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Implementation of high-fidelity 2-qubit operations is a key ingredient for scalable quantum error
correction. In superconducting qubit architectures, tunable buses have been explored as a means to higher-
fidelity gates. However, these buses introduce new pathways for leakage. Here we present a modified
tunable bus architecture appropriate for fixed-frequency qubits in which the adiabaticity restrictions on gate
speed are reduced. We characterize this coupler on a range of 2-qubit devices, achieving a maximum gate
fidelity of 99.85%. We further show the calibration is stable over one day.
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Achieving high-fidelity 2-qubit (2Q) gates is one of the
largest obstacles toward fault-tolerant quantum computa-
tion. Many approaches have been developed based on
either fixed-frequency or tunable transmons. Tunable trans-
mons naturally allow for fast iSWAP gates between the j10i
and j01i states or controlled-Z (CZ) gates by utilizing the
interaction between the j11i and j20i (or j02i) states [1,2].
However, qubit coherence and stability generally suffer
from the presence of flux noise. Alternatively, fixed-
frequency qubits offer long coherence times and stability,
and a variety of microwave-activated entangling gates can
be utilized for 2-qubit operations [3–7]. The drawback to
these schemes is that qubit frequencies cannot be tuned
away from collisions, and gate times tend to be long [8].
Additionally, regardless of whether using fixed-frequency
or tunable transmons, the presence of always-on coupling
leads to gate errors caused by spectator qubits [9–11].
Recently many groups have turned to tunable buses as a

way to both achieve faster 2Q gates and to address issues
raised by the presence of always-on coupling [12–18]. Here
we explore the tunable bus architecture in a novel regime:
with the frequency of the bus below the frequency of the
qubits. Here the high-ZZ region is near the bus sweet spot,
and there is a smooth transition between the on and off
locations. We show that this allows us to achieve high-
fidelity gates between fixed-frequency transmons. Our
study covers eleven 2Q devices with varying detunings
and bus-qubit coupling strengths. The highest-fidelity gate
we achieve is 46 ns long with an error per gate (EPG) of

0.0015� 0.0001, and despite the flux-sensitive nature of
the coupler, we find that its optimal calibration is stable for
more than one day.
The tunable coupler recently proposed by F. Yan et al.

[12] provides an elegant method for achieving a high on-off
ratio. In their design, schematically captured in Fig. 1(a), a
direct capacitor is added in parallel to the tunable bus and
engineered to cancel the coupling between the two qubits
exactly at a particular frequency for the tunable bus. We can
model this system using the following Hamiltonian:

Htot ¼
X

Hi þHc; ð1Þ

Hi ¼ ℏωia
†
i ai þ

δi
2
a†i a

†
i aiai; ð2Þ

where ωi is the frequency of the ith transmon with
i ∈ fQ1;Q2; busg, δi is the anharmonicity, and a†i (ai)
are the raising (lowering) operators. The coupling
Hamiltonian is given by

Hc ¼
X
i≠j

gi;jða†i þ aiÞða†j þ ajÞ: ð3Þ

With the bus far-detuned from qubits, we can approxi-
mate the effective coupling due to the tunable bus as
Jbus≈ ½ðgQ1;busgQ2;busÞ=Δ�, where 1=Δ¼½1=ðωQ1−ωbusÞþ
1=ðωQ2−ωbusÞ�. The direct capacitor between Q1 and Q2

adds a positive coupling term gQ1;Q2; thus, the total
effective coupling then becomes Jtot ≈ Jbus þ gQ1;Q2 [12].
When ωbus > ωQ1;Q2, the farther the tunable bus is detuned
from the qubits, the closer to zero the (negative) effective
Jbus is. Therefore, for any positive small gQ1;Q2, it is always
possible to find a zero in Jtot by adjusting ωbus. A CZ gate
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can then be realized by decreasing ωbus frequency from the
“off” position (Jtot ∼ 0) to an on (jJtotj > 0) position. Since
in this device the tunable bus is detuned above the
frequencies of the qubits, for the purposes of the following
discussion we will call this the bus above qubits (BAQ)
architecture.
We can more quantitatively analyze the system by setting

δQ1=2π ¼ δQ2=2π ¼ −240 MHz for the qubits and
δbus=2π ¼ −140 MHz for the bus and using coupling
gQ1;bus=2π ¼ gQ2;bus=2π ¼ 110 and gQ1;Q2=2π ¼ 6 MHz.
With these parameters, we diagonalize the system and
extract ZZ as

