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We experimentally optimize the frequency of flux-tunable couplers in a superconducting quantum
processor to minimize the impact of spectator transmons during quantum operations (single-qubit gates,
two-qubit gates, and readout) on other transmons. We adapt a popular transmonlike tunable-coupling
element, achieving high-fidelity, low-leakage controlled-Z gates with unipolar, fast-adiabatic pulsing only
on the coupler. We demonstrate the ability of the tunable coupler to null residual-ZZ coupling as well as
exchange couplings in the one- and two-excitation manifolds. However, the nulling of these coherent
interactions is not simultaneous, prompting the exploration of trade-offs. We present experiments
pinpointing spectator effects on specific quantum operations. We also study the combined effect on
the three types of operations using repeated quantum parity measurements.

DOI: 10.1103/wdfj-4nbt

Residual quantum interactions between qubits are a key
source of crosstalk in multiqubit processors. In particular,
spectator (i.e., inactive) qubits during single-qubit gates,
two-qubit gates, and readout of other qubits can introduce
state-dependent errors. In legacy circuit quantum electro-
dynamics (QED) processors employing transmons coupled
via fixed-frequency resonators, a dominant residual inter-
action is ZZ coupling, which adds a Hamiltonian term

SH = h&,|1,1,)(1;15),

making the qubit transition frequency of transmon Q;
dependent on the state of Q; and vice versa. Here, 7 is
the reduced Planck constant, and numbers indicate the
energy excitation level. It is not uncommon for the coupling
strength |,,|/(27) to reach MHz level for some pairs [1]
due to limited frequency targeting accuracy. Postfabrication
frequency trimming methods have allowed for taming
|221/(27) to the ~100 kHz range in many cases [2,3].
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Exchange interactions in the one- and two-excitation
manifolds are strong, adding Hamiltonian terms

nJ7710,1,)(1,0;] + Hec.,
nJY(1,1,)(0,2;] + Hec.,

with coupling strengths J; ,/(27) typically at the 10 MHz
level. Only large detuning |A| > J between the coupled
levels limits their impact.

In recent years, significant effort has focused on the
development of flux-tunable couplers to mitigate these
quantum interactions, a crucial step in the pursuit of fault-
tolerant quantum computing [4-20]. A popular approach
uses flux-tunable transmonlike elements [21-36], with
variants including floating [37-42] and grounded [43-52],
also used in chiplet-linking configurations [53,54]. The
largest quantum processors demonstrated to date also
employ this tunable coupler [33,55]. A characteristic of
this approach is that ¢,,, J;, and J, can all be nulled,
provided that the coupled transmons lie in the straddling
regime where the qubit (|0) — |1)) transition of one trans-
mon is flanked by the qubit and leakage (|1)—|2))
transitions of the other. Crucially though, &,,, J;, and
J, cannot be simultaneously nulled at a single coupler-
frequency setting [47]. This constraint stems from the
structure of the dressed energy levels in the one- and
two-excitation manifolds. (See Supplemental Material [56]
for a detailed discussion of how these quantities depend
on the tunable-coupler frequency.) This fact motivates the
question, What tunable coupler positioning is best to

Published by the American Physical Society
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mitigate the impact of spectator transmons on the fidelity of
quantum operations (readout and single- and two-qubit
gates) performed on other transmons?.

In this Letter, we experimentally address this question
using a 5-transmon prototype of our tunable-coupler-based
processor architecture. [This S-transmon processor is pub-
licly available as the Tuna-5 backend on the Quantum
Inspire platform [67] together with a 9-transmon processor
(Tuna-9) using the same architecture.] After mapping out
the dependence of £,,, J;, and J, on coupler frequency, we
first find that spectator effects on single-qubit gates are
strongly mitigated over a wide range of coupler position-
ing, spanning both £,, =0 and J; = 0, but not J, = 0.
However, for readout, nulling J; or J, is advantageous: it
avoids the excitation exchange activated by measurement-
induced spectral overlap between transitions of coupled
transmons. To also consider the impact of spectators on
two-qubit gates, we first consider several options for
realizing controlled-Z (CZ) gates, converging on unipolar,
fast-adiabatic flux pulsing only on the tunable coupler,
achieving CZ error ec; < 1% with leakage L; ~ 0.05%.
Our final experiment studies the combined effect of
spectators on readout and single- and two-qubit gates in
a minimal setting relevant for quantum error correction
(QECQ): repeated weight-2 parity checks with a baseline
error-detection probability of ~12%. When repeatedly
toggling a spectator, we observe that the detection prob-
ability is lowest with the coupler biased around &,, = 0,
minimizing spectator effects on CZ.

