PRX QUANTUM 6, 030335 (2025)

Efficient Qubit Calibration by Binary-Search Hamiltonian Tracking
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We present and experimentally implement a real-time protocol for calibrating the frequency of a
resonantly driven qubit, achieving exponential scaling in calibration precision with the number of mea-
surements, up to the limit imposed by decoherence. The real-time processing capabilities of a classical
controller dynamically generate adaptive probing sequences for qubit-frequency estimation. Each prob-
ing evolution time and drive frequency are calculated to divide the prior probability distribution into two
branches, following a locally optimal strategy that mimics a conventional binary search. The scheme
does not require repeated measurements at the same setting, as it accounts for state preparation and
measurement errors. Its use of a parametrized probability distribution favors numerical accuracy and com-
putational speed. We show the efficacy of the algorithm by stabilizing a flux-tunable transmon qubit,
leading to improved coherence and gate fidelity. As benchmarked by gate-set tomography, the field-
programmable gate array (FPGA) powered control electronics partially mitigates non-Markovian noise,
which is detrimental to quantum error correction. The mitigation is achieved by dynamically updating and
feeding forward the qubit frequency. Our protocol highlights the importance of feedback in improving the
calibration and stability of qubits subject to drift and can be readily applied to other qubit platforms.

DOI: 10.1103/77qg-p68k

I. INTRODUCTION

Quantum processing units (QPUs) with tens of qubits
are becoming increasingly common [1]. Efforts to reduce
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error rates have resulted in the first demonstrations of
quantum error correction [2,3], though these advances
come with costly calibration overhead as the number
of qubits increases. Temporal instability in QPUs arises
from numerous stochastic noise channels [4] and the
lowest-performing outlier qubits often limit overall per-
formance [5]. Tackling time-dependent fluctuations and
outlier qubits in large QPUs requires scalable and efficient
calibration methods to ensure stable fault-tolerant opera-
tion while minimizing calibration down time. Here, we
introduce a protocol that features exponential scaling of the

Published by the American Physical Society


https://orcid.org/0000-0002-7452-9017
https://orcid.org/0009-0003-5993-7682
https://orcid.org/0009-0002-2503-1877
https://orcid.org/0009-0007-2429-0574
https://orcid.org/0000-0002-9853-5972
https://orcid.org/0000-0002-1342-9354
https://orcid.org/0000-0002-8277-8064
https://orcid.org/0000-0003-3469-9166
https://orcid.org/0000-0002-7060-178X
https://orcid.org/0000-0001-6835-8517
https://orcid.org/0000-0001-8088-8772
https://orcid.org/0000-0001-8041-0824
https://orcid.org/0000-0003-3675-7331
https://ror.org/042nb2s44
https://ror.org/035b05819
https://ror.org/05xg72x27
https://ror.org/042nb2s44
https://ror.org/05a28rw58
https://ror.org/027bh9e22
https://ror.org/022z6jk58
https://ror.org/04wf30j82
https://ror.org/042nb2s44
https://ror.org/01eezs655
https://crossmark.crossref.org/dialog/?doi=10.1103/77qg-p68k&domain=pdf&date_stamp=2025-08-26
http://dx.doi.org/10.1103/77qg-p68k
https://creativecommons.org/licenses/by/4.0/

FABRIZIO BERRITTA et al.

PRX QUANTUM 6, 030335 (2025)

calibration precision versus the number of measurements
until it is limited by decoherence. This scaling is the result
of a locally optimal strategy that maximizes the expected
precision for the next measurement.

Online Hamiltonian learning [6] offers a promising
strategy for addressing drifts in stochastic qubit param-
eters through real-time estimation [6—13], facilitated by
modern field-programmable gate array (FPGA) hardware
advancements. Although various estimation methods [14—
17] have been proposed to enhance calibration efficiency,
no experimental implementation has yet achieved real-
time adaptive estimation in a resonantly driven qubit with
a parametrized probability distribution. This work fills
the gap by the experimental demonstration of a real-time
Bayesian-estimation approach applied to a superconduct-
ing qubit.

To demonstrate the adaptive and efficient calibration
protocol, we employ a flux-tunable transmon qubit [18,
19]. Transmons are largely insensitive to charge noise by
design. The tunable qubit frequency is controlled by a mag-
netic field and it is susceptible to random flux variations,
known as flux noise. Typically, flux-tunable transmons are
thus operated at bias points (sweet spots) that are first-
order insensitive to small flux changes. However, operat-
ing them away from these bias points may be necessary
to reduce frequency crowding in large qubit arrays [20,21]
or minimize coupling to two-level fluctuators. To maintain
high-fidelity operation despite the increased sensitivity to
flux noise, one may use real-time frequency estimation and
stabilization [22].

