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The influence of noise on quantum dynamics is one of the main factors preventing current quantum pro-
cessors from performing accurate quantum computations. Sufficient noise characterization and modeling
can provide key insights into the effect of noise on quantum algorithms and inform the design of targeted
error protection protocols. However, constructing effective noise models that are sparse in model parame-
ters, yet predictive can be challenging. In this work, we present an approach for effective noise modeling
of multi-qubit operations on transmon-based devices. Through a comprehensive characterization of seven
devices offered by the IBM Quantum Platform, we show that the model can capture and predict a wide
range of single- and two-qubit behaviors, including non-Markovian effects resulting from spatiotempo-
rally correlated noise sources. The model’s predictive power is further highlighted through multi-qubit
dynamical decoupling demonstrations and an implementation of the variational quantum eigensolver. As
a training proxy for the hardware, we show that the model can predict expectation values within a relative
error of 0.5%; this is a sevenfold improvement over default hardware noise models. Through these demon-
strations, we highlight key error sources in superconducting qubits and illustrate the utility of reduced noise
models for predicting hardware dynamics.
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I. INTRODUCTION

Superconducting qubits have emerged as one of the
most promising quantum technologies for realizing prac-
tical quantum computing. Many types of superconduct-
ing qubit devices have been developed, and the field is
rapidly evolving [1,2]. Among the assortment of super-
conducting qubits, the transmon is specifically designed
to minimize sensitivity to charge noise [3] and has been
at the core of recent breakthroughs [4–9]. With the advent
of enhanced control capabilities in cloud-based quantum
computing such as IBM’s Quantum Platform (IBMQP)
[10], transmon-based devices have become a mainstream
architecture employed to test state-of-the-art quantum
algorithms.

Despite advancements in scale and quality, noise
in superconducting qubit architectures poses a crucial
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challenge. In order to manage noise in quantum applica-
tions, a wide range of techniques have been devised to sup-
press [11–14], avoid [15–19], correct [20,21], and mitigate
[22–29] errors. The benefits of many of these approaches
have been showcased on superconducting hardware via
demonstrations of dynamical decoupling (DD) [30–34],
decoherence-free subspaces [35–37], quantum error cor-
recting codes [9,38–43], and various quantum error miti-
gation protocols [44–47].

Many error management (EM) protocols rely on knowl-
edge of the underlying noise processes. Such information
can be leveraged for the purposes of ensuring that specific
assumptions are satisfied (e.g., Markovianity). It can also
be crucial in assessing the inherent robustness and sus-
ceptibility of an EM protocol—and more generally, any
quantum algorithm—to hardware-relevant noise sources.
These can be key steps in properly devising targeted EM
protocols and noise robust quantum algorithms.

The most common approaches to modeling noisy quan-
tum dynamics rely on the quantum channel formalism,
quantum master equations (MEs), or the stochastic Hamil-
tonian formalism. The first approach involves applying
a composition of quantum error maps before or after
an ideal gate operation. The channel representation aims
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to sacrifice modeling of intra-gate dynamics for simplic-
ity [48]. Furthermore, there is typically an assumption
of Markovianity (i.e., memoryless environment) which
in part results in neglecting potential inter-gate correla-
tions. In contrast, MEs are based on physically moti-
vated differential equations that arise from the theory of
open quantum systems [48–50]. They allow for more
accurate descriptions of Markovian and non-Markovian
system-environment interactions acting during gate oper-
ations, at the expense of added model and computational
complexity.

The stochastic Hamiltonian formalism relies on mod-
eling system-environment interactions via a semiclassical
Hamiltonian [51–55]. System operators couple to stochas-
tic, time-dependent, variables as opposed to additional
quantum degrees of freedom. This mean-field approach
enables modeling of noisy quantum dynamics resulting
from spatiotemporally correlated error processes by aver-
aging time evolved quantum states over random real-
izations of the noise. The advantage of the stochastic
Hamiltonian approach lies in the trade-off between Hilbert
space size and parametric complexity, which has proven
particularly useful when non-Markovian noise is present
[56,57].

Each strategy has been investigated as a means for mod-
eling noise in superconducting qubits. Models based on
compositions of Markovian quantum channels have had
variable success [58–61]. Sparse Pauli-Lindblad models,
in particular [62,63], have recently proven advantageous
in informing error mitigation strategies used to demon-
strate a variational algorithm implementation with more
than 100 qubits [5]. This, however, comes at the cost of
noise tailoring via Pauli twirling [64–67], which can incur
progressively larger sampling overheads as system size
increases.

ME-based techniques have achieved substantially more
success in modeling superconducting qubit devices.
Although the presence of Markovian environmental noise
sources is prominently observed in superconducting qubits
[2], recent studies have highlighted significant contribu-
tions from non-Markovian sources as well. For example,
Post-Markovian [68,69] and Redfield [70,71] based MEs
have shown to agree well with single- and two-qubit
demonstrations. In addition, extensions of the Lindblad
master equation (LME) [48,72,73] that include non-
Markovian contributions via stochastic unraveling [74] or
the addition of quantum degrees of freedom [75,76] have
also shown promise in the study of multi-qubit dynamics.
However, computational overheads such as obtaining solu-
tions to multi-qubit dynamical equations, model training
costs, and tomographical measurements must be balanced
to ensure scalability.

The stochastic Hamiltonian formalism has also shown
success in modeling non-Markovian dynamics in super-
conducting qubits. It has shown utility in capturing

dephasing processes due to, for example, randomly fluc-
tuating magnetic fields [2]. The formalism has been
employed in studies of spatiotemporally correlated noise
in single [77,78] and two-qubit [79], as well as qudit
[80], systems. Extensions to larger quantum systems poses
challenges, specifically when attempting to perform com-
plete characterization of the Hamiltonian. For this reason,
the stochastic Hamiltonian formalism is most applicable
for effective modeling where sparse characterization is
sufficient.

In this study, we develop a self-consistent hybrid noise
model that integrates the channel formalism, MEs, and the
stochastic Hamiltonian formalism into a single predictive
framework for superconducting qubit hardware. Each of
these techniques originate from distinct areas of modeling
and characterization, and although standard in isolation,
they are typically not combined. We demonstrate that a
unification of these techniques can enable simultaneous
and efficient characterization of noise processes that span
fundamentally different physical origins and timescales.

This unified construction allows us to capture, within
one model, both fast Markovian decoherence and slow,
temporally correlated non-Markovian effects. Importantly,
our method aims to balance sparsity in model param-
eters, and thus the required number of characterization
experiments, with predictive power. Through extensive
comparisons to experimental data, we demonstrate that this
model not only predicts a wide range of hardware dynam-
ics but also serves as an accurate proxy simulator that
can be employed for training and benchmarking of vari-
ational quantum algorithms [81]. As such, the novelty lies
not in a new microscopic error model, but in a unified,
microscopically grounded, and experimentally validated
framework that connects multiple noise mechanisms and
yields a coherent predictive methodology.

Specifically, the model is based on compositions of
faulty single- and two-qubit gate operations. Each gate
is constructed using the LME with extended degrees of
freedoms to account for non-Markovian spatiotemporally
correlated noise sources. Classical degrees of freedom
are specifically included to capture temporal features of
qubit dephasing and control noise during gate operations.
Quantum degrees of freedom enable modeling of spatial
correlations due to two-level system (TLS) interactions
and quantum crosstalk [82]. The model is parameterized
by ten parameters per qubit and three parameters per
qubit pair, that can be learned through a small number of
characterization experiments.

With an eye towards balancing informational complete-
ness with protocol efficiency, we focus on simplicity in the
design of the characterization protocols. Thus, we do not
depend upon tomographical methods that are traditionally
resource intensive, such as gate-set tomography [83,84] or
process tensor methods [85,86] to provide a detailed anal-
ysis of the effective noise channels. Instead, we consider
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a suite of canonical noise amplification circuits to learn
model parameters for both Markovian and non-Markovian
noise sources (see Refs. [76,87] for a similar approach).
Key to our characterization procedure is quantum noise
spectroscopy (QNS) [56,79,88–94]. QNS draws on the
filter function formalism (FFF) [95–99] and carefully tai-
lored control sequences to probe the spectral properties of
system-environment interactions via measurement of the
system’s evolution.

It is through this suite of characterization experiments
that we perform an extensive study of superconducting
qubit devices offered by the IBMQP. Examining 39 qubits
across seven devices, we comprehensively characterize
Markovian and non-Markovian noise sources. Therein, we
elucidate important details about correlated dephasing and
control noise and the presence of TLSs on IBMQP devices.

The learned parameters are combined with the single
and two-qubit models and shown to accurately predict a
variety of quantum circuits. Randomized benchmarking
(RB) [100] provides a benchmark to assess the model’s
ability to correctly predict single-qubit gate error rates
captured by routine IBMQP calibrations. We go on to
show that the model conveys strong agreement with
state-dependent dynamics observed in multi-qubit DD
sequences and a small-scale quantum algorithm. In par-
ticular, we train a variational quantum eigensolver (VQE)
designed to find the ground state of molecular hydrogen H2
and demonstrate that our noise model can serve as a sur-
rogate to the hardware. It is shown that a relative error of
0.5% is achieved between hardware and the noise model,
a sevenfold improvement over IBMQP’s default hardware
error models.

Together, our model characterization and validation
studies provide strong evidence for the viability of the pro-
posed model. Moreover, they highlight key noise sources
for the current generation of superconducting qubits and
establishes a simple yet flexible framework for noise mod-
eling that may be extended or adapted to other cloud-based
hardware platforms. This work illustrates the potential
utility of reduced noise models that draw on aspects of
both MEs and channel representations to describe complex
quantum dynamics in superconducting qubit systems. Cru-
cially, this approach does not require low-level hardware
access, thus uniquely demonstrating that comprehensive
and predictive error modeling can be achieved even in
highly opaque cloud-based systems.

The structure of this paper is as follows. In Sec. II
we introduce the noise model, with emphasis in modeling
via the LME. In Sec. III we describe the characterization
protocol and the relevant notation. More specifically, in
Sec. III B we present a detailed description of the exper-
iments used to characterize the device. Here, we also
provide the analytical expressions obtained from solving
the LME for each noise amplification circuit described in
Sec. II. Section IV presents experimental results obtained

from running the characterization experiments on the
IBMQP, as well as model fits and validation through sim-
ulation. In Sec. V we apply our noise model on nontrivial
applications in order to test its predictability. Section VI
describes strategies for extending the noise model to multi-
qubit circuits and scaling the characterization protocol. We
conclude in Sec. VII with a summary of the protocol and
results, as well as thoughts on limitations and future work.

II. NOISE MODEL

We begin by defining the noise model utilized through-
out this study. It includes both Markovian and non-
Markovian noise sources that we effectively capture by the
LME

ρ̇(t) = −i[H(t), ρ] +
∑

k

γk

(
LkρL†

k − 1
2
{L†

kLk, ρ}
)

.

(1)

The Hamiltonian H(t) describes the unitary contributions
and will house specific contributions that generate non-
Markovian noise. H(t) acts on the Hilbert space H =
HD ⊗ HSp ⊗ HTLS, where the subspace HD defines the
Hilbert space for the data qubits, i.e., the qubits that will
be employed for a particular sequence of gate operations.
Spectator qubits that impose unwanted external coupling
on the data qubits are defined under HSp. Lastly, HTLS
denotes the inclusion of fluctuating TLSs that couple to
the data qubits.

More explicitly, the Hamiltonian is formally given by

H(t) = HC(t)+ HN (t)+ HXT + HTLS, (2)

where HC(t) defines the control on the system and HN (t)
designates local noise contributions; both act on HD.
HC(t) = HC,1(t)+ HC,2(t) is composed of two terms defin-
ing single and two-qubit control, respectively. Parasitic
quantum crosstalk interactions between data and spectator
qubits are captured by HXT which acts on HD ⊗ HSp, with
coupling between data qubits and TLSs being defined via
HTLS. The latter of which is defined within HD ⊗ HTLS.
Note that our model does not include local noise contribu-
tions for spectator qubits, nor coupling between spectators
and TLSs. As we will show in Sec. IV, such additions
to the model are not required to obtain strong agree-
ment between model predictions and experimental results.
Spectator qubits in particular are assumed to remain in
the ground state throughout the evolution and thus are
unaffected by the dissipative noise processes described
below.

The latter part of our model includes jump operators Lk
and decay rates γk that supply the dissipative effects. These
terms are meant to capture Markovian effects of environ-
mental noise sources that act upon the data qubits and are
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not associated with spectator or TLS coupling. As such, the
model does not include dissipative contributions for spec-
tator qubits. As in the case of H(t), we do not observe a
critical dependence on the inclusion of such terms and the
predictability of our model.

We further distinguish between different types of noise
based on their degree of correlation and modeling struc-
ture. We first define locally Markovian noise, correspond-
ing to those processes which are uncorrelated and local for
each qubit. An accurate description of locally Markovian
noise effects does not require specific considerations of the
degrees of freedom that give rise to noise.

Next, we define extended-Markovian noise to account
for those processes which involve correlations, particu-
larly spatial correlations, but whose effect on the system
dynamics can be well modeled by a LME. This includes,
for example, noise induced by TLSs or spectator qubits,
which can be modeled via the LME by enlarging the qubit
system to include the additional quantum degrees of free-
dom [75,76,82]. Thus, extended-Markovian noise requires
careful consideration of the degrees of freedom that cause
it, but its dynamical modeling is analogous to the locally
Markovian case.

Lastly, we denote by stochastic noise those processes
which can be described by time-dependent Hamiltonians
with well-defined statistical properties. Stochastic noise
can introduce time-correlations into the dynamics [95,98,
99], and proves to be a powerful tool for studying and mod-
eling non-Markovian noise. In the following sections, we
provide details about our model that fit within this frame-
work. First, we focus on single-qubit operations, defining
both Hamiltonian and dissipative operators. We then move
to two-qubit noise and operations, in which we specify a
noise model for cross-resonance (CR)-based operations.

A. Noiseless control

1. Single-qubit control

Arbitrary single-qubit operations can be parametrized
using three Euler angles for which x- and z-rotations
are sufficient [101]. Single-qubit microwave controlled
x-rotations are represented by the n-qubit local control
Hamiltonian

HC,1(t) =
n−1∑

j =0

H (j )
C (t), (3)

where H (j )
C (t) = �j (t)σ

(j )
x /2 is the single-qubit control

Hamiltonian at site j . Here, σ (j )μ , with μ = x, y, z, is a Pauli
operator acting on the j th qubit, and �j (t) is the con-
trol amplitude. Note that the ideal total rotation at time
t is given by the angle �j (t) = ∫ t

0 ds�j (s). z-rotations
are implemented virtually by performing instantaneous
and noiseless phase shifts on the control [101]. The

action of a virtual Z-gate is modeled via the unitary
UVZ(θ0, . . . , θn−1) = exp(−i

∑n−1
j =0 θj σ

(j )
z /2) for a set of

rotation angles {θj }n−1
j =0.

2. Two-qubit control

In fixed-frequency transmon-based architectures, the
CR gate is a microwave controlled operation that has
shown promising potential as a two-qubit entangling gate
[102–106]. Leveraging native qubit-qubit couplings, the
CR gate generates entanglement by driving the control
qubit at the frequency of the target qubit, without the need
for qubit or coupling tunability.

The simplicity of the CR gate implementation makes it
an appealing candidate for a go-to entangling gate in these
architectures. However, during the implementation of a CR
gate, unwanted errors arise. These errors are well known
and documented [107,108], and several of them can be cor-
rected by the implementation of echo pulses [107]. These
echo pulses aim to cancel both local errors, and crosstalk
between control-target and spectator qubits. This gate is
known as the echo cross-resonance (ECR) gate [109], and
its main two-qubit operation consists of a ZXπ/2 rotation
that can be modeled by the ideal CR Hamiltonian,

HC,2 = π

4τCR
σ (c)z σ (t)x . (4)

Here τCR is the duration of the ECR gate, typically much
larger than the single-qubit gate duration δt. Note that c
and t refer to the control and target qubit, respectively.

B. Locally Markovian model

1. Local dissipative noise

Next, we describe the sources of dissipation that are
included in the LME as jump operators Lk with decay rates
γk. These processes are locally Markovian and thus act
only locally on each qubit. Here again the superscript (j )
will denote the qubit index number.

The first source of dissipative errors we consider is
thermal relaxation in the form of generalized amplitude
damping (GAD). GAD describes the effect of energy dis-
sipation to an environment at a finite temperature T(j )env.
Since {T(j )env} represent effective bath temperatures, they
are assumed to be different for each qubit. We define
0 ≤ q(j ) ≤ 1 as the excited state probability at thermal
equilibrium, and γ (j ) = 1/T(j )1 as the relaxation rate. The
T1 time is the characteristic decay time of the GAD pro-
cess, where the relaxation probability 1 − e−τ/T(j )1 can be
interpreted as the probability that a spontaneous emis-
sion occurs after a time τ . Assuming that the equilibrium
probabilities satisfy a Boltzmann distribution, we have

1 − q(j ) =
(

1 + e−�ω
(j )
01 /kBT(j )env

)−1
, where ω(j )01 is the energy
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of the first excited state, typically near 5 GHz [1], and kB
is the Boltzmann constant. In addition, GAD has a sim-
ple description in terms of two jump operators: L±,j =
σ
(j )
± =

(
σ
(j )
x ± iσ (j )y

)
/2 with decay rates γ+,j = q(j )γ (j )

and γ−,k = (
1 − q(j )

)
γ (j ).

Next, we consider exchange couplings with the envi-
ronment leading to dephasing noise, which appears as
phase damping (PD). These are processes affecting the off-
diagonal elements of the state density matrix. Analogously
to the relaxation case, the characteristic decoherence time
Tφ can be related to the dephasing rate via λ(j ) = 1/T(j )φ

and decay probability 1 − e−τ/T(j )φ . In its Lindblad form,
the action of PD is described with a single jump operator:
Lz,j = σ (j )z /

√
2, with rate γz,j = λ(j ).

Lastly, during the action of control operations, noise
processes such as fluctuations in the control lines [110]
can induce dissipation of information. To account for
the presence of dissipation in control errors, we include
a bit-flip noise contribution with rate ν(j ) and probabil-
ity 1 − e−ν(j )τ . The Lindblad form of control dissipation
is Lx,j = σ

(j )
x /

√
2 with decay rate γx,j = ν(j ). Note that

this form of error only acts during the implementation of
x-rotations.

