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ABSTRACT

We demonstrate a qubit-readout architecture where the dispersive coupling is entirely mediated by a kinetic inductance. This allows us to 
engineer the dispersive shift of the readout resonator independent of the qubit and resonator capacitances. We validate the pure kinetic cou-
pling concept and demonstrate various generalized flux qubit regimes from plasmon to fluxon, with dispersive shifts ranging from 60 kHz to 
2 MHz at the half-flux quantum sweet spot. We achieve readout performances comparable to conventional architectures with quantum state 
preparation fidelities of 99.7% and 92.7% for the ground and excited states, respectively, and below 0.1% leakage to non-computational states.

The ability to convert model Hamiltonians into programmable
physical systems is a stepping stone for quantum information process-
ing. Circuit quantum electrodynamics (cQED) has been at the fore-
front of quantum hardware development over the past two decades,1,2

benefitting from the freedom to design various microelectronic circuit
elements such as qubits, control, readout, and coupler structures from
the same basic building blocks. This has led to the development of
increasingly complex quantum processors3–7 and facilitated the explo-
ration of fundamental quantum effects.8–14

Dispersive coupling between qubits and harmonic oscillators is a
pivotal resource for cQED, enabling single shot readout,15–18 the crea-
tion of non-classical photonic states,19,20 reservoir engineering for
qubit state preparation,21,22 and even the autonomous stabilization of
entangled states.23 Conventionally, dispersive coupling is mediated via
electromagnetic interaction, most commonly using the electric field
and a coupling capacitor. However, in complex devices, stray capaci-
tors inevitably introduce unwanted crosstalk, renormalize the disper-
sive shift and even induce undesired electromotive forces across
nonlinear elements in the presence of alternating magnetic fields or

field gradients.24 In order to reduce the number of spurious electro-
magnetic modes and parasitic capacitances, several mitigation strate-
gies are currently being developed in the community, including deep
silicon vias,25–27 flip-chip architectures,4,5,26,28 and chiplets.29,30

Here, we present an alternative coupling approach that imple-
ments dispersive readout via pure kinetic inductance coupling between
a generalized flux qubit and a harmonic oscillator and enables the
complete suppression of capacitive coupling. We achieve this by
designing a three-island circuit with two normal modes, i.e., qubit and
resonator, coupled solely by a kinetic inductance. While the kinetic
inductance can be realized with Josephson junction (JJ) arrays, we
demonstrate the concept with a high kinetic inductance material,
namely granular aluminum (grAl).31,32 The circuit’s symmetry effec-
tively eliminates capacitive contributions to the qubit-readout interac-
tion, rendering the coupling local.

To design the qubit-readout coupling, we follow three design
rules that will be expanded in the following paragraphs. First, we use
the minimally required complexity for two electromagnetic modes, i.e.,
three circuit nodes. Second, we allocate different roles to the common
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and differential modes to implement the resonator and qubit. The
qubit mode is obtained by connecting two nodes with a JJ. The electro-
magnetic mode that charges these nodes out of phase inherits a large
anharmonicity from the JJ, while the orthogonal in-phase mode
remains harmonic. Third, electric field coupling between the resonator
and the qubit is eliminated by enforcing symmetric capacitors for the
circuit nodes connecting the JJ, resulting in a permutation invariance
of the capacitance matrix for these nodes.

In Fig. 1(a), we present our lumped-element circuit design con-
sisting of three superconducting islands, i.e., circuit nodes 1, 2, and 3,
connected via kinetic inductors made of grAl. The resulting supercon-
ducting loop, interrupted by the JJ and threaded by external flux Uext,

implements a generalized flux qubit (GFQ).33 The loop inductance Lq
defines the inductive energy EL ¼ U2

0=4p
2Lq of the qubit, where

U0 ¼ h=2e is the magnetic flux quantum.
If the circuit is symmetric with respect to the vertical symmetry

line through node 3, which means that nodes 1 and 2 have equal
capacitances Cr as well as equal inductances Lq=2, the qubit and reso-
nator modes are electromagnetically uncoupled. The main stray
capacitances of the design are discussed in the supplementary material.

