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Qubit readout schemes often deviate from ideal projective measurements, introducing critical issues
that limit quantum computing performance. In this Letter, we model charge-sensing-based readout for
semiconductor spin qubits in double quantum dots, and identify key error mechanisms caused by the
backaction of the charge sensor. We quantify how the charge noise of the sensor, residual tunneling, and
g-tensor modulation degrade readout fidelity, induce a mixed postmeasurement state, and cause leakage
from the computational subspace. For state-of-the-art systems with strong spin-orbit interaction and
electrically tunable g tensors, we identify a readout sweet spot, that is, a special device configuration
where readout is closest to projective. Our framework provides a foundation for developing effective
readout error mitigation strategies, with broad applications for optimizing readout performance for a
variety of charge-sensing techniques, advancing quantum protocols, and improving adaptive circuits for

error correction.

DOI: 10.1103/4x97-np1f

Introduction—Spin qubits confined in semiconductor
quantum dots [1] are frontrunners for large-scale quantum
computers [2-9]. Their small size, scalability [5,10-13],
tunability, CMOS compatibility [14-22], and demonstrated
high-fidelity operations [23-25] and readout [26] make
them particularly attractive.

A key component of quantum computers is readout, an
essential benchmark of which is readout fidelity. However,
while experiments demonstrate increasingly high fidelities
[22,27-30], this is not the only relevant benchmark
[31,32]. Improving other metrics of midcircuit measure-
ments [33-37], such as the quality of the postmeasurement
state, and readout-induced leakage [38-41], are key
requirements for quantum error correction [42,43] and
other dynamic circuits. [44—49]

We present ways to simultaneously improve different
metrics of state-of-the-art spin qubit readout. Our model
focuses on widely used measurements via Pauli blockade
spin-to-charge conversion [50-52] and charge sensing in a
double quantum dot (DQD) [53-56]. By modeling charge
sensing via a dc-biased quantum point contact (QPC)
[57-61], we show that high-fidelity and backaction-free
readout requires switching off the interdot tunnel coupling
upon charge sensing.
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In current devices with strong spin-orbit interaction (e.g.,
holes in Ge and Si), the fluctuating electric field induced by
the carriers of the QPC modulates the g tensors of the spins
in the DQD. We show that this modulation influences the
readout quality, depending on the static homogeneous
magnetic field applied to the DQD. We identify a readout
sweet spot, i.e., a specific device configuration where the
detrimental backaction effects of the g-tensor modulation
are minimized: leakage is suppressed and the purity of the
postmeasurement state is maintained. We argue that this
readout sweet spot exists universally, independent of spin-
orbit interaction details. Our findings provide practical
guidelines for high-quality spin-qubit readout.

Model—To describe the readout of a qubit defined in a
DQD, we rely on the general framework of quantum
measurements, where the sysfem is measured indirectly
through a meter [62,63]. Simplifying earlier approaches
[64,65], we use a model in which the meter (the QPC) is
represented by a qubit, hence we call it the Qubit Measures
Qubit (QMQ) model. To illustrate the harmful effect of
residual tunneling in the DQD, we use the model to describe
charge qubit readout. Then, we generalize the QMQ model
to the readout of spin qubits, where a residual tunneling has

© 2026 American Physical Society
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FIG. 1. Charge-sensing-based readout of a charge qubit. (a) A

double-dot charge qubit is read out by a quantum point contact
(QPC). (b) QPC current is modeled as a sequence of indirect
measurements via another qubit (the meter), with basis states |B)
and |T). The meter is Coulomb coupled to dot R of the charge
qubit with interaction strength Jy, hence the probability of
tunneling through the meter depends on the charge qubit state.

similar negative effects. We compare the QMQ model to
earlier approaches [64—68] in SM S7 [69].

We consider the setup shown in Fig. 1(a). The charge
qubit is formed by a single carrier in the DQD; the qubit
basis states |L) and |R) correspond to its position. The QPC
current is high (low) if the DQD charge is in the left (right)
dot, due to Coulomb repulsion between the DQD charge
and QPC electrons. In our QMQ model, the QPC is also
represented by a single-carrier DQD, see Fig. 1(b), with
basis states corresponding to the bottom (|B)) and top
(|T)) dots.

