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Superconducting resonators enable fast characterization and readout of mesoscopic quantum de-
vices. Finding ways to perform measurements of interest on such devices using resonators only is
therefore of great practical relevance. We report the experimental investigation of an InAs nanowire
multi-quantum dot device by probing GHz resonators connected to the device. First, we demonstrate
accurate extraction of the DC conductance from measurements of the high-frequency admittance.
Because our technique does not rely on DC calibration, it could potentially obviate the need for DC
measurements in semiconductor qubit devices. Second, we demonstrate multiplexed gate sensing
and the detection of charge tunneling on microsecond time scales. The GHz detection of dispersive
resonator shifts allows rapid acquisition of charge-stability diagrams, as well as resolving charge tun-
neling in the device with a signal-to-noise ratio of up to 15 in one microsecond. Our measurements
show that GHz-frequency resonators may serve as a universal tool for fast tune-up and high-fidelity
readout of semiconductor qubits.

I. INTRODUCTION

Microwave resonators in the few-GHz range are well-
known as a powerful means to increase the speed with
which properties of mesoscopic quantum devices can be
read out [1]. In the field of quantum information, res-
onators in this so called ‘Super High Frequency’ (SHF)
band have thus enabled the fast and high-fidelity non-
demolition readout of quantum bits (qubits)[2–5], as well
as mediating interactions between qubits [6–9]. SHF
resonators are also an attractive tool for the fast char-
acterization of quantum devices, because the required
tune-up routines are generally time-consuming. Addi-
tionally, frequency multiplexing using many high-Q res-
onators has been established for hardware-efficient mass-
characterization of devices [10, 11].

Efficient characterization is particularly relevant for
semiconductor quantum devices where many gate elec-
trodes result in a large parameter space. In recent years
there have been numerous efforts to utilize SHF res-
onators for this purpose [12–15] as well as reading out
qubit degrees of freedom [16–26]. Despite these successes,
however, experiments are still often supplemented with
DC or low-frequency measurements to quantitatively ex-
tract the DC conductance [27]. As larger-scale devices
are developed [28, 29], it is interesting to direct focus to
readout and tune-up schemes utilizing SHF resonators
only, thus allowing a single framework for all measure-
ments performed on a device.

Here, we present experiments using multiplexed res-
onators in the 3–7 GHz range coupled to a multi-quantum
dot (QD) system. Using the resonator response only
we are able to infer quantitatively the DC conduc-

tance of the system, and detect single-electron tunneling
with high signal-to-noise ratio (SNR) on sub-microsecond
timescales. The remainder of this paper is organized
as follows: In Sec. III we determine the DC (i.e., zero-
frequency) conductance from SHF measurements with-
out any DC calibration data and find agreement with
conductance obtained from a DC transport control mea-
surement. In Sec. IV, we demonstrate fast multiplexed
dispersive gate sensing (DGS) at GHz-frequencies in a
double quantum dot (DQD). This local measurement of
charge transitions facilitates fast tune-up of multi-QD
systems [29]. Finally, in Sec. V, we attain high SNRs
in the detection of charge tunneling in the DQD. State-
dependent charge-tunneling is a key mechanism for qubit
readout in semiconductor qubits [30]. Our optimized
resonator design [31], combined with the use of a near-
quantum limited amplifier [32], results in a maximum
SNR of 15 in one microsecond integration time.

II. EXPERIMENTAL SETUP

The device comprises an InAs nanowire with a GHz-
bandwidth coplanar waveguide (CPW) resonator [33]
coupled to every QD to sense the electronic compressibil-
ity of each individual dot. An additional resonator that
is galvanically connected to the source of the nanowire is
used to probe the admittance of the nanowire. Fig. 1a
and b show images of the resonators and the multi-
QD device respectively. An approximate lumped-element
schematic of the device is shown in Fig. 1c. Each res-
onator is coupled to a central feedline in a hanger ge-
ometry and is individually addressable using frequency
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FIG. 1. Experimental setup and resonator response a
Schematic of the device layout b) False-colored electron mi-
crograph of the nanowire and the surrounding gates. c RF
equivalent circuit diagram of the device. The five topgates are
coupled resonators as is the source of the nanowire which can
be DC-biased by VB with a bias-T. The topgates are separated
by six tunnel gates such that the nanowire can be pinched off
at various positions and quantum dots can be defined. The
charge on the quantum dots can be controlled by the side-
gates. d Transmission through the feedline without magnetic
field and at 1 T applied parallel to the plane of the resonators.
The arrows (L)eft, (R)ight, and (B)ias mark the resonators
used here.

multiplexing (Fig. 1d). The obtained SNR is set by the
high resonator bandwidth, optimized resonator coupling
quality factors, and a traveling wave parametric amplifier
(TWPA) [32] at the base temperature stage of 20 mK of
our dilution refrigerator. For further details see the sup-
plemental material.

