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The duration and fidelity of qubit readout are critical factors for applications in quantum-information
processing as they limit the fidelity of algorithms which reuse qubits after measurement or apply feedback
based on the measurement result. Here we present fast multiplexed readout of five qubits using a single
1.2-GHz-wide readout channel. Using a readout pulse length of 80 ns and populating readout resonators
for less than 250 ns, we find an average probability of correct assignment for the five measured qubits to
be 97%. The differences between the individual readout errors and those found when measuring the qubits
simultaneously are within 1%. We employ individual Purcell filters for each readout resonator to suppress
off-resonant driving, which we characterize by measuring the dephasing imposed on unintentionally mea-
sured qubits. We expect the readout scheme presented here to become particularly useful for the selective
readout of individual qubits in multiqubit quantum processors.
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I. INTRODUCTION

An essential feature of any digital quantum computer
or simulator is the ability to measure the state of mul-
tiple qubits with high fidelity. In particular, high-fidelity
single-shot measurements are needed for determining the
result of a quantum computation [1], for observing error
syndromes in quantum error correction [2,3], and for
achieving high channel capacity in quantum communic-
ation protocols such as quantum teleportation [4,5]. More-
over, quantum nondemolition measurements are used for
conditioning quantum-state initialization [6—8]. Recent
progress in scaling up quantum processors based on super-
conducting qubits has stimulated research towards mul-
tiplexed readout architectures with the goal of reducing
device complexity and enhancing resource efficiency, as
discussed in more detail below [9—11].

Superconducting qubits are most commonly measured
by employing their off-resonant coupling to a readout
resonator [12,13]. This dispersive interaction results in
a qubit-state-dependent shift of the resonator frequency,
which is probed using coherent microwave fields. Recent
improvements in the efficiency of microwave parametric
amplifiers [14—17] have enabled single-shot readout with
high fidelity [18,19]. Furthermore, the use of Purcell fil-
ters [11,20,21] led to the implementation of faster readout
circuits resulting in a reduction of the readout time down
to 50 ns for a single qubit without introducing additional
qubit decay [22].
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Extensions of dispersive readout to multiple qubits can
be realized by either coupling multiple qubits to a single
readout resonator [23,24] or by probing several readout
resonators coupled to a single feedline with a multifre-
quency pulse [9]. The latter approach allows for selective
readout of any subset of the qubits by choosing the cor-
responding frequency components in the measurement
pulse. High-fidelity frequency-multiplexed readout was
first achieved with multiple bifurcation amplifiers [10], one
for each qubit, and more recently by employing a single
broadband parametric amplifier [11,25-27]. Multiplexed
readout with Purcell protection has been achieved by cou-
pling multiple readout resonators to a single resonator-
based Purcell filter [28]. Broadband Purcell filters based on
stepped impedance resonators have also been realized [21].
Other recent multiqubit experiments either employ indi-
vidual readout lines for each qubit [29,30] or avoid Purcell
decay of qubits by using narrowband readout resonators
[28,31-34], which, however, increase the time required for
high-fidelity qubit readout.

In this work, we demonstrate frequency-multiplexed
readout of up to five qubits using a single readout chan-
nel, see Fig. 1(a) for a schematic of the concept. We use
individual Purcell filters for each readout resonator, which
in addition to protecting the qubits from Purcell decay,
also suppress the off-resonant driving of untargeted readout
resonators, thus avoiding the unintentional dephasing of
qubits. We characterize this readout crosstalk in our experi-
ments, by analyzing correlations in the readout between all
pairs of qubits and by measuring the additional dephasing
imposed on untargeted qubits during the readout.
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FIG. 1. (a) Schematic of the multiplexed readout experiment
showing a circuit diagram of the superconducting chip at 7 ~ 20
mK and the room-temperature (RT) electronics. Multifrequency
pulses used for readout are synthesized with a digital signal pro-
cessing (DSP) unit, then up-converted to microwave frequencies
by analog mixing with a local oscillator (LO) field, and applied
to the input port of the feedline after several stages of attenua-
tion. The readout signal emitted from the sample is amplified,
down-converted, and digitized with an analog-to-digital con-
verter (ADC) and further processed with the same DSP unit
used for pulse synthesis. (b) Qubit lifetime 7' limited by the
Purcell effect vs detuning between the readout qubit and read-
out resonator A, with (blue solid line) and without (red dashed
line) Purcell filter. The dashed gray horizontal line at 7} = 5 us
indicates typical 7 times measured in this work. (c) Calculated
photon number in the readout resonator with «g /27 = 20 MHz
normalized to its maximum value as a function of drive detuning
A = wy — wgr with (blue solid line) and without (red dashed line)
Purcell filter.

The presented multiplexed readout concept is expected
to be particularly useful in multiqubit algorithms, in which
subsets of qubits are measured while other qubits evolve
coherently. In the surface code [35], for example, a set
of ancillary qubits is repeatedly measured while keeping
all data qubits ideally unperturbed. Other examples for
protocols relying on readout of individual qubits during
the algorithm include the iterative quantum Fourier trans-
form [36], entanglement distillation [37], and deterministic
entanglement swapping [38].