2. State preparation and measurement (SPAM)

We include SPAM errors in the error model as a bit-flip
error in the quantum channel form acting before ideal state
measurement operations. Previous work, e.g., Ref. [111],
accounts for residual excited state population during state
preparation by assuming that the initial state is the (unnor-
malized) thermal state exp(−H/kBTenv), rather than the
ground state |0〉 〈0|, where H is the full system-bath Hamil-
tonian. However, since bit-flip errors constitute a gauge
symmetry of our model, it is sufficient to group SPAM
errors into a single error channel acting before measure-
ment, hence simplifying the analytical derivations. This
choice is standard practice in the literature, see, for exam-
ple, Ref. [59]. Consequently, we choose to treat state
preparation as an effectively ideal operation resulting in
the |0〉 〈0| state and assign all SPAM errors to measure-
ment errors with rates sj . In addition, although the error
probability will in general be different for the measurement
of ground versus excited states, we observe that in prac-
tice it is small enough that it can be treated symmetrically.
When this condition is not sufficiently satisfied, however,
the overall qubit performance is poor and thus we choose
not to focus on these qubits in this work.

The effect of SPAM errors arising from measuring
qubit j is given by

E (j )M (ρ) = (1 − sj )ρ + sj σ
(j )
x ρσ (j )x , (5)

where sj is the probability of measurement errors on qubit
j . Thus, the collective effect of data qubit measurement
errors can be found by the application of maps E (j )M (·) for
j = 0, . . . , n − 1,

EM (ρ) = E (n−1)
M ◦ · · · ◦ E (0)M (ρ). (6)

To first order in the error parameters sj � 1, this map can

be approximated as EM (ρ)≈ ρ+ ∑n−1
j =0 sj

(
σ
(j )
x ρσ

(j )
x − ρ

)
.

C. Extended Markovian model

In addition to local noise, we allow the data qubits
to couple nonlocally, both to other qubits and external
degrees of freedom via ZZ interactions. First, we con-
sider qubit-qubit crosstalk noise resulting from always-on
interactions that yield residual couplings [32,112,113]. We
denote by C the set of qubits that couple to the data qubits.
In general, C will depend on the connectivity of the device,
and for fixed-frequency coupling transmons, the most sig-
nificant couplings will be induced by nearest-neighbor
interactions.

Denoting by C(j ) ⊆ C the set of qubits connected to the
j th data qubit, the crosstalk Hamiltonian is thus given by

HXT =
n−1∑

j =0

σ (j )z

∑

i∈C(j )
Jij σ

(i)
z , (7)

for coupling strengths Jij . To avoid double counting, we
assume nonzero coupling only for i < j , while Jij = 0 for
i > j .

Analogously to crosstalk interactions, we can describe
the TLS coupling via ZZ interactions, where each data
qubit is coupled to nTLS number of TLSs [75]. TLSs
are defined on a computational basis {|0〉TLS , |1〉TLS} with
Pauli operators σ (j ,k)

μ,TLS, for μ = x, y, z, qubit j and TLS k.
Then, the Hamiltonian that describes the coupling between
data qubits and TLSs is

HTLS =
n−1∑

j =0

σ (j )z

nTLS∑

k=1

ξjkσ
(j ,k)
z,TLS, (8)

where ξjk are the coupling strengths between qubit j and its
kth TLS. At the beginning of each experiment, all TLSs are
considered to be initialized in the thermal state p0 |0〉 〈0| +
p1 |1〉 〈1|, where p0,1 = 1/

(
1 + e∓�ω/kBTTLS

)
are temper-

ature dependent populations. In this work, we assume
the TLS is at infinite temperature, where the thermal
state becomes the maximally mixed-state I/2. These are
extended Markovian processes and thus can be studied
within the LME by including the additional qubits and
TLSs as part of Eq. (2). Note that both crosstalk and
TLS interactions are included in single and two-qubit
operations.
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1. Two-qubit gates and noise

We allow two-qubit errors in the Hamiltonian, but inter-
estingly, we find that single-qubit incoherent errors are
sufficient to obtain excellent agreement with the decays
observed in the experiments. In other words, no two-qubit
dissipative terms are found to be necessary to explain
the experiment results observed. This remarkable fact sig-
nificantly simplifies the modeling and characterization of
the ECR gates and is a promising feature looking toward
multi-qubit modeling and characterization.

Following Refs. [107,114], we model the effective ECR
Hamiltonian as

HCR = (1 + εzx)HC,2

+ β(t)

2
I (c)σ (t)z + ζ

2
I (c)σ (t)x + J

2
σ (c)z σ (t)z , (9)

where I (c) denotes the identity operation on the control
qubit. The first term corresponds to the main ZX rotation of
the ECR gate, allowing for an over-rotation fraction εzx due
to implementation errors. This Hamiltonian also includes
local noise rotations on the target qubit: a relevant detun-
ing term β(t) and leftover single-qubit x-rotation ζ . Lastly,
qubit-qubit crosstalk is also present and accounted for in
the last term with coupling strength J .

D. Stochastic noise model

We represent both local control and dephasing noise
in the stochastic Hamiltonian formalism by the following
time-dependent noise Hamiltonian,

HN ,1(t) =
n−1∑

j =0

εj (t)H
(j )
C (t)+ βj (t)

2
σ (j )z . (10)

Here, εj (t) and βj (t) are time-dependent random variables
that represent the stochastic control and dephasing noise.
These variables are assumed to be Gaussian and wide-
sense stationary, and thus they are completely determined
by their mean 〈f 〉 = f and two-point correlation func-
tion Cf (t) = 〈f (t)f (0)〉, for f = εj ,βj . Here, 〈·〉 denotes
the average over noise realizations. From Cf (t), we can
define the noise power spectral density (PSD) Sf (ω) =∫ τ

0 Cf (t)e−iωtdt, which captures the information of the
noise fluctuations in the frequency domain. Note that the
limiting case of detuning corresponds to nonzero mean and
Sf (ω) ≡ 0, while white noise is equivalent to 〈f 〉 ≡ 0 and
Sf (ω) �= 0.

In general, to evaluate the effect of stochastic noise
on the system evolution in simulation, we first gener-
ate a number of different noise realizations, or trajecto-
ries. Then, the LME is solved for each realization, and
lastly, the resulting density matrix is averaged over all
generated trajectories. Intuitively, the evolution for each

stochastic noise realization is treated as Markovian, and
non-Markovianity arises from the averaging over many
statistically correlated realizations.

E. Model solutions

To find a solution for Eq. (1), we take a canonical
approach [48]. First, we expand the density matrix state
on the n-qubit Pauli basis, ρ(t) = (1/2n)

(
I + �v(t) · �O

)
,

where �v(t) is the generalized Bloch vector, and Oj ∈
{I , σx, σy , σz}⊗n, for j = 0, . . . , 22n − 1. In terms of the
components of �v(t), Eq. (1) becomes a system of coupled
differential equations,

�̇v(t) = G(t) · �v(t)+ �c(t), (11)

where the vector �c(t) and the complex-valued coupling
matrix G(t) depend on the circuit and noise parameters. In
this form, Eq. (11) can be solved using standard coupled
differential equations methods. When studying circuit-
based evolutions in the Markovian regime, it is possible to
separate G(t) into time-independent sections to be solved
separately, and thus finding analytical solutions of Eq. (11)
becomes feasible (see Appendix A). In this case, we can
write the formal solution

�v(t + τ) = eGτ · �v(t)+ (
eGτ − 1

) · G−1 · �c, (12)

where τ denotes the duration over which G ≡ G(t)
remains constant. Note that, generally, under the condition
of finite relaxation rates γj > 0, G(t) is diagonalizable and
invertible.

On the other hand, when time correlations are present
through {βj (t), εj (t)}j , finding general analytical solutions
is challenging. Instead, the statistical properties of the
stochastic noise processes can be used to generate realiza-
tions of noise trajectories. For each realization, assuming a
discrete piecewise constant evolution of ε(t),β(t), Eq. (11)
can be solved to find the final state ρk(τ ) for the kth noise
realization. Lastly, the solution state is found by averaging
over a sufficient number of noise realizations.

Gate-based experiments can be devised, where some
sources of noise will contribute dominantly, while other
types of noise will have limited effect. In the next section,
we introduce a set of characterization experiments that
aim to amplify and effectively isolate specific noise pro-
cesses. In these cases, due to the relative simplicity of these
circuits, we can solve Eq. (11) analytically, and use the
resulting expression to learn the model parameters.

III. CHARACTERIZATION PROTOCOL

A. Overview

Figure 1 presents a graphical overview of the charac-
terization protocol. After selecting the qubit or pair of
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(a)

(b)(c)

FIG. 1. Noise characterization protocol used to learn the model parameters. (a) The state is assumed to be perfectly initialized
in the ground state |0〉 〈0|, and the characterization circuits C = {M, T1, T2, P, Q, XT, CR} are run on the device of interest. (b) The
measurement data {pc

exp(τ )}c∈C is then used to fit the Markovian noise model parameters N = {s, γ , q, λ,β, ε, ν}, based on analytical
predictions obtained from solving the Lindblad master equation [Eq. (12)]. If deviations from the Markovian model are present in the
data, the fixed total-time pulse sequences (Q) protocol is used to extract dephasing and control power spectral densities, Sβ(ω), Sε(ω),
respectively, as well as the two-level system coupling ξ obtained from the Ramsey experiment, denoted by Qk=0. Two-qubit crosstalk
J can be obtained via analyzing the (XT) circuit results. (c) The model, either purely Markovian or extended with non-Markovian
effects, is tested by predicting the randomized benchmarking decay rate.

qubits of interest, the characterization experiments are
run; this includes the set of single-qubit experiments
C1 = {M, T1, T2, P, Q}, and two-qubit experiments C2 =
{XT, CR}, where each experiment may require the exe-
cution of multiple circuits. The experiments can be cate-
gorized by measurement (M), relaxation (T1), dephasing
(T2), pulse (P), QNS (Q), crosstalk (XT), and cross res-
onance (CR), from where all the relevant parameters are
learned. All noise amplification experiments are shown
in Fig. 1(a), and described in detail in the next section.
The association between model parameters and charac-
terization experiments is summarized in Table I. In all
cases, the qubits are assumed to be perfectly initial-
ized in the ground state ρ(0) = |0〉 〈0|. Each experiment
results in estimates of the survival probabilities, denoted
as {pc

exp(τc)}c∈C, where C = C1 ∪ C2 includes all char-
acterization experiments performed. Note that the dura-
tion τc of each experiment will in general vary between
experiments.

Next, the experimental data are compared to the ana-
lytical predictions, shown later in this section, obtained
from solving the LME with the extended Markovian noise
model for each of the experiments; see Fig. 1(b). The
procedure used to find the analytical predictions and its
formalism was outlined in the previous section, and is
developed in detail in Appendix A. The Markovian model
predictions are denoted by {pc

pred(τc,N )}c∈C, where N
defines the set of noise parameters. When performing these

computations, stochastic dephasing and control noise are
assumed to be static and time-independent.

The fitting procedure finds optimal error parame-
ters Nopt that minimize the mean squared error (MSE)
distance between vectors of length N , i.e., D(�x, �y) =
(1/N )

√∑N
i=1(xi − yi)2, where N denotes the total num-

ber of data points obtained from experiments. Note that,
since this metric is used to compare distances between sur-
vival probabilities, the MSE distance is always bounded
between 0 and 1. The quality of the fit can then be
formalized as the distance between data and experi-
ment being smaller than a certain value δ, that is,
(1/|C|)∑c∈C D(pc

exp(τc), pc
pred(τc,Nopt)) < δ. When a set

of noise parameters satisfies this condition, we say it is δ-
optimal, and 0 < δ < 1 can be interpreted as a fractional
error, with typical δ values below 1%. Here, |C| denotes the
number of experiment classes. Each class of experiments
generally involves multiple circuits, with the exception of
the single-circuit measurement experiment (M). The data
points from each experiment are included within the vector
of length N defined within the MSE

Note that we minimize the MSE jointly over all exper-
iments simultaneously, as opposed to, for example, fitting
the characterization experiments sequentially. In a sequen-
tial approach, the relaxation rate could be extracted from
T1 experiments first, and then used as a fixed input to sub-
sequent fits. This type of fit can lead to propagation of
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TABLE I. Mapping between model parameters and characteri-
zation experiments.

Parameter name
Parameter
variable

Characterization
experiment

Relaxation rate γ T1 experiment [T1]
Excited state

probability
q T1 experiment [T1]

Dephasing rate λ Hahn echo [T2]
Detuning rate β Ramsey [Qk=0]
TLS coupling

strength
ξ Ramsey [Qk=0]

Crosstalk coupling
strength

J Crosstalk experiment [XT]

Incoherent control
error

ν FPW sequences [P]

Measurement error
probability

s SPAM experiment [M ]

Coherent control
error

ε FTTPS [Q]

Dephasing noise PSD Sβ(ω) FTTPS [Q]
Control noise PSD Sε(ω) FTTPS [Q]
CR offset ζ CR experiment [CR]
CR coherent control

error
εzx CR experiment [CR]

fitting errors from experiments fit earlier into later ones,
which would unevenly penalize parameters that appear
only in later stages of a sequential pipeline. Although
more sophisticated approaches, such as χ2 or maximum
likelihood estimation could in principle yield better per-
formance, the joint MSE minimization proved sufficient
in practice. When possible, we keep the number of cir-
cuits per experiment class uniform to avoid biasing the cost
function toward experiment types with more data points.

Model selection is determined by the success of the fit-
ting. This process begins by assuming the validity of the
extended Markovian model, as nearly all IBMQP qubits
are subject to quantum crosstalk. Additional degrees of
freedom accounting for TLSs are determined in part by
a Ramsey experiment, or equivalently, the first sequence
within the fixed total-time pulse sequences (FTTPS) pro-
tocol. The model is tested against RB experiments run
(ideally) immediately after the characterization data are
obtained in order to minimize drift in the error model
parameters. The optimal parameters Nopt are used in sim-
ulation and evaluated against the experimental RB results.
We employ a δRB-optimal criterion analogous to the fitting
procedure to validate the model. If the fit is satisfactory,
we claim that the error present on the selected qubits is
predominantly Markovian, with error parameters Nopt; see
Fig. 1(c).

In general, discrepancies between predicted and exper-
imental RB data may arise from multiple origins, such
as time-dependent decay rates [115], initial system-
environment correlations [116], effective non-Hermitian

Hamiltonians [117], or completely positive and trace non-
increasing quantum operations [118]. In this work, we
proceed self-consistently and assume that these discrepan-
cies are likely to arise from the presence of time-correlated
noise contributions, not included in the initial Markovian
model. As such, these deviations are addressed by promot-
ing the dephasing and control error processes from static
to stochastic. QNS via the FTTPS protocol is then used to
characterize the noise PSDs Sβ(ω) and Sε(ω). We find that
the addition of stochastic noise is sufficient for reconciling
the noise model with RB experiments.

B. Characterization experiments

In this section, we present the noise amplification exper-
iments used to characterize the error model parameters.
All qubits are initialized in the |0〉 state and measured in
the computational basis. Since all experiments are per-
formed on the IBMQP, we write all circuits in terms
of native IBMQP single-qubit gates: I , X ,

√
X gates and

arbitrary virtual z-rotations. Single-qubit gates are imple-
mented over a duration δt that depends on the device (e.g.,
δt = 0.035 µs for ibm_algiers). For each device, however,
δt is equivalent for all single-qubit gates.

Below, we describe which sources of noise are expected
to contribute most significantly for each type of circuit.
We provide solutions to the LME for these circuits when
local and extended Markovian noise processes are domi-
nant. Details on the specific calculations can be found in
Appendix A 4.

In the case of single-qubit experiments, the qubit index
will be removed for clarity. For the measured qubit,
the probability of finding the state in the ground state
is computed in terms of the Bloch vector as p(τ ) =
〈0| EM (ρ(τ )) |0〉 = 1

2 (1 + vz(τ )(1 − 2s)) , where ρ(τ) is
the density matrix at the end of the circuit of duration τ ,
obtained from solving Eq. (1). Consequently, it suffices
to find expressions for the premeasurement Bloch vector
component vz(τ ). For notational convenience, we will sup-
press the subscript z from the scalar quantity vz(τ ), and
denote the z component of the Bloch vector for experiment
c ∈ C as vc(τ ). With the exception of the SPAM circuit,
the noiseless control time propagators of the characteriza-
tion circuits perform identity operations, i.e., Uc(τ ) = I .
As a result, the expected ground state probabilities in the
noiseless case are p(τ ) = 1.

1. T1 experiments (T1)

In a T1 experiment, the qubit is prepared in the excited
state |1〉 by implementing an X gate. It is then allowed
to evolve freely for a period of time τ . A measurement
of the ground state population is performed after applying
a second X gate to complete the circuit. This experiment
captures thermal relaxation, i.e., the decay of the excited
state to thermal equilibrium. The Bloch vector decays
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exponentially with the relaxation decay rate γ , as obtained
from solving the LME,

vT1(τ ) ≈ 1 − 2q
(
1 − e−γ τ ) . (13)

Note that for a zero-temperature bath, q = 1, and vT1(τ �
1/γ ) → −1.

2. T2 Hahn-echo (HE) experiments (T2)

The T2 HE experiment is initialized by applying an
√

X
gate and preparing the qubit in the equator state |−i〉 =
(|0〉 − i |1〉)/√2. It is followed by a period of free evo-
lution of duration τ/2. Then an X (echo) gate is applied,
with the objective of reversing the effect of constant detun-
ing. The echo gate is succeeded by a second idle period
of duration τ/2. Lastly, a measurement of the ground state
population is performed after applying a

√
X

†
gate. This

experiment aims to measure the decay rate of coherence of
the Bloch equator states. More specifically, Bloch vector
decays as

vT2(τ ) ≈ e−τ( γ2 +λ), (14)

which depends on both relaxation and phase decay rates
γ and λ, respectively. To derive this expression, we
have made the assumption that stochastic dephasing noise
changes sufficiently slowly such that it can be decoupled
with an echo pulse.

3. Ramsey experiments

The Ramsey experiment, also known as T∗
2 experiment,

consists of preparing the qubit with a
√

X gate, letting it
evolve freely for a time τ , and applying

√
X

†
to complete

the circuit. During the idle period, the qubit is susceptible
to dephasing and relaxation. However, it will also exhibit
susceptibility to detuning, spectator qubit crosstalk, and
TLSs. By solving the LME and tracing out the TLS degree
of freedom, we find that the Bloch vector evolves as

vR(τ ) = e(
γ
2 +λ)τ cos(βeffτ) cos(ξτ ), (15)

where βeff = β + ∑
i∈C Ji is the effective detuning. Ji is the

crosstalk coupling strength for the ith nearest-neighbors
coupled with the data qubit. A single TLS is assumed to
be present, with coupling strength ξ . Here, we have taken
dephasing noise to be static over the duration of the exper-
iment, i.e., β(t) = β. Note that when a TLS is present, the
oscillations in these experiments will present two charac-
teristic frequencies, rather than one. Ramsey experiments
are shown in Fig. 1, labeled as Qk=0.

4. SPAM (M)

Here, we characterize SPAM errors by preparing the
qubit in a computational basis state and estimating the error

probability. More specifically, we initialize the qubits in |1〉
and examine the probability of obtaining |0〉. To leading
order in the error parameters, the prediction for the SPAM
circuit yields pM (δt) = s.

