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Scalable quantum information processing requires the ability to tune multiqubit interactions. This makes
the precise manipulation of quantum states particularly difficult for multiqubit interactions because tun-
ability unavoidably introduces sensitivity to fluctuations in the tuning parameters, leading to erroneous
multiqubit gate operations. The performance of quantum algorithms may be severely compromised by
coherent multiqubit errors. It is therefore imperative to understand how these fluctuations affect multi-
qubit interactions and, more importantly, to mitigate their influence. In this study, we demonstrate how
to implement dynamical-decoupling techniques to suppress the two-qubit analogue of the dephasing on a
superconducting quantum device featuring a compact tunable coupler, a trending technology that enables
the fast manipulation of qubit-qubit interactions. The pure-dephasing time shows up to an approximate 14
times enhancement on average when using robust sequences. The results are in good agreement with the
noise generated from room-temperature circuits. Our study further reveals the decohering processes asso-
ciated with tunable couplers and establishes a framework to develop gates and sequences robust against
two-qubit errors.

DOI: 10.1103/PhysRevApplied.16.054047

I. INTRODUCTION

High-fidelity quantum operations are key to scalable
quantum information processing. For example, in the gate-
based model, two-qubit gates currently constitute the per-
formance bottleneck for noisy intermediate-scale quantum
devices [1] as a result of nonidealities in physical devices,
which make it extremely difficult to precisely manipu-
late qubit-qubit interactions. The idea of using a tunable
coupler to enable independent control over the coupling
strength has proven effective in recent experiments on
superconducting qubit platforms [2–12], resulting in sub-
stantial improvements in the gate performance.

Despite successful demonstrations, the cost of using a
tunable coupler, e.g., the new decohering processes it intro-
duces, requires further investigation and reducing this cost
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remains a challenge. In fact, fast modulation of the cou-
pling unavoidably leads to strong sensitivity to the biasing
parameter of the coupler, which, in the case of supercon-
ducting qubits, is often the magnetic flux threading a super-
conducting quantum interference device (SQUID) loop.
Therefore, any flux fluctuations, e.g., from instrumen-
tal instabilities [13], electromagnetic interference, and the
ubiquitous 1/f flux noise in solid-state devices [14–16],
will lead to diffusion in the qubit-qubit interaction rates,
compromising the two-qubit gate performance. Unfortu-
nately, such coherent or unitary errors are often overlooked
in conventional benchmarking tests based on random
quantum circuits, but may build up much faster in cir-
cuits with repeated operations [17–19], as required by most
quantum algorithms. It is therefore insufficient to consider
only the digitized errors. More importantly, even though
studies have been done on predicting surface code [20,21]
performance with single-qubit coherent errors [22], two-
qubit Pauli errors [21], and (static) crosstalk errors [23], it
is still unclear how error-correction codes will be affected
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by coherent two-qubit errors. These errors post additional
challenges to developing fault-tolerant quantum comput-
ers.

It is the need to suppress these coherent two-qubit errors
that motivates studies of the noise model and related deco-
hering processes, as well as the search for open-loop
quantum control strategies, such as dynamical-decoupling
(DD) techniques for error mitigation [24,25]. These tech-
niques have been successfully implemented in various
quantum systems [26–31]. In superconducting quantum
circuits, decoherence mitigation has been demonstrated
in a single-qubit system [32–38] and in a system con-
sisting of a qubit and a spurious two-level system [39].
The “net-zero” technique [40] that takes advantage of spe-
cific system properties to cancel noise when performing
a two-qubit gate is reminiscent of dynamical correction.
However, general implementation of DD with two-qubit
interactions has yet to be shown.

In this study, we extend dynamical-decoupling tech-
niques to the realm of two-qubit interactions. The device
features a tunable coupler that can continuously tune the
excitation-swapping rate (absolute value) between two
qubits from exactly zero to approximately 100 MHz. In
the two-level subspace spanned by the Bell states, the tun-
able coupler introduces a nonlocal dephasing effect to the
swapping operation (which we refer to as swap dephas-
ing) as a result of low-frequency flux noise. By establishing
the framework for full control over this subspace qubit, we
implemented analogues of various DD sequences, demon-
strating an elongation of the swap-dephasing time of up
to approximately 14 times. An error analysis shows that
the relevant flux noise originates from room-temperature
electronics and ground loops.

