which strongly blocks transmon frequencies while allow-
ing the QQ red and blue sideband drives to pass (see
Fig. 21 for the full measurement setup).

Appendix F: QQ and QR sideband rates

The ability to sustain fast QQ sidebands is crucial to
the realization of the Star code and we optimize the ge-
ometry of the device as discussed in the previous sec-
tion. In Fig. 12(a), we show all two-photon QQ sidebands
achieved in the experiment. Fig. 12(b) shows all exper-
imentally achieved QR sidebands and resonator decay
rates. The strong and rich two-photon processes with this
design also show the potential of realizing high-fidelity
two-qutrit gates [47].
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FIG. 13. Gate circuits for the Star code calibration. (a) Pulse
sequence for calibration of ZZr1. Ramsey-like protocol is
used for the partner transmon being in |g) or |f). The other
ZZs are calibrated similarly. (b) QQ blue and (c) QQ red
sideband frequency calibration sequence. QQ sideband pair
frequencies are iteratively swept and updated based on the
time-domain pattern. (d) |L1) preparation phase calibration
sequence. The phase point that has minimum |e) population
in the sweep is chosen as the calibrated ¢r1. The preparation
phase for |Lo) is calibrated similarly. (e) |L) preparation
phase calibration protocol.

Appendix G: Full Star code calibration process

To implement the Star code, we need to calibrate the
QQ and QR sideband frequencies when all sidebands
are simultaneously on. The presence of external side-
bands will change both transmons’ frequencies through
AC-stark shift and rectifying effect (RF modulation un-
der a nonlinear frequency-flux response). In the experi-
ment, we systematically perform the calibration, shown
in Fig. 13.

In Fig. 13a, the static ZZ dispersive shift is character-
ized by measuring the Ramsey fringe frequency difference
depending on the other qubit’s state. In steps Fig. 13b
and Fig. 13c, we first turn on all 6 QQ and QR drives
at their bare frequencies. All QQ sideband rates are set
to W when independently turned on. Two QQ red side-
bands and two QQ blue sidebands are pair-swept sepa-
rately as the ‘red/blue pair’. The pair width and center
are the sidebands’ frequency difference and average. In
each iteration step, we update sequentially the red and
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FIG. 14. Simultaneous QQ sideband calibration. All six tones
used in the Star code are simultaneously turned on during
the frequency-time sweep. The red (top two panels) and blue
(bottom two panels) QQ sideband pair frequencies are swept
individually for calibration in the presence of the other pair.
Red dash lines in the plots represent the pairs’ center fre-
quency choices. (a) and (b) are Q1 and Q2’s average photon
number when sweeping the red pair with the initial state |fg).
(c) and (d) are Q1 and Q2’s average photon number when
sweeping the blue pair with the initial state |gg).

blue pair centers, and the QR sideband frequencies. For
each pair, we sweep the center frequency as a function of
time with all six sidebands on. We use |gg) (blue pair)
and |fg) (red pair) as the initial states. Reading out
the average photon number in both transmons, the 2D
sweep plots show a fringed chevron pattern (shown in
Fig. 14). The pattern’s center line is the new pair center.
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FIG. 15. Preparation phase calibration of |Lo) (left) and |L;)
(right) in the error correction experiment. The population
of |e) on Q1 are measured after turning on all sidebands for
up to 8 pus, and the red dash line marks the calibrated phase
position. We choose Q1 due to higher readout fidelity.

The fringe rate represents the actual sideband detunings
vy and rate Wy, /.., and the detunings can be updated by
changing pair width at this stage. After extracting both
pairs’ new centers, the QR sidebands are calibrated with
leg) and |ge) as the initial state when all drives are on.
Populating |f) with the |e0) <> | f1) process is most effi-
cient when QR sidebands are on resonance. Because of
none zero ZZss1 and ZZsyre, the QR sidebands cannot
be exactly on resonance for both |L;). In the experi-
ment, we calibrate QR sidebands to be on resonance for
the |Lg). For |L;), the error correction process will be
slower but not dephase the state after correction. After
a few iterations, we get decent frequency calibrations of
all six sidebands.