5. FTTPS (Qk)

The FTTPS are circuits used in QNS for estimating
properties of correlated noise [57,98]. FTTPS consist of
K distinct sequences (circuits) labeled by 0 ≤ k < K .
Each sequence contains N = 2 (K + 1) gates for a total
sequence duration τ = Nδt. The kth FTTPS sequence is
composed of identity and X gates, where the �th X gate
is located at �(2�+ 1)K/2k� for 0 ≤ � < 2k. Prior to each
FTTPS sequence, the system is subject to a

√
X gate to

prepare the qubit in the (x, y)-plane of the single-qubit
Bloch sphere; thus, allowing it to be strongly sensitive to
dephasing noise. Upon the completion of the sequence,√

X
†

is applied to return the qubit to the ground state
prior to measurement. The dynamics generated by FTTPS
leads to narrow qubit filter functions (FFs) centered around
ωk = 2πk/τ (see Appendix B 2) that are well-suited for
QNS.

Intuitively, as shown in Fig. 1(a.Q), the X pulses are
spaced out with a time difference τk ≈ τ/2k. This expres-
sion is derived in the instantaneous pulse limit, and the
approximation symbol is meant to account for devia-
tions due to finite pulse-width (FPW). Note that the k =
0 FTTPS is a fixed-τ Ramsey experiment. For 0 < k <
K , the LME for the FTTPS experiments predicts Bloch
vectors,

v
Q
k (τ ) ≈ e−τδk cos(2πkε), (16)

where the FTTPS decay rate is δk = γ /2 + λ+ (γ /2 −
λ+ 2ν)k/2K . This form is derived in Appendix A 4.
In finding these expressions, we have assumed that the
over-rotation control noise is static, i.e., ε(t) = ε.

6. FPW sequences (P)

The finite-time duration δt of the native IBMQP gates
results in deviations from ideal, instantaneous pulses. In
order to characterize FPW errors, we define the FPW cir-
cuits by d repetitions of alternating pairs of X and −X
pulses. These sequences are carefully chosen in order
to cancel coherent control errors, while preserving FPW
errors. In practice, each −X pulse is implemented by book-
ending an X gate with two Z gates, i.e., −X = ZXZ. Con-
sequently, FPW sequences are implemented as (XZXZ)d.
The total duration of an FPW circuit of d repetitions is
τ = 2d δt.

The Bloch vector of the FPW experiment is obtained
to be

vP(τ ) ≈ e−τ
(

3
4 γ+ λ

2 +ν
)

cos
(

4
3π
βeffτ

)
, (17)
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where βeff is the effective detuning computed from the
Ramsey experiments. The factor of 4/3π arises from the
specifics of a Gaussian pulse shape, as shown explicitly in
Appendix C. Note that, in addition to relaxation and PD, a
dissipative process with decay rate ν contributes to decay
due to the presence of control.

7. Crosstalk experiments (XT)

The crosstalk noise amplification experiments involve
simultaneously driving both qubits. As opposed to relying
on the Joint Amplification of ZZ (JAZZ) protocol [119,
120], we employ joint T2 HE circuits. That is, qubits are
prepared in the plane of the single-qubit Bloch sphere with√

X gates, where they are most sensitive to Z rotations.
Then, the qubits are allowed to evolve freely for a time τ/2
and subsequently subject to simultaneous X gates on both
qubits. Both qubits are then allowed to evolve freely for
an additional time of τ/2. Lastly,

√
X

†
gates are applied

before measurement.
To simplify the analysis of the experimental results, only

one of the qubits is measured, denoted by qubit M , whereas
the other qubit S is traced over. Due to crosstalk coupling,
the dynamics of qubit M depend nontrivially on the char-
acteristics of qubit S. By solving the two-qubit LME and
tracing over qubit S, we find

vXT(τ ) ≈ e−αM τ

(
cos(τJMS)+ γS

2JMS
sin(τJMS)

)
(18)

to first order in γS/JMS, and where αM = (γM + γS)/2 +
λM . The decay rates γi, λi are the relaxation and dephasing
rates of qubit i = M , S, which can be learned by per-
forming single-qubit characterization. Note that crosstalk
between qubits M , S and their neighboring spectators, as
well as local detunings, are decoupled by the echo pulses,
thus amplifying the effect of crosstalk between qubits M
and S. See Appendix A 4 for details on this calculation.

8. Cross-resonance (CR) experiments

The experiments used to characterize the ECR gates
consist of repeated applications of ECR gates on a chosen
pair of qubits. Instead of measuring the survival probabil-
ity, the expectation values 〈Yt〉 , 〈Zt〉 on the target qubit
t are measured. Here, the expectation value of a target
qubit operator Ot is defined by 〈Ot(τ )〉 = Tr [ρ(τ)Ot],
where ρ(τ) is the circuit’s final two-qubit state. For initial
control qubit states qc = 0, 1, corresponding to the states
|0〉, |1〉, the LME can be solved to leading order in the error
parameters.

The resulting solutions can be expressed in terms of the
Bloch vector components, or equivalently, the target qubit

expectation values,

〈Yt(τ )〉qc=0,1 ≈ ±e−δcrτ sin ((ωcr ∓ ζ ) τ ) ,

〈Zt(τ )〉qc=0,1 ≈ e−δcrτ cos ((ωcr ∓ ζ ) τ ) ,
(19)

where δcr = 2γ /5 + λ/2 + ν and ωcr = π (1 + εzx) /2τCR.
The experiment duration consists of multiples of the ECR
gate duration, namely τ = nτCR, for n = 0, 1, . . . repeti-
tions of ECR gates. The Xt expectation values are found
to be proportional to 〈Xt〉qc=0,1 ∝ (βt ± J )τCR and are typ-
ically much smaller than 〈Yt〉qc , 〈Zt〉qc . Here J is the
crosstalk coupling between the control and target qubits.
From fitting these functions to experimental data, the over-
rotation error εzx and the offset ζ can be obtained. The
target qubit decay parameters γ , λ, ν are obtained through
single-qubit characterization.

IV. EXPERIMENT RESULTS

In this section, we showcase how the previous models
and characterization protocols can be used to assess and
predict a wide variety of experimental behavior on IBMQP
devices. We begin by considering qubits that are domi-
nated by Markovian noise and then extend the analysis
to those that exhibit strong non-Markovian phenomena.
Specifications for all devices studied can be found in
Appendix K.

A. Locally Markovian noise on the IBMQP

We begin by discussing qubits that exhibit dynam-
ics consistent with the locally Markovian noise model.
Figure 2 presents results obtained from running the (T1),
(T2), (Q), (P) characterization experiments on qubit 8 of
ibm_algiers. These experiments are sufficient to charac-
terize all locally Markovian processes, namely amplitude
damping, as well as Markovian dephasing and control
noise. Panels (a)–(d) in Fig. 2 show the results of the
characterization experiments.

A fitting procedure using Eqs. (13)–(17) is run to extract
(γ , q, λ,β, ε, ν, s) from the characterization experiments.
To validate the approximate solutions derived in the pre-
vious section, Markovian simulations are carried out by
numerically solving the LME via Eq. (12) for each cir-
cuit element with the learned noise parameters. As can be
seen in Fig. 2, the learned LME model conveys excellent
agreement with experiment, thus successfully validating
the noise model.

Next, we test the noise model’s predictive capabili-
ties by comparing it against experiments not used in the
training process. In particular, we focus on RB experi-
ments used to assess the single-qubit gate error rates, as
the inherent randomization of RB distinguishes it from
the characterization experiments. Moreover, as shown in
Appendix F, RB possesses a robustness to coherent errors
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(a) (b)

(c)

(e)

(d)

FIG. 2. (a)–(d) Experimental implementation of the noise
characterization protocol on qubit 8 of ibm_algiers. The results
of the characterization experiments are shown (purple circles).
We perform a simultaneous fit of the experiments results to the
Markovian model predictions given by Eqs. (13)–(17) (black
lines), from where the noise parameters are obtained. Note that
this set of experimental results agrees well with the Marko-
vian model, including validation in Lindblad master equation
simulation (green diamonds). State preparation and measure-
ment results, not shown for clarity, yield s = 1.2%. Other error
parameters obtained from the fit are γ = 0.0107(2) MHz, q =
0.86(1), β = 0.208(1) MHz, λ = 0 MHz, ε = 0.121(4)%, ν =
0.005(1) MHz. (e) Randomized benchmarking characterizations
(with error bars) obtained from averaging over 10 gate real-
izations (dark-blue circles). The error parameters are used in
combination with solutions to Eq. (1) to simulate the randomized
benchmarking circuits (green diamonds). The experimental and
simulated error-per-Clifford, obtained from the standard expo-
nential fit (solid lines) of the randomized benchmarking decay
curve pRB(L) = (

1 + (1 − 2s)e−rL
)
/2, agree within errorbars. In

the randomized benchmarking fit, only the error-per-Clifford r is
left as a free parameter. Hence, the randomized benchmarking
error rate can be derived from the noise parameters without any
a priori knowledge of randomized benchmarking results.

while still remaining susceptible to all incoherent errors.
Interestingly, the Markovian model can provide intuition
on how each noise process contributes to RB decay rates.
To first order in δt, we find that the RB decay rate depends
linearly on the dissipative parameters γ , λ, ν, and quadrati-
cally on the coherent error parameters ε,β; see Appendix F
for simulation details.

We run experiments and numerical simulations for a set
of 10 RB circuits averaged and fit to an exponential decay

model to extract the error-per-Clifford (EPC) RB decay
rate. As shown in Fig. 2(e), the model is able to predict the
RB decay rate with great accuracy. We again emphasize
that the noise model is not trained on the RB experimen-
tal result, hence showcasing the predictive power of the
Markovian error model. To complement this analysis, in
Appendix G we compare the experimentally obtained RB
variances for 13 qubits on ibm_algiers with those predicted
by the model. From this data, we find a Pearson correla-
tion coefficient of 0.7, suggesting strong correlation and a
significant predictive power of the model.

B. Extended Markovian noise on the IBMQP

Although the locally Markovian model can be used
to characterize any of the IBMQP devices, model viola-
tions are often found when reconciling simulation with the
characterization experiments. To accurately describe the
phenomena observed, we examine the characterization of
extended Markovian processes introduced in Sec. II. Here,
we analyze two distinct effects: multifrequency oscilla-
tions induced by TLSs and crosstalk noise. These pro-
cesses are non-Markovian effects when viewed locally, but
are well modeled with a LME by extending the system
Hilbert space to include TLS and spectator qubit degrees
of freedom.

1. TLS in Ramsey experiments

It is well established that Ramsey experiments
performed on superconducting qubits often present clear
deviations from the Markovian model [121–123]. This
is evidenced by oscillations that cannot be modeled as
a single decaying and oscillating function of the form
e−αt cos(βt), but instead present multiple oscillation fre-
quencies. A common approach to modeling this phe-
nomenon consists of coupling the qubit to fluctuating or
static TLSs [121,122]. In this work, we treat the TLS as an
effective qubit that couples to the main qubit via a static
ZZ interaction. Thus, TLS excitations translate as dephas-
ing on the main qubit. Note that alternative and more
general approaches exist, such as considering additional
couplings (e.g., ZX ), varying the initial state of the TLS, or
considering multiple TLSs; some of these approaches are
discussed in Ref. [121]. Although the physical mechanism
for TLS coupling is not entirely well understood—whether
it is induced by defects, quasiparticles, etc. [122,124–
126]—the TLS model is an attractive effective theory due
to its mathematical simplicity and accurate description of
experimental results.

Figure 3 presents experiments on four different qubits of
ibm_auckland, where multiple oscillation frequencies are
present. Rather than a single oscillating function cos(βt),
these experiments can be well described by two oscillation
frequencies in accordance with Eq. (15), from where both
detuning β and TLS coupling strength ξ can be obtained.
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(a) (b)

(c) (d)

FIG. 3. Ramsey experiment (Qk=0) results for qubits (a) 5, (b)
8, (c) 0, (d) 9 of ibm_algiers. Experiment results (purple circles)
are shown, along with the fits based on Eq. (15) (solid black
lines). Markovian simulations (green diamonds) present excel-
lent agreement with experiment. Detuning values β are obtained
from single-qubit characterization: (a) 0.12(9), (b) 0.04(8), (c)
0.16(9), (d) 0.017(0) MHz. Two-level system coupling strength
ξ values obtained from the fit of Eq. (15): (a) 0.01(3), (b)
0.23(2), (c) 0.24(6), (d) 0.32(0) MHz. Note that for qubit 5 [see
panel (a)], ξ is approximately tenfold smaller than β, making it
closer to a Markovian evolution. Intuitively, this is seen in the
close-to-uniform oscillation frequency.

The qubits shown in Fig. 3 were selected because they
present different ratios of β/ξ , leading to seemingly quali-
tatively different phenomena. However, these experiments
can be well described within the same TLS model, out-
lined in detail in Sec. II. The excellent agreement between
experiment, theory, and simulation serves to validate the
effectiveness of the simple yet strikingly predictive TLS
model. Lastly, we note that the multifrequency TLS behav-
ior can be found in the vast majority of the qubits studied.
However, cases exist where the presence of TLSs may
be less obvious. For example, when a single oscillation
frequency is observed in Ramsey experiments, this can
be the result of a TLS rather than detuning, as shown in
Appendix I.

2. Characterization of two-qubit crosstalk

Figure 4 shows the experimental results obtained
from implementing the simultaneous HE protocol on
ibmq_lima. Here, Eq. (18) is used to fit the crosstalk exper-
iment results. Using the previously characterized single-
qubit error parameters in the fit, the crosstalk coupling
strength J is found, showing excellent agreement between
the model fit and experiment. Note [from Eq. (18)] that
the measured qubit’s decay rate αM contains a contribution
from the spectator qubit’s relaxation rate γS. This agrees
with results derived in earlier work, see, for example,
Refs. [71,127,128].

(a)

(b)

(c)

FIG. 4. (a) Two-qubit crosstalk experiment (XT) results for all
qubit pairs (M , S) of ibmq_lima. (b) Experiment results of qubit
M (circles) and fit based on Eq. (18) (solid lines). (c) Diagram of
crosstalk coupling strength values obtained from the fits shown
in (b).

The noise model is able to accurately predict decay rates
αM with information obtained from single-qubit experi-
ments. This result indicates that, on top of coherent rota-
tions, the presence of ZZ crosstalk causes an additional
incoherent mixed dissipation between the qubits. Under
the assumption that JMS � γS, the dynamics are well
described by Eq. (18). However, as noted in Ref. [127],
when JMS ∼ γS, this incoherent evolution arises from the
ensemble average of stochastic coherent errors on a per-
trajectory basis, rather than from a white noise spectrum.
This observation provides additional evidence of the detri-
mental effect that crosstalk has on applications relying on
simultaneous qubit manipulation and preservation. This is
particularly interesting when considering error suppression
techniques such as DD, which can only cancel the coherent
rotations but not the incoherent contributions [32,71].

C. Time-dependent correlated noise on the IBMQP

In addition to spatially correlated errors such as
crosstalk, clear evidence of strong time-correlated noise
on IBMQP processors is observed. This type of noise is
ubiquitous in solid-state devices, and is known in par-
ticular to be widely present in transmon-based qubits
[77–80,129–131]. As described in Sec. II D, properties of
time-correlated stochastic noise are captured by the mean
and PSD S(ω) of the noise. The FFF is the core frame-
work used to investigate the effect of time-correlated errors
on system dynamics. The FFF quantifies the noisy dynam-
ics by computing an overlap integral in frequency space
between the noise PSD and the FFs F(ω, τ), which cap-
ture the sensitivity of the system. Furthermore, the FFF
can be used to reconstruct spectral properties of the noise
via QNS; see Appendix B 1 for a detailed description of
the FFF and QNS. In this section, we show that through
selected characterization experiments, namely FTTPS and
its variations, time-correlated non-Markovian dephasing
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and control noise can be detected and characterized on
IBMQP systems.

1. Signatures of Markovian model violations via RB

In this work, we investigate qubits that are subject
to dephasing that can be described within two distinct
regimes. The first is the Markovian regime, an exam-
ple of which is shown in Fig. 2. In this case, the
observed RB decay rate agrees well with the expected
value of δt(γ + λ+ ν) (see Appendix F for supporting
numerical analysis). Here, the fitted noise model provides
an accurate effective description of the qubit dynam-
ics, and RB serves as a reliable validation of the fitting
procedure.

We also investigate qubits subject to stochastic dephas-
ing with short correlation times, specifically short enough
that the HE pulse sequence does not fully refocus the noise.
This regime is examined in detail below in Sec. IV C 2.
Intuitively, if the dephasing field β(t) varies slowly com-
pared to the experiment duration τ , it can be treated as
approximately constant, and a single X pulse applied at
τ/2 is sufficient to refocus its effect. If, however, β(t) fluc-
tuates on timescales shorter than τ , a single HE pulse will
not fully reverse the accumulated phase, and the residual
noise correlations contribute to the HE decay.

As a result, the HE experiment decays faster than would
be expected for purely white dephasing noise, and a sim-
ple exponential fit (motivated by a Markovian assumption)
overestimates the incoherent dephasing rate. This behavior
can be formalized using the FFF. In this picture, the fitted
Markovian rate λfit attempts to approximate the true white-
noise rate λ together with an additional contribution from
the noise power spectral density S(ω), which enters with an
approximately quadratic dependence on τ . More explicitly,
the fit yields a rate λfit such that e−λfitτ ≈ e−(λτ+S(π/τ)δωτ2).
It is, therefore, clear that λfit > λ cannot accurately repro-
duce the true decay unless S(π/τ) ≈ 0 for all τ ≤ τmax.
Since in this work we consider τmax ≈ 200 µs, this would
require S(ω) ≈ 0 for frequencies above ∼2 kHz.

Consequently, enforcing a Markovian noise model on
a qubit experiencing short-time-correlated dephasing leads
to an effective white-noise dephasing rate that is artificially
enhanced by residual stochastic contributions. Because
RB sequences are more effective than HE at decoupling
such correlated dephasing, the RB decay rate is primar-
ily sensitive to the true white-noise component. This
results in a predicted RB decay that is faster than what
is observed experimentally. In this work, we, therefore,
use this discrepancy—namely, an overestimation of the
RB decay rate by the Markovian model—as a signa-
ture of correlated dephasing noise, which motivates the
more detailed QNS analysis presented in the following
section.

