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Dispersive readout, the standard method for measuring superconducting qubits, is limited by
multiphoton qubit-resonator processes arising even at moderate drive powers. These processes
degrade performance, causing dispersive readout to lag behind single- and two-qubit gates in both
speed and fidelity. In this work, we propose a novel readout method, termed “junction readout”.
Junction readout leverages the nonperturbative cross-Kerr interaction resulting from coupling a
qubit and a resonator via a Josephson junction. Furthermore, by adding a capacitive coupling
in parallel to the junction, Purcell decay can be suppressed without the need for a Purcell filter.
We also show that junction readout is more robust against deleterious multiphoton processes, and
offers greater flexibility for resonator frequency allocation. Crucially, junction readout achieves
superior performance compared to dispersive readout while maintaining similar hardware overhead.
Numerical simulations show that junction readout can achieve fidelities exceeding 99.99% in under
30 ns, making it a promising alternative for superconducting qubit readout with current hardware.
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Introduction.— Fast and high-fidelity qubit measure-
ment is a cornerstone of quantum information processing
and fault-tolerant quantum computing. For example, in
quantum error correction (QEC) protocols, each round of
QEC relies on rapid single-shot readout of ancilla qubits
to detect errors. Recent breakthroughs achieving break-
even performance in surface [1, 2] and bosonic codes [3—
5] have relied on dispersive readout, a standard tool for
measuring superconducting qubits. This readout oper-
ates by introducing a qubit-state dependent shift in the
resonator frequency, enabling qubit state inference with-
out directly disturbing the qubit [6-8].

Despite the improvements in readout fidelity and in-
tegration times [9-13], dispersive readout still lags be-
hind the performance of the best single- and two-qubit
gates. Increasing the readout drive power to enhance
fidelity and speed often leads to measurement-induced
transitions [14-21] which are detrimental to error correc-
tion protocols as they introduce correlated errors [22, 23].
Resetting such states, which typically involve ~ 5 to 10
photons [19], is challenging even with the use of leakage
reduction techniques [24-27]. Thus, achieving fast, high-
fidelity readout with low leakage rates remains an open
problem.

To further complicate matters, state-of-the-art disper-
sive readout often requires a Purcell filter to prevent the
qubit from decaying through the readout channel [28, 29].
While effective, adding a Purcell filter increases the
readout system’s footprint, complicates calibration, and
makes multiplexing more challenging. These challenges
have spurred interest in intrinsically Purcell-protected
qubits and readout methods as compact, scalable alter-
natives for next-generation quantum processors [30-34].

Here, we propose an approach to mediate a nonper-
turbative dispersive qubit-resonator interaction, enabling
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FIG. 1. (a) Transmon (green) coupled to a readout resonator
(blue) via a Josephson junction (red) and a capacitor. (b)
Possible experimental realization of the junction readout cir-
cuit with feedline (black). (c) Purcell-limited lifetime 77" "
of the transmon for varying capacitive coupling strengths J.
The black dashed line indicates where the cancellation condi-
tion of Eq. (3) is met. There, J/27 ~ 32.8MHz, corresponding
to a coupling capacitance of 10 fF.

high-fidelity and fast measurement without the need for a
Purcell filter. Even when accounting for reduced readout
efficiency and finite qubit lifetime, our approach achieves
an order-of-magnitude improvement over state-of-the-art
readout systems with comparable hardware overhead.
Theory of junction readout.— In circuit QED, the
dispersive interaction Y, xi, |i¢) (i| a'a, with |i;) a bare
transmon state and a the resonator’s annihilation oper-
ator, is usually realized by capacitively coupling a qubit



and a resonator that are widely detuned in frequency [8].
Here, we seek an alternative circuit that mediates this in-
teraction, with the interaction strength 2x, = x1, — Xo,
engineered to be nonperturbative (i.e., independent of
the qubit-resonator detuning and not obtained after some
Schrieffer-Wolff-type frame transformation).

Alternative strategies for engineering a nonperturba-
tive Kerr interaction have been explored [31-36]. In con-
trast to these approaches, which often involve complex
circuit designs, rely on special symmetries, or encode
qubits in spatially delocalized modes, our proposed cir-
cuit, shown in Fig. 1, offers a simpler solution with hard-
ware overhead comparable to that of dispersive readout.
In this circuit, the transmon (green) is coupled to a read-
out resonator (blue) through a Josephson junction in par-
allel with a capacitor whose role will be discussed below.
The Hamiltonian of this circuit takes the form

H= 4E. (N — ng)2 — Ejcosy + weata
— Ej cos(¢r — ¢p) + Jhiiy (1)
= IA{tr + ﬁr + ﬁinta

where ¢; and n; are the transmon’s phase and charge
operators, and E; and F, are its Josephson and charg-
ing energies, respectively. The resonator has frequency
wy, and its phase operator is given by ¢, = (@ + ah)
where @ pre = (2m/®0)\/hZ,/2 is the phase zero-point
fluctuations. Furthermore, E;. is the Josephson energy
of the coupling junction, and J is the capacitive coupling
strength between the transmon and the resonator. The
gate charge ng is included explicitly, as it has been shown
to affect the onset of measurement-induced transitions
[18, 19, 21, 37]. As we show below, our proposed cir-
cuit ensures a high measurement critical photon number
regardless of the value of the gate charge.

