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Non-Gaussian noise spectroscopy with
a superconducting qubit sensor
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Accurate characterization of the noise influencing a quantum system of interest has far-
reaching implications across quantum science, ranging from microscopic modeling of
decoherence dynamics to noise-optimized quantum control. While the assumption that noise
obeys Gaussian statistics is commonly employed, noise is generically non-Gaussian in nature.
In particular, the Gaussian approximation breaks down whenever a qubit is strongly coupled
to discrete noise sources or has a non-linear response to the environmental degrees of
freedom. Thus, in order to both scrutinize the applicability of the Gaussian assumption and
capture distinctive non-Gaussian signatures, a tool for characterizing non-Gaussian noise is
essential. Here, we experimentally validate a quantum control protocol which, in addition to
the spectrum, reconstructs the leading higher-order spectrum of engineered non-Gaussian
dephasing noise using a superconducting qubit as a sensor. This first experimental demon-
stration of non-Gaussian noise spectroscopy represents a major step toward demonstrating a
complete spectral estimation toolbox for quantum devices.
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or any dynamical system that evolves in the presence of

unwanted disturbances, precise knowledge of the noise

spectral features is fundamental for quantitative under-
standing and prediction of the dynamics under realistic condi-
tions. As a result, spectral estimation techniques have a long
tradition and play a central role in classical statistical signal
processing!. For quantum systems, the importance of precisely
characterizing noise effects is further heightened by the challenge
of harnessing the practical potential that quantum science and
technology applications promise. Such detailed knowledge is key
to develop noise-optimized strategies for enhancing quantum
coherence and boosting control fidelity in near-term inter-
mediate-scale quantum information processors2, as well as for
overcoming noise effects in quantum metrology>*. Ultimately,
probing the extent and decay of noise correlations will prove
crucial in determining the viability of large-scale fault-tolerant
quantum computation®.

Thanks to their exquisite sensitivity to the surrounding
environment, qubits driven by external control fields are naturally
suited as “spectrometers”, or sensors, of their own noise®”’.
Quantum noise spectroscopy (QNS) leverages the fact that open-
loop control modulation is akin to shaping the filter function (FF)
that determines the sensor’s response in frequency space®-12 and,
in its simplest form, aims to characterize the spectral properties of
environmental noise as sensed by a single qubit sensor. By now,
QNS protocols employing both pulsed and continuous control
modalities have been explored, and experimental implementa-
tions have been reported across a wide variety of qubit platforms
—including nuclear spins!3, superconducting quantum cir-
cuits!4-17, semiconductor quantum dots!3-21, diamond nitrogen
vacancy centers?>23, and trapped ions?4. Notably, knowledge of
the underlying noise spectrum has already enabled unprece-
dented coherence times to be achieved via tailored error
suppression®>.

While the above advances clearly point to the growing sig-
nificance of spectral estimation in the quantum setting, they all
rely on the assumption that the target noise process is Gaussian—
that is, one- and two-point correlation functions suffice to fully
specify the noise statistical properties. However, the Gaussian
assumption needs not be justified a priori and it should rather be
validated (or falsified) by the QNS protocol itself. A number of
realistic scenarios motivate the consideration of non-Gaussian
noise regimes. Statistical processes that are responsible for elec-
tronic current fluctuations in mesoscopic devices or the 1/f noise
ubiquitously encountered in solid-state quantum devices are not
Gaussian in general?, In superconducting circuits, previous
studies have shown that a few two-level defects within Josephson
tunnel junctions can interact strongly with the qubit?’-31, the
resulting decoherence dynamics showing marked deviations from
Gaussian behavior under both free evolution and dynamical
decoupling protocols”-3233. More generally, non-Gaussian noise
statistics may be expected to arise whenever a qubit is operated
outside a linear-response regime, either due to strong coupling to
a discrete environment?* or to a non-linear energy dispersion
relationship. The latter feature, which has long been appreciated
to influence dephasing behavior at optimal points3®, is common
to all state-of-the-art superconducting qubit archetypes30-3°.
Thus, statistical correlations higher than second order and their
corresponding multi-dimensional Fourier transforms must be
taken into account for complete characterization. From a signal-
processing standpoint, this translates into the task of higher-order
spectral estimation0,

In this work, we experimentally demonstrate non-Gaussian
QNS by building on the estimation procedure proposed by Norris
et al.#1, While we employ a flux-tunable superconducting qubit as
a sensor, our methodology is portable to other physical testbeds

in which classical dephasing noise is the dominant decoherence
mechanism. We show how non-Gaussianity distinctively modifies
the phase evolution of the sensor’s coherence, resulting in an
observable signature to which the spectrum (or power spectral
density, PSD) is completely insensitive and which is instead
encoded in the leading higher-order spectrum, the bispectrum.
Unlike the original proposal*!, the QNS protocol we introduce
here makes use of a statistically motivated maximum likelihood
approach. This renders the estimation less susceptible to
numerical instability, while allowing measurement errors to be
incorporated and both the PSD and the bispectrum to be inferred
using a single measurement setup. In order to obtain a clean
benchmark for our spectral estimation procedure, we engineer a
non-Gaussian noise model by injecting Gaussian flux at the
sensor’s degeneracy point, resulting in non-Gaussian frequency
noise. The noise implementation is validated by verifying the
observed power dependence of the leading cumulants against the
expected one. Both the reconstructed PSD and the bispectrum are
found to be in quantitative agreement with theoretical predictions
within error bars.

