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Superconducting qubits are a leading platform for scalable quantum computing and quantum
error correction. One feature of this platform is the ability to perform projective measurements
orders of magnitude more quickly than qubit decoherence times. Such measurements are enabled by
the use of quantum-limited parametric amplifiers in conjunction with ferrite circulators — magnetic
devices which provide isolation from noise and decoherence due to amplifier backaction. Because
these non-reciprocal elements have limited performance and are not easily integrated on-chip, it
has been a longstanding goal to replace them with a scalable alternative. Here, we demonstrate
a solution to this problem by using a superconducting switch to control the coupling between a
qubit and amplifier. Doing so, we measure a transmon qubit using a single, chip-scale device to
provide both parametric amplification and isolation from the bulk of amplifier backaction. This
measurement is also fast, high fidelity, and has 70% efficiency, comparable to the best that has been
reported in any superconducting qubit measurement. As such, this work constitutes a high-quality

platform for the scalable measurement of superconducting qubits.

Qubit-specific projective measurement is a require-
ment for scalable quantum computation and quantum
error correction [1]. In superconducting systems, qubit
measurement generally involves scattering a microwave
pulse off of a readout cavity dispersively coupled to the
qubit [2, 3]. This pulse is routed through ferrite circula-
tors and/or isolators to a Josephson junction-based para-
metric amplifier [4-8], sent to room temperature, and
digitized. This readout scheme can work well [9]: it is
low-backaction, quantum non-demolition, and can have
infidelity of 1072 in less than 100 ns [10], with the best
reported infidelity of less than 10~% [11].

Challenges arise, however, as the scale and require-
ments of superconducting quantum systems increase. In
particular, ferrite circulators are bulky and their requisite
number scales linearly with the number of measurement
channels. Fitting enough circulators at the base tem-
perature stage of a cryostat is one eventual bottleneck
associated with building a scalable quantum computer.
Furthermore, circulators are both lossy and provide finite
isolation from amplifier noise. Isolation can be improved
using multiple isolators in series, but at the cost of in-
creased resistive loss and impedance mismatches, which
necessitate a stronger readout pulse in order to make a
projective qubit measurement. This can be just as detri-
mental as amplifier backaction; both have the potential
to drive higher-level state transitions which can cause
readout errors, and reduce the extent to which a mea-

surement is quantum non-demolition [12, 13].

In recognition of these problems, it has been a long-
standing goal to replace ferrite circulators and isolators
with a chip-scale, higher-performance alternative. Ef-
forts to do so have often involved parametrically cou-
pling high-Q resonant modes [14-21] or concatenating
frequency conversion and delay operations [22-25]. Such
technologies show promise but have yet to supplant fer-
rites. Performance specifications such as isolation and
bandwidth must still be improved, and multiple high fre-
quency control tones per device are undesirable from the
perspective of scalability. An alternate approach is to
simply remove any non-reciprocal components between
the qubit and first, Josephson-junction based amplifier
[26-28]. This allows for high efficiency but at the cost of
significant exposure to amplifier backaction.

Here, we instead engineer a replacement for ferrites
based on the coordinated operation of superconducting
switches. These switches, realized by an improvement
upon the design in Refs. [29, 30], are integrated into a
single, chip-scale device we call a ‘Superconducting Iso-
lating Modular Bifurcation Amplifier’ (SIMBA), Fig. 1.
The SIMBA consists of a two-port parametric cavity (a
Josephson parametric amplifier, JPA, based on the de-
vices in Refs. [4, 5, 31]) with fast, low-loss and high on-
off ratio superconducting switches placed on both ports.
Importantly, these switches are dc-actuated, requiring
no microwave control tones. Pulsed, unidirectional gain
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FIG. 1. Procedure. (a) A transmon qubit is measured us-
ing a ‘Superconducting Isolating Modular Bifurcation Am-
plifier’ (SIMBA). (b) The SIMBA is comprised of a two-port
parametric cavity with a Tunable-Inductor-Bridge (TIB) style
coupler on each port. (c) To measure the qubit, a probe tone
is sent into the readout cavity, swapped into the paramet-
ric cavity, and then amplified. The amplified state is then
coupled to a standard cryogenic measurement chain and digi-
tized. Cyan (pink) histograms correspond to single-shot mea-
surements when the qubit has been prepared in the ground
(excited) state.

is realized by the sequential operation of these switches
combined with resonant delay, and parametric gain, in
the parametric cavity. We use this procedure to demon-
strate efficient, high-quality readout of a superconducting
qubit while simultaneously isolating it from the bulk of
amplifier backaction. We emphasize that this procedure
is the novel idea in this work, which in the future may
be implemented using a wide class of devices.