Setting J = 0 for the moment, the coupling Hamilto-
nian can be written in the form

Hip = —FEj_ cos i cos P — By sin@gsing,..  (2)

To second order in phase fluctuations, the cos-cos inter-
action of the first term leads to ¢?@2, thereby mediat-
ing a nonperturbative cross-Kerr coupling. As discussed
in Ref. [38], this results in large measurement critical
photon numbers and no Purcell decay. When supple-
mented with the appropriate resonator drive [38], this
interaction emulates the longitudinal coupling discussed
in Ref. [32], enabling fast and accurate discrimination
of the pointer states. Here, we show that the circuit
of Fig. 1 achieves the aforementioned benefits with a
significantly simplified design. On the other hand, to
first order in phase fluctuations, the sin-sin interaction
term is an unwanted Jaynes-Cummings interaction that
causes multiphoton resonances [15-19], thereby lowering
the critical photon number, see Sec. S3A of [39]. A
potential mitigation strategy involves increasing the de-
tuning between the qubit and resonator while increasing
the qubit-resonator coupling to maintain a constant dis-
persive shift [40, 41]. However, this requires the use of
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FIG. 2. (a) Cross-Kerr coupling x. and (b) resonator self-

Kerr K, between the transmon and the resonator for varying
resonator impedance Z, and coupling junction energy FEj..
The contour lines indicate lines of constant (a) cross-Kerr
ranging from —2 to —10 MHz and (b) self-Kerr ranging from
—100 to —800kHz. The star marks the parameter used in the
readout simulations of Fig. 4.

low-frequency qubits strongly coupled to high-frequency
resonators which poses its own set of challenges. Addi-
tionally, for moderate detunings, this approach leads to
Purcell-limited qubit lifetimes, necessitating the use of a
Purecell filter.

Instead, here we propose to cancel this unwanted sin-
sin term by introducing a parallel capacitance to the
Josephson junction which mediates a charge-charge cou-
pling Jnn,., see Fig. 1. The coupling strength J is specif-
ically chosen to cancel the Purcell decay by setting the
0 < 1 matrix element of the interaction Hamiltonian to
zero, as expressed by the condition

—E;. (14,0,]sin @ sin @, |0, 1) 3)
+J <1t7 OT‘| ﬁ’!"ﬁt |Ot7 1T'> = Oa
where |j,.) denotes a bare resonator state. Intuitively,
this condition describes destructive interference between
the current paths through the capacitor and the junction,
flowing from the qubit to the readout feedline. Impor-
tantly, since the cancellation condition involves only the
computational subspace, the optimal coupling strength
J is insensitive to fluctuations in the gate charge n,.
Moreover, as shown in Fig. 1(c), the residual Purcell de-
cay remains minimal even when the condition Eq. (3) is
not perfectly satisfied. For instance, with a ~ 10% im-
perfection in the junction or capacitor fabrication, the
Purcell decay time T3 remains on the order of ~ 1 ms for
the chosen parameters [39], highlighting the robustness
of this scheme to fabrication errors.
Choice of readout parameters.— We now turn to
a discussion of the optimal choice of parameters. To
achieve fast readout we aim for a large transmon-
resonator cross-Kerr interaction. However, as is evident



from Eq. (2), a nonperturbative cross-Kerr term (result-
ing from $7(?) is inherently accompanied by a nonper-
turbative self-Kerr nonlinearity on the resonator (result-
ing from ¢%). A large self-Kerr can bananize the coherent
state in the resonator [42, 43], potentially reducing read-
out fidelity by hindering the clear separation of pointer
states and limiting the maximum photon population in
the resonator. Moreover, this distortion renders the con-
ventional linear measurement filter suboptimal for state
assignment [44-46].

To achieve a large cross-Kerr interaction without com-
promising the linearity of the readout resonator, we op-
timize the resonator impedance Z,. From Eq. (2), the
leading contribution of the cross-Kerr strength is given
by Xz = 7503pfrEJc\/ 2EC/EJ,total/27 with EJ,total =
E; + Ej. which we keep constant. The self-Kerr non-
linearity of the resonator inherited from the coupling
junction is approximately K, ~ —Ejcp; /4. As a re-
sult, the cross-Kerr interaction decreases quadratically
with the resonator phase zero-point fluctuations g,
while the self-Kerr decreases quartically with ¢,p¢. Con-
versely, both x, and K, increase linearly with respect
to the coupling junction energy Ej.. Since @,pp de-
pends on the resonator impedance Z,, we optimize Z,
and FE . to achieve a large cross-Kerr coupling with min-
imal self-Kerr nonlinearity. Fig. 2(a) and (b) show the
cross-Kerr coupling strength x, and the resonator’s self-
Kerr K, extracted from exact numerical diagonalization
of Eq. (1) for a range of resonator impedances Z, and cou-
pling strengths F ;.. For realistic circuit parameters, we
are able to achieve a cross-Kerr coupling comparable to
standard dispersive readout, typically ranging from 2 to
10 MHz. Furthermore, by slightly reducing the resonator
impedance below the conventional 50 {2— something that
is easily achievable experimentally— the self-Kerr nonlin-
earity can be tuned to match, or in some cases even fall
below, the typical values of 100 to 500 kHz observed in
standard dispersive readout.