The so-called frequentist approach is the most com-
mon method for estimating fluctuations in Hamiltonian
parameters of superconducting qubits. Frequentist esti-
mation methods infer an observable from the observed
frequencies of measurement outcomes in repeated exper-
iments and they do not yield an exponential scaling with
the number of measurements. For instance, in Ref. [22],
the qubit-frequency fluctuation is computed in real time
by repeated Ramsey-interferometry cycles. In the prob-
ing Ramsey cycle, the Bloch vector is initialized on the
equator of the Bloch sphere, evolves under its Hamilto-
nian, and is projected back onto the Z axis after a fixed
(nonadaptive) evolution time. The measurement outcome
is averaged over many probing cycles. The fraction of
times the system is measured in, e.g., the excited state is
linearly mapped to the qubit-frequency fluctuation, as fur-
ther detailed in the next section. The drawbacks of such
frequentist methods are that (i) they are not optimally effi-
cient, (ii) there is a trade-off between frequency sensitivity
and probing range, and (iii) the qubit must already be
approximately calibrated for the stabilization to work. In
contrast, a Bayesian-estimation approach assigns proba-
bilities to hypotheses and naturally incorporates real-time
optimization techniques [6,8,9,12,13]. At any given time,
the current knowledge of the parameters can be used to

adaptively select the optimal experimental settings for
the next probing cycle. While such techniques have been
widely adopted in nitrogen-vacancy centers and semicon-
ductor spin qubits over the past decade, they have not been
similarly applied to superconducting qubits.

In this work, we employ an adaptive Bayesian-
estimation scheme to calibrate a transmon qubit, which
circumvents the limitations of the frequentist approach
mentioned above. Our protocol involves programming a
commercial controller with an integrated FPGA to gener-
ate dynamic microwave pulses, enabling real-time qubit-
frequency calibration through a binary-search algorithm
inspired by Ref. [23]. We use the real-time capabilities of
the controller (on the qubit coherence timescale) to select
optimal parameters within an adaptive estimation cycle.
Specifically, the controller dynamically adjusts the drive
frequency and the evolution time of each probing cycle
based on previous measurement results. We demonstrate
the efficacy of the algorithm through improved effective
qubit coherence T and fidelity.

While the majority of theoretical research concentrates
on Markovian noise [24], non-Markovian noise sources
such as 1/f flux noise, which exhibit memory effects, are
common in solid-state qubit platforms [13]. They intro-
duce significant overhead for error mitigation [25,26]; their
dynamical decoupling [27,28] is not universally effective
and may not align with specific experimental goals. In
order to realize fault-tolerant quantum computing with
error-corrected solid-state qubits, non-Markovian noise
likely needs to be reduced or eliminated [29]. We show
how our real-time frequency tracking protocol reduces
such noise as validated by gate-set tomography (GST)
[30], whereas Ref. [22] relied solely on randomized bench-
marking (RB) [31]. While RB blends the non-Markovian
noise with other error types by introducing random gate
sequences, GST assumes Markovian noise and can there-
fore detect non-Markovianity in the system through model
violations. Our scheme enables intermittent and efficient
calibration of qubit frequencies, making it ideal for stable
quantum circuit execution in the presence of drift.

II. METHOD

A. Device

We use a 2 x 2 superconducting qubit array operated
at the mixing-chamber stage (below 30mK) of a dilu-
tion refrigerator. The array design is based on Ref. [32]
and we calibrate one of its flux-tunable transmon qubits.
A commercial controller (Quantum Machines OPX+ and
Octave) applies high-frequency waveforms to the lines for
qubit control and single-shot readout. A Yokogawa GS200
provides the dc flux bias through a bias tee at room tem-
perature (for details on the experimental setup, see the
Supplemental Material [33]). The transmon comprises a
dc superconducting quantum interference device (SQUID)
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FIG. 1. Qubit implementation and frequency binary search.