Logical state preparation includes both charge and flux
drives with appropriate relative phases. Fig. 13d is to cal-
ibrate |Lg) and |L1)’s preparation phase. For the logical
state |Lg), we first apply two 74 pulses sequentially on
Q1 and Q2 to prepare |ee) through charge lines. After-
wards a (7/2)|ce)es|fg) Pulse with a phase offset ¢ro and
a T|ee)s|fg) Pulse are applied through the flux line. To
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FIG. 16. Phase calibration for |L,) preparation. Population
of |g) (top) and |f) (bottom) on Q1 (left) and Q2 (right) are
measured after 8 s, and the red star marks the calibrated
phase position.



prepare |L1), a (7/2)|g9)s|ce) Pulse with some phase ¢
followed by a 7|cc) |7 ) are applied through the flux line.

These steps generally prepare (|gf) —e*®20 |fg))/v/2 and
(lgg) — "= [f))/v2. For non-zero {¢ro, dr1}, |ee) is

populated under the action of Hgtatic, and we use this fea-
ture to find the correct preparation phases. We sweep the
phase ¢ro(1) in the presence of all six tones and observe
le) population on both qutrits. The correct preparation
phases are determined by values that minimize |e) pop-
ulation of both transmons during the first 8 ps of error
correction, as presented in Fig. 15.

Preparation of |L,) (|Lo) + |L1))/v/2 does not
require any sideband pulses as it is a product state
(lg) = 1)) (I9) +1£)) /2. We apply a (7/2)ge pulse
with a specific phase, followed by a m.; pulse on
both transmons. These pulses prepare the state
(I9) + €@ 1)) (lg) + €922 [ £)) /2, leaving two prepa-
ration phases ¢r,1 and ¢r.o left for calibration. The
correct phase combination can be calibrated on the 2D
OLz1-9Lz2 phase sweep plot. Correct preparation phases
will keep equal populations of |g) and |f) for both trans-
mons at any time after turning on all sidebands. In
Fig. 13e, both transmons’ |¢g) and |f) populations are
measured 8ps after turning sidebands on. Fig. 16 shows
the 2D phase sweep plot. This yields four phase coor-
dinates {¢r.1, Prz2} = {0,180°} ® {0,180°}, and two of
the four correspond to (|Lg) % |L1))/v/2. We distinguish
the logical |L,) by taking two-qutrit state tomography
measurements after turning on the sidebands for 9 ps and
choose the error-corrected case. The calibration process
for the 4 QQ echo case is the same, except the QR side-
bands are off.

Appendix H: Two qutrit tomography

Following the basis choice in Ref. 36, we apply 81 post
rotations S; from the tomography rotation set S ® S:
S ={I, Ry (0,5) , Rye (5, 5) s Rge (0,7), Rey (0, %),
Reg (5,5), Rey (0,5) Roe (0,7) , Rey (5, 5) Rye (0,7),
Rey (0,7) Rye (0,m)}. Here I is the identity gate, and the
rotations Rg. and R,y are defined as follows

B [

cosg —e” i gin g 0
Ry (¢,0) = | sin$ cos & of, (H1a)
| O 0 1
1 0 0 i
Rey(¢,0) =10 cos§ —esing (H1b)
10 e'® sin g cos g

Simultaneous single-shot readouts are collected after
each of the 81 rotations. Fig. 17 shows the single shot
confusion matrix of our readout. To compensate for the
measurement error, we applied the inverse of the confu-
sion matrix to the readout result. Maximum-Likelihood-
Estimation (MLE) is used to reconstruct the physical
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FIG. 17. Single shot confusion matrix. Two-qutrit basis

states are prepared and measured 5000 times.

density matrix p,, that minimizes the cost function f.,

2
DPj,lab)y — 4j,|ab)
Z 2 ( 4j,[ab) )

j=1a,b=g,e,f
Pjlaby = (ab| Sj - pm |ab) ,
j,Jaby = (ab| Sj - pep |ab) .

(H2)

Here gjqp) is the measured probability for |ab) after
the jth tomography rotation. For any state tomogra-
phy data, we repeat the same experiment 5000 times to
approximate each gj|.5y. We first obtain pey, from di-
rect inversion of the experimental data and then perform
MLE to find the physical density matrix py,.

The tomographically reconstructed states after prepa-
ration, and after 9ps for the three cases of free decay,
4 QQ echo, and AQEC are illustrated in Fig. 18. The
evolution of fidelities as a function of time are shown in
Fig. 19.

