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Dispersive sensing is a powerful technique that enables scalable and high-fidelity readout of solid-state
quantum bits. In particular, gate-based dispersive sensing has been proposed as the readout mechanism
for future topological qubits, which can be measured by single electrons tunneling through zero-energy
modes. The development of such a readout requires resolving the coherent charge tunneling amplitude
from a quantum dot in a Majorana-zero-mode host system faithfully on short time scales. Here, we demon-
strate rapid single-shot detection of a coherent single-electron tunneling amplitude between InAs nanowire
quantum dots. We realize a sensitive dispersive detection circuit by connecting a sub-GHz, lumped-
element microwave resonator to a high-lever arm gate on one of the dots. The resulting large dot-resonator
coupling leads to an observed dispersive shift that is of the order of the resonator linewidth at charge degen-
eracy. This shift enables us to differentiate between Coulomb blockade and resonance—corresponding to
the scenarios expected for qubit-state readout—with a signal-to-noise ratio exceeding 2 for an integration
time of 1 μs. Our result paves the way for single-shot measurements of fermion parity on microsecond
time scales in topological qubits.

DOI: 10.1103/PhysRevApplied.11.044061

I. INTRODUCTION

Dispersive sensing is a promising measurement tech-
nique that enables high-fidelity readout of solid-state quan-
tum bits, such as superconducting qubits [1,2] or spins [3].
Recently, dispersive readout has also been proposed for
future topological qubits based on Majorana zero modes
(MZMs) [4,5]. In particular, gate-based dispersive readout
can be used to measure an electron tunneling rate in the
system, which in turn reflects the state of the qubit [6]. As
a result of this difference in tunnel coupling, different qubit
states can impart a different dispersive shift on a resonator
coupled to the gate electrode. This frequency shift can be
probed on very fast time scales, using state-of-the-art rf
techniques, and in a quantum nondemolition manner with
minimal perturbation [1,7].
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High-fidelity, quantum nondemolition measurements
require fast readout with high SNR. This is particu-
larly crucial for measurement-based quantum computa-
tion, such as proposed for MZM-based architectures [4,5,
8]. So far, however, the frequency shift of dispersive gate
sensors has been fairly small, on the order of a degree
[3,6,9–11]; correspondingly, the required readout times to
resolve a difference in tunnel coupling has been in the
range of milliseconds [12–14]. It is thus of great interest
to find avenues toward increasing the attainable SNR, and
achieve readout on the submicrosecond scale, as available
for other solid-state qubit platforms [15].

In this paper we show rapid dispersive sensing in
an InAs nanowire double-quantum-dot system. InAs
nanowires have been studied in the context of spin qubits
[16,17], but have also recently gained significant attention
as host systems for MZMs that could enable the realization
of topological qubits [18,19]. We demonstrate a sensitive
gate sensor based on a large-lever arm top gate that is
connected to an off-chip, lumped-element resonant circuit
probed with reflectometry [20]. In particular, we show a
dispersive shift close to 1 MHz, which is on the order of the
linewidth of the resonator; this results in a detected phase
shift that approaches the maximally possible value of π .
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We study in detail the magnitude of the dispersive shift
both as a function of tunnel coupling and readout power;
we find, in agreement with theory, that the attainable shift
is ultimately set by the magnitude of the tunneling rate and
the resonator frequency. The large shift allows us to resolve
a difference in tunneling rate with a SNR of up to 2 within
1 μs.

II. EXPERIMENTAL APPROACH AND SETUP

The coherent tunneling amplitude tC, between two
single-particle levels in weakly coupled quantum dots
can be detected through an arising change in differential
capacitance [21,22]. The coupling affects the expectation
value of charge on either island. Since level detuning
and coupling is influenced by external gate voltage, the
dependence of induced charge on gate voltage, i.e., the
differential capacitance C = ∂Q/∂Vg , depends on the cou-
pling. This effect can be described within the framework
of circuit QED (cQED) [1] or as a “quantum capac-
itance” [23] and measured by monitoring the change
in differential capacitance through an external tank cir-
cuit. Our aim is to determine how fast the tunneling
amplitude can be detected; this maps to the projected
readout performance for MZM qubits [4,5] where the
magnitude of the tunnel coupling is the qubit readout
signal.

