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Fixed-frequency superconducting qubits demonstrate remarkable success as platforms for stable and
scalable quantum computing. Cross-resonance gates have been the workhorse of fixed-coupling, fixed-
frequency superconducting processors, leveraging the entanglement generated by driving one qubit
resonantly with a neighbor’s frequency to achieve high-fidelity, universal controlled-NOT (CNOT) gates.
Here, we use on-resonant and off-resonant microwave drives to go beyond cross-resonance, realizing
natively interesting two-qubit gates that are not equivalent to CNOT gates. In particular, we implement
and benchmark native iSWAP, SWAP,

√
iSWAP, and bSWAP gates; in fact, any SU(4) unitary can be achieved

using these techniques. Furthermore, we apply these techniques for an efficient construction of the B gate:
a perfect entangler from which any two-qubit gate can be reached in only two applications. We show
that these native two-qubit gates are better than their counterparts compiled from cross-resonance gates.
We elucidate the resonance conditions required to drive each two-qubit gate and provide a novel frame
tracking technique to implement them in Qiskit.
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I. INTRODUCTION

Fixed-frequency transmons with fixed couplings have
performed quantum simulations with great success using
cross-resonance (CR) gates [1], whose fidelities have
increased steadily over time [2–5]. Recently, fixed-
coupling transmons have demonstrated native ZZ inter-
actions using off-resonant Stark tones [6,7]. It is natu-
ral to ask: can more interesting two-qubit interactions
be realized natively in fixed-coupling transmons? In this
manuscript we show how to generate native iSWAP, SWAP,
bSWAP, and non-Clifford gates such as

√
iSWAP and B gates

using only microwave drives in a fixed-frequency, fixed-
coupling transmon processor. To our knowledge, this is
the first experimental demonstration of the B gate, intro-
duced in Ref. [8], from which any two-qubit unitary can
be compiled with only two applications. These native
two-qubit gates are faster and higher fidelity than their
counterparts compiled using controlled-Z (CZ) gates based
on the CR interaction. They can be driven in any coupled
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two-level systems, and do not require higher levels such as
the MAP gate [9]. Native two-qubit gates beyond CR can
reduce circuit depth for quantum chemistry applications
[10] and improve quantum volume [11] in fixed-coupling
superconducting processors.

The key challenge in realizing these native two-qubit
gates is that the interaction takes place in a frame that
is not resonant with either qubit, and thus the phases of
these two-qubit gates change depending on where they are
applied in a quantum circuit. This is drastically different
from CR interactions, where the CR tone is applied on
the control qubit on resonant with the target qubit, and
thus the CR interaction evolves in the same frame as the
target qubit. Analogously, frame tracking was required in
Ref. [12] to discover errors in frames that are different than
the microwave drive. Here we develop and implement this
functionality in Qiskit [13] by introducing a novel frame
tracking technique to correctly compile the time-dependent
phases associated with each two-qubit gate in the quantum
circuit. We benchmark these native two-qubit gates using
interleaved randomized benchmarking (IRB) [14,15]. Our
manuscript is organized as follows. In Sec. II we give an
overview of the frame tracking required for implementing
phase sensitive two-qubit gates. In Sec. III we implement
and benchmark a high-fidelity iSWAP gate by driving one
qubit resonantly; combining this with CR allows us to
implement a high-fidelity direct SWAP gate. In Sec. IV we
show how native iSWAP and bSWAP gates can be imple-
ment by driving one qubit off resonantly. In Sec. V we
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implement and benchmark native
√

iSWAP and B gates.
This work, along with CR and native ZZ interactions,
completes all possible native two-qubit interactions for
fixed-frequency, fixed-coupling transmons.

II. FRAME TRACKING

In fixed-frequency, fixed-coupling superconducting pro-
cessors, single-qubit and controlled-NOT (CNOT) gates
using the CR interaction are implemented in the rotating
frame on resonant with qubit’s frequency. Consider two
coupled transmons where one qubit is driven either on
resonantly or off resonantly. The resulting two-qubit uni-
tary Ug is generated by a time-independent Hamiltonian
in a frame that is rotating at a different frequency from
the driven qubit’s resonant frequency by an offset �. The
unitary implemented in the qubit’s frame is given by

Q0 Z(−Δtstart)
Ug

Z(Δtend)

Q1 (1)

where Q0 and Q1 are the driven and idle qubits, respec-
tively, Z(θ) represents rotation around z by angle θ , and
tstart and tend are the start and end times of Ug . Here we
see that Ug is sandwiched between two time-dependent
Z rotations, thus depending on where Ug appears in a
quantum circuit, different Z rotations are needed to cor-
rect for Z(−�tstart) and Z(�tend). We refer to adding
time-dependent Z rotations to Ug as frame tracking. The
situation is simplified for the CR gate, where Q0 is driven
at the resonant frequency of Q1. The effective interactions
are ZX and ZI , both commuting with Z(θ) on the control
qubit. We can move Z(−�tstart) across Ug as

Z(−Δtstart)
Ug

Z(Δtend)
⇒ Ug

Z(Δtg)

where tg = tend − tstart is the gate time of Ug . Thus, for two-
qubit gates using the CR interaction, we only need to apply
a time-independent Z rotation at the end, and no frame
tracking is needed. We remark that, for strongly driven
CR gates, there are non-Markovian gate errors that prevent
Z(θ) from fully commuting with Ug , but these errors can
be removed with the derivative removal via adiabatic gate
(DRAG) pulse [12,18,19].

For iSWAP gates, the phases in front of the gate can be
moved to the back according to the rule

Z(φ1)
iSWAP ⇒ iSWAP

Z(φ2)

Z(φ2) Z(φ1) (2)

This makes iSWAP gates compatible with virtual Z rota-
tions [20]. The frame tracking for the iSWAP gate will be

discussed in detail in Sec. III. For non-Clifford gates such
as the

√
iSWAP gate, it is no longer possible to move Z

rotations across the gate. The frame tracking can be done
using physical Z rotations, and any single-qubit unitary can
be implemented as three single-qubit gates [21]. We note
that frame tracking has been implemented in tunable archi-
tectures such as two fixed-frequency qubits coupled via a
tunable qubit [22–24], as well as a fixed-frequency qubit
coupled to a tunable qubit [25].