(a) The experiment schedule, alternating between periods of
quantum information processing (dashed box) and periods for
efficiently calibrating the qubit frequency (gray box). The trans-
mon (“Qubit”) is controlled by microwave pulses (XY) that are
based on previous qubit measurements (“Readout”). (b) The evo-
lution of the probability distribution P(¢) during the frequency
binary-search algorithm. For each Ramsey probing cycle, the
probing time and frequency detuning are chosen such that the two
possible likelihood functions (dashed-dotted lines) multiplied
with the prior distribution (dashed) yield posterior distributions
(solid) that are shifted left or right, while the standard deviation is
reduced (see the text). (c) The controller updates the probability
distribution after each measurement. The dots show the resulting
expectation value (¢) and the shaded area marks the 68% credible
interval.

with asymmetric junctions, and on-chip Z and XY control
lines [see Fig. 1(a)]. The qubit is dispersively coupled to a
coplanar waveguide resonator for state readout [18,19].
The real-time calibration that we develop here can be
embedded in an operation loop as sketched in Fig. 1(a).
The calibration protocol is used to estimate the qubit
frequency, after which the resulting estimate is used to
adjust the frequency of the drive accordingly, leading to a
decreased sensitivity to flux noise during qubit operation.
Our goal is to compensate for qubit-frequency fluctua-
tions particularly when it is operated away from the sweet
spot. Thus we tune the transmon where the effect of flux
noise is the strongest, at @y = Py/4, where &y = 1/(2¢e)
is the superconducting magnetic flux quantum and ®.y; is
the external magnetic flux applied via a mutual coupling to
the Z line. Our qubit nominally has a transition frequency

Jq ~ 3.78 GHz and in the rotating frame its Hamiltonian is

HW _ Af —e®
h - 2 025

(M

where o, is the Pauli z matrix, Af = fq — fq is the fre-
quency detuning between f; and the chosen rotating-frame
frequency fj, and e(7) represents the time-dependent shift
of the qubit frequency due to flux noise.

B. Frequency binary search by Bayesian estimation

The frequency binary-search (FBS) algorithm involves
a Ramsey probing cycle where the qubit is first prepared in
a superposition state |v) = (|0) —i[1)) /«/5 using a X >
rotation around the x axis of the Bloch sphere. The state
preparation is followed by a period of free evolution for a
duration 7, during which the qubit state acquires a phase
¢ =27 [ 8q(t)dr, where 84(1) = Af —&(f). A second
Xz /2 pulse is then applied and the state of the qubit is mea-
sured using dispersive readout. By the quasistatic noise
approximation, we assume &(¢) to be constant on the scale
of a few probing cycles, resulting in ¢ = 27 [Af — e(f)]r.
In the following, we drop the time dependence of (¢) for
ease of notation.

We assume that the probability of measuring an outcome
m € {—1, 1} corresponding to the states |0) and |1) is given
by the likelihood function

P(mle, Af,t) = % + %{a + Be T cos[2n(Af—e)T]},
(2)

where the parameters « = —0.02 and g = 0.6 are coeffi-
cients that, together, capture state preparation and readout
errors, while 7 describes a coherence time that limits
the duration of the evolution time 7 (for further details
on how they impact the algorithm performance, see the
Supplemental Material [33]). We set 7 = 10 ws based on
the Hahn-echo coherence time T ~ 12 s. We choose a
value slightly lower than the estimated 7T>g to be on the
safe side in case the intrinsic decoherence rate fluctuates on
longer timescales. For reference, 7, &~ 42 us at @y = 0.
The qubit fluctuation ¢ is what we want the controller to
estimate.

We emphasize that in this experiment, the controller
adaptively computes in real time both the Ramsey evolu-
tion time t and the drive frequency fy (and thus Af") for
each probing cycle. This differs from previously employed
approaches in which (i) the evolution time 7 is fixed
[22] and (ii)) only either the evolution time 7 or the
effective rotating-frame frequency is chosen adaptively
[8,12,34,35].

Adaptive control of the phase theoretically allows for
one bit of information to be gained per experiment in an
error-free qubit. The estimation begins with the longest
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sensing time, which corresponds to the smallest frequency
sensitivity [36], and proceeds with shorter sensing times
that yield larger frequency resolutions. To improve robust-
ness against experimental errors, the strategy can be mod-
ified by repeating measurements with reduced information
gain per measurement [37,38], which has been experimen-
tally demonstrated using nitrogen-vacancy centers [34,
39,40]. However, this phase-estimation approach presents
some limitations: (i) an extensive parameter search is
required to determine the optimal number of repetitions
for each sensing time [34]; (i1) a Bayesian approach would
yield a multimodal probability distribution that requires
many more than two parameters to be stored in memory;
and (iii) the estimate becomes only useful after the very
last cycle.