I1I. CONCEPT OF READOUT ARCHITECTURE

For readout we dispersively couple each qubit Qi to a
resonator Ri with resonance frequency wg;, see Fig. 1(a).
The readout resonator is coupled through a dedicated Pur-
cell filter Pi to a common feedline. The effective linewidth
of the readout resonator is given by

Kp = % (kv — Re{v/=1672+ (e —2iAp?} ). (1)
with the linewidth of the Purcell filter «p, the coupling
strength J and detuning between readout resonator and
Purcell filter Agp = wr — wp, see Appendix C for details.
In order to achieve fast readout we targeted an effective
linewidth of kg /27t 2 10 MHz. Taking a realistic detuning
of Arp/27t < 5 MHz into account, which results from the
finite accuracy of circuit design and fabrication, we design
J/2m = 10 MHz and «p/2m = 40 MHz to approach our
targeted «g. Furthermore, the Purcell filter parameters are
designed to strongly suppress qubit decay into the feed-
line [20,39]. As illustrated in Fig. 1(b), for detunings A, =
wq — wr > 0.6 GHz between qubit and resonator the T
limit imposed by Purcell decay through the readout res-
onator is well above the state-of-the-art qubit lifetimes.
Also, the typical 7} times measured in our current device
are above the Purcell limit of a directly coupled readout
resonator with the same «gr indicating that Purcell filters
are necessary to achieve the targeted readout parameters
without degrading the qubit performance.

All Purcell filters are coupled to a common feedline
and have an approximately equal frequency spacing of
AR /27 =~ 160 MHz. Choosing this relatively small fre-
quency spacing in combination with a large «g, could
induce significant population in untargeted resonators
while driving another resonator nearby in frequency. Such
an unintentional resonator population causes additional
dephasing of untargeted qubits [40]. The use of dedi-
cated Purcell filters, however, strongly suppresses the off-
resonant driving of each individual readout resonator. In
the limit of large drive detuning the intraresonator photon
number scales as o« A~* with a Purcell filter, as compared
to oc A~2 without it, see Fig. 1(c).

We synthesize a multifrequency probe pulse using a
digital signal processing (DSP) unit and then upconvert,
attenuate, and apply the pulse to the input port of the feed-
line. A capacitor Cy, at the input provides directionality
to the readout signal, which preferentially decays from the
resonator towards the output port and thus minimizes sig-
nal loss into the input port. For the chosen capacitance of
Cin = 40 fF, a proportion of (1 + |T'|?)/2 ~ 98% of the
readout signal propagates towards the output port, where
I'w) =1/ + 2iwZyC;,) is the reflection coefficient of
the capacitor, see Appendix C for details. Moreover, due
to the vanishing current across the input capacitor Ci,,
the environmental impedance seen by the Purcell filter
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FIG. 2.
coupling resonators (orange), charge lines for single-qubit manipulation (purple), flux lines for single-qubit tuning (dark blue), and
a common feedline (yellow). The ports used for probing the device are denoted in circles. (b) Enlarged view of Q3 with its readout
resonator and Purcell filter. (c) Cross-shaped single-island flux-tunable transmon qubit inductively coupled to a flux line, capacitively
coupled to a readout resonator, two coupling resonators, and a charge line. (d) Interdigitated capacitor between the Purcell filter and
the feedline.

depends on both its distance from the input capacitor and
its frequency. For maximum coupling we place the Purcell
filters at distances from the capacitor, which are close to
integer multiples of half the wavelength of the resonator
field nig,/2.

The output signal emitted from the sample is ampli-
fied by a traveling-wave parametric amplifier (TWPA),
which is a broadband near-quantum-limited nondegenerate
amplifier with an average gain of 20 dB in the rele-
vant bandwidth 6.5-7.8 GHz and a compression point of
Py g = —100 dBm [26]. After several additional stages
of amplification (see Appendix A) the readout signal is
downconverted and digitized with the same DSP unit as
used for pulse synthesis. As the DSP unit has a total band-
width of 1.2 GHz we can, in principle, read out the state
of up to eight qubits given our choice of frequency spac-
ing Ar. The firmware version of our DSP unit used in this
experiment, however, limits us to simultaneous readout of
only five qubits. The digitized signal is filtered in paral-
lel for each readout frequency with a mode-matched filter
implemented by weighted integration. The combination
of an asymmetric feedline, a near-quantum-limited ampli-
fier, and mode-matched filtering results in a total average
measurement efficiency of n = 49%, which we define as
the squared ratio of the achieved and the quantum-limited
signal-to-noise ratio (SNR), see Appendix F.

I1I1. DEVICE DESCRIPTION AND
CHARACTERIZATION

We demonstrate the concept described above, with a
device featuring eight single-island flux-tunable transmon
qubits [41,42], see Fig. 2. Each qubit has an individual

(a) False-colored optical micrograph of the device with qubits Qi (red), readout resonators Ri (blue), Purcell filters (green),

drive line to perform single-qubit gates and a flux line
for frequency tuning except qubits Q1 and Q8, which are
tuned using superconducting coils mounted below the sam-
ple holder. All the following experiments are realized using
qubits 2, 3, 5, 6, and 7; compare Fig. 2. While the readout
resonators and Purcell filters are implemented as A /4 res-
onators, qubit-qubit coupling resonators are realized as A /2
resonators. The planar Nb and Al structures on the sapphire
substrate of the device are defined using photo- and e-beam
lithography; for fabrication details see Appendix B.

Transmission spectra measured from the eight qubit
drive lines to the output port reveal a single peak for each
readout resonator, see Fig. 3(a). The frequency spacing
between individual resonator frequencies is close to the
designed value of 160 MHz. We extract linewidths «g;/27
between 3 and 11 MHz. We attribute additional features
in the measured spectra to the residual direct coupling
between the drive lines to other elements on the chip, as
well as the finite detuning between the readout resonators
and their corresponding Purcell filters.