III. ON-RESONANT DIRECT iSWAP GATE

A direct implementation of the iSWAP gate using on-
resonant drives has been proposed before in Ref. [26];
to the best of our knowledge, these gates have not been
experimentally implemented and benchmarked. The mech-
anism, called fixed linear couplings between fixed off-
resonant qubits (FLICFORQ), is based on driving two
coupled qubits resonantly satisfying the resonance condi-
tion �R1 + �R2 = |�12|, where �R1 and �R2 are the Rabi
amplitudes of the resonant drives and �12 is the frequency
difference between the qubits. We implement a similar
approach to FLICFORQ, but we drive only on one qubit
resonantly. This has two advantages: first we observe that
the iSWAP rate for one-qubit driving is nearly twice the rate
for dual qubit driving (FLICFORQ). In addition, it frees up
the other qubit, which we can drive separately to achieve a
native SWAP gate as well. The pulse sequences and iSWAP
dynamics are presented in Fig. 1; the oscillations at the
resonance points and the rates are provided in Appendix A.

The starting point of our analysis is the Hamiltonian of
an on-resonant drive along the x axis; after the rotating-
wave approximation the effective Hamiltonian is given by
[12,27]

HD = �

2
(XI + μZX ) − �

2
IZ,

where � is the Rabi amplitude of the drive, � is the fre-
quency difference between the driven and idle qubit, and
μ = J/� with J ≈ 2 MHz the coupling rate between the
two qubits. The Rabi amplitude of the drive � is always
taken as positive, and for simplicity, we have ignored small
cross-talk terms IX and ZZ. Typically, for single-qubit
gates, we operate in the regime � � |�|, where specta-
tor error arising from the CR (ZX ) term is small and can
be neglected. As we increase the driving amplitude, signifi-
cant spectator error can be observed [12]. For � = |�|, the
spectator error becomes the dominant interaction and it can
be used to drive an iSWAP gate. To construct the iSWAP gate,
we sandwich HD between single-qubit rotations Y±π/2 on
the driven qubit and calibrate � and the gate time tg . The
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FIG. 1. Pulse sequences for realizing iSWAP interaction using on-resonant drives. (a) Lower-frequency qubit Q8 is driven, (b) higher-
frequency qubit Q9 is driven, and (c) both qubits are driven (FLICFORQ). Coherent oscillations are observed when � = �. The
excitation probability of Q8, denoted P8, for the three pulse sequences is shown in (d)–(f). Note that the oscillation rate for one-qubit
driving is nearly twice the rate of FLICFORQ. For two-qubit driving, the Rabi amplitudes need not be the same. In (d) we observe
two-level-system (TLS) interactions characterized by peaks randomly moving in time. Using on-resonant drives (spin locking) to study
TLS dynamics has been investigated in Refs. [16,17].

effective Hamiltonian becomes

Y±π/2HDY∓π/2 = ∓�

2
(ZI − μXX ) − �

2
IZ

= ∓�

2
ZI − �

2
IZ ± μ�

4
(XX + YY)

± μ�

4
(XX − YY).

Depending on the sign of �, one can choose the appro-
priate single-qubit rotations Y±π/2 to drive either iSWAP
(XX + YY) or bSWAP (XX − YY) gates. In this section we
focus on the iSWAP gate. In Sec. IV we show that the iSWAP
and bSWAP gates can also be realized from off-resonant
drives. The final unitary needs frame tracking to become
an iSWAP gate. Using Eqs. (1) and (2), we can parameterize
the unitary as

iSWAP = Ug

Z(Δtend + φ1)

Z(−Δtend + φ2)

=
Yπ/2 XΩtg (Ω = Δ) Y−π/2 Z(Δtend + φ1)

Z(−Δtend + φ2)

(3)

where Ug = Yπ/2X�tg Y−π/2 and X�tg = e−iHDtg . Here φ1
and φ2 are time-independent phases; their calibration
sequences are presented in Appendix C 1. In order to use

this iSWAP gate in a quantum circuit, we construct a pass
manager in Qiskit that does the following: (1) schedule
the quantum circuit, locate each iSWAP gate, and insert
two virtual Z rotations (frame changes) at the end of
iSWAP gate according to Eq. (3); (2) move all the frame
changes to the end of the circuit, move frame changes
across iSWAP gates according to Eq. (2). Note that Z rota-
tions remain virtual throughout the circuit and contribute
no extra time, thus preserving the validity of the original
schedule. A similar approach has recently been demon-
strated to track iSWAP frames in a fluxonium processor
[28]. We apply the aforementioned pass manager to IRB
circuits to benchmark native iSWAP gates constructed from
on-resonant drives. The IRB data are shown in Fig. 2.
The native iSWAP gate is realized by resonantly driving
the lower-frequency qubit Q8. We measure an error per
gate (EPG) of 0.00648(21) for the native iSWAP gate, an
EPG of 0.01224(27) for the compiled iSWAP gate using
two CZ gates, and an EPG of 0.00666(24) for the CZ gate.
For the IRB experiments, we use 64-ns single-qubit gates
and a 270-ns on-resonant drive so the total iSWAP gate time
is 398 ns. The CZ gate is an echoed CR gate with tar-
get rotary [3,11,29] and has a gate time of 512 ns. The
pulse sequence for the CZ gate is shown in Appendix B.
The single-qubit gates are Gaussian pulses and 4σ long.
Both the on-resonant and CR drives are flat-topped Gaus-
sian pulses where the rise and fall are 2σ long with σ ≈
14.22 ns. All qubit parameters for the experiments includ-
ing coherence times are summarized in Table I; device
properties of the quantum processor can be found in the
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iSWAP (2×CZ)
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(b)

Clifford gates

Clifford gates

FIG. 2. Interleaved RB data. Panel (a) uses the native iSWAP
gate in the reference RB, and interleaves the native iSWAP and
CZ gates based on CR. Panel (b) uses the CZ gate in the refer-
ence RB, and interleaves the native iSWAP and compiled iSWAP
gates using two CZ gates. The native iSWAP gate is realized by
driving Q8 resonantly, and the CZ gate is realized by driving Q9
at the frequency of Q8 (CR). Here P00 represents the probability
of returning to the |00〉 state. Large plot markers represent the
average over 20 RB realizations (small markers); solid lines are
exponential fits to the average. The measured EPG for the native
iSWAP gate is 0.00648(21).

supplemental materials of Ref. [1]. We also note a recent
work implementing the iSWAP gate using simultaneous CR
interactions [30].

