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Error mitigation has enabled quantum computing applications with more than a hundred qubits and deep
circuits. Many error mitigation methods are noise-aware, relying on a faithful characterization of the noise
channels of the hardware. However, fundamental limitations lead to unlearnable degrees of freedom of
the underlying noise models when considering qubits. Here, we show how to leverage noncomputational
states as an additional resource to learn state-preparation errors in superconducting qubits. This allows one
to fully constrain the noise models. We can thus independently and accurately mitigate state-preparation
errors, gate errors, and measurement errors. Our proposed method is also applicable to dynamic circuits
with midcircuit measurements. This work opens the door to improved error mitigation for measurements,
both at the end of the circuit and midcircuit.
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I. INTRODUCTION

Progress in quantum computing hardware and error mit-
igation has enabled utility-scale experiments [1–3]. At this
scale, a brute-force classical simulation of the underlying
quantum circuits is no longer possible. Moving forward,
error mitigation may enable a quantum advantage before
the onset of full fault tolerance [4]. In the fault-tolerant
regime, error mitigation will remain relevant by enhancing
performance and reducing residual logical errors beyond
the capabilities of error correction alone [5,6]. Importantly,
quantum computing is not only made of sequences of
unitary gates. Midcircuit measurements (MCMs) offer a
powerful computational extension. They form the bedrock
of dynamic circuits and enable entanglement distribution
[7], improved algorithmic execution [8–10], and circuit
cutting [11–15].

Many error mitigation methods rely on accurate noise
learning experiments, which also help characterize quan-
tum processors at scale [1,16,17]. Gate noise is commonly
characterized by repeating a gate layer to amplify its noise,
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e.g., in cycle benchmarking [18,19]. A common assump-
tion is to express the gate noise models as Pauli channels;
this is, in practice, justified by applying Pauli twirling
or randomized compiling [20–22]. Pauli noise learning
is made scalable by “sparsifying” the noise generators
[16]. This is typically done by dropping the noise gen-
erators that do not match the physical qubit couplings.
In this framework, state-preparation and final measure-
ment (SPAM) errors can be characterized with a model-
free twirled readout circuit in a technique popularized
as “twirled readout error extinction” (TREX) [23]. The
SPAM errors on expectation value estimators are then mit-
igated in postprocessing. By contrast, learning the noise
models of MCMs requires extending cycle benchmarking
[24,25]. Here, readout-induced leakage can be character-
ized [26] and probabilistic error cancellation has been
generalized to dynamic circuits [27–29]. Crucially, when
separating SPAM errors from gate errors, there are funda-
mentally unlearnable degrees of freedom. These degrees
of freedom in the noise model are rigorously under-
stood as the cut space of a cycle graph [30]. The same
happens when separating state from measurement errors.
These unlearnable degrees of freedom can be circum-
vented by imposing symmetry assumptions on the noise
models [16], which may be violated in real experiments. In
some cases this comes with the cost of additional ancilla
qubits and assumed ideal CNOT gates, implemented with
error mitigation [31]. For successful noise-model-based
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error mitigation, it can be crucial to go beyond these naive
symmetry assumptions [2].

Recent work has thus been focused on producing self-
consistent noise characterization protocols that learn gate,
state-preparation, and measurement noise. This approach
results in a holistic noise model up to unlearnable gauge
degrees of freedom, such that any measured observables
in circuits composed of the given state-preparation, gate,
and measurement layers are insensitive to the gauge [32].
While this approach is sufficient for noise-learning-based
error mitigation of unitary circuits [33], it does not reveal
the ground truth for all parameters of the noise model,
such as state-preparation errors. This can limit certain uses
of the noise model, such as combining noise models of
different layers to form models for gate structures that
have not been learned. Furthermore, its applicability to
dynamic circuits with measurements and classical feed-
forward still needs to be investigated. Other methods for
separating state-preparation from measurement noise come
with trade-offs, such as additional qubits [34,35], two-
qubit gates to perform noise learning [31,36], or repeated
measurements during mitigation [37].

Here, we show how noncomputational states help learn
state-preparation errors and establish a ground truth for a
noise model of midcircuit measurements. By using non-
computational states, we can overcome the existing no-go
theorems for noise learning [30,32]. We demonstrate this
in superconducting qubit hardware [38], and expect that
the method should generalize to other hardware platforms
where noncomputational states are addressable.

In Sec. II, we start by demonstrating the importance
of characterizing state-preparation errors separately from
measurement errors. In Sec. III, we propose a protocol to
fix a ground truth in the noise model of MCMs. Finally,
in Sec. IV we present numerical results of the proposed
protocol. We discuss and conclude our work in Sec. V.

II. MOTIVATION

We now present an experiment, conducted on an IBM
Quantum Eagle device, showing that jointly mitigating
state-preparation errors and measurement errors fails to
error mitigate global observables of up to eight qubits.
A Greenberger-Horne-Zeilinger (GHZ) state-preparation
circuit with a ladder structure of CNOT gates, shown in
Fig. 1(a), turns the single-qubit Z0 operator into a global
X ⊗n operator. Hence, this +1 stabilizer is subject to mea-
surement errors from all qubits, while only being affected
by state-preparation errors from the first qubit. This makes
the observable O = X ⊗n maximally sensitive to the sep-
aration of SPAM errors. We would thus like to study the
circuit of Fig. 1(a). However, to account for gate noise we
would need to learn the noise of the n − 1 distinct layers
of CNOT gates [16,17]. To reduce this overhead, we con-
vert the circuit in Fig. 1(a) to a similar circuit built from
only two distinct layers of CNOT gates, see Fig. 1(b), which
features the same behavior for the X ⊗n observable.

We mitigate the circuit in Fig. 1(b) with TREX [23]
to illustrate how inaccurate noise models can result in
unphysical mitigated results. We start by measuring the
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FIG. 1. Splitting state-preparation and final measurement (SPAM) errors with noncomputational states. (a) Greenberger-Horne-
Zeilinger (GHZ) state-preparation circuit. (b) Circuit inspired from (a) but with two unique CNOT layers, L1 and L2, to facilitate gate
noise learning. (c) SPAM error mitigation on the circuit in (b) with twirled readout error extinction (TREX) (purple data) and split
mitigation of SPAM errors (green data). Error bars, discussed in Appendix B, represent ±2σ . The shaded area represents possible
values of 〈X ⊗n〉 based on the CNOT noise model, see Appendix C. The dashed gray line represents a symmetric splitting of the
conjugate pairs of fidelities in the learned CNOT noise. (d) First three levels of a superconducting transmon and the RabiEF pulse
sequence. Circles indicate a thermal state, with populations corresponding to their sizes. (e) RabiEF experiment on IBM Quantum
hardware. Markers are hardware measurements and curves are fits of a sin2(bθ)+ c to the data. Here, θ is proportional to the pulse
amplitude on the x-axis. Blue and purple are for the no-pi (�π ) and pi (π ) RabiEF signals, respectively.
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raw, unmitigated, expectation value 〈O〉raw. All two-qubit
gates are Pauli twirled so that the effective CNOT noise
is a Pauli noise channel. We repeat this for 16n2 twirling
configurations and collect 128 shots per configuration.

Next, we correct SPAM errors in 〈O〉raw with TREX by
normalizing it by a correction factor 〈Z�〉. This factor is
found by measuring Z⊗n on the all-zero initial state, with
measurements twirled with X gates and an assumed ideal
prepared state. Under ideal state preparation, the TREX
correction factor is 〈Z�〉 = ∏n−1

i=0 fm,i, where fm,i denotes
the final measurement fidelity and subscript i denotes the
corresponding qubit. However, in the presence of state-
preparation errors, the measured TREX mitigator becomes
〈Z�〉 = ∏n−1

i=0 fsp,ifm,i, where fsp,i are the state-preparation
fidelities. Normalizing 〈O〉raw by 〈Z�〉 can thus cause
TREX to overcompensate when the set of qubits whose
state-preparation errors affect the observable (in our case,
only qubit 0) differs from the support of the observable
(in our case, all qubits), see, for example, Carrera Vazquez
et al. [13] and Chen et al. [33].

Here, we measure 〈Z�〉 after a passive reset into the
thermal state with 5000 shots for each of the 16 random-
izations. We observe that TREX does indeed overcorrect
the expectation value 〈X ⊗n〉, which we attribute to the fac-
tor

∏
i�=0 fsp,i �= 1; see the purple curve in Fig. 1(c). For

our circuits with four and six qubits, this even results
in unphysical expectation values. This calls for a SPAM
error mitigation that accounts for state-preparation errors
independently of measurement errors.

III. NOISE LEARNING WITH EXCITED STATES

Jointly mitigating SPAM errors can lead to nonphysical
expectation values. We now demonstrate how to leverage
noncomputational states to separate state-preparation from
midcircuit measurement errors. The resulting learned noise
model is applicable to advanced error mitigation methods,
such as probabilistic error cancellation (PEC) [16,27]. Our
work is based around the idea that well-controlled initial
states, such as thermal states, can serve as a resource to
this end.

A. Thermal states and passive reset

Learning the state-preparation error precisely necessi-
tates stable state preparation in the computational basis.
Therefore, we employ a simple passive reset by wait-
ing more than 5 − 10 × T1 when initializing qubits. This
results in a thermal state with a population follow-
ing a Boltzmann distribution [39]. Therefore, the prob-
ability of finding the transmon in the excited state is
psp = exp(−�ω01/kBTeff). Here, ω01 is the energy differ-
ence between the first excited state and the ground state,
see Fig. 1(d). The effective temperatures of superconduct-
ing qubits Teff are typically above the 15 mK temperature
of dilution refrigerators. Furthermore, the population of

the second excited state |2〉 is often negligible [40], see
also Appendix A 1. After a passive reset, the qubit is thus
in the thermal state ρth = (1 − psp) |0〉〈0| + psp |1〉〈1|, with
typical psp values in the 1%–10% range. Crucially, psp
can be precisely measured by driving an oscillation in the
|1〉 ↔ |2〉 subspace with the R12(θ) gate and compar-
ing it with a reference oscillation [40,41], see Fig. 1(e).
The probability psp is estimated from the amplitudes of
the no-pi (�π ) signal and the reference, or pi (π ), sig-
nal, see Appendix A. This procedure, also known as a
“RabiEF” experiment [42], provides a direct measure-
ment of the state-preparation error psp of a passive reset.
Through comparison with a reference oscillation, which
is equally affected by measurement errors, the RabiEF
experiment is mostly insensitive to measurement noise, see
Appendix A 2. We can thus place ourselves in a situation
where the state-preparation error is well known and mea-
surable with sufficient accuracy by passively resetting the
qubit.