Results
Non-Gaussian dephasing noise. Before introducing our experi-
mental test bed, we present the general setting to which our
analysis is relevant: a qubit sensor evolving under the combined
action of non-Gaussian classical dephasing noise and suitably
designed sequences of control pulses. By working in an interac-
tion frame with respect to the internal qubit Hamiltonian and the
applied control, and letting =1, the controlled open-system
Hamiltonian may be written as H(t) = y,(t)B(t)0./2, where B(¢) is
a stochastic process describing dephasing noise relative to the
qubit’s eigenbasis defined by the Pauli operator o,. The control
switching function y,(t) accounts for a sequence p of instanta-
neous 7 rotations about the x or y axis, starting from initial value
¥p(0) = +1 and toggling between *1 with every application of a
pulse. Under such a pure-dephasing Hamiltonian, the qubit
coherence is quantified by the time-dependent expectation value
(0.(t)) = e XD+i$(D) (5. (0)), where the influence of the noise is
captured by the decay and phase parameters y(f) and ¢(¢). These
parameters may be formally expanded in terms of noise cumu-
lants, CR(t,, ..., t), k€{l, 2, ..., o}, with x(t) taking contribu-
tion only from even cumulants and ¢(f) only from odd
cumulants*!. Physically, the kth-order cumulant is determined by
the multi-time correlation functions E[B(t,), ..., B(t)], with j <k,
where E[-] denotes the ensemble average over noise realizations.
Since the statistical properties of Gaussian noise are entirely
determined by one- and two-point correlation functions,
cumulants of order k>3 vanish identically. By contrast, for
non-Gaussian noise, all cumulants can be non-zero in principle.
Assuming that noise is stationary, so that the mean of the process
E[B(H)] = CV(0) = up is constant, the phase parameter may be
written as ¢(t) = ugF,(0, t) + ¢(t), with the Fourier transform

Fy(w,t) = [ gdse’iwsyp(s) being the fundamental FF associated to

the control!2, This expression separates the phase due to the noise
mean, which arises for both Gaussian and non-Gaussian noise,
from a genuinely non-Gaussian phase ¢(t), which captures the
contribution of all odd noise cumulants with k>3. For
sufficiently small time or noise strength, we can neglect terms
of order k>3 in the cumulant expansion, leading to

K0~ 5 [ dolfyw.0Ps(0), (1

1 o o o
o(t) ~ _W/Rz 45G,(@,1)S,(@), 2)
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Fig. 1 Experimental setup and non-Gaussian dephasing noise in a superconducting qubit. a Schematic of the circuit QED system. An engineered flux qubit
comprises a superconducting loop (blue) interrupted by one small-area and eight large-area Josephson junctions (crosses) and is inductively coupled to a
local antenna (red). The qubit junctions have internal capacitance, C and aC, and are externally shunted by capacitance Cg,. See Supplementary Note 1.
b SEM image of the device. The flux threading the qubit loop ® is modulated by applying a current through the local antenna. ¢ Frequency spectroscopy of
the qubit's |0) — |1) transition. At (away from) the degeneracy point @ = ®/2, the qubit frequency wq has a quadratic (linear) dependence on the external
flux, as indicated by the indigo (yellow) arrow. d Probability distribution of the qubit frequency under Gaussian flux noise in the linear regime (yellow) vs.
the quadratic regime (indigo). In the quadratic regime, the right-skewness of the distribution illustrates the non-Gaussianity of the resulting noise process

where & = (w;,w,) and the second and third noise
cumulants enter the qubit dynamics through their Fourier
transforms: the PSD or spectrum, S(w) = [pdre “7C?)(0, 1),
and the second-order polyspectrum or  bispectrum,
$,(@) = [pdTe@7C®(0,1),1,), with F=(1,7,). In the
frequency domain, the influence of such spectra is “filtered”

by a corresponding generalized FF—in  particular,
G,(®, 1) = F,(~wy, t)F,(~w,, t)F,(w; + w,,t)!% Since, to lead-

ing order, non-Gaussian features arise in our setting from S, (&),
non-Gaussianity of a noise process will be detected and
characterized through measurements of ¢(%).