A. Direct SWAP gate

We can augment the direct iSWAP gate constructed using
on-resonant drives into a direct SWAP gate by applying
a CR pulse on the idling qubit. In addition to XX + YY,
the SWAP gate needs ZZ. The CR pulse on the idling
qubit generates XZ, which gets transformed into ZZ by
the single-qubit Y±π/2 rotations. The frame tracking for the

TABLE I. Summary of the qubit parameters used in this work.
The 1Q (one-qubit) RB numbers are error per Clifford measured
from the gate set consisting of X±π/2, Y±π/2, Z±π/2, and Z0,π ;
all Z rotations are virtual frame changes [20]. On the quantum
processor, Q8,9 are connected and Q8,12 are connected.

Parameters Q8 Q9 Q12

f01 (GHz) 4.726 4.780 4.850
α (MHz) −333 −332 −332
T1 (µs) 277(9) 231(5) 184(4)
T2echo (µs) 53(4) 219(14) 334(26)
1Q RB 2.24(53) × 10−4 1.50(36) × 10−4 1.69(40) × 10−4

SWAP gate is identical to the iSWAP gate:

SWAP = Ug

Z(Δtend + φ1)

Z(−Δtend + φ2)

=
Yπ/2 XΩtg

(Ω = Δ + ωs) Y−π/2 Z(Δtend + φ1)

Cross Resonance Z(−Δtend + φ2)

(4)

The phases φ1,2 are calibrated differently from the iSWAP
gate; see Appendix C 2 for details. The calibration routine
for the direct SWAP gate is the following. First the ampli-
tude of the CR drive is calibrated to generate an XZ rotation
of π/2 for the same gate time as the direct iSWAP gate.
Then the Rabi amplitude � of the on-resonant drive is cal-
ibrated; note that the resonance condition is � = � + ωs,
where ωs is the Stark shift on the idling qubit generated
by the CR pulse. Finally, φ1,2 are calibrated and the frame
tracking is applied in software via the pass manager in
Qiskit. We show benchmarking results for the direct SWAP
gate in Fig. 3. The direct SWAP gate uses the same set of
qubits (Q8,9), and has the same length as the iSWAP gate
(398 ns). We realize the SWAP gate by driving resonantly
on Q8 and simultaneously applying CR on Q9 at Q8’s fre-
quency. The measured EPGs are 0.00821(23) for the native
SWAP gate and 0.02039(38) for the compiled SWAP gate
using three CZ gates.

IV. OFF-RESONANT (STARK) iSWAP AND bSWAP
GATES

A recent work shows that the iSWAP gate can be real-
ized by driving both qubits off resonantly [31]. The idea
is to drive the lower-frequency qubit from below and the
higher-frequency qubit from above; the iSWAP gate is real-
ized when the sum of the Stark shifts becomes equal to the
detuning of the qubits. By adding a third tone to one of
the qubits, it is possible to realize programmable Heisen-
berg interactions [31]. Here we generate a native iSWAP
gate using one off-resonant drive with the resonance con-
dition ωs = −�. To see how the gate works, we start from
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CZ ref.
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FIG. 3. Interleaved RB data for the native SWAP gate realized
by simultaneously driving Q8 on resonant and Q9 off resonant.
The reference RB uses the CZ gate based on CR; the inter-
leaved gates are the native SWAP and compiled SWAP gates using
three CZ gates. The measured EPG for the native SWAP gate is
0.00821(23).

the drive Hamiltonian

HD = �

2
(XI + μZX ) + λ

2
ZI − � − λ

2
IZ,

where λ = ω1 − ωD is the detuning of the drive and � is
the frequency difference between the two qubits. We can
rewrite the drive Hamiltonian as

HD = �′

2
Z ′I − � − λ

2
IZ + μ�

2
ZX ,

where �′ = √
�2 + λ2 and Z ′ = (�X + λZ)/�′. Since

the axes Z ′ and Z are not the same, the Stark iSWAP gate
will have non-Markovian gate errors that must be corrected
by applying DRAG [12,31]. Intuitively, DRAG correc-
tion works by rotating Z′ into Z; its function is similar
to the Y±π/2 gates in an on-resonant iSWAP gate. The final
Hamiltonian for the Stark iSWAP gate is given by

HD = sign(λ)�′

2
ZI − � − λ

2
IZ − μ�λ

2�′ XX + μ�2

2�′ ZX .

(5)

In order to drive the iSWAP gate, we need the coefficients
of ZI to match those of IZ. This leads to the resonance
condition ωs = −�, where ωs is the Stark shift defined
as ωs = sign(λ)

√
�2 + λ2 − λ. The frame tracking for the

Stark iSWAP gate,

iSWAP = Ug

Z(Δtend + φ1)

Z(−Δtend + φ2)

=
Off Resonant Drive Z(Δtend + φ1)

Z(−Δtend + φ2)

is exactly the same as the native iSWAP gate realized
with on-resonant drive. The only difference being that
the single-qubit rotations Y±π/2 are no longer needed. We
show IRB results in Fig. 4(a). The Stark iSWAP gate is
realized by driving Q8 60 MHz below its resonant fre-
quency. The measured EPG for the Stark iSWAP gate is
0.00409(27), and the gate time is 192 ns. We remark that
we can also augment the Stark iSWAP gate into a native
SWAP gate by driving the idling qubit off resonantly at the
same frequency, and we can adjust the phase differences
between the two drives to get ZZ in addition to XX + YY
using the mechanism described in Refs. [6,7,31].