Central to the SIMBA is a flux-pumped paramet-
ric cavity: a lumped-element inductor-capacitor circuit
where approximately half the inductance comes from an
array of superconducting quantum interference devices
(SQUIDs). The parametric cavity resonant frequency
can be tuned between 4 GHz and 7.1 GHz by applying an
external magnetic flux (see supplementary material Sec-
tion ITL.D). When flux through these SQUIDs is modu-
lated at twice the cavity resonance frequency, the cavity
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FIG. 2. Calibration. (a) A uniform external flux is swept
while probing the readout cavity in transmission with both
TIBs in transmit mode. The avoided crossing shows the para-
metric cavity tuning through the readout cavity. To operate
a SIMBA, this uniform flux bias is set so that the readout
and parametric cavities are minimally detuned. (b) Readout
fidelity F; (the ability of a measurement to distinguish the
qubit eigenstate, [32]), is plotted vs. the duration for which
TIB1 is set to transmit mode within the measurement se-
quence. Oscillations with a period of 40 ns indicate coherent
swapping of a readout pulse between the readout and para-
metric cavities.

state undergoes phase-sensitive parametric amplification
via three-wave mixing.

The external coupling of the parametric cavity is con-
trolled by superconducting switches constructed using a
‘Tunable Inductor Bridge’ (TIB) [29, 33]. TIB transmis-
sion is tuned by a dc signal which changes the balance of a
Wheatstone bridge of SQUID arrays. In this experiment,
the speed at which transmission can be tuned is limited
by off-chip, low-pass filters with a 350 MHz cutoff fre-
quency placed on the TIB bias lines. Tested in isolation,
the TIB has an on/off ratio greater than 50 dB tunable
between 4 GHz and 7.3 GHz (see supplementary material
Section III, which includes Refs. [34-37]). This overlaps
with the range over which the parametric cavity can be
tuned, allowing the SIMBA itself to be tuned to operate
over several GHz. The TIB 1-dB compression point is
approximately -98 dBm, which crucially allows the TIB
to function effectively while the state in the parametric
cavity is amplified.

We use the SIMBA to measure a transmon qubit dis-
persively coupled to a readout cavity. As in conventional
dispersive readout [2, 3], a pulse is first sent into the



weakly coupled port of a two-port readout cavity, where
it acquires a qubit state-dependent phase shift. TIB1 is
then set to transmit mode for a duration (20 ns), chosen
to fully swap this pulse into the parametric cavity, which
has previously been tuned near resonance, Fig. 2. We
then strongly flux-pump the parametric cavity into the
bistable regime [38-40]: a non-unitary process in which
the cavity latches into one of two bistable states with
opposite phase but large, equal amplitudes (see supple-
mentary material Section IV, which includes Refs. [41-
43]). Readout is achieved by seeding the parametric
cavity state with the probe tone, such that the post-
measurement qubit state is correlated with the latched
state of the parametric cavity [44, 45]. We choose to
thus discretize and store the measurement result within
the cryostat as a step toward implementing rapid and
hardware efficient feed-forward protocols [46]. To learn
the measurement result outside of the cryostat, TIB2 is
set to transmit mode, coupling this state to a standard
cryogenic microwave measurement chain.

We focus on three figures of merit to describe the
success of this readout: excess backaction n;,, measure-
ment efficiency 7, and maximum readout fidelity Fy. To
characterize these quantities we use the framework of
measurement-induced dephasing [47] (see supplementary
material Section IT, which includes Refs. [48-54]).

Ideally, measurement-induced dephasing of the qubit
comes only from a readout pulse. Consider a qubit
prepared in a superposition state (|0)+[1))/v2; a
readout pulse at the appropriate frequency inter-
acts with this qubit to create the entangled state
(10Y |evg) + [1) |ar)) /v/2. Here |a) and | ) are coherent
states both of amplitude |a|, separated in phase space by
the angle 20 = 2 arctan (2x/k, ), where the readout cavity
frequency shifts by +x /27 dependent on the qubit state,
and K, /27 is the loss rate of the readout cavity [2, 3]. Af-
ter measurement, the off-diagonal element of the qubit
density matrix becomes |p{;| = % [(aolon)| = Le 2,
where n, = (|a|sinf)? is the effective photon number of
the readout pulse, corresponding to the square of half
the separation in phase space between |ag) and |aq)
(see supplementary material Section II.A). Here, n, is
nearly equal to the readout pulse photon number |a|?
because 2y/2m = 1.93MHz and k,/2rm = 440kHz, so
that n, = 0.95]a/?.