II. A TUNABLE-COUPLER DEVICE

The device used in our experiment is made of aluminum
on sapphire, with the metal-layer layout shown in Fig. 1(b).
Our tunable coupler (C), sandwiched by two Xmon qubits
(Q1 and Q2) [41], is a split transmon qubit that is capac-
itively shunted by a square-shaped pad to the ground. On
the one hand, such a compact coupler design is spatially
advantageous for scaling up, allowing for higher connec-
tivity in a two-dimensional qubit array. On the other hand,
the interpad capacitances [C1C, C2C, and C12 as shown
in Fig. 1(c)] can be conveniently designed to achieve
desirable values, enabling both strong nearest-neighbor
qubit-coupler coupling (g1c/2π = 122 MHz, g2c/2π =
105 MHz) and strong next-nearest-neighbor direct qubit-
qubit coupling (g12/2π = 12 MHz), which are crucial
for achieving high-fidelity two-qubit gates, as previously
demonstrated with this same device [8]. Both the coupler
(ωc) and the qubit on the left (ω1) are frequency tun-
able by the magnetic flux threading the SQUID loop (�c
and �1, respectively), while the qubit on the right has
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FIG. 1. The tunable-coupling architecture and a compact
design. (a) Schematic of the architecture with a tunable cou-
pler between two qubits. (b) Micrograph of the physical device
implemented with superconducting quantum circuits. Two Xmon
qubits (blue) and a tunable coupler (red) are capacitively con-
nected via their shunt capacitor pads. Each qubit is connected
to a quarter-wavelength transmission-line resonator (green) for
dispersive readouts. The readout signal is transmitted through a
common transmission line coupled to the two resonators. Both
qubits have local XY drive lines for single-qubit operations. Both
the left qubit and the coupler have their local flux or Z bias
line for frequency tuning. (c) Circuit diagram of the device.
Design values of the shunt capacitance of the qubits and the cou-
pler are C1 = C2 = 81.4 fF and Cc = 44.4 fF. The qubit-coupler
coupling capacitance C1c = C2c = 3.3 fF, and the qubit-qubit
direct-coupling capacitance C12 = 0.16 fF.

a fixed frequency (ω2). Relevant device parameters are
listed in Table I. Both qubits have local XY drive lines
(7.5 GHz bandwidth), and both Q1 and the coupler have
local Z bias lines (500 MHz bandwidth) for frequency
tuning. Each qubit is connected to a quarter-wavelength
resonator for dispersive readout. The chip is packaged
inside an aluminum box and mounted in a dilution refrig-
erator (base temperature of approximately 10 mK) during
measurements. See the Supplemental Material [42] for

054047-2



SUPPRESSING COHERENT TWO-QUBIT... PHYS. REV. APPLIED 16, 054047 (2021)

TABLE I. Device parameters.

Q1 C Q2

Resonator frequency (GHz) 6.955 · · · 7.001
Qubit/coupler (max) frequency (GHz) 5.270 8.831 4.614
Qubit/coupler anharmonicity (MHz) −222 −378 −242
Qubit/coupler idling frequency (GHz) 4.649 6.150 4.614
T1 at max frequency (μs) 9.7 · · · 12.8
T1 at idling (μs) 6.5 4.0 6.6
Tϕ (Ramsey) at idling (μs) 0.7 0.3 29.3
Tϕ (Echo) at idling (μs) 3.8 2.4 125.7
Qubit-coupler coupling (MHz) –122– –105–
Qubit-qubit direct coupling (MHz) ——12——

more details concerning the device design, fabrication, and
the measurement setup.