Next we show how to realize a native bSWAP gate by
driving one qubit off resonantly. The bSWAP gate has the
interaction XX − YY and is unitarily equivalent to the
iSWAP gate up to single-qubit rotations [32]. From the drive
Hamiltonian in Eq. (5), we can resonantly excite XX − YY
provided that the coefficients of ZI are negative to those of
IZ; this leads to the resonance condition ω1 + ω2 + ωs =
2ωD. Here ω1,2,s,D are the qubit one frequency, qubit two
frequency, Stark shift, and drive frequency respectively.
Phases can be moved across the bSWAP gate as

Z(φ1)
bSWAP ⇒ bSWAP

Z(−φ2)

Z(φ2) Z(−φ1)

Combined with the frame tracking

bSWAP = Ug

Z(ωstend + φ1)

Z(ωstend + φ2)

=
Off Resonant Drive Z(ωstend + φ1)

Z(ωstend + φ2)

we can benchmark the bSWAP gate in Qiskit just the same
as the iSWAP gate. However bSWAP frame tracking uses ωs
instead of the detuning between qubits �. The phases for
the bSWAP gate are calibrated according to Appendix C 3.
We realize the native bSWAP gate for two qubits (Q8,12) sep-
arated by 124 MHz by driving the higher-frequency qubit
44 MHz below its resonant frequency. The bSWAP gate has
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(a)

(b)

CZ ref.
iSWAP

iSWAP (2×CZ)

CZ ref.
bSWAP

bSWAP (2×CZ)

Clifford gates

Clifford gates

FIG. 4. Interleaved RB data for (a) Stark iSWAP and (b) bSWAP
gates. The IRB experiments used 20 realizations. The measured
EPG for the Stark iSWAP gate is 0.00409(27) and for the Stark
bSWAP gate is 0.00936(39).

a gate time of 462 ns. In Fig. 4(b) we show the IRB result
of the bSWAP gate. We measure an EPG of 0.00936(39) for
the native bSWAP gate and 0.01265(46) for the compiled
bSWAP gate using two CZ gates.

We expect the bSWAP gate fidelity to decrease for qubit
pairs with small detunings, since the driving frequency will
become too close to the qubit frequency. For large detun-
ing pairs, we expect the iSWAP gate fidelity to decrease
because of the large Rabi drive and Stark shift required.
Thus, having both bSWAP and iSWAP gates available in a
multiqubit processor can be beneficial as they can comple-
ment each other. Finally, we expect the last term in Eq.
(5) to have a small contribution to the gate error when
resonance conditions are met.

V. NON-CLIFFORD GATES

A.
√

iSWAP gate

We present two realizations of the
√

iSWAP gate using
on-resonant and off-resonant driving on one qubit. There

are two crucial differences between realizing the iSWAP
gate and the

√
iSWAP gate. Since we can no longer move

frame changes across the gate like we did for the iSWAP
gate, frame tracking must be done before and after the gate.
Secondly, we need three instead of two time-independent
phases to tune up the

√
iSWAP gate. The frame tracking is

done according to

√
iSWAP =

Z( (−Δtend + φ1
Ug

Z(Δtend + φ2)

Z(φ3)

where Ug is realized by driving the first qubit either on
resonant sandwiched by single-qubit gates or off resonant.
We need to calibrate three instead of four time-independent
phases because of the property [XX + YY, ZI + IZ] = 0;
we can always move the same phases on both qubits across
the

√
iSWAP gate. The procedure for calibrating φ1,2,3 is

outlined in Appendix C 4.
For the direct

√
iSWAP gate using on-resonant drives,

we have modified the pass manager to first combine the
two single-qubit gates Y±π/2 with other single-qubit gates
between two

√
iSWAP gates, and then apply the frame

tracking. This allows us to further shorten the gate time.
For the direct

√
iSWAP gate using off-resonant drives, we

reduce the length of the Stark iSWAP gate to approximately
half. The total gate time for the on-resonant

√
iSWAP gate

is 149 ns and for the off-resonant
√

iSWAP gate is 117 ns.
We use IRB to benchmark the iSWAP gate made out of
two direct

√
iSWAP gates; the results are shown in Fig. 5.

Note that physical Z rotations no longer preserve the orig-
inal schedule, and thus the act of frame tracking itself
changes the time-dependent frames in the circuit. There-
fore we provision extra general single-qubit gates (U) prior
to scheduling. All frames as well as any inherent single-
qubit gates of the circuit will be absorbed into this U gate,
which makes the schedule deterministic. All U gates are
constructed using three pulses [21].

We observe an improved EPG for
√

iSWAP gates over
iSWAP gates for both on-resonant and off-resonant driving.
While the

√
iSWAP gate has lower error rates and is more

efficient than the iSWAP gate in constructing general SU(4)
operations, its inability to work with virtual Z rotations
may undermine the aforementioned advantages in proces-
sors where single-qubit gates are less ideal. The technique
used to realize the Stark

√
iSWAP gate can be applied to

realize the
√

bSWAP gate as well. We note that recent works
have also realized

√
iSWAP gates in fluxonium processors

[33,34].

B. B gate

The B gate is the most efficient two-qubit gate in terms
of compiling to SU(4) unitaries; any SU(4) can be com-
piled using single-qubit gates and two B gates [8]. The
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unitary of the B gate is given by eiπ(2XX +YY)/4. Because of
the asymmetry between the two Ising interactions in the B
gate unitary, it is not clear if there exits a native implemen-
tation of the B gate. Here we realize the B gate natively
by combining iSWAP3/4 and bSWAP1/4 gates constructed
using on-resonant drives described in Sec. III. Note that

the bSWAP interaction can be generated by changing the
single-qubit rotations Y±π/2 or the on-resonant drive from
+X to −X in the iSWAP gate; however, the frame track-
ing is reversed. The overall frame tracking for the B gate is
given by

B =
Z(−Δt1) Yπ/2 X3Ωtg/4 Y−π/2 Z(Δt2)

+
Z(Δt2) Yπ/2 −XΩtg/4 Y−π/2 Z(−Δt3)

⇒
Z(φ1) Yπ/2 X3Ωtg/4 −XΩtg/4 Y−π/2 Z(φ2)

Z(Δtstart + φ3) Z(−Δtend + φ4)
(6)

where we have used the properties [XX + YY, ZI + IZ] =
0 and [XX − YY, ZI − IZ] = 0 to move the phases in
between the +X and −X drives to the front and back of the
gate. Interesting, frame tracking for the B gate is applied
only on the idle qubit. Similar to the

√
iSWAP gate, we

can go one step further and absorb the single-qubit gates
Y±π/2 into single-qubit unitaries in between B gates. Thus,
the native implementation of the B gate consists of just
two on-resonant drives +X and −X , with the +X drive
approximately 3 times as long as the −X drive. There are
four time-independent phases φ1,2,3,4 that need to be cali-
brated for the B gate; their calibration sequences are given

CZ Ref.