We also highlight that using a fixed evolution time t in
nonadaptive probing cycles [22] limits the frequency range
to (—1/27,+41/27], which results in a trade-off between
range and frequency sensitivity. This trade-off does not
apply to the binary-search algorithm introduced here.

In the quasistatic approximation, we want to find the
optimal sequence of T and fy values to estimate ¢ in as few
measurements as possible. Using Bayes’ rule, we write

Puyi(e) o< Pu(e)P(myui1le, Afugis Tat1), 3)

where P, (¢) denotes the probability distribution for ¢ after
the nth probing cycle, which thus depends on all previously
used Af; and t; and all measurement outcomes m; (i.e.,
i <n).

In the following, we assume P,(¢) to be a Gaussian,
which well approximates the actual distribution (for more
details, see the Supplemental Material [33]). The advan-
tage of using the Gaussian approximation is that it allows
the distribution to be conveniently described using just two
parameters: the mean w and the standard deviation o.

For each individual probing cycle, to minimize the
expected posterior variance, in a greedy approach the opti-
mal experiment (7, Af) is the one that divides the prior
distribution into equal (or approximately equal) left and
right portions [see Fig. 1(b)], so that a half period of Eq. (2)
is comparable to the width of the prior distribution, per-
forming something similar to a binary-search partitioning
[41]. The approach of using Gaussians and partitioning the
posterior distributions in a similar fashion has been intro-
duced by Ref. [23]. However, in that case, the lack of phase
control in the likelihood prevents the algorithm from deter-
mining the sign of ¢, making it ineffective for priors where
w/o — 0 [42]. While fitting to a bimodal Gaussian has
been suggested as a solution [43], this approach still does
not resolve the ambiguity of the sign. In this work, we
address both aspects by dynamically updating f4 (and thus
Af) in real time on the controller. This allows the con-
troller to consistently use the optimal likelihood function

and perform the most efficient estimation using only a
Gaussian distribution.

Two steps are needed to implement the binary search
in the controller. The first step is to determine optimal
experiment parameters T and Af based on the prior distri-
bution. Then, one must approximate the resulting posterior
Pu+1(e) to a Gaussian. This can be done using equations
implemented directly on the controller in real time.

The prior distribution [see the dashed black line in
Fig. 1(b)] in the Gaussian approximation is given by

1 & — Un )2
exp | — , “)
V2no}? { ( V20,
where w, is our guess for what ¢ is with uncertainty o,,. In

order to separate the prior at the center by the likelihood
functions, the detuned frequency must satisfy

73,,(8) =

142/

4Tn+1

Afpyr = + M )

where / can be any integer number; we set it to be zero.
While this is formally the optimal solution for ¢ = 0, it is
areasonable approximation for the optimum at other realis-
tic values of . Given this constraint, the optimal evolution
time 7 that minimizes the posterior variance is given by

V16rn?e2 +1/T7 = 1/T

252
8m2o;

(6)

Tyl =

After measuring m, | = %1, the posterior distribution is
obtained by using Eq. (3), after which it is fitted to a Gaus-
sian using the method of moments, i.e., by calculating its
mean and variance [23],

2,2.2

27Tmn+1ﬂ0nzfn+1€_r”+l/r_2” It
Mn+1 = Un — ’ (73)
1+ my+ 1
202 42 _—2t,41/T—4ncpt>
» o 4B o, T, e " 7 Tl 7b
Op+1 =0y — > ( )

1+ mn+1a)2

and using these values to construct the new prior to be a
Gaussian distribution with mean and variance w,y; and
anZH [see Fig. 1(b)]. This scheme is repeated N times
to obtain a sufficiently narrow distribution with exponen-
tial scaling, with the number of measurements given by
Eq. (7b) [44].

In Fig. 1(c), we illustrate the resulting evolution of P, (¢)
as a function of the measurement number n for one rep-
resentative estimation sequence, with an initial prior with
oo = 1MHz and uo =0, and N = 15. The black dots
show the expectation value (¢) and the shaded area indi-
cates its 68% credible interval, narrowing here down to
67 kHz after 15 measurements in less than 100 us. With
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similar parameters, this efficient frequency estimation
could replace currently used periodic calibration routines
by narrowing the qubit frequency within a user-defined
error budget. As the FBS relies only on single-qubit oper-
ations, it can be extended to multiqubit systems without
introducing additional overhead.

In the following, we optimize the number of single-
shot measurements N that we use based on the specific
experiment we are performing. We test the performance
of the FBS by performing Ramsey repetitions to verify
that it finds the correct qubit frequency and we use RB
and GST to assess the impact of the FBS on the qubit
fidelity and drift. We emphasize again that the goal of
these experiments is not to increase qubit coherence time
or fidelity as much as possible, but simply to confirm that
the information gained from the FBS is most likely correct.