Our design enables the tunable-coupling scheme previ-
ously proposed in Ref. [43], in which an exchange-type
interaction acts between the |01〉 and |10〉 states. We may
express their subspace Hamiltonian as

H = 1
2�(�1)(|10〉 〈10| − |01〉 〈01|)
+ g(�c)(|10〉 〈01| + |01〉 〈10|), (1)

where �(�1) = ω1(�1) − ω2 is the qubit-qubit detuning,
and g(�c) is the net qubit-qubit coupling strength

g(�c) = g12 + g1cg2c

2

(
1

�1(�c)
+ 1

�2(�c)

)
, (2)

where �i(�c) = ωi − ωc(�c) (i = 1, 2) is the qubit-
coupler detuning. It can be seen that the coupling channels
are twofold: a direct coupling between qubits and an indi-
rect coupling mediated by the coupler via virtual exchange
interaction. Given negative detuning between the qubit and
coupler (�i(�c) < 0), g can be tuned continuously from
positive to negative by adjusting the coupler frequency
ωc(�c).

Equation (1) suggests that qubit excitation will cycle
between |10〉 and |01〉 at the frequency �(�c) = 2g(�c)

when �(�1) = 0. To characterize the tunable coupling,
we initialize the system to the state |01〉, pulse bias Q1
to resonate with Q2, pulse bias the coupler from an idling
point (�c,idle) to a certain �c, and wait for a varying
duration before pulsing back and measuring the final pop-
ulation. The data are shown in Fig. 2(a) at different flux
biases referenced to the idling bias, i.e., �c,ref = �c −
�c,idle. The fringing pattern shows the swapping dynam-
ics between |10〉 and |01〉 with the oscillation frequency
defined by �(�c,ref). Notably, at �c,ref = 0 (i.e., �c ≈
0.17�0), the oscillations disappear, indicating that the cou-
pling is turned off completely (we choose this bias as the
idling point). The idling frequency of Q1 is chosen to be
approximately 35 MHz above ω2.
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FIG. 2. Demonstration of tunable coupling. (a) Excitation
swapping at different coupler bias. By preparing the system in the
|01〉 state and tuning Q1 into a resonance with Q2, we measure
the excited-state population in Q2 at different swapping times
τ and coupler biases �c. The gate sequence and corresponding
waveforms are shown in the top panels. The variable swap oper-
ation is denoted as an iSWAPθ gate, where θ = �τ is the swap
angle. (b) The swapping rate �(�c,ref)/2π dependence (black)
extracted by fitting the fringes in (a), and the magnitude of its
first derivative (sensitivity) to flux, |d(�/2π)/d�c|.

From the oscillation frequency, we obtain the �(�c,ref)

dependence, which, in good agreement with theory, varies
smoothly from +8.7 to −97.1 MHz over the measured
range shown in Fig. 2(b). The net coupling is dominated
by direct qubit-qubit coupling (positive) when the coupler
frequency is far above the qubit frequency (�c,ref < 0) and
by coupler-mediated virtual exchange coupling (negative)
when the coupler frequency is near the qubit frequency
(�c,ref > 0). At a critical value ωc(�c,ref = 0) = 6.15 GHz,
these two effects cancel out, leading to net zero cou-
pling. The large tunability in the coupling enables fast
two-qubit operations while eliminating residual coupling
during idling or single-qubit operations.

III. SWAP-DEPHASING INDUCED BY FLUX
NOISE

As shown in Fig. 2(b), the sensitivity of the interaction
rate to flux, |d(�/2π)/d�c|, increases drastically when
the coupler is biased into the negative-� regime. This sug-
gests that, at the working bias for fast two-qubit operations
(typically −� = 25–50 MHz), the system also becomes
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considerably more vulnerable to flux noise in the coupler
SQUID loop. Fluctuations in the coupler flux lead to fluc-
tuations in the coupler frequency and hence fluctuations in
the coupling strength or the swap rate between |01〉 and
|10〉. For better understanding, we rewrite Eq. (1) in the
spin-1/2 Hamiltonian form

H = 1
2 [�(�c) + δ�(�c)]σZ + 1

2 [�(�1) + δ�(�1)]σX ,
(3)

where σX ,Y,Z are the Pauli matrices. In this representa-
tion, the basis states are Bell states |10〉 ± |01〉 defined
by the coupling term, so we call it the g frame. Accord-
ingly, the qubit-qubit coupling (�) is the Z field, while the
qubit-qubit detuning (�) is the X field. Here δ�(�c) and
δ�(�1) denote the fluctuations in the corresponding terms.
In this device, flux noise is the dominant source for both Z
and X noise because both Q1 and the coupler are operated
at flux-sensitive points.