B. Split mitigation of state and measurement errors

We can leverage our knowledge of state-preparation
errors to prevent the TREX overcorrections shown in
Sec. II. First, we measure the fidelities fsp,i = 1 − 2psp,i of
each qubit with RabiEF following a 10 ms passive reset.
Next, we multiply the correction factor 〈Z�〉 by the product
∏n−1

i=1 fsp,i to obtain the mitigated expectation value:

〈O〉mit = 〈O〉raw
∏n−1

i=1 fsp,i

〈Z�〉 . (1)

Crucially, the circuits to compute 〈Z�〉 must use the same
passive reset as RabiEF, so that the state-preparation error
is consistent across all experiments. This results in physical
expectation values, see the green curve in Fig. 1(c). Fur-
thermore, these values are consistent with the noise levels
of the CNOT gates. We learn their noise model and compute
their effect on the expectation value of X ⊗n via a Clif-
ford simulation; details are in Appendix C. Since we can
only learn the CNOT noise up to the unlearnable degrees
of freedom, we compute upper and lower bounds for the
ideal observable with only CNOT noise, represented as the
shaded area in Fig. 1(c), assuming physical noise chan-
nels. This area represents the possible range for 〈O〉raw after
removing SPAM errors; therefore, 〈O〉mit falling within
this area indicates success. The two experiments with six
and eight qubits fall well within this area. The experiment
with four qubits does not. Out-of-model errors, such as
non-Markovian noise and noise generators with a weight
greater than two, may cause this [43].

C. Noise model of the measurement

We now develop a framework to completely specify
the noise model of (midcircuit) measurements, assuming
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FIG. 2. Measurement noise model. The qubit and the classi-
cal bit are indicated by the single and double lines, respectively.
Cycle benchmarking learns the noise model, shown in pur-
ple, by repeating the measurement 2k times. The twirling gates
are indicated in green; the binary variables x, z1, z2 are drawn
independently from a uniform distribution on {0, 1} [44]. The
dashed red rectangle indicates the final measurement, which is
insensitive to correlated errors �c.

projective Z basis measurements and ideal single-qubit
and single-qutrit gates. As a result of appropriate twirling,
state-preparation and measurement errors are bitflips, i.e.,
Pauli strings containing only Is or X s. We enforce this by
applying random Z gates to the initial state with probabil-
ity 50% and twirling measurements following Beale and
Wallman [44]. This diagonalizes measurements and the
initial state density matrix. It also permutes measurement
outcomes while ensuring that the postmeasurement state is
unchanged, see Fig. 3 of Beale and Wallman [44]. Note
that we employ the convention that noise occurs before
measurements without loss of generality, see Fig. 2.

After twirling, the Pauli transfer matrices (PTMs), intro-
duced in Appendix D, of the measurement noise channels
will only contain nonzero diagonal elements in the entries
corresponding to Pauli strings containing only Is and Zs.
Therefore, whenever we now write the PTM of such a
noise channel, we omit rows and columns containing X s
or Ys. Furthermore, we model the classical bit (cbit) as if
it were a qubit existing in a corresponding Hilbert space,
with the convention

qubit ⊗ cbit. (2)

For example, a bitflip error on the qubit is denoted XI and
a bitflip on the classical bit is IX . The entries of any PTM
will always appear in lexicographic order, e.g., II , IZ, ZI ,
ZZ. To construct the PTM, we represent a measurement
as a CNOT gate targeting the classical bit controlled by
the qubit, and a subsequent measurement on the qubit; see
Fig. 2. The model of the noisy measurement is built using
the principle of deferred measurement [45].

Our measurement noise model includes three possible
error channels.

(1) A state error, modeled as a bitflip on the qubit
only, with probability ps and noise channel �s(ρ) = (1 −

ps)ρ + psXIρXI . The PTM of �s is

	s =
(

1 0
0 1 − 2ps

)

⊗ I . (3)

This may correspond to a qubit decay at the end of the
readout through a T1 event. With twirling, this becomes an
X error instead of an amplitude damping channel.

(2) An assignment error, modeled as a bitflip on the
classical bit only, with probability pa and noise channel
�a(ρ) = (1 − pa)ρ + paIX ρIX . The PTM of �a is

	a = I ⊗
(

1 0
0 1 − 2pa

)

. (4)

This may correspond to the readout misclassifying the state
without a quantum error occurring on the qubit.

(3) Finally, a correlated error is a bitflip on both the
classical and quantum bits with probability pc and noise
channel �c(ρ) = (1 − pc)ρ + pcXX ρXX . The PTM of
�c is

	c =

⎛

⎜
⎝

1 0 0 0
0 1 − 2pc 0 0
0 0 1 − 2pc 0
0 0 0 1

⎞

⎟
⎠ . (5)

For example, this corresponds to a postmeasurement X
error on the qubit, which is equivalent to the corre-
lated error �c by propagating the X back through the
measurement.

The PTM 	m of the noise model is obtained by multi-
plying the PTMs of the three error channels and the PTM
of the ideal CNOT between the classical and quantum bit
such that

	m = 	CX	s	a	c =

⎛

⎜
⎝

1 0 0 0
0 0 0 fafs
0 0 fcfs 0
0 fcfa 0 0

⎞

⎟
⎠ . (6)

For readability, we write the error fidelities fx := (1 − 2px)

instead of their probabilities px. To learn the elements
of 	m, we repeat the measurement 2k times in a cycle
benchmarking experiment [24,25], resulting in

	2k
m =

⎛

⎜
⎜
⎜
⎝

1 0 0 0
0 f 2k

a (fcfs)k 0 0
0 0 (fcfs)2k 0
0 0 0 f 2k

a (fcfs)k

⎞

⎟
⎟
⎟
⎠

. (7)

In practice, state-preparation errors may cause the qubit
to start the circuit in the |1〉 state with probability psp, such
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that the initial state is ρsp �= |0〉〈0|. The PTM that prepares
ρsp from |0〉 is

	sp =
(

1 0
0 1 − 2psp

)

⊗ I . (8)

At the end of the execution, we measure the qubit and
record its outcome on the same wire, which now func-
tions as a classical bit, see Fig. 2. The PTM of the final
measurement, derived in Appendix E, is

	fm =
(

1 0
0 fafs

)

⊗ I . (9)

Therefore, the PTM of the full measurement cycle
benchmarking (MCB) circuit, shown in Fig. 2, is 	2k =
	fm	

2k
m 	sp, which equates to

⎛

⎜
⎜
⎜
⎝

1 0 0 0
0 f 2k

a (fcfs)k 0 0
0 0 (fcfs)2kfafsfsp 0
0 0 0 f 2k

a (fcfs)kfafsfsp

⎞

⎟
⎟
⎟
⎠

. (10)

We learn the entries of the PTM by measuring the corre-
sponding noisy expectation values 〈IZ〉, 〈ZI〉, 〈ZZ〉 on the
MCB circuit for different values of k. We then fit decaying
exponential curves, of the form Af 2k, to the data. Thus, we
can learn the offset A = fafsfsp and the products f = fa

√
fcfs

and f = fcfs. Consequently, we can learn (1) the product
fsfc of the state and correlated fidelities, (2) the probability
pa of a bitflip on the classical bit, and (3) the product fsfsp
of the state and state-preparation fidelities. This shows that
we can fully specify the noise model if we can measure
either of fs, fc, or fsp individually. We therefore propose to
estimate fsp with a RabiEF experiment, thereby splitting
the fidelity products and, therefore, also the SPAM error
fidelities.

Here, we focus on correlated errors between qubits and
their classical bits. Our model can be extended to cap-
ture correlations between qubits by increasing the support
of the cycle benchmarking experiment, resulting in more
Pauli-Lindblad generators [16,27,44]. As an illustrative
example, Appendix G shows how our protocol learns the
noise model for two correlated qubits undergoing measure-
ment.

D. Mitigation workflow

In Sec. III B, we split the error mitigation of SPAM
errors. This requires a slow passive reset when learning
the TREX correction factor 〈Z�〉 and when running the cir-
cuit in Fig. 1(b) to keep fsp consistent across all executed
circuits. Furthermore, this correction is possible because
the circuit only has Clifford gates. We can thus compute

which qubits affect the raw observable resulting in Eq. (1).
By contrast, an ideal error mitigation protocol (1) is fast
and (2) mitigates both state-preparation and midcircuit
measurement errors for arbitrary circuits.

We could avoid slow resets by executing a RabiEF
experiment on the initial state resulting from a fast active
reset, consisting of a measurement and a feedforward
X gate conditioned on measuring a |1〉. For a RabiEF
experiment to function properly, the reset must always pre-
pare the same initial state of the form (1 − psp) |0〉〈0| +
psp |1〉〈1|, i.e., with a negligible |2〉-state population. If
such a reliable fast reset is available, we propose a noise
learning and mitigation protocol that (1) executes RabiEF
with fast resets to learn fsp; (2) runs MCB to learn fa,
fs, and fc; (3) runs gate noise learning; and (4) mitigates
state-preparation, gate, and measurement errors in the
intended circuit, with such schemes as probabilistic error
cancellation (PEC) [16] or probabilistic error amplification
(PEA) [1].

More generally, if such a fast reset—with good |2〉-
state reset—is not available, we can still use MCB from
Sec. III C and RabiEF with both slow and fast resets to
learn all the parameters of our noise model. First, we lever-
age thermal states to learn the slow reset fidelity f slow

sp with
a RabiEF experiment. Second, we learn the measurement
noise fidelities with a MCB experiment and slow resets.
Next, we perform an additional MCB experiment with
fast resets to obtain f fast

sp , where we assume that the mea-
surement noise is constant throughout all experiments and
independent of the state-preparation method. Finally, we
learn the remaining gate noise, with other noise learning
protocols, and execute the intended quantum circuits with
fast resets and an error mitigation scheme, such as PEC.
Figure 3 summarizes the proposed noise learning protocol.