Experimental setup and noise validation. Our circuit quantum
electrodynamics (QED) system*243 contains an engineered flux
qubit#4, which is designed to enable fast single-qubit gates with
high fidelity at its flux degeneracy point (Fg>99.9%; see Supple-
mentary Notes 1 and 2). Single-qubit operations are performed
using cosine-shaped microwave pulses, applying an optimal-
control technique to suppress leakage to higher levels*°. Inductive
coupling to a local antenna is used to modulate the external flux
@ threading the qubit loop interrupted by Josephson junctions
(Fig. 1a, b). Near the degeneracy (or optimal®) point ® = @,/2,
with @ the flux quantum, the |0) — |1) transition frequency wq
has an approximately quadratic dependence on the external flux
@ (Fig. 1c). Hence, a sufficiently slow time-dependent external
flux O(t) enables adiabatic modulation of the qubit frequency,
leading to

B(t) = o [A0(1)]%,

where ¢ is the quadratic coefficient in the dispersion relation
between qubit frequency and flux. Crucially, any non-linear
function of a Gaussian process leads to non-Gaussian noise. In

AD(t) = O(t) — D, /2, (3)

particular, the quadratic function implemented in Eq. (3) trans-
duces zero-mean Gaussian flux noise into non-Gaussian qubit-
frequency noise (Fig. 1c, d). Assuming that the noise is entirely
contributed by the applied AD(t), and that Sq(w) denotes the
corresponding PSD, the mean up, PSD S(w), and bispectrum
Sy(wy, w,) of B(t) are, respectively, given by

—ﬂ—q’ wSg(w
o =52 [ daso(w) (@
$() = [ ausy (w800, (5

So(wp0) = 22 [ dusy(wSy(a, + wSyle; ~ ). (6)

In the experiment, we choose Sg(w) to be a zero-mean Lorentzian
function, Sg(w) = (Po/nw)/[1 + (w/w,)?], where wJ/2m (=0.5
MHz) and P, denote the cutoff frequency and the power of the
applied flux noise, respectively. As is apparent from Egs. (4)-(6),
cumulants of order k=1, 2, and 3 are distinguished by their
linear, quadratic, and cubic dependence on power, respectively.
We first validate the intended engineered non-Gaussian noise
by demonstrating consistency of the measured power dependence
of xy and ¢ with the above prediction. The qubit is initialized to
the +y axis by applying a 7/2 pulse about x (rotation R,(71/2)),
and Gaussian flux noise is injected while it evolves in the xy plane
of the Bloch sphere for time T. During this evolution, we apply a
Carr-Purcell-Meiboom-Gill (CPMG) sequence consisting of two
refocusing 7 pulses about y (Fig. 2a). At the end of this sequence
(t=T), the effect of the first cumulant of the noise cancels out
(Fp(0, T) = 0) and, as a result, the measured phase becomes solely
determined by odd cumulants of order k>3: ¢(T) = ¢(T). To
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Fig. 2 Power dependence of decay constant (y) and phase angle (¢).
a Pulse scheme for measuring the power dependence of y and ¢, consisting
of a CPMG sequence of length T=1ps with two z pulses. Flux noise
waveforms are temporally tailored to affect the qubit only while it evolves

on the transverse plane. b Decay constant y = — log<\/ <UX>2+<Uy>2> and

¢ phase angle ¢ =tan—(—(c,)/{(0,)) at time t =T, after application of a
CPMG sequence as a function of the applied noise power Pq. A cubic power
dependence of ¢, for sufficiently weak noise, corroborates non-Gaussianity
of the engineered noise. Error bars represent 95% confidence intervals

estimate both ¢ and y, we measure (o,) and (o,) by applying
appropriate tomography pulses at time t = T, before readout in
the o,-basis.

Figure 2b, ¢ shows y and ¢ as a function of injected flux noise
power P, for both the experiment (blue triangles) and Monte
Carlo simulations accounting for all cumulants of the applied
noise (orange squares, see Supplementary Note 5). Substituting
Egs. (5) and (6) into Egs. (1) and (2), we also plot the resulting
ideal weak-power behavior (gray solid) considering only the
leading-order cumulants of order two and three for y and ¢,
respectively. For sufficiently small Py, these ideal values are in
good agreement with data from both experiment and simula-
tion, showing that y and ¢ obey the quadratic and cubic power
dependences that are expected for the square of a Gaussian
flux-noise process under the CPMG sequence. In particular, the
cubic dependence of ¢ at small P, corroborates the presence of
a non-zero third-order cumulant, which would not exist for
Gaussian noise. Deviations of the simulations and experimental
data from the ideal behavior at large P, are attributable to the
contribution of cumulants of order k>3. The quantitative
agreement between theory, experiment, and simulation
observed at low power demonstrates our capability to produce
and sense engineered noise that dominates over native one over
the relevant parameter regime and exhibits well-controlled
cumulants, a necessary first step in the experimental validation
of non-Gaussian QNS.
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Fig. 3 A protocol for non-Gaussian noise spectroscopy. a Timing diagrams
of control pulse sequences. The length of the base sequence is T=960 ns,
p =1 corresponds to a single free-evolution period, whereas sequences p =
2, ..., 11 are repeated M =10 times. Only z-pulses are shown and all
z-pulses are around the y axis (see Supplementary Note 4 for details).

b |Fy(w, MTD)|2 for p=3, 4, 5 as a function of angular frequency .

