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Supplementary Note 1 — Targeted calibration of Ankaa-2 for the stability
circuits

The design of the Ankaa-2 circuit Hamiltonian is optimized towards the application of iSW AP gates. Reconfig-
uration of the steady state qubit frequencies was required across a sublattice to support the C'Z gates used in this
work. We compute that the primary source of C'Z errors comes from Ty errors, with additional contributions from
T, errors, higher-state leakage, and swap angle errors (see Supplementary Figure 1(a)). The selected sublattice used
in the experiments (qubits 36, 37, 38, 43, 45, 50, 51 and 52) was selected based on the ability to enable the necessary
resonances between |02) (or |20)) and |11) across the contained qubit pairs, and the performance of the sublattice
while in such a configuration. Measurement operations on this chosen sublattice were specifically optimized towards
the mid-circuit use case. For example, the readout pulses that were optimised for maximum classification fidelity
when positioned at the end of a circuit were observed to cause a large accumulation of leakage to the second-excited
state of the repeatedly measured transmons when running the stability circuits over multiple rounds. Reducing the

amplitude of readout pulses below an experimentally deduced threshold resulted in a large increase in the probability

* laura.caune@riverlane.com
 luka.skoric@riverlane.com
f nick.blunt@riverlane.com


mailto:laura.caune@riverlane.com
mailto:luka.skoric@riverlane.com
mailto:nick.blunt@riverlane.com

0)— X Readout A

pulse

(@) (b)

100% 1" —@— cumulative Sum

©
o]
L

©
()]
1

75% 1

= State 0
| == State 1
State 2

©
N

Median contribution
to measured 2Q error
(6,1
o
xR
f

©
N
1

25% A

Classification probability

0.0- T T T

Ts T1  Higher-State Swap 0 5 10 15 20 25 30
Leakage Angle Mid-circuit readout pulse amplitude [mV]

0% -

Supplementary Figure 1. Error budget for CZ gates and measurement-induced leakage experiment. (a) T, and T}
errors are calculated using coherence times measured at both the gate operating point and the qubit idling points (relevant
during the short, idle padding delays that play around each gate) [1]. Higher-state leakage error is calculated via the leakage
randomized benchmarking protocol [2]|, using three-state readout to analyze the decay of population in the computational
subspace over the course of an interleaved RB experiment. Swap angle error is error attributable to off-target values of 6 in
the fSIM unitary defined in [3] — for an ideal CZ, § = 0. Ref. [3] also describes a series of Floquet calibration circuits, the
first of which is used here to measure 0 for these CZ gates. Considering medians taken over the lattice, Ty contributes almost
half of the measured error, with the incoherent error comprised of T, and T: together representing approximately 70%. All
together, these four error channels account for a median 99% of measured error for these C'Z gates. (b) Representative example
of experimental results detailing the dependence of measurement-induced leakage on readout pulse power, shown here for Qubit
52. The circuit consists of an initial preparation of the target qubit in the excited state, before transmission of a test readout
pulse, followed by a sufficiently long delay for the resonator to be depopulated before a final measurement with a pulse previously
and separately optimized for three-state classification at the end of a circuit. The test readout pulse is the pulse under study,
with the process aiming to allow it to be improved for mid-circuit use in stability experiments. The resulting population of the
target transmon in each of its three lowest energy states at the end of the circuit is plotted here as a function of the amplitude
of the test readout pulse. At low amplitude, population remains largely in the first excited state, as desired, up to a threshold
limited by the classifier’s three-state confusion matrix. However, there exists an amplitude threshold above which the apparent
population rapidly begins to more evenly distribute across the three states. This phenomenon resembles the numerical results
presented in [4], which describes the process by which strong resonator drives can suddenly excite coupled transmon transitions
to states above their Josephson potential wells. For each ancilla qubit used in this study’s stability circuits, these threshold
amplitudes were measured and used as upper bounds in further parallel readout optimizations in order to ensure that each
mid-circuit measurement would avoid this error mechanism.

s that the state of the measured qubit was preserved in the detected state after the readout process (see Supplementary
s Figure 1(b)). Other considerations included shortening the duration of the readout process by approximately a factor
3 of two compared to standard circuit-end readout, as well as specifically optimizing the ancilla qubit readout pulse
3 parameters for maximum fidelity when performed simultaneously.