Slow fluctuations in � cause diffusion of the angles dur-
ing the swapping operation, causing the fringe amplitude to
decay over time. It is easier to understand the dynamics by
making an analogy with the conventional pure-dephasing
phenomenon in a Ramsey or free-induction experiment
[44], where fluctuations in the qubit frequency desyn-
chronize the phase coherence. The ensemble average of
these unitary errors results in transverse depolarization.
We thus name the diffusion phenomenon during swap
operation as swap dephasing, to reflect the nature of this
error, a coherent (unitary) two-qubit iSWAP error—a non-
local effect—and to indicate the similarities to single-qubit
dephasing dynamics. Generally, larger-distance codes are
required for correcting multiqubit errors than single-qubit
errors, which adds to overheads in building a fault-tolerant
quantum computer. Therefore, passive methods, such as

DD techniques, have particular importance here. Note that
the swap-dephasing effect should be distinguished from
another coupler-introduced decoherence channel—the par-
ticipation of the coupler in the overall T1 relaxation rate
due to wave function hybridization. Actually, in our exper-
iment, we do observe shortened T1 relaxation times for
both qubits when the coupler is biased close to qubit
frequencies (Table I).

Equation (3) indicates that both Z field and X field of
the g-frame qubit can be independently controlled (after
crosstalk corrections) by local flux lines. A Z rotation or �

rotation is realized by setting � = 0 and a finite � for a
certain amount of time. In turn, an X or � rotation is real-
ized by setting � = 0 and a finite � for a certain amount
of time. Since arbitrary single-qubit operation can be syn-
thesized with Z and X rotations, we therefore establish full
control over the g-frame qubit. Under this framework, any
single-qubit pulse sequences such as DD sequences may be
directly translated and implemented in this subspace two-
level system. Additional properties of the g-frame qubit are
summarized in Table II and compared to a regular qubit.

IV. ERROR SUPPRESSION BY
DYNAMICAL-DECOUPLING SEQUENCES

To understand how DD techniques work for the g-frame
qubit, we can first look at the state evolution under the
spin-echo [45] protocol with a single refocusing pulse, as
shown by the Bloch-picture dynamics in Fig. 3(a). After
initializing the state to |10〉 or |01〉, the system state is
within the subspace (first Bloch sphere). The state of the
g-frame qubit will precess around the longitudinal (Z) axis
at a fluctuating rate �(�c) + δ�(�c). Given the usually
low-frequency nature of flux noise, state vectors in differ-
ent realizations precess at nonuniform rates and gradually

TABLE II. Comparison between a single-qubit system and a g-frame qubit encoded in the one-excitation subspace of two qubits.
Interestingly, for the g-frame qubit, the observed relaxation rate �1g depends not only on the averaged relaxation rates of both qubits
�̄1, i.e., the rate at which the population leaks out of the subspace, but also on ��, the bit-flip rate between the basis states due to the
noise transverse to the eigenaxis (i.e., δ� noise) at the eigenfrequency (�).

Laboratory-frame qubit g-frame qubit (� = 0)

Hamiltonian H = 1
2ωqσZ H = 1

2�σZ

Basis states |0〉, |1〉 (1/
√

2)(|10〉 − |01〉), (1/
√

2)(|10〉 + |01〉)
Qubit operation

Z-rotation Zθ ωq(t)σZ �(t)σZ
X -rotation Xθ A(t) cos(ωqt)σX �(t)σX
Y-rotation Yθ A(t) cos(ωqt + π/2)σX X−π/2Zθ Xπ/2, in particular Yπ = Zπ Xπ

Relaxation
Decay law exp[−�1τ ] exp[−�1gτ ]
Noise source �1 = 1

2 S⊥Z(ωq) �1g = �̄1 + ��, where
�̄1 = 1

2 (�1,Q1 + �1,Q2), �� = 1
2 S�(�)

Dephasing (Gaussian)
Decay law exp[− 1

2�1τ − (�ϕτ)2] exp[−(�̄1 + 1
2��)τ − (�ϕgτ)2]