In practice, measurement may include ‘excess back-
action’ or additional dephasing. This is modeled as an
additional pulse with an effective photon number,

1
=~ log (2p1) (1)

such that the coherence of a superposition state is re-
duced to [ph,| = %6’2("1’*’“) = ppe 2" where 0 < pp <
1/2 is the post-measurement coherence in the absence of
readout photons. The effective photon number n, in a
given readout pulse is not a priori known, but is related to

its amplitude expressed in experimental units, € o< /n,.
The measurement-induced dephasing can therefore be ex-
pressed as,

R - w2 2 /202
1p1| = ppe 2" = pre=< /27 (2)

where /n, = ¢/20 and physically, the constant o
calibrates the readout pulse amplitude in units of
(photon number)l/ 2,

A dephased qubit indicates that information about its
energy eigenstate may be learned by a detector. This
information may be quantified by a readout fidelity [32]

F. =1—P(e|0) — P(g|m), 3)

where P(e|0) and P(g|r) are the probability of incorrect
assignment when the qubit is prepared in the ground or
excited state, respectively.

For dispersive readout using a thresholded measure-
ment (see supplementary material Section I1.B), readout
fidelity is

F, = Fyerf [\/217—7%] = Fperf [ve]. (4)

Here Fj is the maximum readout fidelity, and n =
NossTamp 1S the measurement efficiency [47], defined here
such that 1 — e is the fraction of readout pulse energy
which has been lost before the pulse undergoes paramet-
ric amplification, which is assumed to be noiseless such
that Namp = 1. The constant v = 1/2nn,./e characterizes
how quickly F). increases with e.

The relationship between v and o gives the convenient
formula,

n = 2022 (5)

Intuitively, measurement efficiency 7 is determined by
the readout fidelity of a weak measurement (quantified
by v), compared to its backaction (quantified by o) [55].

To experimentally determine the figures of merit
ny, n and Fy, we measure readout fidelity and post-
measurement coherence, both as functions of the experi-
mental readout amplitude e. Readout fidelity F,. is sim-
ply computed by measuring P(e|0) and P(g|r), and us-
ing Eq. 3. To measure |p),|, the qubit is prepared in a
superposition state, exposed to backaction from a vari-
able strength measurement with readout pulse amplitude
€ X /N, and then projectively measured after a variable
Ramsey delay and a second 7/2 pulse, Fig. 3a. We first
characterize the backaction from a ‘measurement’ of zero
readout amplitude, ¢ = 0; meaning backaction solely due
to actuating the TIBs (left-most point in the ‘pump off’
data, cyan, Fig. 3c), and the combination of actuating
the TIBs and pumping the parametric cavity (left-most
data point, ‘pump on’ data, indigo). We then repeat this
sweep over the variable amplitude €, both with the para-
metric pump turned off (cyan) and on (indigo) during
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FIG. 3. Characterization. (a) Post-measurement qubit coherence |5, | is obtained by inserting a variable measurement into
a Ramsey sequence, exposing the qubit to backaction. The ratio of the amplitude of the measured Ramsey fringes to the
amplitude of those measured without this backaction (nothing inserted into the Ramsey sequence) equals 2|pp;]. (b) Excess
backaction is determined by inserting a ‘measurement’ with zero readout amplitude. Post-measurement coherence after excess
backaction with the parametric cavity pump on (indigo) and off (cyan), are compared to a case with no backaction (no readout
pulse, pump, or TIB switching inserted in the Ramsey sequence, violet). (c) Post-measurement coherence |pp;| (left y-axis) and
readout fidelity F). (right y-axis, red data points), are measured while sweeping the readout amplitude /n. of a variable strength
measurement. As in (b), |po1| is measured both with the parametric pump turned on or off during the variable measurement
sequence (indigo or cyan data points, respectively). Post-measurement coherence with the parametric pump turned on, but in
the absence of readout photons, is specified by py = |po1 (v/7r = 0) | and determines the excess backaction n, = —log (2ps) /2.
Measurement efficiency 7 is determined by a comparison between measurement-induced dephasing and readout fidelity while

sweeping readout amplitude.

the variable measurement. For comparison, qubit coher-
ence is also measured without exposure to any backac-
tion, meaning no variable measurement inserted into the
Ramsey delay (e.g. violet data, Fig. 3b). The ratio of
the Ramsey fringe amplitudes with/without exposure to
backaction gives 2|p(,|, with the ratio taken to correct
for readout infidelity.