« Supplementary Note 2 — Decoding graphs

s Supplementary Figure 2 shows the decoding graph used by the real-time FPGA decoder and software decoders to
22 decode the stability-8 experiment in this work. The FPGA decoder decoding graph does not use edge weights. For
3 the software decoders that do not use the pairwise correlation method, we use a circuit-level noise model to obtain
w the edge weights for the decoding graph. Since we did not build a noise model tailored for Ankaa-2, we opted to
s use a standard noise model used to model the noise in superconducting qubit devices. This model captures the fact
s that on superconducting qubit devices the two qubit gates and measurements are typically noisier than single qubit



« gates. The noise model we use is the same as in Ref. [5], from which we quote the noise channels applied for a fixed
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probability p = 0.03:

e Depolarisation of both qubits after each two-qubit gate with probability p.

e Depolarisation of each idle qubit and after each single-qubit gate, including measurement and reset
operations, with probability p/10.

e Measurement flip with probability p.

We decided to use p = 0.03 based on the median two qubit gate fidelities on Ankaa-2.

Boundary-adjacent node
® Bulk node
== Decoding edge

Time
w

NO

Supplementary Figure 2.  Stability experiment decoding graph. An example of the decoding graph for 8 rounds of
syndrome measurements (equivalent to 7 rounds of detectors). The odd layers are slightly offset so that the edges connecting
layers two rounds apart are visible. These edges arise since we are not using mid-circuit resets. The diagonal edges between
layers are due to the errors that can happen in the middle of the syndrome extraction circuit and are known as “hook” errors
[6]. Boundary-adjacent nodes are detectors that can be matched with a virtual boundary node, and in stability experiments
such boundaries are at the top and the bottom rather than on the sides.

Supplementary Note 3 — Soft information decoding

In the the main text we report the lowest logical error probability when using MWPM software decoder that takes a
decoding graph from the pairwise correlation method and is dynamically updated with soft measurement information.
Here we describe how the soft measurement information is provided to this decoder.

The minimum-weight perfect matching (MWPM) decoder [7] operates on a graph representation of the decoding
problem, where detectors correspond to nodes, and possible error mechanisms correspond to edges. The probability of
an error mechanism p, is mapped to the weight of an edge via w(e) = —log(p./(1 —p.)), meaning that high-likelihood
errors have a low-weight edge in the decoding graph. By finding the lowest-weight perfect matching in the graph,
the MWPM algorithm effectively approximates the most probable errors that caused the observed defects. We set
the weights in the graph according to the pairwise correlation method [8, 9], which infers the probabilities of error
mechanisms based on the defect frequency in the experimental data. To further improve the accuracy of the decoder,
we use rich measurement information (soft information) from the qubit readout [10, 11] to dynamically update the
probabilities of the measurement error mechanisms in the decoding graph.

Soft information here refers to the integrated voltage z = (I, Q) from the measurement response of the readout res-
onator, where I and @) are the in-phase and in-quadrature components of the complex signal, respectively. The soft out-
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come z is passed to a measurement classifier and converted to an outcome probability P(Z | z) corresponding to the pos-
sible measurement outcomes 2z € {0,1}. The hard measurement outcomes are given by 2 = argmax[P(0 | z), P(1 | 2)].

To train the classifier, we perform a calibration run where we prepare and measure each transmon qubit in the
|0)- and |1)-states 5 x 10* times. We leverage a linear discriminant classifier from the Python library scikit-learn
v1.3.2 [12] as our classifier, and use it to predict the measurement outcome probabilities P(0 | z) and P(1 | z) for
each soft measurement z in the experiment. By preparing an equal number of initial states |0) and |1) for the training
data set of the classifier, we ensure the prior probabilities of the two outcomes are P(0) = P(1) = 1/2. The outcome
probabilities are used to update the edge weights in the decoding graph according to

P(z1—é)}7 W

“’(z):‘k’g[ P(=]2)

where we use Bayes’ theorem to get P(z | 2) = P(2 | 2)P(z)/P(2). We then use the MWPM decoder to decode the
hardened syndrome on the updated decoding graph to obtain our logical corrections. The results of this decoder, as
discussed in the main text, show a large improvement in the logical fidelity relative to other decoders that use hard
measurement data.