Our experiment approach is schematically depicted in
Fig. 1(a). We form two quantum dots in an InAs nanowire
where the interdot coupling can be set through a gate volt-
age. We designate one of the dots as the “sensor,” whereas
the other dot is merely used as an auxiliary single-level sys-
tem, in lieu of MZMs. To achieve a large signal from the
interdot coupling, we connect a gate with a large lever arm
to a resonant circuit. The goal of the experiment is then to
resolve a change in resonance frequency,

δω =
√

LC
−1 −

√
L(C + Cq)

−1
, (1)

that arises from the tunneling-dependent quantum capaci-
tance Cq [Fig. 1(c)].

To realize this experiment we fabricate a double
quantum dot in an InAs nanowire with a diameter of
approximately 140 nm. The nanowire is deterministically
deposited using a micromanipulator on an intrinsic sili-
con substrate with a 20-nm SiNx dielectric layer deposited
with LPCVD after removing the native SiO2. Contacts to
the nanowire are made using argon milling followed by
evaporating a 10-nm Ti sticking layer and a 150-nm Au
layer. A 10-nm AlOx dielectric layer is deposited using
atomic layer deposition (ALD) between the nanowire and
the top gates. By using a thin dielectric layer, we ensure a
large lever arm from the top gates to the underlying quan-
tum dots. The top gates consist of a 10-nm Ti layer and a
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FIG. 1. Dispersive sensing on an InAs nanowire double quan-
tum dot. (a) Schematic of the experiment measurement setup.
One of the quantum dots is capacitively coupled to a resonant
circuit that is probed in reflectometry. Inset: false-colored elec-
tron micrograph of a nominally identical device. The sensing top
gate is colored red. (b) Charge-stability diagram measured with
the gate resonator. The dashed lines are guides to the eye. The tri-
angle marker denotes charge degeneracy while the square marker
denotes Coulomb blockade. The arrow denotes the detuning from
charge degeneracy, δ. (c) Sketch of the energy levels and result-
ing quantum capacitance vs detuning. Solid lines, ground state;
dashed lines, first excited state; dotted line, case of no interdot
tunneling.

150-nm Au layer. A false color SEM image of a similar
device is shown in Fig. 1(a).

Using top gates T1, T2, and T3, a double dot is defined
in the nanowire by pinching off the electron coupling to the
leads and between the two dots. The top gate of the sens-
ing dot is wire bonded to a lumped-element resonator that
is fabricated on a separate chip [20]. The sample is cooled

044061-2



RAPID DETECTION OF COHERENT TUNNELING... PHYS. REV. APPLIED 11, 044061 (2019)

down in a dilution refrigerator with a base temperature
of 20 mK. This resonator response is then probed using
standard rf heterodyne techniques [Fig. 1(a)].

III. RESULTS

A. Observation of quantum capacitance and dispersive
shift

We begin by characterizing the change in resonator
response resulting from coherent tunneling between the
two quantum dots. To this end, we first tune the device
to a regime where the dot charge states strongly hybridize
on resonance. We then record the phase response of a
reflected probe field as a function of the two plunger gates,
SP1 and SP2 [Fig. 1(b)]. The resulting charge-stability
diagram shows a prominent phase shift at charge degen-
eracy, hinting at a large dispersive shift of the resonator
frequency. We attribute the substantial magnitude of the
observed phase shift in this regime to the large lever arm
of the sensing gate [1,23]. From independent Coulomb
blockade measurements we estimate the lever arm to be
α = Cg/C� ≈ 0.75, where Cg is the capacitance of the
gate to the sensing dot, and C� is the total capacitance seen
by the dot.