III. HIGH FREQUENCY CONDUCTANCE
MEASUREMENTS

We begin by investigating the SHF response of the
resonator coupled to the lead in response to changing
nanowire conductance [12, 13, 27, 34, 35]. Changing the
conductance by tuning the gate voltage T2 modulates
the resonator response, shown in Fig. 2a and b, through
changes in its load admittance. The DC conductance can
be extracted from the load admittance either by building
up a calibration map of load admittance and DC con-
ductance, or by quantitatively modeling the resonator
circuit [27]. We take the latter approach to maintain
independence from DC calibration measurements. To
quantify the modulation of the resonator response, we
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FIG. 2. Pinch-off measurements. a, b Response of the
conductance resonator to the tunnel gate T2 and linecuts of
the indicated gate voltages in b offset for clarity. The quan-
tity |AB/A0| denotes the ratio of measured signal to input
signal. c Frequency shift ∆ω0 and internal resonator de-
cay κd extracted from individual resonator line traces of b.
d Schematic of the nanowire for the experiment in b with
the corresponding lumped element model used to convert be-
tween resonator admittance and conductanceGRF. e Conduc-
tance GDC, measured with standard voltage biased current
measurements, together with the conductance GRF extracted
from c. The inset shows the conductance GRF, as a function
of conductance GDC, for the gate response of all tunnel gates
T1 through T6. The dashed line indicates GDC = GRF. The
individual traces are included in the supplemental material.
All measurements in this figure are taken at VB = 10 mV.

fit the response to a hanger input-output model [36–38].
The relevant parameters for extracting load admittance
are the change in the resonance frequency ∆ω0 and the
additional photon decay rate ∆κd with respect to the
pinched-off regime, which is reached by decreasing the
gate voltages until κd saturates. Representative fits are
plotted in Fig. 2a and the extracted κd and ∆ω0 are
shown in Fig. 2c. The load admittance, Y, can then be
calculated by

Y =
π

Z0ω0

(
1

2
∆κd − ı∆ω0

)
, (1)

which holds for a transmission line resonator of charac-
teristic impedance Z0 coupled to a high impedance load
1/|Y| � Z0. We estimate Z0 = 116 Ω from the resonator
design. See the supplemental material for more details
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on the procedure outlined above.
Importantly, the load admittance at finite frequency

does not directly translate to the DC conductance of the
coupled device (i.e., the nanowire). The nanowire itself
has an inductive component and the gates surrounding
the nanowire add additional shunting capacitive paths
to ground, contributing to the load admittance espe-
cially for higher frequencies. Our device design with high
lever-arm gates necessitates compensating for these con-
tributions explicitly, in contrast to the experiments in
Refs. [12, 13, 27]. To account for these effects, we model
the load admittance Y as in Fig. 2d, describing an ef-
fective transmission line formed by the nanowire split by
a tunnel junction. We denote the series resistance, in-
ductance and parallel capacitance per unit length of this
transmission line by Rnw, Lnw and Cnw and introduce
Znw = `(Rnw + ıωLnw) with ` the nanowire length. DC
conductance of the nanowire can be calculated from the
impedance added by the nanowire itself, Znw, and the
impedance of the tunnel junction ZT.

The relation between ZT and Y depends on the frac-
tional position of the tunnel junction along the nanowire,
which we parameterize by λ. Explicitly, the relation is
given by

ZT =

Znw

γ`

cosh((1−λ)γ`)

YZnw

γ` sinh(γ`)−cosh(γ`)

sinh(λγ`)− YZnw

γ` cosh(λγ`)
, (2)

where γ ≡
√

(Rnw + ıωLnw)ıωCnw denotes the complex
propagation constant.