Supplementary Note 4 — Detailed experiment workflow with real-time de-
coding and fast-feedback

The FPGA decoder is integrated into the Ankaa-2 control system. Tasks specific to decoding in real time and with
fast feedback are executed by interleaving the qubit operations of the stability-8 experiment with instructions written
in the control system’s proprietary assembly language, as shown in Supplementary Figure 3. Such tasks include
management of the measurement outcomes, communication with the decoder, and carrying out the fast-feedback
operation.

The main experiment components are:

1. Initialise decoder. Writes to the decoder experiment features (e.g. number of rounds) and decoding configu-
rations (e.g. logical observable definition).

2. Perform round of gates & measurements. Executes a single QEC round of the stability-8 experiment.
All rounds are identical besides the last in which the data qubits are also measured. Mid-circuit measurements
are followed by ring-down delays (included in measurement times), which allow the resonators to decay back to
their ground state before the start of the following round [13].

3. Buffer measurement outcomes. Stores the outcomes of the latest measurement round in the decoder
sequencer’s memory. Even though buffering takes less than 0.1 ps, a 1.4 ps delay must take place between
measurement and buffering to allow for the measurements to propagate from the readout sequencers to the
decoder sequencer. To address this, buffering is swapped with the following round, enabling the readout state
to propagate in parallel with each QEC round and preventing the qubits idling mid-circuit. This instruction
swapping is applied to all mid-circuit rounds, ensuring that only the last round experiences an actual readout
state propagation delay. Note that while Supplementary Figure 3 does not reflect this instruction reordering,
the overall duration it shows for a given number of rounds is accurate.

4. Send measurements to the decoder. Collects, formats and writes all measurement outcomes to the decoder.
This consists of pushing each round’s buffer to the sequencer’s data stack, combining them into a series of 32-bit
binary strings and writing them sequentially to the decoder.

5. Decode. The decoder computes the syndrome from measurement outcomes and decodes it using the Collision
Clustering algorithm [5]. A write instruction to the decoder initiates decoding, followed by a polling of the
decoder’s status register, which stalls the program until decoding completes. The decoding result is a Boolean
describing whether the decoder computed that the physical errors flipped the stability experiment’s logical
observable.

6. Execute fast-feedback operation. Applies an X gate conditionally on the decoding result and measures the
qubit. The X gate is applied if the result is 1, otherwise the qubit is left to idle until measurement for a time
equal to the gate’s duration.



= Supplementary Note 5 — Full decoding response time experiment

us  As described in the main text, in addition to measuring the response time in the control system, we also measure
us the delay to applying the conditional operation by considering its effect on the qubit 17 decay. This experiment allows
u7 us to perform full end-to-end response timing purely based on the qubit’s physics. In the main text the results of
us this experiment were acquired on a different day from the data measuring logical error probabilities and throughput