We measure the state-dependent dispersive shift x for
each qubit by preparing either the ground or excited state
before probing the transmission from the input to the out-
put port of the feedline, see Fig. 3(b) for example data
for Q6. We observe a wide dip in the transmission spec-
trum resulting from the Purcell filter and an additional peak
in the center close to the frequency of the readout res-
onator. The frequency of this peak depends on the qubit
state while the background, dominated by the Purcell filter
response, remains largely unaffected. The measured trans-
mission data around a single resonance is well reproduced
by the analytic expression obtained from the input-output
theory, see Appendix C. From fits of this model to all
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FIG. 3. (a) Transmission spectra |Sou;(vs)| of the readout
resonators normalized to their respective maximum values mea-
sured from the charge line ports i to the feedline output port
as a function of drive frequency v,; with resonance frequencies
(dashed vertical lines) obtained from Lorentzian fits. (b) Trans-
mission spectrum |Sqyein (V4)| measured from the feedline input to
the output port close to the resonance frequency of R6 with (red
line) and without (blue line) a 7w pulse applied to qubit Q6 prior
to measurement. The dashed lines are fits to the model described
in Appendix C with vertical dashed lines indicating the fitted
readout resonator frequencies for the two cases.

measured data sets we obtain the resonator parameters
summarized in Table 1. The effective linewidths and dis-
persive shifts of most qubits are smaller than the target
values discussed in Sec. II. owing to imprecisions in device
fabrication. To achieve detunings Agrp between the readout
resonator and Purcell filter below 20 MHz across the entire
sample we carefully modeled the microwave properties of
the individual elements, as discussed in Appendix D.

We perform time-resolved measurements of the res-
onator response to a 80-ns-long probe pulse for the qubit
initially prepared in either the ground or excited state, see
Fig. 4. We show the measured response downconverted by

TABLE 1. Parameters of readout resonator Ri obtained from
fits to transmission spectra equivalent to the one shown in Fig.
3(b). The Purcell filter frequency wp, readout resonator frequency
wg, Purcell filter linewidth «p, and their coupling rate J, the effec-
tive readout resonator linewidth «g, and dispersive shift y are
listed.

R2 R3 RS R6 R7
wr/27 (GHz) 7.058  6.575 7214 6.898  6.409
wp/2m (GHz)  7.057 6580 7.196 6.898  6.392

kp/27 (MHz) 322 356 578 383 326
J/2r MHz) 92 7.9 6.9 8.7 7.8
kp/2m (MHz) 143 78 45 113 31
x/2m MHz) —4.05 —1.11 —480 —2.66 —192
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FIG. 4. Measured quadrature amplitude 4 as a function of time
t when applying a square pulse (light blue) of length 7, = 80 ns
resonant with R6 and for the qubit Q6 prepared in the excited
(red) and ground (blue) state and the difference of the two (gray).

the frequency of the probe pulse and present the ampli-
tude A4 in the quadrature for which the integrated difference
between the ground and excited state response is max-
imal. At the start and the end of the readout pulse we
observe a peak and a dip, respectively, which are both
independent of the qubit state. We attribute this feature
to the fast ring-up and ring-down dynamics of the Purcell
filter. Other sharp features are due to spurious qubit-state-
independent high-frequency components in the broadband
measurement signal. The smooth change in the difference
between the ground and excited state responses (gray line)
stems from the qubit-resonator dynamics. Oscillations in
the signals and their difference result from a two-frequency
beating caused by the finite quadrature imbalance of the
downconversion mixer.

We measure the difference between the ground and
excited state response of all readout resonators, the com-
plex conjugate of which we use as the integration weights
in the DSP unit. Choosing this quantity as a mode-matched
filter is known to provide near-optimal filter efficiency for
a given readout frequency and power [43,44].

IV. MULTIPLEXED SINGLE-SHOT READOUT

We quantify the performance of single-shot readout for
each qubit by preparing the qubit in either the ground or the
excited state and by subsequently applying a readout pulse
at the corresponding readout resonator frequency. The inte-
grated response signal s for the two input states follows a
bimodal Gaussian distribution with the distribution width
o as shown in Fig. 5 for qubits Q2 and Q6 having the
smallest and largest SNR = ({(s), — (s)0)/0. We normal-
ize s by the width of the distribution o to make the SNR
easily comparable for the different qubits. Each qubit state
is prepared 7, & 1.3 x 10° times. In all experiments we
also apply an additional readout pulse prior to the state
preparation to herald the ground state [6,7,22]. The herald-
ing discards Perm = 4-6% of the experiments for each
qubit corresponding to the probability for the qubit to be
thermally excited [45].
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FIG. 5. Histograms of integrated single-shot readout signal of
Q2 and Q6, respectively, prepared with a 7 pulse (red) and
without (blue). The signal s is normalized by the width of the
Gaussian distribution. Experimental data (points) are shown with
fits to a double Gaussian distribution (solid lines). Results from
the individual readout experiment (e) are compared to the case in
which the readout pulse is also applied to all other qubits initially
prepared in either a ground state (darker shade, x) or averaged
over all possible input states (brighter shade, o).

In order to assign a binary value corresponding to the
outcome of the qubit measurement from the continuous
valued signal s, we choose an assignment threshold, which
best separates the prepared states of the qubit. We quan-
tify the fidelity of the readout by the probability of correct
assignment P. = [P(g|0) 4+ P(e|m)]/2, where w (0) marks
the state preparation with (without) a 7 pulse, and e (g2)
represents an assignment to the excited (ground) state. We
maximize P. by optimizing the readout power and fre-
quency for a given readout pulse length for each qubit
individually.