III. RESULTS

A. Qubit coherence time 75

We thus validate the FBS by rapid estimation of the shift
of the qubit frequency ¢ and by demonstrating an extended
coherence of the flux-tunable transmon qubit.

The fluctuating parameter ¢ is estimated from the prob-
ing sequence shown in the top part of Fig. 2(a). For each
probe cycle, the Bloch vector is positioned on the equa-
tor using an X, pulse. After precessing for a time 7;, a
virtual Z(Af;) gate [45] is performed, introducing a phase
offset ¢ = 2w Af;t;. Here, virtual means that the phase off-
set is added to the subsequent X, pulse, which projects
the Bloch vector back onto the Z axis. The virtual Z gate
controls the phase Af't of the likelihood function [Eq. (2)]
based on Eq. (5). This is followed by a measurement, after
which the qubit state s;, ground (s; = 0) or excited (s; = 1),
is assigned by thresholding the demodulated dispersive
readout signal on the controller.

The Bayesian probability distribution of ¢ is updated
after comparing the measurement outcome s; to the previ-
ous one s;_1, as we do not initialize the qubit to the ground
state at the beginning of each cycle to reduce the probing
cycle period (thus yielding higher feedback bandwidth). It
follows that in Eq. (2), m; = 2|s; — s;_1| — 1. For instance,
if in the previous measurement the qubit was in the ground
state s;,_; = 0 and now it is in the excited state (s; = 1),
then m; = +1. The duration of the probe cycle is short
compared to the measured 77 ~ 80 us at quarter flux: the
average Ramsey evolution time is approximately 4.36 ws,
the time used to read out the qubit is 1.44 ws, and the
time used to subsequently cool down the resonator again
(to deplete it from any residual photons after the readout
pulse) is approximately 2 ws.

The controller is programmed to start from a prior with
1o = 0 and o¢p = 30kHz, based on previously measured
qubit-frequency fluctuations. After each measurement, the
controller updates the probability distribution, resulting in

a narrowing of the width of the distribution [cf. Fig. 1(c)].
In the middle panel of Fig. 2(a), we plot the exper-
imentally found final posterior probability distributions
Py (e) from all estimations done in the full experiment,
where we consistently use N = 8 measurements per esti-
mation sequence. For plotting clarity, we down-sample to
approximately 14 ms.

To confirm that these narrowed distribution functions
indeed represent more accurate and correct knowledge
about ¢, we interleave the estimations with a series of Ram-
sey repetitions, half of them making use of the outcome of
the estimations and half of them not, as shown schemat-
ically in the upper part of Fig. 2. After each estimation
sequence of &, the controller updates the qubit-frequency
parameter f; (in software) to compensate for the estimated
shift (¢), so that the total expected detuning becomes
Af; — (¢) = 1 MHz. It then performs one Ramsey cycle
with evolution time 7;, after which it again estimates ¢. The
intentional detuning of 1 MHz applied via the virtual Z gate
improves the visibility of the Ramsey fringes, making them
easier to fit. This cycle is repeated M = 50 times, while T;
is increased linearly from O to 7 ps. Each row in the mid-
dle panel of Fig. 2(b) shows the result of one such set of
50 Ramsey cycles, where we plot all single-shot measure-
ment outcomes p; as white or black pixels. After each set
of M =50 Ramsey cycles with feedback, the controller
resets fq (in software) to the offline-calibrated value, tun-
ing to Afy = 1 MHz. It then performs the same series of
50 Ramsey cycles as before, linearly stepping the evolu-
tion time 1 from 0 to 7 ws. The rows in the middle panel
of Fig. 2(c) show the single-shot measurement outcomes
of this part of the protocol. After completing the Ramsey
cycles without feedback, the whole protocol is repeated, as
indicated in the top of Fig. 2, starting with a new estima-
tion of ¢. In the new estimation sequence, the controller
starts from a prior with wo equal to the estimated ¢ of the
previous sequence.