ZZ ¼ ðE11;0 − E01;0 − E10;0 þ E00;0Þ=h: ð4Þ

Here Enm;l is the energy of the level with n excitations in
qubit 1,m excitations in qubit 2, and l excitation in the bus.
We plot ZZ as a function of ω2 and ωbus in Fig. 1(b) with
fixed ω1=ð2πÞ ¼ 5 GHz.
The plot features four level crossings that result in large

ZZ. We can identify these as the bus being resonant with
one of the qubits (either ωQ1 ¼ ωbus or ωQ2 ¼ ωbus) and
with the qubits being detuned by exactly the anharmonicity
(jωQ1 − ωQ2j ¼ jδj). Beyond these regions of high ZZ, the
plot shows a zero in ZZ [highlighted using a red dashed line
in Fig 1(b) near 7 GHz]. This is surrounded by a broad
range of small ZZ, which forms the idle point of the bus. To
form a CZ gate, the bus will be detuned closer to the qubits.
The BAQ design, however, suffers from several draw-

backs that make it challenging for adiabatic gates between
fixed-frequency transmons, where the detuning between
the qubits is not adjustable. First, during gate operation the
bus must be detuned below its maximum frequency. As

result, the on state cannot be near the upper sweet spot of
the superconducting quantum interference device (SQUID)
that forms the tunable bus. While using an asymmetric
SQUID can help, the lower sweet spot is narrower [19].
This has the effect of increasing sensitivity to noise and also
requires more precise control of the SQUID critical currents
and overall device parameters.
More importantly, if the two qubits are in the straddling

regime (i.e., detuned by less than the anharmonicity), there
is a significant dip in ZZ that appears with the bus detuned
from qubits by ≈100 MHz [see Fig. 1(e) for 1D cut]. We
identify this dip with the collision between E11;0 and E00;2

energy levels, that is, between the j2i state of the coupler
and the j11i state of the two qubits. This is a two-photon
transition that is allowed in the Hamiltonian and leads
directly to a reduction in ZZ compared to what would be
seen with a idealized two-level coupler. Furthermore, due
to the two-photon nature of this transition, the associated
anticrossing is, in general, smaller than the qubit-bus
coupling gQ;bus. The presence of this anticrossing will
complicate the dynamics during gate operation, since
accessing high-ZZ regions requires passing through the
anticrossing, leading to leakage into the j2i state of the bus
[20]. These dynamics can be avoided by either going to
larger detuning jωQ1 − ωQ2j > jδQj [15,20] or if the qubits
can be dynamically detuned to ≈1δ [14].
For these reasons, it is desirable for the off position of the

coupler to be such that ωbus < ωqubits—an alternative bus
below qubits (BBQ) architecture. This can be achieved by
flipping the sign of any of the gi;j. In our implementation,
we change the sign of gQ1;Q2 by using floating transmons
and coupling the islands of the same voltage polarity to the
tunable bus, while coupling islands of opposite voltage

(a)

(b) (d)

(c) (e)

FIG. 1. (a) Schematic representation of previously proposed bus above qubits tunable coupler. (b) ZZ as a function of qubit-qubit
detuning and bus frequency for BAQ device. (c) Schematic representation of a bus below qubits tunable coupler. Changing the bypass
capacitor to go between opposite islands of the transmons compared to the tunable coupler. (d) ZZ as a function of qubit-qubit detuning
and bus frequency for BBQ device. Because of the change in the bypass capacitor, the zero in ZZ now occurs with the bus detuned below
the qubits. (e) ZZ as a function of bus-qubit detuning for both BAQ and BBQ. For the same magnitude of coupling, BBQ gives larger
“on” coupling and a less complex response curve.
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polarity using the bypass capacitor, as schematically
captured in Fig. 1(c).
If we set gQ1;Q2=2π ¼ −6 MHz and keep all other

parameters the same as our BAQ simulation, the resulting
plot of ZZ as a function of detuning and bus frequency is
depicted in Fig. 1(d). We again have a region of low ZZ,
which in this case occurs with the bus near 3 GHz. The
decrease associated with the j2i state of the bus is still
present, but in this case does not interfere with turning on
the gate because it is above the lower qubit frequency and
above the intended operating point of the bus.
To more quantitatively compare BAQ and BBQ devices,