IV. SIMULATIONS

We now show, numerically, how to leverage a RabiEF
experiment with a fast active qutrit reset to error mitigate
measurements while accounting for errors in the reset. As
RabiEF explicitly populates the |2〉 state, it is necessary
to remove as much of the |2〉-state population as possible
in the state-preparation step. We therefore use qutrit resets.
With simulations of MCB, we show correctly learned noise
fidelities and how the full MCM noise learning protocol
detailed in Sec. III C and Fig. 3 bypasses insufficient |2〉-
state resets. We also simulate the experiment described
in Sec. II, without CNOT noise, and a three-qubit noisy
quantum teleportation circuit with PEC mitigation.

A. RabiEF with fast resets

An active qubit reset is a qubit measurement followed
by a feedforward X gate conditioned on measuring the
|1〉 state that can be used for qubit initialization. Here, the
qubit measurement misclassifies the |2〉 state as |1〉, owing
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Start: Do you
have stable |2〉
reset with fast
active resets?

RabiEF with
slow resets

RabiEF with
fast resets

MCB with
slow resets

MCB with
fast resets

Learn Gate
Noise and
Mitigate
Circuits

No

Yes

f slow
sp

f fast
sp

fa, fs, fc

fa , fs , fc

f fast
sp

FIG. 3. Measurement noise learning protocol. Active resets that can and cannot remove the |2〉-state population can both be sup-
ported. The learned parameters for a given step are shown on the outgoing arrows, e.g., fa, fs, and fc are learned by the measurement
cycle benchmarking (MCB) with slow resets. The preferred case is the lower blue path, as it has fewer experiments, but it requires
active resets that can remove the |2〉-state population. In the event that they cannot, the purple path should be taken, as this circumvents
poor |2〉-state reset and its impact on the RabiEF experiment. Regardless of the path taken, the final MCB experiment completes the
set of learned state-preparation and final measurement (SPAM) fidelities fa, fs, fc, and f fast

sp .

to the overlap of their complex readout signals [26,46].
Such active resets are ineffective at removing the |2〉-state
population as they only implement binary classification
and the feedforward X gate does not interact with |2〉. In
the method described in Sec. II, this is overcome with a
long passive reset before executing each circuit, which we
call a “slow reset,” see Fig. 4(a). A “fast reset” forgoes this
long delay, relying only on active resets in the repetition

RabiEF0 0 0

250 s repetition delay

RabiEF0 0 0 10 ms thermalization

,

,
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π
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R12 Rotation Angle θ (multiples of π)
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(b)

(c) (d)

(e) (f)

FIG. 4. RabiEF with different resets. (a) Slow reset: a 10 ms
delay after the repetition delay thermalizes the transmon before
the RabiEF circuits. (b) Fast reset followed by RabiEF circuits.
(c–f) Classically simulated signals with (c, e) qubit and (d, f)
qutrit discrimination in the active resets in the repetition delay.
Fast and slow resets are shown as solid purple and dotted black
lines, respectively.

delay, see Fig. 4(b). Qubit measurements with fast resets
cause distortions in the RabiEF signals, owing to their poor
|2〉-state reset, which contaminates the estimates of psp in
Eq. (8). Therefore, we consider an imperfect “qutrit reset,”
which discriminates between |0〉, |1〉, and |2〉 [46,47] and
applies the feedforward I , X , and XX12 gates, depending
on the respective outcomes.

We simulate RabiEF experiments on qutrits with
ideal qubit gates embedded in SU(3), e.g., X = |1〉〈0| +
|0〉〈1| + |2〉〈2|. This is justified in practice as experimental
single-qubit and -qutrit gates typically have much higher
fidelities than two-qubit gates and measurements [48,49].
Thermal relaxation and measurement errors are included as
separate operations, attached to appropriate circuit instruc-
tions. To investigate how state preparation removes the
|2〉-state population we perform density matrix simulations
of RabiEF with N = 1000 shots and 40 rotation angles
θ ∈ [0, 4π ] for R12(θ). This is done for fast qubit reset,
slow qubit reset, fast qutrit reset, and slow qutrit reset.
The projected postmeasurement state ρk−1 of the previous
RabiEF circuit and shot is the input to the repetition delay
of the next circuit, as was done in Ref. [50], see Figs. 4(a)
and 4(b). This allows us to observe how postmeasurement
states and imperfect qutrit reset contaminate subsequent
shots. The measurement outcomes are saved, alongside all
input states ρsp,k, see Fig. 4. See Appendix F 1 for more
details on the simulation setup.

Our simulations include three active resets interspaced
in a 250 µs repetition delay, since multiple reset instruc-
tions increase the fidelity of initializing the transmon [51].
The long delay for passive resets is set to 10 ms. We
simulate thermal relaxation of the qutrit during all idle
times and measurements. Measurement errors are mod-
eled as thermal relaxation, measurement-induced leakage,
and readout signal misclassifications. Misclassifications
are simulated with a readout assignment error matrix R,
storing probabilities qjk of misclassifying |k〉 as |j 〉. For
a state with ideal measurement probabilities (α,β, γ ), for
(|0〉 , |1〉 , |2〉), the noisy final measurement probabilities
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TABLE I. State-preparation errors from simulated RabiEF. The estimated probabilities p̂sp for fast and slow resets are given, with
the corresponding true probabilities psp. The standard errors for p̂sp are those reported by the curve fitting software. True values are
averages over the ensemble of initial states ρsp,k from all shots k in the qutrit simulations, e.g., psp = avgk Tr [|1〉〈1| ρsp,k]. True values
p (2)sp for the |2〉 state populations are obtained with p (2)sp = avgk Tr [|2〉〈2| ρsp,k]. Problematic cases are given in bold. This includes fits
that give unphysical results, probabilities psp and p̂sp that fluctuate widely, and non-negligible p (2)sp values.

Fast reset Slow reset

Qubit reset Qutrit reset Qubit reset Qutrit reset

p̂sp Fit −7.375 × 10−2 1.138 × 10−2 1.899 × 10−2 1.899 × 10−2

Standard error 2.366 × 10−3 2.066 × 10−6 4.354 × 10−7 3.982 × 10−10

psp Mean 2.843 × 10−2 1.206 × 10−2 1.946 × 10−2 1.946 × 10−2

Standard deviation 1.840 × 10−2 1.387 × 10−5 3.914 × 10−6 3.228 × 10−9

p (2)sp Mean 2.429 × 10−2 6.518 × 10−4 4.912 × 10−4 4.910 × 10−4

Standard deviation 2.662 × 10−2 2.393 × 10−5 1.924 × 10−7 1.587 × 10−10

are R(α,β, γ )T, where

R =
⎛

⎝
q00 q01 q02
q10 q11 q12
q20 q21 q22

⎞

⎠ =
⎛

⎝
0.991 0.009 0
0.009 0.931 0.06

0 0.06 0.94

⎞

⎠ .

(11)

The normalization constraint q0j + q1j + q2j = 1 applies
to all j = 0, 1, 2. For example, the probability of measuring
a |1〉 for a given state is q10α + q11β + q12γ . The values
in R are chosen to match hardware experiments on super-
conducting qubits [46,52,53]. As a result, our R satisfies
q02 = q20 = 0, qjk = qkj , and q01 < q12. Furthermore, the
simulated measurement errors correspond to measurement
noise channel fidelities fa = 0.990 96 and fs = 0.990 96;
the associated derivation is in Appendix F 2. The readout
assignment error matrix for qubit discrimination and resets
is obtained from R with transformations q10 → q10 + q20,
q11 → q11 + q21. This is equivalent to qutrit discrimina-
tion followed by a |2〉-|1〉 misclassification with 100%
probability.

These simulation results are plotted in Figs. 4(c)–4(f),
with the true and estimated state-preparation probabilities
given in Table I. Both RabiEF signals should be of the form
a sin2(bθ)+ c with non-negative amplitudes a being phys-
ical, and all estimates p̂sp should be valid probabilities, i.e.,
0 ≤ p̂sp ≤ 1. However, the non-negligible |2〉-state popula-
tion with fast qubit reset results in a negative amplitude of
the no-pi signal (�π ). This gives an incorrect negative prob-
ability estimate, see Fig. 4(c) and p̂sp in Table I. Indeed,
initial states of the form

ρsp = (1 − psp − p (2)sp ) |0〉〈0| + psp |1〉〈1| + p (2)sp |2〉〈2|
(12)

bias our estimate p̂sp as

p̂sp = a
�π

a
�π

+ aπ
= psp − p (2)sp

1 − 3p (2)sp
. (13)

If p (2)sp is sufficiently large, the no-pi signal has a neg-
ative amplitude and our estimate becomes negative and
unphysical [54]. In contrast, our simulations of fast qutrit
resets and slow resets are physical. Furthermore, if we look
at the standard deviation of the true value psp, shown in
Table I, we see that the prepared state is more stable with
fast qutrit resets and slow resets than with fast resets based
on qubit discrimination. Crucially, the relative accuracy of
the RabiEF with fast qutrit reset is −5.6% on a true psp of
0.012 06%.

These simulations demonstrate how unstable state
preparation, where |2〉 is not reset correctly, is insufficient
for RabiEF. Without an accurate estimate of psp, separat-
ing SPAM errors in our model to mitigate dynamic circuits
is not possible. Our full MCM noise learning protocol
bypasses bad fast resets to obtain the estimate p̂sp using
slow resets. Though slow resets can be used for mitigation,
they result in expensive circuit execution, owing to their
slow rates. Fast qutrit resets—even if imperfect—allow
for the state-preparation characterization required to split
SPAM errors quickly.

B. Cycle benchmarking for readout

We now show that including an estimate of the state-
preparation error in a MCB experiment results in accurate
estimates of the measurement noise fidelities fa, fs, and
fc. We run two simulations with slow and fast resets to
illustrate both noise learning paths in the full MCM noise
learning protocol shown in Fig. 3.