To highlight the effect of the feedback, we plot the
averages of all Ramsey repetitions in the lower panels of
Figs. 2(b) and 2(c). In both cases, we fit the decaying sig-
nal using Gaussian envelopes (solid line), yielding 75 =
3.73(0.11) ps without feedback and 75 = 5.57(0.09) s
with feedback, corresponding to an approximately 49%
improvement when including feedback. This increased
coherence of the qubit demonstrates that the narrowed
distribution function obtained from the estimation proce-
dure indeed reflects more accurate knowledge about the
fluctuating parameter . Notably, our approach requires
fewer single-shot measurement outcomes (N = 8) com-
pared to N =20 of Ref. [22]. The T coherence time
achieved with feedback is ultimately limited by the Hahn-
echo value due to the lower bandwidth of the feedback
loop (approximately 16 kHz for N = 8), compared to the
much higher bandwidth of the dynamically decoupled
Ramsey (1/t g 100kHz). This explains why the Hahn
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FIG. 2. Frequency binary-search validation by suppressed dephasing of a qubit in a feedback-controlled rotating frame. In the upper
diagram, one loop (solid arrows) represents one repetition of the protocol. (a) For each estimate of the frequency shift ¢, the controller
uses N = 8 Ramsey probing cycles with adaptive probe times 7; and detuned frequencies Af;, computed in real time. The bottom panel
shows (g) (solid line) and the 68% credible interval (shaded area) of the final probability distribution Pg(¢) of all estimates performed
during the approximately 41.5 s of the experiment. (b) After each estimation, we task the controller to perform a Ramsey cycle with
evolution time 7;, while setting Af; = 1 MHz by adjusting fy using the latest estimate (¢). These interleaved FBS estimations and
Ramsey cycles are repeated M = 50 times with evenly spaced 7;. Single-shot measurement outcomes p; are plotted in the middle
panel as white or black pixels and the fraction of flipped outcomes in each column is shown as a blue dot in the lower panel. (c)
Subsequently, the controller resets all frequencies to the offline-calibrated values, i.e., assumes (¢) = 0, and again performs M = 50
evenly spaced Ramsey cycles of set Af; = 1 MHz. The single-shot measurement outcomes ¢y are plotted as white or black pixels in
the middle panel and the fraction of flipped outcomes in each column is shown as a red dot in the lower panel. Comparing (b) to (c),
the coherence time improves by approximately 49% with feedback.

echo is less sensitive to quasistatic fluctuations than the
feedback-stabilized Ramsey experiment.

We perform another experiment for 6 h, from which we
extract the noise power spectral density and show that the
FBS also keeps track of the qubit frequency over longer
timescales (see the Supplemental Material [33]). Overall,
the results presented in this section show how the FBS can
efficiently find and stabilize the qubit frequency.

B. Single-qubit gate fidelity

In this section, we further validate the FBS calibration
by showing improvement of the single-qubit gate fidelity
by RB [31].

The pulse sequence is shown in Fig. 3(a): the con-
troller resets the qubit-frequency parameter f; (in software)
and it performs the FBS with N = 15 probing sequences,
starting with uo = 0 and oy = 200 kHz [46]. At the end
of the estimation, fq is updated (in software) and an RB
sequence of depth Lg is performed. An interleaved RB
measurement without feedback follows by resetting the
qubit frequency to the offline-calibrated value. The max-
imum circuit depth (Lpa) is 2300 and the repetition is
averaged 10000 times. We implement derivative reduc-
tion by adiabatic gate (DRAG) for our 20-ns-long pulses to
suppress leakage errors [18,19] in the RB experiment. As
with the previous experiment, the qubit is not initialized
in the ground state at the beginning of each cycle; the
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FIG. 3. Frequency binary-search validation by randomized
benchmarking (RB). (a) An RB repetition of length Lg combined
with the FBS feedback (with N = 15 probing cycles). (b) RB
is repeated 44 times with the feedback (blue dots) and without
(red dots). The native gate errors are extracted from the fit to the
data, which consists of 10 000 realizations of 30 random Clifford
sequences with and without the feedback. The error bars show
the 68% confidence interval for the fitted gate error. The dashed
lines are the averaged gate infidelities.

controller keeps track of whether or not the state is dif-
ferent compared to the previous measurement. Every 1000
averages, the threshold that classifies the demodulated dis-
persive readout signal is updated online in the controller
by taking the average of 10 000 single-shot measurements
after performing an X, pulse to the qubit.