2. Correlated dephasing noise

We first focus on the characterization of correlated
dephasing noise. We note an important distinction between
two types of dephasing noise that are observed on hard-
ware: white (uncorrelated) and colored (correlated). The
former is Markovian, and is defined by a locally constant
PSD, i.e., Sβ(ω) = S(u)β . This corresponds to dephasing
noise contributing to the 1/T2 PD decay rate discussed
in previous sections. Colored dephasing noise, on the
other hand, is characterized by a PSD that varies with ω,
such that S(c)β (ω → ∞) → 0, and commonly dominates at
low frequencies. In practice, qubits generally experience
a combination of both correlated and uncorrelated noise,
which can be collectively notated by Sβ(ω) = S(c)β (ω)+
S(u)β . This distinction between uncorrelated and correlated
will become useful in the present analysis. Since charac-
terization of uncorrelated dephasing noise was discussed
in the previous section in the context of HE experiments, it
suffices to characterize the correlated contributions.

In the presence of low-frequency correlated noise, a
maximum cutoff frequency ωmax can be generally defined
such that Sc(ω < ωmax) � Sc(ω > ωmax). The magnitude
of this maximum frequency can be compared with the fre-
quency resolution of a given circuit δω = 2π/τ , set by
the circuit duration τ . As will be shown below, this com-
parison gives rise to three distinct regimes. In turn, δω
is bounded by the qubit coherence time 1/T2 = 1/2T1 +
1/Tφ . This bound imposes a natural constraint on how
finely the frequency features of the correlated dephasing
PSD can be resolved. Namely, there exists a minimum
frequency resolution δω > δωmin = 2π/T2.

First, when ωmax � δωmin, it is possible to drive the
qubit such that it becomes sensitive to a large number of
frequencies in the range where correlated noise is strong.
In this regime, the PSD can be characterized in detail, e.g.,
via standard QNS techniques [56,88] when S(ω) changes
sufficiently slow compared to δω. Despite the ease in char-
acterization, qubits in this regime were not observed in
the course of our investigations and will not be further
discussed in this work.

On the other hand, when ωmax � δωmin, the PSD can be
learned partially by assuming a functional form for Sc(ω).
Model parameters can be extracted by fitting to specific
experiments designed to sufficiently probe low-frequency
dynamics. This approach enables super-resolution that
is not afforded by standard QNS approaches. Lastly, if
ωmax < δωmin, qubit coherence is lost before enough infor-
mation of long-time correlations can be collected, and the
narrow spectral features of the PSD cannot be resolved.
This slowly varying noise is commonly denoted as qua-
sistatic or DC noise, where the PSD S(c)β (ω) ∝ δ(ω) is
sharply concentrated aroundω = 0. In addition, quasistatic
noise can be thought of as fully correlated, the opposite
limit to white noise.
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(a) (b)

(c) (d)

(e) (f )

FIG. 5. (a) Fixed total-time pulse sequences experiment
results (circles) and predictions (solid line) obtained from the
reconstructed power spectral density (inset) from qubit 4 of
ibm_hanoi and computed using Eq. (20). (b) Reconstructed
power spectral densities from qubits 0 (α = 2) and 2 (α = 0)
of ibmq_belem, showcasing two qualitatively different spectra.
Experimental results (solid markers) of Carr-Purcell-Meiboom-
Gill experiments with varying dynamical decoupling pulses for
(c) qubit 0 and (d) qubit 2 of ibmq_belem. Solid lines represent
the prediction for each experiment, obtained from using the cor-
responding power spectral densities shown in (b). (f) Histogram
of decay powers A on ibm_algiers for Ramsey and Hahn-echo.

When the noise correlations satisfy ωmax > δωmin,
FTTPS experiments can be used to characterize correlated
dephasing spectra. Figure 5(a) shows experimental results
of FTTPS circuits executed on qubit 4 of ibm_hanoi, char-
acterized by a T1 ≈ 70 µs at the time of measurement and
gate time δt ≈ 0.035 µs. For FTTPS, we set N = 128, in
order for the total evolution time τ ≈ 9 µs to be small
compared to T1. In turn, this provides a sufficiently fine
frequency resolution δω ≈ 0.7 MHz. This combination of
parameters allows us to work in the ωmax � δωmin regime,
where the noise PSD can be learned parametrically.

The inset of Fig. 5(a) presents the detected dephas-
ing PSD obtained from QNS by fitting an autoregressive
moving average (ARMA) model, following the method
introduced in Ref. [57]. The expression that relates the
survival probabilities with the PSD is given by

pβ,k(τ ) ≈ 1
2
(
1 + e−χβ,k(τ )

)
, (20)

where the overlap integral is given by χβ,k(τ ) =∫ ∞
0 Sβ(ω)Fβ,k(ω, τ)dω. The definitions corresponding to

the FTTPS FFs Fβ,k(ω, τ) ≈ τ 2δ(ω − 2πk/τ) are given
explicitly and shown numerically in Appendix B. To vali-
date the noise reconstruction protocol, the spectrum is used
to obtain predicted probabilities of FTTPS via numeri-
cal integration of the overlap integral. This is shown in
the main panel as solid lines, displaying good agreement
between the experimental and predicted FTTPS.

Through the ARMA fitting procedure, we identify an
optimal number of model parameters based on the Akaike
Information Criterion (AIC). The optimal model strongly
overlaps with a Lorentzian-like spectrum,

SL(ω;α) = S0

1 + (ω/ωmax)α
, (21)

where α captures the color of the noise. This func-
tional form for the correlated dephasing PSD proves to
be applicable to a wide range of qubits observed on
IBMQP. Furthermore, it is consistent with previous find-
ings of 1/f α dephasing detected on superconducting qubits
[77,78,130,131].

By further inspecting FTTPS experimental results, we
identify two examples that distinctly demonstrate the dif-
ferences in ranges of correlation times. The resulting
reconstructed PSDs of qubits 0 and 2 of ibmq_belem are
shown in Fig. 5(b). The spectra show qubit 0 dominated
by low-frequency noise, with nonzero contributions above
the frequency resolution threshold δω (see vertical dashed
line), with noise color parameter α = 2. Qubit 2, on the
other hand, presents Markovian dynamics with a constant
PSD, consistent with α = 0.

Next, we explore the efficacy of the characterized spec-
tra and Eq. (21) through DD experiments. Experiments
inspired by T2 with varying duration and fixed num-
ber of DD pulses are selected, following the standard
Carr-Purcell-Meiboom-Gill (CPMG) protocol [132,133].
CPMG and FTTPS probe different aspects of the same cor-
related noise dynamics. FTTPS vary the number of pulses
for constant total time, thus changing the frequency loca-
tion of maximum noise sensitivity ωk. The FF amplitudes
are maintained and proportional to the circuit time squared,
i.e., F(ωk, τ) ∝ τ 2. On the other hand, CPMGd experi-
ments with fixed number of pulses d vary the inter-pulse
delay times τ/d, and consequently modify the FF ampli-
tude without significantly changing the FF distribution in
frequency. Analogous to the FTTPS, CPMG pushes the
spectral weight of the FFs away from low frequencies, low-
ering the influence of low-frequency noise on the system
evolution with increasing d.

The results of the CPMG experiments for qubits 0 and 2
are shown in Figs. 5(c) and 5(d), respectively. The experi-
ments show that after applying d = 2 pulses to qubit 2, no
additional improvement is achieved, indicating that all low
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frequency has been decoupled. For qubit 0 [see Fig. 5(d)],
on the other hand, significant improvement is observed
as more DD pulses are added. This behavior is consis-
tent with the presence of low-frequency dephasing noise
in the ωmax > δω regime. See Appendix B for another
example of a qubit with correlated dephasing noise in the
ωmax � δω regime.

We compare the CPMG experiment results with pre-
dictions obtained from the reconstructed spectra. The pre-
dicted curves are obtained from assuming that the domi-
nant sources of errors in the DD experiments with d > 0
pulses are amplitude damping and dephasing noise. Thus,
the survival probability is described by

pd>1(τ ) ≈ 1
2
(
1 + e−χd(τ )−τ/2T1

)
, (22)

with the decay parameter χd(τ ) = ∫ π/δt
0 S(ω)Fd(ω, τ)dω

[see Appendix B 1]. The T1 time is obtained from separate
T1 experiments, following the steps outlined in Sec. III B.

The CPMGd=0 corresponds to Ramsey T∗
2 experiments,

and to find the predicted probabilities, we follow the
Markovian noise derivation in Eq. (15). We augment the
decay to include correlated dephasing noise and including
detuning as well as TLS coupling, namely,

pd=0(τ ) ≈ 1
2
(
1 + e−χR(τ )−τ/2T1 cos(βτ) cos(ξτ )

)
, (23)

where χR(τ ) is the Ramsey overlap integral. Note that
FTTPS, T1, and CPMG experiments are run in a single
batch of circuits to minimize the effect of drift in the
noise. In all cases, excellent agreement is found between
the CPMGd experiment results and the predictions, further
reinforcing the validity of the correlated dephasing model
with the chosen PSD model.

Although qubits exhibiting behavior consistent with the
ωmax � δωmin regime are observed, they are not promi-
nent. Based on our investigations, a majority of the IBMQP
qubits suffering from correlated dephasing noise can be
well described within the DC regime, namely ωmax <

δωmin. The trade-off between adequate frequency resolu-
tion and total circuit duration cannot be easily satisfied,
thus limiting the utility of the FTTPS experiments. Noting
the fact that in the quasistatic noise regime a single echo
pulse suffices to decouple the noise, an alternative detec-
tion method can be devised through comparing decay rates
of Ramsey and HE experiments.

In order to detect the presence of DC noise and quan-
tify its strength, we fit the HE experiments to an ad hoc
exponentially decaying function

pHE(τ ) = 1
2
(
1 + exp [−A(τ/τmax)

a − τ/T2]
)

, (24)

where in the Ramsey case we also include the oscillating
cosines as in Eq. (23). The fit parameters a, A, respectively,

capture the color of the noise and the normalized decay
power sensed by the qubit in each experiment setting;
τmax = 50 µs is the maximum experiment time, added for
normalization. It is worth noting that the parameter a will
vary from 1 to 2 for white noise and DC noise, respectively.

An example of a qubit coupled to dephasing noise in the
DC regime is shown in Fig. 5(e) via qubit 7 of ibm_algiers.
Results are shown for both Ramsey and HE, where the
improvement in decay rate after applying a single pulse
is evident. This analysis can be further used to show that
DC noise is pervasive in IBMQP systems. Figure 5(f)
shows the decay power for 15 of the 27 qubits on the
ibm_algiers device for both Ramsey and HE. Overall, the
Ramsey experiments have larger decay powers, indicating
the presence and ubiquity of correlated dephasing noise.

It is worth noting that even though it is challenging to
characterize DC noise in detail via QNS, its simplicity
proves advantageous in gate modeling. When dephasing
noise correlations are predominantly DC, the contribu-
tions can be accurately separated into uncorrelated and
correlated components. These two contributions can be
modeled independently in a straightforward way, avoid-
ing the need to compute FFs and/or average over a large
number of noise realizations in simulation. This property
will be exploited in Sec. VI to simplify the modeling task
in a gate-based approach for computation that provides
improved scalability.

3. Correlated control noise

In addition to correlated dephasing, strong indications
of correlated control errors were observed on IBMQP
devices. Below, we discuss the characterization of this
noise source and provide a few representative examples
to convey the typical features found on these devices.
Through this discussion, we give justification for the inclu-
sion of control noise in the device noise model presented
in Eq. (10).

An approach to characterizing noise correlations in
faulty control is through QNS. Previous work in this
domain has focused on development of sophisticated
control techniques based on functional expansions with
the aim to thoroughly learn spectral features of control
noise [91,94]. Here, we take an alternative, minimalistic
approach centered around detection rather than detailed
characterization. In order to detect correlations, we rely
on FTTPS, which can be used to extract information
about control noise under reasonable assumptions, namely
that the noise is concentrated around low frequencies. As
shown below, while originally designed to address dephas-
ing noise, FTTPS can be tuned to either maximize or
suppress sensitivity to low-frequency control noise.

Crucially, FTTPS are maximally sensitive to low-
frequency control noise, meaning that most of the weight
of their FFs is concentrated around ω = 0. Intuitively,
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coherent and low-frequency errors accumulate after each
pulse, aggregating to a nonzero total over- or under-
rotation. Assuming control noise is dominant and ignoring
for the moment other sources of noise, we can write the
survival probability of the kth FTTPS as

pε,k(τ ) ≈ 1
2
(
1 + e−χε,k(τ ) cos(ε̄k)

)
. (25)

The coherent contribution appears as cos(ε̄k) oscillat-
ing periodically with the mean of the noise. Note that
for weak noise ε̄ � 1/K , this term becomes a devia-
tion from identity that increases quadratically with k. In
addition, the effect of the stochastic contribution can be
quantified from the explicit computation of the control
FFs of FTTPS. The control FF can be approximated as
Fε,k(ω, τ) ≈ 4k2δ(ω), where the delta function is defined
by

∫ δω
0 δ(ω)dω = 1 and δ(ω > δω) = 0. Stochastic noise

enters in the survival probability as an exponential decay
contribution e−χε,k(τ ), where in the low-frequency noise
regime χε,k(τ ) = ∫ ∞

0 Sε(ω)Fε,k(ω, τ)dω ≈ σk2, with σ =
π2δωSε(0) representing the standard deviation of the
noise. Further details on these FF expressions can be found
in Appendix B 3. Using this expression for χε,k in Eq. (25),
the parameter σ , ε̄ can be obtained from comparison with
experiments. Thus, this analysis shows that FTTPS can be
used to detect the presence of low-frequency correlated
control errors, as well as distinguish between coherent and
stochastic contributions.

In Fig. 6(b), we show examples of FTTPS experiments
applied to two qubits influenced predominantly by control
noise on ibmq_lima. Qubit 3 is mostly subject to coherent
control errors, i.e., ε(t) ≈ ε̄ is constant. This characteristic
is supported by the quadratic decay in the probability as a
function of k. Qubit 2, in addition to oscillations, is subject
to a decay, which is consistent with a correlated stochastic
control noise description where χε,k(τ ) > 0. As shown in
solid lines, the decay and oscillations can be approximately
reproduced in simulation by 1/f stochastic control noise.
This serves to further justify the choice of low-frequency
noise made in Sε(ω), used to derive the approximated
expression for χε,k discussed above. Note that the loss of
fidelity with increasing k can be contrasted with the behav-
ior previously observed due to low-frequency dephasing
noise in Fig. 5(a), where the effect of the noise was more
pronounced for small k. Apart from the qualitatively dis-
tinct phenomenon of resonances discussed in Appendix H,
high-frequency dephasing noise was not observed, and
thus these large-k features in FTTPS suggest that they are
a signature of control noise.

To establish the connection between these FTTPS fea-
tures and control noise with greater certainty, however, we
need to evaluate the effect of control errors in isolation.
This can be done, for example, by designing an alterna-
tive experiment where control noise effects are suppressed

(a)

(b) (c)

FIG. 6. (a) Fixed total-time pulse sequences and robust-fixed
total-time pulse sequences circuits, where the explicit distinction
of alternating every even Xπ pulse has been explicitly high-
lighted. (b) Fixed total-time pulse sequences and (c) robust-fixed
total-time pulse sequences examples of qubits presenting mostly
coherent (qubit 3) and strong stochastic (qubit 2) control errors
in ibmq_lima. Empty circles represent experimental results, and
solid lines represent simulation of 1/f stochastic control noise
with 100 Monte Carlo realizations. As shown, both the decay
and oscillations can be approximately reproduced in simulation.

while the contributions of all other sources of errors are
unchanged. Interestingly, this can be achieved with a
simple modification through which the FTTPS are made
insensitive to low-frequency control noise. To this end,
we define the robust-FTTPS (R-FTTPS) by alternating the
sign of every other X pulse in the standard FTTPS, i.e.,
X → −X [see Fig. 6(a)]. On the IBMQP, this is imple-
mented by appending virtual Z gates on each side of all
even pulses.

In the absence of control errors, this sign change is
undetectable, since the Z gates commute with the native
detuning and crosstalk errors, and X and −X pulses imple-
ment the same rotation on the Bloch sphere. However,
when coherent or low-frequency control errors are present,
even and odd pulses contribute approximately equal over-
rotation angles but with opposite signs. The collective
over-rotation error contribution thus cancels after each
pair of pulses, supplying the R-FTTPS with robustness to
coherent and low-frequency control noise. In the language
of the FFF, the effect of phase alternation is to shift the peak
sensitivity of the qubit away from low frequencies, i.e.,
FR
ε,k(ω = 0, τ) ≈ 0. Consequently, the R-FTTPS suppress

low-frequency control errors on the survival probabilities,
as seen by computing χR

ε,k(τ ) = ∫ ∞
0 Sε(ω)FR

ε,k(ω, τ)dω ≈
0 for predominantly low-frequency Sε(ω). We further
elaborate on R-FTTPS in Appendix B 3 a.

The presence of correlated control errors can be
established conclusively by comparing the experimen-
tal results of FTTPS and R-FTTPS. Figure 6(c) presents
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experimental results of R-FTTPS on qubits 2 and 3 of
ibmq_lima. Notably, the features surmised to be associated
with correlated control noise have been completely sup-
pressed. This markedly distinct outcome from the standard
FTTPS protocol agrees with expectations and further pro-
vides strong evidence for the presence of low-frequency
correlated control errors on these qubits.

4. A word on the prevalence of single-qubit correlated
noise on IBMQP devices

The presence of correlated noise naturally gives rise
to the following question: how prevalent are these noise
sources on IBMQP devices? In order to provide insight
into this question, we perform the characterization rou-
tines described in Sec. III B on seven different devices. We
summarize our findings in Table II.

We categorize qubits as exhibiting Markovian noise
only or including correlated noise processes as well. Our
findings indicate that among the seven devices studied,
approximately 64% of the qubits exhibited pure Marko-
vian noise. Deviations from this behavior were observed,
where approximately 26% and 10% experience correlated
dephasing or control noise, respectively. Additional cases
exist where both correlated noise processes are present.
These qubits make up about 5% of the total. Importantly,
we observed that the presence of correlated dephasing
noise was stable in time across different qubits. That is,
qubits undergoing correlated dephasing noise are likely
to remain under the influence of this type of noise. This
observation becomes important when selecting qubits for
different applications and error management protocols. For
instance, those that experience a significant amount of
correlated noise are potentially promising candidates for
DD suppression protocols.

TABLE II. Summary of single-qubit characterizations per-
formed over seven IBM’s quantum platform devices. Qubits
found to be well described by the Markovian model produce
a fitting error of at most δ = 1% for the overall mean squared
error between data and fit. Those above this threshold are deter-
mined to be subject to correlated dephasing, control noise, or
both. Approximately 64% are found to exhibit purely Markovian
behavior, while 26% and 10% experience correlated dephasing
or control noise, respectively.