Noise source SZ(ω) S�(ω), and S�(ω) when � is small
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FIG. 3. Dynamical decoupling of qubit interactions. (a) Bloch
picture of spin-echo evolution for the g-frame qubit with coor-
dinates �, Y, and �, indicating the control parameters. In the
second Bloch sphere, the fan out of the Bloch vectors is a con-
sequence of the �-field inhomogeneities, a process analogous to
single-qubit pure dephasing. After the refocusing pulse (here, an
Xπ pulse), the vectors converge after the same amount of evo-
lution time. (b) Step-by-step compilation of the XY-4 sequence.
The gate sequence under the single-qubit XY definition (row 1)
is first translated to the �-Y-� convention (row 2); then, in the
two-qubit quantum circuit (row 3), the � rotation is realized by
a single-qubit Z rotation on Q1 and the � rotation is realized
by an iSWAP operation; and, finally, gates are converted to con-
trol pulses (row 4). All pulses are nominally square pulses. The
�π gate (� = −25 MHz, τgate = 20 ns) and the �π gate (� =
83 MHz, τgate = 6 ns) are precalibrated using pulse trains (see
the Supplemental Material [42] for calibration details). The �θ

gate is an always-on free-evolution unitary, which is an iSWAP-
like operation with a variable swapping rate � and duration
τθ = θ/�. In the experiment, we use the YXYX sequence that
is nominally equivalent to XYXY. (c) Decay of coherence ampli-
tude measured at �c,ref = 18.5 m�0 for various DD sequences.
Note that the coherence amplitude data are full polarizations in
the X -Y plane measured by a tomographylike protocol, and solid
lines are decay fits of the form f (t) = Ae−�̄1t−(�ϕ t)2 + B after
correcting the beating pattern caused by the δ� noise (see the
Supplemental Material [42] for a discussion and correction of
the noise). The inset shows the gate sequences under the XY
definition, which can be compiled according to the same rule as
in (b).

dephase (second Bloch sphere). At a certain time point,
an X pulse, or a 180◦ � rotation flips these vectors (third
Bloch sphere), which then continue to precess at the same

rate as before, such that they converge again after the same
amount of evolution time as before the X pulse (fourth
Bloch sphere). It can be seen that noise with correla-
tion times longer than the free-precession period can be
effectively suppressed.

In the experiment, we perform the spin-echo protocol
and its generalization, periodic DD sequences [46,47], in
which the free evolution is split into N equal sections
by an array of refocusing pulses, e.g., N = 1 for Ram-
sey and N = 2 for spin echo. We also perform various
types of pulse trains, including all-X , all-Y, and alternat-
ing XY pulses [48]. Figure 3(b) illustrates the compilation
steps of the XY-4 sequence (XY denotes the pulse type and
4 denotes the number of split periods). In general, an X
rotation is translated to a � rotation, while a Z rotation is
translated to an � rotation. The Yπ gate is implemented
with a composite pulse, i.e., a Zπ gate followed by an Xπ

gate.
Figure 3(c) shows a few selected decay traces, measured

at �c,eff = 18.5 m�0, which is in the δ�-dominant regime.
The results show progressive coherence improvement with
more advanced sequences. Note that the displayed echo
trace is taken with a Yπ pulse. Because the condition of a
good refocusing pulse is a π rotation around an axis trans-
verse to the noise axis [49], the sequence with Xπ pulses
is sensitive to δ� fluctuations, while the sequence with
a Yπ pulse is robust against both δ� and δ� fluctuations
and is therefore a preferred choice. To further decouple the
system from the noise in all directions, we use a mixture
of X and Y gates such as the XY-4 and XY-8 sequences
[50,51]. We find that the decay traces show stronger beat-
ing patterns with increasing N , as a consequence of the δ�

fluctuations that add complication to the dynamics by tilt-
ing the rotation axis (see the Supplemental Material [42]
for a discussion and correction of the noise).