Clifford gates

iSWAP (2x stark √iSWAP)
iSWAP (2x √iSWAP)

FIG. 5. Interleaved RB data for the
√

iSWAP gate. Twenty RB
realizations are used. The interleaved element is an iSWAP gate
composed of two

√
iSWAP gates. The EPG is estimated by divid-

ing the EPG of the iSWAP gate by 2. The EPG for the on-resonant√
iSWAP gate is 0.00427(16), and the EPG for the Stark

√
iSWAP

gate is 0.00294(15).

in Appendix C 5. We construct an iSWAP gate using two
B gates and benchmark using IRB. The results are shown
in Fig. 6. The native B gate is 302 ns long, with the +X
and −X drives being 210 ns and 92 ns, respectively. The
drives are flat-topped Gaussian pulses where the rise and
fall are 2σ long with σ ≈ 14.22 ns. The measured EPG
for the B gate is comparable to the iSWAP gate; this is
expected since both gates are using the same mechanism
and have comparable gate times. Similar to the

√
iSWAP

gate, whether the efficiency of the B gate outweighs the
lack of virtual Z rotations will be an important consider-
ation for multiqubit circuits. Finally, we remark that by
combining on-resonant drives of opposite signs and CR,
we can generate native two-qubit interactions of the form

CZ ref.
iSWAP (2X b)

Clifford gates

FIG. 6. Interleaved RB data for the B gate. The interleaved ele-
ment is an iSWAP gate composed of two B gates. The estimated
EPG of the B gate is 0.00600(21), obtained by dividing the EPG
of the iSWAP gate by 2.
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FIG. 7. Building circuits out of more expressive native gates. (a) Regions of the Weyl chamber reachable by two (blue) or three
(red) applications of the CZ gate or iSWAP gate (left), the

√
iSWAP gate (middle), and the B gate (right). (b) Circuit compilation for the

reversal of an n-qubit chain. The circuit requires depth 2n + 2 using only CZ (or CNOT) gates (left). Adding native iSWAP gates reduces
the depth to n + 2 (middle), and native SWAP gates require depth n (right).

aXX + bYY + cZZ with arbitrary coefficients. The B gate
is a special case with c = 0 and a = 2b, and the SWAP gate
is another with a = b = c. With the appropriate single-
qubit gates, our technique can generate arbitrary SU(4)

unitaries natively. We recently became aware of the related
work by Chen et al. [35].

VI. APPLICATION TO CIRCUITS

The gates that we demonstrate in this work can create
a richer and more expressive native instruction set on the
hardware, which in turn can enable shorter and more effi-
cient quantum circuits [33,36]. In this section we discuss
some potential applications of these gates in improving
multiqubit circuits.

As a first example, consider random two-qubit unitaries.
These appear in quantum benchmarking protocols such as
quantum volume, but also routinely during the compilation
of circuits. In the latter setting, a compiler performs peep-
hole optimization by collecting a sequence of single- and
two-qubit gates, represents it as an instance of a two-qubit
unitary, and attempts to resynthesize it with a lower cost. A
common representation of the space of all two-qubit uni-
taries, SU(4), is the Weyl chamber [37]. In this picture,
any two-qubit unitary has a unique coordinate, up to local
pre- or postrotations. By repeated application of available
native gates, one can traverse a path to reach a target uni-
tary. The shorter this path, the higher the fidelity of the
compiled circuit. Figure 7(a) shows the region of unitaries
reachable using various gates studied in this work. As we

move from the CZ gate to the
√

iSWAP gate to the B gate, we
gain a more expressive gate set that is able to reach more
of the Weyl chamber with shorter paths.

We can consider other examples such as qubit permuta-
tions, an important task in limited-connectivity quantum
processors. Figure 7(b) shows possible circuits for the
reversal of a chain of qubits on a linear-nearest-neighbor
architecture, given different native gates. Using only CZ
(or CNOT) gates, this circuit can be accomplished in depth
2n + 2 [38]. However, given access to iSWAP gates as
well, the same circuit can be realized in depth n + 2.
Finally, native SWAP gates can slightly improve the depth
to n. While qubit reversals are important, for example,
in performing quantum Fourier transforms or more gen-
eral permutations [39], our construction using native iSWAP
gates can extend to improve nearly all CNOT circuits on
limited-connectivity hardware [40].

VII. CONCLUSION

In this manuscript we have implemented and bench-
marked native iSWAP, SWAP, bSWAP,

√
iSWAP, and B gates

in a fixed-frequency, fixed-coupling superconducting pro-
cessor. A novel software time-dependent frame tracking
technique is developed in Qiskit to correctly compile quan-
tum circuits using these native two-qubit gates. We present
in Table II the EPGs measured, and in Table III a summary
of all the frame tracking used in each native two-qubit
gate. We believe that deploying these native gates in large-
scale superconducting processors could potentially benefit
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TABLE II. Summary of EPGs for all the native two-qubit gates
realized in this work. Gates with an asterisk are benchmarked
with single-qubit rotations included.

