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Improving two-qubit gate performance and suppressing crosstalk are major, but often competing,
challenges to achieving scalable quantum computation. In particular, increasing the coupling to
realize faster gates has been intrinsically linked to enhanced crosstalk due to unwanted two-qubit
terms in the Hamiltonian. Here, we demonstrate a novel coupling architecture for transmon qubits
that circumvents the standard relationship between desired and undesired interaction rates. Using
two fixed frequency coupling elements to tune the dressed level spacings, we demonstrate an intrinsic
suppression of the static ZZ, while maintaining large effective coupling rates. Our architecture
reveals no observable degradation of qubit coherence (T1, T2 > 100 µs) and, over a factor of 6
improvement in the ratio of desired to undesired coupling. Using the cross-resonance interaction
we demonstrate a 180 ns single-pulse CNOT gate, and measure a CNOT fidelity of 99.77(2)% from
interleaved randomized benchmarking.

Quantum computing requires well-controlled,
multi-qubit devices that offer speedup in certain
tasks compared to their classical counterparts. Re-
cently, there has been an explosion in device scal-
ing, mostly based on superconducting qubits [1, 2].
However, multi-qubit circuit fidelity, and ultimately
the path to a fully fault tolerant architecture, is im-
peded by the tradeoff between crosstalk and gate
speed. This tradeoff is implicit in the canonical
cQED Hamiltonian for two transmons with fixed
coupling(i = {0, 1}),

H/h =
∑

i={0,1}

(
fiâ
†
i âi +

αi
2
â†i âi

[
â†i âi − 1

])
+

J(â†0 + â0)(â†1 + â1), (1)

with frequencies fi, anharmonicities αi and coupling
strength J that can be engineered by a common bus
resonator [3] or direct capacitance [4]. The entan-
glement rate is set by J for a number of two-qubit
gates [3, 5–8], and so, a large J is desirable for fast
two-qubit entangling gates. This maximizes gate fi-
delity given finite qubit coherence. However, in this
Hamiltonian, the dressed energy levels have a two-
qubit frequency shift (to second order in J) [9]

HZZ = νZZ |11〉〈11| (2)

νZZ = f11 − f01 − f10 + f00, (3)

= 2J2 α0 + α1

(∆ + α0)(∆− α1)
, (4)
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where ∆ is the qubit-qubit detuning and fij is the
energy of the dressed state |ij〉. For fixed couplings,
this is an always on source of error and referred to
as the static ZZ interaction. It limits multi-qubit
circuit performance [10–14], and is an impediment
for realizing quantum error detection [15, 16]. The
unfavorable quadratic scaling of the ZZ error term
puts a strict upper limit on J in single coupler de-
signs, leading to slow gates.

An alternative approach to mitigating crosstalk
employs tunable coupling elements with large on/off
ratios for J [17–20]. The introduction of tunable ele-
ments typically leads to additional decoherence and
control complexity. More recent approaches have di-
rectly focused on suppressing the static ZZ interac-
tion by engineering the two-qubit level spacings. As
seen from Eqn. 4, this can be achieved by coupling
qubits with opposite signs of anharmonicity [21–23].
This effect can also be achieved by employing mul-
tiple coupling paths [24–29] with tunable elements.
In both approaches, the suppression of static ZZ re-
sults in clear improvements to simultaneous single
qubit gate performance.

In this work, we demonstrate ZZ suppression
by using multiple paths made purely from fixed-
frequency, non-tunable elements. The lack of tun-
ability means the circuit is simple to control and
insensitive to noise. Nonetheless, it is shown to be
robust to variations in circuit parameters such as the
qubit frequencies. The result is a device with an ef-
fective J of 3.5 MHz, yet a ZZ of only 26 kHz. We
explore the physics of the cross-resonance (CR) in-
teraction [6, 9, 10, 22, 31–34] with this novel device
architecture, and demonstrate a CNOT gate with a
fidelity of 99.77(2)%.
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FIG. 1. (a) A circuit schematic of the multi-path cou-
pler (MPC) device described in the main text. The
device consists of two fixed-frequency transmon qubits
with a direct coupler and a λ/4 resonator (α0 =
α1 = −302 MHz, g0(g1) = 88.5(87.5) MHz, J0 =
6.2 MHz). During the course of this work, the average
coherence properties for the qubits [Q0,Q1] were T1 =
[115(11), 117(17)] µs and T2 = [129(14), 139(32)] µs. (b)
For these values of g1, g2, J0 we calculate νZZ vs the
mean qubit frequency at different qubit-qubit detunings
(see also Ref. [30]). The experimental data is highlighted
by the star. The dashed line is the νZZ for a pair of
qubits with ∆ = 60 MHz coupled via a single path (for
example, a direct coupler) with the same effective J as
the device (see part (c)). (c) The effective J for the de-
vice at different qubit-qubit detunings, the experiment
value is the star. The dotted line is the effective J for a
∆ = 60 MHz direct coupler device with the same ZZ rate
as the device (see part (b)). The shaded region repre-
sents the frequency region where the multi-path coupler
shows an improvement in Jeff/νZZ .