- Qubit operations
. Assembly instructions

Initialise decoder
1.4 us

N times

Perform round of Buffer measurement

gates & measurements

~ 1.7 us

N-1 times

outcomes
<0.1pus

Wait for readout state
propagation
1.4 us

Buffer measurement
outcomes
<0.1pus

Send measurements
to decoder
0.2-0.5pus

Fast-feedback operation

Decoding
result is 1

Measure
~ 1.0 us

Supplementary Figure 3. Flowchart for the real-time decoded experiment with fast-feedback. The execution time
for each element is shown in microseconds. When this depends on the number of rounds in the experiment, the times for 2 and
9 measurement rounds are shown instead.
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Supplementary Figure 4. Full decoding response time experiment timing parameters. (a) The circuit used for timing
the full decoding response time. After the final measurement of the stability circuit M7, the qubit is in state Si that is
evolving freely while waiting for the conditional gate to be applied. Depending on the logical correction L, an X gate is
applied Ty time after M;, changing the qubit state to Sx. A fixed time T after M; a second measurement My is performed.
(b) Measured probability of the two measurements matching (M; = M) depending on the computed logical correction L for
different number of rounds of the stability experiment. The error bars are standard errors of the mean. (c) Distribution of
the full decoding response times as measured by the control system with fits corresponding to the probability density function
of Gamma distribution I'(k,#) where k,6 are the usual shape and scale parameters respectively. (d—f) Reference data used
to compute Ty. The circuits used to acquire the data are shown below the plots. (d) 71 qubit relaxation time. The data is
fitted with the exponential decay curve and error bars are standard deviations of the mean. (e) Measurement confusion matrix
P(M =4S =3)i,j=0,1. (f) Post-measurement state given the measurement result P(S] = i|M5 = j) 4,j = 0,1 acquired by
measuring the state twice, with a 500 ns ring-down time between measurements.

leading to a difference in total decoding times due to the variations in device performance and therefore defect rates.
The relevant part of the circuit and parameters are shown in Supplementary Figure 4(a).

First, we verify that indeed the conditional operation is applied correctly. We expect that if the decoding result
L is L = 0 then the first measurement M; is equal to the second measurement Ms; and if L = 1 then the first
measurement M; is opposite to the second measurement M. We can see that is indeed the case in Supplementary
Figure 4(b), although the distribution has significant noise due to multiple microseconds of qubit idling between the
measurements.

Second, we derive three reference datasets to classify the qubit’s 77 time decay and measurement characteristics
(Supplementary Figure 4(d—f)). All reference data is acquired immediately prior to running the feedback experiment.
To simplify the analysis, we assume that state initialisation and single-qubit operations are perfect as their fidelity
is much higher than the measurement fidelity. We calculate the qubit’s T} decay by initializing the |1) state and
measuring after a fixed delay ¢ (see Supplementary Figure 4(d)). By fitting an exponential decay, we find

P(M =1|S =1,t) =m(t) = Aexp (—t/T1) + B
A=0.87+0.05; T3 = (13 £+ 1) us; B =0.08=+0.05.

(1)

We further evaluate the measurement confusion matrix, which we label P(M = i|S = j) = PZJ\./IIS by preparing a qubit
in state |S = j) and then measuring, obtaining the outcome M = i (see Supplementary Figure 4(e)).
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Next, we calculate the distribution of states immediately after the measurement M, given the measurement result
P(S =ilM = j) = Qsl by performing a second measurement M) after a 500 ns ring down (see Supplementary
Figure 4(f)). Here, we use the prime symbol to distinguish these measurements from the ones in Supplementary Fig-

ure 4(a). Considering the probability of the second measurement conditioned on the first, the law of total probability
and the Markovian property P(M4 = i|M{| = j, S| = k) = P(M} =i|S] = k) gives us

P(Mj =i|M{ =j) = Y P(My=i|S] = k)P(S] = k|M] = j), (2)
k=0,1
_ Z PM\S SlM
k=0,1

where S} is a state post-M]. Since the |0) state is approximately stable and the |1) state decays with a known lifetime,
we assume

PMIS if k=0,

m(t,) ifk=1, ®)

P(My =1|S; = k) = {

with ¢, = 500 ns being the ring-down delay and m(-) is the T1 decay fit defined in Eq. (1). Using these, Eq. (2)

becomes a set of linear equations for QZIM that we solve to acquire the matrix in Supplementary Figure 4(f). All
uncertainties are propagated using Python uncertainties package [14].