The relation between the dispersive shift and the mag-
nitude of the interdot coupling lies at the heart of the Cq
detection scheme; we therefore focus next on modeling
this relation from our data following earlier work per-
formed on semiconductor dots in cQED environments
[10,17]. Near charge degeneracy the eigenstates of the
double dot are superpositions of a charge delocal-
ized between the two dots, with energy splitting � =√

4t2C + δ2, where tC is the tunnel coupling, and δ is the
detuning of the two dots [Fig. 1(c)] [24]. To determine the
tunnel coupling, we measure the resonator response as a
function of δ and the detuning of the drive from the reso-
nance frequency [Fig. 2(a)]. The reflected probe signal can
be developed in a cQED approach from the input-output
relations [1,17],

aout

ain
= 1 + iκext

−iκ/2 + 
ω + gχ
. (2)

Hereby, ain,out are the complex input and output signals;
κ = κint + κext is the total resonator damping rate, com-
posed of internal losses κint and external coupling κext;

ω is the detuning of the drive from resonance; g =
g0(2tC/�) is the effective coupling strength with g0 being
the Jaynes-Cummings coupling; and χ is the susceptibility
of the double quantum dot that depends on the dephasing
rate γ and detuning between charge dipole and resonator,

χ = g/(ω0 − � + iγ /2). (3)

Figure 2(a) shows the evolution of the dispersive shift
as we tune the double dot between Coulomb blockade

(a)

(b)
(arb. units)

FIG. 2. Charge-resonator coupling. (a) Right panel: resonator
reflection spectrum measured from the difference between
injected (Prf) and reflected rf power (Pr) corrected for estimated
attenuation and gain in the setup, as a function of detuning δ.
T2-gate voltage is −0.768 V for this data. Left panel: line cuts
in blockade (orange; square) and at degeneracy (blue; triangle)
together with fits (black) to Eq. (2). (b) Resonator spectroscopy
at charge degeneracy for different tunneling rates together with
the fit to Eq. (2). Traces are offset for clarity. Tunnel rates tC/h
extracted from the fit are indicated on the right.

regime and charge degeneracy, for one particular tunnel
gate setting. Fitting this data yields the tunnel coupling, as
well as the relevant parameters characterizing circuit and
resonator-dot coupling. In particular, we find Q = ω0/κ ≈
350, and g0/2π ≈ 60 MHz, consistent with the large lever
arm. This procedure allows us now to correlate the tunnel
coupling and the dispersive shift with the gate voltage on
electrode T2 [Fig. 2(b)].

B. Quantitative model of the dispersive shift

Having established the means to analyze the resonator
response, we now investigate the change in resonator fre-
quency as a function of double-dot properties. Figure 3(a)
shows the magnitude of the dispersive shift at charge
degeneracy as a function of tunnel coupling. This shift can
be predicted using the quantum-capacitance picture; from
determining the expectation value of charge on the sensing
dot one expects [23,25]

Cq = α2e2

4tC
, (4)

where e is the electron charge; this relation straightfor-
wardly yields the frequency shift through Eq. (1). We find
that this prediction agrees well with our data for tunnel
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(a)
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FIG. 3. Evolution and modeling of the dispersive shift. (a) Fre-
quency shift as a function of tunneling rate, extracted from fitting
spectroscopy data to Eq. (2). We estimate an accuracy of 5%
for extracting the tunnel coupling and of 40 kHz in the extrac-
tion of 
f . Solid line: independent theoretical prediction from
Eq. (4). Inset: charge-stability diagrams for tunneling rates cor-
responding to the yellow markers. (b) Resonator response as a
function of frequency and power. Power is given at the sam-
ple level; this is attenuated by a total of approximately 79 dB
after the generator. Top left panel: resonator spectroscopy as a
function of rf power. Bottom left panel: calculated steady-state
population in the excited state. Right panel: resonator shift in
blockade (orange), and on degeneracy (blue). Red: prediction
from the excited-state population by assuming that the net shift is
given by the population-weighted average between ground- and
excited-state shifts.

couplings tC/h � 4 GHz. The effect of reduced frequency
shift with increasing tunnel coupling is reflected also in the
familiar geometry of charge-stability diagrams [Fig. 3(a),
inset]. For small tunnel couplings we observe a reduction
in the shift; this behavior is likely due to noise in the
system, such as thermal fluctuations [11] or charge fluc-
tuations on the gates (i.e., fluctuations in δ). This noise
would effectively blur out the Cq peak as it narrows with
decreasing tC.