¢ Symmetries of the bispectrum of a classical stationary noise process.

d 2D grid representing the harmonic frequencies (black circles) in the
principal domain D, (orange area) in which the bispectrum is sampled. The
amplitude of the relevant contribution of the FF in D,, [Re[G, (@, MT)]|, for
p =2, (red surface plot) is shown on the top of the grid

Non-Gaussian noise spectroscopy. Having established that y and
¢ follow their expected behavior, we move on to fully char-
acterizing the first three cumulants of our engineered noise source
by measuring its mean, PSD, and bispectrum. Since the noise
mean, yp, manifests itself through a qubit-frequency shift, it can
be measured from a simple parameter estimation scheme based
on Ramsey interferometry. By contrast, we aim to perform a non-
parametric estimation of both the PSD and bispectrum, that is, to
reconstruct them at a set of discrete points in frequency space
without assuming a prior functional form. Figure 3 illustrates our
protocol for simultaneous estimation of the PSD and bispectrum,
in which filter design—the selection of pulse times in a control
sequence so that the corresponding FF has a particular shape—is
instrumental. Building on ref. 13, applying M > 1 repetitions of a
“base” pulse sequence p € {1, 2, ---, P}, with duration T, shapes the
FF |F,(w, MT)|? into a frequency comb with narrow teeth probing
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Fig. 4 Gaussian spectral estimation: noise mean and PSD. a Measured
values of (s,) after a 50-ns-long Ramsey sequence vs. drive detuning

D = wq — wq. The separation between the x-intercepts of the two fitted lines
gives the mean ug* of the injected dephasing noise. b Comparison of the
experimental reconstruction (blue triangle) and Monte Carlo simulation
(orange square) with the ideal PSD (gray solid line). € Decay constants y.
Except for p=1, the ideal data (gray circles) are in very good agreement
with both the experimental results and Monte Carlo simulations. Error bars
represent 95% confidence intervals

S(w) at harmonics kwy, with k an integer and w;, = 271/T (Fig. 3a,
b). This result generalizes to filters relevant to higher-order
spectral2: under sequence repetition, G, (@, MT) becomes a two-
dimensional (2D) “hyper-comb” with teeth probing S,(@) at
RS {Ewh}, where k = (k;, k,) with k; and k, integers (Fig. 3d).

For both the PSD and bispectrum, distinct pulse sequences
have the effect of giving different weights to the comb teeth,
granting access to complementary information about S(kwj) and

SZ(Ewh), enabling their reconstruction. More specifically, in both
cases, the basic steps of our protocol consist of (i) applying a set
of sufficiently distinct pulse sequences p (Fig. 3a); (ii) measuring
the corresponding decay and phase parameters; and (iii) solving
the resulting systems of linear equations, which give y,(MT) and

¢p(MT) as a function of S(kwy) and S, (Ewh) Since classical noise
has a spectrum with even symmetry, S(w) = S(—w), the PSD is
specified across all frequency space by its values at positive
frequencies. Likewise, the bispectrum is completely specified by
its values over a subspace D, known as the principal domain#!-4°,
illustrated in Fig. 3c. Reconstructing the bispectrum over D, and
exploiting the symmetries that S, (&) exhibits (shown in Fig. 3¢)
thus suffices to retrieve the bispectrum over the whole relevant
frequency domain.

Figure 4 presents experimental results for determining the mean
and PSD, which suffice to characterize the noise process in the
Gaussian approximation. To measure yg by Ramsey interfero-
metry, we apply a pair of 77/2 pulses with a drive at frequency wg,
first about x at time ¢ = 0 (R(71/2)), and then about y at time t =T
(Ry(m/2)). We choose a pulse interval T'=50ns, which is short
enough for cumulants of order higher than one to be negligible,

NATURE COMMUNICA

but long enough to avoid pulse overlap. The qubit polarization at
time ; after the two pulses is then (o.(t)) = (D + up)T', where
D=wq— wq is the drive detuning, and T" is an effective time
interval that accounts for the finite-width pulse shape (see
Supplementary Note 6). Thus, plotting (o.(ty)) as a function of D
produces a straight line whose x-intercept is —p, leading to an
estimate that is insensitive to the pulse shape to first order in the
cumulant expansion. Figure 4a presents data for measurements of
(0(tp)), and shows how we isolate the contribution of the
engineered noise source by performing the sequence with (blue
data set) and without (black data set) applied noise. The mean of
the engineered noise is estimated by subtracting the x-intercepts
of the straight lines that are fitted to each data set. Performing
these fits under the conditional normal model of linear
regression (see Supplementary Note 6) yields the estimate
yst/2m = 127.1+7.56 kHz, where the uncertainty corresponds
to the 95% confidence interval calculated from the asymptotic
normal distribution of qubit polarization.