Our device consists of five flux-tunable transmon qubits
in a starfish configuration, with central transmon Q
connected to four corner transmons (Q;-Q,) via dedicated,
also flux-tunable couplers Cy,. (Please see Supplemental
Material [56] for device parameters and performance
characteristics.) This qubit count and connectivity is a
common choice for prototyping quantum-hardware archi-
tectures intended for QEC [68—70]. Numerical simulations
show that the targeted coupling strengths, gq4q/(27) =
6 MHz and g,./(27) = 70 MHz [56], can null £, with
the transmons in the so-called straddling regime and the
coupler positioned ~700 MHz above the qubit transition
frequencies. Spectroscopy of the coupler at £,, = 0 con-
firms this prediction [56]. In this device, we find all coupled
transmon pairs in the straddling regime with all biased
at their simultaneous sweet spot, making this the clear
choice of bias point for transmons as it maximizes qubit
coherence.

We start our Letter by mapping the dependence of &,
Ji, and J, on coupler bias frequency. Figure 1(a) shows
example results for pair (Q;,Q,) (see Supplemental
Material [56] for similar results for the other pairs). We
measure £, using a modified echo sequence [71] and J4
(J) by spectroscopy of the [0;1y) —[1,00) (|1;1o) —
|0,2¢)) avoided crossing reached by flux biasing Q, (Q,)
away from sweet spot. Decoherence limits the ability of

A J1/(2m) J2/(2m) e &z7/(2m)
[ T T T T L} T L
(@ 4 i I
| 1
1 1
< 1 I 0.5§
1
= I =
B 0 E
o =
= N
~ N
-0.5%
-1

Gate error £1q¢ (%)

1 1 1 I : II L 1
0—=57 58 53 6 61 62 63
Coupler Co; frequency fc,, (GHz)
FIG. 1. Single-qubit gate performance as a function of tunable

coupler frequency. (a) Jq, J,, and &7, between Q; and Q, as a
function of coupler Cy, frequency. Vertical gray, golden, and
brown lines indicate the Cy; frequencies at which Jy, J,, and £,
are nulled, respectively. (b) Single-qubit gate errors on Q, and
Q;, measured using simultaneous and individual randomized
benchmarking, as a function of Cy; frequency. Error bars are the
standard deviation of the mean computed from 10 repetitions.
Inset: schematic of the subsystem formed by Q;, Qy, and Cy;. Q;
and Q are biased at their sweet spot frequencies of 5.218 and
5.295 GHz, respectively.

both methods to accurately extract these quantities at their
zero crossings. When necessary, we rely on polynomial fits
to exact the Cy; frequencies at which they are nulled. The
results clearly illustrate that the three interaction strengths
can be nulled, but not simultaneously.

We first focus on single-qubit gates, studying the impact
of Cy, bias frequency on the individual and simultaneous
single-qubit gate performance of Q; and Q, [Fig. 1(b)].
Individual single-qubit randomized benchmarking (RB)
with the other transmon kept in |0) provides a baseline
single-qubit native gate error <0.1% across most of the
650 MHz range covered in C,;. We attribute the increase
observed at the lower end of C,; frequency to increased
transmon dephasing due to hybridization with the coupler
and increased sensitivity of the bare coupler to 1/f flux
noise [56]. Simultaneous performance matches individual
performance over a wide Cy; range, including &}, = 0 and
J9 = 0. A degradation is observed in simultaneous per-
formance by J, = 0. Note that the C; sweet spot limits our
ability to extensively cover the &), > 0 regime. This is
intentional: we strategically targeted couplers to have sweet
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spots just above &), =0 to avoid unnecessarily compro-
mising on their coherence.