we fix the detuning between the qubits at 90 MHz and plot
ZZ as a function of the detuning between the bus and the
qubit closer in frequency to the bus. This is plotted in
Fig. 1(e). We see that, for the same absolute magnitude of
coupling and bus detuning, we can achieve more ZZ
contrast in the BBQ architecture. In BBQ we can also
turn on gates ZZ exceeding 10 MHz without going through
any avoided crossings (for example, 11;0 and 00;2—which
manifests as a dip in ZZ for the BAQ device). As a result,
adiabaticity constraints are loosened in the BBQ architec-
ture; this allows for adiabatic CZ gates, which are faster and
suffer from less leakage. This makes BBQ architecture
advantageous for gates between fixed-frequency trans-
mons. Finally, for the proposed values, the bus off position
will occur between 3 and 4 GHz. We find these frequencies
sufficiently large to avoid thermal heating.
To study and validate the BBQ architecture experimen-

tally, we fabricated several 2Q devices with varying
coupling parameters. We use a niobium on silicon process
with aluminum junctions, similar to Ref. [21]. We also use
a bump bonded test vehicle to ensure compatibility with
multiqubit devices. To enable high-fidelity gate operations,
we use an asymmetric SQUID to deliberately limit the
tunability of the coupler qubit to approximately the range
needed to both achieve the minimum ZZ and reach
∼50 MHz ZZ. In Fig. 2(a) we plot measured ZZ as a
function of the bias applied to the SQUID loop for a typical
device with qubit-qubit detuning of 351 MHz. In regions of
high ZZ, where it is impossible to calibrate single-qubit
gates, we instead rely on a pulsed measurement (see
Supplemental Material [22]). We fit the observed ZZ vs
flux curve and obtain approximately gQ1;bus=2π≈
130 MHz, gQ2;bus=2π ≈ 120 MHz, and gQ1;Q2=2π≈
−4 MHz. We note that all three are approximately 10%
larger than our designed values.
To implement a 2Q gate, we pulse the flux from the off

position to a region of high ZZ as shown schematically in
the inset of Fig. 2(a). In order to remain adiabatic, we use a
pulse shape similar to the one described in Ref. [25] (see
Supplemental Material [22]). We calibrate our pulses by
putting one qubit (Q1) on the equator and preparing the
other qubit (Q2) in either the j1i or the j0i state. We then
apply pulses of varying amplitude. Because of the ZZ

interaction, depending on the state of Q2, Q1 will accu-
mulate a different phase, as shown in the inset of Fig. 2(b).
We choose an amplitude that results in a difference of π
between the j0i and j1i rotations and apply a software Z
rotation [26] to both qubits to achieve the following gate
unitary:

UCZ ¼

0
BBBBB@

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 −1

1
CCCCCA
: ð5Þ

We perform interleaved randomized benchmarking on
this gate and obtain an EPG of 0.0015� 0.0001 [27].
Crucially, we can achieve this error without sacrificing
single-qubit gate fidelity, and as a result the noninter-
leaved benchmarking decay is visible to 800 Cliffords. By
dividing the observed error per Clifford (EPC) by the
average number of 2Q gates in our Clifford decomposition
[22], we find the EPG is bounded from above by

(a)

(b)

FIG. 2. (a) ZZ as a function of applied bias measured on qubit
pair 1. To create a 2-qubit gate, we apply static bias to minimize
ZZ and then apply pulse to a region of high ZZ. Superimposed
with the time axis vertically is a schematic rendition of the
applied flux pulse. (b) 2-qubit randomized benchmarking: prob-
ability of measuring qubits in the j00i state as a function of
number of Cliffords. We measure an EPG of 0.0015. Inset shows
Z rotation as a function of pulse amplitude for two states of the
control qubit.
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0.0019� 0.0001, which is the gate error we would deduce,
assuming our single-qubit gates are perfect.
To ensure reproducibility of these results, we study this

gate scheme across different devices. In Fig. 3(a), we plot
gate fidelity as extracted from interleaved randomized
benchmarking for three different 2Q pairs, as a function
of gate length. All three pairs exhibit similar behavior. With
longer gate times we see an increase in error due to qubit
decoherence, which, once we include the decoherence of
the coupler, accounts for 85% of the error [22]. At very
short timescales (near 50 ns), we see an increase in error,
which we attribute to the evolution during the gate no
longer being adiabatic.
One crucial aspect in any gate scheme is stability. This is