Gate EPG Qubits used Length (ns)

iSWAP 0.00648(21) [8, 9] 398∗
SWAP 0.00821(23) [8, 9] 398∗
Stark iSWAP 0.00409(27) [8, 9] 192
Stark bSWAP 0.00936(39) [8, 12] 462√

iSWAP 0.00427(16) [8, 9] 149
Stark

√
iSWAP 0.00294(15) [8, 9] 117

B 0.00600(21) [8, 9] 302
CZ 0.00666(24) [8, 9] 512∗

near-term applications. The techniques developed for real-
izing these gates can be readily extended to qutrit systems
[41]. Another important direction is to investigate the col-
lision bounds for these gates [42–44]; specifically, are they
more flexible than CR gates in a fixed-coupling architec-
ture? Preliminary work points to the fact that these gates,
like CR, might not work particularly well for very large
detuning pairs; more studies are needed to understand why.
Lastly, the frame tracking capabilities developed in Qiskit
are general and can be readily applied to other architec-
tures employing phase-sensitive two-qubit gates, such as
the tunable architecture developed in Refs. [45,46].
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APPENDIX A: iSWAP OSCILLATIONS

Here we show in Fig. 8 the oscillation dynamics for the
on-resonant iSWAP drives. We fix the amplitude at the res-
onance point and sweep the length of the drive. We fit the
oscillations to the equation a sin2(2π ft + b) + c, where a,
b, f , and c are fitting parameters with f the frequency.
From the fits we find a rate of 1.062(2) MHz for driv-
ing on Q8, 1.308(2) MHz for driving on Q9, and 0.590(2)

MHz for driving on both Q8 and Q9. Simultaneous driving
achieves an iSWAP rate that is approximately half of that
obtained from individual driving.

Time (μs)

FIG. 8. The Q8 population as a function of time for the three
driving scenarios shown in Fig. 1. The points with one-standard-
deviation error bars are experimental data, and the curves are fits.

APPENDIX B: CZ GATE SEQUENCE

The pulse sequence for the CZ gate based on CR interac-
tion is given by

CZ =
Π3π/4

CRπ/4

Xπ

CR−π/4
Yπ/2 Xπ/2 Y−π/2

where �3π/4 = Xπ cos(3π/4)+ Yπ sin(3π/4) and CRπ/4 =
ZXπ/4 is the cross-resonance interaction.

APPENDIX C: PHASE CALIBRATIONS

Here we present the pulse sequences used to calibrate
the time-independent phases required to realize each two-
qubit gate. The first qubit is driven and the second qubit
is idle. For iSWAP, bSWAP, and SWAP gates, there are two
phases φ1,2; for the

√
iSWAP gate, there are three phases

φ1,2,3; and for the B gate, there are four phases φ1,2,3,4. All
Z rotations in the calibration sequences are implemented
as virtual frame changes. All pulse sequences are Ramsey-
type experiments that produce a signal in the form P ∝
[1 + cos(φ − φi)]/2, where φ is varied. The CNOT gates
used in some calibration sequences are based on the CR
interaction.

The calibration sequences for iSWAP, bSWAP, and SWAP
gates are similar to single-qubit Ramsey experiments,
except the second π/2 pulse is applied on the other qubit
since the gate unitary switches the phases. The calibration
sequences for the

√
iSWAP and B gates use the CNOT gate

instead of π/2 gate. It is a two-qubit version of the Ram-
sey experiment where we are trying to calibrate the relative
phase in a Bell state such as |00〉 + eiφ|11〉.
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TABLE III. Summary of native two-qubit gates realized in this work.

Gate Interaction Unitary
Resonance
condition Frame tracking

iSWAP
(on
reso-
nant)

XX + YY

⎛
⎜⎝

1 0 0 0
0 0 i 0
0 i 0 0
0 0 0 1

⎞
⎟⎠ � = � Z(±�tend) behind the

driven and idle
qubits

SWAP XX + YY + ZZ

⎛
⎜⎝

1 0 0 0
0 0 1 0
0 1 0 0
0 0 0 1

⎞
⎟⎠ � = � + ωs Z(±�tend) behind the

driven and idle
qubits

iSWAP
(Stark)

XX + YY

⎛
⎜⎝

1 0 0 0
0 0 i 0
0 i 0 0
0 0 0 1

⎞
⎟⎠ ωs = � Z(±�tend) behind the

driven and idle
qubits

bSWAP
(Stark)

XX − YY

⎛
⎜⎝

0 0 0 i
0 1 0 0
0 0 1 0
i 0 0 0

⎞
⎟⎠ ω1 + ω2 + ωs = 2ωD Z(ωstend) behind the

driven and idle
qubits

√
iSWAP
(on
reso-
nant)

XX + YY

⎛
⎜⎜⎝

1 0 0 0
0 1/

√
2 i/

√
2 0

0 i/
√

2 1/
√

2 0
0 0 0 1

⎞
⎟⎟⎠ � = � Z(±�tend) in front of

and behind the
driven qubit

√
iSWAP
(Stark)

XX + YY

⎛
⎜⎜⎝

1 0 0 0
0 1/

√
2 i/

√
2 0

0 i/
√

2 1/
√

2 0
0 0 0 1

⎞
⎟⎟⎠ ωs = � Z(±�tend) in front of

and behind the
driven qubit

B gate 2XX + YY

⎛
⎜⎝

cos(π/8) 0 0 i sin(π/8)

0 sin(π/8) i cos(π/8) 0
0 i cos(π/8) i sin(π/8) 0

i sin(π/8) 0 0 cos(π/8)

⎞
⎟⎠ � = � Z(∓�tend) in front of

and behind the idle
qubit

1. iSWAP phase calibrations

We have

Ug

Z(Δtend + φ1) X−π/2

Yπ/2

and

Yπ/2
Ug

Z(−Δtend + φ2) X−π/2

2. SWAP phase calibrations

We have

Ug

Z(Δtend + φ1) Yπ/2

Yπ/2

and

Yπ/2
Ug

Z(−Δtend + φ2) Yπ/2
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3. bSWAP phase calibrations

We have

Ug

Z(ωstend + φ1) X−π/2

Yπ/2

and

Yπ/2
Ug

Z(ωstend + φ2) X−π/2

4.
√

iSWAP phase calibrations

We have

Z(Δtstart − φ1) Z(−Δtstart + φ1)
Ug

Xπ/2 •

Let φt,d = φ2 ± φ3, φt,d be calibrated according to the
following sequences:

Xπ

Ug

Z(Δtend + φd)

• X−π/2

Z(Δtstart − φ1) Z(−Δtstart + φ1)
Ug

Z(Δtend + φt)

Xπ/2 • • Xπ/2

5. B-gate phase calibrations

Let ϕt,d = φ1 ± φ3, ϕt,d be calibrated according to the
following sequences:

Ug

Z(−Δtstart − ϕt) X−π/2 • Z(Δtstart + ϕt)

Xπ

Ug

Z(−Δtstart − ϕd) X−π/2 • Z(Δtstart + ϕd)

Let φt,d = φ2 ± φ4, φt,d be calibrated according to the
following sequences

Ug

Z(−Δtend + φt) • X−π/2

Ug

Xπ Z(−Δtend + φd) • Xπ/2

[1] Y. Kim, A. Eddins, S. Anand, K. X. Wei, E. van den
Berg, S. Rosenblatt, H. Nayfeh, Y. Wu, M. Zaletel, K.
Temme, and A. Kandala, Evidence for the utility of quan-
tum computing before fault tolerance, Nature 618, 500
(2023).

