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Automated long-range compensation of an rf quantum dot sensor
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Charge sensing is a sensitive technique for probing quantum devices, of particular importance for spin-
qubit readout. To achieve good readout sensitivities, the proximity of the charge sensor to the device to
be measured is a necessity. However, this proximity also means that the operation of the device affects,
in turn, the sensor tuning and ultimately the readout sensitivity. We present an approach for compensating
for this crosstalk effect allowing for the gate voltages of the measured device to be sweptina 1-V x 1-V
window while maintaining a sensor configuration chosen by a Bayesian optimizer. Our algorithm will
hopefully be a major contribution to the suite of fully automated solutions required for the operation of

large quantum device architectures.

DOL: 10.1103/PhysRevApplied.22.064026

I. INTRODUCTION

Radio-frequency (rf) charge sensing using a proximal
quantum dot has become a ubiquitous technique for fast
and sensitive measurements of quantum devices [1-6].
This technique is used for single-shot readout of spin
qubits owing to its high sensitivity [7,8]. As devices scale
to multiqubit architectures, the number of readout sensors
per chip is bound to increase [9,10], making their manual
tuning and optimization an increasingly time-consuming
task. The high sensitivities provided by rf charge sens-
ing rely on the high transconductance of the sensor dots,
but the crosstalk between the device and the sensor dot
results in this regime being quickly lost when sweeping
the device gate voltages. To compensate for this crosstalk
effect, existing techniques rely on digital feedback to main-
tain a constant current flowing through the sensor dot
[11,12]. However, because these approaches do not neces-
sarily maintain a high transconductance, crosstalk effects
remain detrimental for the readout contrast. As a result,
these methods are not able to keep a constant sensor
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sensitivity, especially when the device gate voltages are
swept through ranges larger than 100-mV x 100-mV.

In this paper, we introduce an automated approach to
find and maintain the high sensitivity of an rf sensor dot
while sweeping across a large range of the gate-voltage
space of a device. The algorithm is demonstrated in a
hole-based Ge/SiGe heterostructure quantum dot array
but is agnostic to the device material and geometry. Our
algorithm employs Bayesian optimization to optimally
tune the rf dot to a regime in which it is highly sensitive.
Once the optimal readout contrast is found, virtual gates
[13—17] are used to maintain the readout sensitivity in fast
100-mV x 100-mV measurement windows. This ac-based
compensation is combined with a dc-based compensation
algorithm to allow for the rf sensing of a stability dia-
gram over 1-V x 1-V, in which we can distinguish more
than 25 x 25 charge transitions, using a single sensing
peak. Our compensation algorithm can be repeatedly recal-
ibrated to arbitrarily extend this range, thus overcoming
the limitation of the linear approximation required by the
constant interaction model.

II. DEVICE AND MEASUREMENT SETUP

These experiments were performed in an electrostati-
cally defined Ge/SiGe quantum dot (QD) fabricated in a
similar manner to that described in Ref. [18]. Gates V1—V5
are used to define quantum dots in the main device, while
gates Vg, Vp, and Vrp define the charge sensor. Gates Vg
and Vgs separate the sensing dot from the device dots, and
were both set to 1.8 V for this experiment. For readout, we
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FIG. 1. (a) A scanning-electron-microscopy image of a device
nominally identical to the one used in this experiment. The gate
electrodes connected to microwave lines are color coded in pink.
A bias tee combines a dc offset with the ac signal for the gates in
red false color. (b) The demodulated signal from the rf quantum
dot (rf QD) obtained by PCA when the device is in a double-dot
regime. For a given point in gate-voltage space, we perform this
two-dimensional (2D) measurement by ramping gates V> and V4
in a raster pattern with an arbitrary waveform generator.

connected the ohmic of the charge sensor to an L-matching
network with a 92-pF decoupling capacitor Cy, a 2.7-pH
inductor L, and a parasitic capacitance C, (see Fig. 1) [3].
We used a Zurich Instruments UHFLI to drive the circuit at
a power of —90 dBm and demodulate the reflected signal.