Interestingly, we also observe that, in junction read-
out, the dispersive shift shows minimal variation with
increasing resonator photon numbers, in contrast to dis-
persive readout, where the dispersive shift decreases sig-
nificantly. This difference arises from the nature of the
qubit-resonator interaction which is different in the two
schemes. Indeed, in junction readout, the cos-cos inter-
action leads to smaller higher-order corrections to the
dispersive shift at large photon numbers compared to dis-
persive readout, enabling a faster readout as the cross-
Kerr coupling remains large even when the resonator is
populated, see [39] for further details.

The above analysis reveals that junction readout pro-
duces qubit-state-dependent frequency shifts similar to
those of dispersive readout, suggesting comparable per-
formance at first glance. In the following, we high-
light the significant advantages offered by junction read-
out, demonstrating its superiority over dispersive read-
out in key aspects, namely its larger robustness against
measurement-induced transitions, as well as faster and

higher fidelity measurements.

Suppressing ionization.— The quantum nondemoli-
tion (QND) nature of dispersive readout is challenged by
multiphoton processes arising due to accidental degenera-
cies between the qubit and the resonator [15]. This phe-
nomenon, also referred to as ionization, occurs when two
states of the transmon-resonator system become resonant
as photons populate the resonator, leading to a sudden
population transfer from the resonator to the transmon
[15-19, 21, 47]. Because this process can typically involve
highly-excited states of the transmon which are charge
sensitive, the resonator critical photon number n..; at
which these multiphoton processes occur can fluctuate
widely with gate charge [18, 19, 37, 48]. We now show
junction readout is far more robust against such multi-
photon processes than dispersive readout.

To assess this robustness, we compute the critical pho-
ton numbers using branch analysis, a numerical tool pre-
dicting the onset of ionization and that has been shown
to match experimental observations [48]; see Ref. [39]
for further details in the context of junction readout.
Fig. 3 shows, given an arbitrary gate charge in the range
[0,0.5], the percentage of instances where the critical pho-
ton number exceeds ngj; = 35 for both junction read-
out (blue) and dispersive readout (red), across a wide
resonator frequency range of w, /27 ~ 6 — 10 GHz. To
ensure a fair comparison between both approaches, the
dispersive shift is fixed to x./2m ~ 9 MHz across all val-
ues of w,. For the dispersive readout, this requires ad-
justing the qubit-resonator coupling at all values of the
resonator frequency [8]. The value of ngi reported in
Fig. 3 is arbitrary but chosen to correspond to a read-
out fidelity of approximately 99.99%, given the dispersive
shift used here, see Sec. S3 B of [39]. We first observe that
for junction readout there exists a wide ~ 3 GHz range of
resonator frequencies for which junction readout reaches
near 100% certainty of achieving a critical photon number
exceeding 35 photons. In contrast, for dispersive readout
there exists no frequency range for which the critical pho-
ton number consistently exceeds this threshold. Further-
more, dispersive readout has less flexibility for frequency
allocation as the dispersive shift depends on the detun-
ing, and often requires the readout resonator to be close
in frequency to the qubit for a large dispersive shift. On
the other hand, junction readout relies on a nonperturba-
tive cross-Kerr interaction which does not depend on the
detuning, and thus offers greater flexibility for frequency
allocation and potentially can alleviate frequency crowd-
ing issues for large-scale chips, whilst maintaining a large
cross-Kerr for fast readout.

Another important consequence of the cancellation
condition of Eq. (3) is to push ionization to larger pho-
ton numbers. Indeed, from perturbation theory, when
the transmon ionizes to an excited state outside of the
computational manifold, the transition occurs through
virtual excitations, sequentially climbing the intermedi-
ate states between the initial state and the final ionized
state [48]. The cancellation condition in Eq. (3), how-
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FIG. 3. Percentage of instances where the critical photon
number exceeds neris = 35 with varying gate charge on the
transmon for both junction readout (blue) and dispersive
readout (red). In both cases, the dispersive shift is set to
a constant value of /27 ~ 9 MHz. With a qubit frequency
of wy/2m ~ 5.68 GHz, the shaded region corresponds to res-
onator frequencies that are outside of the dispersive regime.

ever, eliminates the matrix element responsible for the
transition between the ground state and the first excited
state, thereby preventing the initial step of leaving the
computational subspace from the ground state. Addi-
tionally, while not exact, this cancellation approximately
suppresses the matrix element responsible for transitions
from the first to the second excited state, further reduc-
ing ionization when the qubit begins in its first excited
state.

Readout performance.— We have shown that junc-
tion readout can realize a large cross-Kerr together with
manageable resonator self-Kerr, as well as higher critical
photon numbers compared to dispersive readout across a
large resonator frequency range, all without the need for
Purcell filters. We now present numerical simulations
of junction readout suggesting that fast, high-fidelity,
and quantum nondemolition readout of transmons can
be achieved with realistic parameters.