The bimodal Gaussian fits to the single-shot histograms
provide information on the sources of readout error [22].
There are three main error mechanisms: First, due to
finite SNR, the two states cannot be fully distinguished
because of the overlap of the two Gaussians. The over-
lap error accounts for less than 0.5% error probability
for qubits Q3, 5, 6, and 7. For Q2 this error amounts
to 3.1% owing to the lower readout power used for this
qubit compared to all others. Second, qubit state mixing
between the ground and excited states due to the readout
tone [46] and rethermalization causes an error with prob-
ability P(e|0) = 0.3—1.2%. Finally, when prepared in the
excited state, the qubit may decay before or during the
readout, which accounts for the remainder of the observed
errors and ranges from 0.7% for Q3 to 5.5% for Q5 which
has a combination of a slow readout resonator and low T}

TABLE II. Probability of correct assignment P.; and P of
the single qubit and simultanious five-qubit single-shot readout
correspondingly.

Q2 Q3 Qs Q6 Q7
Po  942%  988%  93.6%  97.9%  97.8%
Ps  945%  988%  929%  98.6%  97.9%

compared to the other qubits, see Appendix B for a com-
parison of parameters. Overall, qubit decay appears to be
the dominant source of error, which suggests that signifi-
cant improvements in the readout performance are possible
in future devices featuring longer 7 times.

We repeat the single-shot readout experiment with
probe pulses applied at all five readout frequencies
simultaneously and with the qubits prepared in all 2° = 32
combinations of basis states. From this dataset we first pick
a subset, where all but one qubit are left in the ground
state. The histograms with a single (dots) and multiqubit
probe tone (crosses) are practically indistinguishable, see
Fig. 5. This indicates that the probe tones do not have
a significant spectral overlap with the mode-matched fil-
ters of the other qubits. Moreover, the signal distributions,
obtained after averaging over all possible states of the
other qubits (circles) are also almost identical. Thus, each
frequency component contains information about a single
qubit only, which is confirmed by the nearly identical prob-
ability of correct assignment for the individual readout P,
and five-qubit readout P.s shown in Table II. The remain-
ing discrepancy is on the level of variation of P, in repeated
experiments.

As the readout performance for each qubit remains
largely undisturbed by the additional readout tones we
use the individually obtained assignment threshold values
and mode-matched filter coefficients. The ability to inde-
pendently calibrate each subsystem is desired for system
scalability.

The probability matrix P(s;---s5/¢1---¢s5) (Fig. 6)
of assigning state s; € {g,e} for preparation ¢; € {0, 7}
describes all state assignment. Ideally, P(s|¢) is an identity
matrix. The matrix obtained from the experimental data is
close to diagonal with the largest deviation correspond-
ing to assigning all qubits to the prepared excited states
P(eeeee|mnmmm) = 83.3% as this input state is most sus-
ceptible to individual qubit decay. Apparent features in
the full assignment probability matrix are the additional
off-diagonal lines, which below the diagonal are indica-
tive of individual qubit decay and above the diagonal of
measurement-induced excitation during the measurement.
These off-diagonal elements are most pronounced for Q2
and QS5, which have the largest decay and mixing errors.
Moreover, as discussed in Appendix E, the cross correla-
tions extracted from the assignment probability matrix are
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FIG. 6. Assignment probability matrix P(s|¢) for each qubit
Qi prepared with a v pulse ¢; = 7 (red) or without a pulse ¢; = 0
(blue) and each qubit assigned to either ground state s; = g (blue)
or excited state s; = e (red). The qubits are ordered as Q2, Q3,
Q5, Q6, and Q7 from left to right (top to bottom) for the prepared
(assigned) state.

up to 0.3%, which is small compared to the single-qubit
readout errors.

V. EFFECT OF MEASUREMENT CROSSTALK ON
UNTARGETED QUBITS

As the readout resonators are coupled to a common
feedline and have a finite spectral overlap, the readout

tone of qubit Qj also populates the readout resonators
of untargeted qubit Qi with a qubit state-dependent field
amplitude by, which causes parasitic measurement-induced
dephasing [40]. While the instantaneous measurement-
induced dephasing rate I'(#) = 2 Im[b,(£)b}(#)] changes
during the measurement, the error per readout operation
corresponds to the integrated effect of the probe pulse.
Thus, we quantify the effect of measurement crosstalk
on untargeted qubits as the average dephasing rate f‘,-j =
(1/7p) fooo ['i (t) dt of Qi due to the measurement of Qj
with a pulse length 7,,.

We measure the average dephasing rate in a Ramsey
experiment [44,47] with a fixed time between the Ramsey
pulses, see the pulse scheme shown in the inset of Fig. 7(a).
By varying the phase ¢ of the second 7 /2 pulse on Qi we
observe Ramsey oscillations with a contrast ¢. In between
the 7 /2 pulses, we apply a probe pulse scaled in amplitude
by a factor & relative to the final probe pulse. As shown
for the example data in Fig. 7(a) for i=7 and j = 3,
the Ramsey contrast ¢ decreases with increasing £. We

fit the observed data to the expression c(£) = coe ' 7¢ ? to
extract the measurement-induced dephasing rate I". Here,
the constant prefactor ¢y accounts for all other dephasing
mechanisms which are independent of &.

When we apply the measurement pulse to the same
qubit as the Ramsey experiment (i =j) we observe the
intended measurement-induced dephasing. As discussed
in Appendix F, the measured T';; in combination with the
SNR obtained from the histograms in Fig. 5 allows us
to estimate the measurement efficiency n [44], which we
find to be 42-52%, mostly limited by the dissipative com-
ponents before the TWPA and the internal loss of the
TWPA.
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(a) Contrast of the Ramsey oscillations ¢ of qubit Q7 as for different readout pulse amplitudes & relative to the final readout

amplitude on Q3 (dots) and a Gaussian fit (red line). (Inset) Pulse scheme used for the dephasing measurement consisting of 10-ns 77 /2
pulses (pink) and 80-ns readout pulses (yellow). (b) The average dephasing rate of qubit Qi when applying a readout pulse to qubit
Qj . Experimentally measured rates (filled bars), calculated values based on the parameters extracted from the spectroscopy shown in
Table I (black frames), and calculated dephasing rates for a Gaussian-filtered probe pulse (red frames).
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TABLEIII.  Qubit and resonator properties obtained by methods described in the main text and Appendix B. Numbers in parentheses
are the settings used for the dephasing measurements in Sec. V.