To disentangle the influence from the δ� noise, we per-
form the same set of DD sequences at different flux biases.
According to the filter-function formalism, the (Gaussian)
pure-dephasing rate can be expressed as

�ϕ =
∣∣∣∣ d�

d�c

∣∣∣∣
√

1
2π

∫ ∞

0
dω S�c(ω)F(ω, τ ∗) =

∣∣∣∣ d�

d�c

∣∣∣∣A(N ),

(4)

where S�c(ω) is the noise spectral density and F(ω, τ ∗)
is a filter function unique to the applied DD sequence
with a characteristic total duration τ ∗. This integral is not
sensitive to the choice of τ ∗ in the current case (see the
Supplemental Material [42] for effects of selecting differ-
ent values for τ ∗). Therefore, given certain S�c(ω) and τ ∗,
the square-root term can be treated as a function of N ,
A(N ), which depends only on the type of the sequence
used. From Eq. (4), the measured pure-dephasing rate
�ϕ is expected to be proportional to the noise sensitivity
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(a) (b)

FIG. 4. Noise characterization. (a) Extracted pure-dephasing rate �ϕ versus the flux sensitivity d(ω/2π)/d�c (bottom axis) or the
corresponding flux biases (top axis) obtained from Fig. 2(b) for various DD sequences. Two different setups of room-temperature
attenuation are used in these sequences. Note that X -1 and Y-1 are the same sequence (Ramsey). Solid lines are linear fits in the �c-
sensitivity regime, d(�/2π)/d�c ≥ 1.5 MHz/m�0. The inset shows a magnification of the dashed area. The extracted linear slope is
plotted in panel (b) for each sequence type (denoted by the number of free-induction periods N ). The dashed line indicates the values
estimated from the combination of directly measured signal generator noise and inferred ground-loop noise using the filter-function
formalism.

d�/d�c in the δ�c-dominant regime. In the experiment,
we measure �ϕ at different biases to improve reliability of
our model and analysis. We find good linearity for various
DD sequences, which is consistent with the data shown in
Fig. 4(a). The good linearity indicates that the same flux
noise is responsible for observed swap-dephasing effects
at different biases. The extracted slopes from linear fits
are plotted in Fig. 4(b) for various DD sequences and are
compared with the numerically calculated A(N ). A few
findings regarding the performance of the DD sequences
and the noise model of our system are discussed below.

To investigate the δ�c noise sources, we try two differ-
ent attenuation setups, 0 and 20 dB, at room temperature
over the Z control lines. As seen in Fig. 4(b), the swap-
dephasing rates with the additional 20-dB attenuation are
drastically smaller for N ≥ 2. By using the filter-function
formalism, we find that the abnormally strong noise in
the no-attenuation case can be well explained by noise
measured directly from the pulse generator. This noise is
effectively suppressed by simply adding attenuation while
exploiting the output range of the generator.

In the case of added 20-dB attenuation, the XY-
8 sequence has generally improved the pure-dephasing
time by approximately 14 times, compared to the Y-1
sequence, which demonstrates the effectiveness of using
DD sequences to suppress noise in two-qubit interaction.
In addition, we note that the extra attenuation shows lit-
tle improvement in the N = 1 (Ramsey) case. We suspect
the reason is extra low-frequency noise from ground loops

that cannot be attenuated (see the Supplemental Material
[42] for a test of noise sources). Using a model combining
both instrumentation and ground-loop noise, we find good
agreement with the DD results shown in Fig. 4(b).

So far, analyses have focused on the δ�c-sensitive
regime. In this regime, the strong quantization field, �,
effectively suppresses swap dephasing from δ� or δ�1
noise to the second order. In the low-� regime, δ�

becomes the dominant noise source and its influence is
augmented by small �. This explains the tilt-up of the
dephasing rates towards diminishing � (smaller �c,eff).

V. CONCLUSION

We demonstrate a compact tunable-coupler design with
a large dynamic range in a superconducting quantum cir-
cuit. Taking advantage of the full controllability over the
one-excitation subspace of a two-qubit system, we imple-
ment g-frame analogues of DD sequences and demonstrate
effective suppression of swap-dephasing, a type of coher-
ent two-qubit error. The results suggest the importance of
including such errors in the error model when develop-
ing fault-tolerant quantum computers. Our demonstration
introduces the open-loop quantum control technique to
the realm of two-qubit interactions, an important first step
towards nonlocal error mitigation. Our work also estab-
lishes the framework for controlling the g-frame qubit,
which can be the foundation for developing dynamically
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corrected two-qubit gates [52] to further enhance system
performance at large scales.
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