The true measurement noise fidelities are set to fa =
0.990 96, fs = 0.990 96, and fc = 0.9950 to match the
values given in Sec. IV A; see Appendix F 2. The first
simulation learns fa, fs, and fc with slow state-preparation
error probability pslow

sp = 0.019 46. Then the fast state-
preparation error probability p fast

sp = 0.012 06 is learned
with a second MCB experiment, using the now learned
measurement fidelities fa, fs, and fc. The first simulation
splits the products of fidelities in Eq. (10) with the slow
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FIG. 5. Measurement cycle benchmarking on a qubit. Fits to
these data determine the noise channel fidelities. Error bars show
±2σ standard errors for each expectation value. Dotted and
dashed lines are obtained from nonlinear least-square fits of the
equation Af 2k to the data, where k is a function of the depth. CB,
cycle benchmarking; MCM, midcircuit measurement.

reset estimate from RabiEF given in Table I, i.e., p̂slow
sp =

0.018 99.
We simulated MCB with 256 twirled-circuit randomiza-

tions for each depth, with k = 0, 1, 2, 5, 8, and 128 shots
per randomization. The simulations were run with QISKIT
AER [55], the details of which are given in Appendix F 3.
The resulting six decay curves are shown in Fig. 5: three
per reset type, corresponding to the observables IZ, ZI ,
and ZZ, identifying the PTM entries in Eq. (10). We esti-
mated the measurement noise fidelities by fitting decaying
exponentials to the slow-reset data. The same fitting pro-
cedure was carried out for the fast reset simulation data,
except that the fast reset fidelity f fast

sp was estimated using
the learned measurement noise fidelities from the first
simulation.

Not only does our learning procedure effectively learn
the noise fidelities to less than 0.01% relative error but
we can also estimate the fast reset fidelity f fast

sp with
the second MCB experiment; see Table II. The state-
preparation method can thus be different between full
MCM noise learning and error mitigation, as long as an

TABLE II. Comparison of noise fidelities from simulated
MCB. Estimated fidelities f̂ are given, with their corresponding
true fidelities f and the relative error |f − f̂ |/f .

True f Estimated f̂ Relative error

MCB with slow resets
fa 0.990 96 0.991 01 5.637 × 10−5

fs 0.990 96 0.990 22 7.460 × 10−4

fc 0.995 00 0.995 70 7.055 × 10−4

Second MCB experiment with fast resets
f fast
sp 0.975 88 0.976 76 9.061 × 10−4

additional MCB experiment is run to estimate the fast
state-preparation error p fast

sp . This demonstrates that both
paths in our full MCM noise learning protocol result in
an estimate of the full noise model in Eq. (10) with split
SPAM errors. An extension of our scheme to high-rate and
high-fidelity state preparation is discussed in Appendix H.

C. Example mitigation of final readout errors

We now show classical simulations of our method for
the stabilizer circuit illustrated in Fig. 1(a). The simu-
lations use the same slow reset fidelity as described in
Secs. IV A and IV B, and implement both TREX and
the mitigation from Eq. (1). These simulations, run using
QISKIT AER, do not simulate leakage, as the |2〉-state
is assumed to be negligible for all experiments except
RabiEF.

The TREX mitigator 〈Z�〉 is learned with 16 twirling
randomizations and 5000 shots per randomization, for
n = 4, 6, 8, 10 qubits, i.e., the same as in Sec. II. The
measurement and state-preparation noise fidelities were
taken from Sec. IV B. The stabilizer circuit was simulated
for n = 4, 6, 8, 10 qubits, with 128 shots per twirling ran-
domization and 210 × n2 total shots. With the hardware
experiments, we compare our mitigated results with Clif-
ford simulations with CNOT noise. By contrast, here we
assume ideal gates to compare the mitigated expectation
values with their ideal value of +1, the dashed green line
in Fig. 6. The expected result with TREX is f 1−n

sp , shown
by the dashed purple line in Fig. 6.

As seen in the hardware experiments, TREX overshoots
the ideal expectation values by a factor f 1−n

sp ; see the pur-
ple dots in Fig. 6. This is expected since 〈Z�〉 picks up the

4 6 8 10
Number of Qubits n

1.0

1.1

1.2

1.3

1.4

〈X
⊗

n
〉

TREX Split SPAM

FIG. 6. Mitigation of 〈X ⊗n〉 expectation values. Values are
mitigated with twirled readout error extinction (TREX) and the
modified mitigator from the hardware experiments, which splits
state-preparation and final measurement (SPAM) errors (“split
SPAM”). Error bars show ±2σ standard errors for each miti-
gated expectation value. Dashed lines show expected expectation
values, given knowledge of the simulated Greenberger-Horne-
Zeilinger state-preparation circuit. The green dashed line shows
the noiseless expectation value of +1.
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same factor from imperfect state-preparation, i.e., the pur-
ple dashed line. If, however, the values are mitigated with
Eq. (1), the expectation values do not overshoot, instead
lying around the ideal value of 〈O〉 = +1; see the green
dots in Fig. 6. This shows a correct mitigation of SPAM
errors, further validating the error mitigation described in
Sec. III.

D. Example mitigation of dynamic circuits

Splitting SPAM errors is most beneficial with mid-
circuit measurements, where measurement noise can be
mitigated separately from state-preparation and gate noise.
We demonstrate that our MCM noise learning protocol
helps mitigate errors in dynamic circuits. In particular, we
simulate a noisy three-qubit teleportation circuit and mit-
igate SPAM errors with PEC [16,27] built on our noise
learning protocol. The circuit is constructed in the CNOT
picture, i.e., including the classical bits, as in Fig. 2, and
simulated with QISKIT AER [55]. The teleportation cir-
cuit, shown in Fig. 7, includes explicit noise channels for
state-preparation �sp, measurement assignment �a, state
�s, and correlated �c errors, as defined in Sec. III. The
underlying fidelities fx are taken from Sec. IV B, with a
state-preparation fidelity fsp = 0.961 08 equivalent to the
slow resets.

The ideal teleported state

ρ ideal
in = |ψ〉〈ψ | = RX (θ) |0〉〈0| R†

X (θ) (14)

is prepared by an RX gate with rotation angle θ ∈ [0, 2π ].
However, SPAM noise introduce errors into the final tele-
ported state on qubit q2.

To apply PEC, we generate 128 PEC circuit realizations,
replacing the inverse channels �̃−1 with Paulis from their
quasiprobability distribution representations. Each circuit
is then simulated, resulting in 128 noisy teleported states

q0

c0

q1

c1

q2

Λ Λ

Λ Λ

Λ Λ

R

H

H

Λ

Λ
Λ

Λ

Λ
Λ

Λ

Λ
Λ

Λ

Λ
Λ

X Z

FIG. 7. Teleportation circuit in the CNOT picture. The circuit
includes state-preparation noise�sp and measurement noises�s,
�a, and �c. Inverse channels �̃−1 are implemented by sampling
their quasiprobability distributions for probabilistic error cancel-
lation (PEC). The output state ρout is the state of the last qubit q2,
i.e., with the other qubits and classical bits traced out. The state
to be teleported is ρin, which is affected by the state-preparation
noise �sp of qubit 0 and its inverse channel �̃−1

sp .

ρout,j on qubit q2, with j ∈ [0, 127]. As PEC mitigates
expectation values and not states, we obtain mitigated
states via state tomography. From each noisy teleported
state ρout,j , we obtain three ideal Pauli expectation values,

〈P〉j = Tr[Pρout,j ], (15)

for Paulis P = X , Y, Z. We emulate shot noise by sampling
100 times per circuit realization, from the corresponding
Bernoulli distributions, resulting in expectation values EP,j
affected by both SPAM and shot noise. The PEC mitigated
expectation values are then

〈P〉mit = γ
∑

j

(−1)mj EP,j , (16)

where γ is the noise factor for the inverse noise chan-
nels and mj is an integer from PEC, controlling how the
quasiprobability inverse channels are engineered [16,27].
Physical states are obtained from state tomography by
minimizing a mean-squared error, as

ρmit = arg minρt

∑

P=X ,Y,Z

(Tr [Pρt] − 〈P〉mit)
2 . (17)

Here, the state ρt is parameterized as

ρt = ρ(t1, t2, t3, t4) = TTT
Tr[TTT]

, (18)

with real parameters t1, t2, t3, and t4, and triangular matrix

T =
(

t1 0
t3 + it4 t2

)

. (19)

This ensures a physical mitigated state ρmit for a given
ensemble of PEC circuit realizations. We then compute the
state fidelity

F (
ρ ideal

in , ρmit
) = Tr

[√√
ρ ideal

in ρmit

√
ρ ideal

in

]2

(20)

as a metric of success. This is done for 300 realizations of
the simulation and 15 rotation angles in the input state, see
Fig. 8. The unmitigated case does not need PEC and is thus
simulated as a single circuit, directly resulting in a physical
state. Therefore, the state fidelity is computed on the output
state ρout directly, instead of using state tomography.

The PEC mitigated state fidelities are significantly
higher than the unmitigated values, showing that we are
mitigating SPAM errors, see Fig. 8. The majority of the
300 simulation realizations result in state fidelities above
98%, whereas the best-case unmitigated fidelity is less than
96%. We also confirmed that PEC effectively mitigates
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FIG. 8. State fidelities for unmitigated and probabilistic error
correction (PEC) mitigated teleportation circuits. PEC is used to
mitigate Pauli expectation values, which are then used with state
tomography to estimate the state infidelity. The median mitigated
state infidelities are shown in green, over 300 random realizations
of the simulation. Error bars show the interquartile range over the
300 realizations. The unmitigated fidelities, in purple, are com-
puted directly on the unmitigated state ρout without PEC samples
or state tomography.

both state-preparation and measurement errors separately
by rerunning the simulations with only one of the error
sources, still observing improvements to the state fideli-
ties with PEC (data not shown). Our MCM noise learning
procedure thus effectively splits SPAM errors, facilitat-
ing PEC mitigation of dynamic circuits. Splitting SPAM
errors was made possible by learning the state-preparation
fidelity psp using noncomputational states with a RabiEF
experiment.