Appendix I: Simulation and error channels in the
AQEC

All simulations are carried out in a Hamiltonian of di-
mension 3 X 3 X 2 x 2. We first simulate the theoretical
lifetime improvement with only photon loss error in the
rotating frame (Eq. B4), and results are shown in Fig. 20.
All simulated data show improvements beyond the break-
even point, even with only 10pus 7Y¢ and modest rate
requirements for QQ and QR sidebands. The logical co-
herence limits come from the double photon loss event
and off-resonant population to other stray states from
the spectrum crowding (see Ref. [33]). Logical errors will
happen when a second photon decays before correction.
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FIG. 18. Evolution of the logical states under different conditions. Panels from top to bottom correspond to the logical state

|Lo), |L1) and |La).

The real part of the density matrices are plotted as the imaginary components are small after phase

rotation. The left column shows the initial states. Improvements in the coherence can be seen for the echo case when compared
to free decay. With the full Star code protocol, further improvements are observed.

|L,) has a higher lifetime than |L;) because it is par-
tially protected against double photon loss in a single
transmon. Longer physical T7, larger W, ,, and Q; for
a faster error correction rate help increase this limit.

To simulate the real system, several error channels are
introduced in the static frame Hggatie (Eq. B3)— single

photon decay T9°7 and T7/+ | single transmon dephasing
Td]ﬂ single-photon excitation Tl'r , resonator photon popu-

lation . and extra correlated dephasing T at 71
level. Since only ZZys and ZZsss have effects on the
logical state, we model the ZZs by directly adding energy
shifts to |fe) and |ef), so that all logical basis still share
the same energy and remain static in the frame. In the
presence of external drives, the parameters will be differ-
ent from the free decay case. We use experimentally mea-
sured ZZyp and ZZspo values in the simulation. The

full master equation is solved in QuTip,
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FIG. 19. Experimental logical state fidelity as a function of
time. Fidelities are calculated at each time point through
state tomography. |L:) has higher fidelity in the free decay
case because of contribution from |gg).

Here we define

Hpan = Hggatic + § XjNgjNrj
7j=1,2

+(ZZgpi|fe) (fel + ZZgpz|ef) (ef]) ® 1s, (12)
D[Alp = ApAf — % (ATAp+ pATA)

Di[A]=D[A® I5 ® I,
Dy[A] = D[I3 ® A® L],
Dy3[A] = D[A® 14].

Since transmons’ anharmonicities are much larger than
the transmon decay rate, each level’s decay and dephas-
ing are phase-independent. The system’s full density ma-
trix p(t) is calculated and used to extract the coherence
time and correctable error rate. Table IV includes all
parameters used in the master equation simulation. For
each separate case (free decay, 4 QQ echo, and AQEC),
parameters are the same for all logical states |Lg), |L1),
and |L;). T} is increased in the 4 QQ Echo and AQEC
cases because of the echo suppression of 1/f noise.

Table V shows the lifetime limitations from different
error channels in the AQEC case. In the ideal implemen-
tation, we include only the single photon decay and QR
couplings x; in the simulation. The transmon photon
excitation is enhanced when all sidebands are turned on.
However, excitation error on |L,) is partially correctable
under three-level approximation, and thus |L,) is more

108
o |L) m L)
3
bJ1 )
g
e — 1.5MHz — 1.5MHz
— 5 MHz — 5 MHz
10 MHz

10 MHz
40 10 20 30 40
Transmon T 9% (us)

N
Q

10 20 30
Transmon T 9 (us)

FIG. 20. Theoretical logical lifetime in the rotating frame.
The logical lifetime increases as a function of physical T1. |L1)
has a similar lifetime as |Lo) in the simulation. A larger QQ
sideband rate also provides higher logical qubit coherence.
Parameter used for simulation are {W = 10,5MHz,Q; =
1.OMHz, v, = —v, = %} with {W = 1.5 MHz, Q; = 0.4 MHz,
v = —vp = 0.85 MHz}, k = 0.5 MHz.