Processor Type of noise in qubits

Pure Markovian + Markovian +
Name Type Markovian Corr. dephasing Corr. control

belem T 0,1,2,3 4
quito T 0,1,2,4 3
lima T 3,4 0,1,2
nairobi I 1,2,4,6 0,3,5
jakarta I 0,1,3 2,4 4
lagos I 1,2,3,5,6 0,4 4
manila — 0,1,3 2 4

D. Characterizing entangling two-qubit ECR gates

Here, we turn our attention to entangling operations pro-
vided by the ECR gate. An example of the composite
gate sequence is shown Fig. 7(a). We employ the noise
model of Eq. (1), leveraging single-qubit noise parame-
ters in conjunction with additional fitting to the parameters
of the effective ECR Hamiltonian [Eq. (9)]. As we show
below, this noise model is sufficient to account for errors
observed during two-qubit operations on fixed coupler
IBMQP devices.

Experimental results for repeated ECR gates between
qubits 0 and 1 on ibm_lagos can be seen in Fig. 7(b).
Expectation value estimates for 〈Y〉 and 〈Z〉 are shown in
the left and right panels, respectively, for control qubit
states |0〉 and |1〉. Through the characterization proto-
cols, we estimate a gate over-rotation of εzx ≈ 0.14, while
ζ ≈ 0.01 MHz. The duration of the CR gate is τCR =
0.576 µs, which is approximately 16.5-fold larger than the
single-qubit gate time.

Importantly, despite the complexity of the gate opera-
tion, the LME with single-qubit dephasing and amplitude
damping proves to be sufficient for capturing the expec-
tation value decay. As shown in Fig. 7(b), we find strong

(a)

(b)

FIG. 7. Comparison between experiment and the Lindblad
master equation model for the echo cross-resonance gate.
(a) Pulse schedule between qubits 0 (control) and 1 (target) of
ibm_lagos obtained from Qiskit Pulse. Here, τCR = 0.576 µs is
much larger than the single-qubit gate duration δt = 0.035 µs. (b)
Experimental (empty circles) and simulated (solid lines) expec-
tation values 〈Y〉 and 〈Z〉 for the target qubit obtained by n
repeated applications of the pulse shown in (a). The control qubit
is prepared in |0〉 (purple) and |1〉 (blue). Time on the x axis is
computed as nτCR.
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agreement between the experiments and the model up to
n = 16 repetitions of the ECR gate. Although more exper-
imental data may be needed in order to refine the model,
we tested 7 pairs of qubits across four different devices,
and found that this minimal ECR model was successful in
fitting the CR characterization experiments. In addition, for
qubits (c, t) = (0, 1) of ibmq_lagos, the magnitude of 〈X 〉
was non-negligible, and the model was not sufficient to fit
〈Y〉 , 〈Z〉. We attribute these deviations to a large crosstalk
strength of J ≈ 0.5 MHz, which is inconsistent with the
approximations used in the present ECR gate characteriza-
tion. For the other qubits, the maximum crosstalk strength
found was J ≈ 0.09 MHz. Thus, we expect the model
to fit the ECR experiments as long as crosstalk remains
relatively small.

V. APPLICATIONS

Thus far, we have explored the efficacy of the single and
two-qubit models, using the characterization experiments
to convey model validation. Single-qubit RB experiments
have been used to test the model and show agreement
for predicted gate error rates when the qubit is subject
to Markovian noise alone, or subject to additional non-
Markovian noise sources. Here, we increase the complex-
ity of model testing and examine two distinct multi-qubit
scenarios. First, we examine multi-qubit DD and show that
our model is capable of predicting state-dependent behav-
ior in the ground state probability. Next, we consider an
implementation of VQE in which the goal is to compute
the dissociation curve of the H2 molecule.

A. Multi-qubit DD

In this section, we study the impact of simultaneous
driving in the presence of parasitic crosstalk. We consider
a main qubit and investigate its dynamics in the presence
of spectator qubits that interact with the main qubit via ZZ
crosstalk. Following Refs. [70,71], we perform two types
of simultaneous single-qubit experiments.

In Type 1 experiments, the main qubit is allowed to
evolve freely. Meanwhile, the spectator qubits are sub-
ject to DD. In Type 2 experiments, the roles are reversed:
the main qubit is subject to DD, whereas the spectators
are allowed to evolve freely. Each experimental scenario
utilizes the DD sequence XY4 = YfτXfτYfτXfτ , where X
and Y are π -rotations along the direction of the σx and σy
Pauli operators, respectively. fτ denotes a period of free
evolution, where the qubit is allowed to evolve accord-
ing to its internal dynamics for time τ . To ensure each
pulse has equivalent time, Y gates are compiled as X
followed by a virtual Zπ rotation. All qubits, main and
spectators, are prepared in either |0〉, |1〉 or |+〉 via simul-
taneous application of the single-qubit rotation operator
U. Upon completion of n repetitions of the DD sequence,
the inverse state preparation unitary is applied to (ideally)

(a)

(b)

FIG. 8. (a) Multi-qubit dynamical decoupling experiment
schematics. The main (spectators) qubit is driven by XY4, imple-
menting the Y gate as X followed by a Zπ rotation, whereas the
spectators (main) are left to evolve freely. The state preparation
gates used were to prepare the states along |ψ〉 = |0〉 , |1〉 , |+〉
we use U = I , X ,

√
Y, respectively. (b) Experiment (circles) and

Lindblad master equation simulation (solid lines) results per-
formed on ibm_cairo using qubit 1 as the main qubit. Qubits
0,2 and 4 are taken to be spectators. Each curve is labeled as
MS, |ψ〉, where M (S) represents the evolution of the main (spec-
tator) qubit(s), and |ψ〉 the initial states. F: free evolution; D:
dynamical decoupling XY4.

return the qubits to the ground state prior to measurement.
A schematic of the circuits is shown in Fig. 8(a). Note that
the circuits shown in Fig. 8(a) contain the state preparation
and measurement gates U, U†, and the whole circuit corre-
sponds to identity operations on all qubits. As such, in the
absence of noise, the survival probabilities would remain
at p(τ ) = 1.

In Fig. 8(b), we show an implementation of Type 1
and 2 experiments on ibm_cairo. The main qubit is des-
ignated by qubit 1, while spectators are qubits 0,2,4.
Experimental data are collected up to a maximum time of
T = 83.5 µs = nτc, or equivalently, n = 1176 repetitions
of XY4. The inter-pulse delay is set to τ = 0, such that
the total cycle time τc = 4δt is determined solely by the X
pulse duration (δt = 0.035 µs). Measurement statistics are
determined from 10 000 shots.

In comparing the experimental data with the LME
model, we find excellent agreement. Simulations (solid
lines) exhibit strong overlap with experimental data
(open symbols). Most notably, the model captures state-
dependent oscillatory behavior observed in Type 1 exper-
iments. As described in Sec. III B, the presence of a
TLS results in an additional oscillation frequency that
accompanies ZZ crosstalk. Here, we observe this behavior
for the main qubit, specifically for the equal superposition
state. The extended LME model predicts these nontrivial
dynamics over the range of time considered.
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Similarly, our model agrees well with Type 2 experi-
ments. Intuitively, DD applied to the main qubit should
result in a suppression of the TLS interaction and thus, an
elimination of the oscillation frequency. Both experimen-
tal results and simulations corroborate this expectation.
In addition, experimental results indicate a slight state-
dependent performance in the main qubit. This behavior is
also well described by the trained model, further conveying
its efficacy.

B. VQE for H2 molecule

In addition, we showcase the utility of our noise model
in the prediction of hardware dynamics for a quantum
algorithm. We focus on VQE [134], a hybrid classical-
quantum algorithm for simulating properties of a Hamil-
tonian. VQE relies on a classical optimizer to minimize an
energy functional across a set of parameterized quantum
circuits, where the energy is estimated via execution of the
quantum circuits on hardware. When focused on finding
ground states, the algorithm identifies a circuit that gener-
ates an approximation of the molecule’s ground state and
provides an estimate of its ground state energy.

In this comparison, we study the dissociation curve
of the H2 molecule, using a previously implemented
operator-to-circuit mapping [135]. In the ideal case, this
two-qubit implementation has shown to produce results
compatible with the ideal ground state energy. The cir-
cuit is shown in Fig. 9(a). It consists of five single-
qubit gates (one of which is parameterized) and two
CNOT gates. Based on the mapping of Ref. [135], the
average energy 〈H(θ , R)〉 = ∑

i gi(R) 〈Oi(θ)〉 for a given
rotation angle θ and bond length R can be calculated
via a linear combination of expectation values of Pauli
operators. As shown in Appendix A of Ref. [135], the
expansion coefficients gi(R) depend on the fixed bond
length of the molecule, and are computed from the second
quantization formulation using the Bravyi-Kitaev trans-
formation [136]. The dependence on θ enters via the
state prepared by the VQE circuit |ψ(θ)〉, shown in
the middle z-rotation in Fig. 9(a), used to compute the
expectation values 〈Oi(θ)〉 = 〈ψ(θ)| Oi |ψ(θ)〉, with Oi ∈
{σ A

x σ
B
x , σ A

y σ
B
y , σ A

z σ
B
z , σ A

z I B, I Aσ B
z }. The optimization is car-

ried out by varying the angle θ to identify the minimum
of 〈H(θ , R)〉, from where we find the optimal θopt using an
ideal simulator.

We implement the above algorithm on ibm_algiers,
where A and B are given by qubits 12 and 15, respectively.
Both qubits are first subject to the single and two-qubit
characterization protocols described in Sec. III B. We find
that qubit 15 possesses a strong contribution of correlated
dephasing, while qubit 12 is predominantly characterized
by Markovian processes. Experimental demonstrations are
then performed to estimate the average energy using the
optimal θ parameters obtained for each R using 10 000

(a)

(b)

FIG. 9. (a) Circuit implementing the variational quantum
eigensolver algorithm, from which the ground state energy
〈H(θ , R)〉 is computed. (b) Experiment results (dark blue) after
finding optimal θopt offline in an ideal simulator (green), com-
pared with IBM (pink) and our (light blue) simulations. The
inset shows the relative error �(R) between the experimentally
obtained energies and the two noise models. At the optimal
atomic distance, our model presents a relative error of 0.5%,
showing a sevenfold improvement compared to the 3.5% relative
error of the IBM model.

shots. The dissociation curve obtained from the quantum
hardware is compared against the IBM device noise model
and the learned LME model. The results of this comparison
are shown in Fig. 9(b).

The IBM device noise model draws on characteriza-
tion data imported from the backend properties. These data
are updated periodically, typically once over the course
of 24 h. In the simulations shown in Fig. 9, the charac-
terizations were performed approximately 9 h prior to the
experiments. The device noise model consists of single and
two-qubit depolarizing errors followed by thermal relax-
ation errors. Readout errors for all measurements are also
included. Assuming pure Markovian dynamics, the default
device noise model does not fully capture prominent noise
sources. As a result, we find that our noise model affords
stronger agreement with the hardware.

We quantify the difference in performance between the
models via the relative error in energy,

�(R) =
∣∣∣∣
Esim(R)− Eexp(R)

Eexp(R)

∣∣∣∣ × 100%. (26)

Shown in the inset of Fig. 9(b) is the relative error
as a function of R for both noise models. The vertical
dotted line denotes the optimal atomic distance Ropt =
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0.75 A. Here, the default IBM device noise model yields
�(Ropt) ≈ 3.6%. In contrast, our noise model obtains a rel-
ative error of �(Ropt) ≈ 0.5%, a sevenfold improvement
over the default model. This improved agreement speaks
to the efficacy of our model and its potential applicabil-
ity to larger quantum systems implementing more complex
quantum circuits.

Lastly, we test the reliance of these results on the cor-
related dephasing noise contribution of our noise model.
To this end, we substitute the correlated dephasing term
in the Hamiltonian with a modified PD channel. The cor-
responding Tφ is obtained from fitting the HE experiment
with Eq. (14), following the steps outlined in Sec. IV A,
from where we obtain Tφ ≈ 29 µs. This “Markovianized”
version of our noise model resembles closely the IBM one,
had it been characterized shortly before the VQE exper-
iment was run, while including more realistic sources of
noise. Using the “Markovianized” model, we calculate a
relative error �(Ropt) ≈ 3.8%, consistent with the IBM
model. Thus, the non-Markovian model outperforms the
“Markovianized” model in the VQE application.

This result highlights the importance of including noise
correlations for accurate predictions of complex quan-
tum applications influenced by non-Markovian noise. The
non-Markovian model rests on more physically motivated
principles. Enforcing a Markovian fit often leads to model
violations, where parameters such as Tφ are obtained from
a HE characterization experiment presenting clear devia-
tions from exponential decays [e.g., see Fig. 5(d)]. Stan-
dard IBM calibrations appear to rely on assumptions of
exponential decay for all qubits. This approach can yield
unreliable predictions of model parameters when non-
Markovian noise is present, and ultimately, improper mod-
eling of quantum circuit dynamics. Consequently, when
non-Markovian noise is present, the explicit modeling of
correlations is paramount.

C. Proposals for informing error management
protocols

An accurate and physically grounded error model is a
critical component of effective quantum error management
across all layers of the quantum stack. In the domain of
dynamical error suppression, detailed characterization of
the underlying noise processes enables the design of con-
trol strategies that selectively target dominant decoherence
mechanisms. For instance, knowledge of the noise PSD
informs the construction of DD sequences optimized for
suppressing specific frequency components, such as low-
frequency 1/f noise or narrowband fluctuations [91,95].

Similarly, realistic noise models are essential for the
application of quantum optimal control techniques, such as
GRAPE and CRAB, where pulse shaping can be tailored
to minimize gate infidelity by exploiting regions of param-
eter space less sensitive to fluctuations [137,138]. These

approaches are particularly effective when error models
account for non-Markovian dynamics or state-dependent
dissipation, which can otherwise be overlooked in simpli-
fied models. That said, many of these techniques focus
on specific subclasses of noise processes, while ignoring
others, albeit often with well substantiated assumptions.
Common examples of these assumptions are static Hamil-
tonians or ignoring dissipative processes. A more compre-
hensive model such as the one introduced in this work
would allow for the development of more effective control
strategies under hardware-informed noise models.

In error mitigation, accurate noise modeling directly
impacts the fidelity of postprocessing strategies aimed
at reducing the effects of noise in near-term devices.
In techniques such as zero-noise extrapolation, the reli-
ability of the extrapolated observables depends critically
on how well the scaling of noise with circuit depth or
control parameters is captured [23,24,45]. Physically moti-
vated ansätze for extrapolation can significantly outper-
form naive polynomial fits, particularly in regimes where
the noise exhibits saturation or nonlinearities. Probabilistic
error cancelation relies on expressing the noisy opera-
tion as a linear combination of ideal gates and invertible
noise processes [24,25]. Error models that go beyond
the Pauli channel approximation—capturing coherent or
non-Pauli errors—can enable decompositions with lower
sampling overhead or improved stability. Furthermore,
detailed modeling of correlated or nonlocal errors can
guide the development of hybrid mitigation strategies
that incorporate device-specific noise structure, including
crosstalk and leakage [139].

In the regime of quantum error correction (QEC), accu-
rate error models inform both the choice of codes and
the design of decoding algorithms. For example, in sys-
tems with highly biased noise, tailored codes such as the
XZZX surface code offer higher thresholds and lower over-
head than conventional surface codes [140]. Similarly,
when spatial or temporal correlations are present, decoding
strategies can be adapted to incorporate these correla-
tions, either analytically [141], through machine learning
approaches trained on realistic error distributions [142], or
windowing methods [143]. Ubiquitous noise mechanisms,
such as coherent rotations or state leakage, can impact
decoder performance and fault-tolerance thresholds as well
if left unmodeled. Consequently, accurate noise charac-
terization is indispensable not only for suppressing and
mitigating errors in the near term, but also for achieving
scalable fault-tolerant quantum computation in the long
term.

VI. EXTENSIONS TO MULTI-QUBIT CIRCUITS

Here, we comment on the scalability of the characteri-
zation protocol and the model. In the former, we address
the number of characterization experiments required as
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the system size increases. Model scalability is tackled by
reducing the LME models to composite channel approx-
imations that effectively capture stochastic and extended
degrees of freedom when applicable.

A. Extending the noise model

The LME models described above exhibit strong agree-
ment with hardware in both single and two-qubit demon-
strations. Despite this success, one cannot overlook the
analytical and numerical challenges associated with solv-
ing the LME for multi-qubit systems beyond a few qubits.
In order to address these challenges, we adopt a perturba-
tive interaction-picture treatment of noisy gate dynamics,
following the steps recently outlined in Ref. [144]. Here,
the main strategy is to replace the need to solve the sys-
tem of coupled differential equations with a sequence of
matrix products. Although the dimension of these matrices
grow exponentially in the number of qubits, this approach
enables one to circumvent a costly eigenvalue problem; the
trade-off being an approximate representation of the gate
dynamics.

Let L(t) denote the possibly time-dependent Lindbla-
dian describing the noise. In the interaction picture with
respect to the ideal gate evolution, the noisy dynamics are
governed by the master equation

d
dt
ρI (t) = LI (t)[ρI (t)]

= −i[HI (t), ρI (t)] +
∑

j

γj (t)
(

Lj ,I (t)ρI (t)L
†
j ,I (t)

−1
2

{
L†

j ,I (t)Lj ,I (t), ρI (t)
})

, (27)

where H(t) is defined in Eq. (2), and the interaction-picture
density matrix, Hamiltonian, and jump operators evolve as

ρI (t) = U†
C(t)ρ(t)UC(t),

HI (t) = U†
C(t)H(t)UC(t)− HC(t),

Lj ,I (t) = U†
C(t)Lj UC(t),

(28)

with UC(t) being the unitary evolution generated by HC(t).
This interaction-picture formalism captures how the gate
reshapes the effective action of noise: even if L(t) is fixed
in the lab frame, its transformed action can mix noise chan-
nels, break symmetries, or induce coherent rotations that
are not captured in static approximations.

We use this framework to construct gate-dependent
effective noise channels �k for each gate Gk in a cho-
sen gateset {Gk}, which is implemented with duration τk
via a Lindbladian Lk. Note that Gk may comprise multi-
ple single- or two-qubit gates operated in parallel, and that
the Lindbladian Lk corresponds to the one introduced in

Eq. (1) for a HC generating a specific gate Gk. For each
gate, we evaluate Eq. (27) under a slowly varying real-
ization of the parameters β(t) and ε(t). In practice, we
may assume that the statistics of these parameters are qua-
sistatic, and thus the cost of averaging becomes relatively
low. The resulting evolution operator is then decomposed
into the ideal and noisy parts

eLkτk = Gk�k(τk), (29)

where the noise channel is computed by taking

�k =
〈
T exp

[∫ τk

0
LI (t) dt

]〉

β,ε
, (30)

with T denoting time ordering. In general, the operators
�k can be computed using perturbation theory via the
Magnus expansion, as shown in Ref. [144]. In particular,
this is computed explicitly in Appendix A for single-qubit
gates using our noise model, and was the approach fol-
lowed to compute simulations throughout this work; thus,
showcasing its effectiveness.