To estimate the PSD by the comb approach outlined above, we
use both a period of free evolution (p = 1) and M = 10 repetitions
of base sequences p=2, ..., 11 illustrated in Fig. 3a (see
Supplementary Note 4 for the actual pulse times). For M > 1, the
FF entering the decay constant 1n Eq. (1) becomes approximately

|E, ( w, MT)|* ~ % |F,(w,T) )|? Z 8(w — kwy,), which enables us

to sample the PSD at the harmonlc frequencies in terms of the
(known) control FFs,

Xp(MT) ~ Z |Fy (kawy, T)[*S(kwy)- (7)

kezc1

Here, we have used the even symmetry of the PSD, and the high-
frequency decay of the PSD and FFs to truncate the comb to a
finite set of positive harmonics, K, = {0, ..., K — 1}. Rather than
solving the above linear system by matrix inversion as in ref. 13,
we employ a statistically motivated maximum-likelihood estimate
(MLE), which takes experimental error into account (see
Supplementary Note 7). Using measurements of y,(MT) for each
of the same P=11 control sequences to be used for the
bispectrum estimation, we find a well-conditioned system for
K=8.

Figure 4b compares the experimentally estimated PSD at the
K =8 harmonics (blue triangles) with the ideal PSD obtained
from Eq. (5) for our engineered noise (solid gray line) and Monte
Carlo simulations of the QNS protocol (orange squares). The
experimental and simulated estimates of the PSD are plotted
along with 95% confidence intervals obtained from the
asymptotic normal distribution of the decay constants. Figure 4c
shows the experimental and simulated values of y,(MT) that were
used as input for the reconstructions, along with ideal values
obtained by substituting Eq. (5) into Eq. (1) and approximating
the FF by the ideal (infinite) comb as given above. The PSD is
slightly underestimated at zero frequency in both the experiment
and Monte Carlo simulation since the FF of sequence p=1
(a 960-ns-long free induction decay) is comparable in bandwidth
to the PSD, whereas the reconstruction procedure assumes the
PSD is sampled by infinitely narrow FFs. The disagreement of the
experimental and simulated x,(MT) for p = 1 with the ideal value
is also explained by the non-negligible bandwidth of the FF
(Fig. 4c). Apart from these well-understood discrepancies at
w = 0, the quantitative agreement of the experimental reconstruc-
tion with simulations and ideal values is remarkable, which
demonstrates that our protocol is able to reliably characterize
Gaussian features of the applied noise.

We are now in a position to present our key result: the
reconstruction of the noise bispectrum. As anticipated, this entails
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a higher-dimensional analog of the comb-based approach used
for the PSD. We estimate the non-Gaussian phase given in
Eq. (2) by subtracting the contribution of the noise mean
from the total measured phase, ¢,(MT) = ¢,(MT) — ugF,(0, MT),
where we replace up by u§' experimentally determined
above. After M >> 1 repetitions of sequence p, the FF becomes a

2D comb (Fig. 3d), and the non-Gaussian phase becomes a
sampling of the bispectrum at the harmonics kw,, that is,

9,(MT) = — 51z 3 Gp(whE, T)S,(w,k). Since both the filter

kez?

and bispectrum decay at high frequencies, we can truncate this
sum to a finite number of k = (k;,k,). As the bispectrum is
completely specified by its values on the principal domain, we
may further restrict our consideration to a subset of harmonics,
K, = {El, ,EN} C D, (Fig. 3d). The non-Gaussian phase then
becomes

0p(MT) = — 15 5 mlwPIRe(Gy (0, TS (0,F),  (g)
kek,

where the multiplicity m(whE) accounts for the number of points
equivalent to Sz(whE) by the symmetry properties of the
bispectrum. Also on account of these symmetries, the imaginary
component of Gp(whE, T) cancels when the sum is restricted to
D, (see Supplementary Note 8).

By measuring the non-Gaussian phase for P2=N
different control sequences, we can construct a vector
¢ = [, (MT), ... 7(pp(MT)]T and a linear system of the form

(ﬁ = ASZ? Apn = - 3|T2 m(whkn)Re[Gp(whkn7 T)]’ (9)

where §, = [Sz(wh£1)7 ,Sz(whEN)]T contains the bispectrum at
the harmonics in K, and A is a P x N reconstruction matrix. The
simplest way to estimate the bispectrum from this linear system is
the least-squares estimate employed in ref. 4!, involving the
(pseudo-)inverse of the reconstruction matrix, §§St =A"'¢. Asin
the case of PSD estimation, a potential drawback of this
inversion-based approach is numerical instability stemming from
an ill-conditioned A, which occurs when the FFs have a high
degree of spectral overlap. Since ill-conditioning makes the least-
squares estimate sensitive to even small errors in the measured
phases, we again utilize a maximum-likelihood approach with

optional regularization to further increase stability (see Supple-
mentary Note 8). From the asymptotic Gaussian distribution of
the measurement outcomes of @, the regularized maximum-
likelihood estimate (RMLE) is found as