insensitive to it compared to ‘LO /1>. Resonator photon
excitation happens from the heating effect when QR side-
bands are on. Larger cavity photon number 7.5 will de-
phase all logical states and is one of the dominant error
sources in our system. With higher resonator frequencies
or an extra coupler between transmon and resonator, 7,
can be reduced under the same QR rate ;. The next
two dominant error channels are cross-Kerr of between
the transmons and QR frequency mismatch. ZZ s and
Z Zysyo will dephase logical superposition states, as dis-
cussed in Appendix D (but has no effect on individual
logical states). QR frequency mismatch is unavoidable
in the presence of ZZ. In the experiment, we apply on-
resonance |e0) <> |f1) drive for |Lg) (corresponding the
partner transmon being in |g)). Consequently, for |L;)
the QR sidebands become detuned by ZZ;¢1 and ZZj 9
(corresponding to the partner being in |f)) and effectively
perform slower error correction. The QQ sideband fre-
quency mismatch comes from a modest upper bound of
the system’s frequency drift (around 10kHz). This is not
comparable to the W and has no significant influence on
the logical states. Other dephasing noise sources include
1/f noise, white noise, and |f f)’s correlated dephasing.
Among those three the white noise affects AQEC perfor-
mance as it has a constant noise spectrum that cannot be
suppressed through the spin echo. Star code protocol is
also insensitive to small sideband amplitude drifts. The
phase between logical states is defined by different side-
band pairs, and amplitude drifts have to be comparable
to W to change the logical states. Further, when all side-
bands are on, both transmons’ physical 77 are shortened,
which slightly reduces the performance. Other insignif-
icant error sources include leakage to higher transmon
energy levels (Ja;| > W) and population in the coupler
mode (w. > w;). Those are not considered in the simu-
lation as the transition frequency is far away.



Simulation parameters Free decay 4 QQ echo AQEC

Q1 T (1s) 18.0 21.0 21.0
Q1 T (us) 33.0 29.0 23.0
Q1 Tj(us)t 15.0 23.0 23.0
Q1 T (us) 00 00 600.0
Q2 T?%% (s)* 8.0 9.0 9.0
Qo T2 (us) 33.0 29.0 23.0
Q2 T (us)t 15.0 23.0 23.0
Qo T (us) 00 0o 600.0
T (us) 4.4 80.0 80.0
k1 (MHz) 0.53 0.53 0.53
ro (MHz) 0.48 0.48 0.48
X1 (MHZ) —0.2
x2 (MHz) —0.2
Nres 0.00 0.00 0.03
W, (MHz) 1.00 1.45
W, (MHz) 1.70 1.25
vy (MHz) 1.50 0.80
vy, (MHz) 0.00  —0.90
Q; (MHz) 0.39
Qs (MHz) 0.39
ZZs1 (MHz) 0.6
ZZs s (MHz) 2.2

TABLE IV. Parameters used in the master equation sim-
ulation. {W,/,,Qj,v,/p} are extracted through Fig. 14 in
simulation; ZZ;y1 and ZZjsss are experimentally measured
through |e0) < |f1) on-resonance frequency difference
when all sidebands on. Coherence times and x; in the
simulations are tuned to explain the Star code experiment,
which are slightly different from the measurement. Irrelevant
parameters in each case are not shown in the table and not
included in the simulation.

T Dephasing in the 4 QQ echo and AQEC cases are higher
because of the QQ sideband spin-echo improvement.

* Q2’s TY¢ is lower than Q1’s because of the TLSs around the
transition frequency. Effects to the codewords performance
are minimal as population on |e) is corrected.

Appendix J: Device Fabrication and Measurement
Setup

The substrate for the device is a 430 pum thick C-plane
sapphire wafer annealed at 1200°C for 2 hours. The
ground plane uses 200 nm thick Tantalum film sputtered
at 800°C. Large patterns, except Josephson junctions,
were made through optical lithography and 20-second
wet-etching in Transene Tantalum etchant 111. AZ 1518
was spin-coated as the positive photoresist, and a Hei-
delberg MLA 150 Direct Writer was used for the pho-
tolithography. The junction mask was fabricated with
a Raith EBPG5000 Plus E-Beam Writer on a bi-layer
resist (MMA EL11-950 PMMA A7). Transmon and cou-
pler’s Josephson junctions are Dolan bridge type. The
mask was evaporated in a Plassys electron-beam evapo-
rator with double-angle evaporation (£23°). The wafer
was diced into 7 x 7 mm? chips and lifted off. After
measuring the test junctions’ resistances, the device was
mounted on a printed circuit board, wire-bonded, pack-
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aged inside a p-metal shielded sample can, and installed
inside a dilution fridge.