During the above study, we observed that £, = 0 is not
the optimal choice for readout. Specifically, at this Cy; bias,
we found it impossible to achieve an average assignment
error [72] ero < 2.5% for Qq, whose qubit transition
frequency is above that of Q;. The underlying physical
reason is population exchange |150,) — |0y1;) activated
during readout: photons injected to the Q, readout mode
cause a Stark shift of Q, displacing its qubit transition
downward in frequency and broadening its linewidth [73],
causing spectral overlap with Q. Similar physics has been
used to explain enhanced qubit relaxation during readout,
caused by Stark-shift activated exchange with lower-
frequency two-level defects [74]. Figure 2 evidences the
phenomenon, showing the excitation exchange from Q, to
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FIG. 2. Measurement-induced population exchange. (a) Sche-
matic depicting a measurement pulse applied to Q; after prepar-
ing it in the excited state. This pulse is followed by a
measurement of Q, to quantify the population exchange between
the qubits. (b) Population of Q, as a function of C; frequency
and amplitude of the Q, readout pulse. The amplitude is
expressed as a fraction of the maximum output of the Qblox
QRM-RF module used for readout. The pink trace shows the data
acquired with the chosen amplitude [56]. (c) Single-shot readout
characterization for Qg at J; = 0, yielding ego = 0.8%. (d) Sim-
ilar characterization at £,, = 0 and using identical readout
parameters, yielding egg = 2.5%.

Q; as a function of both Q, readout pulse amplitude and
Cy; bias. The detuning between qubits also plays a role,
maximizing the exchange when it is comparable to the
Stark-shift induced by the readout pulse [56]. Population
exchange is strongly suppressed in a Cy; frequency range
centered around J9' = 0, where ego < 1% is reached for
Qo with a total readout duration of 800 ns (including
photon depletion). Remarkably, population exchange
|11) — |02) may also occur during readout and can be
mitigated at J, = O bias (see Supplemental Material [56]
for a study of this effect), although this configuration is
unattractive for single-qubit gates since it leads to
¢,7/(27) > 1 MHz. As all coupled transmon pairs have
¢,7/(2m) < 100 kHz at J; =0, and in consideration of
Fig. 1, it seems tempting to choose this bias as the default
for all couplers (see Supplemental Material [56] for a
summary of the operating frequencies at this coupler bias).
However, it remains important to also study spectator
effects on two-qubit gates.

To this end, we must now choose an implementation
of CZ gates drawing inspiration from prior work on
similar tunable-coupling architectures [28,38,40,43,44,47]
(Fig. 3). A general controlled-phase gate can be imple-
mented by dynamically detuning the coupler, controllably
increasing £, until the target conditional phase is acquired
[28,43,44,52]. We study the conditional phase and missing
fraction (a proxy for leakage) [75] of pair (Q,,Qp) in
response to a unipolar, fast-adiabatic pulse [76] on Cy, and
a square pulse to the lower-frequency Q,, both of duration
60 ns. The conditional-phase landscape displays a contour
of 180°, the required phase for CZ. We select four points
along this contour to evaluate the performance of CZ gates
using interleaved RB with modifications to quantify leak-
age [77,78]. The best performance is achieved when Q,
remains at the sweet spot (i.e., only the coupler is pulsed).
Numerical simulations [56] show that the missing fraction
here is mostly due to leakage to state |1 1¢020q). Here,
we extract a CZ gate error ecz = (0.62 +0.03)% with
leakage L; = (0.051 £ 0.014)%. Most likely, this choice
maximizes fidelity because keeping Q, at sweet spot
maximizes its coherence, as shown in Figs. 3(e) and 3(f).
However, we did not perform detailed numerical simulation
to dissect the contribution of different physical error
sources to the error budget [71,75].

We can now study the combined effect of spectators on
readout and single- and two-qubit gates in a minimal setting
relevant for QEC [79]. Specifically, we perform repeated
indirect measurements of the parity operator X, X using Qg
as ancilla and Q4 as spectator (Fig. 4). We extract the error-
detection probability for up to 100 rounds as a function
of Cy, bias frequency without and with toggling Qy
between ground and first-excited state in every round
(similar results are obtained when using Qs as the spec-
tator [56]). The error-detection probability is a common
metric in QEC to evaluate the performance of a parity
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FIG. 3. Study of a CZ gate between Q, and Q,, implemented by

applying a fast-adiabatic flux pulse to coupler Cy, and a square
pulse to the lower-frequency qubit, Q,. (a),(b) Conditional phase
and missing fraction extracted from conditional oscillation
experiments. (c),(d) CZ error and leakage measured using
interleaved RB at four points along the contour of 180° condi-
tional phase [colored markers in (a), (b)]. Error bars are the
standard deviation of the mean computed from 5 repetitions. The
inset in (c) is a cartoon representation of frequency excursions of
Cpz, Qp, and Q,. (e) Schematic of a Ramsey-like experiment that
interleaves 12 CZ gates between two /2 pulses, the last of which
has phase ¢. (f) Ramsey oscillations for the four chosen CZ
settings, clearly showing that the impact on coherence is lowest
when Q, remains at its sweet spot, as expected.