[2] J. M. Chow, A. D. Córcoles, J. M. Gambetta, C. Rigetti,
B. R. Johnson, J. A. Smolin, J. R. Rozen, G. A. Keefe,
M. B. Rothwell, M. B. Ketchen, and M. Steffen, Simple
all-microwave entangling gate for fixed-frequency super-
conducting qubits, Phys. Rev. Lett. 107, 080502 (2011).

[3] S. Sheldon, E. Magesan, J. M. Chow, and J. M. Gambetta,
Procedure for systematically tuning up cross-talk in the
cross-resonance gate, Phys. Rev. A 93, 060302 (2016).

[4] A. Patterson, J. Rahamim, T. Tsunoda, P. Spring, S. Jebari,
K. Ratter, M. Mergenthaler, G. Tancredi, B. Vlastakis,
M. Esposito, and P. Leek, Calibration of a cross-resonance
two-qubit gate between directly coupled transmons, Phys.
Rev. Appl. 12, 064013 (2019).

[5] A. Kandala, K. X. Wei, S. Srinivasan, E. Magesan, S.
Carnevale, G. A. Keefe, D. Klaus, O. Dial, and D. C.
McKay, Demonstration of a high-fidelity CNOT gate for
fixed-frequency transmons with engineered ZZ suppres-
sion, Phys. Rev. Lett. 127, 130501 (2021).

[6] B. K. Mitchell, R. K. Naik, A. Morvan, A. Hashim, J.
M. Kreikebaum, B. Marinelli, W. Lavrijsen, K. Nowrouzi,

020338-11

https://doi.org/10.1038/s41586-023-06096-3
https://doi.org/10.1103/PhysRevLett.107.080502
https://doi.org/10.1103/PhysRevA.93.060302
https://doi.org/10.1103/PhysRevApplied.12.064013
https://doi.org/10.1103/PhysRevLett.127.130501


KEN XUAN WEI et al. PRX QUANTUM 5, 020338 (2024)

D. I. Santiago, and I. Siddiqi, Hardware-efficient microwave-
activated tunable coupling between superconducting qubits,
Phys. Rev. Lett. 127, 200502 (2021).

[7] K. X. Wei, E. Magesan, I. Lauer, S. Srinivasan, D. F.
Bogorin, S. Carnevale, G. A. Keefe, Y. Kim, D. Klaus,
W. Landers, N. Sundaresan, C. Wang, E. J. Zhang, M. Stef-
fen, O. E. Dial, D. C. McKay, and A. Kandala, Hamiltonian
engineering with multicolor drives for fast entangling gates
and quantum crosstalk cancellation, Phys. Rev. Lett. 129,
060501 (2022).

[8] J. Zhang, J. Vala, S. Sastry, and K. B. Whaley, Minimum
construction of two-qubit quantum operations, Phys. Rev.
Lett. 93, 020502 (2004).

[9] J. M. Chow, J. M. Gambetta, A. W. Cross, S. T.
Merkel, C. Rigetti, and M. Steffen, Microwave-activated
conditional-phase gate for superconducting qubits, New J.
Phys. 15, 115012 (2013).

[10] F. Arute, et al., GOOGLE AI QUANTUM AND COL-
LABORATORS, Hartree-Fock on a superconducting qubit
quantum computer, Science 369, 1084 (2020).

[11] P. Jurcevic, et al., Demonstration of quantum volume 64 on
a superconducting quantum computing system, Quantum
Sci. Technol. 6, 025020 (2021).

[12] K. X. Wei, E. Pritchett, D. M. Zajac, D. C. McKay,
and S. Merkel, Characterizing non-Markovian off-resonant
errors in quantum gates, Phys. Rev. Appl. 21, 024018
(2024).

[13] Qiskit contributors, Qiskit: An open-source framework for
quantum computing (2023).

[14] E. Magesan, J. M. Gambetta, and J. Emerson, Scalable and
robust randomized benchmarking of quantum processes,
Phys. Rev. Lett. 106, 180504 (2011).

[15] E. Magesan, J. M. Gambetta, B. R. Johnson, C. A. Ryan,
J. M. Chow, S. T. Merkel, M. P. da Silva, G. A. Keefe,
M. B. Rothwell, T. A. Ohki, M. B. Ketchen, and M. Steffen,
Efficient measurement of quantum gate error by interleaved
randomized benchmarking, Phys. Rev. Lett. 109, 080505
(2012).

[16] L. V. Abdurakhimov, I. Mahboob, H. Toida,
K. Kakuyanagi, Y. Matsuzaki, and S. Saito, Identification
of different types of high-frequency defects in supercon-
ducting qubits, PRX Quantum 3, 040332 (2022).

[17] L. V. Abdurakhimov, I. Mahboob, H. Toida,
K. Kakuyanagi, Y. Matsuzaki, and S. Saito, Driven-state
relaxation of a coupled qubit-defect system in spin-locking
measurements, Phys. Rev. B 102, 100502 (2020).

[18] M. Malekakhlagh and E. Magesan, Mitigating off-resonant
error in the cross-resonance gate, Phys. Rev. A 105, 012602
(2022).

[19] J. M. Chow, L. DiCarlo, J. M. Gambetta, F. Motzoi,
L. Frunzio, S. M. Girvin, and R. J. Schoelkopf, Optimized
driving of superconducting artificial atoms for improved
single-qubit gates, Phys. Rev. A 82, 040305(R) (2010).