; 1 , B
SIMIE = argmin| 7 (AS, — §)"Z7'(AS, - §) + IADS, |13,
S

(10)

where ||-||, denotes the L,-norm and A>0 parametrizes the
strength of the regularization?’. Due to its dependence on the
covariance matrix X, the RMLE down-weights phase measure-
ments with larger error. Numerical stability is increased by the

regularizer ||/\D§2| ; which acts as an effective constraint. When
the smoothing matrix D is proportional to I, the regularizer
reduces to the well-known Tikhonov (or L,) form. Since the
numerical stability afforded by regularization comes at the cost of
additional bias, choosing the regularization strength is a
nontrivial task. In Supplementary Note 8, we detail how we have
selected A based on the so-called “L-curve criterion”. Interestingly,
since A is sufficiently well-conditioned for the sequences we have
chosen, we find that regularization gives negligible benefit.
Accordingly, we use A =0 (which recovers standard MLE) in
our experimental reconstructions.

Figure 5a compares the results of the non-Gaussian spectral
estimation for the harmonics in the principal domain for the
experiment (blue triangles) with both the ideal bispectrum
obtained from Eq. (6) (gray circles) and from Monte Carlo
simulations (orange squares). To estimate the experimental
bispectrum, we input the measured data for ¢ and ¥ shown in
Fig. 5b into §2RMLE given by Eq. (10). The ideal values of ¢,, also
shown in Fig. 5b, are obtained by substituting Eq. (6) into Eq. (2).
We further display 3D representations of the full bispectra,
obtained by applying relevant symmetries to the data on D,, for
the ideal (Fig. 5¢) and experimental (Fig. 5d) cases, respectively.
Ignoring error bars, the reconstructed bispectrum appears to be
an overestimate with respect to the ideal one. This error may be
attributed to noise during the finite-duration control pulses used
in the experiment, leading to effective pulse infidelity. Upon
taking the error bars in Fig. 5a into consideration, however, the
ideal and simulated values of the bispectrum lie within the 95%
confidence intervals of the experimental reconstruction, suggest-
ing that this estimation error is statistically insignificant and thus
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successfully extending the validation of our QNS protocol to the
leading non-Gaussian noise cumulant.

Although the theoretical bispectrum falls within the 95%
confidence interval of the estimate, reducing the magnitude of
uncertainties is clearly necessary to push the application of non-
Gaussian QNS to uncontrollable native noise, whose strength
may be comparatively weak. We note that the spectral
characterization of the non-Gaussian noise process engineered
in this experiment requires an extremely precise estimation of yp.
Since reconstructions of the bispectrum are obtained using
@p(MT) = ¢,(MT) — ugF,(0, MT), the uncertainty in p§" propa-
gates to ¢,(MT) when p has zero filter order, i.e. F,(0, MT) = 0.
These sequences play a crucial role in estimating the bispectrum
at the “zero points”, grid points (w;, w,) with w; =0 or w, =0.
Since pp is much larger than the third cumulant for the current
noise process, even a small relative uncertainty in $* can lead to
greater error in the bispectrum estimate at the zero points, as the
error bars in Fig. 5a attest.

Discussion

In summary, we experimentally demonstrated high-order spectral
estimation in a quantum system. By producing and sensing
engineered noise with well-controlled cumulants, we were able to
successfully validate a spectroscopy protocol that reconstructs
both the PSD and the bispectrum of non-Gaussian dephasing
noise. Our theory and experimental demonstration lay the
groundwork for future research aiming at complete spectral
characterization of realistic non-Gaussian noise environments in
quantum devices and materials. Theoretically, we expect that the
regularized maximume-likelihood estimation approach to QNS we
invoked here will prove crucial to ensure stable spectral recon-
structions in more general settings. Devising alternative estima-
tion protocols based on optimally band-limited control
modulation and multitaper techniques*® appears especially
compelling, in view of recent advances in the Gaussian
regime?44%, We believe that obtaining a complete spectral char-
acterization will ultimately provide deeper insight into the physics
and interplay of different microscopic noise mechanisms,
including non-classical non-Gaussian noise, as possibly arising
from photon-number-mediated non-linear couplings®C.

Data availability

The data that support the findings of this study may be made available from the
corresponding authors upon request and with the permission of the US Government
sponsors who funded the work.

Code availability

The code used for the analyses may be made available from the corresponding authors
upon request and with the permission of the US Government sponsors who funded
the work.

Received: 21 March 2019 Accepted: 30 July 2019
Published online: 16 September 2019

References

1. Percival, D. B. & Walden, A. T. Spectral Analysis for Physical Applications
(Cambridge University Press, Cambridge, UK 1993).

2. Preskill, J. Quantum computing in the NISQ era and beyond. Quantum 2, 79
(2018).

3. Sekatski, P., Skotiniotis, M. & Diir, W. Dynamical decoupling leads to
improved scaling in noisy quantum metrology. New J. Phys. 18, 073034
(2016).

4. Beaudoin, F., Norris, L. M. & Viola, L. Ramsey interferometry in correlated
quantum noise environments. Phys. Rev. A 98, 020102(R) (2018).