The constants Znw and γ` are determined from two
SHF calibration measurements. For the first calibration
measurement, the load impedance Yo is measured when
all gates are open at 0 V, corresponding to the limit that
ZT = 0. For the second calibration measurement, the
load impedance Yp as |ZT | → ∞ and λ = 1 is measured
by pinching off the rightmost gate T6. Solving the re-
sulting two equations for γ` and Znw yields

γ` = arctanh

(√
Yp
Yo

)
and Znw =

γ`√
YpYo

. (3)

See supplemental material for more information. Using
Eq. (2) and Eq. (3), we then extract ZT from the admit-
tance Y . We model the junction as a resistor RT and
capacitor CT in parallel such that Z−1

T ≡ 1/RT + iωCT
[39], and then determine the DC-equivalent conductance
as

G−1
RF = Re(Znw) + 1/Re(Z−1

T ). (4)

To validate our method to infer the conductance, we com-
pare it to the conductance obtained from a control exper-
iment using conventional DC-current detection. Fig. 2e
shows the conductance extracted from DC measurements
GDC and the DC conductance extracted from the res-
onator response GRF. Excellent agreement is observed
between GRF and GDC for data from pinch-off traces of

(a)

(c)

(b)

(d)

FIG. 3. Coulomb blockade diamonds measured in a
single quantum dot. a Single frequency response of the
resonator. bGDC measurements obtained with standard lock-
in techniques c Frequency shift ∆f and resonator decay rate
κd extracted from frequency traces. e Conductance GRF

extracted from resonator data in c.

T1 through T6, changing λ according to the position of
the gate, shown in the inset of Fig. 2e.

Applications of RF conductance are not limited to
measuring the impedance of tunnel gates [15, 40–42]. As
an example, we probe a quantum dot by tuning T2 and
T3 into the tunneling regime. We show the amplitude
response of the lead resonator on resonance in Fig. 3a
as a function of bias voltage VB and gate voltage VG.
Even though the amplitude response is not translated
into DC conductance here, it shows all the qualitative
features present in the control data measured by DC lock-
in conductance (Fig. 3b), including the excited states of
the quantum dot. The amplitude response of Fig. 3a is
part of a full frequency trace, measured to also allow for
a quantitative comparison between the DC results and
the resonator response. From these traces, the frequency
shift ∆ω0 and photon decay ∆κd are extracted and shown
in Fig. 3c. We use the model defined by Eqs. (1 - 4) to ob-
tain GRF, shown in Fig. 3d. This is the same model used
for the tunnel junction scans of Fig. 2. Note that we
neglect here the finite width occupied by the quantum
dot and its internal structure; nevertheless we observe
reasonable agreement between GRF and GDC.

IV. RAPID MULTIPLEXED REFLECTOMETRY

We now move on to the capacitively coupled gate res-
onators and investigate DGS in the double quantum dot
(DQD) regime [17, 25, 43–52]. To tune the system into
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(a) (b)

FIG. 4. Charge stability diagram measured using mul-
tiplexed gate-based readout in the double dot regime.
a, b Amplitude response of the resonators coupled to the two
rightmost quantum dots. Readout power in the feedline is
−105 dBm per multiplexed resonator with an integration time
of 3 µs. The dimensions of this dataset are 101 × 101 points
yielding a total integration time of 30 ms excluding overhead
from gate settling time, set by low pass filters on the gate
wiring. The dashed lines are guides to the eye delineating
the different charge configurations of the double dot and are
identical on the left and right plots.

a DQD, the voltages of gates T4, T5, and T6 are each
decreased into the tunneling regime. Accordingly, two
quantum dots are formed under the rightmost two top-
gates in the nanowire[39].

A resonator is coupled to both dots to sense the elec-
tronic compressibility of the individual dots [53, 54]. In
Fig. 4 we show a charge stability diagram (CSD) using VL
and VR to change the electron occupation of the DQD.
We perform pulsed readout with an integration time of
3 µs per point, constituting a total data acquisition time
of 30 ms for the entire CSD [14, 55]. The data acquisition
is frequency-multiplexed for both resonators such that
the data in panels a and b of Fig. 4 are measured simulta-
neously [29, 56]. This not only reduces the measurement
time, but multiplexing also guarantees the measurements
in Fig. 4a and b correspond to the exact same physical
regime, regardless of charge jumps and gate hysteresis.
To emphasize the correspondence between Fig. 4a and b,
the same guides to the eye outlining stable charge con-
figurations are drawn on both figures.