The presented algorithm relies on fast two-dimensional
(2D) measurements taken by ramping the voltage on gates
V, and V4 in a raster pattern using an arbitrary waveform
generator (AWG) [19-21]. In these 2D measurement win-
dows, the output waveforms are compensated to minimize
the effect of distortion introduced by the filters as in Ref.
[21]. We measured the demodulated in-phase (/) and out-
of-phase (Q) components of the reflectometry signal from
the rf-QD sensor for each pixel with an integration time
of 1us (see Appendix A). To optimally capture both the
I and Q components of the rf-QD signal, we use princi-
pal component analysis (PCA). The signal of the rf QD
demodulated in this way is labeled Vpca and corresponds
to the first principal component of the measured data. For
more details on the use of PCA, see Appendix D.

II1. ALGORITHM

Our algorithm consists of two stages. The first stage
optimally tunes the charge-sensor barriers (Vg and Vgp)
to achieve maximum sensitivity (Sec. III A). Optimal barri-
ers are found when the impedance of the rf QD falls within
a specific range such that the readout matching circuit has
an impedance close to the Zy = 50 2 line impedance. We
use a direct approach by defining a score function for the
visibility of the charge sensor and then optimize it using
Bayesian optimization.

The second stage is designed to maintain the tuning of
the charge sensor while the device gate electrodes (V) s)

are swept (Sec. 111 B). We compensate for this crosstalk by
constructing virtual gates. These virtual gates include the
plunger gate (Vp) of the charge sensor to compensate for
the capacitive coupling between the gate electrodes of the
device and the rf-QD sensor.

A. Optimally tuning charge-sensor tunnel barriers
using Bayesian optimization

1. Variance-based score function for sensor visibility

With optimally tuned barriers, the difference between
the reflected signal on and off a Coulomb peak is maxi-
mized, maximizing the height of the peaks and thus the
readout sensitivity. Consequently, to optimize the sensi-
tivity of the rf-QD sensor, we define a score function that
maximizes the variance o, of the voltage signal measured
across a 2D charge-stability diagram. In the remainder of
the paper, we refer to o, as the metric.

To define the metric, we consider that the voltage value
measured at each point in a 2D charge-stability diagram is
made up by a true signal contribution and a noise contribu-
tion. The set of all voltage values M in a 2D measurement
can thus be written as

M =S+N, (1)

where S and N are, respectively, the sets of the signal and
noise contributions of each point in a 2D measurement. In
the following, we assume that at each measurement point,
the noise contribution is drawn from a zero-mean Gaussian

distribution with variance o3

N~N(u=0,0%). (2)

The variance of all the measured values in a 2D mea-
surement scan, which is the value of the metric, is given
by

2
aﬁa:%sz—%(zmi) , 3)

where m; is the measured value at each measurement point
i and n is the number of measurement points. We have
found that maximizing the metric defined in Eq. (3) is a
fast and noise-resistant method for optimizing the visibility
of the charge sensor (for further details, see Appendix B).
This metric can be used to optimize not only the voltage
tuning of the charge-sensor gates but also other parameters
such as the rf frequency and power (see Appendix C).

To evaluate the score function, we initially take a fast
2D measurement as described in Sec. Il and determine
the variance of the data after projection onto the first
principal component, Var(Vpca). The variance of Vpca is
conceptually the same as considering the variance of the
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demodulated / component in a measurement where the
phase of the reflectometry signal is optimally tuned (see
Appendix D). If we only had access to the / component
of the demodulated data, the score function could be eval-
uated by taking the variance in the / component. In this
case, the phase would need to be optimized as an extra
parameter in the subsequent Bayesian optimization.