5. Preskill, J. Sufficient condition on noise correlations for scalable quantum
computing. Quantum Inf. Comput. 13, 181-194 (2013).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Schoelkopf, R. J., Clerk, A. A., Girvin, S. M., Lehnert, K. W. & Devoret, M. H.
in Quantum Noise in Mesoscopic Physics, NATO Science Series, (ed. Y. V.
Nazarov) Vol. 7. 175-203 (Springer, Dordrecht, 2002).

Faoro, L. & Viola, L. Dynamical suppression of 1/f noise processes in qubit
systems. Phys. Rev. Lett. 92, 117905 (2004).

Cywinski, L., Lutchyn, R. M., Nave, C. P. & Das Sarma, S. How to enhance
dephasing time in superconducting qubits. Phys. Rev. B 77, 174509 (2008).
Biercuk, M. J. et al. Optimized dynamical decoupling in a model quantum
memory. Nature 458, 996-1000 (2009).

Yuge, T., Sasaki, S. & Hirayama, Y. Measurement of the noise spectrum using
a multiple-pulse sequence. Phys. Rev. Lett. 107, 170504 (2011).

Young, K. C. & Whaley, K. B. Qubits as spectrometers of dephasing noise.
Phys. Rev. A 86, 012314 (2012).

Paz-Silva, G. A. & Viola, L. General transfer-function approach to noise
filtering in open-loop quantum control. Phys. Rev. Lett. 113, 250501 (2014).
Alvarez, G. A. & Suter, D. Measuring the spectrum of colored noise by
dynamical decoupling. Phys. Rev. Lett. 107, 230501 (2011).

Bylander, J. et al. Noise spectroscopy through dynamical decoupling with a
superconducting flux qubit. Nat. Phys. 7, 565-570 (2011).

Yan, F. et al. Rotating-frame relaxation as a noise spectrum analyser of a
superconducting qubit undergoing driven evolution. Nat. Commun. 4, 2337
(2013).

Yoshihara, F. et al. Flux qubit noise spectroscopy using Rabi oscillations under
strong driving conditions. Phys. Rev. B 89, 020503(R) (2014).

Quintana, C. M. et al. Observation of classical-quantum crossover of 1/f flux
noise and its paramagnetic temperature dependence. Phys. Rev. Lett. 118,
057702 (2017).

Dial, O. E. et al. Charge noise spectroscopy using coherent exchange
oscillations in a singlet-triplet qubit. Phys. Rev. Lett. 110, 146804 (2013).
Muhonen, J. T. et al. Storing quantum information for 30 seconds in a
nanoelectronic device. Nat. Nanotech. 9, 986-991 (2014).

Chan, K. W. et al. Assessment of a silicon quantum dot spin qubit
environment via noise spectroscopy. Phys. Rev. Appl. 10, 044017 (2018).
Yoneda, J. et al. A quantum-dot spin qubit with coherence limited by charge
noise and fidelity higher than 99.9%. Nat. Nanotech. 13, 102-107 (2018).
Meriles, C. A. et al. Imaging mesoscopic nuclear spin noise with a diamond
magnetometer. J. Chem. Phys. 133, 124105 (2010).

Romach, Y. et al. Spectroscopy of surface-induced noise using shallow spins in
diamond. Phys. Rev. Lett. 114, 017601 (2015).

Frey, V. M. et al. Application of optimal band-limited control protocols to
quantum noise sensing. Nat. Commun. 8, 2189 (2017).

Wang, Y. et al. Single-qubit quantum memory exceeding ten-minute
coherence time. Nat. Photon. 11, 646-650 (2017).

Paladino, E., Galperin, Y. M,, Falci, G. & Altshuler, B. L. 1/f noise: implications
for solid-state quantum information. Rev. Mod. Phys. 86, 361-418 (2014).
Simmonds, R. W. et al. Decoherence in Josephson phase qubits from junction
resonators. Phys. Rev. Lett. 93, 077003 (2004).

Oliver, W. D. & Welander, P. B. Materials in superconducting quantum bits.
MRS Bull. 38, 816-825 (2013).

Zaretskey, V., Suri, B., Novikov, S., Wellstood, F. C. & Palmer, B. S.
Spectroscopy of a Cooper-pair box coupled to a two-level system via charge
and critical current. Phys. Rev. B 87, 174522 (2013).

Lisenfeld, J. et al. Observation of directly interacting coherent two-level
systems in an amorphous material. Nat. Commun. 6, 6182 (2015).

Lisenfeld, J. et al. Decoherence spectroscopy with individual two-level
tunneling defects. Sci. Rep. 6, 23786 (2016).

Falci, G., D’Arrigo, A., Mastellone, A. & Paladino, E. Dynamical suppression
of telegraph and 1/f noise due to quantum bistable fluctuators. Phys. Rev. A 70,
040101 (2004).

Galperin, Y. M., Altshuler, B. L., Bergli, J., Shantsev, D. & Vinokur, V. Non-
Gaussian dephasing in flux qubits due to 1/f noise. Phys. Rev. B 76, 064531
(2007).