To understand this device, we start with the
Hamiltonian for two transmon qubits with multiple
coupling paths,

H/h =
∑

i={0,1}

(
fiâ
†
i âi +

αi
2
â†i âi

[
â†i âi − 1

])

+J0(â†0 + â0)(â†1 + â1) +

Nbus∑
j=0

fbus,j b̂
†
j b̂j

+
∑

i={0,1}

Nbus∑
j=0

gi,j(â
†
i + âi)(b̂

†
j + b̂j), (5)

where J0 is the direct exchange coupling, and gi,j
is the coupling from qubit i to harmonic resonator
mode j. With coupling amplitudes gi,j , J0 of the
appropriate sign, diagonalizing the Hamiltonian of
Eqn. 5 results in contributions to the energy level
shifts from the multiple coupling terms and leads
to an effective cancellation of the static ZZ inter-
action. Specifically, we show that for fairly accessi-
ble coupling amplitudes, the static ZZ can be sup-
pressed over a large range of qubit frequencies in
the straddling regime |∆| < |α0|, |α1| (see § S2 of
the supplement) without sacrificing the ability to en-
able a strong CR interaction. In this work, we real-
ize such a multi-path coupler (MPC) device Hamil-
tonian by simultaneously coupling two qubits with
a λ/4 CPW resonator with its fundamental mode
above both qubit frequencies and a direct capaci-
tive coupler (short CPW section); for this geometry,
g1, g2, J0 > 0. A schematic and device parameters
are shown in Fig. 1(a).

We characterize the effective strength of the cou-
pling in terms of the ability of the device to enable
a CR interaction, i.e., the ZX rate (νZX) generated
when qubit i is driven at the frequency of a neigh-
boring qubit j. For small drives this rate is given as
νZX = µijΩ [9] where Ω is the CR drive amplitude.
For ease of comparison, we quantify this strength
in terms of an effective J (Jeff,ij). We numerically
calculate µij for the multi-path coupler and define

Jeff,ij = µij
(αi + ∆ij)∆ij

αi
, (6)

i.e., the value of J from Eqn. 1 for a single coupler
that would provide the same µij . For the multi-
pole coupler, Jeff,ij 6= Jeff,ji, and we define Jeff to
be for the value with the largest µ. The ZZ can-
cellation, and Jeff are both dependent on the qubit
frequencies and so we plot them as a function of
mean qubit frequency and for different qubit detun-
ings, in Fig. 1 (b) and (c), respectively. Fig. 1 (b)
displays two points of sign changes of the static ZZ
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through zero. The νZZ = 0 point at the lower mean
frequency trivially corresponds to Jeff ∼ 0 as seen
in Fig. 1 (c). However, crucially for CR operation,
the second νZZ = 0 point at higher mean frequency
maintains a finite Jeff. For the Jeff measured on
the MPC device, the static ZZ rate arising from an
equivalent standard direct coupler is also shown for
comparison in Fig. 1 (b). The difference between the
dashed and solid lines demonstrates that the multi-
path couplers break the typical fixed relationship
between J and νZZ set by Eqn. 4. This manifests
as a significant increase in the ratio of the desired
coupling to the undesired coupling, Jeff/νZZ , over a
broad range of qubit frequencies, despite the narrow
bandwidth of the zero in ZZ and without sacrificing
the strength of J . Such a range of qubit frequencies
is indicated by the the shaded region in Fig. 1 (b),(c).
It is not necessarily optimal to operate at a νZZ = 0
point, since, for finite coherence, there is a benefit
to trading off ZZ for Jeff. Additionally, with fixed-
frequency qubits there are limits to how close we can
fabricate devices exactly at the νZZ = 0 point. For
this device, νZZ = 26 kHz and Jeff = 3.5 MHz, re-
sulting in Jeff/νZZ ≈ 130; for an equivalent-J single
coupler, at the same J and ∆, the ratio is only ≈
20. In practice, there is a limit to how far the qubit
frequencies should be above the νZZ = 0 point set
by the desired absolute value of the νZZ , which will
increase idle and simultaneous single qubit gate er-
ror. We give a plot of error vs νZZ in Fig. S4 of the
supplement; for a 200 ns gate νZZ = 60 kHz sets an
error limit of 0.1%.