2. Bayesian optimization of rf-QD sensor barrier gates

We aim to optimize our readout sensitivity by control-
ling the transparency of the tunnel barriers of the rf QD
through gates Vi g and Vrg. For this purpose, we use a
Bayesian optimizer [22] based on the upper-confidence-
bound acquisition function. The optimizer proposes barrier
gate voltages at which to evaluate the score function based
on the posterior of a Gaussian process. We chose this
approach over other common optimizers such as Nelder-
Mead or Broyden—Fletcher—Goldfarb—Shanno (BFGS) due
to the complex periodic nature of the optimization land-
scape given by the Coulomb peaks in the charge-stability
diagrams of the rf QD. In Fig. 2(a), we show an exam-
ple of the gate-voltage parameter space over which we
optimize the barriers. Due to the periodicity of the sensor-
dot Coulomb peaks, the score function contains several
regions of low to high values that can easily trap these
optimizers into local minima. Our Bayesian optimizer uses
a Matérn 5/2 kernel with a length scale constrained to
be greater than the Coulomb-peak spacing. This allows
the model to only capture the large-scale variations of the
score function, which is a more efficient strategy to find the
global maximum. Each pixel in Fig. 2(a) is the variance of
Vpca measured across a fast 2D charge-stability measure-
ment. To find the optimal barrier voltage, we could perform
this measurement and take the values of Vg and Vgp that
result in max Var(Vpca). However, this is a very time-
consuming approach, considering that this measurement is
made up of 500 x 500 fast 2D measurements.

In our optimization approach, Vi g and Vg are cho-
sen by the optimizer. Initially, these voltages are chosen
to explore the domain of the score function, building
the Gaussian process model [see Fig. 2(b)]. Later itera-
tions exploit the information in the model to converge on
the global maximum [see Figs. 2(c) and 2(d)]. A sharp
Coulomb peak, optimal for sensing, will thus be found
at the coordinates in gate-voltage space that correspond
to the global maximum of Var(Vpca). Optimizing the
barriers in this way requires approximately 100 fast 2D
measurements.

B. Compensating for crosstalk

In the previous stage of the algorithm, we have identified
an optimal Coulomb peak for sensing. This Coulomb peak,
present in the rf-QD sensor, is affected by the device gate
voltages due to crosstalk. We aim to create virtual gates for
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FIG. 2. (a) An example of the underlying score function over

which we run the barrier optimization routine, representing the
variance of Vpca for a 200-mV x 200-mV window in the gate-
voltage space given by the V15 and Vgp. Each pixel in this scan
represents the variance of Vpca in a fast 2D measurement. The
insets show examples of these measurements corresponding to
two pixels with high and low variance. In regions in which the
rf QD is sensitive, the variance is high (upper inset). In regions
in which the rf QD is not sensitive, the variance is low, as the
measurement is primarily noise (lower inset). (b) The poste-
rior of a Gaussian process over a set of values of Var(Vpca)
from (a), marked by black points and chosen by the optimizer.
The optimizer aims to find the maximum value of Var(Vpca)
in the gate-voltage window considered. (c) The maximum value
of Var(Vpca) that was found by the optimizer as a function of
the number of iterations. As the optimization progresses, the
optimal value of Var(Vpca) increases. (d) The distance between
sequential gate-voltage coordinates chosen by the optimizer. This
distance decreases significantly for the last few iterations of the
optimizer (gray area).

the quantum dot device that allow us to move through the
gate-voltage space of the devices while keeping the rf-QD
Coulomb peak fixed in the 2D measurement window. We
achieve this by compensating each device gate with a con-
tribution from Vp. The resulting virtual gates 1/1_5 would
necessarily require Vp to act in the opposite direction to the
device gate.
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We begin by measuring the effect of each gate V' 5 and
Vp on the position of the rf-QD Coulomb peak in the 2D
measurement window [see Figs. 3(a) and 3(b)]. This posi-
tion (d) is defined to be the shortest distance from the
lower-left corner of the 2D measurement to a linear regres-
sion fit of the rf-QD Coulomb peak (see Appendix E). We
quantify the strength of the effect of the gate voltages on
d as o; = Ad;/AV;, where Ad; is the change in d when
the device gate voltage V; is changed by a given AV. We
can choose a gate-voltage range AV; within which the val-
ues of ¢; are constant, i.e., there is a linear dependence
between d and V;. If the full width of the rf~-QD Coulomb
peak is not visible in the 2D measurement window, the esti-
mation of d becomes less reliable. An alternative approach
to estimate the strength of the effect of the gate voltages on
the position of the rf-QD Coulomb peak is to measure the
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FIG. 3. (a) A 2D measurement window. The purple points