Kotler, S., Akerman, N., Glickman, Y. & Ozeri, R. Nonlinear single-spin
spectrum analyzer. Phys. Rev. Lett. 110, 110503 (2013).

Makhlin, Y. & Shnirman, A. Dephasing of solid-state qubits at optimal points.
Phys. Rev. Lett. 92, 178301 (2004).

Barends, R. et al. Superconducting quantum circuits at the surface code
threshold for fault tolerance. Nature 508, 500-503 (2014).

Yan, F. et al. The flux qubit revisited to enhance coherence and
reproducibility. Nat. Commun. 7, 12964 (2016).

Hutchings, M. D. et al. Tunable superconducting qubits with flux-independent
coherence. Phys. Rev. Appl. 8, 044003 (2017).

Lin, Y.-H. et al. Demonstration of protection of a superconducting qubit from
energy decay. Phys. Rev. Lett. 120, 150503 (2018).

Nikias, C. L. & Mendel, J. M. Signal processing with higher-order spectra.
IEEE Signal Process. Mag. 10, 10-37 (1993).

Norris, L. M., Paz-Silva, G. A. & Viola, L. Qubit noise spectroscopy for non-
Gaussian dephasing environments. Phys. Rev. Lett. 116, 150503 (2016).

NATURE COMMUNICATIONS | (2019)10:3715 | https://doi.org/10.1038/s41467-019-11699-4 | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-11699-4

42. Blais, A, Huang, R. S., Wallraff, A, Girvin, S. M. & Schoelkopf, R. J.
Cavity quantum electrodynamics for superconducting electrical circuits:
an architecture for quantum computation. Phys. Rev. A 69, 062320 (2004).

43. Wallraff, A. et al. Strong coupling of a single photon to a superconducting
qubit using circuit quantum electrodynamics. Nature 431, 162-167 (2004).

44. Yan, F. et al. Principles for optimizing generalized superconducting flux qubit
design. (2019) (in preparation).

45. Motzoi, F., Gambetta, ]. M., Rebentrost, P. & Wilhelm, F. K. Simple pulses for
elimination of leakage in weakly nonlinear qubits. Phys. Rev. Lett. 103, 110501
(2009).

46. Chandran, V. & Elgar, S. A general procedure for the derivation of principal
domains of higher-order spectra. IEEE Trans. Signal Process. 42, 229-233 (1994).

47. Hansen, P. C. in Computational Inverse Problems in Electrocardiology,

(ed. P. Johnston) 119-142 (WIT Press, Southampton, UK 2000).

48. Birkelund, Y., Hanssen, A. & Powers, E. J. Multitaper estimators of
polyspectra. Signal Process. 83, 545-559 (2003).

49. Norris, L. M. et al. Optimally band-limited spectroscopy of control noise using
a qubit sensor. Phys. Rev. A 98, 032315 (2018).

50. Yan, F. et al. Distinguishing coherent and thermal photon noise in a circuit
quantum electrodynamical system. Phys. Rev. Lett. 120, 260504 (2018).

Acknowledgements

It is a pleasure to thank K. Harrabi, M. Kjaergaard, P. Krantz, G. A. Paz-Silva, J. L. J.
Wang, and R. Winik for insightful discussions, and M. Pulido for generous assistance.
We thank B. M. Niedzielski for the SEM image of the device. This research was funded by
the U.S. Army Research Office grant No. W911NF-14-1-0682 (to L.V. and W.D.O.); and
by the Department of Defense via MIT Lincoln Laboratory under Air Force Contract No.
FA8721-05-C-0002 (to W.D.O.). Y.S. and F.B. acknowledge support from the Korea
Foundation for Advanced Studies and from the Fonds de Recherche du Québec — Nature
et Technologies, respectively. The views and conclusions contained herein are those of
the authors and should not be interpreted as necessarily representing the official policies
or endorsements, either expressed or implied, of the U.S. Government.

Author contributions
Y.S., E.Y,, and S.G. performed the experiments. F.B. and Y.S. carried out numerical
simulations and analyzed the data, and L.V., LM.N,, S.G., and W.D.O. provided

feedback. LM.N,, F.B., and L.V. designed the pulse sequences and developed the esti-
mation protocol used in the experiment. F.Y. and S.G. designed the device and D.K.K.
and J.L.Y. fabricated it. J.Y.Q. and U.L. provided experimental assistance. Y.S., F.B., L.M.
N., and L.V. wrote the manuscript with feedback from all authors. L.V., S.G., T.P.O., and
W.D.O. supervised the project.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-11699-4.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer review information: Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

8 NATURE COMMUNICATIONS | (2019)10:3715 | https://doi.org/10.1038/541467-019-11699-4 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-019-11699-4
https://doi.org/10.1038/s41467-019-11699-4
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Non-Gaussian noise spectroscopy with a�superconducting qubit sensor
	Results
	Non-Gaussian dephasing noise
	Experimental setup and noise validation
	Non-Gaussian noise spectroscopy

	Discussion
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Additional information