Q2 Q3 Q5 Q6 Q7
Qubit frequency, wq/2m (GHz) 6.254 5.206 6.441 (5.457) 5.902 5.442
Max. qubit frequency, wq max/27w (GHz) 6.260 5.216 6.996 5.996 5.442
Qubit anharmonicity, «/27w (MHz) —226 —246 —198 —234 —238
Qubit lifetime, T (us) 5.7 6.0 4.9 5.8 5.8
Qubit coherence time, T (us) 4.1 2.5 0.7 3.1 7.8
Thermal population, Pperm (%) 4.7 5.1 2.9 6.0 6.4
Readout resonator frequency, wg /27 (GHz) 7.058 6.575 7.214 (7.200) 6.898 6.409
Purcell filter frequency, wp /27 (GHz) 7.057 6.580 7.196 6.898 6.392
Purcell filter linewidth, xp /27 (MHz) 322 35.6 57.8 38.3 32.6
Readout-Purcell coupling, J /27 (MHz) 9.2 7.9 6.9 8.7 7.8
Effective readout linewidth, xg /27 (MHz) 143 7.8 4.5(11.8) 11.3 3.1
Qubit coupling to Ri, g/27 (MHz) 122.3 1234 134.0 1159 108.2
Dispersive shift, x /27 (MHz) —4.1 —1.7 —4.8 (-0.9) —2.6 —-24
Readout frequency, wro /27 (GHz) 7.056 6.572 7.208 6.891 6.407
Readout IF, vro mod (MHZ) 195 —289 347 30 —454
Readout photons, ngro 4.1(4.7) 222 (36.3) 2.9 (126) 5.8 (14.3) 9.7 (31.1)
Critical photons, i 10.8 30.2 8.2 (42) 18.2 19.9

The parasitic measurement-induced dephasing l:,j
(i #j) spans two orders of magnitude (Fig. 7). For
example, the large dephasing of Q2 when measuring Q5
leads to a phase-error probability due to measurement-
induced dephasing of Py = [1 — exp(—f‘,-j 7,)]1/2 ~ 11%
while for other qubit pairs the corresponding phase-error
probability is below 0.1%.

To calculate the expected dephasing rate for the sam-
ple parameters given in Appendix B, we solve for the field
amplitude b(¢) in the readout resonator described by the
equations of motion given in Appendix C. The compari-
son of the calculated, depicted with a black frame in Fig. 7,
and the measured dephasing, depicted with filled bars,
shows a qualitative agreement except for the dephasing
of Q5, for which we did not obtain reliable data due to
qubit-frequency instability and short dephasing time, see
also Appendix B.

The good agreement with the model of parasitic
measurement-induced dephasing justifies using the model
for explaining the qualitative features and predicting pos-
sible future improvements. For example, Q2 is most
strongly dephased by the measurement tones in R5 and
R6 as these are the readout resonators closest in fre-
quency to R2. The readout pulse for R5 dephases Q2
more strongly compared to the pulse for R6, since a much
stronger tone is used for R5 due to its small dispersive
shift xs. In addition, Q2 shows the largest measurement-
induced dephasing in general, as it has the largest x
and one of the largest kg which leads to the largest
spectral overlap with the probe pulses targeted to other
readout resonators. For the dephasing experiment pre-
sented here, Q5 is in a different configuration than for
the experiments of the previous sections, as shown in
Table I1I.

As the spectral overlap between the readout resonators
is already small, the readout crosstalk is limited by the
spectral width of the square-shaped probe pulses, which
are significantly wider in spectrum than the readout res-
onators. As shown with red frames in Fig. 7, by convolving
the pulse shape with a Gaussian kernel with a width
o =5 ns, the parasitic measurement-induced dephasing
could possibly decrease by 2—3 orders of magnitude; how-
ever, this prediction is not experimentally verified. For the
same kg/Ag ratio, but without individual Purcell filters,
such probe-pulse shaping would result in only a minor
improvement.

VI. DISCUSSION AND OUTLOOK

In this work we demonstrate frequency multiplexed
readout of five qubits with high qubit selectivity. We show
that the presented architecture enables fast readout in com-
bination with low crosstalk. In particular, the single-qubit
readout performance remains unaffected by the presence of
multiple readout tones at a level where the individual read-
out calibration can be used for multiqubit readout without
degrading performance.

The primary source of errors in the single-shot qubit
readout is single-qubit decay except Q2, for which the
effect of measurement induced mixing is dominant. Fur-
thermore, the main source of readout crosstalk arises from
the probe pulses spanning to the resonance of untargeted
readout resonators. From simulations we expect that a sig-
nificant reduction of parasitic resonator population could
be achieved by a Gaussian filtering of the pulses.