Lastly, the ideal evolution given by a specific circuit
can be described by a sequence of operators {Gk}k∈K
indexed by a set K , i.e., G = ∏

k∈K Gk. As such, the effect
of the noise over a circuit can be modeled by a noisy
implementation

G̃ =
〈
∏

k∈K

Gk�k

〉

β,ε

, (31)

averaging the dynamical maps over many stochastic noise
realizations. A convenient way of computing this prod-
uct is to expand the exponential in terms of the Magnus
terms. This approach avoids the need for a full matrix
exponentiation at the cost of reducing the efficacy of the
approximation [144].

Note that Eq. (31) assumes the noise is quasistatic.
As was described in detail in Sec. IV C 2, the majority
of qubits exhibiting correlated dephasing noise consist of
mostly quasistatic dephasing. Thus, this approach yields a
gate-dependent noise model that accounts for both short-
time interaction effects and long-timescale fluctuations
within a perturbative, but physically motivated framework.
It also resolves the limitations of modeling noise as a gate-
independent channel in the lab frame, particularly when
high-fidelity gates are implemented via strong, but finite
duration pulses that substantially modify the noise action.

B. Scaling of characterization protocol

The scaling of the characterization protocol is tightly
coupled to the required noise model. If we assume that
all model parameters are needed then the model is deter-
mined by 10 single-qubit parameters and three parameters
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associated with qubit-qubit interactions. Thus, for a pro-
cessor consisting of Q qubits, 10Q parameters are required
to describe single-qubit dynamics. As such, an equiva-
lent number of characterization circuits are required at a
minimum. However, more may be desired to obtain more
accurate estimates.

Parallelization can assist in reducing the number of cir-
cuits. This is common practice among existing IBMQP
devices, where simultaneous characterization experiments
are performed on next-nearest neighbor qubits to avoid
unwanted crosstalk interactions. Note that parallelization
in QNS is also possible using crosstalk robust character-
ization protocols such as those introduced in Ref. [32].
As a consequence, the inherent overhead in the number
of qubits with regards to characterization time can be
substantially reduced.

In the case of the two-qubit parameters, the number
of required characterization experiments is highly depen-
dent upon the device topology. For the heavy-hex topol-
ogy, each unit cell contains 12 qubits with an average
qubit degree of 2.4 [145]. The ringlike topology results in
approximately 12 interactions per unit cell. For L unit cells,
there are approximately 9L distinct interactions that must
be characterized. The CR and crosstalk characterization
protocols are sufficient to perform this characterization,
where a lower bound of 9L circuits must be executed.
Parallelization can again be utilized to further reduce
the overhead, where non-nearest neighbor interactions are
simultaneously characterized.

VII. SUMMARY AND CONCLUSIONS

In this work, we address the challenge of balancing
model sparsity with predictive power. To this end, we pro-
pose a model for single and two-qubit gate operations
on IBMQP fixed-frequency superconducting transmons.
The model is a modified LME that includes both Marko-
vian and non-Markovian contributions. The latter includes
extending the model to include coupling between the sys-
tem and classical or quantum environments. Using only a
few additional degrees of freedom, the model is capable
of capturing spatiotemporally correlated noise processes
observed on hardware. The model is specified by at most
10 parameters per qubit and three parameters per qubit pair
that can be learned via seven characterization experiments,
each potentially comprised of multiple circuits depending
on the desired accuracy.

Using deterministic characterization protocols, we study
the noise profiles of seven devices within the Falcon and
Eagle processor generations, for a total of 39 qubits. While
we find that a significant subset of qubits are described
by Markovian noise alone (64%), approximately 26% and
10% are subject to correlated dephasing or control noise,
respectively. Quantum crosstalk and coupling to TLSs are
also commonly observed.

Device characterizations provide key insights into dom-
inant noise channels and are utilized to develop highly
predictive error models for single- and two-qubit oper-
ations. The efficacy of the learned models is explored
through characterization, error suppression, and quantum
computing experiments. Single-qubit models are tested
against RB demonstrations and shown to accurately predict
gate error rates. Multi-qubit models are examined through
simultaneous single-qubit DD and a VQE designed to
find the ground state of molecular hydrogen. The former
exhibits strong agreement with state-dependent fidelity
decay observed in previous studies. The latter highlights
the predictive power of our model particularly for qubits
that display non-Markovian noise. We show that our model
is capable of achieving relative errors that are sevenfold
better than Qiskit’s default error model.

Lastly, we present an approach for extending the noise
model to multi-qubit circuits. This approach relies on effec-
tive Liouvillian theory and compositions of channels to
model gate sequences with temporally correlated noise.
Furthermore, we discuss how the model parameters can be
learned via parallelization of the characterization protocol.

Although the noise model introduced here is targeted
towards fixed-frequency transmons, the processes dis-
cussed are general and pervasive to all quantum devices.
Thus, we expect this work to provide valuable insight
into the development of different superconducting-based
qubits as well as other architectures, most notably when
subject to limited device access. In addition, accurate mod-
eling is essential not only for quantum computing but also
for all quantum applications. For instance, the scalabil-
ity of this noise characterization model allows for effi-
cient optimization of multi-qubit sensor arrays in real-time
noise monitoring, enhancing the performance of quantum
magnetometers and quantum-nondemolition-based photon
detectors in dynamic environments.

Further examinations are required to determine if the
model presented here continues to yield predictive power
as the system size increases. This is true for both the
LME approach, which suggests that at most two-qubit
error operators are required to predict hardware behavior
and the reduced model based on effective Liouvillian the-
ory. Nevertheless, this work emphasizes the viability of
effective non-Markovian noise models for describing com-
plex multi-qubit dynamics on superconducting qubits in a
variety of applications.
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APPENDIX A: SOLUTIONS TO THE LME IN THE
MARKOVIAN REGIME

1. Single-qubits

In the Markovian limit, the dynamical evolution under
the above mentioned processes can be studied directly
using the LME. For simplicity, we suppress the qubit index
j . We assume constant x-control with duration δt that exe-
cutes a rotation θ , i.e., �(t) = θ/δt. Thus, the control
Hamiltonian [Eq. (3)] during the implementation of a gate
takes the time-independent form HC = (θ/2δt)σx. Further-
more, we assume the noise Hamiltonian [Eq. (10)] consists
of detuning and coherent control errors, i.e., β(t) = β and
ε(t) = ε. Since SPAM errors act only at the end of the
circuit, they are represented as a quantum map after the cir-
cuit’s control sequence. Defining the noisy control rotation
frequency ω = (1 + ε)θ/δt, the LME becomes

ρ̇(t) = L(ρ,N1)

= −i
ω

2
[σx, ρ] − i

β

2
[σz, ρ]

+ λ

2
(σzρσz − ρ)+ νθ

2
(σxρσx − ρ)

+
∑

±
γ±

(
σ±ρσ∓ − 1

2
{σ∓σ±, ρ}

)
, (A1)

where L is the Lindbladian superoperator, and N1 the set
of all single-qubit error parameters. Note that the bit-flip
noise with rate ν only acts when a gate is implemented,
i.e., νθ = 0 if θ = 0, and νθ = ν otherwise.

In order to solve Eq. (A1), we follow the steps
of Ref. [48]. Moving to the Bloch vector equation in
Eq. (11), we find that �c = (0, 0, γ (2q − 1)), and the cou-
pling matrix is

G =

⎛

⎜⎝
− (

γ

2 + λ
) −β 0

β − (
γ

2 + λ+ ν
) −ω

0 ω −(γ + ν)

⎞

⎟⎠ . (A2)

In this form, Eq. (11) can be solved using standard cou-
pled differential equations methods. This equation can be
solved numerically for the identity gate and native X rota-
tions, and subsequently stored for simulation. Moreover, in
the weak noise regime, Eq. (12) can be written analytically
(see next section).

An analytical solution of the LME can be a powerful
way to provide insight into the effects of noise on the evo-
lution of the system. However, computing the exponential
U(τ ) = eGτ for a general G can be challenging. Further-
more, G may not be invertible. In this section, we provide
analytical solutions to Eq. (12) in the two cases of interest:
identity gates and X rotations.

2. Identity gates

In the case of identity operations, the LME can be
solved exactly. Following the steps outlined in the previous
section, we set θ = ν = 0 since no control noise is present
in the absence of qubit drive. Defining for notational con-
venience α = γ /2 + λ, we write the LME solution in
Bloch vector form

�v(t0 + τ) =
⎛

⎝
e−ατ cos(βτ) −e−ατ sin(βτ) 0
e−ατ sin(βτ) e−ατ cos(βτ) 0

0 0 e−γ τ

⎞

⎠

· �v(t0)+ 1 − e−γ τ

γ
�c, (A3)

which holds in general for a free evolution of duration τ . In
the practical case of weak noise and short gate time regime
γ τ � 1, it is possible to approximate the inhomogeneous
term with (1 − e−γ τ )/γ ≈ τ .

3. Perturbative solution for X control

In this section, we provide a solution to the LME in
the presence of X control in the weak noise regime. We
follow the perturbative approach of the FFF [96]. For a
nonzero rotation, such as those corresponding to X ,

√
X

gates, the generator G can be written as a perturbation
from the noiseless generator G0. Writing this explicitly as
G = G0 + g, we define

G0 =
⎛

⎝
0 0
0 0 −ω
0 ω 0

⎞

⎠ , g =
⎛

⎝
−α −β 0
β −μ 0
0 0 −η

⎞

⎠ ,

(A4)

with μ = α + ν, η = γ + ν. In the following we will
assume ||g|| � ||G0||, which holds as long as the noise is
sufficiently weak, where || · || is the Schatten 1-norm. Dis-
tinguishing between g and G0 is further motivated by the
fact that it is easy to compute the effect of an ideal rotation
on the Bloch vector, i.e.,

U0(τ ) = eG0τ =
⎛

⎝
1 0 0
0 cos(ωτ) − sin(ωτ)
0 sin(ωτ) cos(ωτ)

⎞

⎠ , (A5)

which enables the perturbative approach.
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First, we take the problem to the toggling frame, i.e.,
perform a change of basis with respect to G0, and we write
U(τ ) = U0(τ )Ũ(τ ). Here, Ũ(τ ) can be thought of as anal-
ogous to the noise propagator in the toggling frame, and
is the solution to the differential equation (d/dt)Ũ(t) =
g̃(t)Ũ(t), where g̃(t) = U†

0(t)gU0(t). Note that both U(τ )
and U0(τ ) can be written as solutions to the same differ-
ential equation, with generators G and G0, respectively.
Using the first-order Magnus expansion [147], we can
write Ũ(τ ) ≈ e�(τ), where

�(τ) =
∫ τ

0
U†

0(t)gU0(t)dt (A6)

is first order in the noise parameters.
Next, the inverse of G needs to be computed. In order to

ensure that G is invertible we require that α �= 0 and ω �=
0. The latter is satisfied for both π and π/2 rotations of
interest, as long as |ε| � 1, whereas the former will hold as

long as T1, T2 are finite. Then, keeping the first two orders
in the noise parameters,

G−1 = −1
αω2

⎛

⎝
ω2 −βη βω

βη αη −αω
βω αω αμ+ β2

⎞

⎠ . (A7)

Lastly, a first-order approximation can be taken where
Ũ(τ ) ≈ I +�(τ), which yields eGτ ≈ eG0τ (I +�(τ)).
With eGτ and G−1 calculated explicitly, we can find an ana-
lytical expression for Eq. (12). This is, by approximating
eGτ ≈ U0(τ ) (I +�(τ)), we obtain

�v(t + τ) = eGτ · �v(t)+ (
eGτ − I

) · G−1 · �c
≈ L(τ ) · �v(t)+ �u(τ ), (A8)

where defining cosc(x) = (1 − cos(x))/x for notational
convenience, we have

�u(τ ) = γ τ(2q − 1)

⎛

⎝
0

cosc(ωτ)
− sinc(ωτ)

⎞

⎠ (A9)

and

L(τ ) =

⎛

⎜⎜⎝

e−ατ −βτ sinc(ωτ) βτ cosc(ωτ)

βτ sinc(ωτ) e− (μ+η)τ
2 cos(ωτ)− (μ−η)τ

2 sinc(ωτ) e− (μ+η)τ
2 sin(ωτ)

βτ cosc(ωτ) e− (μ+η)τ
2 sin(ωτ) e− (μ+η)τ

2 cos(ωτ)+ (μ−η)τ
2 sinc(ωτ)

⎞

⎟⎟⎠ . (A10)

This analytical expression is useful to perform single-
qubit simulations and examine the effect of noise when the
qubit is being driven.

4. Prediction of characterization circuits

The results from the above sections can be used to
compute predictions for the characterization experiments.
Here, we show how it can be used to compute the results
shown in Eqs. (13)–(17). Denoting by �v(τ) the Bloch vec-
tor state at the end of a given circuit, the effect of SPAM
errors on the Bloch vector is to take

�v(τ) =
⎛

⎝
vx(τ )

vy(τ )

vz(τ )

⎞

⎠ EM (·)−−−→
⎛

⎝
vx(τ )

vy(τ )(1 − 2s)
vz(τ )(1 − 2s))

⎞

⎠ . (A11)

For the corresponding density matrix ρ(τ) = (I + �v(τ) ·
�σ)/2, the survival probability of the |0〉 state is computed

in terms of the Bloch vector as

〈0| ρ(τ) |0〉 = 1
2

〈0| I + �v(τ) · �σ |0〉

= 1
2

⎛

⎝1 +
∑

j =x,y,z

vj (τ ) 〈0| σj |0〉
⎞

⎠

= 1
2
(1 + vz(τ )) . (A12)

Consequently, the Bloch vector component of interest is
vz(τ ). Combining these two results, we can see that the
survival probability becomes

〈0| ρ(τ) |0〉 = 1
2
(1 + (1 − 2s)vz(τ )) . (A13)

Throughout this section, we focus on calculating the z
component of the Bloch vector at the end of the circuit

020327-24



SPARSE NON-MARKOVIAN NOISE MODELING. . . PRX QUANTUM 7, 020327 (2026)

for the characterization experiments, of duration τ . More-
over, we remove the subscript and denote vz(τ ) by v(τ),
for convenience of notation.

a. (M) SPAM

The SPAM experiment consists of a single X gate of
duration δt. Assuming weak noise, particularly s, γ δt � 1,
it is straightforward to see that before the measurement

(1) Coherent errors contribute quadratically, i.e.,
v(δt) = −1 + O(ε2, (βδt)2).

(2) Dissipative effects contribute linearly, i.e., v(δt) =
−1 + δt O(γ , λ, ν).

Then we apply the measurement error map EM with rate s.
To first order in the noise parameters,

v(δt) = s + δt O(γ , λ, ν). (A14)

Finally, we make the experimentally verifiable assumption
that the dissipative effects are weak compared to the dura-
tion of a single-qubit gate, i.e., δt � 1/γ , 1/λ, 1/ν. Thus,
we obtain v(δt) ≈ s.

b. (T1) thermal relaxation

The T1 experiment result is easy to compute following
a similar analysis. The experiment starts with a single X
gate, which, as was discussed in the SPAM experiment
case, only contributes error terms from dissipative effects,
i.e., v(δt) = −1 + δt O(γ , λ, ν). Since there are no more
gates applied until the end of the experiment, and the state
will be primarily along the |1〉 direction, neither λ nor
ν will accumulate significantly. Consequently, we focus
on the effect of GAD. Since the experiment consists of
successive applications of I gates, we can use Eq. (A3),
with t0 = δt and �v(δt) ≈ (0, 0, −1), where the approxima-
tion holds up to terms proportional to γ δt, λδt, νδt � 1.
Hence, the z component of the Bloch vector at time τ � δt
becomes

v(τ) = −e−γ τ + (1 − e−γ τ )(2q − 1)

= −1 + 2q(1 − e−γ τ ), (A15)

up to a term δt O(γ , λ, ν). Note that a result of the above
equation is that, after applying the final X measurement
gate, the asymptotic probability of finding the state in the
|0〉 state is p(τ → ∞) = 1 − q + δt O(γ , λ, ν).

c. (T2) Hahn-echo

The T2 experiment state can be computed in a simi-
lar fashion to that of T1. Ignoring constant order effects
that do not scale with τ , we prepare the state on the
plane with a

√
X gate, thus taking �v(0) = (0, 0, 1) to

�v(δt) ≈ (0, −1, 0). Evolving with Eq. (A3) for a time τ/2

yields �v((τ/2)−) ≈ e−ατ/2(sin(βτ/2), − cos(βτ/2),ψ1),
where we defined ψ1 = eατ/2(1 − e−γ τ/2)(2q − 1). Next,
an X gate is applied with the effect of chang-
ing signs of the y, z components, i.e., �v((τ/2)+) ≈
e−ατ/2(sin(βτ/2), cos(βτ/2), −ψ1). The superscripts ()±
indicate whether the vector is evaluated before or after the
echo pulse. Following the echo, the qubit is left to evolve
freely for a time τ/2. Once again drawing on Eq. (A3),
we find �v(τ) ≈ (0, e−ατ ,ψ2), where the specifics of ψ2

are irrelevant for the final result. Once the final
√

X
†

is
applied, the y and z components of the Bloch vector are
exchanged, yielding

v(τ) = e−ατ , (A16)

up to terms proportional to δt O(γ , λ, ν).

d. (Qk=0) Ramsey experiments

The multifrequency oscillations observed in Ramsey
experiments can be readily modeled by coupling the sys-
tem qubits to a TLS initialized in the thermal state ρ th

TLS =
p0 |0〉 〈0| + p1 |1〉 〈1|, where p0,1 = 1/

(
1 + e∓�ω/kBTTLS

)

are the temperature dependent thermal state populations
[50]. The single-qubit system is enlarged to a qubit+TLS
system interacting via a ZZ coupling, which in the absence
of control can be represented by the Hamiltonian

H = 1
2
(βZQITLS + ξZQZTLS). (A17)

Since this Hamiltonian is diagonal, and momentarily
ignoring dissipative processes, the evolution is dominated
by a diagonal unitary operator

U(t) = e−iHt

= diag(e−i t
2 (β+ξ), e−i t

2 (β−ξ), ei t
2 (β+ξ), ei t

2 (β−ξ)).
(A18)

Upon executing the Ramsey protocol, the joint state is ini-
tialized in ρQ,TLS(0) = |0〉 〈0|Q ⊗ ρ th

TLS, followed by a
√

X
gate on the qubit. Applying the operator U(τ ), tracing over
the TLS degrees of freedom, and applying the final gate√

X
†
, we obtain a Bloch vector z component of v(τ) =

p0 cos((β + ξ)τ )+ p1 cos((β − ξ)τ ), which shows the
clear multifrequency dependence. In this work, we assume
that the TLS is at infinite temperature, i.e., TTLS → ∞,
and thus p0 = p1 = 1/2, from where we can see that the
Bloch vector simplifies to v(τ) = cos(βτ) cos(ξτ ). This is
the expression used in Eq. (15).