The controller performs the RB experiment for 6 h,
yielding a native gate infidelity of (7.6 40.3) x 1074
without feedback and (6.9 & 0.2) x 10~* with feedback
[dashed lines in Fig. 3(b)]. The single-qubit gate infideli-
ties are higher than the decoherence limit [47] approxi-
mated by tgae(1/71 + 1/T4)/3 ~ 6 X 107, given toate A
20ns, 71 ~ 80 ws, and the exponential part of the pure
dephasing time 7, ~ 13 ws. The feedback protocol always
performs better than without feedback and with less spread
around the mean value as a result of the stabilization.
Some of the drifts of the infidelity remain correlated, which
we tentatively attribute to other factors (e.g., changes in
T1). The improved fidelities of single-qubit gates by feed-
back by interleaved RB are presented in the Supplemental
Material [33]. We attribute the smaller relative improve-
ment in the single-qubit gate qubit fidelity, compared to
coherence in the previous section, to the larger final value
of oy=15 = 90kHz, as opposed to oy—g ~ 24 kHz, which
resulted from different initial prior distributions.

C. Reduction of non-Markovian noise

So far, we have demonstrated an efficient qubit-
calibration protocol by instructing a controller to generate
adaptive probing sequences in real time. The calibration

has been validated by improved coherence and fidelity.
Next, we investigate if our estimation protocol also reduces
the non-Markovian noise in the system, this time estimated
by GST [30]. While GST has been employed to vali-
date the mitigation of drifts in semiconductor spin qubits
[13] by real-time estimation, we present its application for
validating drift mitigation in a superconducting qubit by
real-time feedback.

GST is a calibration-free method for benchmarking
and characterizing operations in a quantum processor
and we implement it by using the pyGSTi [48] soft-
ware package. GST relies on running circuits designed
to amplify certain types of errors. Each circuit, as shown
in the right-hand panel of Fig. 4(a), consists of the
gate to be characterized, {Gy, Gy, Gy, GGy, GGGy} (the
germs), sandwiched between two fiducial circuits from the
set {1, Xn)2, Yoy, X2 X2, Xt j2 X )2 X 25 Y2 Y2 Y2}
These are applied to the qubit after initialization, to gen-
erate the state p;, and before the measurement in the
computational basis, to measure the operator £;. The vari-
able Lg is the maximum depth used to construct the base
circuit from the germ [30]. By running the circuit multi-
ple times, we extract the measurement probabilities Pj; =
TrE; G[ p;], which are then fitted to the error model, provid-
ing a maximum-likelihood estimator of the transfer matrix
for all of the gates. The quality of the fit can be used
to detect violations of the Markovian model of the noise
[30,49].

We incorporate the feedback loop inside the GST pro-
tocol using the scheme shown in the left-hand panel of
Fig. 4(a), implemented on the controller. We find suitable
parameters for testing the FBS to be N = 6 per estima-
tion sequence with feedback, with initial uy = 0 and oy =
30 kHz. Each repetition is executed 100 times for each of
the 616 sequences constructed for GST. In the new esti-
mation sequence, the controller starts from a prior with
equal to the estimated ¢ of the previous repetition.

The measured discrepancy between the Markovian
model and the data (2A log L as defined in Ref. [30]) is
shown in Fig. 4(b), using the color of the squares: The
gray scale is used to reflect the total discrepancy and a red
color signals a model violation, indicating non-Markovian
noise at a 95% confidence interval. The rows and columns
of the inner matrices represent the fiducial operations used
for state preparation and measurement, respectively. For
the data with feedback, represented in the right-hand panel
of Fig. 4(b), a clear decrease in the number of red squares
in comparison to the feedback-free result of the left-hand
panel is visible.

To further quantify the reduction of non-Markovian
noise, the controller repeats the GST experiment 30 times,
spanning a laboratory time of 40 min. In Fig. 4(c), we
plot, as a function of the maximum length, the total vio-
lation of the model. While there is no clear improvement
for maximum lengths of 1 and 2, it is evident for longer
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FIG. 4. Gate-set tomography (GST) and model violation. (a) A GST sequence combined with the FBS feedback (with N = 6 probing
cycles). (b) A model violation plot without (left) and with (right) FBS feedback. The red marks reveal the detection of model violation
at a confidence level of more than 95% and the gray boxes indicate statistical fluctuations. (c) The FBS feedback decreases the total
amount of the log-likelihood ratios 2A log L at maximum lengths of 4, 8, and 16, extracted from 30 GST runs. The error bars show the

68% credible interval.

sequences. As shown in the Supplementary Material [33],
feedback allows to significantly decrease the amplitude
of non-Markovian noise, identified as frequency fluctu-
ations below the inverse of the feedback timescale. It
complements the previous analysis of GST data, which
is consistent with the expectation that longer circuits are
more sensitive to non-Markovian noise [30]. We attribute
the residual discrepancy between the model and the data,
especially where the G, germ is used, to larger |¢| fluctu-
ations not captured by the chosen initial prior distribution
‘Po(e). Further improvements would require a more quanti-
tative analysis of the trade-off between the initially chosen
uncertainty, the estimation bandwidth, and the white-noise
floor of the estimation method (see the Supplemental
Material [33]).

