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Flux-pulse-assisted readout of a fluxonium qubit
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Much attention has focused on the transmon architecture for large-scale superconducting quantum
devices; however, the fluxonium qubit has emerged as a possible successor. With a shunting inductor
in parallel to a Josephson junction, the fluxonium offers larger anharmonicity and stronger protection
against dielectric loss, leading to higher coherence times as compared to conventional transmon qubits.
The interplay between the inductive and Josephson energy potentials of the fluxonium qubit leads to a
rich dispersive-shift landscape when tuning the external flux. Here, we propose to exploit the features in
the dispersive shift to improve qubit readout. Specifically, we report on theoretical simulations showing
improved readout times and error rates by performing the readout at a flux-bias point with large dispersive
shift. We expand the scheme to include different error channels and show that with an integration time of
155 ns, flux-pulse-assisted readout offers about a 5-times improvement in the signal-to-noise ratio. More-
over, we show that the performance improvement persists in the presence of finite measurement efficiency
combined with quasistatic flux noise and also when considering the increased Purcell rate at the flux-pulse-
assisted readout point. We suggest a set of reasonable energy parameters for the fluxonium architecture
that will allow for the implementation of our proposed flux-pulse-assisted readout scheme.
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I. INTRODUCTION

Two important prerequisites for meaningful quantum
information processing are the ability to apply fast accu-
rate qubit gates and subsequently perform readout of the
quantum state with high fidelity. High-fidelity single-shot
measurement of superconducting qubits can be achieved
through the exploitation of circuit quantum electrodynam-
ics (cQED) [1–3]. By coupling a qubit to a far-detuned res-
onator, where the qubit-resonator detuning is much larger
than the coupling strength and resonator line width, we
reach the dispersive limit. In this regime, we can perform
a quantum nondemolition (QND) measurement through
probing the readout resonator with coherent microwave
pulses and measuring the transmitted and reflected sig-
nals that are correlated with the qubit state [1,3,4]. This
method of measurement was initially implemented with a
Cooper-pair box and later in a transmon architecture, and
can be further extended to other novel superconducting
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device architectures such as the fluxonium qubit [1,3,5].
The fluxonium qubit, initially introduced in Ref. [6], is
composed of a Josephson junction shunted by a capacitive
and an inductive element. The qubit can be biased via an
external magnetic flux applied through the loop made up of
the nonlinear Josephson junction and the inductor. Ideally,
fluxonium qubits have maximal coherence and relaxation
times when operated with an externally applied flux bias
of �ext/�0 = 0.5 also known as the “sweet spot,” where
�0 = h/(2e) is the magnetic flux quantum. At this point,
the qubit is protected to first order against flux noise and
charge noise is exponentially suppressed [6–10].

As the interest in fluxonium qubits as a promising con-
tender for quantum computation continues to grow due to
their large anharmonicity and long coherence times, it is
increasingly important to optimize all aspects of the flux-
onium qubit, such as minimizing the readout time while
increasing the fidelity [9,11]. At the half-flux-quantum
point, it is desirable to have a small dispersive shift to
mitigate dephasing due to residual photons in the readout
resonator [12]. However, this in turn makes fast readout
challenging because longer integration times are required
to differentiate the qubit states with high accuracy. To
combat these opposing requirements, we propose the idea
of using a rapid flux pulse to tune the qubit to a flux-
bias point at which there is a large dispersive shift in
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order to perform the readout. Recent work with trans-
mon qubits has demonstrated state-of-the-art measurement
fidelity resulting, in part, from dynamic tuning of the qubit
frequency in order to reduce the qubit-resonator detun-
ing. This dynamical flux tuning subsequently increases the
dispersive-interaction strength [13]. This effect has been
experimentally shown previously with transmon architec-
tures in Refs. [14,15] and we now aim to expand the
principle to fluxonium qubits. We also show this proposal
to be robust, not only to variations in energy parameters
due to fabrication imperfections but also in the presence of
limited measurement efficiency, quasistatic flux noise, and
spontaneous emission into the resonator due to the Pur-
cell effect. Ideally, the readout scheme should not be more
sensitive to flux noise than other operations, so to put the
simulations of quasistatic flux noise in context, we sim-
ulate optimized single-qubit gates in the presence of this
noise as well [9,11,16,17].

In this work, we first present results of simulations per-
formed to identify an appropriate energy-parameter regime
of the fluxonium qubit as a use case for implementation of
fast readout via examination of the dispersive-shift land-
scape. We proceed to explore how the signal-to-noise ratio
(SNR) and measurement fidelity are improved as a result of
using a high dispersive shift during readout. Additionally,
we consider limitations imposed by imperfect measure-
ment efficiency, flux-pulse duration, and Purcell decay.
Finally, using the same energy parameters, we compare the
effect of quasistatic flux noise on the error rates of both
readout and single-qubit gates.

II. FLUXONIUM QUBIT

An effective lumped-element circuit diagram of a flux-
onium qubit coupled to a readout resonator is depicted in
Fig. 1. The Hamiltonian used to describe the fluxonium
qubit is

Ĥfluxonium = 4ECn̂2 + 1
2

ELφ̂
2 − EJ cos(φ̂ − φext), (1)

ωrEC

g

EL EJ
Φext

FIG. 1. The effective circuit model of a fluxonium qubit capac-
itively coupled to a resonator, where EJ , EC, and EL are the
Josephson, capacitive, and inductive energies, respectively, �ext
is the flux threading the depicted loop, g is the coupling strength
between the qubit and readout resonator, and ωr is the frequency
of the readout resonator.

where EC is the charging energy of the fluxonium island,
EL is the inductive energy of the inductor, EJ is the Joseph-
son energy, φext = 2π(�ext/�0), and �ext is the physical
flux threading the loop shared by the Josephson junction
and the inductor. It is convenient to simulate the fluxo-
nium Hamiltonian in the harmonic oscillator basis, where
the charge operator is defined as n̂ = (−i/(

√
2φ0))(ĉ − ĉ†)

and the flux operator takes the form φ̂ = (φ0/
√

2)(ĉ + ĉ†),
where φ0 = (8EC/EL)

1/4, and ĉ and ĉ† are the annihila-
tion and creation operators, respectively, of the qubit basis
states [18].