Our simulations are based on integrating the stochas-
tic Schrodinger equation for heterodyne measurements of
the resonator first assuming an ideal readout efficiency
n =1 [49], see [39] for further details. Because they use
the full Hamiltonian Eq. (1), these simulations account
for the cross-Kerr, x, /27 ~ 10MHz, but also the deleteri-
ous effect of the resonator self-Kerr, K. /2r ~ 489kHz. A
two-step measurement pulse leading to an average photon
number of 7 >~ 40 photons is used, well below the critical
photon number of ng.; = 65. Despite this short integra-
tion time, we find a large separation of the measurement
result distribution for the two initial state using an opti-
mal discriminator (black dashed line), see Fig. 4(b). The
resulting assignment error vs the integration time (full
dark blue line) is reported in panel (c). For n = 1, a
measurement fidelity of 99.99% is obtained in as short as
tm = 20 ns. Furthermore, we find a QNDness of 99.89%
and 99.71% for the ground and excited state, respectively
[39].

Because of the small resonator self-Kerr, the distortion
of the qubit-state-dependent resonator coherent states is
relatively small, see Fig. 4(a). Under this condition, the
resonator state can be approximated as coherent, allow-
ing us to compare our numerical results with the ana-
lytical expression for the signal-to-noise ratio (SNR) and
the assignment error [8, 39, 50]. The assignment error de-
rived from this approximation (full light blue line) closely
matches the full stochastic simulations. The small dis-
crepancy is primarily due to the self-Kerr nonlinearity of
the resonator. Given the good agreement between the
numerical simulation and the coherent-state approxima-
tion, we use the latter to estimate the readout fidelity for
finite transmon lifetime and nonideal readout efficiency,
something which would be otherwise numerically chal-
lenging. First, for 77 = 30 us (red triangles), the readout
fidelity comfortably exceeds 99.9% in t,, ~ 17 ns. For a
longer-lived transmon with 77 = 120 us (green squares),
the fidelity surpasses 99.99% at t,, ~ 21ns. Secondly, as-
suming an infinite 77 but a readout efficiency of n = 0.5
consistent with state-of-the-art experiments [10, 13, 20],
we find a similar readout performance (dashed light blue
line). Additionally, using quantum optimal control, we
can further decrease the assignment error, reaching a
readout fidelity of 99.99% in t,, ~ 18 ns with realis-
tic pulse shapes [39]. We emphasize that these results
are based on parameters readily achievable with current
hardware. Even accounting for reduced efficiencies and
T1 limitations, our results indicate that junction readout
could achieve a fidelity exceeding 99.99% in under 30 ns,
outperforming state-of-the-art readout experiments by
an order of magnitude.

Conclusion.— We have presented a circuit mediating
a nonperturbative cross-Kerr coupling between a qubit
and a readout resonator. The proposed junction read-
out method outperforms state-of-the-art dispersive read-
out by achieving higher critical photon numbers across
a broad range of resonator frequencies and is less sus-
ceptible to the effect of gate charge. Notably, junction
readout does not require Purcell filters and has compara-
ble hardware overhead to dispersive readout. Even when
accounting for finite qubit lifetimes and reduced readout
efficiencies, this approach achieves a readout fidelity of
99.99% in under 30 ns. Junction readout overcomes many
of the limitations posed by dispersive readout and can
be implemented readily with only small modifications to
current hardware. Junction readout could become a stan-
dard method for superconducting qubit measurement in
next-generation quantum processors.

Note.— During the preparation of this manuscript,
we learned of similar work experimentally demonstrat-
ing Josephson junction-based readout of a transmon
qubit. [51]. In contrast to our approach, in that work
the resonator nonlinearity induced by the coupling junc-
tion is large such that a high-power bifurcation readout
is used.
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FIG. 4. (a) IQ-plane of 11,200 single-shot heterodyne readout simulations of a transmon with junction readout. The black
dashed line is the optimal discriminator of the two blobs corresponding to the qubit prepared in the ground (blue) or excited
state (red). (b) Histogram of the integrated signal using an optimal discriminator. For both (a) and (b) the integrated time
is tm ~ 20 ns. (c) Assignment error obtained from the stochastic heterodyne readout simulations compared to coherent state
approximated assignment error. Using the coherent state approximated assignment error, we also show the assignment error
for readout efficiency of n = 0.5 (where 0 < 1 < 1) as well as when T3 is 30 or 120 us. Moreover, we show that quantum
optimal control (QOC) further improves the readout fidelity. Here, the transmon charging energy is E¢ /27 = 300 MHz
with Ejtotal/Ec = 50 and gate charge ny = 0.0. The resonator frequency is w,/27 = 9.375 GHz, with resonator impedance
Z, = 409. The junction coupling strength is Ej./2m = 8 GHz. This set of parameter results in a cross-Kerr of x. /27 ~ 10MHz,

and a critical photon number of nerit = 65.
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S1. BASICS OF BRANCH ANALYSIS

In this section, we outline the basic theory behind
branch analysis, a numerical tool that can help pre-
dict the critical photon number for the onset of ioniza-
tion. For a more detailed discussion of this approach, see
Ref. [17, 21].