A natural question that arises is in which regimes this
simple description holds. In particular, from the quantum-
capacitance picture one could naively expect that it is

always possible to increase the power of the readout tone
to increase the SNR. However, this view ignores any inter-
nal dynamics of the quantum-dot system that can impact
the dispersive shift. Most importantly, increasing the ac
voltage of the readout drive can induce transitions of the
ground state to the excited state of the double dot, resulting
in an incoherent mixture. Since the dispersive shift from
the excited state is opposite to that of the ground state,
excitation would thus lead to a reduction of the measured
shift.

In Fig. 3(b) we show the evolution of the dispersive
shift when increasing the readout-drive amplitude; indeed,
the shift disappears entirely at large drive amplitudes. We
compare this data to a model in which we compute the
excitation of the double dot by assuming that the read-
out drive acts as a detuned Rabi drive (with detuning
ω0 − 2tC/h) and the double dot dephases quickly. We find
that the double dot approaches a fully mixed state in the
same range in which the disappearance of the shift occurs;
the resulting predicted dispersive shift is in very good
agreement with the data.

We can therefore conclude that the tunnel coupling has
two competing influences on the observed resonator shift:
for one, the shift gets larger for decreasing tC following
Eq. (4). On the other hand, in the present setup a decreased
tunnel coupling results in reduced drive detuning; this in
turn increases excited-state population, reducing the shift
again.

C. SNR for detecting a tunnel amplitude

In order to show the feasibility of dispersive gate sensing
for qubit readout, we finally investigate the time-resolved
resonator response. In particular, we aim to show that
the difference in charge hybridization between Coulomb
blockade and charge degeneracy can be obtained on fast
time scales [4,5]. To do so, we repeatedly measure the rf
signal in Coulomb blockade and on charge degeneracy by
switching between the two points in the charge-stability
diagram. The signal is then binned in 1-μs intervals and
for each interval, the in-phase and quadrature components
of the signal are extracted and represented in a histogram
[Fig. 4(a)]. From Gaussian fits we can then extract the
SNR, which is given by the distance between the two dis-
tributions, 
, divided by their full width, 2σ . These widths
are set by the noise in the system, which is dominated
by the thermal contribution of the cryogenic amplifier.
From independent measurements we estimate the equiv-
alent noise temperature of the readout circuit to be around
4 K.

In Fig. 4(b) we show the attained SNR per 1-μs “shot”
as a function of readout power and tunnel coupling. The
SNR reaches its peak value of > 2 for a rf power of
Prf ≈ −109 dBm and a tunnel coupling of approximately
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(a)

(b)

Crf

FIG. 4. Readout SNR. (a) Histogram of resonator reflection
measurements in Coulomb blockade (square marker) and charge
degeneracy (triangle marker). This data is taken with a tunnel
coupling of 4.3 GHz and a readout power of Prf = −105 dBm.
Each count corresponds to an integration time of 1 μs. The SNR
is defined as 
/2σ . The dashed line is the threshold used for state
identification. (b) Attained SNR as a function of readout power
(left panel) and tunnel coupling (right panel). For the tunnel cou-
pling dependence, readout power and frequency are optimized
for every data point individually.

5 GHz. In other words, the probability of misidentify-
ing the state of the system using thresholding is less
than 2% for these settings. Since the signal is largely set
by the frequency shift, the dependence of the SNR on
tC closely follows the evolution of the dispersive shift
shown in Fig. 3(a). The power dependence results from
the competition between double-dot excitation and signal
increase. The optimal power is reached at the point where
the diminishing frequency shift starts dominating over the
improvement gained from larger accuracy in the estimation
of I and Q.

IV. CONCLUSIONS

We perform gate-based dispersive sensing on a double
quantum dot in an InAs nanowire. The observed charge-
tunneling-induced dispersive shift on our resonator is com-
parable to the resonator linewidth, enabling fast detection
of the presence of the tunnel amplitude with high SNR.