V. DISCUSSION AND CONCLUSION

Our experimental data show how state-preparation
errors prevent the accurate mitigation of SPAM errors
for certain expectation values, corroborating recent results
[33]. A passive reset of the qubits into a thermal state,
whose population we measure with noncomputational
states, allows us to resolve this by mitigating state-
preparation errors independently of measurement errors.
This prevents the unphysical behavior seen in some
TREX-mitigated expectation values.

We introduce a noise model of (mid)circuit measure-
ments, which fully accounts for state-preparation errors
and errors in the final measurement. This extends recent
noise learning protocols, such as that of Zhang et al.
[25], in that the state-preparation error is learned inde-
pendently of measurement noise. Our work also comple-
ments a recently introduced noise learning framework for

learning state-preparation, gate, and measurement noise
in a self-consistent way up to unlearnable gauge degrees
of freedom [32]. While this protocol also resolves the
aforementioned issues of TREX [33], the unconstrained
degrees of freedom render it unsuitable for dynamic
circuits.

With the added resource of noncomputational states, we
learn the ground truth of the state-preparation error. Cru-
cially, our noise learning then allows us to mitigate errors
that occur in dynamic circuits that explicitly require MCMs
and feedforward gates. We successfully demonstrate this
with simulations of a teleportation circuit, mitigating errors
with PEC. The noise model resulting from our protocol is
applicable to other noise-aware error mitigation methods
that utilize twirled-noise channels, such as PEA [1].

As an outlook, we propose to combine RabiEF with
other gate and measurement noise learning techniques and,
more generally, the formalism from Chen et al. [32,33].
This will fully constrain the self-consistent noise models
by anchoring the gauge, thus significantly broadening their
scope.

We propose to learn the state-preparation error with a
RabiEF experiment that requires either a slow passive reset
or a fast active qutrit reset. This fits well with recent devel-
opments, since error correction requires a strong suppres-
sion of leakage that can be achieved through appropriate
qutrit resets [56,57]. Importantly, our work requires the
transmon to stay within its first three levels. Therefore, we
do not capture effects where the transmon may escape from
this subspace [58], or even confined states [59]. Here, we
believe that operating transmons in such regimes should be
avoided.

Our work leverages a noncomputational state of trans-
mon qubits. However, we expect that the work should
generalize to other hardware platforms that have address-
able noncomputational states. These may be found in,
for instance, solid state electron spin qutrits [60,61] and
trapped ions [62]. An analytical treatment of the effect
of all errors in the measurements and how they prop-
agate to the mitigated observables would be a useful
extension of the numerical analysis in Appendix A 2. In
addition, future work may also explore generalizations of
the qubit readout model to a full qutrit model, including
measurement-induced leakage, and the subsequent effect
on noise learnability [26,48]. In our work, we show noise
models for up to two correlated qubits undergoing mea-
surement. Generalizing our protocol and noise model to
include correlations between more qubits and with idle
qubits should allow for more accurate error mitigation on
systems where strong correlations occur [16,27,43,44].

In summary, noncomputational states allow us to over-
come no-go theorems that hold when the learning frame-
work is restricted to the computational subspace. As a
result, we can fully specify degrees of freedom of noise
models that are fundamentally unlearnable when restricted
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to qubit circuits. We illustrate this by separately mitigating
state and preparation errors. Crucially, this is also possi-
ble without a slow passive reset of the quantum computer
when a noisy qutrit reset is available.

Note added. Recently, we became aware of related work
by S. Chen et al. [63], in which the authors also leverage
noncomputational states of the transmon.
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APPENDIX A: MEASURING THERMAL STATE
POPULATION

In the RabiEF experiment, the population α is mea-
sured in the excited state of the qubit for a state ρ =
(1 − α) |0〉〈0| + α |1〉〈1| [41]. RabiEF drives oscillations
in the {|1〉 , |2〉} subspace with a R12(θ) gate that rotates
around the X -axis of the corresponding Bloch sphere.
Measuring α requires two independent experiments, called
π and no-π , the latter indicated by�π . In the π -experiment
we apply the gate sequence X –R12(θ)–X , while in the no-
π -experiment, the first X gate is omitted. The difference
between both experiments is thus the π -pulse on the ther-
mal state at the beginning of the gate sequence. Following
this gate sequence, which we assume is ideal, we apply a
noisy measurement with discrimination errors. This results
in two oscillating signals, sπ(θ) and s

�π
(θ), which we fit to

two independent functions of the form a sin2(θ + c)+ b,
see Fig. 1(e). Here, a, b, and c are the fitting parameters.
Finally, the excited state population α is estimated by

α̂ = a
�π

a
�π

+ aπ
, (A1)

where a
�π

and aπ are the amplitudes of the function that
fits s

�π
(θ) and sπ(θ), respectively. In practice, we imple-

ment R12(θ) with a Rabi pulse R12(A) of amplitude A ∝ θ .

The exact relationship between A and θ is irrelevant, as it
only controls the frequency of the RabiEF signals, not their
amplitudes.

Superconducting qubit measurements return complex
values in the in-phase–quadrature (IQ) plane [38], to which
we apply a principal component analysis to forgo classifi-
cation and instead use the projected signals s′

π(A) ∝ sπ(θ)
and s′

�π
(A) ∝ s

�π
(θ). These signals have arbitrary units and

can be larger than 1, owing to the location of the reference
points in the IQ plane, see Fig. 1(e). Crucially, gate and
measurement errors tend to cancel out in Eq. (A1), as they
affect aπ and a

�π
in the same way.

1. Thermal state populations

Here, we discuss the experimental thermal state data
presented in Fig. 1, which are taken on qubits 114 to 121
on the IBM Quantum device ibm_pinguino3. The ther-
mal populations of these qubits are measured using RabiEF
after a 10 ms passive reset. The resulting |1〉 state pop-
ulation α ranges from 3.06% to 8.75% (see Table III)
and creates a significant state-preparation error. From the
measured population α in the |1〉 state, we compute an
effective qubit temperature Teff, following the relation
α = exp[−�ω01/(kbTeff)]. The resulting effective temper-
atures, shown in Table III, are larger than the ≈15 mK of
dilution refrigerators. We then use this relation to estimate
the population in the second excited state by replacing
ω01 with 2ω01 +�, where � is the transmon anharmonic-
ity. The resulting populations β are at least an order of
magnitude lower than their corresponding populations α
in the first excited state. This justifies the assumption that
the |2〉-state population is negligible when slow resets are
used.

2. RabiEF and assignment errors

We provide numerical evidence that the RabiEF mea-
surement of α is accurate despite measurement assign-
ment errors. We construct a three-level model with states
|0〉, |1〉, and |2〉. The initial state is the thermal state
ρth = (1 − α) |0〉 〈0| + α |1〉 〈1|, where we assume that
the thermal population in |2〉 is negligible. The gates in
the RabiEF circuits are assumed to be ideal. Crucially,
we add finite sampling effects and discrimination errors
in the readout process, with a discrimination in a one-
dimensional space with overlapping Gaussians.

Here, the state |0〉 is mapped to a Gaussian distribution
N (μ = −1, σm) with mean −1 and standard deviation σm.
The |1〉 and |2〉 states are mapped to a single Gaussian
distribution N (μ = 1, σm) with mean +1 and standard
deviation σm. To draw a shot from a state ρ, we first
choose a random number μ from {−1, 1}, where the prob-
ability of −1 is Tr[ρ |0〉〈0|] and the probability of +1
is Tr[ρ(|1〉〈1| + |2〉〈2|]. Next, we mimic the readout pro-
cess by sampling from N (μ, σm) and assigning a count
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TABLE III. Properties of qubits used for the data presented in Fig. 1. Qubit frequency, ω01; transmon anharmonicity, �; population
in |1〉 state measured using RabiEF, α; inferred population in second excited state, β.

Qubit 114 115 116 117 118 119 120 121

ω01/(2π) (GHz) 5.14 5.22 5.08 5.22 5.28 5.16 5.03 5.15
�/(2π) (MHz) −303 −303 −304 −302 −303 −304 −305 −302
α (%) 4.99 8.75 4.01 6.00 4.17 3.06 5.42 2.79
Teff (mK) 82 103 76 89 80 71 83 69
β (%) 0.30 0.88 0.19 0.42 0.21 0.11 0.35 0.10
T1 (µs) 281 259 207 222 199 293 175 261

of 1 if the result is greater than 0. Therefore, the overlap
between the two Gaussian distributions N (μ = −1, σm)

and N (μ = 1, σm)—controlled by σm—creates measure-
ment assignment errors, see inset in Fig. 9(b). The relation
between σm and the readout fidelity F = 1 − [P(1|0)+
P(0|1)]/2 is shown in Fig. 9(b).

Even in the presence of strong assignment errors, e.g.,
σm > 0.4, for which F < 99%, RabiEF accurately mea-
sures α. The estimates α̂ center around the ideal value set
to 1.5%, see Fig. 9(a). Furthermore, the magnitude of the
error bars and, correspondingly, the standard deviation of
the distribution of independent measures, increases with
the assignment error, see Fig. 9(b). Crucially, we can
reduce these errors by increasing the number of shots, see
Fig. 10. Here, the distribution of measurements is again
centered around the ideal value. Importantly, increasing the
number of shots reduces the variance of the distribution.

These results are expected, given that assignment errors,
and potentially other imperfections, affect both aπ and
a
�π

. Therefore, as α is estimated with a ratio where both
numerator and denominator depend linearly on the fitted
amplitudes, we can expect the measurement to be first-
order insensitive to assignment errors.

APPENDIX B: ERROR PROPAGATION

Here, we give details on the computation of the error
bars shown in Fig. 1. The uncertainty is calculated via
standard error propagation. For example, the propagated
standard deviation on 〈O〉mit is

σ 2
mit =

(
∂〈O〉mit

∂〈O〉raw
σraw

)2

+
(
∂〈O〉mit

∂〈Z�〉 σ〈Z�〉

)2

+
n−1∑

i=1

(
∂〈O〉mit

∂fsp,i
σsp,i

)2

. (B1)

Here, σ〈Z�〉 denotes the standard deviation on the TREX
denominator. The standard deviations for observables O,
i.e., σraw and σ〈Z�〉, are computed from the samples based
on 〈O2〉 − 〈O〉2. The standard deviation σsp,i from the
RabiEF experiment on qubit i is based on the uncertainties
stemming from the underlying curve fits.