The resonator and coupling between the resonator and
qubit, where the coupling term assumes the rotating-wave
approximation, are modeled by

Ĥresonator = �ωr

(
â†â + 1

2

)
, (2)

Ĥcoupling = �g(âĉ† + â†ĉ). (3)

In these equations, ωr = 1/
√

LC is the resonant frequency
of the resonator, g is the coupling strength mediated by
the coupling capacitor, and â† and â are the creation and
annihilation operators of the resonator. Summing the three
terms expressed in Eqs. (1)–(3) yields the total system
Hamiltonian used in subsequent sections to obtain the
numerical results.

III. DISPERSIVE-SHIFT LANDSCAPE

It is possible to simplify the total Hamiltonian by assum-
ing that the fluxonium qubit acts as a two-level system
and thus to use the Jaynes-Cummings model under the
rotating-wave approximation to describe the system in
Fig. 1. Operating in the dispersive regime, where the detun-
ing between the qubit and resonator is much larger than the
coupling strength (|�| = ∣∣ωr − ωq

∣∣ � g), the Hamiltonian
can be expanded to second order in g/� using perturbation
theory [19]:

ĤJC = �

(
ωr + g2

�
σ̂z

)
â†â + �

2

(
ωq + g2

�

)
σ̂z. (4)

In this equation, ωq represents the qubit frequency and σ̂z
is the Pauli-Z operator.

From the first term in Eq. (4), it becomes evident
that the resonator frequency is dependent on the state of
the qubit. The dispersive shift refers to the amount by
which the qubit state dresses the bare-resonator frequency
and is denoted by χ = g2/�. However, this approximate
Hamiltonian neglects levels outside of the computational
subspace, which play an important role in the qubit-
resonator interaction for fluxonium qubits [18]. Therefore,
we instead numerically diagonalize the Hamiltonian for
the qubit-resonator coupled system obtained from sum-
ming Eqs. (1)–(3) in the harmonic oscillator basis and
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calculate the dispersive shift. We use the basis nota-
tion |qubit, resonator〉, which identifies the energy of the
dressed state closest to that of the corresponding bare state
in order to obtain the dispersive shift, χ , via

2χ = (ω|1,1〉 − ω|1,0〉) − (ω|0,1〉 − ω|0,0〉). (5)

All of our simulations have been performed using the
NumPy and QuTiP PYTHON libraries [20–22]. Calculations
of relevant matrix elements, as will be discussed below,
have been done with the scQubits PYTHON library [23,24].

We aim to satisfy a moderately small dispersive shift on
the order of χ/2π = 0.5–1 MHz at �ext/�0 = 0.5, as this
gives a slow dephasing rate between approximately 4.5 and
16 kHz (T2 ≈ 60–220 µs in the limit as T1 → ∞), with a
conservative choice of effective resonator temperature of
60 mK and a resonator line width of κ/2π = 5 MHz [12].
At an optimal readout point, we desire a large dispersive
shift on the order of χ/2π = 5–10 MHz. Sub-100 ns read-
out has been demonstrated with dispersive-shift values in
this range for transmon qubits [25]. Another criterion to
satisfy is having minimal avoided crossings in the disper-
sive shift between �ext/�0 = 0.5 and the chosen readout
point. This requirement is to avoid coherently swapping
excitations between the resonator and qubit while flux
tuning to the readout point.

In Figs. 2(a) and 2(b), we numerically solve for the
fluxonium-qubit transition frequency, ωq = ω|1,0〉 − ω|0,0〉,
and for the dispersive shift, χ , respectively. While the
behavior of ωq is rather smooth, we note many rapidly
changing features in χ . Since the fluxonium qubit is not
restricted by stringent selection rules away from flux biases

equaling half-integer and integer flux quanta, higher-order
transitions can interact with the readout resonator, giving
rise to a large dispersive shift [see Figs. 2(b)–2(h)]. In
Figs. 2(c)–2(h), we display the detunings between vari-
ous dressed higher-order transitions and the bare-readout-
resonator frequency, where the detuning is defined as

�ij = ωij − ωr, (6)

with
ωij = ω|i,0〉 − ω|j ,0〉.

Reference [18] has elucidated the fact that each higher-
order transition contributes to the effective dispersive
shift. The dispersive shift caused by a given qubit tran-
sition |i〉 ↔ |j 〉 is proportional to

∣∣〈i| n̂ |j 〉∣∣2
/�ij . Thus,

as �ij → 0, we expect an increase in the magnitude of
the dispersive shift. At sufficiently small detunings, the
interaction is no longer considered dispersive and, thus,
we want to avoid these regions, as the dynamics will be
dominated by a coherent swap interaction between the
fluxonium and the resonator. By matching the regions of
�ij = 0 in Figs. 2(c)–2(h) with regions of diverging dis-
persive shift, χ , in Fig. 2(b), we can identify which specific
transition causes each divergence in the dispersive shift.
For instance, the two dark narrow lines in Fig. 2(b) closest
to the half-flux-quantum point are caused by the |3〉 ↔ |1〉
transition being on resonance with the readout resonator.