Having the reference data, we go back to the fast-feedback experiment (Supplementary Figure 4(a)). We consider

the probability of measuring Ms = 1 given the decoding result (i.e. logical correction) P(My = 1|L = ). Using the
law of total probability, we expand in state S7 after the first measurement to give

P(My = 1|L = i) = P(My = 1|L = i, Sy = 0)P(S; = 0) + P(My = 1|L = i, S, = 1)P(S; = 1). (4)
We can re-express the terms in Eq. (4) in terms of the reference data PM‘S, QS|M and m(t). The probability to
have S; = i can be deduced from the M; distribution and QSlM
P(S1=1)= Y Q) "B(M = j). (5)
7=0,1

Assuming that the state that starts at S; = 0 stays at 0 during T,; and gets flipped to 1 by the X gate if L = 1, we
have

pIs if L=0,

m(T —Ty) if L =1, (©)

P(M2:1|L:i,51:0):{

where m(-) is the function defined in Eq. (1).

Next, we determine the total time T" between the measurements M; and M, (see Supplementary Figure 4(a)). T
consists of the readout propagation delay, control system logic and an additional delay of ~ N,ounds ps inserted on the
measurement sequencer at the moment the decoder starts decoding. This can be calculated by timing the program
execution on the control system, but here we decide to calculate it directly from the acquired distributions to ensure
we are capturing any unaccounted delays. We do this by post-selecting for L = 0 cases where there is no conditional
operation so the experiment resembles the one in Supplementary Figure 4(f). We have P(My = 1|L = 0,5, = 1) =
m(T) and thus, from Eq. (4),

P(M, = 1|L = 0) = PMISP(S) = 0) + m(T)P(S; = 1),

_ P(M, = 1|L =0)— PMlS]P’(Sl =0)

where we can replace P(S7) using Eq. (5) so the right hand is entirely in term of measurable quantities. Taking the
inverse of m gives us T'. Finally, knowing T, we can compute Ty by considering the distribution in Eq. (4) in the case
when the conditional operation is applied (L = 1). Using Eq. (6), we have P(My = 1|L = 1,5, = 0) = m(T — Ty),
and we use the law of total probability, conditioning on the post-X gate state Sx to obtain

= m(T = Ty) (1= e T/ ) 4 pflSe=Ta/ T, (8)
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Note that m(T — Ty) = [m(T) — BleT*/Tt + B, so setting ag = e~7¢/Tt and putting everything together in Eq. (4),
we find

m(T) — B

o%)

m(T) — B

P(M2:1L:1):< ”

+ B) P(S; = 0) + [( + B> (1—aq)+PM | P(S1 =1), (9

which is a quadratic equation for a4 in terms of measurable quantities and quantities derived in Egs. (1), (5) and (7).
Note that the quantity evaluated by putting in the experimental data is (aq) = E (e=7¢/T1) where T is a random
variable. Computing Ty = —T log E(e~T4/T1) gives us a biased estimate for E(T,). In the following, we show that
this bias is negligible given the distribution of decoding times, allowing us to estimate E(T,) ~ —T7 log{ay).

We model T} as distributed by the Gamma distribution T,; ~ I'(k, ) where k, § are the shape and scale parameters
respectively. The probability density function is defined as:

5L.lcflefgc/e

f(w;k,0) = W (10)

In Supplementary Figure 4(c) we see that this distribution fits well the full decoding response times as measured
by the control system clock, and we have no reason that this would stop being true for the full response time as
experienced by the qubit. By the law of the unconscious statistician (LOTUS):

00 k—1,—x/6
7Td/T1 — 7I/T1x €
E(e ) /o e 79’@‘(/{) dzr
o0 koke1,—o(A+3)
1 1 1 1
SN o U -
ok (1/0 +1/T)" Jo \T1v 0 I'(k)

(o)

where the integral in Eq. (11) is 1 as it is integrating the probability density function of a Gamma distribution
r (k‘, (1/Ty + 1/9)_1) across the full domain. Hence, using Eq. (12):

Ty = —TylogE (e_Td/Tl) = Tiklog (1 + ﬁ) : (13)
1

If & <« T, we can expand the logarithm to first order in Taylor series and use the expected value of the Gamma

distribution E(T;) = k0 to find:
T, ~ Tk i+(9 L =E(Ty) |1+ 0 i (14)
d~ 41 Tl T12 - d T]_ .