To simplify the discussion in this section, we consider
the transmon qubit, however, the method also works for
other types of qubits. We begin with the undriven, cou-
pled transmon (tr) and resonator (r) Hamiltonian gener-
ically given by

g:ﬁtr‘Fﬁr‘Fﬁint- (Sl>

Diagonalizing the above Hamiltonian results in a set of
eigenvectors {|A\)}. For each considered level j; of the
transmon, we find the eigenvector from {|\)} that max-
imizes the overlap |(j;,0,|A\)|? and label this eigenvec-
tor as |j, 0,.), the overline denoting a dressed state. We
then use these states |j;,0,) to recursively assign a la-
bel to all remaining states: |j;, n, + 1) is defined as the
unassigned eigenstate |A) which maximizes the overlap
|(\aT|7¢, n,)|?. Repeating this for each transmon index
Ji results in a set of dressed states Bj, = {|ji, n,)} which
we refer to as branches.

Using these branches, we can compute the average
transmon and resonator populations. An ionization pro-
cess can be identified when the branches for the ground
or excited state swaps with a branch of a higher excited
state. The photon number at which this occurs is re-
ported as the critical photon number.

S2. EXTRACTING PURCELL DECAY

In this section, we discuss how the Purcell-limited life-
times 7!l shown in Fig. 1(c) are extracted. For each
value of the charge-charge coupling J, we simulate a T}
experiment by initializing the qubit in its dressed excited

state |14,0,) and evolving it according to

% — —i[f1, 5] + D[}, (S2)

where H is given by Eq. (1). The transmon parameters
are set to E./2m = 300 MHz, Ejiota/Ec = 50, and the
resonator parameters to w,/2r = 9.375 GHz, Z, = 25Q,

and k/2m ~ 2x,/2m = 8 MHz. The coupling Josephson
junction is characterized by E;, /2m = 4 GHz.

In the above expression, the collapse operator &’ is ex-
pressed in the dressed basis as [52]

a= > (AalN)y AV, (S3)
PN
E\>Ey

where {|\)} are the eigenstates of the transmon-resonator
Hamiltonian H as defined above. Here, we consider only
energy-loss processes, assuming the bath is in its vac-
uum state. To extract TP we fit the excited-state
population |1¢,0,) (14,0, to a single exponential decay,
e_t/Tll"urcell.

The Purcell decay obtained from this method assumes
a flat bath spectrum, i.e., k(w) = k(w,) = k. In practice,
however, the qubit probes the bath at its own frequency,
which for these parameters is W, /27 = 5.672 GHz, rather
than the resonator frequency. Therefore, to achieve a
more accurate estimate, we normalize the TF !l value
obtained above by a factor of k/k(wy) [8, 53, 54], which is
approximately (@, /w,)? ~ 2.75, assuming that all pho-
ton losses originate from coupling to the readout feed-
line [8, 54].

S3. TRANSMON IONIZATION WITH
JUNCTION READOUT

In this section, we outline how the cancellation condi-
tion in junction readout suppresses measurement-induced
transitions out of the computational subspace, and dis-
cuss physically meaningful metrics for relating critical
photon numbers to readout performance.

A. Effect of cancellation condition on ionization

As stated in the main text, the matrix element elim-
inated by the cancellation condition Eq. (3) is also pre-
cisely the matrix element responsible for transitioning
the ground state of the transmon to the first excited
state when measurement-induced transitions to higher
excited states occur. Additionally, the matrix element
that connects the first excited state to the second excited
state is also approximately suppressed when the condi-
tion Eq. (3) is satisfied. Therefore, by eliminating these
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FIG. S1. Critical photon numbers for varying resonator fre-
quencies w,. The red dots indicate when there is no coupling
capacitance, and the blue dots are for where the cancellation
condition is met. Here the transmon parameters are the same
as in Fig. 4 and the resonator impedance is Z, = 35 Q). The
coupling junction energy is Ej./2m = 7.8 GHz, resulting in
X=/27 ~ 9 MHz when the cancellation condition is met.

matrix elements the likelihood of multiphoton processes
causing the transmon to jump in excitation is expected
to be reduced.

Fig. S1 shows the critical photon numbers for vary-
ing resonator frequencies, both for when the cancellation
condition Eq. (3) is satisfied or not. When the cancel-
lation condition is met, we observe as expected that the
critical photon numbers increase.

It is worth mentioning that for the dispersive read-
out, canceling the 0 <> 1 matrix element responsible
for Purcell decay would also result in canceling most
of the charge-charge coupling-based dispersive shift that
is essential for readout [39]. Alternatively, as recently
discussed in Ref. [55] in the context of dispersive read-
out, one could cancel parasitic matrix elements involving
higher-energy states that are causing ionization without
compromising the dispersive shift. However, no param-
eter set can cancel all parasitic matrix elements simul-
taneously. Furthermore, since these cancellations involve
higher-energy states, they are sensitive to fluctuations in
the gate charge. Consequently, this balanced coupling
strategy does not push ionization to larger photon num-
bers for dispersive readout.