Resonators are only sensitive to charge transitions in-
volving the quantum dots they are coupled to. Therefore,
both resonators show the interdot transitions, but only
the left/right resonator is sensitive to transitions to the
left/right lead respectively. Hence multiplexing also en-
ables spatial correlation of electron tunneling by compar-
ing the DGS signal from each gate’s resonator, effectively
‘tracking’ the electron through the device.

V. SIGNAL TO NOISE

Finally, we investigate the attainable SNR for resolving
charge tunneling with DGS by changing detuning from
charge degeneracy in the DQD. This procedure serves as
a proxy for different qubit states in schemes where read-
out is based on state-dependent tunneling [25, 35, 50, 57–
59]. Because actual qubit systems will have limitations
on the readout power [30] we investigate the SNR at
both a fixed ‘low’ excitation voltage in the resonator,
Ve = 5 µV, as well as at an optimized excitation voltage,
Ve = 0.16 mV. These excitation voltages are calculated
from the generator power and line attenuation in addi-
tion to the resonator frequency and coupling capacitance
to the feedline.

We fix the total charge in the system by pinching off
gates on either side of the DQD. The only remaining
transitions are interdot transitions occurring through a
tunnel coupling denoted by tC. The resonator response
as a function of the energy detuning δ from the interdot
transition, is shown in Fig. 5a. We determine tC by fitting
the resonator response to an input-output model [18],
discussed in the supplemental material. Linecuts of the
fit results and measurement data are shown in Fig. 5b.

We define SNR as the change in signal between charge
degeneracy and Coulomb blockade divided by the noise.
To measure it, we perform a series of pulsed measure-
ments of I and Q with a pulse time of tm at both Coulomb
blockade and charge degeneracy, and show the obtained
histograms for an integration time of tm = 1 µs in Fig. 5c.
These histograms are fit with a Gaussian to extract the
separation between the Gaussian peaks ∆ in the IQ plane
as well as their average standard deviation σ representing
the width. The SNR is given by ∆/(2σ).

In Fig. 5d we plot the dependence of SNR on tm, which
approaches a square root dependence for longer times.
We attribute the discrepancy between attained SNR and
a square root dependence for pulse times shorter than 1 µs
to the finite bandwidth of the resonators. For these pulse
lengths, the resonator cannot reach a steady state photon
population, limiting the signal available for readout.

Next, we compare the observed SNR with expected
theoretical limits. The change in signal at the feedline
level ∆f = ∆/Gsys — with Gsys the gain of the amplifi-
cation chain in the system — can never exceed the total
voltage swing in the feedline Vf . The fit to the data in
Fig. 5a, used to extract tC, also provides a direct mea-
surement of the ratio ∆f/Vf = 0.89, close to the absolute
maximum. In other words, the resonator is coupled near-
optimally for this tunnel coupling, such that its external
coupling rate is nearly equal to the dispersive shift.

The achievable SNR together is then set by ∆f together
with noise temperature, TN, and readout time, tm, as:

SNR =
∆f

√
tm

2
√
ZkBTN

, (5)

where Z = 50 Ω is the impedance of the feedline, see sup-
plemental material. The SNR ' 2.6 found in Fig. 5c to-
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tc = 13GHz

{
tc = 4.5GHz

Ve = 5.0 V

{
tc = 13GHz

Ve = 0.16mV

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

SNR = 2.6

SNR = 15

tc = 4.5GHz

FIG. 5. Readout SNR. a, Amplitude response as a function of detuning δ of the resonator coupled to the right dot for the
two different tunnel coupling regimes. Linecuts are shown in respectively in b for Coulomb blockade (square marker) and on
resonance (circle marker) together with fits to the theoretical model. c, Histograms of the resonator responses in Coulomb
blockade and charge degeneracy, with pulse length of 1 µs. Responses were acquired with a probe frequency tuned to resonance
for the Coulomb blockade case, at approx. 3.826 GHz. d Attained SNR on the right dot’s resonator, defined as ∆/(2σ), as a
function of measurement pulse length. Optimized with excitation voltage as a free parameter (red, cross markers) and optimized
at fixed excitation voltage of 5 µV (aqua, star markers).

gether with the readout time, tm = 1 µs and the deduced
approximate voltage swing in the feedline, Vf = 0.15 µV
corresponds to a noise temperature estimate of TN = 1 K.
To improve the SNR, one can either increase the readout
time or readout power, as shown in Fig. 5d. In practice,
limits to these two parameters will be determined by the
specific qubit implementation. Specifically, by optimiz-
ing the excitation voltage and tunnel coupling together,
an SNR of 15 is achieved at Ve = 0.16 mV.