We now delve into the dynamic properties of the
device under CR drives, which entails driving a con-
trol qubit at the frequency of the target qubit, with
an amplitude Ω. While the desired entangling in-
teraction is ZX, the drive Hamiltonian constitutes
several unwanted terms that have been studied ex-
tensively in theory and experiment [9, 10, 33]. This
includes a control qubit stark shift ZI rate (νZI)
that is a consequence of the off-resonant tone on the
control qubit. While the ZI interaction is often nul-
lified by echo-sequences, the additional single qubit
gates and pulse ramps lead to a gate time cost. In-
stead, the approach we introduce here involves the
use of calibrated frame-changes [35] on the control
qubit to null the Stark shift, which has no additional
time cost. However, this relies on the stability of the
Stark shift, which is intrinsically related to ampli-
tude noise of the CR pulse νZI ∝ Ω2 [9]. In Fig. 2, we
study the ZX and ZI interaction rates as a function
of drive amplitude, measured using Hamiltonian to-
mography [33] and Ramsey sequences, respectively.
The experimental data shows good agreement with
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FIG. 2. (a) ZX rate (νZX vs CR drive strength (Ω) for
the multi-path coupler (MPC) device and for a single-
path coupler (SPC) device. Solid points represent ex-
perimental data and lines represent theory. Although
the single coupling device has higher ZZ, it has a lower
ZX rate. For the MPC device we measure in both CR
directions; when the control (C) is higher frequency than
the target (T) and vice-versa. (b) The magnitude of the
control stark shift (|νZI |) versus the νZX for the two de-
vices (the shift is negative). At the same Stark shift, the
MPC device supports much larger ZX rates, attributed
to the greater Jeff.

numerical simulations. Note that the low drive, lin-
ear ZX limit in Fig. 2(a) is employed to estimate the
Jeff discussed previously. We also compare these in-
teraction rates to a single-path coupler (SPC) device
with similar frequencies and coherence to the MPC
device (see Table 1 of the supplement). The SPC
device has a single direct capacitive coupler with
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J = 2.07 MHz corresponding to a νZZ = 58 kHz
(J/νZZ ≈ 36); larger than the MPC device despite
the lower J due to the lack of a MPC’s ZZ can-
cellation. The effect of enhanced Jeff is apparent in
the comparatively larger ZX rates for the MPC de-
vice, enabling faster two qubit gates. Furthermore,
this also translates into a comparatively smaller νZI
on the MPC device for a desired ZX rate, seen
in Fig. 2(b), leading to increased stability for un-
echoed two-qubit gates. For example, in Fig. 2(b)
we highlight that for νZX = 1.25 MHz (correspond-
ing to a 200 ns gate without rise/fall times), the
Stark shift is νZI = −3.5 MHz for the MPC device,
but νZI = −16 MHz for the SPC device. If the
CR amplitude drifts by 0.5% then the change in the
Stark shift results in an error for the MPC device of
5 × 10−4, but an error for the SPC device of 10−2,
which is more than an order of magnitude worse.