B. Critical photon number threshold

In Fig. 3, we set the critical photon number threshold
to be neiy = 35. In this section, we show that the pa-
rameters chosen correspond to a physically meaningful
readout performance metric. We begin with the analyt-
ical expression for the signal-to-noise ratio (SNR) in the
long-time limit [56]

2
SNR =~ ;6\/477/-@%. (S4)

In the above expression, € is the drive amplitude,  is
the resonator decay rate, 1 is the measurement efficiency,
and t;, is the measurement time. Assuming that the
resonator is driven at its Lamb-shifted frequency, and
for the optimal ratio x ~ 2y, which we ensure to be
approximately satisfied in our numerical simulations, we
can relate the above expression of SNR to the average
photon number in the resonator n as

SNR =~ 2+/2nfikty,, (S5)

which simplifies to SNR ~ 2,/2nn for a measurement
time of order ¢, ~ 1/k, corresponding to the resonator
reaching its steady-state.

Choosing the threshold to be n.i = 35, we must en-
sure that the maximum number of photons placed in the
resonator remains well below this threshold to minimize
leakage. Given the approximately coherent-state nature
of the resonator field during readout, as discussed in the
main text, we model the photon number distribution as
Poissonian and require its tail to have minimal overlap
with the critical photon number. For instance, a safe
metric is to limit this overlap to be approximately 0.01%.
This condition translates to an average photon number
7 satisfying nerie = 7 + 4v/n, which yields 7 ~ 18.

For a measurement efficiency of n = 0.5, in line with
state-of-the-art experiments [10, 13, 20], we find SNR ~
6. The SNR can be linked to the measurement to the
readout fidelity F' as [56]

1 SNR

Note that this definition implies that F' € [0.5,1]. For
SNR ~ 6, we find F' ~ 0.9999(8), suggesting that the
above choice of parameters and threshold comfortably
lead to a readout fidelity exceeding 99.99%. Of course,
the above expression does not account for distortions to
the coherent states, transient dynamics of the readout,
the T7 limit of the transmon, and other effects. Never-
theless, they provide a useful and simple metric for relat-
ing readout performance to the critical photon number.
In the main text and Sec. S5 we go beyond these simple
approximations.

S4. PHOTON NUMBER DEPENDENT
DISPERSIVE SHIFT

The dispersive shift is often defined as y, = (Eﬁ —
Er5— Eg1+ Egg)/2, where Ez—— denotes the energy of
the dressed state iz, n,.) of the transmon-resonator sys-
tem, as labeled in Sec. S1. However, this definition of
the dispersive shift is based on the low-energy spectrum
of the transmon-resonator system and becomes inaccu-
rate even for moderate photon numbers in the resonator
[57, 58].

In Fig. S2(a), we compare the magnitude of the disper-
sive shift at different resonator photon numbers, defined

zs



0
=== Dispersive readout (a)
5 & 2 [ === junction readout
_Q-EIQI
ESEE 47
£2>c 6
c LY -6
gg8s
e°93x -8}
o T X
-10
1 1 1 1 1 N
0.20
(b)
—~E o
T o 0151 q
oE 3
v 2
29 go.10f
S X &
o5 S
o & - 0090y
x ©.x 0.05 000®
€ ° e0® °
e00® °

0.00 200000 .......?.
0 5 10 15 20 25 30 35

Resonator photon number n,

FIG. S2. (a) Photon number dependent dispersive shift x.
for varying resonator photon numbers n,. For both read-
out methods, we choose parameters such that x(0)/2r ~ 10
MHz. For junction readout, the transmon parameters are the
same as in Fig. 4. For dispersive readout, the transmon pa-
rameters are the same as in Fig. 3, but the resonator frequency
was set to wy/2m = 6.246 GHz, with a coupling strength of
g/2m = 114 MHz, to ensure a high critical photon number as
shown in Fig. 3. (b) The ratio between the 0 <> 1 matrix ele-
ment of the Jaynes-Cummings interaction Hamiltonian with
optimal charge-charge coupling ﬁjc7cancelled to that without
charge-charge coupling Hic , at varying resonator photon
numbers, See Sec. S4 for further details.

as

— Eg a1+ Eomn) /2
(S7)

Xz (nT‘) = (Elt,nT-‘rl - Elt,nT

for both dispersive readout and junction readout. At
zero photons in the resonator, the parameters are taken
such that the dispersive shift is x,/27 ~ 10 MHz for
both readout methods. For dispersive readout, we find
that at high photon numbers the magnitude of the dis-
persive shift is reduced by more than a half. Con-
versely, for junction readout the magnitude of the dis-
persive shift remains approximately constant. For ex-
ample, at n, = 35, the dispersive shift is reduced to
Xz(nr = 35)/2m = —4.37 MHz for dispersive readout,
while x,(n, = 35)/2m = —8.526 MHz for junction read-
out.