VI. CONCLUSIONS

We have shown the characterization of an InAs
nanowire multi-QD system using GHz-frequency sensing.
Probing the finite frequency admittance of the nanowire
has allowed us to infer the low-frequency conductance
with good accuracy, even without calibration from DC
measurements. Further, we have shown high-SNR dis-
persive sensing on timescales near the bandwidth limit
set by the Q factor of the resonators. Besides their use
for qubit devices, we envision that fast multiplexed read-
out of quantum devices may be used for more complex

sensing schemes. In particular, rapid simultaneous con-
duction of multiple local measurements could facilitate
unique quantum transport experiments because they pro-
vide spatial information about tunneling processes. For
example, probing two quantum dots at either end of a
central charge island, tunneling events into the outer dots
may be correlated [60, 61]. We conclude that multiplexed
SHF resonators may serve as a complete toolset for char-
acterization and readout of semiconductor quantum de-
vices, and present intriguing opportunities for developing
novel and high-speed quantum transport measurement
schemes.
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I. SAMPLE FABRICATION AND EXPERIMENTAL SETUP

50Ω
50Ω

FIG. S1. RF circuit of the dilution refrigerator. An RF signal generated either by a vector network analyzer or Quantum
Machines OPX pulse generator is attenuated at each stage of the refrigerator on its way to the device under test (DUT) at base
temperature. The signal is amplified on the way out of the fridge first by a traveling wave parametric amplifier (TWPA) at base
temperature, driven by a GHz-frequency pump tone, and then by a 4 to 8 GHz bandwidth high electron mobility transistor
(HEMT) amplifier at the 4 K plate. In front of and behind the TWPA are circulators (green) and a directional coupler (violet)
designed to reduce back-action of the TWPA on the DUT and attenuate any noise traveling down the output and pump tone
lines. Low pass filters are also present to reduce noise above the measurement bandwidth.

The experimental setup is schematically shown in Fig. S1. On-chip superconducting coplanar waveguide (CPW)
resonators are fabricated from a 20 nm NbTiN layer using reactive ion etching, similar to Ref. [1] ensuring magnetic
field compatibility. The resonator design is half-wavelength with hanger-style geometry, with each resonator coupled
to a central feedline. The resonators used for DGS have an external coupling factor around κext ' 10 MHz to maximize
readout signal.

An InAs nanowire with an epitaxial Al shell is deposited using a micromanipulator. The superconducting shell is
removed everywhere except over the middle dot using a PMMA etch mask and a 70 s wet etch using MF-321 developer.
However, no superconducting effects are observed in this experiment. We attribute the absence of superconductivity
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to over-etching of the Al shell on the wire. Contacts are fabricated by in-situ argon milling followed by evaporating
10 nm Ti then 150 nm Au. A 10 nm AlOx dielectric is selectively deposited on the nanowire, away from the resonators
to avoid additional dielectric loss. Lastly, top gates are evaporated in the same way as the contacts. To minimize the
noise temperature in our measurements we use a TWPA [2] on the base temperature stage of a dilution refrigerator
operating at 20 mK. Additionally, a high electron mobility transistor amplifier at 4 K is used to further amplify the
signal.

II. FITTING PROCEDURE FOR RESONATOR RESPONSE

In this section we describe the complete fitting procedure for the measured resonator response. The model used for
fitting the transmission S21 through a feedline with a hanger-style resonator is given by[3–5]:

S21 = eı(θ0+θ1ω)s0

(
1 + s1

ω − ω0

ω0

)(
1− 1

2

ıκext

ı(κext + κd)/2− ω + ω0

)
. (S1)

The probe frequency is denoted by ω and the resonator frequency by ω0.
To account for the line delay, θ0 and θ1 account for a linear offset in phase. Similarly, we account for a linear

amplitude offset by s0 and s1. The photon decay is represented by κd and the external coupling factor κext is complex
to account for impedance mismatches.