This characterization determines that our readout is
low-backaction, high fidelity, and high efficiency. Ex-
cess backaction is found from p, = 0.141 + 0.002 (left-
most data point, ‘pump on’ data, Fig. 3c. Uncertainty
represents plus/minus one standard deviation). Using
Eq. 1, this corresponds to n; = 0.63 £ 0.01 effective
photons of excess backaction; about one quarter of the
nProl = 2.4 effective photons used in a projective mea-
surement (the maximum value on the z-axis of Fig. 3c),
and far less than the ~ 150 photons in the pumped state
of the parametric cavity (see supplementary material Sec-
tion IV.E). Next, we find v and the maximum fidelity
Fy = 95.5% + 0.3% by fitting F;. vs. readout amplitude
(red data, Fig. 3c) to Eq. 4. Finally we obtain o from
a fit of the ‘pump off” data (cyan) to Eq. 2, and there-
fore determine n = 70.4% + 0.9% using Eq. 5. This fit
excludes the first four data points, which level off more
quickly than predicted such that excess backaction in-
cludes 0.05 4 0.01 effective photons caused solely by ac-
tuating the TIBs [56]. This dephasing process is not cap-

tured by our model, and may result from a noise source
on the parametric cavity side of TIB1 (see supplementary
material Section V.B).

The limitations on ny, n and Fy are understood and
their values may be improved upon (see supplementary
material Section VI, which includes Refs. [57-68]). Ex-
cess backaction primarily results from the —26dB of
transmission through TIB1 when in reflect mode. This
transmission is higher than the —50dB of transmission
measured in a single TIB in isolation, a discrepancy
which may result from the solvable problems of a spu-
rious transmission path within the chip or sample box,
or the pumped parametric cavity state approaching the
power handling capability of the TIB. Maximum readout
fidelity is limited by qubit decay and state preparation
error including a ~ 2% thermal population, errors which
do not represent limitations of the SIMBA itself. Finally,
efficiency is limited primarily by the 4.0 MHz + 0.2 MHz
loss rate of the parametric cavity. The dominant contri-
butions to this loss are the non-zero transmission through
TIB2 when in reflect mode, on-chip dissipation, and cou-
pling to cable modes: effects which may all be mitigated
in future designs.

In conclusion, we measure a transmon qubit using a
chip-scale, pulsed directional amplifier. The qubit is iso-
lated from amplifier backaction using a superconducting
switch to control the coupling between a readout and



TABLE I. Readout performance summary.

Value

n = 70.4% + 0.9%

ny = 0.66 = 0.01 photons
Fo =95.5% £ 0.3%

265 ns

Parameter

Measurement efficiency
Excess backaction
Maximum readout fidelity
Measurement time

parametric cavity. Simultaneously demonstrated metrics
for this readout are given in Table I. With reasonable
changes to the SIMBA and experimental setup, we esti-
mate it is possible to achieve n > 90% with Fy > 99%,
np < 0.02 and a measurement time of less than 100 ns
(see supplementary material Section VI).

This demonstration combines state-of-the-art measure-
ment efficiency and considerable isolation from ampli-
fier backaction such that n, ~ nP™ /4. The measure-
ment efficiency of previous superconducting qubit read-
out schemes have been limited to n = 80% [27], and less
when providing any isolation before a parametric ampli-
fier [10, 21, 31, 69] (see supplementary material Section I,
which includes Refs. [70-76], for a broader comparison
to other works). Near-unit measurement efficiency af-
ter future improvements would allow for near-complete
access to the information extracted from a quantum sys-
tem. Additionally, the SIMBA is chip-scale, compatible
with scalable fabrication procedures including the use
of through-silicon-vias [77], and requires only one mi-
crowave control tone to operate. The SIMBA is therefore
a favorable choice for high-quality and scalable supercon-
ducting qubit measurement.
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