identify the rf-QD Coulomb-peak maximum following the
method described in Appendix E. The solid line is a regression fit
through these points. The dashed line indicates d, the perpendic-
ular distance of the rf-QD Coulomb peak to the lower-left corner
of the 2D measurement window. (b) The values of the Coulomb-
peak offset, d, as a function of changes in gate voltage for each
of the gates of interest. Note the curves have been vertically off-
set to aid the reader. The plunger gate of the sensor, Vp, has the
strongest gradient, as expected. (c) An example of a 2D mea-
surement window after ac compensation. The uncompensated
version can be found in Fig. 1(b). (d) The top two waveforms
are schematics of the voltages applied to device gates to per-
form a 2D measurement window. The bottom waveform is the
ac compensation voltage applied to Vp.

finite-difference gradient of the peak edges for each of the
gates V1 s and Vp (see Appendix F).

The strength of the compensating contribution from Vp
in each virtual gate V, is given by a coefficient y;, given
by y; = a;/ap, where ap is the strength of the effect of Vp
on d. The values of y; quantify the relative strength of each
device gate compared to the strength of Vp on d. We would
expect that y; is thus less than 1, since the plunger gate has
a greater effect on the rf-QD Coulomb-peak position than
any of the device gates.

The time taken to estimate y; depends on several param-
eters, including the resolution of the 2D measurement
windows, the pixel integration time, the time it takes to
sweep a gate voltage over AV}, the processing speed of the
computer, the number of device gates, and the number of
sensors being compensated. In this setup, with five device
gates and a single sensor plunger, the time taken to gen-
erate all the values of y; is approximately 10 s. This time
could be reduced at the expense of noise robustness.

Our crosstalk compensation algorithm extracts the val-
ues of y; to achieve compensation over long-range device
gate sweeps and for the gate sweeps within a 2D measure-
ment window. We will refer to the former (latter) as dc (ac)
compensation.

1. The dc compensation

As we perform a long-range device gate sweep, we nav-
igate the stability diagram of the device. The position d
of the rf-QD Coulomb peak in the measurement window
changes as a result of this sweep. To compensate for a
change in voltage AV on device gate i, the compensated
device gate I/l must increment the voltage on the sensor
plunger gate Vp by a value opposite in sign and scaled
by the relative strength of the compensating contribution,
—y;AV. This compensated device gate has a unit vector
defined by

f/; o (Vi — yiVp). “4)

To generalize this concept, we first define an uncom-
pensated virtual gate, which has an arbitrary direction in
gate-voltage space spanned by {V1, V2, V3, Va4, Vs, Vp):

A T
Varb X [€1, €2, €3, €4,€5,0]", 5

where ¢; represents the contribution of gate i to the virtual
gate.

The corresponding compensated virtual gate is con-
structed by including the contributions to Vp:

5

T
Vi [61,62,63,64,65, - Zyiéi:| : (6)

i=1
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2. The ac compensation

Within a measurement window, we can observe the rf-
QD Coulomb peak due to the presence of crosstalk.

To compensate for this crosstalk, we create a waveform
to compensate the fast sweeps that define the 2D measure-
ment window. This third waveform is a linear combination
of the two waveforms being used to generate the plunger
fast sweeps [see Figs. 3(c) and 3(d)]:

_ || |70

where Vp(f), V,(f), and V4(¢) are the ac components of the
voltages applied to each of the three gates. V» compen-
sates for the cross-capacitive coupling between the device
gates and the rf QD. In this way, we remove the gradients
corresponding to the rf=-QD Coulomb peak from the 2D-
measurement-window background [see Fig. 1(d)]. This ac
compensation approach is readily applicable to arbitrary
pulses involving any number of device gates. Equation (7)
is thus generalized by including additional time-dependent
components scaled by the relevant y value.