The current in the readout mode splits between the qubit loop
branches and in the case of perfect symmetry the net shared current
with the qubit mode is zero. To engineer qubit-readout coupling, we
introduce the kinetic inductive asymmetry Dk ¼ D(L(=2 by design-
ing different grAl inductor lengths for the two qubit inductors in the
qubit loop with a total difference of D( squares of grAl wire with sheet
inductance L(. In the case of JJ arrays, this would translate into using
different junction numbers or junction sizes for the two inductors. As
a result, the readout mode current splits unevenly in the qubit loop
and the circuit is equivalent to an inductively coupled qubit,34 where
Dk plays the role of the shared inductance.

In contrast to capacitive35,36 or conventional inductive31,34 cou-
pling of flux qubits, one circuit node is eliminated by collapsing the
readout mode into the qubit loop. We would like to highlight several
practical advantages of this coupling scheme. First, removing a circuit
node pushes the parasitic modes to higher frequencies, improving the
spectral purity of the device. Second, by coupling the resonator mode
capacitively to a readout line using the capacitance Cc at node 3, the
direct coupling of the qubit mode remains minimal thanks to the axial
symmetry. Third, the qubit–resonator coupling can be designed to be
purely inductive, loosening constraints on capacitor design, and possi-
bly facilitating innovative flux-pumping schemes.24

We model Fig. 1(a) circuit in the harmonic oscillator basis of the
linearized circuit eigenmodes,

H ¼ �hxR â†RâR þ 1
2

� �
þ �hxQ â†QâQ þ 1

2

� �

� EJ cos kRðâR þ â†RÞ þ kQðâQ þ â†QÞ �
2p
U0

Uext

� �
; (1)

where EJ is the Josephson energy, and â†R;Q and âR;Q are the bosonic
creation and annihilation operators for the readout and qubit modes
with eigenfrequencies xR and xQ, calculated without the Josephson
inductance. The qubit and readout modes are linear combinations of
the common and differential modes, defined by the dimensionless cou-
pling coefficients kR;Q, derived in the supplementary material. If we
neglect the nonlinearity of the granular aluminum wire, the JJ is the
sole source of nonlinearity in the system, such that the intuitive picture
of a nonlinear qubit and linear readout mode is justified for kR � kQ.
Note that the coupling between readout and qubit vanishes for perfect
symmetry, i.e., kR ! 0 for Dk ! 0.

In Fig. 1(b), we show the layout of the qubit–resonator design. A
scanning electron micrograph of the qubit loop is shown in Fig. 1(c).
The qubit parameters can be tuned independently by adapting the
length of the inductor Lq, the junction area defining EJ and CJ, and the
size of the shunt capacitor electrodes determining Csh. This can be
done entirely geometrically, without changing the circuit topology nor
the oxidation parameters for the JJ or the grAl film. The lateral inset in
Fig. 1(c) shows a section of the grAl wire. Thanks to the relatively large
kinetic inductance offered by grAl,37,38 it is sufficient to add a few

FIG. 1. Qubit-readout circuit schematics and implementation. (a) The islands of the
device are labeled by the indices 1–3. Islands 1 and 2 are connected by a tunnel
junction with Josephson energy EJ and capacitance CJ, shunted by a grAl induc-
tance Lq and a capacitance Csh, to form a generalized flux qubit. By connecting the
third island to the qubit loop via the inductance Lr , we engineer the readout mode
that charges the islands 1 and 2 in-phase. The qubit-readout coupling is controlled
via the inductance asymmetry Dk between the loop branches. The capacitances Cr
load the readout mode and Cc couples the circuit to the readout port. The colors
indicate the materials used: blue for aluminum, red for grAl, and purple for alumi-
num covered with grAl as a result of the three-angle fabrication process. (b) Design
layout of the device. The Cc pad has a skeletal shape to minimize screening cur-
rents and trapped vortices. (c) False-colored scanning electron micrograph of the
qubit loop. By adjusting the length and width of the grAl strips, the resonator fre-
quency, coupling strength, and qubit spectrum can be tuned independently. The
insets show the Al/AlOx/Al junction with an area of AJ � 0:06 lm2 and a section of
the grAl wire. The grainy texture is due to a gold film deposited for imaging. (d)
Schematics of the microwave reflection measurement setup at 10 mK.



squares of grAl film to one qubit branch to span the range from zero
up to several nH of inductive asymmetry Dk. Notably, this can be done
with minimal disturbance to the geometric inductance and the capaci-
tance matrix.