Notably, this result was achieved with a low-Q, lumped-
element resonator operating at a frequency of less than 1
GHz; these types of resonators hold great promise for scal-
able readout due to their reduced footprint compared to
high-Q, co-planar waveguide resonators that are more tra-
ditionally used in cQED [1]. Utilizing the large resonator
shift, we show that states corresponding to different charge
hybridizations can be distinguished in 1 μs measurements
while retaining a SNR exceeding two in our experimental
setup. We further establish that the factor that predomi-
nantly limits the SNR is the tunnel coupling. Its magnitude
determines the dispersive shift, and its detuning from the
resonator frequency places a limit on the readout power
that can be used before adverse effects take over.

Our results show that high-fidelity measurements of
semiconductor nanowire-based qubits could be performed
using gate sensing on the single-microsecond scale. This is
particularly promising for MZM-based topological qubits
that could be realized in nanowire networks [4,5]. Since
our work illustrates the dominating factor of only a few
key device parameters—such as electron tunneling rate,
gate lever arm, and resonator frequency—our results can
provide guidance for the design of qubit and measurement
circuits. We further expect that existing technology could
be used to lower the noise temperature of the cryogenic
amplifier [26–29] or optimize the sensing circuits [30] in
order to enhance the attainable SNR further, and reduce
the required measurement time.

ACKNOWLEDGMENTS

We thank J.K. Gamble, T. Karzig, R.M. Lutchyn, and K.
van Hoogdalem for useful discussions. We further thank
O.W.B. Benningshof, J.D. Mensingh, R.N. Schouten, M.J.
Tiggelman, and R.F.L. Vermeulen for valuable techni-
cal assistance; R. McNeil for help with fabrication; and
J.M. Hornibrook and D.J. Reilly for providing the fre-
quency multiplexing chips. This work is supported by the
Netherlands Organization for Scientific Research (NWO),
Microsoft, the Danish National Research Foundation, a
Synergy Grant of the European Research Council, and the
European Research Council under the European Union’s
Horizon 2020 research and innovation program [Grant
Agreement No. (716655)].

[1] A. Blais, R.-S. Huang, A. Wallraff, S. M. Girvin, and R.
J. Schoelkopf, Cavity quantum electrodynamics for super-
conducting electrical circuits: An architecture for quantum
computation, Phys. Rev. A 69, 062320 (2004).

[2] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, J. Majer,
M. H. Devoret, S. M. Girvin, and R. J. Schoelkopf,
Approaching Unit Visibility for Control of a Superconduct-
ing Qubit with Dispersive Readout, Phys. Rev. Lett. 95,
060501 (2005).

044061-5

https://doi.org/10.1103/PhysRevA.69.062320
https://doi.org/10.1103/PhysRevLett.95.060501


DE JONG et al. PHYS. REV. APPLIED 11, 044061 (2019)

[3] A. C. Betz, R. Wacquez, M. Vinet, X. Jehl, A. L. Saraiva,
M. Sanquer, A. J. Ferguson, and M. F. Gonzalez-Zalba, Dis-
persively detected Pauli spin-blockade in a silicon nanowire
field-effect transistor, Nano. Lett. 15, 4622 (2015).

[4] S. Plugge, A. Rasmussen, R. Egger, and K. Flensberg,
Majorana box qubits, New J. Phys. 19, 012001 (2017).

[5] T. Karzig, C. Knapp, R. M. Lutchyn, P. Bonderson, M. B.
Hastings, C. Nayak, J. Alicea, K. Flensberg, S. Plugge, Y.
Oreg, C. M. Marcus, and M. H. Freedman, Scalable designs
for quasiparticle-poisoning-protected topological quantum
computation with Majorana zero modes, Phys. Rev. B 95,
235305 (2017).

[6] J. I. Colless, A. C. Mahoney, J. M. Hornibrook, A. C.
Doherty, H. Lu, A. C. Gossard, and D. J. Reilly, Dis-
persive Readout of a Few-electron Double Quantum dot
with Fast rf Gate Sensors, Phys. Rev. Lett. 110, 046805
(2013).

[7] R. Vijay, D. H. Slichter, and I. Siddiqi, Observation of
Quantum Jumps in a Superconducting Artificial Atom,
Phys. Rev. Lett. 106, 110502 (2011).