IV. RESULTS

As discussed in Sec. III B, a perfectly compensated gate
V, would have an associated o, = 0, meaning that the
Coulomb-peak offset d does not change as the compen-
sated gate voltage V' is modified. We therefore measure
the performance of our dc compensation algorithm by cal-
culating the standard deviation of d, o, as a function of
the gate-voltage sweeps for three cases. In the first case,
we generate uncompensated virtual gate-sweep directions
as per Eq. (5). These virtual gate-sweep directions are con-
structed as an arbitrary linear combination of gates V—Vs.
In the second case, we generate compensated virtual gates
as per Eq. (6). In this case, the virtual gate-sweep direc-
tions are constructed as in the uncompensated case but a
compensation term is included. Finally, we test the perfor-
mance of each of the five compensated device gates as per
Eq. (4). In this case, each virtual gate-voltage sweep is that
of a single device gate and Vp.

For this performance test, a Coulomb peak was first
selected by the Bayesian-optimization routine described
in Sec. IIl A2. The same peak was used for each of the
benchmarking runs. To produce the arbitrary virtual gate
directions, we generated 100 random vectors from the
standard-normal distribution €1, . . ., €90 € R>. These vec-
tors were then used to create both uncompensated virtual
gates and compensated virtual gates.

In Fig. 4(a), we show o, as a function of the length of
the gate-voltage sweep, AV, for the three different sets of
gate sweeps described above.

Without dc compensation, at AV, ~ 50mV, the
Coulomb peak is no longer visible within the measurement

(@)35
— Uncompensated virtual gates
Compensated virtual gates
% — Compensated device gates
&
. WW

AV, (mV) 150
Vyen (V) —0.15 s 0.1

=50 Ay (mv) 50-50 AV,(mV) 50-50 AV, (mV) 50
4 ~—
0 150 300
AV, (mV)
FIG. 4. (a) The standard deviation of the position of a

Coulomb peak quantified by d, o, as a function of the length
of the gate-voltage sweep, AV, for uncompensated virtual gates
[as per Eq. (5)] and for a different combination of gates in
the compensated case [as per Egs. (4) and (6)]. (b) Three 2D
measurement windows for different gate-voltage configurations.
These configurations are accessed by changing the value of the
compensated-middle-barrier gate voltage, V}, by AV%. Our com-
pensation algorithm allows us to choose a Coulomb peak of
our sensor dot and use it to explore the device gate-voltage
space going from a single-dot to a double-dot regime. The ac
compensation is applied for each of these 2D measurement
windows.

window and o, saturates at 35mV. Also, as we further
increase AV, a different Coulomb peak becomes visible
in the measurement window. With dc compensation, we
observe that the algorithm drastically reduces o, over a
gate-voltage range of 150 mV for both compensated device
gates and compensated virtual gates. Ramping compen-
sated device gates has a smaller effect on o, than ramping
compensated virtual gates. This might have to do with non-
linearities in the effect of gate voltages that are accentuated
in their combination. Our compensation algorithm applied
to V3 allows us to measure device operation regimes from
single to double dot for a given Coulomb peak of the sensor
dot [see Fig. 4(b)].

By combining both ac and dc compensation algorithms,
we are able to produce large stability diagrams with clear
charge transitions by maintaining offset of the chosen
Coulomb peak for the sensor dot fixed. We demonstrate
this by measuring 1000-mV x 1000-mV stability dia-
grams made up of 10 x 10 2D measurement windows.
In Fig. 5(a), it is evident that when no compensation is
applied, the visibility of charge transitions in the stabil-
ity diagram varies significantly. The effect of crosstalk
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manifests in seven Coulomb-peak transitions of the sen-
sor dot. With dc compensation applied, a Coulomb peak
chosen by the Bayesian-optimization routine is used and
its offset is kept fixed. The sensitivity of the sensor thus
remains constant across different 2D measurement win-
dows [see Fig. 5(b)]. Still, we observe a clear change in
the sensitivity of the sensor within individual 2D mea-
surement windows. Using both dc and ac compensation,
the sensitivity Of the sensor is kept mostly constant across
the full stability diagram [see Fig. 5(c)]. This shows the
extent of the capabilities of our compensation algorithm,
with charge transitions being visible for almost a volt in
each device-plunger direction.