The central inset of Fig. 1(c) shows a scanning electron micrograph
of the qubit Al/AlOx/Al junction. The entire device is fabricated on a c-
plane sapphire substrate in a single lithographic step using a three-angle
shadow evaporation technique, similar to Ref. 31. The aluminum layers
(20 and 30nm) are shadow evaporated to define the junction, followed
by a zero-angle deposition of a 70nm layer of grAl with resistivities
between 450 and 1000 mXcm depending on the device (cf. supplemen-
tary material). The sample is mounted in a modular flip-chip architec-
ture, anchored to the baseplate of a dilution-cryostat at approximately
10 mK and it is measured in reflection, as shown in Fig. 1(d). The output
signal is amplified using a dimer Josephson junction array amplifier
(DJJAA)39 operating close to the quantum noise limit.

We measure the spectra of 14 different GFQs as a function of the
external flux Uext using two-tone spectroscopy. A typical spectrum is
shown in Fig. 2(a). Using the circuit Hamiltonian in Eq. (1) we fit the
qubit and resonator spectra simultaneously to obtain the circuit parame-
ters Lr; Lq; Dk; CJ, and EJ, while capacitors Cr and Csh are inferred from
finite-element simulations (see the supplementary material). The coupling
asymmetry Dk is determined by the width of the avoided level crossing
and Lq; CJ, and EJ are given by the measured qubit level structure.

The qubit spectra can be understood in terms of universal
double-well physics,33 ranging from the fluxon-tunneling regime
EJ > EL in which the barrier height exceeds the confining quadratic
potential, to the single-well plasmon regime for EJ < EL. As summa-
rized in Fig. 2(b), the distribution of qubit frequencies and anharmo-
nicities follow the underlying single and double-well physics: Toward
the plasmon regime, the qubit frequencies increase whereas the anhar-
monicities decrease. Toward the fluxon regime, frequencies decrease

FIG. 2. From plasmon to fluxon: summary of measured qubit parameters. (a) Combined plot of typical single- and two-tone spectroscopy of 0 ! 1 and 0 ! 2 qubit transitions
(blue circles) vs flux bias Uext of device q6 as well as the 5.77 GHz resonance of the readout resonator (gray horizontal line). The inset on the left shows the measured phase
response argðS11Þ of the readout mode in the vicinity of the qubit-readout avoided level crossings when probing the system with a single tone. The inset on the right shows the
phase response of the resonator on resonance when probing the qubit with a second tone near the qubit frequency in the vicinity of the half-flux sweet spot Uext ¼ U0=2. The
blue lines (dashed and continuous) correspond to the fitted circuit model with fit parameters EJ; Lq; Lr ; CJ, and Dk. (b) Phase diagram EL vs EJ for the measured GFQs. The
gray-scale intensity of the marker filler indicates the 0 ! 1 transition frequency fq at the half-flux point, with corresponding labels indicating the anharmonicity. The diagonal
gray line separates the plasmon regime on the left from the fluxon regime on the right. Devices for which the dispersive shift v was measured (was not measured) have a circu-
lar (cross-shaped) marker. (c) Qubit loop asymmetry Dk for selected devices. The filled circles indicate the values of Dk extracted from the joint fit of the qubit and resonator
spectroscopy [cf. left inset of panel (a) and supplementary material]. The error bars correspond to possible capacitive coupling arising from asymmetries DC ¼ 6 25 aF
< 0:01� Cr in the capacitance matrix. The design values, shown as empty circles, are given by the product of the sheet inductance and the length difference between the
qubit branches. The sheet inductance is extracted from the fitted Lq and the designed number of squares in the loop. The discrepancy between the measured and design val-
ues is shown in gray labels in units of squares. The marker color assigned to each sample is consistent in all panels. (d) Qubit state dependent dispersive shift v at Uext ¼
U0=2 for selected devices. Filled circles show v values extracted from complex plane distributions of single shot measurements (cf. supplementary material). Empty circles indi-
cate the calculated v assuming pure kinetic inductance coupling.