IV. READOUT

Fluxonium qubits with frequencies around 1 GHz or
lower at the sweet spot have shown consistently high T1

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 2. The (a) qubit transition frequency, (b) dispersive shift, and (c)–(h) detuning of various fluxonium transitions from the bare-
resonator frequency (�ij = ωij − ωr) as a function of EJ /2π (4.5–5.5 GHz) and the external flux, where EC/2π = 1.25 GHz, EL/2π =
1.5 GHz, ωr/2π = 7 GHz, and g/2π = 50 MHz: (a) ωq/2π (GHz); (b) χ/2π (MHz); (c) �10/2π (GHz); (d) �20/2π (GHz); (e)
�21/2π (GHz); (f) �30/2π (GHz); (g) �31/2π (GHz); (h) �(21+10)/2/2π (GHz). The maximum and minimum of (b) are ±5 MHz and
for (c)–(h) they are ±5 GHz to provide visual clarity. Values outside of this range take on the color corresponding to the maximum or
minimum value, depending on the sign. Panels (b)–(h) share the same color bar, which is depicted to the right of (d) and (h).
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times exceeding 100 µs [26]. To satisfy this requirement
on the qubit frequency, as well as the requirements for
the dispersive shift discussed in Sec. III, we pick appro-
priate energy parameters for the fluxonium based on the
results in Fig. 2. We propose to use a fluxonium qubit with
the parameters EJ /2π = 4.75 GHz, EC/2π = 1.25 GHz,
and EL/2π = 1.5 GHz for implementing a flux pulse dur-
ing readout to improve fidelity and speed. These values
have been chosen to keep both the qubit frequency and
dispersive shift low at the sweet spot, as altering one of
the energy parameters results in a decrease in one value
but an increase in the other. Additionally, targeting these
values ensures that in the case of deviations due to fabrica-
tion imperfections, the proposed readout scheme can still
be implemented (see Appendix A). We note that the fluxo-
nium qubit is symmetric about the sweet spot, so we focus
our discussion on values of �ext/�0 ≥ 0.5 for the rest of
this section.

In order to simulate our system with the specified param-
eters, we use a readout-resonator frequency of ωr/2π = 7
GHz and a coupling strength of g/2π = 50 MHz. At the
half-flux-quantum point, χ/2π ≈ 0.53 MHz and ωq/2π ≈
1.05 GHz. The proposed readout point is denoted with a
red circle in Fig. 3 and sits at a flux bias of �ext/�0 ≈
0.64, where χ/2π ≈ −8 MHz, ωq/2π ≈ 4.6 GHz, and
�10/2π = −2.4 GHz. The large dispersive shift arises due
to �20 approaching zero.

At the specific value we propose, we extract �20/2π =
−67 MHz and g20/2π = (g/2π)

∣∣〈2| n̂ |0〉∣∣ = 18.32 MHz.
This yields a contribution to χ of g2

20/�20 = 2π × −5
MHz and places the |2〉 ↔ |0〉 qubit subspace on the edge
of the dispersive limit. Importantly, the computational sub-
space of the qubit remains well into the dispersive regime
at this point, with g10/2π = (g/2π)

∣∣〈1| n̂ |0〉∣∣ = 18 MHz,
so that �10 � g, g10. It should also be noted that while the

FIG. 3. The dispersive shift as a function of the external flux,
where EJ /2π = 4.75 GHz, EC/2π = 1.25 GHz, and EL/2π =
1.5 GHz. The targeted-readout (RO) point is marked with a red
circle, the blue curve shows χ/2π , and the dashed and dotted
vertical asymptotes denote where a certain qubit transition, |i〉 ↔
|j 〉, and the resonator are on resonance, denoted by �ij → 0 in
the legend.

dispersive shift more gradually approaches a large mag-
nitude around integer multiples of flux quanta, we do not
perform readout near these points, as the large values are a
direct result of small detuning between the |1〉 ↔ |0〉 qubit
transition and resonator frequency.

From Fig. 3, it is evident that we must traverse a point
at which the |3〉 ↔ |1〉 qubit transition is resonant with
the resonator around �ext/�0 ≈ 0.575. We numerically
calculate g31/2π = 5.81 MHz from the size of the anti-
crossing, which yields a swap time of roughly 43 ns. From
the Jaynes-Cummings model, the swap time is defined
as π/2gij and is the time it takes for an excitation to
be exchanged between the qubit subspace and resonator,
given that they are on resonance. The swap time sets an
upper limit on the ramp time of the flux pulse. However,
there is a trade-off between decreasing the ramp time to
ensure that the QNDness of the readout is maximized (see
Appendix B) and having a long enough ramp time for the
process to remain adiabatic. To be considered adiabatic,
the ramp time must be on a time scale � 2π/ωq ≈ 1 ns
[27].

In order to achieve high measurement fidelity, we aim to
perform a strong measurement in a short amount of time
so that we avoid relaxation of the qubit of interest. We can
quantify the strength of the measurement using the SNR
as a metric. This value is the ratio between the separa-
tion of the mean of the |0〉 and |1〉 state projections in
the I -Q plane and the total standard deviation of the two
signal distributions, which typically take on a Gaussian
profile [28,29]. The separation between the distributions
grows linearly in time t, compared to the width of the
distributions, which scales as

√
t [28]. We are in the strong-

measurement regime when the SNR is greater than unity
and, thereby, the two states can be distinguished because
the distributions have separated after a certain amount of
integration time.