V. DISCUSSION

We demonstrate how a quantum dot charge sensor can
be quickly tuned and compensated for both ac and dc
sweeps of the gate voltages of a device. In Fig. 5(c), we
show that combining the ac and dc compensation algo-
rithms results in a 1-V x 1-V stability diagram being
measured while maintaining an optimal transconductance
of the sensor dot found by a Bayesian optimizer.

The gate-voltage range within which this compensation
approach can be applied is limited by the failure of the lin-
earity assumption underlying the definition of virtual gates.
The effectiveness of the compensation therefore reduces as
the device gate voltages are swept far away from the gate-
voltage location at which the virtual gates are calibrated.
To overcome this challenge, the calibration process can be
repeated with minimal time overheads.

Tuning of the gate voltages that control the tunnel
barriers of the sensor dot takes approximately 10—60 s,
depending on the optimization parameters. Similarly, the
calibration of the virtual gates requires approximately 10
s per gate. In our device, this entire process can be com-
pleted in less than 2 min. Considering the construction of
the posterior from the Gaussian processes, the additional
time required to integrate our work into an experiment is
in the order of 2—5 min. Once calibrated, the time overhead
introduced by the dc compensation is shorter than approx-
imately 20 ms. To put this in perspective, this is of the
same order of magnitude as typical integration times per
point in a standard lock-in or dc transport measurement in
these devices. The ac compensation has no run-time over-
head once the compensation waveforms are generated and
uploaded to the AWG. This is because the raster scan and
the compensation waveforms run in parallel. Importantly,
this allows for the expansion of the gate-voltage range in
which compensation can be applied, with negligible time
overheads compared to typical tuning times for quantum
dot devices. Additionally, the ac compensation can also be
used for any type of fast 2D measurement, such as those
involving qubit operations and interlaced pulse sequences.
Aside from the ac compensation, we do not anticipate

using our full algorithm during single-shot spin measure-
ments. This is because these measurements are typically
within the regime in which the linearity assumption for the
virtual gates remains valid.

The effect of charge switches and gate-voltage drifts that
change the sensitivity of the rf QD can be overcome by
integrating a closed-loop feedback system for small mea-
surement windows, such as those demonstrated in Refs.
[11,12]. The approach that we present in this work natu-
rally scales to device architectures with multiple sensors
that can be compensated in parallel, as long as they can be
simultaneously measured [10] via, e.g., frequency multi-
plexing [23]. The algorithm is fully automated and requires
no human intervention and is therefore suitable for use in
combination with other automated tuning procedures.
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APPENDIX A: FAST 2D MEASUREMENTS

We take the fast 2D measurements by applying sawtooth
waveforms to gates V, and V4 using a Tektronix AWG5024
arbitrary waveform generator. These pulses map out the
voltage space in a raster pattern with a resolution of 128 x
128 pixels and are calibrated to be approximately 100 x
100-mV dc equivalent after filter compensation. At each
pixel, we probe the state of the quantum dot charge sen-
sor using rf reflectometry. The sensor is illuminated with
an rf pulse generated by a Zurich UHFLI at 113.5 MHz at
a power of —90dBm, close to the resonant frequency of
the readout circuit. The signal is demodulated by the same
Zurich UHFLI. The X and Y components of the demodu-
lated signal are sent to an Alazar ATS9440 digitizer, where
the signal is integrated for 1 ps.