As we can see from Supplementary Figure 4(c), the scale parameter for the range of rounds used in this experiment
is 0 < 0.4. With this, /77 < 3% is a negligible bias in the estimator as the relative standard error is greater than

10%. Even if there are additional delays unaccounted for in the distributions in Supplementary Figure 4(c), we do
not expect these to change 6 significantly enough to invalidate this analysis.

Supplementary Note 6 — Unconditional qubit resets

While the experiments described in the main text did not involve resetting ancilla qubits between QEC rounds, we
have also explored and describe here a specific implementation of unconditional qubit resets. Note that these resets
were implemented during the final stage of the project and we did not evaluate their performance with the real-time
FPGA decoder. Here we present evidence of the improved logical error rates when using unconditional resets with a
software decoder.

Recall that qubits can be reset to their ground state either by passively waiting (to achieve a thermal equilibrium
with the cold bath, which happens on a time scale much longer than the relaxation time T7) or by actively applying
additional control pulses, which may or may not be conditional on the qubit state. Conditional (or measurement-
based) resets work by first measuring the qubit and then applying an X gate if the measurement outcome is “1”.



11 In contrast, unconditional resets apply the same pulse sequence regardless of the qubit’s state. While conditional
resets cannot improve the performance of QEC circuits, fast and high-fidelity unconditional resets offer a significant
advantage by doubling the number of measurement errors that can be tolerated by a stability experiment [15].

s Unconditional resets work by transferring the excited-state population of the qubit to a lossy environment, such
as the qubit’s readout resonator [16, 17]. Although the transferring rate is limited by the qubit-resonator coupling
strength ¢, the resonator can be quickly thermalized with the environment if it is strongly coupled to the cold bath:
w7 1/k < Ty, where k is the dissipation rate of the resonator. This requirement is well satisfied for the Ankaa-2 qubits,
where the typical values are T} ~ 15 us and x/27 ~ 3 MHz.

o In this work, we investigated the double-drive reset of population (DDROP) protocol [16], which is particularly well
suited to the Ankaa-2 control system. Compared to the parametric reset protocol of Ref. [17], the DDROP scheme
requires much smaller instantaneous bandwidth of the control electronics. This is because both the qubit and the
resonator drives used for DDROP are detuned from their respective resonant frequencies by only several dozen MHz.
203 The DDROP protocol is also applicable to fixed-frequency qubits, which is another advantage over the parametric
resets requiring flux-tunable qubits.

25 Let us now explain how the DDROP protocol works. It exploits the qubit-resonator coupling, which is described
26 by the well-known Jaynes—Cummings model [18]. Transmon qubits typically operate in the dispersive regime, when
207 the qubit-resonator coupling is weak compared to their detuning: g < |A|, where A = w,; — w, and w,/w, is the bare
frequency of the qubit/resonator. In this regime, the Jaynes—Cummings Hamiltonian can be written as
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h
= hwyata + o) (wg + x +2xa'a) 6., (1)

20 where £ is Planck’s constant, &, is the Pauli Z operator of the qubit, at and & are, respectively, the creation and the
annihilation operators of the resonator (which is modeled as a harmonic oscillator), and y = g*/A is the so-called
dispersive shift (in our case, x < 0 since A < 0).

a2 Two effects caused by the qubit-resonator interaction are immediately apparent from this Hamiltonian. As follows
a3 from the first line of Eq. (1), the resonator frequency w, acquires a shift of +y, whose sign depends on the qubit’s
a4 state (i.e., the +1 eigenvalue of the &, operator). This effect is widely used for performing a dispersive readout of
25 the qubit by probing the frequency of its readout resonator [18]. The second line in Eq. (1) implies that the qubit
frequency w, also experiences two frequency shifts: a constant shift x (called the Lamb shift) and a variable shift 2yn
217 (known as the ac-Stark shift), whose size depends on the number of photons, n = (a'a), populating the resonator.
28 In the dispersive regime, driving the readout resonator at a frequency w, + 6, (we will refer to 4, as the resonator
detuning) leads to a steady state with the average number
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of photons in the resonator, where ng is a constant proportional to the drive’s power [19]. This equation assumes
that the qubit is in a specific state: either ground, |g), or excited, |e). For each value of the resonator detuning, the
photon number (2) takes two values: 7, if the qubit is in |g) (which corresponds to the “+” sign in the denominator)
223 and 7, if the qubit is in |e) (the “—” sign in the denominator). Equation (2) describes two Lorentzian peaks, which
are centered at £y and have the amplitude ny and the full width at half maximum (FWHM) .