We can use the Langevin equation in the context of
input-output formalism in order to numerically simulate
the output field of a resonator when probed with a coher-
ent input field via a capacitively coupled drive line. This is
expressed as

˙̂a = −iχσ̂zâ − 1
2
κ â − √

κ âin, (7)

âout = âin + √
κ â, (8)

where Eq. (8) is the boundary condition for Eq. (7), âin
is the coherent input field such that 〈âin〉 = −ε/

√
κ , â is

the intracavity field, âout is the output field, and κ is the
photon decay rate into the drive line or the line width of
the resonator [30–32]. Assuming that the resonator is in a
coherent state as we probe it with a classical signal, Eq. (7)
can alternatively be solved in terms of the coherent state
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amplitude, α, from

α̇ = −iχ
〈
σ̂z

〉
α − 1

2
κα − √

καin, (9)

where α(in/out) = 〈
â(in/out)

〉
. Equation (9) has the solutions

α± = ε

κ

[
1 + e−iφqb〈σ̂z〉

×
(

1 − 2cos
(

φqb

2

)
e

(
−iχ t〈σ̂z〉− κt

2 +i
φqb

2 〈σ̂z〉
))]

. (10)

From Eq. (10), α+ (α−) is obtained when
〈
σ̂z

〉
= +1 (-1),

corresponding to the qubit eigenstate |0〉 (|1〉). Addition-
ally, t is the integration time, ε is the driving amplitude of
the input field, and φqb is the phase shift of the output field
caused by the qubit, defined as

φqb = 2arctan
(

2χ

κ

)
. (11)

We can choose ε based on the targeted mean photon num-
ber by solving for n in the steady state in terms of the drive
amplitude

ε =
√

n
(

κ2

4
+ χ2

)
. (12)

Once we have found α±, we can find αout via the equation

αout = αin + √
κα. (13)

We can describe the SNR in terms of the measurement
operator M̂

M̂ (τ ) = √
κη

∫ τ

0
âout(t)dt, (14)

where we assume heterodyne detection and use η to rep-
resent the measurement efficiency. We denote

〈
M̂

〉
as MS

and the noise operator as M̂N = M̂ −
〈
M̂

〉
, following the

convention in Ref. [32]. The equation describing the SNR
then reads as

SNR = |MS,η,|0〉 − MS,η,|1〉|[〈
M̂ 2

N ,|0〉
〉
+

〈
M̂ 2

N ,|1〉
〉]1/2 . (15)

We can evaluate
〈
M̂ 2

N

〉
to κτ/2, where τ is the total

integration time, since we are using a coherent input field.
Combining these formulas, we first calculate the SNR

for conventional fluxonium readout where �ext/�0 = 0.5

(a)

(b)

FIG. 4. A comparison of the readout at the half-flux-quantum
point, where �ext/�0 = 0.5 and χ/2π = 0.527 MHz (red), ver-
sus readout incorporating a flux pulse with a 50-ns rise time to
�ext/�0 = 0.641 with χ/2π = −7.95 MHz for measurement
efficiencies of 25% (light blue, solid) and 100% (dark blue,
solid). (a) The SNR versus the integration time. (b) The read-
out error as a function of the integration time. The solid curves
show the readout error limited only by the SNR (Esep). The dot-
ted light-blue line marks the error arising from Purcell decay
in the flux-pulse-assisted readout case (EPurcell). The dash-dotted
lines show the total error rates (Etotal) from summing the two
contributions for η = 25% (light) and η = 100% (dark).

and remains static (see the red lines in Fig. 4). At the half-
flux-quantum point, the dispersive shift is χ/2π = 0.527
MHz and with a resonator line width of κ/2π = 5 MHz,
perfect measurement efficiency, and n̄ = 10, we obtain an
SNR of 1 after about 155 ns.

Following our proposal, we next discern the effect
of performing readout during flux tuning of the qubit.
We assume a flux-pulse rise time of 50 ns and assume
that the flux pulse remains on for the remaining dura-
tion of the readout. We numerically solve the Langevin
equation using an explicit time-dependent dispersive shift
χ(φext, t) = χ(φext(t)), following the behavior shown in
Fig. 3 and assuming that the flux increases linearly from
�ext/�0 = 0.5 to the target flux of �ext/�0 = 0.641 dur-
ing the first 50 ns of the readout. During this time, we
also quadratically increase the resonator drive amplitude,
ε, until we reach the value given by Eq. (12). Because we
are reading out at a frequency equal to the bare-resonator
frequency, the gradual rise of the drive amplitude avoids
populating the readout resonator at the start of the readout,
where the dispersive shift is low.

The SNR slowly increases during the ramp time of the
flux pulse and then increases more rapidly once the steady
value of �ext/�0 = 0.641 is reached [see the blue lines
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in Fig. 4(a)]. Assuming 100% measurement efficiency, the
SNR is around 9.5 after 155 ns, giving almost an order-of-
magnitude improvement in the SNR as compared to static
readout at the sweet spot. With a realistic experimental
measurement efficiency of 25%, after 155 ns the SNR is
still about 5 times larger than the SNR obtained with per-
fect measurement efficiency when readout is performed at
the sweet spot. Thus, we can more rapidly distinguish the
two qubit states with high certainty via the exploitation of
a strong dispersive shift. We use a long flux-pulse rise time
in these simulations to numerically demonstrate proof of
principle and show that we still see a substantial improve-
ment in measurement time; potential additional speed-up
could be achieved with flux-pulse parameter optimization
[33,34].

From the SNR, we can also extract the SNR-limited, or
separation, error from

Esep = 1
2

erfc
(

SNR
2

)
, (16)

with

erfc(x) = 1 − 2√
π

∫ x

0
e−t2dt,

which is modeled by the solid curves in Fig. 4(b).
As expected, the readout error trends toward zero for

large times, although much more rapidly for the case in
which we flux tune to the suggested readout point. Using
the proposed flux-pulsing scheme, an error of 10−3 is
reached in roughly 140 ns for the case of 25% measure-
ment efficiency, compared to 570 ns if readout is performed
at the half-flux-quantum point with perfect measurement
efficiency.