The calibration frequency trace used for the data in Fig. 2 of the main paper is shown in Fig. S2a together with
a fit to Eq. (S1). We find ω0/2π = 4.3 GHz, κext/2π = (18.6 − 3.4ı) MHz and κd/2π = 0.9 MHz. The calibration
measurement defines the zero-point of ∆ω0 and ∆κi. We also use the calibration to hold all parameters except for ω0

and κi fixed when fitting the frequency traces for obtaining the pinch-off data, such as in Fig. 2b.
For fitting the dispersive shift as a function of detuning δ, in Fig. 5 of the main paper we add the contribution

of the DQD to Eq. (S1). This contribution is accounted for by substituting κd → κd − 2ıgχ in eq. (S1) caused by
coupling to the susceptibility of the DQD [6] with

gχ =
4g2

0t
2
C/Ω

2

ω0 − Ω + ıγ/2
, (S2)

where g is the effective coupling strength and χ the susceptibility of the DQD. Furthermore, g0 is the Jaynes-Cummings
coupling, Ω =

√
4t2C + δ2 is the DQD energy splitting, tC the tunnel coupling between the dots and γ the decoherence

rate.

III. CORRESPONDENCE BETWEEN Y AND RESONATOR RESPONSE

Here we relate the nanowire load admittance to the quality factor and resonance frequency of a resonator connected
to its lead. Throughout the following derivations, we assume that within the small window of frequencies used to fit
our resonator’s resonance frequency and quality factor, the sample load admittance Y is constant. The resonator is
modeled as a transmission line capacitively coupled to a central feedline and terminated by a load impedance Y −1

determined by the nanowire. Assuming the feedline coupler to behave as a lumped element capacitance Cc, the input
impedance Zin of the terminated resonator and coupler is [7]:

Zin =
1

ıωCc
+ Z0

1 + Z0Y tanh(γr`r)

Z0Y + tanh(γr`r)
, (S3)

where Z0 is the line’s characteristic impedance, γr ≡ αr + ıβr is the complex propagation constant, and `r is the length
of the resonator. Note that βr = ω/vp where vp is the phase velocity in the transmission line, while αr quantifies
internal losses. To simplify the above expression, we first note the trigonometric relation

tanh(αr`r + ıβr`r) =
sinh(αr`r) cos (βr`r) + ı cosh(αr`r) sin(βr`r)

cosh(αr`r) cos(βr`r) + ı sinh(αr`r) sin(βr`r)
∼ αr`r cos(βr`r) + ı sin(βr`r)

cos(βr`r) + ıαr`r sin(βr`r)
(S4)

where we have assumed small internal losses in the resonator, αr`r � 1. Since the load admittance is assumed to
be small, our resonator nearly has an open at one end. Consequently, the effect of Y should be that of a perturbed
λ/2 resonator. In this case, for small detuning δω from the resonance frequency ω0, βr`r ∼ π + πδω/ω0 [7]. Since
Y is a small perturbation of the load admittance away from zero, it will shift the resonance frequency only slightly,
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in which case it is still true that βr`r ∼ π + x where x is a small number. Applying this approximation to eq. S4,
we find tanh(γr`r) ∼ αr`r + ı tan(βr`r). Finally, we assume ω is near resonance such that we may apply the limit
tan(βr`r)� 1 by the above argument, which in combination with our assumption of small load admittance Y � Z−1

0

and losses αr`r � 1 simplifies eq. S3 to:

Zin ∼
1

ıωCc
+

Z0

Z0Y + αr`r + ı tan(βr`r)
=

1

ıωCc
+

Z0

αeff`r + ı [tan(βr`r) + Z0Im(Y )]
(S5)

to first order in these small parameters. Above, we defined the effective dissipation constant αeff`r ≡ αr`r +Z0Re(Y ).
Next, we determine the relation between Im(Y ) and the resonance frequency ω0. At resonance, the imaginary part

of Zin disappears, so we solve this condition for ω0:

0 = Im(Zin) = − 1

ω0Cc
− Z0

tan(ω0`r/vp) + Z0Im(Y )

(αeff`r)2 + (tan(ω0`r/vp) + Z0Im(Y ))2
. (S6)