Due to the short readout resonator occupation time of
250 ns and potentially low crosstalk, the readout archi-
tecture presented in this work seems particularly suited
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for quantum error-correction algorithms, in which a set of
ancilla qubits is repeatedly measured while preserving the
coherence of data qubits on the same chip [48].
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APPENDIX A: EXPERIMENTAL SETUP

We realize the experiments presented in the main text
using the measurement setup depicted in Fig. 8. Here,
the readout pulses are generated and detected with a
sampling rate 1.8 gigasamples per second using a single
ultrahigh-frequency lock-in amplifier (UHFLI) by Zurich
Instruments. The AWG component of the built-in FPGA
outputs a probe-pulse, which is up-converted to microwave
frequencies using an IQ mixer, and routed to the sample
through a chain of 20-dB attenuators thermally anchored
at the 4 K, 100 mK, and 12 mK of a dilution refrigerator.

The weak measurement signal from the output of the
sample is amplified using a wide bandwidth near-quantum-
limited traveling wave parametric amplifier (TWPA) [26].
We connect the TWPA to wideband (3—12 GHz) isolators
at its input and output to achieve appropriate impedance
matching over the entire band of amplification. The pump

WAMP TWPA Out

>

TWPA

OLO ORF InOI0Q

r L Filter
(BP, LP, HP, Eccosorb)
E] Attenuator
(20, 10, 3 dB)
E Directional coupler
Voltage
@-I Isolator sourcge

Detailed schematic of the measurement setup. The colored background on the left side indicates the different temperature

stages for the components. In the panels on the right we describe in more detail down-conversion (DC), up-conversion (UP), warm
amplification (WAMP) boards, components used around traveling waveguide parametric amplifier (TWPA) and virtual hardware
components of the Zurich Instruments UHFLI-QC. UHFLI-QC includes an internal arbitrary waveform generator (AWG), logging
units (log), timetrace averager (AVG), and complex weighted integration units. The amplification chain includes a high-electron-
mobility transitor (HEMT), intermediate-frequency (IF), low-noise (LN), and ultralow-noise (ULN) amplifiers.
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tone for the TWPA is generated at room temperature and
combined with the signal using a directional coupler at the
TWPA input. After the isolator, the signal is also bandpass
filtered at the base temperature followed by further ampli-
fication with a high-electron-mobility transistor (HEMT)
amplifier at the 4-K stage and ultralow-noise (ULN) and
a low-noise (LN) amplifier at room temperature. The sig-
nal is then down-converted using the same local oscillator
(LO) as used for up-conversion. Before digitization, the
intermediate-frequency (IF) signal is again amplified, to
make optimal use of the dynamic range of the UHFLI. The
warm amplification (WAMP) and down-conversion (DC)
boards feature attenuation and additional filters to suppress
standing waves and noise outside the detection band.

We further process the digitized signal, by using
the internal signal-processing-unit functionalities of the
UHLFI. For data shown in Fig. 4, we average signal time
traces over several trigger events. For single-shot mea-
surements, we perform several weighted integrations in
parallel, each with different integration weights, and record
the individual results.

The qubit drive pulses are generated using a channel pair
of an AWG at 1.2 gigasamples per second. The qubit drive
lines have the same cold attenuator configuration as the
probe tone input. To tune the qubit frequencies, we apply
current bias by controlling the voltage across a bias resis-
tor. At 100- and 12-mK temperature stages, the flux line
signals are low-pass filtered with a cutoff at 1 GHz. The
flux lines are also equipped with EccoSorb filters at the
base temperature to suppress noise above 15 GHz.

APPENDIX B: DETAILED SAMPLE
DESCRIPTION

To determine characteristic qubit parameters of our
device, Table III, we use standard spectroscopy and time-
resolved measurement techniques. We measure the exact
qubit frequencies and 75 using a standard Ramsey proto-
col. The anharmonicity is extracted from a spectroscopic
measurement of the two-photon transition into the second
excited state. The qubit energy relaxation time 7 is char-
acterized by standard time-domain experiments. We deter-
mine the thermal population of the excited state Pypey, from
the probability that the qubit is found to be in the excited
state in the preselection readout conducted before every
single-shot experiment run. For all single-qubit gates, we
used DRAG-shaped [49] m pulses with length 2.50 =
50 ns. Qubit Q5 exhibited significant frequency instabil-
ity and as indicated in Table III we use it in a different
configuration for the measurement discussed in Sec. V.

Parameters of the readout resonators and Purcell filters
are extracted from the feedline transmission spectroscopy
fits, as discussed in Sec. III. We chose the intermedi-
ate frequencies of the probe pulses vromoq Such that the
second sideband of the upconversion process would not

overlap with the untargeted readout resonator frequencies.
The photon number during the readout nro is measured
using an ac Stark shift measurement and the critical pho-
ton number ngi = g%/[4(wq — wr)?] is calculated from
the parameters of the readout circuit [40].

The device is fabricated on a substrate of c-plane-cut
single-side-polished sapphire from Rubicon Technology.
A 150-nm thin niobium film was deposited by STAR Cry-
oelectronics on wafers cleaned by acetone and IPA in an
ultrasonic bath at 50°C. The circuit, except the Josephson
junctions, is defined by optical lithography and dry-etching
process. Josephson junctions are formed by Al/AlO,/Al
layers deposited in an electron-beam Plassys evaporator
with a Dolan bridge shadow evaporation technique. Native
Nb oxide is removed using ion milling before and after
defining the electron-beam mask.

APPENDIX C: INPUT-OUTPUT THEORY

As discussed in the main text, the feedline of the sam-
ple is capacitively coupled to the input port. Here, we
calculate the scattering parameters in the presence of the
input capacitor using input-output formalism [50,51], also
known as coupled mode theory [52,53], in order to model
the transmission spectrum from port 1 to port 2, as shown
in Fig. 9.