25 Due to the Stark effect, the resonator being populated with n, . photons causes the qubit frequency to shift by
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26 relative to its bare value w, (we call §, the qubit detuning). Therefore, we expect that if we drive the resonator at
2 different frequencies and simultaneously probe the qubit’s transition frequency, the latter would be shifted by J, and
25 the observed dependence of §, on d, would approximately follow Eqgs. (2) and (3). This is indeed the case for Ankaa-2
20 qubits, as illustrated by Supplementary Figure 5(a) showing the results of two-tone spectroscopy for Qubit 76.

20 The two-tone spectroscopy was performed in the following way [19]. We first prepared an equal superposition of the
an |g) and |e) states by applying an R, (7/2) rotation to the qubit initialized in the ground state. We then simultaneously
2n2 drove the qubit and its readout resonator for 1.5 us while keeping the amplitudes of the drives fixed and varying their
23 frequencies. After we turned off the drives, we waited for 360 ns to let the resonator relax to its ground state. Finally,
24 we measured the qubit state using a regular Ankaa-2 readout pulse. The measurement outcomes averaged over 200
235 shots are shown in Supplementary Figure 5(a) by color, with red/blue corresponding to the ground/excited state.
26 Two overlapping Lorentzian dips can be clearly seen in Supplementary Figure 5(a). Note that the Lorentzians are
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Supplementary Figure 5. Calibration of DDROP resets for Qubit 76 of Ankaa-2. (a) Results of two-tone spectroscopy.
The dependence of the qubit detuning §, on the resonator detuning J, approximately follows Eq. (3). The color represents the
measured population of the qubit’s state |e) averaged over 200 shots. Two distorted Lorentzian dips can be clearly seen: the
left one corresponds to the photon number fi. (red color), while the right one corresponds to 7y (blue color). The separation
between the two dips is about 2x/(27) &~ —5 MHz and the FWHM of each Lorentzian is x/(27) ~ 3 MHz. The black cross
indicates the combination of drive detunings used for implementing the unconditional reset pulse of panel (b). (b) Excited-state
population as a function of the reset pulse duration. Experimental data averaged over 1000 shots are shown with black markers.
The red curve is a fit to the data with a function f(7) = a + bexp (—7/T). We obtained the following best-fit parameters:
steady-state population a = 0.045 and decay constant 7" = 0.31 us.

distorted due to a non-linear dependence of the dispersive shift on 7, . that we have neglected [19]. We performed all
our measurements using Rigetti’s Quantum Cloud Services (QCS) platform, which allows for pulse-level control.

The DDROP protocol [16] is based on the same principles as the two-tone spectroscopy we just described. To reset a
qubit, we apply two simultaneous drives at the frequencies corresponding to the left Lorentzian dip in Supplementary
Figure 5(a). After applying the two drives for sufficiently long time (of about 10/k), the coupled qubit-resonator
system is driven to the steady state |g,74). Then the drives are turned off, and the system spontaneously relaxes
to the target state |g,0), which happens on a time scale of about 1/k. Note that the right dip in Supplementary
Figure 5(a) (shown in blue) corresponds to the steady state |e, fio). Therefore, by choosing an appropriate combination
of drive frequencies, this protocol can also be used for bringing the qubit to the |e) state instead of |g).