APPENDIX B: VARIANCE OF 2D
MEASUREMENTS AS A SCORE FUNCTION

In this appendix, we justify the choice of o as a reliable
parameter for a score function that maximizes the visibil-
ity of the charge sensor. In particular, we demonstrate that
the metric is insensitive to various sources of measurement
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(b) with just dc compensation for ¥, and Vy, and (c) with both dc and ac compensation for the same gates. The dc compensation
maintains the sensor Coulomb-peak offset, d, fixed and the ac compensation makes charge transitions significantly clearer. The edges
of the 2D measurement windows are still noticeable in (c) due to imperfections in the waveform compensation used to correct the

distortion introduced by filters.

noise (such as charge and electric noise), especially for
measurements with a large number of points.

To show this, we calculate the variance of the metric.
Since the metric itself is defined as the variance of the volt-
age measured at each point in a 2D charge stability diagram
(see Eq. (3)), we need to apply the variance formula for the
propagation of errors:

af \? af \? af \?
"f22<a) "J‘”(@) “y”(&) (AR
(B1)

where o7 is the variance of the function / and o} is the
variance of variable k. To apply Eq. (B1) to Eq. (3), we
first need the partial derivatives that make up Eq. (B1):

do  2my 2
2m; 2
airaia=1 D30 LY

where j indexes the pixels in the measurement M. By
Eq. (B1), the variance of the metric, o7, is given by:

(B4)

The variance of each pixel, 031]- , is given directly from the
noise in the measurement and is therefore the same as the

variance of N, o#. Therefore,

2
2 2
J J
2
403 1
=222 ", dom (B6)
J J
402 _
= n_zN Z(mj — m)2 (B7)
J
40]%, (m; — ﬁl)2
= — - B8
pud Dl (BS)
J
4 2
= %o}l. (BY)

We can verify this result by simulation. To simulate the
charge-sensing peak, we created a Lorentzian function cen-
tered around the diagonal of our simulated measurement
and added noise. By repeatedly sampling the variance of
this function, we obtained the variance of the variance,
which gives the y axes in Fig. 6. We then varied the
measurement noise scale and the number of points in the
measurement. The results agree with those expected due to
Eq. (B9), showing that the variance of this metric is small
for a large number of pixels.

The result is that the noise sensitivity of the metric is
extremely low, especially when a large number of points
are used. Our measurements were 128 x 128, or 16384
pixels. The noise of the metric scales with 1/, where  is
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FIG. 6. The variance of the metric, 0'72- as a function of (a) the number of points in the measurement and (b) the measurement noise
scale. Note that there were 10 000 points in the measurements for (b).

the number of pixels. The noise of this metric scales only
linearly with the noise inherent in the measurement.

APPENDIX C: OPTIMIZING PARAMETERS
USING VARIANCE

The tuning outlined in the paper typically uses the first
principal component, which is the variance, of a 2D mea-
surement to assess whether a regime is good or bad for
charge sensing. A large variance means that the peak is
tall and so highly sensitive. This technique is not restricted
to tuning the plunger gate of the charge sensor to achieve
an optimal position on a Coulomb peak; it is also use-
ful for tuning any experimental parameter to optimize the
reflectometry measurement signal-to-noise ratio.

As an example, consider a measurement that is designed
to optimize the frequency of the reflectometry signal. If
we sweep the frequency while watching the outcome of
successive fast 100-mV x 100-mV measurements, we will
see that the measurements go from just noise when the fre-
quency does not align with the resonating frequency of the
measurement circuit into signal when it is aligned and then
back to noise when the frequency is too high (see Fig. 7).
The frequency is optimal when the variance is maximized.

APPENDIX D: PRINCIPAL COMPONENT
ANALYSIS

For two data-feature dimensions, x and y, the covariance
matrix of the data is defined as

5 |:c7(x,x) (D1)

o (y,x)

G(x,y)]
o,y |’

where o (x, y) represents the covariance of x and y.

The paired eigenvectors and eigenvalues of the covari-
ance matrix X represent the distribution of the variance
of the data set in a new orthogonal basis composed of

the eigenvectors. Each eigenvalue represents the vari-
ance of the data when projected onto its corresponding
eigenvector.