We also consider the limitation imposed by an increased
Purcell decay rate at the readout point compared to that at
sweet spot. In the dispersive-interaction picture, the Purcell
rate of decay is modeled by [35,36]

�P =
( g
�

)2
κ . (17)

We focus our attention on the computational subspace of
the qubit and thus use g10 and �10 in evaluating Eq. (17).
In this context, �10 is the difference between the bare-qubit
and bare-resonator frequencies. Because Purcell decay
only leads to an incorrect measurement of the ground state
if the decay occurs at a time <τ/2, the contribution to the
readout error can be expressed as [36,37]

EPurcell = 1
4

(
1 − e− ∫ τ

0 �P(t)dt
)

. (18)

At the sweet spot, we find a Purcell decay time of
T1,P ≈ 11 ms, which means that the achievable readout
error only becomes Purcell limited for integration times

�800 ns. At the flux-pulse-assisted readout point, the
qubit-resonator detuning is reduced, yielding a decreased
Purcell decay time of T1,P ≈ 560 µs. Flux-pulse-assisted
readout becomes Purcell limited for integration times
beyond about 150 ns (100 ns) with η = 25% (100%).
Despite the increased Purcell decay rate, flux-pulse-
assisted readout outperforms readout at the sweet spot
for integration times up to about 650 ns and offers an
advantage of at least 2 orders of magnitude for times
between approximately 150 and 400 ns. One could con-
sider employing a Purcell filter within the circuit design if
further suppression of Purcell decay is desired [36,38,39].

In this section, we focus our analysis on prominent
error channels that are intrinsic to the readout design and
parameters. It is important to note that in practice we will
also be limited by the finite relaxation time of the qubit
(see Appendix C) and potential measurement-induced state
transitions, which have not been accounted for in these
simulations. The occurrence of measurement-induced state
transitions is expected to degrade the QNDness of the read-
out and limit the measurement fidelity. However, simulat-
ing the precise nature and conditions of these transitions,
as has been done extensively in the context of trans-
mon qubits, goes beyond the scope of this present work
[14,40–43]. Finally, due to the low frequency of the flux-
onium at sweet spot, which leads to a large thermal pop-
ulation, any characterization of readout would be limited
by the initialization fidelity. Various methods of initial-
ization have been employed experimentally in fluxoniums
with high fidelity [11,16,44–47]. Here, we assume that the
qubit is perfectly initialized.

V. QUASISTATIC FLUX NOISE

Although the fluxonium qubit benefits from long coher-
ence times partially afforded by the first-order insensitivity
to flux noise at the sweet spot, our proposed protocol
requires flux pulsing to a bias point that has an increased
susceptibility to flux noise. The prevalent quasistatic 1/f
noise, varying from one pulse sequence to the next, results
in qubit dephasing [48]. While additional dephasing during
readout is irrelevant as a strong measurement inherently
dephases the qubit, we need to verify that the flux-
pulse-assisted measurement performance is not limited by
potential flux noise.

In this section, we simulate the presence of quasistatic
flux noise by adding a constant flux-bias offset of δ during
flux-pulse-assisted readout, assuming 25% measurement
efficiency. We average over 50 iterations of δ for three dif-
ferent scaling factors. In this context, δ = ξx�0, where ξ

is a scaling factor of 10−2, 10−3, or 10−4 and x is a ran-
dom number sampled from a Gaussian distribution with a
mean of μ = 0 and a variance of σ 2 = 1, for each iteration.
The literature commonly reports flux-noise amplitudes on
the order of 1–10 μ�0 observed in superconducting qubit
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(a) (b)

FIG. 5. A comparison of (a) the readout SNR obtained using
flux-pulse-assisted readout with a measurement efficiency of
25% and (b) the single-qubit gate fidelity of a Pauli-X gate with
varying amounts of quasistatic flux noise added in the form of
a constant offset, δ, where δ = ξx�0 and x is a value sampled
randomly from a normal Gaussian distribution.

devices [49–52]. Thus, the amount of noise that we add to
our numerical simulations reflects flux noise significantly
larger than that observed in state-of-the-art experiments.
As displayed in Fig. 5(a), for the extreme case of ξ = 10−2,
our SNR after 155 ns is still almost 3 times larger than
the SNR achieved with a static readout at the sweet spot
with perfect measurement efficiency [see the red line of
Fig. 4(a)]. This corresponds to a readout error of roughly
8%. In the cases of ξ = 10−3 or 10−4, there is no substan-
tial deviation from the readout achievable in the presence
of zero quasistatic flux noise. It should be noted that the
small peak around 50 ns for ξ = 10−2 is an artifact of aver-
aging over iterations where the flux pulse overshoots the
targeted-readout (RO) point such that it is closer to the
|2〉 ↔ |0〉 avoided crossing, yielding an extremely large
dispersive-shift magnitude. The quasistatic flux-noise off-
set does not improve the readout SNR for short integration
times, generally.

To put these numbers into context, we also simulate the
single-qubit gate fidelity of a Pauli-X gate with a deriva-
tive removal by adiabatic gate (DRAG) pulse performed
at the sweet spot in the presence of varying degrees of
quasistatic flux noise in order to further characterize the
achievable quality of qubit operations in the presence of
this decoherence channel. Thus, our simulations serve to
verify that our flux-pulse-assisted readout scheme is not
the limiting factor for overall qubit performance. We add
the flux-noise offset in the same manner as has been done
for the readout simulations previously discussed. Prior to
adding the noise, we first optimize the performance of the
Xπ rotation.