We attribute the significant difference between disper-
sive readout and junction readout to the nature of the
coupling interaction. In the dispersive case, exact diago-
nalization of the Jaynes-Cummings Hamiltonian reveals
that, beyond the linear dispersive regime, higher-order
contributions to x.(n,) scales as ~ (g/A)?" [53, 59, 60].
Conversely, for the cos ¢, cos ¢; interaction, these higher-
order contributions scale as <p§gf’; [38]. For the chosen set
of parameters optimized to ensure high n.; and x, for
both readout methods, we find ¢, < |g/A|, and while

g/A cannot be made arbitrarily small—otherwise, the
leading-order dispersive shift becomes negligible— ¢,
can be reduced by decreasing the resonator impedance,
without sacrifying the leading-order dispersive shift.

Thus, even when both junction readout and dispersive
readout are designed with the same initial dispersive shift
Xx=(0), and both schemes are optimized for high critical
photon numbers, junction readout is expected to enable
faster measurement, particularly at higher photon num-
bers.

In addition, Fig. S2(b) shows the ratio between

the matrix elements |[(0¢, n, + 1|.H’JC,Cancelled|1t, n,)| and

|(0¢, ny + 1|Hjc|T;, n,)| for varying resonator photon
numbers. Here, I:Ichanceued = —FEjc.singysing, +
Jieh, with J chosen to satisfy Eq. (3), and Hjyc =
—FEj.sin ¢y sin ¢,.. We note that even at large resonator
photon numbers, the ratio of the matrix elements remains
small, showing that the cancellation condition remains ef-
fective during readout when the resonator is populated.

S5. DETAILS ON READOUT SIMULATIONS

In this section, we outline the details of our single-
shot readout simulations. For the heterodyne readout
simulations of Fig. 4, we use QuTiP’s solver [61, 62] to
integrate the stochastic Schrédinger equation [49]

d(t) = —iHy(t)dt

~ (Sata — 5(@) +ipla+ 1122 + (2]) w(0)
5 (a5 vy,
- g (m + <§>) W(t) dW,. (S8)

Here, H is the sum of Eq. (1) and the drive term
Hy = —ie(t)(a — a'), where €(t) is the resonator drive
amplitude, with its explicit time dependence provided
below. Additionally, x is the resonator decay rate, and
#=a+a', and p = i(a" — a) are the measured quadra-
tures. In the above expression, the first and second
lines describe the deterministic evolution of the state ()
while the last two terms describe the measurement back
action. The two dW; are independent stochastic Wiener
increments satisfying E[dW;] = 0 and E[dW?] = dt. Both
quadratures, x and p, have their own independent Wiener
increments, denoted by their respective subscripts.

For each simulated trajectory, we demodulate the sig-
nal with e™¢* where w, is the drive frequency. The de-
modulated signal for the = and p quadratures are then in-
tegrated with the real and imaginary part of the optimal
weight function (a.(t)) — (aq(t)), respectively. The re-
sults are shown in Fig. 4(a) and (b). At each integration
time we find the optimal discriminator in the IQ-plane
which gives us the minimum assignment error defined as
e = (P(elg)+P(gle))/2, which is then shown in Fig. 4(c).
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FIG. S3. (a) Resonator population as a function of integration
time, for when the transmon is prepared in the ground or
excited state. (b) and (c) show the population of the first 20
energy levels of the transmon during the readout simulation,
when starting in the ground and excited state, respectively.
The circuit parameters are as given in Fig. 4.

We found that using nsubsteps = 12,000, with the trans-
mon dimension set to 7 and resonator dimension set to
75 showed good convergence.

As mentioned in the main text, we use a two-step pulse
in order to fill the resonator with a large number of pho-
tons rapidly. The pulse shape is given as in Ref. [38],

VR 0 4 /(1 - 7,
.

e(t) =

where 7 and x determine the speed at which the resonator
gets populated. Here, we set 7 to be 6 ns. As we show
in Sec. S7, optimizing the pulse shape with quantum op-
timal control techniques results in further improvements
in performance.

The results from the heterodyne readout simulations
are compared to coherent state approximated assignment
errors. Assuming the states in the resonator to be co-
herent states, we can get an expression for the optimal

(59)
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FIG. S4. Overlap between the dressed states |i¢, n,) and bare
states |i¢, nr) = |ir) ® |n,) at varying resonator photon num-
bers, for both junction readout and dispersive readout. The
parameters for both readout methods are the same as was
described in Fig. S2.

signal-to-noise ratio (SNR) as [44]

SNR(f) = \/ 2% /0 " laelt) — ag(®Rdt,  (S10)

where 7 is the measurement efficiency,  is the resonator
decay rate, t,, is the integration time, and a4 (t) is the
resonator field. Using the above formula for the optimal
SNR, we can compute the assignment error as [12, 45]

e(tm) = 1erfc (SNZR\/(;"L)) + 215%’ (S11)

2

where erfc is the complementary error function and T; is
the transmon lifetime. The coherent state approximated
assignment errors are computed from performing Monte-
Carlo simulations using QuTiP’s mcsolve solver [61, 62]
to get the resonator’s field . /4(t). The Hamiltonian and
the parameters used for the simulations are the same as
what was used for the heterodyne readout simulations.
The collapse operator is /ka and we use 512 trajectories
for the Monte-Carlo simulations.