[8] P. Bonderson, M. Freedman, and C. Nayak, Measurement-
only Topological Quantum Computation, Phys. Rev. Lett.
101, 010501 (2008).

[9] N. J. Lambert, A. A. Esmail, M. Edwards, F. A. Pollock,
B. W. Lovett, and A. J. Ferguson, Quantum capacitance
and charge sensing of a superconducting double dot, Appl.
Phys. Lett. 109, 112603 (2016).

[10] T. Frey, P. J. Leek, M. Beck, A. Blais, T. Ihn, K. Ensslin,
and A. Wallraff, Dipole Coupling of a Double Quantum Dot
to a Microwave Resonator, Phys. Rev. Lett. 108, 046807
(2012).

[11] M. D. Schroer, M. Jung, K. D. Petersson, and J. R. Petta,
Radio Frequency Charge Parity Meter, Phys. Rev. Lett. 109,
166804 (2012).

[12] A. West, B. Hensen, A. Jouan, T. Tanttu, C. H. Yang, A.
Rossi, M. F. Gonzalez-Zalba, F. Hudson, A. Morello, D. J.
Reilly, and A. S. Dzurak, Gate-based single-shot readout of
spins in silicon, Nat. Nanotechnol. (2019).

[13] P. Pakkiam, A. V. Timofeev, M. G. House, M. R. Hogg,
T. Kobayashi, M. Koch, S. Rogge, and M. Y. Simmons,
Single-shot Single-gate rf Spin Readout in Silicon, Phys.
Rev. X 8, 041032 (2018).

[14] M. Urdampilleta, D. J. Niegemann, E. Chanrion, B. Jadot,
C. Spence, P.-A. Mortemousque, C. Bäuerle, L. Hutin,
B. Bertrand, S. Barraud, R. Maurand, M. Sanquer, X.
Jehl, S. De Franceschi, M. Vinet, and T. Meunier, Gate-
based high fidelity spin read-out in a CMOS device,
arXiv:1809.04584, (2018).

[15] T. Walter, P. Kurpiers, S. Gasparinetti, P. Magnard, A.
Potočnik, Y. Salathé, M. Pechal, M. Mondal, M. Oppliger,
C. Eichler, and A. Wallraff, Rapid High-fidelity Single-shot
Dispersive Readout of Superconducting Qubits, Phys. Rev.
Appl. 7, 054020 (2017).

[16] S. Nadj-Perge, S. M. Frolov, E. P. A. M. Bakkers, and
L. P. Kouwenhoven, Spin–orbit qubit in a semiconductor
nanowire, Nature 468, 1084 (2010).

[17] K. D. Petersson, L. W. McFaul, M. D. Schroer, M. Jung, J.
M. Taylor, A. A. Houck, and J. R. Petta, Circuit quantum
electrodynamics with a spin qubit, Nature 490, 380 (2012).

[18] A. Das, Y. Ronen, Y. Most, Y. Oreg, M. Heiblum, and
H. Shtrikman, Zero-bias peaks and splitting in an Al–InAs
nanowire topological superconductor as a signature of
Majorana fermions, Nat. Phys. 8, 887 (2012).

[19] S. M. Albrecht, A. P. Higginbotham, M. Madsen, F. Kuem-
meth, T. S. Jespersen, J. Nygård, P. Krogstrup, and C. M.
Marcus, Exponential protection of zero modes in Majorana
islands, Nature 531, 206 (2016).

[20] J. M. Hornibrook, J. I. Colless, A. C. Mahoney, X. G. Croot,
S. Blanvillain, H. Lu, A. C. Gossard, and D. J. Reilly, Fre-
quency multiplexing for readout of spin qubits, Appl. Phys.
Lett. 104, 103108 (2014).

[21] T. Ota, T. Hayashi, K. Muraki, and T. Fujisawa, Wide-band
capacitance measurement on a semiconductor double quan-
tum dot for studying tunneling dynamics, Appl. Phys. Lett.
96, 032104 (2010).

[22] R. C. Ashoori, H. L. Stormer, J. S. Weiner, L. N. Pfeiffer,
S. J. Pearton, K. W. Baldwin, and K. W. West, Single-
electron Capacitance Spectroscopy of Discrete Quantum
Levels, Phys. Rev. Lett. 68, 3088 (1992).