In order to model these single-qubit gates, we add a
drive term to the Hamiltonian of the fluxonium-resonator
coupled system [Eqs. (1)–(3)]. We assume that the qubit
is capacitively coupled to a microwave drive line that
receives signals from room-temperature electronics, the

experimental parameters of which, including the pulse
shape, amplitude, duration, frequency, and phase, can be
altered.

The envelope function used to describe the shape of the
in-phase pulse component is

s(t) = 1
2

(
1 − cos

(
2π t
τg

))
. (19)

We opt for a sinusoidal envelope function as in Ref. [9]
in order to avoid the truncation that is necessary with a
traditional Gaussian envelope function and to reduce the
bandwidth of the pulse. A DRAG pulse is also applied in
the out-of-phase component to help correct for leakage and
pulse errors, as has been done before in transmon qubits
and has been theoretically explored in scalable fluxonium
architectures [9,29,53,54]. The envelope function of this
pulse takes the form

s′(t) = λ

α

∂s(t)
∂t

, (20)

where λ is a scaling parameter and α is the anharmonicity
of the qubit.

With this pulse shape defined, we can write the drive
term of the Hamiltonian as

Ĥdrive = εdn̂[2s(t)sin(ωdt) + s′(t)cos(ωdt)], (21)

where εd is the drive amplitude and ωd is the frequency of
the drive signal.

We first optimize over εd and λ, assuming that ωd =
ωq,ϕext=π , for gate times ranging from 10 to 50 ns. We sub-
sequently add the flux-noise offset to the single-qubit-gate
performance with optimized parameters. These results are
presented in Fig. 5(b). In the noisiest case simulated with
ξ = 10−2, our single-qubit-gate error has a high value of
36% with a gate time of 10 ns, which is an order of mag-
nitude worse than the readout error induced by this level
of flux noise. If we compare the single-qubit-gate error
curves in the cases of ξ = 10−3 and 10−4, we see that a
one-order-of-magnitude increase in quasistatic flux noise
degrades the gate error by 4 orders of magnitude. Thus,
we observe that our flux-pulse-assisted readout scheme is
more robust than optimized single-qubit gates in the face
of quasistatic 1/f flux noise.

VI. CONCLUSIONS AND OUTLOOK

In summary, we present a proposal for performing fast
flux-pulse-assisted high-fidelity readout of a fluxonium
qubit with one set of optimized energy parameters. We
suggest appropriate values of Josephson, capacitive, and
inductive energies for a fluxonium qubit, which will enable
our readout proposal based on the simulated dispersive-
shift landscape. Future work may consider exploring the
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TABLE I. A summary of the readout errors for readout at the
sweet spot compared to the flux-pulse-assisted readout scheme
after an integration time of 200 ns. The bottom row quantifies
the level of non-QNDness expected to arise from traversing the
|3〉 → |1〉 avoided crossing during the flux-pulse ramp.

Error Sweet spot Flux-pulse-assisted

Purcell decay 4.5 × 10−6 7.2 × 10−5

Dielectric loss 2.4 × 10−4 5.7 × 10−4

Thermal excitation 1.9 × 10−5 9.3 × 10−7

Signal separation 0.15 2.7 × 10−16

25-ns flux ramp 50-ns flux ramp

Non-QNDness 6.5 × 10−4 4.8 × 10−3

implementation of this scheme in more novel energy
regimes, such as the heavy-fluxonium regime [47,55].

We demonstrate the improvement in measurement speed
and fidelity that can be obtained by exploiting a large dis-
persive shift when the qubit is detuned from the sweet
spot, despite an increased Purcell decay rate and suscep-
tibility to flux noise at this point. In this work, we do
not explicitly consider swap dynamics or changes in the
dispersive shift due to ac Stark shifting during measure-
ment, however, we expect that this can be compensated for
through flux-pulse calibration. Pulse-shaping techniques
may also be utilized to further reduce the time required
for the scheme. We present the readout SNR and single-
qubit-gate fidelity achievable in the presence of varying
degrees of quasistatic flux noise. Finally, we compare the
contribution of various error channels discussed in the text
in the context of both readout at the sweet spot and with
flux-pulse-assisted readout. These quantities are listed in
Table I, with the addition of error resulting from thermal
excitation. Our simulated results show a robust improve-
ment in both the readout speed and the fidelity when the
proposed protocol is implemented.

The code used to generate these numerical results is
available in Ref. [56].
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APPENDIX A: FABRICATION VARIATIONS

The translation of the theoretical energy parameters to
those of a working device may prove challenging in prac-
tice. Careful calibration required of fabrication processes,
material defects, and device aging may lead to deviations

(a) (b) (c)

FIG. 6. The SNR versus the integration time for variations in
the qubit energy parameters from the targeted values of (a) EJ ,
(b) EL, and (c) EC. In changing one energy parameter, the other
two are maintained at the targeted values. The solid lines denote
the resulting SNR achieved with flux-pulse-assisted readout, uti-
lizing a readout point with parameters (see Table II) that are
comparable to those used in the main text. The dashed lines show
the SNR achieved using static readout at the sweet spot.

of qubit parameters from targeted values [57]. In order to
look at the robustness of our proposal, we compare the
SNR attainable during flux-pulse-assisted readout when
one of the fluxonium energy parameters is varied from
the value proposed in the main text. We consider an error
of ±5% in the case of EL and EC and an error of ±10%
in the case of EJ . We account for greater variation in the
Josephson energy as it is more prone to deviations because
of the small size of the single-junction area that must
be precisely targeted [58–60]. In Fig. 6, we compare the
achievable SNR using static, sweet-spot (dashed lines) and
flux-pulse-assisted (solid lines) readout when each flux-
onium energy parameter is independently subjected to a
small perturbation.