Lastly, since the evolution is mostly free except state
preparation and measurement operations, the exponen-
tial decay rate is given by α as in the T2 experiment.
This is confirmed numerically, as well as via solving the
LME analytically. As before, all other errors, including
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gate errors, will contribute factors of order δt, and are
consequently omitted.

e. (Q) FTTPS

FTTPS are a set of probe sequences used in QNS
to access frequency dependent decay rates of a single-
qubit system [57]. Following the protocol described in
Appendix B 2, they can be used to learn the spectral prop-
erties of correlated dephasing noise. However, to obtain
accurate characterization of correlated noise, it is essential
to have a thorough understanding of the effects Markovian
noise processes have on these experiments.

The k = 0 sequence is a Ramsey experiment, and it thus
follows the discussion in the previous section. For k > 0, it
is easy to first show the results of each type of noise inde-
pendently. Each Markovian dissipative error contributes an
exponential decay of the form e−δkτ to the Bloch vector.
The decays obtained from each source of dissipative noise
acting individually are listed below:

(1) Amplitude damping: δAD
k = (γ /2)(1 + k/2K),

(2) PD: δPD
k = λ (1 − k/2K),

(3) Control noise: δX
k = ν(k/K).

Note that δk is independent of q in the AD case.
Additionally, it is straightforward to see that the effect

of an under/over-rotation angle contributes a cosine to the
Bloch vector. The Hamiltonian of a single gate is HC =
(π/2δt)(1 + ε)σx, and the associated control propagator is
found to be

UC = exp(−iHCδt) = Xe−i π2 εσx . (A19)

Since the kth FTTPS has 2k number of X gates, and
we assume that no other noise is acting, the total prop-
agator can be computed as Uk = (Uc)

2k = X 2ke−iπkεσx =
e−iπkεσx . Thus, the survival probability of the |0〉 state
is pk(τ ) = |〈0|Uk|0〉|2 = (1 + cos(2πεk))/2. Combining
these results, we can see that the analytical prediction of
the Bloch vector becomes

v
Q
k (τ ) = e−τδk

{
cos(2βτ), if k = 0
cos(2πkε), if k > 0

}
, (A20)

where FTTPS decay rate is δk = γ /2 + λ+ (γ /2 − λ+
2ν)k/2K . However, the simultaneous action of all noise
processes may not combine trivially. To test the validity
of Eq. (A20), we compare it to numerical simulation. In
Fig. 10, we present the results of performing LME sim-
ulations with various combinations of Markovian noise
parameters (β, ε, λ, γ , q = 1, ν). The specific values of the
noise parameters are shown in Table III. In these simula-
tions, all noise parameters except one were set by default to
the “weak” values shown on the left column of Table III.
Then, for each curve of Fig. 10, one parameter at a time

FIG. 10. Comparison between fixed total-time pulse
sequences simulations (dots) and analytical prediction (solid
lines) obtained from Eq. (A20). Each curve corresponds to
a different set of noise parameters. The Markovian noise
parameters q = 1 and β, ε, λ, γ , ν were obtained from Table III
by selecting one process to be strong while maintaining the
others as weak. The fixed total-time pulse sequences were
chosen with K = 64. In all cases, we find excellent agreement
between theory and simulation. Dashed lines represent the ideal
probabilities, obtained in the noiseless scenario.

was set to the values corresponding to “strong” noise,
shown on the right column of Table III. In all cases, we find
excellent agreement between Eq. (A20) and the numer-
ical results. This provides strong support for the use of
Eq. (A20) to compute predictions when Markovian noise
is dominant.

f. (P) FPW

Here, we examine the lowest order noise contribution to
the FPW experiments under the square pulse approxima-
tion. The ideal FPW experiment is built with d repetitions
of the unitary building block G = XZXZ, i.e., the circuit
unitary is UFPW(τ = 2dδt) = Gd. The x control Hamil-
tonian and propagator follow from Eq. (A19), while the
noise Hamiltonian HN = (β/2)σz accounts for detuning.
The effect of the noise on the ideal X operator can be
understood intuitively in the Hamiltonian formulation. We
transform HN to the interaction picture with respect to HC:

H̃N (t) = U†
C(t)HN UC(t)

= β

2
(
σz cos

(
θ t
δt

) + σy sin
(
θ t
δt

))
. (A21)

TABLE III. Noise parameters used in FTTPS and RB simula-
tion.

Parameter Weak Strong

β (MHz) 0.06 0.6
ε (%) 0.1 2
γ (MHz) 0.03 0.3
λ (MHz) 0.03 0.6
ν (MHz) 0.03 0.15
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As a result, the rotated frame noise propagator is

Ũ(τ ) = T+e−i
∫ τ

0 dtH̃N (t)

(1)≈ e−i β2
∫ τ

0 dt(σz cos(θ t
δt )+σy sin(θ t

δt )), (A22)

where T+ is the time ordering operator and in (1) we have
approximated the time-ordered dynamics by the first-order
Magnus expansion. More specifically, for a single X gate,
where τ = δt, we obtain

Ũ(δt) ≈ e−i βδt2θ (σz sin θ+σy (1−cos θ))

≈ e−i βδtπ σy , (A23)

where we used the weak noise conditions ε � 1 and
βδt � 1 in approximating sin θ ≈ −πε, 1 − cos θ ≈ 2 −
(πε)2/2, and β/θ ≈ β/π to first order.

In the lab frame, the noisy X gate can be written in terms
of the control and toggling frame propagators as

X ′ = UC(δt)Ũ(δt)

≈ Xe−i πε2 σx e−i βδtπ σy . (A24)

Consequently, the noisy implementation of the building
block G becomes

G′ = X ′ZX ′Z

≈ Xe−i πε2 σx e−i βδtπ σy ZXe−i πε2 σx e−i βδtπ σy Z

= e−i πε2 σx Xe−i βδtπ σy XZe−i πε2 σx ZZe−i βδtπ σy Z

= e−i πε2 σx ei βδtπ σy ei πε2 σx ei βδtπ σy

≈ ei βδtπ σy ei βδtπ σy

≈ e2i βδtπ σy , (A25)

where we used that X and Z anticommute, as well as
e−i πε2 σx and e−i βδtπ σy commute to first order; operator equal-
ities hold up to a global phase. Additionally, we used
σj e−iφσkσj = e−iφσj σkσj = eiφσk for k �= j . This result indi-
cates that the interleaved Z gates cancel the X over-
rotation errors given by ε, but maintain the first-order
detuning errors, thus causing FPW errors.

Finally, the full intended operation consists of d repeti-
tions of the G′ operator, yielding

(G′)d ≈ ei2d βδtπ σy . (A26)

The survival probability for τ = 2dδt can then be com-
puted as

p(τ ) = ∣∣〈0| (G′)d |0〉∣∣2

≈ cos
(

2β
π
τ

)2

, (A27)

from where the functional form of Eq. (17) becomes clear.
However, the numerical factor of the oscillation frequency
of 2β/π depends on the specific shape of the pulse. Inter-
estingly, the difference between the square pulse and the
Gaussian pulse is a factor of 2/3, as discussed in Sec. III B.
Lastly, the decay rate can be found by successive imple-
mentation of Eq. (A10), and is given by (μ+ η)/2 =
3/4γ + λ/2 + ν.

g. (XT) crosstalk

The (XT) circuits can be computed similarly to the
Ramsey experiments earlier in this section. In fact, the
calculation is analogous, by renaming qubit Q to A and
promoting the TLS-to-qubit B. The latter involves consid-
ering a detuning βB for qubit B, as well as dissipative error
contributions. Thus, the crosstalk Hamiltonian becomes,

HXT = βA

2
σ A

z + βB

2
σ B

z + J
2
σ A

z σ
B
z . (A28)

Like in the TLS case, HXT is diagonal, and so is the time
propagator it induces. More specifically, UXT(t) = e−iHXTt,
where the diagonal entries correspond to e−i t

2 (βA+βB+J ),
e−i t

2 (βA−βB−J ), e−i t
2 (−βA+βB−J ), e−i t

2 (−βA−βB+J ). Both qubits
are initialized with

√
X gates, allowed to evolve freely for

a time τ/2 after which an X gate is applied to both qubits.
Then, the qubits evolve freely once again, before two final√

X gates are applied prior to measurement in the com-
putational basis. The resulting z component of the Bloch
sphere after tracing out qubit B is given by

vXT(τ ) = e−
(
γA+γB

2 +λA

)
τ
(

cos(J τ)+ γB

2J
sin(J τ)

)
(A29)

to lowest order in the dissipative noise parameters.

APPENDIX B: QNS

Time-correlated noise is commonly observed in super-
conducting qubits [32,68,79,86,148,149]. Its presence is
commonly detected via superexponential decay in T2
experiments and more precisely characterized via QNS
[89,98]. In the case of the IBMQP devices, we find a
substantial number of devices where qubits exhibit time-
correlated dephasing and control noise. Below, we discuss
the FFF, a mathematical framework used to investigate the
effect of correlated noise, and QNS based on FTTPS. We
briefly summarize FTTPS-based QNS in the presence of
dephasing and multiplicative control noise.

1. Filter function formalism

The FFF takes a frequency domain perspective on the
effect of spatiocorrelated noise on a quantum system.
Here, we provide an overview for the FFF focusing on
a single qubit governed by the noise Hamiltonian HN ,1(t)
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[Eq. (10)] and control Hamiltonian HC(t) given by Eq. (3),
where �(t) = ∫ t

0 �(s) ds. In the toggling frame, the den-
sity matrix is transformed by ρ̃(t) = UC(t)ρ(t)U

†
C(t), and

the noise Hamiltonian becomes

H̃N (t) = UC(t)HN (t)U
†
C(t)

= [
cos�(t)σz + sin�(t)σy

]
β(t)+�(t)ε(t)

σx

2
.

The time propagator of the noise dynamics in the toggling
frame is given by

ŨN (t) = T+ exp
(∫ t

0
dsH̃N (s)

)

≈ exp (−i�a(τ ) · �σ) , (B1)

where the approximation is a result of employing
the Magnus expansion, truncating the dynamics to
first order, and introducing the so-called error vector
�a(t) = ∫ t

0 ds
[ 1

2�(s)ε(s), sin�(s)β(s), cos�(s)β(s)
]

[96,
150]. The full dynamics are generated by U(t) =
UC(t)ŨN (t).

In anticipation of the dynamics generated during an
FTTPS circuit, we will focus on the noise-averaged
survival probability p(τ ) = 〈〈−y|U(τ )| − y〉〉ε,β , where
|−y〉 = 1/

√
2(|0〉 − i |1〉) and τ is the total time of one

sequence within the FTTPS protocol. Accounting for the
fact that the sequences generate identity evolution, the
probability can be simplified further as

p(τ ) = 〈cos2 a(τ )+ (a2
y(τ )/a(τ )) sin2 a(τ )〉

ε,β

= 1
2

⎛

⎝1+
〈

a2
y(τ )+

[
a2

x(τ )+ a2
z (τ )

]
cos(2a2(τ ))

a2(τ )

〉

ε,β

⎞

⎠

(1)= 1
2
(
1 + e−χ(τ) cos ζ(τ )

)
, (B2)

where a(τ ) = |�a(τ )| and the 〈·〉ε,β represents the average
over noise realizations. The expression in (1) results from
assuming the pulses are instantaneous and thus, ay(τ ) = 0.
The dynamics are characterized by a decay factor χ(τ) ≡
〈a2(τ )〉ε,β and rotation angle ζ(τ ) ≡ 2 〈a(τ )〉ε,β .

Commonly, these expressions are transformed to the fre-
quency domain, as this can provide greater intuition that
draws on classical signal processing concepts. Expressing
the error vector components in the frequency domain, we
obtain

〈
a2

x(τ )
〉
ε,β = 1

π

∫ ∞

0
Fε(ω, τ)Sε(ω)dω,

〈
a2

z (τ )
〉
ε,β = 1

π

∫ ∞

0
Fβ(ω, τ)Sβ(ω)dω,

(B3)

where the control and dephasing FFs are defined by

Fε(ω, τ) = 1
4

∣∣∣∣
∫ τ

0
�(t)eiωt

∣∣∣∣
2

,

Fβ(ω, τ) =
∣∣∣∣
∫ τ

0
cos�(t)eiωt

∣∣∣∣
2

.

(B4)

The PSDs are defined in Sec. II D.

2. Dephasing QNS with FTTPS

In order to extract information about a device’s dephas-
ing noise PSD, we leverage the FTTPS. The advantage of
using FTTPS for QNS lies in the large spectral concentra-
tion of their FFs [57]. This feature results in a favorable
condition number in the FF matrix and thus, reduces the
chance of encountering an ill-posed inversion problem in
the spectrum reconstruction procedure. Here, we will study
FTTPS in the absence of control noise.

Starting from Eq. (B2) and eliminating the contribution
from control noise, ζ(τ ) = 2β̄τ while

χ(τ) = 1
π

∫ ∞

0
Sβ(ω)Fβ(ω, τ)dω. (B5)

In the large τ limit, the FF of the kth FTTPS Fβ,k(ω, τ) is
well approximated by

Fβ,k(ω, τ) ≈ τ 2δ(ω − 2πk/τ), (B6)

where ωk = 2πk/τ [see Fig. 11(a)]. The total FTTPS cir-
cuit duration is τ = 2Kδt. Using Eq. (B5), it is straightfor-
ward to estimate the PSD by computing χ(τ) ≈ τS(ωk),
where to approximate the integral we used explicitly the
discretized frequency step δω = 2π/τ . Note that estimates
of χ are obtained from experimentally determined py,k(τ ).

(a)

(b) (c)

FIG. 11. Fixed total-time pulse sequences filter functions:
(a) dephasing and (b) control. (c) Robust-fixed total-time pulse
sequences control filter functions. K = 64, δt = 0.035 µs. Note
that the fixed total-time pulse sequences control filter functions
have large support in low frequencies, whereas the robust-fixed
total-time pulse sequences control filter functions do not.
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3. FTTPS in the presence of stochastic control noise

Another type of correlated noise was observed via
FTTPS: correlated control noise. Imperfect control can
manifest via fluctuating fields in the control lines, and can
be stochastic or coherent. In the case of stochastic noise,
a common approach is to treat the noise fluctuations as
white, uncorrelated noise. In the case of X control, white
noise can be well represented by a bit-flip channel (see
Appendix D). In the general case, stochastic fluctuations
of the control fields can be correlated in time, requiring a
more sophisticated modeling approach. In this appendix,
we focus on evaluating the effect of stochastic control
noise, specifically on the FTTPS.

Consider the survival probability in Eq. (B2) under the
influence of strong control noise, such that the dephas-
ing noise can be neglected. The probability oscillates with
an angle ζ(τ ) = ε̄�(τ), while the decay is dictated by
χ(τ) = 〈

a2
x(τ )

〉
ε,β . Under the square pulse approximation

and assuming the pulses are located at times t = τn ≈
(τ/2k)(n − 1/2), the mean of the accumulated angular
error is ζk = πkε. The control FFs (ctrl-FFs) are defined
as

Fε,k(ω) =
∣∣∣∣∣
π

2

2k∑

n=1

e−iωτk

∣∣∣∣∣

2

≈
(
π

2
sin(ωτ/2)

sin(ωτk/4)

)2

, (B7)

where the approximation comes from assuming the instan-
taneous pulse limit. Roughly approximating the ctrl-FFs by
Fε,k(ω) = 4k2δ(ω) [see Fig. 11(b)], we obtain an expres-
sion for the second moment χε,k(τ ) ≈ σk2 (defined in
Sec. IV C 3), with σ = π2δωSε(0). Thus, for predom-
inantly low-frequency noise, Sε(0) captures the relevant
noise strength.

a. R-FTTPS

To obtain further confirmation of the presence of cor-
related control noise, we define the Robust-FTTPS (R-
FTTPS) sequences, by alternating the sign of every other
X pulse in the standard FTTPS, i.e., X → −X . In practice,
this is implemented by appending virtual Z gates on each
side of even pulses. In the absence of control errors, this
sign change is undetectable. However, in their presence,
the sign change implies e− i

2�(t)σx → e+ i
2�(t)σx . Alternating

signs will suppress the coherent and low-frequency con-
tributions of the noise, as can be seen by computing the
R-FTTPS accumulated phase: ζ R

k = πε̄
∑2k

n=1(−1)n = 0.
The second moment is now characterized by the R-FTTPS
ctrl-FFs

FR
ε,k(ω) =

∣∣∣∣∣
π

2

2k∑

n=1

(−1)ne−iωτn

∣∣∣∣∣

2

≈
(
π

2
sin(ωτ/2)

cos(ωτk/4)

)2

(B8)

[see Fig. 11(c)].

APPENDIX C: GAUSSIAN VS SQUARE PULSES IN
FPW EXPERIMENTS

Remarkably, we find in practice that most experimen-
tal phenomena observed can be well described within
the constant pulse approximation. This model robustness
to pulse-shape greatly simplifies the task of simulating
driven dynamics. The LME solution can be used when-
ever X ,

√
X appear in a circuit of interest without the

need of any Trotterization. One notable exception to this
convenient simplification can be found in the FPW experi-
ments. Since FPW experiments aim to amplify gate errors,
it is perhaps not surprising that the results are largely
influenced by pulse-shaping effects. In this appendix, we
analyze the differences between Gaussian and constant
pulses in FPW experiments.

The result of FPW experiments under Markovian noise
can be parametrized with a decay rate a and oscillation
frequency b as f (t; a, b) = e−at cos(bt). In the constant
pulse case, it can be shown analytically that aconst = 3

4γ +
(λ+ ν)/2, bconst = (2/π)β. On the other hand, when the
qubit is driven with a Gaussian pulse, it is challenging to
find fully analytical expressions for the survival probability
of the FPW experiments in the presence of noise.