APPENDIX C: CNOT NOISE

The shaded area in Fig. 1(c) represents the range of
possible values for the observable when only CNOT noise
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FIG. 9. Sensitivity of RabiEF to assignment errors. (a) Simulations of estimates of |1〉 state population α with 300 shots per data
point. The error bars are obtained by propagating fit errors on aπ and a

�π
through Eq. (A1). The dashed horizontal line shows the ideal

value, α = 1.5%. (b) The solid line shows how the readout fidelity F varies with σm. The dashed green line shows how the error bars
from panel (a), normalized to α, grow with the strength of assignment errors σm for a fixed 300 shots per α̂. The inset shows how the
three states are assigned to labels “0” and “1.”
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FIG. 10. Increasing the number of shots improves RabiEF pre-
cision. Distribution of 100 individual measurements of α with
300 and 1200 shots. Here, σm = 0.6, which corresponds to a
readout error of 4.8%. By comparison, the mean readout error
on ibm_fez is 1.7%.

is present, i.e., the raw observable after removing SPAM
errors and assuming no out-of-model errors. To obtain this
shaded area, first, we twirl the two-qubit gates and learn
a sparse Pauli-Lindblad noise model for the two layers
L1 and L2 in Fig. 1(b), following van den Berg et al.
[16]. Next, we use the resulting noise model to compute
the noisy observable via a classical Clifford simulation,
which contains only the noise for the CNOT gates. Cru-
cially, the error rates of conjugate Pauli pairs, i.e., P and
UPU† (where P is a Pauli and U is the unitary of the CNOT
layer) can only be inferred as a product using this noise
learning protocol. However, the simulation requires the
specification of individual rates, which introduces degrees
of freedom. Initially, we split the product symmetrically,
as supported by recent theoretical work up to leading order
[64]. Finally, we solve two optimization problems that
adjust the splits of conjugate Pauli pairs to either maximize
or minimize the measured observable under the constraint
of all Pauli fidelities remaining physical, i.e., ≤1. This
results in the shaded area in Fig. 1(c). As these optimiza-
tion problems are nonconvex, we do not know whether the
solutions that we find are the global optima. This may also
explain why the data on four qubits in Fig. 1(c) lie out-
side of the gray area. We have opted for this procedure out
of simplicity as it suffices to highlight the importance of
separating state-preparation and measurement noise. The
resulting spread in possible observable values is large.
With additional noise learning circuits, the noise model
of the CNOT gate layers could be further constrained by
implementing interleaved cycle benchmarking [30], multi-
layer cycle benchmarking [65], or a self-consistent gate set
learning scheme [32].

APPENDIX D: PAULI TRANSFER MATRICES

For completeness, we now provide a definition of Pauli
transfer matrices (PTMs) [66]. They provide a useful rep-
resentation of quantum channels. The elements of the PTM
of an n-qubit quantum channel � are

(	�)ij = 1
2n Tr[Pi�(Pj )], (D1)

where [P0, . . . , P4n−1] denotes the n-qubit Pauli basis
arranged in lexicographic order. The PTM of a composite
map H ◦ G is the matrix product of the PTMs of the indi-
vidual maps 	H	G. Therefore, the convention that noise
�G occurs before a gate G translates to PTMs as 	G	�G .

Next, the PTM of a measurement is a matrix whose
only nonzero entries are 1s in the top-left and bottom-
right corners, with all other entries equal to 0. As a result,
it annihilates any prior X or Y components of an opera-
tion. Consequently, our PTMs are defined as before, but
with the basis restricted to the set {I , Z}⊗n arranged in lex-
icographic order. As an example, consider the one-qubit
channel �(ρ) = (1 − p)ρ + pX ρX . Its PTM in the full
basis {I , X , Y, Z} is

	� =

⎛

⎜
⎝

1 0 0 0
0 1 0 0
0 0 1 − 2p 0
0 0 0 1 − 2p

⎞

⎟
⎠ . (D2)

Since we consider only the {I , Z} part of the basis, we
express this PTM as

	� =
(

1 0
0 1 − 2p

)

. (D3)

Finally, an important property of PTMs combined with
twirling is that twirling transforms any noise channel into
a Pauli noise channel, resulting in a diagonal PTM.

APPENDIX E: PTM OF FINAL MEASUREMENTS

In a final measurement—i.e., measuring the control
qubit in the CNOT picture—the outcome is written back
onto the same wire, which then acts as a classical bit. To
derive the corresponding PTM, we temporarily introduce
an ancillary classical line and decompose the measure-
ment procedure into the following sequence, also shown
in Fig. 11. (1) Apply an ideal reset to the ancillary classi-
cal line to initialize it in the 0 state. (2) Apply the noisy
measurement in the CNOT picture by transferring the con-
trol qubit outcome onto the ancillary line. (3) Reset the
qubit wire, which from this point on acts as a classical
line. (4) Swap the value from the ancillary classical line
back onto the (now classical) qubit wire. (5) Remove the
ancillary classical line. We compute the PTMs of each
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0  

 

FIG. 11. In the CNOT picture, the final measurement corre-
sponds to measuring the control qubit. The outcome is written
back onto the qubit (control) wire, which thereafter functions as
a classical line.

component in this circuit and multiply them to obtain the
PTM for the final noisy measurement. The PTM of a reset
operator R(ρ) = E0ρE†

0 + E1ρE†
1 , where E0 = |0〉〈0| and

E1 = |0〉〈1|, is

	|0〉 =
(

1 0
1 0

)

. (E1)

The PTM of the swap is

	swap =

⎛

⎜
⎝

1 0 0 0
0 0 1 0
0 1 0 0
0 0 0 1

⎞

⎟
⎠ . (E2)

The PTM of a final measurement can then be calculated
as 	fm = 	swap

(
	|0〉 ⊗ I

)
	CX	�

(
I ⊗ 	|0〉

)
, where 	CX	�

is defined in Eq. (6), and 	|0〉 and 	swap are defined in
Eqs. (E2) and (E1), respectively. The result is

	fm =
(

1 0
0 fafs

)

⊗
(

1 0
1 0

)

. (E3)

Here, fa and fs are, as before, the fidelity of the assign-
ment and state errors, respectively. Thus, after discarding
the ancillary classical line, the PTM of a final noisy mea-
surement is diag(1, fafs). The absence of fc in this PTM is
understood as follows. The correlated error simultaneously
flips the qubit and the classical bit. For example, a qubit,
initially in state |0〉, is measured as 1, and the qubit ends up
in |1〉. However, in final measurements, we are only con-
cerned with the correctness of the reported outcome. Thus,
such an event is effectively indistinguishable from a sim-
ple bitflip error and can be interpreted as either a readout
assignment error or a state-preparation error.

APPENDIX F: SETUP OF SIMULATIONS

Our simulations fall into two categories, qubit and qutrit
simulations. As the RabiEF experiment uses gates that
interact with the |2〉 state, it is the only experiment sim-
ulated with qutrits. Appendix F 1 describes our qutrit
simulator and its application to the RabiEF experiment.
Appendix F 2 translates the readout assignment matrix R to
the measurement noise fidelities. Appendix F 3 discusses
the setup of qubit simulations for the results shown in

Secs. IV B and IV C. Appendix F 4 gives details on the
simulation of the teleportation circuit, including PEC.

1. Qutrit simulations for RabiEF

To simulate the RabiEF experiments while taking into
account the |2〉-state population, we implemented a qutrit
simulator with QISKIT [67]. All qubit instructions are
embedded as ideal gates in SU(3), and thus do not inter-
act with the |2〉 state. Only the R12(θ) and X12 gates,
noise channels, and measurements interact with the |2〉-
state. The circuits are converted into a series of operators,
i.e., SuperOp class instances with qutrit dimensions. For
example, a single qutrit error channel is a 9 × 9 superoper-
ator matrix. A state ρ is evolved by a circuit c by repeatedly
calling the DensityMatrix.evolve(op, qargs)
QISKIT method, where the op argument is the operator for
each gate and qargs is a list of qutrit indices identifying
the support of the operator. A RabiEF experiment con-
sists of three circuits: the two�π and π , circuits c

�π
and cπ ,

respectively, and a repetition delay circuit crep consisting
of three active resets and an optional delay for slow resets.
The delay is not simulated when fast resets are used. The
simulator evolves an initial state ρ = (|0〉〈0|)⊗n by sim-
ulating the circuits in the following loop for N samples
many times: (1) apply crep, (2) apply c

�π
, (3) apply crep, and

(4) apply cπ . One loop corresponds to a single sample per
�π and π circuit. Both RabiEF circuits c

�π
and cπ produce

measurement outcomes, which are stored in two length-
N arrays. The repetition delay also produces measurement
outcomes, but they are only used to control the feedfor-
ward instructions in the active resets and are not stored
long-term. The initial states for each circuit, ρin,k, over all
k samples are saved to compute the true state-preparation
probability psp, shown in Table I, as

psp := avg
s=�π ,π

k=0,...,N−1

Tr
[
|1〉〈1| ρ(s)in,k

]
. (F1)

We simulate thermal relaxation during slow resets, mea-
surements, and idle times in the repetition delay. Noise
channels for measurements are applied before the ideal
measurement. We numerically compute the thermal relax-
ation channel with the Lindblad master equation and
six Lindblad operators, defining relaxation, heating, and
dephasing. Each Lindblad operator Li has a correspond-
ing rate γi, controlling the strength of the operator. The
operators and rates are

L1 = |0〉〈1| , L2 = |1〉〈0| ,
L3 = |1〉〈2| , L4 = |2〉〈1| ,
L5 = |0〉〈0| − |1〉〈1| , L6 = |1〉〈1| − |2〉〈2| ,

(F2)
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γ1 = 1
T1

, γ2 = γ1 exp(−�ω01/kBTeff),

γ3 = 1
T12

1
, γ4 = γ3 exp(−�(ω01 +�)/kBTeff),

γ5 = 1
T2

, γ6 = 1
T12

2
.