The Hamiltonian of the qubit-meter system reads

Htot _Hchdrge+H +H1nt’ (1)
where I:]charge - 68 + ta—x’ I:] - 7/Tx’ Hm[ _57/‘R> <R|Tx’
&6, =|L)(L|=|R)(R|, &, =|L)}(R|+[R)(L|, and %, =

|T> (B| + |B)(T]|. Furthermore 2¢ is the on-site energy
detuning, ¢ is the tunneling amplitude of the qubit, y is
the tunneling amplitude of the meter, and the interaction
strength 6y describes the Coulomb repulsion between the
qubit and the meter.

One way to operate the charge qubit [70,71] is to perform
coherent control at # > 0 and € = 0, and sweep € and 7 to a
readout point with € > ¢ [72]. Then, readout in the basis of
the ground |g) and excited |e) states (at the readout point) is
carried out by measuring the QPC current and inferring
binary value g or e from the current trace.

The QMQ model describes the process of reading out the
qubit state pp... The readout is modeled as a sequence of
indirect measurements, each consisting of three steps:
(1) The meter is initialized in state |B). This state represents
an electron approaching the QPC from the bottom lead.
(2) The qubit-meter system evolves unitarily according to
H,, for time Az, entangling data and meter qubits via the

interaction H¢,,. The meter’s tunneling rate y and the time
step Az are set such that by time Ar, the transition
probability to state |7) is 1/2 in an equal superposition
or mixture of |L) and |R). This corresponds to a QPC tuned
to its charge-sensing working point where its conductance is

1/2 of the conductance quantum. (3) The meter is measured

projectively in the {|B), |T)} basis. The assigned measure-
ment outcome is the number of transmitted electrons, i.e., O
(1) if the QPC electron is found in the bottom (top) dot.

The number N > 1 of these indirect measurements
corresponds to the number of electrons attempting to transit
the QPC during readout. The current flowing through the
QPC is represented as an N-long bitstring, which contains
1-s where the QPC electron was transmitted. The state of the
qubit is inferred from the transmission ratio k = N/N using
the maximum-likelihood principle, where N, is the number
of electrons transmitted. That is, we infer e if the probability
of obtaining the measured transmission ratio is greater for
the initial state |e) then for |g); we infer g otherwise.

Measurement and backaction—The quantum channels
corresponding to the final outcomes e and g are represented
by superoperators M, and M,. They are called measure-
ment operations [62,73], and they map the premeasurement
state to the unnormalized postmeasurement state conditional
on the outcome. In the QMQ model, these measurement
operations can be efficiently computed numerically (see SM
S1 E [69]). Since M, and M, completely characterize
the measurement, we extract all relevant readout metrics
from them.

Infidelity is expressed with the measurement opera-
tions as

l—F=1 _%mweu@ ell} + Tr{M,[l2) (el}). ()

Figure 2(a) shows the infidelity as a function of integration
time 7;,, = NArz. For short integration times, the infidelity
decreases with increasing 7;,, since we gain more infor-
mation about the initial state. For ¢ =0, the infidelity
vanishes as 7, — oo0. However, for ¢ # 0, the infidelity
increases after an ideal integration time 7,4. As argued
below, this increase is due to measurement backaction
leading to qubit relaxation.

The time dependence of the infidelity in Fig. 2(a) is
explained as follows. The pace of information gain upon
readout is quantified by the measurement rate I, i.e.,
the decay rate of the overlap between the two distributions
of the transmission ratio k corresponding to premeasure-
ment states |g) and |e). This overlap has the form
1 — ®(\/2l i), through which T, is defined, where
@ is the cumulative distribution function of the normal
distribution. Upon calculating I';, up to lowest (zeroth)
order in t/¢ (see SM S3 [69]), which is the relevant limit at
the readout point, we find

r, — % <5hy> Ar. (3)

This rate characterizes the decrease of the infidelity in
Fig. 2(a) for short integration times.
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FIG. 2. Measurement benchmarks for charge qubit readout.
(a) Infidelity. The continuous lines show the numerical values of
infidelity. The dashed lines show an analytical estimate of the
infidelity (see SM S5 [69], which relies on Ref. [74]). Inset:
optimal integration time determined from exact numerical cal-
culations (dots) and analytical estimate (line) (see SM S5 [69]).
(b) Mixedness calculated numerically for p,. = (le)(e| +
|2){g|)/2 and outcome e. Inset: relaxation rate from numerical
(dots) and analytical (line) calculations. We used the following
parameters for the plots: € = 10 peV,y =5 peV, oy = 0.5 peV,
A7z = 0.11 ns. The latter three values correspond to experimen-
tally realistic current values (SM S2 [69]). The values of the
residual tunneling used are 1 €{0,0.1,0.5,2} peV.