S6. LEAKAGE AND QNDNESS

In this section, we characterize the leakage rates in our
junction readout simulations and provide general com-
parisons of the expected leakage rates between disper-
sive and junction readout. Fig. S3(a) shows the res-
onator population as a function of integration time for the
junction readout simulation parameters used in Fig. 4,
obtained from the Monte-Carlo readout simulation de-
scribed in Sec. S5 by preparing the qubit in the ground
state (blue) or excited state (red).

As previously mentioned, we employ a two-step pulse,
stopping the drive at ¢t = 20 ns, letting the resonator to
decay rapidly thereafter with a rate x/2m = 2x, /27 ~ 20



Description Analytical formula Weight Hyperparameters
—1/2
Inverse signal-to-noise ratio (277n Jo™ lae(t) — oy t)]? dt) 1.0 k/2m ~ 20 MHz
Maximum pulse amplitude i Jo ™ ReLU (le(t)| — emax) dt 107" emax/27 = 700 MHz

Maximum resonator population Y

i=g,e tm

Pulse smoothness

tm

L [ ReLU (Tr [aapi(t)] — fimax ) dt 1073

1 tm

Nmax = 40

(Oe(t)/0t) dt 1073 _

TABLE S1. Summary of readout cost function used for optimizing the pulse, alongside their analytical expressions, relative
weights, and the parameters used. ReLU denotes the rectified linear unit defined as ReLU(z) = 0 for z < 0 and ReLU(z) = =

for z > 0.

MHz. To quantify the QNDness, we track the popula-
tion of each transmon level i; by calculating P, (t) =
Tr [, lie,n.) (i, ne|p(t)]. The transmon populations
as a function of time for initial states |0;,0,) and |14,0,)
are shown in Fig. S3(b) and (c), respectively. From
Fig. S3(a) we identify the time at which the resonator
population drops below 1072 and use this to evaluate
the population of the ground and first excited states of
the transmon to characterize the quantum nondemolition
(QND) nature of the readout. For these parameters, the
QND fidelity was found to be 99.89% when starting in
the ground state and 99.71%, when starting in the first
excited state.

While weak resonances in the transmon-resonator
spectrum are often disregarded when analyzing
measurement-induced transitions, they are crucial
for characterizing leakage rates. The extent to which
the transmon leaks depends significantly on the degree
of hybridization between the transmon and resonator
states [19, 21]. To fully quantify this hybridization,
in Fig. S4, we plot the overlap between the bare and
dressed states of the transmon-resonator system for
various resonator photon numbers. We find that for
dispersive readout, the overlap decreases rapidly even
at moderate photon numbers, particularly when the
system starts in the first excited state. In contrast,
for junction readout, the overlap exhibits only minimal
variation with increasing photon numbers, suggesting
that junction readout results in less leakage compared
to dispersive readout, as the system’s state deviates less
from its initial qubit state during the readout process.

S7. QUANTUM OPTIMAL CONTROL

In this section, we outline the quantum optimal control
method used to enhance the readout fidelity and speed,
as shown in Fig. 4(c). These simulations are based on
Ref. [63] which makes uses of the open source library
dynamiqgs [64]. We also use the evosax library [65] to
efficiently explore the large optimization parameter space
with the Covariance Matrix Adaptation (CMA) evolution
strategy.

As discussed in Ref. [63], the readout pulse is divided
into 1 ns time bins, representing the parameters to be op-
timized, and filtered through a Gaussian envelope with
a 500 MHz bandwidth. Furthermore, the maximum am-
plitude is limited to €myax /27 = 700 MHz whilst ensuring
that the photon population does not exceed fipyax = 40
to remain consistent with our previous simulations (see
Fig. 4 and Sec. S5).

The cost function consists of a weighted sum of 4 com-
ponents, as summarized in Table S1: the inverse of the
signal-to-noise ratio (SNR), the maximum resonator pop-
ulation, the maximum amplitude and the pulse smooth-
ness. The optimization is performed for integration times
between 10 and 30 ns. Although the pulse shapes vary
slightly with integration time, all optimized pulses resem-
ble a two-step pulse and reach the maximum resonator
population, see Fig. S5 (b) and (¢). Crucially, as shown
in Fig. S5 (a), the optimized pulses outperform the ana-
lytical pulse described in Sec. S5 at all integration times,
reaching a readout fidelity of 99.99% in ¢,, ~ 18ns. Even
when accounting for a finite 77 of 120 us and a reduced
measurement efficiency of n = 0.5, the optimal pulse
achieves 99.99% readout fidelity in t,, ~ 28 ns.
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FIG. S5. (a) Assignment error obtained from the coherent
state approximation (light blue, see Fig. 4(c)) and quantum
optimal control (dark blue). Solid lines correspond to the
ideal efficiency case of n = 1, while dashed lines correspond
to reduced efficiency of n = 0.5, based on state-of-the-art
values. Red circles indicate when both finite lifetime (77 =
120 ps) and reduced readout efficiency (n = 0.5) are taken
into account. For both methods, the parameters are identical
to those in Fig. 4. (b) Optimal pulse shape obtained for an
integration time of ¢, = 20 ns and (c) the corresponding
resonator population.
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