(F3)

The solution to the Lindblad master equation �th(ρ, t)
for a given evolution time t is computed with QISKIT
DYNAMICS [68] and included as a SuperOp instruction
in the circuits. The rates γ1, γ3, γ5, and γ6 are cho-
sen from typical superconducting qubit decoherence times
[69], with their definitions given in Eq. (F3) and their val-
ues given in Table IV. The heating rates γ2 and γ4 are
calculated using the energy differences between |0〉, |1〉,
and |2〉, and an assumed effective qutrit temperature Teff =
60 mK, following the Boltzmann distribution. We further
assume that the qutrits decay sequentially, i.e., |2〉–|0〉 tran-
sitions are naturally suppressed by the quantum hardware
[46]. We include measurement-induced leakage with an
additional error channel prior to the ideal measurements,
after the measurement-associated thermal relaxation. This
is modeled as a projection to the |2〉〈2| state with probabil-
ity pleak = 0.2%. The error channel on a qubit undergoing
measurement, with duration tmeas = 1244 ns, is thus

�meas(ρ) = (1 − pleak)�th(ρ, tmeas)+ pleak |2〉〈2| . (F4)

Following this noise channel, our simulator applies an
ideal projective measurement and then the readout assign-
ment matrix R, see Appendix F 2 and Eq. (11). The simu-
lator then records the noisy measurement outcome as the
integer o = 0, 1, 2 and uses the postmeasurement state as
the input to the next circuit. Qutrit discrimination is only
used for measurements in the repetition delay, as RabiEF
requires binary classification.

TABLE IV. Parameters used in the simulations.

Symbol Value Description

Teff 60 mK Qubit effective temperature
T1 200 µs Relaxation time in qubit subspace
T2 100 µs Dephasing time in qubit subspace
T12

1 100 µs Relaxation time in qutrit subspace
T12

2 50 µs Dephasing time in qutrit subspace

ω01 4.9 GHz Qubit 0–1 frequency
� −0.3 GHz Qubit anharmonicity

trep. delay 250 µs Repetition delay time
tmeas 1244 ns Measurement time
Pleak 0.2% Probability of leak during measurement

2. Assignment error fidelities for qutrits

Errors in final measurements can be specified as a “read-
out assignment error” matrix where entry j , k is the proba-
bility qjk of misclassifying state |k〉 as |j 〉 [70]. The 3 × 3
qutrit readout assignment matrix

R =
⎛

⎝
q00 q01 q02
q10 q11 q12
q20 q21 q22

⎞

⎠ (F5)

used in the RabiEF simulation is based on existing hard-
ware experiments [46,52,53]. We thus neglect the overlap
between the |0〉 and |2〉 readout signals, i.e., q02 = q20 = 0,
and assume that the qutrit misclassification probability for
|1〉–|2〉 is approximately an order of magnitude larger than
that for |0〉–|1〉. Therefore, we set q12 = 6% and q01 =
0.9%, resulting in the readout assignment matrix shown in
Eq. (11).

When qubit reset is used, we require a readout assign-
ment matrix that always misclassifies |2〉 as |1〉, see
Eq. (11). The qubit readout assignment errors pjk are
related to the qutrit ones, following

p00 = q00, (F6a)

p11 = q11 + q21, (F6b)

p01 = q01, (F6c)

p10 = q10 + q20, (F6d)

with q20 = 0 as discussed previously. From the values in
Eq. (11) we obtain qubit assignment matrix probabilities
p00 = p11 = 99.1% and p01 = p10 = 0.9%.

To ensure consistency between the RabiEF simulations
in Secs. IV A and IV B, we now connect the qubit readout
assignment matrix pjk to the measurement noise fidelities
fa, fs, and fc of the model in Sec. III C. We apply the
PTM of the readout to the different qubit initial states.
In the qubit ⊗ cbit notation, the initial state |00〉 = (II +
IZ + ZI + ZZ)/4, for example, corresponds to the vector
	00 = (1, 1, 1, 1)T in the basis {II , IZ, ZI , ZZ}. The PTM
of the readout 	m, given in Eq. (6), transforms this vector
according to

	m	00 = 1
4
(II + fafsIZ + fcfsZI + fcfaZZ)

= 1
4
(1 + fafs + fcfs + fcfa) |00〉〈00|

+ 1
4
(1 + fafs − fcfs − fcfa) |10〉〈10|

+ 1
4
(1 − fafs + fcfs − fcfa) |01〉〈01|

+ 1
4
(1 − fafs − fcfs + fcfa) |11〉〈11| .
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Since we consider a final measurement, we only care about
the state of the classical bit and thus trace-out the qubit.
Therefore, the measurement acts on the qubit |0〉 state as

|0〉〈0| → 1 + fafs
2

|0〉〈0| + 1 − fafs
2

|1〉〈1| .

This implies p00 = (1 + fafs)/2 and p10 = (1 − fafs)/2.
Similarly, for the excited qubit state, we consider |10〉 in
the qubit ⊗ cbit notation and apply the same reasoning.
In summary, for a noisy measurement, the corresponding
assignment error probabilities pjk are

p00 = 1 + fafs
2

, p10 = 1 − fafs
2

,

p10 = 1 − fafs
2

, p11 = 1 + fafs
2

.
(F7)

This result also shows that the correlated error fc is
irrelevant when considering final measurements, see also
Appendix E. The values p00 = p11 = 99.1% and p01 =
p10 = 0.9% thus require fafs = 0.982. In our simulations,
we assume that assignment and state errors are equally
likely, such that fafs splits equally into fa = fs = 0.990 96.
As the readout assignment matrix R does not capture cor-
related errors, this analysis cannot determine the value of
fc. However, as the correlated error is of a higher weight
than the state and assignment errors, we assume that it has
a higher fidelity and set fc = 0.995.

3. Qubit simulation setup for noise learning and
mitigation

This section covers the setup for simulations in
Secs. IV B to IV D. We used QISKIT AER [55] to simulate
MCB and the mitigation circuits. We inserted additional
dummy gates to engineer the noise model in Sec. III C. As
QISKIT AER applies noise before measurements, implemen-
tation of state errors requires only an X error on the mea-
surement qubit with probability ps = (1 − fs)/2. QISKIT
AER has native support for readout assignment matrices,
which we leveraged to implement assignment errors on
the classical bit. The assignment error PTM in Eq. (4) is
simulated with the readout assignment matrix Ra:

Ra =
(

1 − pa pa
pa 1 − pa

)

. (F8)

QISKIT AER does not support correlated errors between
qubits and classical bits. Therefore, we implemented�c in
Fig. 2 with a postmeasurement dummy delay instruction,
to which we attached an X error. This postmeasurement
error is equivalent to a correlated error premeasurement,
which can be seen by back propagating the X Pauli through
the measurement in the CNOT picture. Therefore, an X
gate postmeasurement with probability pc = (1 − fc)/2 is

equivalent to a correlated error premeasurement with the
same probability. We set the duration of the delay to 0
to ensure that no additional error channels were attached
to it.

To simulate a given prepared initial state, we prepended
reset instructions to the MCB and mitigation circuits,
and attached an X error to them with probability psp.
This forced QISKIT AER to prepare the state ρsp =
(1 − psp) |0〉〈0| + psp |1〉〈1|. The measurement outcomes
returned by QISKIT AER were postprocessed to obtain the
expectation values in Figs. 5 and 6.

4. Error mitigation of the teleportation circuit

The teleportation circuit in Sec. IV D is simulated with
density matrices using QISKIT AER [55]. State-preparation
and measurement noise are mitigated with probabilistic
error cancellation [16,27]. The simulation is carried out
as follows. (1) We generate N = 128 teleportation cir-
cuit realizations, where the inverse noise channels �̃−1

in Fig. 7 are replaced with Paulis sampled from their
quasiprobability distributions. (2) The circuits are classi-
cally simulated, obtaining density matrices ρout,j on the
target qubit q2, for j ∈ [0, N − 1]. (3) We obtain a mit-
igated physical state ρmit with state tomography. Since
PEC is applied to expectation values and not states, this
is done as follows. (3.a) We compute the expectation val-
ues 〈P〉raw,j = Tr[Pρout,j ], for P = X , Y, Z, without shot
noise. However, since PEC is very sensitive to shot noise,
we emulate it by sampling 100 times from a Bernoulli
distribution with probability (1 + 〈P〉raw,j )/2 for outcome
“0,” approximating 〈P〉raw,j as EP,j with both shot noise
and SPAM errors. (3.b) The mitigated expectation values
〈P〉mit are computed using PEC, i.e., Eq. (16), over all N
circuit realizations and P = X , Y, Z Paulis. (3.c) We min-
imize the mean-squared error (MSE) in Eq. (17) over all
expectation values to obtain a physical state ρmit based on
the mitigated expectation values. (4) We compute the state
fidelity between the mitigated state ρmit and the ideal one
with Eq. (20). Steps (1)–(4) are repeated for 15 equidis-
tant rotation angles θ ∈ [0, 2π ] to study different states to
teleport. The mitigated fidelities in Sec. IV D display the
interquartile range and the median obtained from 300 real-
izations of this simulation. To avoid simulating 300 × 128
circuits, we simulate 1000 PEC circuit realizations and
compute the raw expectation values 〈P〉raw,j on all of them.
Next, we bootstrap these results into 300 datasets by sam-
pling N = 128 circuit realizations from the 1000 circuit
executions.

The 15 unmitigated fidelities, shown as purple dots in
Fig. 7, are obtained using the same procedure with N = 1
circuit and no PEC sampling. Furthermore, since there is
only one circuit, and thus only one density matrix ρout,0,
MSE minimization is not necessary.
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APPENDIX G: EXTENSION OF THE NOISE
MODEL TO CORRELATED QUBITS

UNDERGOING MEASUREMENT

Our proposed noise model in Sec. III C assumes that
noise is local to the qubit and associated classical bit.
Accounting for correlations between neighboring qubits
requires increasing the support of the Pauli-Lindblad noise
model and measurement cycle benchmarking experiments.
The same noise learning procedure as before can be
employed, but now with more MCB decay curves and
model fidelities to learn. This is similar to how gate noise
learning with cycle benchmarking is extended to include
higher-weight noise generators [16,27]. The chosen sup-
port determines which correlations are assumed to be
negligible.