while anharmonicities increase as expected from the exponential scal-
ing of the qubit frequency with the barrier height.40 At half-flux bias,
we measure coherence times in the range of 1–10 ms, likely limited by
inductive losses in grAl as summarized in the supplementary material.

In Fig. 2(c), we compare the fitted and designed coupling asym-
metry Dk. The qubit-readout coupling is given by the sum of designed
inductive coupling via Dk and spurious capacitive asymmetries, which
we parametrize as DC ¼ ðC13 � C23Þ=2. These asymmetries can arise
from asymmetric spurious capacitances of islands 1 and 2 to ground.
From finite-element simulations, we estimate a maximal value of
DC ¼ 6 25 aF due to a possible asymmetric displacement of the qubit
chip with respect to ground. The corresponding uncertainties in the
extraction of Dk are given as error bars in Fig. 2(c).

The dispersive shift of the readout resonator is

v ¼ Ej1;1i � Ej0;1ið Þ=h� Ej1;0i � Ej0;0ið Þ=h;

where EjnR ;nQi is the energy level sorted by the readout (nR) and qubit
(nQ) photon number. In Fig. 2(d), we compare the measured disper-
sive shifts to the expected model values using the extracted Dk from
spectroscopic measurements for nine qubits. The measured data are
consistent with circuit model predictions for DC ¼ 0, validating the
pure kinetic inductance coupling design.

To quantify the readout performance of our device, we have per-
formed two sets of characterization: contiguous measurement correla-
tions and active state reset, with pulse sequences detailed in Figs. 3(a)
and 3(e), respectively. We define the signal-to-noise ratio (SNR) in the
I–Q plane of the readout mode as the distance between pointer states
corresponding to qubit in j0i and j1i divided by the sum of their stan-
dard deviations. In all experiments, we fix SNR � 3:7, which is
obtained by adjusting the integration times tint 2 ð1600, 208) ns
depending on the different average photon numbers �n 2 ð10; 150Þ in
the resonator.

FIG. 3. Readout fidelity and quantum state preparation. (a) Pulse sequence for the continuous-wave measurement protocol: 106 contiguous readout pulses are sent and inte-
grated for different photon numbers n. For each n, the integration time tint is adapted to keep the SNR ¼ 3:76 0:2. (b) Typical quantum jump trajectory visible in the measured
phase of the reflection coefficient S11 shown in a window of 25 ms for device q7. The qubit states are assigned using a Gaussian mixture model and indicated by the color of
the background: blue (j0i¼ ground), red (j1i¼ excited), and green (j2þi¼ other). (c) Measured states population vs n. Note that leakage to the j2þi-states accelerates for
n� 130. (d) Correlation Pxx for consecutive measurements in the ground (x ¼ 0) or excited (x ¼ 1) state vs n. The minimal integration time, 200 ns, is approximately three
times larger than the resonator response time. (e) Pulse sequence used for active state reset. The measurement outcome of the first readout pulse is used to condition a
p-pulse on the qubit. The result of the second readout is used to assess the fidelity of the reset protocol. We use n ¼ 85 and tint ¼ 208 ns resulting in a state separation of
� 6r. We repeat the sequence 5� 105 times with a waiting time of twait ¼ 100 ms in between. The measured pointer state distributions for 50% polarization, active reset to
j0i and j1i are shown in panels (f)–(h), respectively. The gray line is the threshold used for state assignment in the active reset protocol. The green label indicates leakage into
higher states. The measurement outcomes are depicted as histograms in logarithmic scale.