Regarding gate performance, the GST protocol yields
an X >-pulse infidelity of (2.6 = 0.3) x 10~2 and for the
Yz 2 pulse (1.6 £ 0.3) x 1072, both with and without feed-
back. These values are 2 orders of magnitude larger than
those reported by RB, which further suggests the dominant
role of coherent noise, to which RB is less sensitive [50].
In summary, the decrease in Markovian-model violation
for longer GST sequences indicates that the FBS feedback
protocol mitigates a significant portion of non-Markovian
noise.

IV. CONCLUSIONS AND OUTLOOK

Our work presents the experimental demonstration of
a greedy adaptive Bayesian-estimation protocol for the
frequency of a resonantly driven qubit, improving its

performance using only N = 6 single-shot measurements
leveraging the exponential scaling of the algorithm with
the number of measurements. This small number is to be
compared with the tens [22] or hundreds of single-shot
measurements of previous works [6,13,51] in resonantly
driven qubits. Our approach reduces qubit-frequency drift
by real-time Bayesian estimation and feedback, imple-
mented via a low-latency FPGA-based qubit control
system.

The binary-search estimation algorithm allows con-
trol pulses to compensate for qubit-frequency fluctuations
caused by flux noise, improving coherence and fidelity
without sacrificing frequency sensitivity or range. We val-
idate the protocol using GST, which further corroborates
our claim that our adaptive feedback loop reduces the
effects of non-Markovian noise. This may facilitate quan-
tum error-correction methods, which generally assume
Markovian noise.

Our protocol assumes that a Gaussian distribution can
approximate the frequency fluctuations and that these
remain constant over the timescale of a few measurements.
In this work, the controller updates the drive frequency in
real time but the scheme can be adapted to adjust the qubit
frequency by modifying the flux bias instead. The estima-
tion bandwidth is limited by the relatively slow measure-
ment time of a few microseconds. From this perspective,
our work represents a worst-case scenario, underlying the
efficacy of our experimental technique.

Traditional real-time approaches for continuous
parameter estimations have relied on simple linear or
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trigonometric functions or precomputed lookup tables
[6,8,9,12,13,51]. In contrast, our FPGA implementa-
tion performs real-time Bayesian inference and processes
widely used Gaussian distributions, resulting in a numer-
ical complexity higher than previous works. At the same
time, the parametrization of Gaussian distributions allows
the FPGA to perform fewer and faster computations com-
pared to traditional approaches using histograms and par-
ticle filtering.

We anticipate further improvements possibly by the
implementation of a physics-informed prior [12] that
accounts for 1/f noise. Also, the online calibration of
single-qubit gates is a possible direction with available
hardware, for single-qubit corrections in two-qubit gates
by actual (not virtual) Z gates.

Adaptive Bayesian techniques could be implemented for
frequency tracking in the presence of two-level fluctuators
[52,53]. Specific to our flux-tunable transmon qubit, while
the feedback bandwidth is limited by readout and res-
onator cooldown time, higher bandwidth can be achieved
by adding a Purcell filter [18,19] which protects the qubit
from relaxing into its environment. Our protocol may favor
using symmetric junctions to increase the frequency range
of the qubit, without worrying about increased sensitivity
to flux noise as shown in Ref. [22].

Although qubit calibration by Bayesian inference can be
relatively easily integrated with existing classical control
hardware, it requires prior knowledge of the parametriza-
tion of the system. We expect that quantum model learn-
ing agents [6], which are more challenging to implement
efficiently in real time, will gain wider adoption. We antic-
ipate further research that merges theoretical and hardware
advances, ultimately eliminating the need for a case-to-
case modeling of experimental parameters.

Beyond superconducting qubits, our scheme offers new
insights into real-time calibration of any qubits manipu-
lated by resonant pulses. The protocol is not restricted
to flux noise but is compatible with any source of low-
frequency noise. We envision future applications in mit-
igating quasistatic electrical and nuclear noise in other
solid-state qubit platforms.

This work advances quantum control by implementing
an adaptive Bayesian technique to calibrate the qubit fre-
quencies in real time. Our algorithm is a locally optimal
solution by minimizing the expected estimator variance
under a Gaussian distribution approximation, making it
appealing for real-time calibration in large QPUs.
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