A nonzero residual tunneling >0 implies
[ﬁ]charge, H¢, ] # 0. This, in turn, implies readout backaction
in the form of qubit relaxation [64,75] characterized by the

relaxation rate I}, which we express (see SM S4 [69]) as

. 1126y% ., [(eAr
=g (5) )

This rate quantifies the speed at which the unconditional
postmeasurement  state  M(p;,] = M,[pin] + Me[pin]
approaches the completely mixed state. The inset of
Fig. 2(b) shows that Eq. (4) (solid line) matches the
relaxation rates obtained numerically (points) for the
investigated parameter range. Note that Eq. (4) is not
valid if the argument of the sine is close to nz, n € Z+ (see
SM S4 [69]).

The second readout metric we consider is the mixedness
of the postmeasurement state. In a projective measurement
of a qubit, the postmeasurement state is pure. However, in
our setup, the postmeasurement state is mixed, except for
the special case t = 0 and 7;,; — 0. The postmeasurement
state depends on the premeasurement state p,. and the

measurement outcome r € {e,g}. We express the post-
measurement state mixedness with the measurement oper-
ations as

M(pprev r) =1- Tr{pgost,r}’ (5)

with the conditional postmeasurement state ppog; =
M, [ppee] /TH{M, [ppre]}. A nonzero mixedness indicates
deviations from a projective measurement. In Fig. 2(b), the
mixedness for outcome r = e is shown for the fully mixed
premeasurement state, as a function of integration time. The
qualitative dependence of the mixedness on integration
time is similar to that of the infidelity, and is well described
by the measurement and relaxation rates.

These results confirm that a residual tunneling degrades
readout, making precise control of ¢ essential. Below, we
argue that the same conclusion applies for Pauli-blockade-
based spin qubit readout.

Spin qubit—Spin qubit readout often relies on Pauli
blockade spin-to-charge conversion and subsequent charge
sensing [27-29]. We generalize the QMQ model to describe
this readout. We focus on Pauli-blockade readout of a
single-electron (Loss-DiVincenzo [1]) spin qubit. This
requires a DQD with a target spin to be measured in,
say, the right dot and a known reference spin in the left dot,
see Fig. 3(a). Readout is done in three steps: spin-to-charge
conversion, charge sensing, and charge-to-spin conversion.
Without relaxation processes, this readout is nondestructive.

We model the two-electron DQD by the Hamiltonian of a
two-site Hubbard model:

I:Ispin = I:Ion—site + I:Itun + I:IZeeman + ﬁ[Coulomb’ (6)

A

I:Ion—site = €/2 ZS (ﬁL.s - ﬁR.s)’ Hy, =
03 (G, + He),  Hpeeman=Z0/2(00g = 1y) +

Zr/2(igy —figy)s  Heouomn = U(ppfty | + fig 4ig | ),
s is an electronic creation operator on dot ¢ € {L, R}

where

with spin se{1,l}, and #,, = a}a,,. Furthermore,
Z, = upg,B, is the Zeeman energy in dot ¢ due to a
magnetic field B, proportional to the g factor g, of dot o,
and U is the Coulomb repulsion energy between two
electrons occupying the same dot. At this point, spin-orbit
interaction is included in Eq. (6) by considering different g
factors in the two dots.