check [27,31,33,55,80,81]. At a given round, it is defined
as the fraction of times that the declared parity outcome
does not match that declared in the previous round. For a
weight-2 parity check (like in Fig. 4), toggling a spectator
qubit can give a lower bound to the error-detection
probability of a weight-4 parity check that would include
all qubits in a larger QEC experiment. When Q, is not
toggled, the error-detection probability is largely insensi-
tive to Cyy positioning, remaining < 12% over all bias
positions and all rounds. This value is higher than the state-
of-the-art ~5% [33]; we leave a more in-depth error
budgeting of the parity-check performance as future work.
By contrast, when Q, is toggled, the error-detection
probability remains low and nearly round independent
only near £, = 0. This suggests that spectator effects
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FIG. 4. Study of spectator effects during repeated parity checks.
(a) Simplified schematic of the device with color coding to
identify data qubits (Q; and Q,, red), ancilla (Q,, blue), and
spectator (Qy, purple). (b) Quantum circuit realizing the indirect
measurement of X,X; parity using Qg as ancilla. A X pulse is
applied to Q; and Q, during readout of Q,. To study spectator
effects, a X, pulse is applied to Q,, toggling it between ground
and first-excited state in every round. (c) Error-detection prob-
ability measured over 100 rounds at different Cy, frequencies
(represented by the color scale), keeping spectator Q, in the
ground state. (d) Error-detection probability measured now
toggling Q, at every round. (¢) Common plot of the error-
detection probability at round 100 for data in (c) and (d). Vertical
lines mark the &%, = 0, /% = 0 and J%* = 0 coupler bias points.

on CZ are minimized at £;; = 0. A slight degradation is
observed by J9* = 0 (more noticeable when toggling Q;
instead of Q4 [56]). As |£%| further increases, the error-
detection probability rises, showing a positive slope toward
a higher steady state with increasing rounds. This slope is a
hallmark of leakage [27,82] to higher-excited transmon
states (of Q in this case). Note that because the Q, qubit
frequency is below that of Q4, no measurement-induced
exchange is expected to take place in the one-excitation
manifold [56]. However, exchange can occur in the two-
excitation manifold as |I41y) is Stark-shifted toward
|24,00) (In [56] we show that this effect is suppressed
at the J9* =0 bias.) This effect could underlie the
small increase in error-detection probability at &;; =0
observed when toggling Q4. An isolated study of spectator
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effects on the CZ gates played during the parity check
shows that the conditional phase remains unaffected when
toggling a spectator at any coupler bias, while errors on the
single-qubit phase can only be avoided at the &,, =0
condition [56].

In summary, we have performed an experimental study
to identify the best frequency positioning of flux-tunable,
transmonlike couplers to mitigate spectator effects on
quantum operations in a circuit QED processor. We show
that this type of tunable coupler can null ZZ and exchange
couplings, but not simultaneously. For single-qubit gates,
spectator effects are minimized at a coupler bias region that
spans J; = 0 and &7, = 0. For two-qubit gates, the condi-
tional phase remains mostly unaffected by spectator effects
independently of coupler bias, while errors in the single-
qubit phase updates can only be suppressed at &,;, =0
[56]. This is also the preferable configuration at which
spectator errors in a minimal multiqubit experiment are
mitigated. For readout, however, spectator effects are
minimized at J; = 0 (J, = 0 to measure state |11) [56])
when the detuning to the spectator transmon is comparable
to the Stark shift introduced by the readout pulse.
Consequently, it could prove beneficial to dynamically
switch between nulling conditions for different quantum
operations, taking advantage of the fast flux tunability
already in place and calibrated for two-qubit gates. In [56],
we present a proof of principle of this flux-assisted readout
strategy, showing a clear decrease in average assignment
error by dynamically tuning the coupler to J; = 0 during
readout. Moving forward, it will also be important to
further test our device architecture and spectator-effect
mitigation strategies on larger devices, for example the
17-transmon, 24-coupler processor required for the
distance-3 surface code [31,80,81], where all transmons
couple to either two, three, or four nearest neighbors. It is
also interesting to explore alternative tunable-coupling
strategies with the capability to simultaneously null ZZ
and exchange interactions [83].
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