In each instance, we exploit the dispersive-shift feature
arising from �20 → 0 and ensure that the computational
subspace is well into the dispersive regime. The exact
parameter values are listed in Table II. The amplitude of
the flux pulse is adjusted in each case to achieve com-
parable dispersive shift, effective coupling, and detuning
values at the readout point, and the drive amplitude is
updated accordingly. The other relevant readout param-
eters, including the resonator frequency, resonator line
width, and total coupling, are kept constant.

Although both positive and negative fluctuations in all
three fluxonium energy parameters cause slight degrada-
tion in the SNR compared to when we have perfect tar-
geting, it is evident that we retain the advantage provided
by flux-pulse-assisted readout. The case of EJ /2π = 4.275
GHz yields the largest drop in the SNR and yet still reaches
an SNR of about 8 after only a 155-ns integration time.
This value is a substantial improvement compared to the
SNR achieved with static readout at the sweet spot.
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TABLE II. An overview of the fluxonium energy and readout parameters used to simulate the performance of flux-pulse-assisted
readout with variations from the targeted values of EJ /2π = 4.75 GHz, EL/2π = 1.5 GHz, and EC/2π = 1.25 GHz that may result
from fabrication. The subscripts SS and RO denote values at the sweet spot and readout point, respectively.

Energy EJ /2π EL/2π EC/2π ωq,SS/2π χSS/2π �ext,RO/�0 ωq,RO/2π χRO/2π g20,RO/2π �20,RO/2π

variations (GHz) (GHz) (GHz) (GHz) (MHz) (arb. units) (GHz) (MHz) (MHz) (MHz)

EJ /2π + 10% 5.225 1.5 1.25 0.871 0.649 0.635 4.74 −7.69 20.2 −85.1
EJ /2π − 10% 4.275 1.5 1.25 1.25 0.425 0.645 4.42 −7.00 16.6 −62.3
EL/2π + 5% 4.75 1.575 1.25 1.12 0.493 0.633 4.49 −7.86 18.2 −66.4
EL/2π − 5% 4.75 1.425 1.25 0.974 0.570 0.649 4.72 −7.15 18.4 −76.6
EC/2π + 5% 4.75 1.5 1.3125 1.12 0.519 0.632 4.41 −7.65 18.6 −74.2
EC/2π − 5% 4.75 1.5 1.1875 0.975 0.555 0.649 4.77 −7.93 17.8 −61.3

APPENDIX B: COHERENT EXCHANGE DURING
FLUX-PULSE RAMPING

Our flux-pulse-assisted readout scheme with the pro-
posed parameters requires traversing the avoided crossing
of the |3〉 ↔ |1〉 qubit transition and readout resonator. We
quantify the non-QNDness resulting from the exchange
interaction during the 50-ns flux-pulse ramp time. We
consider the two-dimensional Hilbert space spanned by
|1, 1〉 and |3, 0〉. We then construct the time-dependent
Jaynes-Cummings Hamiltonian within this subspace:

ĤJC,31(t) = ��31(t)
2

σ̂z + � |α−(t)| g31(t)σ̂x. (B1)

In this Hamiltonian, �31 is the difference between the bare-
qubit |3〉 ↔ |1〉 transition and bare-resonator frequencies
and α− is the intracavity resonator field as in Eq. (10).
The time dependence arises as the parameters change
while the external flux bias is being linearly ramped from
�ext/�0 = 0.5 to 0.641. Assuming that |1, 1〉 is our initial
state, we solve for the population of |3, 0〉 at the end of the
flux ramping via a time evolution generated by Eq. (B1)
(see Fig. 7). We refer to the amount of exchanged state
population as the non-QNDness.

FIG. 7. The non-QNDness as a function of time for 50-ns
linear ramping of the flux pulse used to tune the qubit. This
figure considers the population transferred from the resonator
to the third qubit excited state as the avoided crossing around
�ext/�0 ≈ 0.575 is traversed.

For a 50-ns rise time, our non-QNDness oscillates
around 4.8 × 10−3 once the |3〉 → |1〉 avoided crossing
has been passed. It is possible to reduce this by shorten-
ing the rise time to 25 ns, yielding a non-QNDness that
oscillates about 6.5 × 10−4 post avoided crossing. How-
ever, in doing so, we trade off with the adiabaticity of the
flux ramping. Finally, pulse shaping of the flux pulse to
rapidly cross the avoided crossing may further reduce the
non-QNDness.

APPENDIX C: EFFECT OF RELAXATION TIME
ON READOUT ERROR

In the main text, we discuss limitations of the flux-pulse-
assisted readout scheme that are intrinsic to the readout
design. However, relaxation of the qubit inevitably lim-
its the fidelity of fundamental operations, irrespective of
the readout method. Dielectric loss, which is dictated by
the structure geometry and material properties, largely
limits the qubit relaxation times [61]. For frequencies
above approximately 1 GHz, we can use the dielectric loss
model with a frequency-independent loss tangent to pre-
dict the relaxation rate of the fluxonium qubit according to
[17,26,62]

�1 = �ω2
q

4EC

∣∣∣〈1| φ̂ |0〉
∣∣∣2

tan δCcoth
(

�ωq

2kBTeff

)
. (C1)

Assuming a dielectric loss tangent of tan δC = 0.8 × 10−6

and an effective temperature of Teff = 20 mK, we achieve
T1 ≈ 210 µs at the sweet spot and T1 ≈ 77 µs at the read-
out point [17,26,47]. We can convert this contribution to
readout error in the same manner as in Eq. (18), replacing
�P with �1. After a 200-ns integration time, the error con-
tribution to the flux-pulse-assisted readout is 5.7 × 10−4,
compared to an error of 2.4 × 10−4 during readout at the
sweet spot. Further reduction in the dielectric loss tan-
gent via attention to materials and fabrication can aid in
reducing these errors.
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Potočnik, Y. Salathé, M. Pechal, M. Mondal, M. Oppliger,
C. Eichler et al., Rapid high-fidelity single-shot disper-
sive readout of superconducting qubits, Phys. Rev. Appl.
7, 054020 (2017).