The equations of motion for the coupled Purcell filter
mode a and readout resonator mode b is given as

d Ve

W inga— Y bt Jiaa,  (Cla)
di 2

db

= ifb - oAV i b, (Clb)

- I; ro—>

| <1, a, T_l._¢airi<—
I Ka
OX”
J
@

Kb

FIG. 9. Input-output network of the readout circuit includ-
ing feedline, Purcell filter, and readout resonator with input
and output ports (green circles), resonator modes (yellow cir-
cles), traveling mode amplitudes (arrows), dissipation channels
(wiggly arrows), and capacitive couplings of the elements.

2

C; —>
1
004—

b
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where Ay, p = @(p — @wq is the detuning between the
drive frequency of the input field w, and the bare resonance
frequency w,, of the respective mode, J is the coupling
strength of the modes a and b, and the rates y, and y, are
the nonradiative internal loss rates of the resonators. The
corresponding input-output relations are

a, = a; — \JK,a, (C2a)
by = b; — JJiesb, (C2b)

where direction of the input (7) and output (o) modes is
indicated in Fig. 9, «, is the coupling rate between the
Purcell filter and the feedline and «;, is the coupling rate
between the readout resonator and the qubit drive line.
The ¢ junction connecting the Purcell filter () with the
right () and left (/) side of the feedline is energy conserv-
ing, reciprocal, and symmetric. Therefore, the scattering
matrix describing the ¢ junction is unitary and symmetric
[54] and obeys S;; = S>3 = S31. Up to a sign convention,
the only such scattering matrix corresponds to the relations

1 2 2
lo= —gli + 37 + 390> (C3)
o= 2l —xrit 2a, (C4)
3 3 3
2 2 1
a; = glt + 37— 3% (C5)

where a;, b;, ¢; and a,, b,, ¢, are input and output modes
of the three corresponding ports with respect to the Pur-
cell filter. The input capacitor is described by the scattering
relations [54]

co=(1-0D),+T¢ (Cé6a)
L=0-"T)+T1, (C6b)
where T@'(w) =1/(1 +2iwZyCj,) with characteristic

impedance Z; and capacitance Cj, of the input capacitor.

Combining all the input-output relations and assum-
ing a negligible dispersion between the ¢ junction and the
input capacitor, we eliminate modes / and @ such that the
equations of motion become

d - RatVa
—az—iAaa—K v a—iJb
dr
Ka
+ g[(l — D+ A+, (C7a)
db
o = —ifh — b er Yh—iJa+ Jiob:  (CTb)
with effective linewidth
1 + Re{l"
ARPRLAL L (C8)

and effective frequency

- Im{I"}
W, = Wg + Kg 7

(C9)
In the limit I’ — 1 for which the Purcell filter is coupled
only to a single port K, — «, and @, — w,. The input-
output relations corresponding to the above equations of
motion now read

co=ci+ (1 —-T)r,— \/zK_a(l —Da, (C10a)
ro=ri+ 1 —=T)c; — «/2K—a(1+1_‘)a, (C10b)
by = b; — \/kpb. (Cl10c)

To extract the scattering parameters of the system, we
solve Eq. (C7) for the steady state (da/dt = db/dt = 0)
and substitute the solution into Egs. (C10). By setting r; =
b; = 0, this approach yields the transmission coefficient
through the feedline

1+T
1 + Re{T'}
Ra(yp + 2iAp + Kp)

X = )
402 + (Yo + 20Dy + Ra) (Vo + 20Dy + K5)
(C11)

S rfa
1-T 1-T

normalized by the insertion loss induced by the input cou-
pler of the feedline. Equation (C11) is the model we used
to fit to the data in Fig. 3(b). To obtain the transmission
coefficient from the weekly coupled qubit drive line to the
output port of the transmission line we set ; = ¢; = 0:

7o 14T
Spy=-—=—F—
b; 2(1 + Re{T))
4iJ \[Kar/Ks
X =
4J2 4 (Yo + 2iAg + Ra) (b + 2iAp + k),

(C12)

which describes the data shown in Fig. 3(a).

To extract the exact expression for kg [39], we rewrite
Eq. (C7) in a matrix form and find the eigenvalues in the
steady state and without external drive. The real part of
the eigenvalues are the effective linewidth of the corre-
sponding modes. We approximate y, 5, k5 ~ 0 and thus the
effective linewidth of the readout resonators becomes

R = (Ea _Re {\/_wz + (R - ziéabﬂ}), (C13)

2

which is the expression used to calculate the readout res-
onator linewidth in Table I from the fitted parameters. In
the main text, we denote the Purcell resonator frequency
w, = wp and the linewidth x, = «p.
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FIG. 10. Mode function and circuit model for the A /4 resonator
with capacitances Cy and C, to ground at distances d and x. from
the terminated end, respectively.
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APPENDIX D: CALCULATING THE RESONATOR
FREQUENCIES

We realize both the Purcell filters and the readout res-
onators as a transmission-line-based A/4 resonator. We
model each resonator with the circuit shown in Fig. 10 con-
sisting of a transmission line of length d grounded atx = 0,
coupled to ground at x = x. and x = x; with capacitance
C. and C accordingly. Here, we consider all elements cou-
pled to the studied resonator to be effectively grounded and
thus the capacitances C, and Cy include both the coupling
to the ground and to the other circuit element.

The field amplitude along the transmission line on both
sides of the coupling at x. is described by the standard
wave equation. Thus, the mode function for the flux vari-
able ¢ (x, ) (time integral of the voltage) of each resonator
is given by [55]

¢ (x, 1) = ¢ sin(wr)
{B sin ()
X

for 0 < x < «x,, (D1
cos[k(x —d) — 0] forx. <x <d,

with the mode amplitude ¢, unitless scaling factor B,
phase offset 6, wave number k£ = w/v, and resonance fre-
quency . Moreover, v = 1/+/Ic is the phase velocity of
field with inductance / and capacitance ¢ per unit length
of the resonator. Since the mode at x = x. has to be
continuous, the scaling factor becomes

. cos[k(x. — d) — 0]
N sin(kx,.)