A Gaussian pulse is characterized by �(t) =
Ae−(t−δt/2)2/2σ 2 + B for t ∈ [0, δt), where the B parame-
ter is chosen such that the pulse starts and ends at zero,
i.e., �(0) = �(δt) = 0. A ubiquitous choice for the width
of the Gaussian is σ = δt/4 [114,151], while A is cho-
sen to produce the desired rotation angle

∫ δt
0 �(t)dt =

θ . Under these conditions, we simulate the dynamics
using a discretization of N = 160 steps, consistent with
IBM pulse characteristics. The simulation is performed by
numerically solving the LME [Eq. (11)], with X rotation

(a) (b)

FIG. 12. Noisy simulation of finite pulse-width circuits for
constant (blue) and Gaussian pulses (orange). (a) Simula-
tion for β = 0.5 MHz (crosses) and fit (solid lines) using
f (t; a = aconst, b) = e−at cos(bt). The decay rates are set to γ =
0.05 MHz, λ = ν = 0.01 MHz. (b) Oscillation frequency param-
eter b as a function of detuning β, obtained from fitting f (t; a =
aconst, b) to simulations. This shows that for a constant pulse,
vP(t) oscillates with a frequency 2β/π , whereas for a Gaussian
pulse it oscillates with 4β/3π .
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angles given by θn = �(nδt)δt/N , for n = 0, . . . , N − 1.
In Fig. 12, we show numerically that fitting f (t; a, b) to
the simulation results of FPW experiments under Gaus-
sian pulses yields the same decay rate as in the con-
stant pulse case, i.e., aGauss = aconst, and an oscillation
frequency bGauss = (4/3π)β = 2

3 bconst. This can be inter-
preted as Gaussian pulses providing suppression with a
factor of 2/3 against detuning processes. Since the exper-
iments are implemented with Gaussian pulses, in order
to account for this suppression, we modify the ana-
lytical fit expression with a factor of 2/3, i.e., v(t) =
e−τ

(
3
4 γ+ λ+ν

2

)

cos((4/3π)βτ), as presented in Eq. (17).

APPENDIX D: RELATING STOCHASTIC NOISE
WITH ERROR CHANNELS

In this appendix, we show how some common error
channels, namely PD and depolarization, can be related to
stochastic noise processes with simple statistical proper-
ties.

1. Dephasing noise and PD

Here, we establish a Hamiltonian description of the
PD quantum channel. We start with the time-dependent
dephasing Hamiltonian given in Eq. (10) with ε(t) ≡ 0.
The noise-averaged state of the system after time τ is

E(ρ) = 〈U(τ )ρU†(T)〉β

=
〈(

1 0
0 e−i

∫ τ
0 β(t)dt

)(
ρ00 ρ01
ρ10 ρ11

)(
1 0
0 ei

∫ τ
0 β(t)dt

)〉

β

=
〈(

ρ00 ρ01ei
∫ τ

0 β(t)dt

ρ10e−i
∫ τ

0 β(t)dt ρ11

)〉

β

≈
(

ρ00 ρ01eiβ̄τ−χ(τ)

ρ01e−iβ̄τ−χ(τ) ρ11

)
, (D1)

where χ is given by Eq. (B5). The decaying component
of the off-diagonal elements become dependent on the
control in general. However, if the noise is white, i.e.,
S(ω) = S0, it is straightforward to show (by following
the steps in Appendix B 1) that χ(τ) = S0τ . This indi-
cates that the superoperator formalism is equivalent to the
time-dependent Hamiltonian description when the noise is
white.

More concretely, the PD superoperator EPD(ρ) can
be written in terms of the Krauss operators E0 =√

1 − pI , E1 = √
pZ with damping rate p . The effect on

a general state ρ is

EPD(ρ) = E0ρE0 + E1ρE1

=
(

1 − p
2

)
ρ + p

2
ZρZ

=
(

1 − p
2

)(
ρ00 ρ01
ρ10 ρ11

)
+ p

2

(
ρ00 −ρ01

−ρ10 ρ11

)

=
(

ρ00 ρ01(1 − p)
ρ10(1 − p) ρ11

)
(D2)

and can be interpreted as acting on the state ρ with a
Z operator with a given probability p . Adding a detun-
ing noise β̄σz with propagator Uβ(t) = e−iβ̄tσz/2 leads to
a density matrix

Uβ(t)EPD(ρ)U
†
β(t)

=
(

ρ00 ρ01e−iβ̄t(1 − p)
ρ10eiβ̄t(1 − p) ρ11

)
, (D3)

from where the identification of the detuning parameter
with the mean of β(t) becomes evident. Lastly, by identify-
ing p = 1 − e−S0τ it becomes clear that the PD channel can
be interpreted as the white noise limit of a time-dependent
dephasing Hamiltonian, where the dephasing time can be
defined as T2 = 1/S0.

2. Isotropic uncorrelated noise and depolarization

The control noise case discussed in Sec. IV C 3 is
entirely analogous to the dephasing case. Rather, to show-
case the versatility of the stochastic Hamiltonian descrip-
tion, we turn to depolarizing noise. In the superoperator
formalism, the Kraus operators for depolarizing noise are
E = {√1 − 3p/4I ,

√
pX /2,

√
pY/2,

√
pZ/2}, which can

be interpreted as ρ is left alone with probability of 1 − p ,
and the operators X , Y, Z being applied with probability
p/3. The effect of depolarization on a general state can be
written as

ED(ρ) = p
I
2

+ (1 − p)ρ

=
(
ρ00(1 − p)+ p/2 ρ01(1 − p)
ρ10(1 − p) ρ11(1 − p)+ p/2

)
.

(D4)

Next, we propose a general time-dependent Hamilto-
nian, and find the conditions that the parameters need to
satisfy in order for the stochastic Hamiltonian to reproduce
the effects of depolarizing noise. We write a Hamilto-
nian HN (t) = �η(t) · �σ , where we consider �η(t) a Gaussian
and stationary random variable with zero mean. The time
evolution propagator is

U(τ ) = e−i
∫ τ

0 �η(t)dt·�σ = e−i�θη ·�σ

= I cos θη − i(n̂η · �σ) sin θη, (D5)
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where we defined �θη = ∫ τ
0 �η(t)dt = θηn̂η, with n̂i

η = �θ i
η/θη

a unit vector. The state becomes

E(ρ) = 〈U(τ )ρU†(τ )〉η
= ρ

〈
cos2 θη

〉
η
− i[

〈
cos θη sin θηn̂η

〉
η
· �σ , ρ]

+ 〈
(n̂η · �σ)ρ(n̂η · �σ) sin2 θη

〉
η

. (D6)

In the weak noise approximation, the first two terms sim-
plify greatly. Dropping the subscript η from the noise
averaging, these terms can be expressed as

〈
cos2 θη

〉 ≈
〈(

1 − 1
2
θ2
η

)2
〉

= 1 − 〈
θ2
η

〉
, (D7)

〈
cos θη sin θηn̂η

〉 ≈
〈(

1 − 1
2
θ2
η

)
θη

�θη
θη

〉
=

〈
�θη
〉
= 0.

(D8)

Next, we make two additional assumptions regarding
the statistical properties of the noise parameters: (1) we
assume that the noise is uncorrelated along different axes
and (2) the noise is isotropic, i.e.,

〈
�θ i
η
�θ j
η

〉
=

〈
�θ i
η
�θ i
η

〉
δij , (D9)

〈
�θ i
η
�θ i
η

〉
=

〈
θ2
η

〉

3
, (D10)

respectively. With these simplifying assumptions, the last
term in Eq. (D6) becomes

〈(n̂η · �σ)ρ(n̂η · �σ) sin2 θη〉 ≈
∑

i,j

〈
n̂i
ηn̂

j
ηθ

2
η

〉
σiρσj .

This can be further simplified as

∑

i,j

〈
n̂i
ηn̂

j
ηθ

2
η

〉
σiρσj =

∑

i,j

〈 �θ i
η
�θ j
η

θ2
η

θ2
η

〉
σiρσj

=
∑

i,j

〈
�θ i
η
�θ j
η

〉
σiρσj

=
∑

i

〈
�θ i
η
�θ i
η

〉
σiρσi =

〈
θ2
η

〉

3

∑

i

σiρσi

=
〈
θ2
η

〉

3
(2I − ρ) . (D11)

Thus,

E(ρ) = ρ
(
1 − 〈

θ2
η

〉) +
〈
θ2
η

〉

3
(2I − ρ)

= 2
3
〈
θ2
η

〉
I +

(
1 − 4

3
〈
θ2
η

〉)
ρ. (D12)

FIG. 13. Experimental results (circles) obtained from running
an increasing number of dynamical decoupling pulses on qubit
6 of ibmq_guadalupe. Improved performance with the number
of dynamical decoupling pulses is observed. The experiment
results are fit to a function χd(τ ) = A/d + B, where the param-
eters A, B are common to all dynamical decoupling experiments.
The results of these fits are presented as solid lines, where we
obtain A = 0.0063(2) and B ≈ 0 (within error bars).

From here, the depolarizing error can be recovered by
setting

p = 4
3
〈
θ2
η

〉 = 4
3

∑

i

∫ τ

0

∫ τ

0
dtdt′

〈
ηi(t)ηi(t′)

〉
. (D13)

Analogously to the dephasing case, a constant p implies
that noise must be uncorrelated and isotropic in the
Hamiltonian description. In this case, if

〈
γi(t)γi(t′)

〉 =
Cηδ(t − t′), we get p = 4Cητ/3.

APPENDIX E: EVIDENCE OF CORRELATED
DEPHASING THROUGH DD

In Sec. IV, we explore the detection and modeling
of correlated dephasing noise. By adding a number of
DD pulses on T2 experiments, dephasing can be detected
by comparing the relative performance. Figure 13 shows
experimental results obtained from running an increasing
number of DD pulses on qubit 6 of ibmq_guadalupe, as
function of total evolution time τ .

It is clear that the performance improves with the num-
ber of DD pulses. Based on the theory of DD, if this
improvement is due to increased filtering of dephasing
noise, the decay rate should decrease as 1/d, where d is the
number of DD pulses. We fit the function pD(τ ) = (1 +
e−χd(τ ))/2, where χd(τ ) ≈ ∫

S(ω) sinc((ω − ωd)τ )
2dω is

the overlap function. Note that the number of DD pulses
shifts the center of the frequency response, given by ωd =
d 2π/τ . Therefore, we can fit the experimental results to
a function χd(τ ) = A/d + B, where the parameters A, B
are common to all DD experiments. The results of these
fits are presented as solid lines with excellent agreement,
obtaining further confirmation of the presence of correlated
dephasing noise.
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APPENDIX F: PARAMETRIZING THE
MARKOVIAN RB DECAY RATE

We perform numerical studies to examine the impact of
Markovian errors on the RB decay rate rRB. In the absence
of SPAM errors, the RB experimental result can be mod-
eled as pRB(L) = (1 + e−rRBL)/2, where L is the number of
Cliffords in a given RB sequences. We perform simulation
of multiple combinations of the Markovian parameters and
find that, to first order, the decay rate can be approximated
as

rRB ≈ δt(γ + λ+ ν)+
(πε

2

)2
. (F1)

Thus, the impact of dissipative Markovian errors on the
decay rate increases linear as a function of the time elapsed
in the sequence. Coherent errors, on the other hand, enter
quadratically. Note that these results are consistent with
the literature; see, for example, Ref. [152]. Figure 14
presents examples of simulations performed with Marko-
vian parameters near values obtained from real devices.
The noise parameters were chosen to be “weak” by default,
while varying one parameter set as “strong” (see left
and right columns of Table III, respectively). The expo-
nential decays (solid lines) are analytically computed by
combining Eq. (F1) and pRB(L).

APPENDIX G: RB STANDARD DEVIATIONS

To complement the analysis in Sec. IV A, we compare
the variances obtained from the RB experiments on 13
different qubits of ibm_algiers (qubits 0, 2, 3, 4, 5, 6, 8,
9, 10, 14, 17, 22 and 24), where the Markovian model
with low-frequency dephasing noise was found to provide
a good description of the qubit’s dynamics. For each of
these qubits, we follow the steps outlined in Sec. III A to
fit the noise parameters and simulate the RB experiments.
Then, for each RB Clifford length L = 2i for i ∈ [3, 10], we
compute the standard deviations σexp, σsim for the experi-
ment and simulations, respectively. The results are shown

FIG. 14. Randomized benchmarking simulations (circles)
with Markovian parameters chosen as shown in Table III. Good
agreement is found with the analytical predictions (solid lines)
obtained from Eq. (F1).

FIG. 15. Comparison between experimental and simulated
randomized benchmarking standard deviations (blue circles).
The line of perfect correlation σexp = σsim is shown in green for
comparison.

collectively in Fig. 15 in a scatter plot to visualize the
degree of correlation. The Pearson correlation coefficient
was computed between the two datasets and was found to
be 0.70. This strong correlation provides evidence that the
model is able to capture the RB statistics to a larger extent
than just the mean alone. Deviations from the perfect cor-
relation (shown as the solid line in Fig. 15) may be due
to low statistics, as only 10 RB sequences per length were
run, and model deviations. Although promising, this show-
cases that a more thorough analysis could shed additional
light into the origin of these discrepancies. Due to the com-
plexity of running additional experiments on the IBMQP,
this is left for future work.

APPENDIX H: RESONANCES IN FTTPS

As discussed in Sec. IV C 2, low-frequency dephasing
noise is prominent in the superconducting qubit devices
examined in this study. Despite the common spectral fea-
tures of low-frequency noise accompanied by a white noise
floor, exceptions do exist. In particular, we find a subset
of qubits that exhibit resonance peaks at high frequency.
An example of this phenomenon can be seen in Fig. 16,
detected in an FTTPS experiment.

The large resonance at k = 30 can be mapped to
a frequency value by drawing upon the FFF (see
Appendix B 1). The kth FF Fk(ω) has a narrow frequency
sensitivity peak centered at ω = 2πk/τ [see Fig. 11(a)],
where τ = 2Kδt is the FTTPS duration. Consequently, the
resonance observed in Fig. 16 corresponds to a frequency
of ≈41 ± 1 MHz. This frequency value is consistent with
that observed in other qubits, typically in the range of
25–70 MHz. A possible origin of this phenomenon is fre-
quency collisions with neighboring qubits, since IBMQP
Eagle generation devices have typical resonance frequency
differences between nearest-neighbor qubits in the order of
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FIG. 16. Fixed total-time pulse sequences experiment results
(circles) and simulation (solid lines) on qubit 13 of ibm_algiers.
A resonance peak is observed at k = 30, consistent with a fre-
quency of approximately 41 ± 1 MHz. Inset: Power spectral
density obtained from the fixed total-time pulse sequences exper-
iment, using the quantum noise spectroscopy protocol outlined
in Appendix B 2. This power spectral density is then used to
generate the noise trajectories required for simulation. Excel-
lent agreement is found between experiment and simulation, as
quantified by the mean squared error defined in Sec. III A.

10–100 MHz. A thorough study of the physical origin of
this resonant phenomenon is left for future work.

Note that, as is the case with low-frequency noise, the
PSD of this noise can be fit following the same procedure
outlined in Appendix B 2. The resulting PSD is shown in
the inset. The PSD can be used alongside a stochastic noise
simulation, showing excellent agreement with experiment.

APPENDIX I: TLS AND CROSSTALK

An interesting phenomenon was identified within the
TLS model in the presence of crosstalk and local detuning.
As introduced in Sec. IV B 1, many qubits exhibit the TLS
behavior in the Ramsey experiments; this is exemplified
in four different qubits in Fig. 3. The multi-qubit model
introduced in this paper has three relevant frequencies
associated with the Ramsey experiment: the TLS-to-qubit
and qubit-qubit crosstalk coupling strengths ξ and J , and
the local single-qubit detuning frequency β. When all of
these parameters are taken into account, the LME model
yields

v(τ) = e−ατ cos[(β + J )τ ] cos(ξτ ), (I1)

where α = γ /2 + λ. Note that this Bloch vector corre-
sponds to the single-qubit Ramsey experiments, where the
spectator qubit remains in the |0〉 state and evolves freely.

Examples of these Ramsey experiments can be seen for
two different qubits in Fig. 17 (dark-blue circles; denoted
as FE). Both of these qubits were selected due to their
seemingly close-to-uniform oscillations, where the oscilla-
tions can be well described by a single relevant frequency.
Looking at Eq. (I1), we notice that this poses two alter-
natives: either ξ ≈ 0, or β = −J . In order to resolve this

FIG. 17. Ramsey experiments on qubits 0 and 3 of ibm_cairo,
where spectator qubits are left to evolve freely (dark-blue cir-
cles; FE) and decoupled via XY4 (light-blue triangles; DD).
Note that XY4 is applied exclusively on spectator qubits. Solid
lines correspond to multi-qubit Lindblad master equation simula-
tions including two-level system and crosstalk couplings, where
excellent agreement with the experiments is found.

uncertainty, we performed another experiment. Immedi-
ately after the single-qubit Ramsey experiment is run, the
experiment is repeated with the XY4 decoupling sequence
applied to all spectator qubits in order to suppress quantum
crosstalk between the primary qubit and its spectators. The
results of this experiment are shown as light blue triangles
in Fig. 17 (denoted as DD). The remaining oscillation sug-
gests that the TLS is present. As such, the relevant equation
that describes these experiments is Eq. (15). From both
experiments, ξ and β can be fit. Here, we find that one of
the values is consistent with the single frequency oscilla-
tion obtained in the original Ramsey experiments. Conse-
quently, we can positively state that, within our model, β ≈
−J , and that the frequency observed in the pure Ramsey
experiment corresponds to the TLS coupling ξ .

The interpretation of these results is that the qubits’s
driving frequencies are calibrated to precisely cancel the

FIG. 18. Results (dots) obtained from characterization experi-
ments on qubit 117 of ibm_osaka, which fits well a Markovian
model. The same batch of experiments was run 20 times in the
span of 1 hr, on February 10, 2024. Time on the horizontal axis
is measured from the first experiment run, at 22:23h. Solid lines
are obtained from cubic spline interpolations. Shaded regions
represent uncertainties obtained from the fit.
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combined effect of neighboring crosstalk. Thus, this result
adds another layer of complexity to the modeling of
dephasing noise, since the TLS frequencies are seen to
oscillate on a timescale much shorter than detuning fre-
quencies. A detailed study of the consequences of the
presence of TLSs on stochastic dephasing noise is left for
future work. However, we note that, in principle, it is a rea-
sonable assumption to consider all qubits to have nonzero
β, J , ξ .

APPENDIX J: MODEL STABILITY

We investigate the stability of the model parameters
over time. Figure 18 presents experimental data obtained
from fitting the results of the characterization experiments
over a window of one hour. As shown, most parameters
have a good degree of stability within this window. A thor-
ough statistical analysis of the stability over many qubits
and longer time windows is required to more adequately
determine if these trends continue or if significant drift
occurs. These time sensitive experiments likely require
dedicated access to hardware that differs from the standard
IBMQP access. For that reason, we leave this analysis for
future work, but provide preliminary insight here.

(a)

(c)

(b)

FIG. 19. Device connectivity and coherence times proper-
ties. We show cumulative distribution functions of (a) T1 and
(b) T2 times, collected by system size in number of qubits:
(5a) ibmq_lima, ibmq_belem, (5b) ibmq_manila, (7) ibmq_lagos,
(16) ibm_guadalupe, (27) ibm_auckland, ibm_cairo, ibm_hanoi,
ibm_algiers. (c) Device layouts for each system size.

APPENDIX K: DEVICE PROPERTIES

In this appendix, we present device topologies and
cumulative distribution functions (CDFs) for IBMQP
devices used throughout this work. See Fig. 19 for
device layouts and information regarding T1 and T2 times
obtained from IBM’s calibration data.
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