For later use, we introduce the six two-electron basis
states |S(o0)) = &;T&£¢|O>, M) = &ZT&;UO% etc, with
|0) denoting the state of the empty DQD. These states are
eigenstates of IA{Spin at t = 0. The detuning dependence of
the five lowest-energy states for ¢ =0 is illustrated in
Fig. 3(d) as the dashed lines. We focus on readout errors
due to the backaction of the charge sensor. Therefore, we
assume perfect state transfer during spin-to-charge and
charge-to-spin conversion between the computational states
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FIG. 3. Spin-qubit readout error due to g-tensor modulation by the charge sensor. (a) Readout setup in a double quantum dot: Spin in

the right dot is to be read out utilizing the reference spin in the left dot, with the combination of Pauli spin blockade and charge sensing.
(b),(c) Readout sweet spot, shown by red arrow: magnetic field direction providing optimized readout (A, = 0), for g-tensor parameters
from Ref. [76]. Colors show normalized A, (b) and A, (c) as functions of the magnetic field direction. The normalization factor A, is
the maximum of A, as a function of magnetic field direction. (d) Lowest five energy levels of the double dot as a function of detuning
for t =0 (dashed black lines) and =2 peV (gray solid lines), for U =1 meV, Z; = 11 peV, and Zp =9 peV. Arrows
indicate incoherent QPC-induced transitions activated by a nonzero A,. (e) Readout infidelity for A, =0 and
A, €{-0.125,-0.075,-0.025,0,0.025,0.075,0.125} peV. Arrow indicates increasing A.. Inset: analytical (solid) and numerical
(dots) results for the measurement rate I, as function of A.. (f) Leakage from the initial state ||J) for A, =0 and for
A, €{0.0125,0.05,0.25} peV. Arrow indicates increasing A,. Inset: analytical (solid) and numerical (dots) results for the relaxation
rate I, as a function of A,. Parameters for (e),(f): € = U 440 peV, t =0 peV, y =5 peV, oy = 0.5 peV, U, Z;, Z as above.

at the operational point [left end of Fig. 3(d)] and the
computational states at the readout point [right end of
Fig. 3(d)] according to, say, || 1)<>[Sp,) and || |) < [} |).

The interaction between the DQD and the QPC is
described by the term

B = =571S102)) (S02)| ® 2. (7)

which is a natural generalization of A<, in Eq. (1). This A,
captures that the transmission probability of the QPC is
lower if there are two electrons in the right dot, instead
of one.

We use this model to describe readout of the spin qubit in
dot R. The measurement operations M, and M, are
computed analogously to those of the charge qubit readout
as a function of model parameters.

Ideally, tunnel coupling is switched off at the readout
position during charge sensing. State-of-the-art device
fabrication makes this possible [29], and shuttling in a
sparse dot array [6] provides an alternative solution.
However, in a given device, it might be impossible to set
t =0, e.g., due to the gate electrode geometry, or gate-
voltage constraints. This enhances readout errors, akin to the
case of the charge qubit discussed above. A small but
nonzero residual tunneling fulfilling t<e—U and

41 /(e — U) < |Z; — Zg| implies that [S(,)) is slightly
hybridized with |[1]) and || 1); the penurbed eigenstates

are denoted by |S’(0.2)>, [11), and |{1). Consequently, the
interaction of the DQD with the QPC electrons leads to
incoherent transitions between the state |S’(0.2)> and the

states [1]) and |{1). The measurement benchmarks infi-
delity and mixedness show the same qualitative behavior as
illustrated in Fig. 2 for the charge qubit. This backaction is
discussed further in SM S6 [69].

From now on, we assume that the tunnel coupling can be
switched off (r = 0). In this case, another mechanism
affecting readout is the spin-orbit mediated interaction
between the DQD spins and the fluctuating electric field
created by the QPC electrons [76—80], often described as g-
tensor modulation. To account for this, we generalize the
interaction Hamiltonian of Eq. (7) as

i, = —(07[S02))(Si02)| + 8- A) ® 7y, (8)

where A = pupgiB/2 describes the spin-charge coupling,
i.e., change of the g tensor on dot R caused by the electric
field of the charges flowing through the QPC. Here, ¢ is a
3 x 3 real matrix, and Sy represents the spin vector on the
right dot, e.g., §g ; = figy — fig) . The joint Hamiltonian of
the system and the meter is given by Eq. (6), Eq. (8) with
t=0, and A, in Eq. (1).