(D2)

There are three boundary conditions due to the grounded
end and extra capacitors. The boundary condition at the
terminated end is fulfilled directly by the choice of the
mode function. The other two boundary conditions are

set by Kirchhoff’s law for current derived from the Euler-
Lagrange equation [51,55]

. 1 0
¢, 1) + C_olagb(x’ 1) » =0, (D3)
b(xe, t L t 9 t =0
d)(xm )+ CLZ a(b(x, )x:xc+ - aqﬁ(xa )x:x67 — Y.
(D4)

When inserting Eq. (D1) into Egs. (D3) and (D4), we
obtain the following result:

tan(0) = CoZow, (D5)

tan(kx.) ! + tan[k(x, — d) — 0] = C.Zyw,  (D6)
where Zy = \/I/c is the characteristic impedance of the
coplanar waveguide.

We solve Egs. (D5) and (D6) numerically to find w and
0 for a given resonator length, and Cy and C, obtained
from finite-element simulations. Typical values for the
capacitances are C. = 6.5 fF between the Purcell filter
and readout resonator, Cy = 61.3 fF between the qubit and
readout resonator, and Cy = 4560 fF between the Purcell
filter and feedline. These additional capacitances result in a
typical resonance frequency shift of 600—700 MHz. Using
these solutions we can accurately predict the frequency of
each resonator, which ensures that the readout resonators
are on resonance with its Purcell filters and that we achieve
equidistant frequency spacing between the resonators of
the different qubits.

0.3

Q2 M
31 =
- Q - 0.1 3
o c
5 Q51 F0.0 2
& o1 2
- — o
L 02 §

Q71
T T T T l —03
Q2 Q3 Q5 Q6 Q7
Qubit, Q3

FIG. 11. Correlation coefficients between the outcomes of the
multiplexed single-shot measurements as calculated by Eq. (E1).

034040-11



J. HEINSOO et al.

PHYS. REV. APPLIED 10, 034040 (2018)

100
97
94
91
88

0.3
0.2
0.1
0.0
—0.1
-0.2
-0.3

Prepared qubit, Qj
O
a
1

Cross fidelity, F;; (%)

le Q|3 QI5 QI6 Q7
Classified qubit, Q1

FIG. 12. Cross fidelity calculated using Eq. (E2). The diagonal
elements correspond to the single-qubit readout fidelities.

APPENDIX E: CORRELATIONS AND
CROSS-ASSIGNMENT FIDELITY

Correlations in the qubit-state assignment can result
from a variety of mechanisms such as finite cross cou-
plings on the device, the spectral overlap of individual
readout signals and detection bands of different qubits, and
nonlinearities in the amplification chain. Here we discuss
two metrics, which can be used to benchmark such imper-
fections: Cross correlation, which describes the correla-
tion between the assigned states, and cross fidelity, which
assesses correlations between the prepared and assigned
states. We extract both quantities from the assignment
probability matrix presented in Fig. 6.

The correlations in the state assignment of a pair of
qubits Qi and Qj are quantified by a cross-correlation
matrix
cov(0zi, 0z5)

var(o,;) var(o;)

where the covariance cov and variance var are taken over
all prepared states and states assigned to other qubits. Ide-
ally, we expect no cross correlations C;; = 0 (i # j ) while
the diagonal elements C; = 1 by definition. The cross-
correlation matrix shown in Fig. 11 is extracted from the
experimental data and shows finite off-diagonal elements,
which, however, are small compared to the single-qubit
measurement-error probabilities discussed in the main text.

Correlations between the assigned and prepared states
are described by the cross fidelity

Cy = (E1)

Fy =1~ P(el0)) — P(gilm)), (E2)

where the probability P is taken over the assignment
(preparation) of all qubits but i (j). Ideally, the readout

TABLE IV. Measurement efficiency for each qubit calculated
by Eq. (F2) from a Ramsey-type measurement discussed in the
main text.

Q2 Q3 Q5 Q6 Q7
51.8% 499% 42.7% 51.2% 47.9%

Efficiency, n

result of Qi should be uncorrelated with the prepara-
tion of Qj and we expect P(e;]0;) = P(gi|m;) = 0.5 and,
thus, the off-diagonal elements should be 0. The measured
matrix F; in Fig. 12 shows small off-diagonal elements
approximately 0.3% compared to the single qubit errors
approximately 3%.

APPENDIX F: MEASUREMENT EFFICIENCY

We extract the total measurement efficiency from a com-
parison between the measurement-induced dephasing and
the signal-to-noise-ratio (SNR). The quantum-limited SNR
for dispersive readout with a phase-preserving amplifier
and lossless detection chain is given by [44]

SNRE, = 451y, (F1)
where 7, is the measurement pulse length and Iy is
the average measurement-induced dephasing rate obtained
from the Ramsey-type experiment described in Sec. V. We
extract the SNR from the histograms of single-shot mea-
surement signals as described in Sec. IV. and define the
measurement efficiency of the whole detection chain for a
qubit Qi as
_ SNR?  SNR?

SNRéL 4l; iiTp '

Ni (F2)

The observed measurement efficiencies are in the range
of 42% to 52% as listed in Table IV. The measurement
efficiency is mostly limited by the internal loss in the
TWPA [26] and in the MW components between the sam-
ple and TWPA. We attribute variations of the measurement
efficiency for the different measured qubits mostly to the
frequency-dependent gain of the TWPA.
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