We used the following procedure to coarsely calibrate unconditional resets for Ankaa-2. We kept the resonator
drive amplitude fixed at the level used for mid-circuit measurements, which in turn was optimized to avoid leakage
(as described in Methods). We then fixed the qubit drive strength at some initial value and performed two-tone spec-
troscopy. Based on the two-tone spectroscopy results, we chose a combination of the drive frequencies corresponding
to the left Lorentzian in Fig. 5(a) (one of the possible choices is shown by the black cross in the figure). Having fixed
the amplitude of the resonator drive and the frequencies of both drives, we then performed a sweep of the qubit drive
amplitude to minimize the excited-state population measured after the reset pulse. Finally, we tested the perfor-
mance of the DDROP resets by varying the duration of the simultaneous drives and measuring the resulting state |e)
population. The corresponding experimental results are shown in Fig. 5(b) and are also fitted with an exponentially
decaying function. For Qubit 76 shown in Fig. 5(b), we extracted the steady-state population of 0.045 and the decay
time constant of 0.31 us, but similar values were obtained for other qubits. Based on these results, we fixed the reset
pulse duration at 1.5 us. In our experience, this time can be reduced by increasing the resonator drive strength, but
this can also increase leakage (see Methods). Note that the observed steady-state population is likely limited by the
measurement fidelity rather than by the performance of the DDROP resets.

Figure 6 shows the logical error probability for the stability-8 experiment performed both with and without resetting
ancillas between syndrome extraction rounds. We decoded offline with the MWPM decoder using soft information
and constructing the decoding graph with the pairwise correlation method. Our results indicate that resetting the
ancilla qubits improves the logical error probability. We plan to further investigate the DDROP protocol elsewhere,
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Supplementary Figure 6. Impact of unconditional resets on the logical error probability. Shown is the logical error
probability as a function of the number of decoding rounds for stability-8 experiments with and without using unconditional
resets after each syndrome extraction round. The syndrome data are decoded with a software implementation of the MWPM
decoder using soft information and the pairwise correlation method to construct a decoding graph. Error bars show the standard
error of the mean. Dashed lines are included to guide the eye.

including the possibility to adapt it for resetting transmons in higher excited states.

Supplementary Note 7 — Stability-9 experiment results

The stability-8 experiment results presented in the main text measure only the Z-stabilizers. However, implementing
fault-tolerant quantum computation on the surface code requires measuring both X and Z stabilizers. Here we present
results of stability experiment on 9 physical qubits (stability-9) that measures both the weight-2 Z stabilizers as well
as the middle, weight-4 X stabilizer. The stability-9 experiments were not decoded in real-time, instead here the
data was decoded offline using MWPM. Supplementary Figure 7(a) shows that for the stability-9 experiment logical
error probabilities decrease from (40.1 +0.2)% at 5 decoding rounds to (38.82 £ 0.2)% at 27 decoding rounds. The
logical error probabilities for the stability-9 experiment are higher than for the stability-8 experiment, as measuring
the weight-4 X stabilizer adds additional operations to the circuit, which in turn increases the defect rates of the
experiment as shown in Supplementary Figure 7(b). All data for the experiment performed, including Stim [20]
circuits, measurement results, logical error probabilities and defect rates, can be found along with the other supporting

a6 data available in Zenodo (DOI identifier https://doi.org/10.5281 /zenodo.13961129).
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Supplementary Figure 7. Logical error probabilities and defect rates for the stability-9 experiment. (a) Logical error
probabilities for the stability-9 experiment with 27 decoding rounds executed on the Ankaa-2 device as a function of number of
decoding rounds. The syndrome data is decoded offline with the MWPM decoder. The experiment was run with 27 decoding
rounds and the results with fewer decoding rounds were obtained by decoding subsets of data with the corresponding number
of rounds. Error bars show the standard error of the mean. Dashed lines are included to guide the eye. (b) Defect rates as a
function of decoding round for each of the four ancilla qubits measuring the Z stabilizers for a stability-9 experiment. Qubit
IDs correspond to the layout shown in the main text. Note that the measurement outcomes of the middle X stabilizer are not
used for decoding and therefore the middle ancilla, corresponding to qubit 44, does not have an associated defect rate.
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