Figure 21 shows the room and cryogenic temperature
measurement chain. The device is mounted on the mix-
ing chamber plate of the dilution fridge with a 15 mK
base temperature. A Tektronix 5014C AWG (1.2GSa/s)
acts as the master trigger for all other equipment. The
readout pulses are generated through two CW tones from
RF sources (PSG-E8257D), modulated by AWG 5014C.
The qubit input pulses are generated through another
4-channel AWG (Keysight M8195 65 Gsa/s, 16 Gsa/s
per channel). The qubit and readout signals are com-
bined and sent through lines In; and Ins into the dilu-
tion fridge. Three DC sources (Yokogawa GS200) are
used to bias the DC flux of the coupler and two Joseph-
son Parametric Amplifiers (JPA). The red and blue QQ
RF flux drives and two direct QR charge drives are syn-
thesized through the same 4-channel AWG. Inside the
fridge, at the 4K plate, all input lines have 20-dB at-
tenuators. At the base plate, In; and Iny lines have 10-
dB attenuators, followed by a strong Eccosorb® provid-
ing 20-dB attenuation at 4 GHz. Charge; and Charges
lines have 20-dB attenuators, followed by strong Eccosorb
providing 20-dB attenuation at 4 GHz, and a bandpass
filter with passband 3.9 — 4.8 GHz. The DC Flux line
has a low pass filter (DC — 1.9MHz) and a weak Ec-
cosorb (1-dB attenuation at 4 GHz). The red-frequency
RF flux line passes through a weak Eccosorb first, fol-
lowed by a high pass filter (cut off at 200 MHz) and a
low pass filter (cut off at 2 GHz). The blue-frequency
RF flux line passes through a weak Eccosorb first, fol-
lowed by a high pass filter (cut off at 6 GHz). The two
RF flux lines and the DC flux line are combined and
pass through a Step Impedance Purcell Filter (SIPF)
with a stop band 2.5 — 5.5 GHz. The two output sig-
nals go through three circulators, then each amplified
by a JPA with 15-dB gain, followed by a low pass fil-
ter (cut off at 8 GHz), two circulators, a DC block, and
amplified with one LNF High-Electron-Mobility Transis-
tor (HEMT) amplifier. The output signals are further
amplified at room temperature, then demodulated, fil-
tered with a low pass filter (DC —250 MHz), and ampli-
fied again using the SRS Preamplifier. The final signal is
digitized with Alazar ATS 9870 (1GSa/s) and analyzed

in a computer.
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Error channels limit [Lo) |L1) | L)

Ideal implementation™ 95 ps 160 ps
Transmon photon excitation ~ 360 ps ~ 3ms
Nres dephasing’ ~ 5518 ~ 2518
Other dephasing noise ~ 50 ps ~ 25 s
Transmon ZZ dephasing 0 ~ 25 us

QR frequency mismatch > 10 ms ~ 45 s u
QQ frequency mismatch > 10ms ~ 1.5ms
QQ rate mismatch > 10ms ~ 4ms
Reduced physical T3 ~ 330 s ~ 400 ps

Experimental lifetime

23.4+6.8us 16.9 £ 3.7ps 8.7+ 4.6pus

TABLE V. Various decoherence channels for the logical qubit. Ideal implementation represents logical states’ lifetime with
QR coupling and only 77 error. Each limit is extracted using the simulation through lifetime difference after adding relevant
error channels. The average photon number in the resonator (n:es) increases during external drives and dephases transmons
through photon shot noise. Other dephasing noise include 1/f noise, white noise, correlated dephasing noise, and any other
noise source. The total effect is represented with qub in the simulation. ZZ between transmons introduces a large mismatch in
QR frequency for |L1) and |L,), and the effect is combined with ZZ dephasing for |L,) case. The drifts in sideband amplitudes
frequencies are less than 5% and 20 kHz, and those limits are in the order of ms.

* Ideal implementation includes QR couplings x; but no QQ ZZ couplings.

T Nres and Té are determined through simulation-experiment matching.
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