We finally discuss the construction of a CNOT
gate with our device architecture and cross-
resonance. The CNOT gate is particularly useful
for many algorithms, and is also advantageous for
benchmarking, since it belongs to the Clifford group.
Typical CNOT constructions with CR have em-
ployed echo sequences [33, 36] sandwiched between
single qubit rotations. An alternate approach uses
only a single CR pulse and single qubit operations,
dubbed a direct CNOT, that is more efficient in total
gate-time but is not naturally insensitive to low fre-
quency amplitude noise (a similar direct CNOT was
also used recently in Ref [11]). The direct CNOT
gate is constructed from two physical pulses that are
applied simultaneously: a CR drive on the control
qubit, and a resonant drive on the target qubit. Fol-
lowing a rough amplitude calibration of the CR pulse
for a chosen gate time, the phase of the CR drive is
calibrated to minimize the ZY term in Hamiltonian
tomography [33], with both calibrations performed
in the absence of a target drive. This is followed by
a simultaneous fine calibration (using error ampli-
fication sequences [37]) of the CR/target drive am-
plitude, target DRAG, and CR/target drive phases
such that the resultant target dynamics is a 2π ro-
tation when the control is in |0〉 and a Xπ rotation
when the control is in |1〉. The gate unitary now can
be written as U = |0〉〈0|⊗ I+ eiφ |1〉〈1|⊗X, where φ
is a phase on the control qubit generated by the CR
drive, related to its Stark shift. Finally, we add a
frame change [35] on the control qubit at the end of
the gate to cancel φ, which brings the unitary to the
desired CNOT gate. As discussed previously, the
suppressed Stark shift in the MPC device plays an
important role in the stability of this frame change.

In Fig. 3 we show the results of our gate opti-
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FIG. 3. (a) Finding the gate-time that optimizes the
error. At each point we perform standard RB, measure
the error per Clifford (EPC) and divide by the number
of CNOT gates per Clifford (see § S4 of the supplement)
to arrive at the error per gate (EPG). This is an upper
bound on the EPG since it assumes the single qubit er-
ror contribution to the EPC is zero. The dashed line
is the estimated lower bound EPG based on the mea-
sured T1, T2. (b) At the optimal gate length of 180 ns,
vertical dashed line in (a), we perform interleaved RB;
data shown is the probability (P1) of measuring the |1〉
state for target qubit. Averaging over the measurements
on the two qubits, the EPG is 2.3× 10−3 (fidelity of
99.77%) and the EPC is 4.67×10−3 which gives an error
upper bound of 3.0×10−3.

mization for various gate-times. Fig. 3(a) reports
an upper bound on the gate error (see caption) as a
function of the gate-time. At the optimal length of
180 ns, we show interleaved randomized benchmark-
ing [38] curves in Fig. 3(b), that we use to estimate a
two qubit gate error of only 2.3×10−3 (upper bound
of 3.0×10−3 from standard RB). Additional char-
acterization of the gate reveals that the measured
error rate is consistent with purity benchmarking,
and leakage contributions to the error to be less than
10−4 (see § S5 and Fig. S3 of the supplement). It
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is important to highlight that the enhanced Jeff and
suppressed static ZZ, enable both: a state-of-the
art CNOT gate constructed using cross-resonance,
and the high-fidelity, simultaneous operation of 40 ns
single qubit gates at an error of 3.5(1)×10−4 and
2.7(1)×10−4 for Q0 and Q1 respectively. This man-
ifests in the reference RB decay of Fig. 3(b) extend-
ing to ∼ 500 two-qubit Clifford operations.

In conclusion, we demonstrate a fixed frequency
architecture for transmons with an engineered
suppression of the ZZ interaction term through the
use of two elements – a direct capacitive coupler
and a λ/4 resonator. This multi-path coupler
allows the increase of effective J coupling between
the qubits, without the corresponding unwanted
ZZ interaction, i.e., breaking the standard J/νZZ
relationship of single element couplers. This enables
us to realize a 180 ns single-pulse cross-resonance
CNOT with an error of 2.3×10−3, which is more
than a factor of two improvement over the previous
best reported error of 5×10−3 [11] for a 273 ns gate.
Since fixed-frequency superconducting processors
with over 60 qubits have already been demonstrated
based on cross-resonance, this work provides a clear
path for superior multi-qubit circuit performance
via faster two qubit gates and reduced ZZ error,
without any degradation of coherence or increase in
control complexity.
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van den Brink, U. Hübner, M. Grajcar, E. Il’ichev,
H.-G. Meyer, and A. M. Zagoskin, “Controllable
coupling of superconducting flux qubits,” Phys.
Rev. Lett. 98, 057004 (2007).