With the foresight that internal quality factors of our resonators will be related to αeff`r through αeff`r = π/(2Qi),
from resonator fits we may estimate that αeff`r < 0.002 even when the nanowire is completely open. In our resonator
chip, coupling capacitances are on the order of 40 fF, so that at few-GHz frequencies and when Z0 = 116 Ω, ωoCcZ0 ≈
0.03 to 0.1 is a small parameter, but still much larger than αeff`r. Rearranging and neglecting terms above first order
in αeff`r/(Z0ωCc), we obtain the implicit solution:

ω0`r
vp

= nπ − arctan (Z0Im(Y ) + ω0CcZ0) , n ∈ Z (S7)

The smallest substantial resonance frequency occurs for n = 1, constituting the GHz-range resonances of interest.
Taylor expanding in the small parameters Z0Im(Y ) and ω0CcZ0, we see then that the coupling capacitance serves only
to impose a constant perturbation to the bare resonance frequency, defined as ω∗

0 ≡ ω0|Im(Y )=0 = π(`r/vp +CcZ0)−1:

ω0 = ω∗
0

(
1− Z0Im(Y )

π

)
. (S8)

At frequencies near resonance such that ω = ω0 + δω with δω � ω0, eq. S5 is asymptotic to:

Zin ∼
1

ıωCc
+

Z0

αeff`r + ıπδω/ω0
, δω � ω0, αeff`r � Z0ω0Cc � 1, (S9)

which is the input impedance of a capacitively coupled parallel LRC resonator circuit near resonance of internal
quality factor Qi = π/(2αeff`r) [7]. The internal quality factor is related to the photon decay rate by κd ≡ ω0/Qi =
2ω0αeff`r/π. From the definitions of αeff`r and ω0, we can thus relate the device admittance to resonator parameters
through:

Y =
1

Z0

(
αeff`r − αr`r

)
− ı π

Z0ω0

(
ω0 − ω∗

0

)
≡ π

Z0ω0

(
1

2
∆κd − ı∆ω

)
, (S10)

valid to first order in ∆ω/ω0, where ∆ω ≡ ω0 − ω∗
0 and ∆κd ≡ κd − 2ω0αr`r/π. In other words, load conductance

is proportional to shifts in the resonator’s internal decay factor, while its susceptance is proportional to shifts in the
resonance frequency.

IV. DERIVATION OF GRF

Since the nanowire device is covered at most points by a capacitively coupled gate layer of uniform thickness
(excluding the small gaps between gates), we model the nanowire as a highly resistive transmission line, and aim
to solve for its admittance Y. As per the lumped element model of Fig. 2d, we parameterize this with a resistance,
inductance, and capacitance per unit length of Rnw, Lnw, and Cnw, respectively. At a fraction λ along the wire’s
length `, we include a lumped element impedance ZT, modeling a cutter gate or quantum dot.

As a transmission line, on either side of ZT the nanowire obeys the telegrapher equations [7]:

dV (x)

dx
= −ZnwI(x)/` and

dI(x)

dx
= −ıωCnwV (x), (S11)
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at every point x along the wire’s length, with x = 0 denoting the source lead. Above, we have assumed phasor
solutions of the voltage v with respect to ground and current i through the wire so that v(x, t) = V (x)eiωt and
i(x, t) = I(x)eıωt. On either side of the impedance ZT, these coupled differential equations have the solution:

V (x) =

{
V +
s e

−γx + V −
s e

γx x < λl
V +
d e

−γx + V −
d e

γx x > λl
, I(x) =

{
γ`
Znw

(V +
s e

−γx − V −
s e

γx) x < λ`
γ`
Znw

(
V +
d e

−γx − V −
d e

γx
)
x > λ`

(S12)

The nanowire’s input admittance is Y = I(0)/V (0) and is fully determined by the boundary condition of a grounded
wire V (`) = 0, current continuity just before and after ZT, and Ohm’s law across ZT. Combined, these three conditions
allow us to solve for all constants V −

s , V −
d , and V +

d in terms of V +
s . In particular:

V −
s = V +

s

[
ZTγ`
Znw

(
e−2γλ` + e−2γ`

)
− 2e−2γ`

ZTγ`
Znw

(
1 + e−2γ(1−λ)`

)
+ 2

]
(S13)

After substituting eq. S12 into the definition of Y , we arrive at the expression