[26] L. B. Nguyen, Y.-H. Lin, A. Somoroff, R. Mencia, N.
Grabon, and V. E. Manucharyan, High-coherence fluxo-
nium qubit, Phys. Rev. X 9, 041041 (2019).

[27] J. J. Sakurai and J. Napolitano, Modern Quantum Mechan-
ics (Cambridge University Press, Cambridge, United King-
dom, 2020), 3rd ed.

[28] A. A. Clerk, M. H. Devoret, S. M. Girvin, F. Marquardt,
and R. J. Schoelkopf, Introduction to quantum noise, mea-
surement, and amplification, Rev. Modern Phys. 82, 1155
(2010).

[29] P. Krantz, M. Kjaergaard, F. Yan, T. P. Orlando, S.
Gustavsson, and W. D. Oliver, A quantum engineer’s guide
to superconducting qubits, Appl. Phys. Rev. 6, 021318
(2019).

[30] C. Gardiner and P. Zoller, Quantum Noise: A Handbook
of Markovian and Non-Markovian Quantum Stochastic
Methods With Applications to Quantum Optics (Springer
Science & Business Media, Heidelberg, Germany, 2004).

[31] N. Didier, J. Bourassa, and A. Blais, Fast quantum nonde-
molition readout by parametric modulation of longitudinal
qubit-oscillator interaction, Phys. Rev. Lett. 115, 203601
(2015).

[32] N. Didier, A. Kamal, W. D. Oliver, A. Blais, and A. A.
Clerk, Heisenberg-limited qubit read-out with two-mode
squeezed light, Phys. Rev. Lett. 115, 093604 (2015).

[33] J. Bryon, D. K. Weiss, X. You, S. Sussman, X. Croot, Z.
Huang, J. Koch, and A. Houck, Time-dependent magnetic
flux in devices for circuit quantum electrodynamics, Phys.
Rev. Appl. 19, 034031 (2023).

014079-10

https://doi.org/10.1103/PhysRevA.69.062320
https://doi.org/10.1038/451664a
https://doi.org/10.1038/nature02851
https://doi.org/10.1126/science.209.4456.547
https://doi.org/10.1103/PhysRevA.76.042319
https://doi.org/10.1126/science.1175552
https://doi.org/10.1103/PRXQuantum.2.030101
https://doi.org/10.1103/PhysRevLett.120.150503
https://doi.org/10.1103/PRXQuantum.3.037001
https://doi.org/10.1103/PhysRevLett.103.217004
https://doi.org/10.1103/PhysRevLett.129.010502
https://doi.org/10.1103/PhysRevApplied.11.014031
https://arxiv.org/abs/2307.07765
https://doi.org/10.1103/PhysRevLett.117.190503
https://doi.org/10.1038/s41586-022-04566-8
https://doi.org/10.1038/s41534-022-00644-x
https://doi.org/10.1103/PhysRevLett.130.267001
https://doi.org/10.1103/PhysRevB.87.024510
https://doi.org/10.1016/j.cpc.2012.02.021
https://doi.org/10.1016/j.cpc.2012.11.019
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.22331/q-2021-11-17-583
https://doi.org/10.1088/1367-2630/ac94f2
https://doi.org/10.1103/PhysRevApplied.7.054020
https://doi.org/10.1103/PhysRevX.9.041041
https://doi.org/10.1103/RevModPhys.82.1155
https://doi.org/10.1063/1.5089550
https://doi.org/10.1103/PhysRevLett.115.203601
https://doi.org/10.1103/PhysRevLett.115.093604
https://doi.org/10.1103/PhysRevApplied.19.034031


FLUX-PULSE-ASSISTED READOUT OF A FLUXONIUM QUBIT PHYS. REV. APPLIED 22, 014079 (2024)

[34] Y. Chen, K. N. Nesterov, V. E. Manucharyan, and M. G.
Vavilov, Fast flux entangling gate for fluxonium circuits,
Phys. Rev. Appl. 18, 034027 (2022).

[35] A. A. Houck, J. A. Schreier, B. R. Johnson, J. M. Chow,
J. Koch, J. M. Gambetta, D. I. Schuster, L. Frunzio, M. H.
Devoret, S. M. Girvin et al., Controlling the spontaneous
emission of a superconducting transmon qubit, Phys. Rev.
Lett. 101, 080502 (2008).

[36] E. A. Sete, J. M. Martinis, and A. N. Korotkov, Quantum
theory of a bandpass Purcell filter for qubit readout, Phys.
Rev. A 92, 012325 (2015).

[37] M. Khezri, J. Dressel, and A. N. Korotkov, Qubit measure-
ment error from coupling with a detuned neighbor in circuit
qed, Phys. Rev. A 92, 052306 (2015).

[38] M. D. Reed, B. R. Johnson, A. A. Houck, L. DiCarlo, J. M.
Chow, D. I. Schuster, L. Frunzio, and R. J. Schoelkopf, Fast
reset and suppressing spontaneous emission of a supercon-
ducting qubit, Appl. Phys. Lett. 96, 203110 (2010).

[39] J. Heinsoo, C. K. Andersen, A. Remm, S. Krinner,
T. Walter, Y. Salathé, S. Gasparinetti, J.-C. Besse, A.
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