First, we discuss Zeeman field modulation perpendicular
to the static field, ie., A =(A,,0,0). In this case
[H gpin» Hy | # 0, leading to leakage from the computational

nt
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state ||J) to the state ||1), which is outside of the
computational subspace (see SM S4 [69]). The leakage
probability for a premeasurement state .. of the computa-

tional subspace span({|]|).[S(92))}) at the readout point
is expressed as

'C(ppre) - Tr<PleakM Lopre])’ (9)

where M =M+ M;, and Py =1-[L1){]] -
[502)){S(0.2)]-

Of the two computational basis states, |S g ,)) is not prone
to readout-induced leakage, but || |) is. Numerical results
for leakage from || |, ) are shown with solid lines in Fig. 3(f).
Longer integration times lead to increased leakage, satu-
rating at L(zj, — o0) = 1/2; increasing the coupling
strength A, also increases leakage. Analytical derivations
(SM S4 [69]) for this case show that leakage can be
expressed as L£(|}])) = (1 — e7"ex7) /2, with the leakage
rate

8A2  (ZpAt
Fleak:Z%ATSII]z( ;h > (10)

This analytical result for the leakage is shown in Fig. 3(f) as
dashed lines, matching the numerical results well. This
leakage mechanism, although undesired as it corrupts the
postmeasurement state, does not affect the readout infidelity,
as the sensor does not differentiate between || |) and || 1).

Second, we discuss Zeeman field modulation parallel to
the static field, i.e., A = (0,0,A.). Then, it holds that
[I:Ispm, H:,] = 0, hence, there is no relaxation or leakage,
and the infidelity goes to zero as t;,; — 0. This is shown
numerically in Fig. 3(e), as the solid lines. Figure 3(e) also
reveals that for a given integration time, infidelity decreases
and hence readout improves as A, is increased. This
improvement is due to the spin-charge coupling term of
Eq. (8), which, in this special case, makes the QPC current
dependent on §g, and hence facilitates readout. This is
explained by expressing A5, in the two-dimensional com-
putational subspace, resulting in —(8y 4 A;)[S(0.2))(S02)l-
up to a global energy shift. Therefore, we substitute oy —
or+ A, in Eq. (3), and conclude that I, shows an
approximately linear dependence on A, for A, < dy.
This is confirmed by the inset of Fig. 3(e), where the above
analytical approximation (solid) is compared to results
(dots) obtained by fitting the function 1 — ®(\/2T,7iy)
on the infidelity data in Fig. 3(e).

The above results imply that leakage is eliminated in a
magnetic field configuration where the static Zeeman field
in dot R is parallel to the local Zeeman field fluctuation
caused the QPC. Interestingly, this can be achieved for any
generic ¢ tensor and ¢ matrix: the equation gB|¢'B
for the unknown B is solved by the right eigenvectors of
g~ !¢/, and the latter 3 x 3 matrix has either 1 or 3 real

eigenvalue-eigenvector pairs, which describe physical
magnetic-field directions [81]. In the case of 3 real
eigenvectors, it is optimal to orient the magnetic field along
that of the greatest eigenvalue, to maximize the measure-
ment rate I',,,. The above consideration identifies a readout
sweet spot in terms of the magnetic-field direction, akin to
dephasing and relaxation sweet spots identified earlier
[81-87]. The red arrows in Figs. 3(b) and 3(c) show the
readout sweet spot for a the g-tensor and g-tensor modu-
lation ¢ from Ref. [76], for which there is a single real
eigenvalue of g~'¢’. In a multiqubit device, in sifu tuning of
the g-tensor parameters by gate voltages [76,82,86,88-96]
could be used to synchronize the readout sweet spots (see
also discussion in SM S9 [69]). We propose to find the
readout sweet spot device configuration by measuring the
leakage probability, as described in SM S8 [69].

Conclusions—We have identified two readout error
sources for quantum-dot-based charge and spin qubits:
residual tunneling and g-tensor modulation. We have
characterized the parameter dependence of these errors
via a minimal model of the readout process, going beyond
readout infidelity, describing postmeasurement state mixed-
ness and leakage—key benchmarks for protocols recycling
qubits. Our results provide clear guidelines to optimize
readout by controlling the tunnel coupling and exploiting
magnetic readout sweet spots, and pave the way for
understanding and minimizing measurement errors across
a variety of charge-sensing techniques.
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