Y =
γ`

Znw

(
V +
s − V −

s

V +
s + V −

s

)
=

γ`

Znw

[
cosh(γ`) + ZTγ`

Znw
sinh(γλ`) cosh(γ(1− λ)`)

sinh(γ`) + ZTγ`
Znw

cosh(γλ`) cosh(γ(1− λ)`)

]
. (S14)

Finally, this expression may be rearranged to yield eq. 2 of the main article. Together, eq. 2 and eq. 4 of the main
article yield an explicit formula for GRF. Substituting the ZT result into eq. 4 we obtain:

GRF =
|zλ| cos(arg [zλ]− arg [z1])

Re(Znw)|zλ| cos(arg [zλ]− arg [z1]) + |z1|
. (S15)

Above, the parameters

z1 ≡ sinh(γ`)Y − (γ`/Znw) cosh(γ`), and zλ ≡ (γ`/Znw) cosh(γ(1− λ)`) [(γ`/Znw) sinh(γλ`)− cosh(γλ`)Y] (S16)

represent singularities of Z−1
T and ZT respectively.

V. DETERMINATION OF γ` AND Znw FROM EXPERIMENTAL DATA

As described in the main paper, the determination of γ` and Znw requires a measurement of the admittance in
both the conducting and pinched-off regime. Since there are many measurements of the admittance in both regimes,
we here describe the procedure to fix Yp and Yo. To approach the open and pinched-off regimes as precisely as
possible, the approach is to take the admittances that are furthest removed from the pinched-off and open regime
respectively. In practice, before we determine the admittance in the pinched-off regime of T6, Yp, we first select any

admittance data point where all gates are open Ỹo. We then find Yp as the point in the T6 pinchoff measurement

that is furthest removed from Ỹo. Subsequently, we determine Yo by finding the admittance furthest removed from
Yp in the aggregated data for all tunnel gates. The aggregate data is shown in Fig. S2b, with the datasets from the

T6 pinchoff measurement highlighted in blue. The obtained points Ỹo, Yp and Yo are also identified in the figure. We
obtain γ` = 0.6 + 0.3ı and Znw = (16.7 + 3.6ı) kΩ.

VI. COMPARISON OF GDC AND GRF FOR ALL PINCHOFF CURVES

Here, we provide a more detailed overview of all admittance data obtained and used for the inset in Fig. 2e. Similar
to Fig. 2e, we plot a comparison between GDC and GRF for all tunnel gates in Fig. S2c-h. Additionally, we therein show
the real part of the admittance, equivalent by definition to the finite frequency conductance. The further the tunnel
gate is from the source of the nanowire, the more important the correction for finite frequency effects is to obtain the
correct GRF. This is expected since a larger portion of the shunting capacitance is available as an alternative path to
ground which becomes more dominant the closer the nanowire is to pinch-off.
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(a) (b)

(c) (d) (e)

(f) (g) (h)

FIG. S2. Supplemental data for pinch-off measurements. a Resonator response in the IQ plane together with a fit
with Eq. (S1). The phase delay of the line corresponding to eı(θ0+θ1ω) in Eq. (S1) is removed from both the data and the
fit. b Admittance data for all pinch-off measurements. The data obtained for T6 is highlighted in blue. c to h Conductance
measured with DC techniques together with the conductance GRF extracted from the admittance in b. To show the importance
of correcting for the finite frequency effects in the nanowire, the real part of the admittance is also shown.

VII. RELATION BETWEEN SNR AND AMPLIFIER NOISE TEMPERATURE

To calculate the relation between SNR and the equivalent noise temperature of the amplifier, we assume that the
noise level of the input signal is negligible. The equivalent noise temperature TN, is defined as [7]

TN =
Nin

kBB
, (S17)

where B denotes the measurement bandwidth and Nin the equivalent noise input power to the amplifier. Since the
integration time, tm is longer than any other timescale in the system, the bandwidth is given by B = 1/tm.

We calculate the voltage fluctuations corresponding to this noise power as v =
√
NinZ, where Z is the characteristic

impedance of the feedline. Using Gsys to denote the gain of the amplification in the system, the SNR is defined as
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the ratio between signal ∆ = Gsys∆f and the noise 2Gsysv. As such, we find the following equation for the SNR

SNR =
Gsys∆f

2Gsysv
=

∆f

√
tm

2
√
ZkBTN

, (S18)

assuming the SNR is limited by the noise introduced by the finite noise temperature of the amplifiers in the system.
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