[23] T. Duty, G. Johansson, K. Bladh, D. Gunnarsson, C. Wil-
son, and P. Delsing, Observation of Quantum Capacitance
in the Cooper-pair Transistor, Phys. Rev. Lett. 95, 206807
(2005).

[24] W. G. van der Wiel, S. De Franceschi, J. M. Elzerman, T.
Fujisawa, S. Tarucha, and L. P. Kouwenhoven, Electron
transport through double quantum dots, Rev. Mod. Phys.
75, 1 (2002).

[25] K. D. Petersson, C. G. Smith, D. Anderson, P. Atkinson,
G. A. C. Jones, and D. A. Ritchie, Charge and spin state
readout of a double quantum dot coupled to a resonator,
Nano Lett. 10, 2789 (2010).

[26] M. A. Castellanos-Beltran, K. D. Irwin, G. C. Hilton, L. R.
Vale, and K. W. Lehnert, Amplification and squeezing of
quantum noise with a tunable Josephson metamaterial, Nat.
Phys. 4, 929 (2008).

[27] C. Macklin, K. O’Brien, D. Hover, M. E. Schwartz, V.
Bolkhovsky, X. Zhang, W. D. Oliver, and I. Siddiqi, A
near-quantum-limited josephson traveling-wave parametric
amplifier, Science 350, 307 (2015).

[28] J. Stehlik, Y.-Y. Liu, C. M. Quintana, C. Eichler, T. R.
Hartke, and J. R. Petta, Fast Charge Sensing of a Cavity-
coupled Double Quantum dot Using a Josephson Paramet-
ric Amplifier, Phys. Rev. Appl. 4, 014018 (2015).

[29] F. J. Schupp, N. Ares, A. Mavalankar, J. Griffiths, G. A.
C. Jones, I. Farrer, D. A. Ritchie, C. G. Smith, G. A. D.
Briggs, and E. A. Laird, Radio-frequency reflectometry of
a quantum dot using an ultra-low-noise SQUID amplifier,
arXiv:1810.05767 , (2018).

[30] I. Ahmed, J. A. Haigh, S. Schaal, S. Barraud, Y. Zhu, C.
Lee, M. Amado, J. W. A. Robinson, A. Rossi, J. J. L. Mor-
ton, and M. F. Gonzalez-Zalba, Radio-frequency Capacitive
Gate-based Sensing, Phys. Rev. Appl. 10, 0 (2018).

044061-6

https://doi.org/10.1021/acs.nanolett.5b01306
https://doi.org/10.1088/1367-2630/aa54e1
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1103/PhysRevLett.110.046805
https://doi.org/10.1103/PhysRevLett.106.110502
https://doi.org/10.1103/PhysRevLett.101.010501
https://doi.org/10.1063/1.4962811
https://doi.org/10.1103/PhysRevLett.108.046807
https://doi.org/10.1103/PhysRevLett.109.166804
https://doi.org/10.1103/PhysRevX.8.041032
https://doi.org/10.1103/PhysRevApplied.7.054020
https://doi.org/10.1038/nature09682
https://doi.org/10.1038/nature11559
https://doi.org/10.1038/nphys2479
https://doi.org/10.1038/nature17162
https://doi.org/10.1063/1.4868107
https://doi.org/10.1063/1.3285180
https://doi.org/10.1103/PhysRevLett.68.3088
https://doi.org/10.1103/PhysRevLett.95.206807
https://doi.org/10.1103/RevModPhys.75.1
https://doi.org/10.1021/nl100663w
https://doi.org/10.1038/nphys1090
https://doi.org/10.1126/science.aaa8525
https://doi.org/10.1103/PhysRevApplied.4.014018
https://doi.org/10.1103/PhysRevApplied.10.014018

	I. INTRODUCTION
	II. EXPERIMENTAL APPROACH AND SETUP
	III. RESULTS
	A. Observation of quantum capacitance and dispersive shift
	B. Quantitative model of the dispersive shift
	C. SNR for detecting a tunnel amplitude

	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