[18] Yu Chen, C. Neill, P. Roushan, N. Leung, M. Fang,
R. Barends, J. Kelly, B. Campbell, Z. Chen,
B. Chiaro, A. Dunsworth, E. Jeffrey, A. Megrant,
J. Y. Mutus, P. J. J. O’Malley, C. M. Quintana,
D. Sank, A. Vainsencher, J. Wenner, T. C. White,
Michael R. Geller, A. N. Cleland, and John M.
Martinis, “Qubit architecture with high coherence
and fast tunable coupling,” Phys. Rev. Lett. 113,
220502 (2014).

[19] Steven J. Weber, Gabriel O. Samach, David Hover,
Simon Gustavsson, David K. Kim, Alexander
Melville, Danna Rosenberg, Adam P. Sears, Fei Yan,
Jonilyn L. Yoder, William D. Oliver, and Andrew J.
Kerman, “Coherent coupled qubits for quantum an-
nealing,” Phys. Rev. Applied 8, 014004 (2017).

[20] B. Foxen, C. Neill, A. Dunsworth, P. Roushan,
B. Chiaro, A. Megrant, J. Kelly, Zijun Chen,
K. Satzinger, R. Barends, F. Arute, K. Arya,
R. Babbush, D. Bacon, J. C. Bardin, S. Boixo,
D. Buell, B. Burkett, Yu Chen, R. Collins, E. Farhi,
A. Fowler, C. Gidney, M. Giustina, R. Graff,
M. Harrigan, T. Huang, S. V. Isakov, E. Jeffrey,
Z. Jiang, D. Kafri, K. Kechedzhi, P. Klimov, A. Ko-
rotkov, F. Kostritsa, D. Landhuis, E. Lucero, J. Mc-
Clean, M. McEwen, X. Mi, M. Mohseni, J. Y. Mu-
tus, O. Naaman, M. Neeley, M. Niu, A. Petukhov,
C. Quintana, N. Rubin, D. Sank, V. Smelyanskiy,
A. Vainsencher, T. C. White, Z. Yao, P. Yeh, A. Zal-
cman, H. Neven, and J. M. Martinis (Google
AI Quantum), “Demonstrating a continuous set of
two-qubit gates for near-term quantum algorithms,”
Phys. Rev. Lett. 125, 120504 (2020).

[21] Peng Zhao, Peng Xu, Dong Lan, Ji Chu, Xinsheng
Tan, Haifeng Yu, and Yang Yu, “High-contrast
ZZ interaction using superconducting qubits with

opposite-sign anharmonicity,” Phys. Rev. Lett. 125,
200503 (2020).

[22] Jaseung Ku, Xuexin Xu, Markus Brink, David C.
McKay, Jared B. Hertzberg, Mohammad H. Ansari,
and B. L. T. Plourde, “Suppression of unwanted ZZ
interactions in a hybrid two-qubit system,” Phys.
Rev. Lett. 125, 200504 (2020).

[23] Xuexin Xu and M.H. Ansari, “ZZ freedom in two
qubit gates,” (2020), arXiv:2009.00485.

[24] Pranav Mundada, Gengyan Zhang, Thomas Haz-
ard, and Andrew Houck, “Suppression of qubit
crosstalk in a tunable coupling superconducting cir-
cuit,” Physical Review Applied 12, 054023 (2019).

[25] Fei Yan, Philip Krantz, Youngkyu Sung, Morten
Kjaergaard, Daniel L Campbell, Terry P Orlando,
Simon Gustavsson, and William D Oliver, “Tunable
coupling scheme for implementing high-fidelity two-
qubit gates,” Physical Review Applied 10, 054062
(2018).

[26] Michele C. Collodo, Johannes Herrmann, Nathan
Lacroix, Christian Kraglund Andersen, Ants
Remm, Stefania Lazar, Jean-Claude Besse, Theo
Walter, Andreas Wallraff, and Christopher Eichler,
“Implementation of conditional phase gates based
on tunable ZZ interactions,” Phys. Rev. Lett. 125,
240502 (2020).

[27] Yuan Xu, Ji Chu, Jiahao Yuan, Jiawei Qiu, Yux-
uan Zhou, Libo Zhang, Xinsheng Tan, Yang Yu,
Song Liu, Jian Li, Fei Yan, and Dapeng Yu, “High-
fidelity, high-scalability two-qubit gate scheme for
superconducting qubits,” Phys. Rev. Lett. 125,
240503 (2020).

[28] Youngkyu Sung, Leon Ding, Jochen Braumüller,
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