especially poignant in a flux-based architecture, with 1=f

flux noise ultimately limiting the repeatability [28]. In our
BBQ architecture, however, the gate on position can be
near the upper sweet spot of the SQUID tuning range. We
can use this to realize excellent stability in time. To
demonstrate this, we repeatedly measure gate fidelity over
a 19-h period without recalibration. In Fig. 3(b), we plot the
histogram of the fidelities extracted by interleaved ran-
domized benchmarking, as well as the upper bound on error
(established by dividing the EPC by the number of 2Q gates
in our decomposition). Both distributions show excursions
in fidelity that are, at worst, 60% worse. In Fig. 3(c), we
plot the same data as a function of time since calibration.
Over the entire measurement period, we observe no
significant deviations from the quoted fidelity; furthermore,
we do not observe any clear drift toward degraded
performance.
We also extend the study to cover different detunings and

coupling strengths. A summary of the 11 devices charac-
terized is found in Table I. In general, higher coupling
strength results in faster and higher-fidelity gates.
While only one pair with a design of gQ;bus=2π ¼
80 MHz achieved error less than 0.002, such error was
achieved on three of the five pairs with a design
of gQ;bus=2π ¼ 110 MHz.
One noteworthy entry in Table I is pair 8. This pair had a

detuning of just 9 MHz. Such low detuning poses a
significant problem for our chosen adiabatic CZ gate.
This is due to the fact that moving the bus toward the
qubits generates an effective exchange interaction between
the qubits. The turn on of this exchange interaction needs to
be done adiabatically with respect to the detuning between
the qubits, otherwise a partial swap will be generated
between the qubits. Such swaps have been used to generate
arbitrary iSWAP and CZ angles in architectures with
tunable qubits [14].
For qubit pair 8, we cancel the swap operation without

detuning the qubits by employing a technique similar to the
sudden net zero scheme in Ref. [18]. We use the fact that a
single pulse can be thought of as a beam splitter—splitting

(a)

(c)

(b)

FIG. 3. (a) EPG by interleaved benchmarking as a function of
gate length for three 2Q devices. (b) Histogram of EPG and
EPC=1.5 measured over a period of 20 h. (c) EPG vs time since
last calibration on the gate from (b), demonstrating good stability
for at least 24 h, despite the use of flux-tunable elements.

TABLE I. Summary of errors and coherences over 11 qubit pairs studied.

Qubit
pair

Coupling
(MHz)

Detuning
(MHz)

Average
T1 (μs)

Average
T2 (μs)

Gate time
(ns)

Error
per gate

Error
per clifford

1 110 351 76 105 46 0.0015� 0.0001 0.0029� 0.0001
2 110 398 82 151 70 0.0019� 0.0002 0.0039� 0.0003
3 110 324 68 134 54 0.0018� 0.0001 0.0037� 0.0002
4 110 503 77 104 130 0.0056� 0.0003 0.0094� 0.0004
5 110 562 86 113 81 0.0025� 0.0002 0.0048� 0.0002
6 80 136 100 124 63 0.0020� 0.0004 0.0044� 0.0002
7 80 145 70 77 86 0.0035� 0.0004 0.0055� 0.0003
8 80 9 80 107 136 0.006� 0.002 0.011� 0.001
9 80 166 46 106 113 0.0046� 0.0007 0.0088� 0.0004
10 80 89 63 80 56 0.005� 0.002 0.007� 0.001
11 80 160 24 35 130 0.0049� 0.0006 0.0085� 0.0003
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between the swapped and not-swapped possibilities. A
second pulse then forms an interferometer and will either
constructively or destructively interfere, depending on the
path length difference. In our case, we adjust the path
length by varying the timing between the pulses.
We thus split our gate pulse into two. We use the amplitude
of the pulses to adjust the CZ angle and we adjust the wait
time between the pulses to cancel out the ISWAP angle.
We explore the swap mechanism in Fig. 4(a), where we

plot the probability of finding Q1 in the excited state as a
function of the wait time for the four basis states j00i, j10i,
j01i, and j11i. While with no delay the pulse sequence
results in an almost perfect swap, at 50 ns the swap is
canceled. In Fig. 4(b), we plot the results of interleaved
randomized benchmarking. Our double pulsed gate of
110 ns achieves an EPG of 0.006� 0.002. Because of a
high readout error on this pair, we implement a basic
readout correction described in Ref. [29] for the data
presented in Fig. 4(b).
In conclusion, we developed a new type of a tunable

coupler that is suitable for operations between fixed-
frequency transmons. Using this BBQ architecture, we
demonstrated gate fidelities of 99.85% on isolated 2-qubit
devices. We obtained similar results on additional devices,
showing the repeatability of this scheme. BBQ also allows
us to operate with the coupler near its flux sweet spot,
resulting in enhanced stability.
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