As an example, we derive the twirled-noise PTM for two
neighboring qubits undergoing measurement and describe
the noise learning procedure, following our protocol in
Fig. 3. We assume that correlations between qubits arise
from measurements and that thermal states are uncorre-
lated. Given that fast resets use measurements, this model
accounts for correlations in prepared states using fast
resets.

We model correlations between two subsystems j = 0,
1, each composed of a qubit-classical bit pair (qj , cj ). In
addition to the errors possible in our original noise model
in Sec. III C, we include correlated errors between the
qubits and correlated errors between the classical bits. The
resulting error model is shown in Fig. 12 for the mea-
surement cycle benchmarking circuit. Employing the same
twirling as before [16,27,44], all errors are bitflips, i.e.,
Pauli strings composed of Is and X s. We order the subsys-
tems so that qubits q0 and q1 are before classical bits c0 and
c1, i.e., q0q1c0c1. Therefore, Pauli string IXIX corresponds
to the original noise model’s correlated error between qubit
q1 and classical bit c1; and Pauli string XXII corresponds
to a weight-two error between qubits q0 and q1. Errors
local to subsystems j = 0, 1 are denoted with superscripts
(0) and (1), respectively. New errors between subsystems

are denoted with superscript (2), and are described by the
following channels.

(1) Weight-two correlated state errors between qubits:

�(2)
s = (1 − p (2)s )ρ + p (2)s XXIIρXXII , (G1)

where f (2)s = 1 − 2p (2)s . These errors can be caused by
crosstalk between qubits, potentially induced by measure-
ments [29].

(2) Weight-four correlated errors between both qubits
and both classical bits:

�(2)
c = (1 − p (2)c )ρ + p (2)c XXXX ρXXXX , (G2)

where f (2)c = 1 − 2p (2)c . This arises from a weight-two
postmeasurement error on both qubits �̃(2)

c , commuted
backward through the measurements:

�̃(2)
c = (1 − p (2)c )ρ + p (2)c XXIIρXXII . (G3)

This is similar to how the correlated error �c in Fig. 2
and Eq. (5) is derived from a postmeasurement qubit-error.
Similarly to �(2)

s , these errors can be caused by crosstalk
between qubits, only after measurement.

(3) Weight-two correlated assignment errors between
classical bits:

�(2)
a = (1 − p (2)a )ρ + p (2)a IIXX ρIIXX , (G4)

where f (2)a = 1 − 2p (2)a . These errors can occur because of
frequency collisions in readout resonators.

(4) Weight-two correlated state-preparation errors
between qubits:

�(2)
sp = (1 − p (2)sp )ρ + p (2)sp XXIIρXXII , (G5)

where f (2)sp = 1 − 2p (2)sp . As active resets utilize a number
of measurements, correlated errors can manifest as a result
of measurement-induced correlations.
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FIG. 12. Measurement noise model for two correlated qubits. Qubits and classical bits are indicated by single and double lines,
respectively. Noise channels from the original noise model in the main text are shown in purple and blue. New noise channels are
in light orange. The support of some channels differs from the wires they cross. For these, indices are used to denote the qubits and
classical bits on which they are applied. For example, �(0)

c is supported by q0 and c0 but not q1. Superscripts (0) and (1) denote errors
that arise from the original noise model on qubit–classical bit pairs (q0, c0) and (q1, c1), respectively. New errors that model correlations
between the qubit–classical bit pairs are denoted with superscript (2). The dashed red rectangle indicates the final measurement, which
is insensitive to postmeasurement qubit errors, equivalent to �(j )

c for j = 0, 1, 2.
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The full PTM 	
(2q)
2k for this noise model in a MCB circuit

is diagonal and has 12 fidelities to learn: four per qubit
(f (j )sp , f (j )s , f (j )a , and f (j )c for j = 0, 1), from our original

noise model, and four from the new correlated errors (f (2)sp ,
f (2)s , f (2)a , and f (2)c ). The entries yP of the diagonal, for P ∈
{I , Z}4, are given as follows:

yIIII = 1, (G6a)

yIIIZ = (
f (1)a f (2)a

)2k (
f (1)c f (2)c f (1)s f (2)s

)k
, (G6b)

yIIZI = (
f (0)a f (2)a

)2k (
f (0)c f (2)c f (0)s f (2)s

)k
, (G6c)

yIIZZ = (
f (0)a f (1)a

)2k (
f (0)c f (1)c f (0)s f (1)s

)k
, (G6d)

yIZII = f (1)a f (2)a f (1)sp f (2)sp

(
f (1)s f (2)s

)2k+1 (
f (1)c f (2)c

)2k
, (G6e)

yIZIZ = f (1)sp f (2)sp

(
f (1)a f (2)a

)2k+1 (
f (1)c f (2)c

)k (
f (1)s f (2)s

)k+1
, (G6f)

yIZZI = f (1)a f (1)sp f (2)sp

(
f (2)a f (1)s

)2k+1 (
f (0)a f (1)c

)2k (
f (0)c f (2)c f (0)s

)k (
f (2)s

)k+1
, (G6g)

yIZZZ = f (2)a f (1)sp f (2)sp

(
f (1)a f (2)s

)2k+1 (
f (0)a f (2)c

)2k (
f (0)c f (1)c f (0)s

)k (
f (1)s

)k+1
, (G6h)

yZIII = f (0)a f (2)a f (0)sp f (2)sp

(
f (0)s f (2)s

)2k+1 (
f (0)c f (2)c

)2k
, (G6i)

yZIIZ = f (0)a f (0)sp f (2)sp

(
f (2)a f (0)s

)2k+1 (
f (1)a f (0)c

)2k (
f (1)c f (2)c f (1)s

)k (
f (2)s

)k+1
, (G6j)

yZIZI = f (0)sp f (2)sp

(
f (0)a f (2)a

)2k+1 (
f (0)c f (2)c

)k (
f (0)s f (2)s

)k+1
, (G6k)

yZIZZ = f (2)a f (0)sp f (2)sp

(
f (0)a f (2)s

)2k+1 (
f (1)a f (2)c

)2k (
f (0)c f (1)c f (1)s

)k (
f (0)s

)k+1
, (G6l)

yZZII = f (0)a f (1)a f (0)sp f (1)sp

(
f (0)s f (1)s

)2k+1 (
f (0)c f (1)c

)2k
, (G6m)

yZZIZ = f (0)a f (0)sp f (1)sp

(
f (1)a f (0)s

)2k+1 (
f (2)a f (0)c

)2k (
f (1)c f (2)c f (2)s

)k (
f (1)s

)k+1
, (G6n)

yZZZI = f (1)a f (0)sp f (1)sp

(
f (0)a f (1)s

)2k+1 (
f (2)a f (1)c

)2k (
f (0)c f (2)c f (2)s

)k (
f (0)s

)k+1
, (G6o)

yZZZZ = f (0)sp f (1)sp

(
f (0)a f (1)a

)2k+1 (
f (0)c f (1)c

)k (
f (0)s f (1)s

)k+1
. (G6p)

To identify any unlearnable degrees of freedom in 	(2q)
2k ,

we compute the observability matrix with respect to the
logarithm of yP and all fidelities [71]. The observability
matrix is rank 9, which, with 12 unknown fidelities, indi-
cates that a single MCB experiment is insufficient to learn
the full noise model. Learning f (0)sp and f (1)sp with RabiEF
on thermal states, assuming f (2)sp = 1, reduces the number
of unknown fidelities to 9. This indicates that one RabiEF
experiment and one MCB experiment are sufficient to learn
	
(2q)
2k with slow resets. To illustrate the strength of our full

noise learning protocol, we now show how all 12 fidelities
can be learned when fast resets introduce non-negligible
correlations during state preparation.

(1) First, learn f (0),slow
sp and f (1),slow

sp with separate
RabiEF experiments, using slow resets. As we assume

no correlations during state preparation with slow resets,
we set f (2),slow

sp = 1. This reduces the number of unknown
fidelities to 9. (2) Run a MCB experiment with slow
resets to learn the remaining 9 unknown fidelities f (j )s ,
f (j )a , and f (j )c for j = 0, 1, 2. (3) The last step, as per
our protocol, is a MCB experiment with fast resets.
Assuming that all fidelities remain the same, other than
those for state preparation, we need only learn f (0),fast

sp ,
f (1),fast
sp , and f (2),fast

sp . The PTM 	
(2q)
2k for fast resets has

a rank 3 observability matrix, indicating that the last
MCB experiment allows us to complete the full noise
model on both subsystems. This shows that our full noise
learning protocol with RabiEF can also fix the gauge
in the noise model of two correlated qubits undergoing
measurement.
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APPENDIX H: EXTENSION FOR HIGH-FIDELITY
RESETS AND HIGH-RATE LEARNING

As coherence times and state-preparation fidelities
improve, it is expected that psp should decrease. This
poses a problem for RabiEF, as the error in the estimate
of psp is additive, owing to sampling error on the �π and
π RabiEF signals. To reduce the effect of this error on
the learned measurement noise fidelities, we can amplify
psp by inserting random local X gates on the initial state
with probability pamp. The effective state-preparation error
probability p̃sp is then

p̃sp = pamp + psp(1 − 2pamp) = pamp(1 − 2psp)+ psp,
(H1)

which is greater than psp for psp < 1/2. As a result, one
can utilize our MCM noise learning protocol, specifi-
cally the purple path in Fig. 3, to (1) learn p̃sp with a
RabiEF experiment, (2) learn the measurement fidelities
with the amplified state-preparation error, and finally (3)
learn the high-fidelity reset probability psp with a second
MCB experiment. For the RabiEF experiment, the ran-
dom X gate is equivalent to relabeling�π and π shots with
probability pamp, which can be done in postprocessing.
For the measurement cycle benchmarking and mitigation
experiments, the circuits are already twirled; therefore, the
random X gates can be included in the normal twirling
samples by applying a bias to the X component in the
initial state twirling.
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