In Fig. 3(b), we show an example section of a contiguously mea-
sured quantum jump trace for GFQ device q7. By applying a Gaussian
mixture model to quantum jump traces with 106 points for a given �n,
we extract qubit populations in j0i; j1i, and j2þi [see Fig. 3(c)] and
correlations P00 and P11 for two successive measurements in the
ground and excited state [see Fig. 3(d)], respectively. The correlations
P00 and P11 serve as a measure of qubit-readout fidelity, particularly
useful to assess quantum demolition effects introduced by the readout
drive. Similarly to Ref. 41, the resilience of the grAl GFQ to readout-
induced leakage42–44 is illustrated by the fact that up to �n � 100, the
qubit populations remain approximately constant, corresponding to
an effective temperature of about 40–45 mK and residual excitations
outside of the computational subspace remain below 0.1%.

Within the qubit subspace, we observe a significant difference in
the correlation of successive readout outcomes when the qubit is in the
ground or excited state. Qubit measurements in the ground state are
highly correlated, with P00 > 99:9% for a broad range of readout pow-
ers. In contrast, we find that P11 depends on the readout strength, with
P11 � 90% for �n 2 ð75; 140Þ. The difference between the measured
P11 and perfect correlation can be accounted for by summing three
contributions: Energy decay during the measurement reduces P11 by
1� expð�tint=T1Þ, which for tint ¼ 352 ns can be as high as 6% given
the measured T1 ¼ 8:06 2:4 ms for device q7. Second, the qubit spec-
tral shift and broadening induced by the readout tone will change the
dissipative environment of the qubit45 and might accelerate the relaxa-
tion from the excited to the ground state. The third contribution comes
from demolishing effects activated when increasing �n,46 such as leak-
age outside of the qubit subspace.42 The second and third contribu-
tions, which sum up to give at least 4% of the P11 infidelity, provide a
measure for the performance of the qubit-readout coupling scheme
and motivate future research efforts.

We implement active state preparation starting from the thermal
state of the qubit by playing a conditional p-pulse. The threshold to
discriminate states j0i and j1i is determined by measuring the I–Q
plane distributions after a saturation pulse, as shown in Fig. 3(f). Using
�n ¼ 85, the fidelities to reset the qubit to its ground and excited states
read Pactive

0 ¼ 99:7% and Pactive
1 ¼ 92:7%, respectively [cf. Figs. 3(g)

and 2(h)]. In the error budget for quantum state preparation, the fidel-
ity of the p-pulse of >99% (cf. supplementary material) is a negligible
contribution compared to the decay during readout and quantum
demolition effects. The measured performance for our GFQ devices
are similar to the results reported for fluxoniums and transmons41,47,48

but below state-of-the-art fidelity reaching 99%.49 Currently, the main
limitation for the readout performance is the energy relaxation time of
the qubit, which can be significantly improved via material and design
optimization.50

We have demonstrated dispersive coupling between a harmonic
mode and a generalized flux qubit consisting of a single junction
shunted by a granular aluminum inductor. By embedding the har-
monic readout mode into the high kinetic inductance loop of the flux
qubit, we implement a mechanism conceptually equivalent to induc-
tive coupling, where the loop asymmetry is equivalent to the shared
inductance. We validate the kinetic inductance coupling concept by
comparing the spectra of 14 devices obtained via two-tone spectros-
copy to a model including parasitic capacitances. We assess the
suitability of the coupling mechanism for dispersive readout by per-
forming quantum non-demolition readout with >90% active state

preparation fidelity and less than 0.1% leakage outside the qubit
computational space. Thanks to its ability to provide a local qubit–
resonator interaction unaffected by on-chip capacitors, we believe that
the minimalist qubit–resonator design presented here will provide an
advantageous avenue for up-scaling superconducting quantum
devices.

See the supplementary material for a more detailed overview of
the theoretical circuit models including corresponding finite-element
simulations, the fabrication procedure, measured spectra, qubit coher-
ence times, and time-domain pulse calibration techniques.
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