For our measurements, the x and y dimensions are
represented by the / (in-phase) and Q (out-of-phase) com-
ponents of the reflected rf signal. We find the highest
eigenvalue of the covariance matrix of these two data sets
and take this to be the variance of our data for the score

(@)

60
:‘51
c
=)
g
s
< %8
3 0
S
o)
d
100 ® oy © @120

(b) (c) (d)
Voca(MV) —10mm 11 Vega (MV) —5mm 6

-50 50 -50 50 -50
AV, (mV) AV, (mV)

AV, (mV)

FIG. 7. (a) The variance of a 100-mV x 100-mV measurement
at a fixed point in voltage space as a function of the reflectometry
frequency. As the frequency approaches the resonant frequency
of the readout circuit, the visibility of the charge sensor increases,
leading to an increase in variance. The inset shows the cavity Si;
response as a function of the frequency for comparison. (b)—+d)
Examples of these measurements at different rf frequencies.
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function defined in Sec. IIT A 1. The paired eigenvector is
known as the first principal component of the data.

The eigenvector is a vector in /Q space with an equation
y = mx + ¢. We subtract the mean from the data, so the
best-fit line, which is exactly equivalent to the eigenvector
with the highest corresponding eigenvalue, will also have
zero mean in both dimensions, meaning that its equation
simplifies to y = mx. The gradient is therefore m =y /x,
representing an angle of arctany/x. The phase of a data
point in XY space is also ¢ = arctany/x [6], so the angle of
the best-fit line will be at the same angle as that represented
by the phase. Projecting the data onto the first principal
component is therefore identical to optimally tuning the
phase for a given measurement.

APPENDIX E: FITTING LINE TO
COULOMB-PEAK MEASUREMENT

This appendix describes how we fit a line to the
Coulomb peak for fast 2D measurements as described in
Sec. II [see, e.g., Fig. 3(a)].

Initially, two linear models are generated from the mea-
surement: the first contains the pixels with the maximum
value in each column and the second with the maximum
value in each row. We then generate a line fit for both sets
and keep the set with the fit that has the largest > value.
This model-selection routine stabilizes the following part
of the algorithm. The selected peak line now lies across
the top of the Coulomb peak in the charge sensor and
has the equation ax 4+ by + ¢ = 0 [Fig. 3(a), solid black
line]. To obtain a measure of the position of the peak line,
we calculate the shortest distance from it to the origin of
the measurement (x, yo) [Fig. 3(a), dashed black line] and
name this distance d. The point on the peak line closest to
the origin is at (m, n) and the line from here to the origin is
perpendicular to the peak line. The distance from (x, yo)
to (m,n), is

_laxo + by + ¢l

and since (xo, y9) = (0, 0) in pixel space,

d (ET)

el
R -

APPENDIX F: FINITE-DIFFERENCES GRADIENT
METHOD FOR OBTAINING COUPLING
STRENGTHS

We can obtain the relative coupling strengths of each
gate on the potential of the rf QD by measuring the gra-
dient of a Coulomb peak as a function of the voltage of
each gate. A Coulomb peak is approximately Lorentzian
and therefore does not have a constant gradient. For a local

Measurement voltage

Gate voltage

FIG. 8. A demonstration of the finite-differences method for
obtaining the gradient of the sensor peak. N samples are taken
at each of the two positions indicated by the red points and the
average of each of these two sets is used to calculate the gradient
8Vout/8Vin.

compensation approach, we can approximate the gradient
using finite-difference methods.

We initially tune to the side of a Coulomb peak in the
rf-QD sensor. For each gate, we measure at two gate volt-
ages, Vaate — (8Vin/2) and Vaee + (8Vin/2), and calculate
the finite-difference gradient by 6;[Vgate] = 6 Vout/8Vin. At
each of the two gate voltages, we measure N samples
and calculate the gradient based on the averages of these
samples (see Fig. 8).
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