[20] D. C. McKay, C. J. Wood, S. Sheldon, J. M. Chow, and
J. M. Gambetta, Efficient z gates for quantum computing,
Phys. Rev. A 96, 022330 (2017).

[21] J. Chen, D. Ding, C. Huang, and Q. Ye, Compiling arbitrary
single-qubit gates via the phase shifts of microwave pulses,
Phys. Rev. Res. 5, L022031 (2023).

[22] D. C. McKay, S. Filipp, A. Mezzacapo, E. Magesan,
J. M. Chow, and J. M. Gambetta, Universal gate for

fixed-frequency qubits via a tunable bus, Phys. Rev. Appl.
6, 064007 (2016).

[23] M. O. Tholén, R. Borgani, C. Križan, J. Bylander, and
D. B. Haviland, Characterization and benchmarking of a
phase-sensitive two-qubit gate using direct digital synthe-
sis, ArXiv:2308.08893.

[24] M. Ganzhorn, G. Salis, D. J. Egger, A. Fuhrer, M. Mer-
genthaler, C. Müller, P. Müller, S. Paredes, M. Pechal, M.
Werninghaus, and S. Filipp, Benchmarking the noise sen-
sitivity of different parametric two-qubit gates in a single
superconducting quantum computing platform, Phys. Rev.
Res. 2, 033447 (2020).

[25] D. M. Abrams, N. Didier, B. R. Johnson, M. P. d. Silva, and
C. A. Ryan, Implementation of XY entangling gates with a
single calibrated pulse, Nat. Electron. 3, 744 (2020).

[26] C. Rigetti, A. Blais, and M. Devoret, Protocol for univer-
sal gates in optimally biased superconducting qubits, Phys.
Rev. Lett. 94, 240502 (2005).

[27] E. Magesan and J. M. Gambetta, Effective Hamiltonian
models of the cross-resonance gate, Phys. Rev. A 101,
052308 (2020).

[28] F. Bao, et al., Fluxonium: An alternative qubit platform
for high-fidelity operations, Phys. Rev. Lett. 129, 010502
(2022).

[29] N. Sundaresan, I. Lauer, E. Pritchett, E. Magesan, P. Jurce-
vic, and J. M. Gambetta, Reducing unitary and spectator
errors in cross resonance with optimized rotary echoes,
PRX Quantum 1, 020318 (2020).

[30] K. Heya and N. Kanazawa, Cross-cross resonance gate,
PRX Quantum 2, 040336 (2021).

[31] L. B. Nguyen, Y. Kim, A. Hashim, N. Goss, B. Marinelli, B.
Bhandari, D. Das, R. K. Naik, J. M. Kreikebaum, A. N. Jor-
dan, D. I. Santiago, and I. Siddiqi, Programmable Heisen-
berg interactions between Floquet qubits, Nat. Phys. 20,
240 (2024).

[32] S. Poletto, J. M. Gambetta, S. T. Merkel, J. A. Smolin, J. M.
Chow, A. D. Córcoles, G. A. Keefe, M. B. Rothwell, J. R.
Rozen, D. W. Abraham, C. Rigetti, and M. Steffen, Entan-
glement of two superconducting qubits in a waveguide cav-
ity via monochromatic two-photon excitation, Phys. Rev.
Lett. 109, 240505 (2012).

[33] C. Huang, T. Wang, F. Wu, D. Ding, Q. Ye, L. Kong, F.
Zhang, X. Ni, Z. Song, Y. Shi, H.-H. Zhao, C. Deng, and
J. Chen, Quantum instruction set design for performance,
Phys. Rev. Lett. 130, 070601 (2023).

[34] H. Zhang, C. Ding, D. K. Weiss, Z. Huang, Y. Ma, C.
Guinn, S. Sussman, S. P. Chitta, D. Chen, A. A. Houck,
J. Koch, and D. I. Schuster, Tunable inductive coupler for
high-fidelity gates between fluxonium qubits, PRX Quan-
tum 5, 020326 (2024).

[35] J. Chen, D. Ding, W. Gong, C. Huang, and Q. Ye, in
Proceedings of the 29th ACM International Conference
on Architectural Support for Programming Languages and
Operating Systems (Association for Computing Machinery,
New York, NY, USA, 2024), Vol. 2, pp. 779–796.

[36] E. C. Peterson, L. S. Bishop, and A. Javadi-Abhari, Opti-
mal synthesis into fixed XX interactions, Quantum 6, 696
(2022).

[37] J. Zhang, J. Vala, S. Sastry, and K. B. Whaley, Geometric
theory of nonlocal two-qubit operations, Phys. Rev. A 67,
042313 (2003).

020338-12

https://doi.org/10.1103/PhysRevLett.127.200502
https://doi.org/10.1103/PhysRevLett.129.060501
https://doi.org/10.1103/PhysRevLett.93.020502
https://doi.org/10.1088/1367-2630/15/11/115012
https://doi.org/10.1126/science.abb9811
https://doi.org/10.1088/2058-9565/abe519
https://doi.org/10.1103/PhysRevApplied.21.024018
https://doi.org/10.1103/PhysRevLett.106.180504
https://doi.org/10.1103/PhysRevLett.109.080505
https://doi.org/10.1103/PRXQuantum.3.040332
https://doi.org/10.1103/PhysRevB.102.100502
https://doi.org/10.1103/PhysRevA.105.012602
https://doi.org/10.1103/PhysRevA.82.040305
https://doi.org/10.1103/PhysRevA.96.022330
https://doi.org/10.1103/PhysRevResearch.5.L022031
https://doi.org/10.1103/PhysRevApplied.6.064007
https://arxiv.org/abs/2308.08893
https://doi.org/10.1103/PhysRevResearch.2.033447
https://doi.org/10.1038/s41928-020-00498-1
https://doi.org/10.1103/PhysRevLett.94.240502
https://doi.org/10.1103/PhysRevA.101.052308
https://doi.org/10.1103/PhysRevLett.129.010502
https://doi.org/10.1103/PRXQuantum.1.020318
https://doi.org/10.1103/PRXQuantum.2.040336
https://doi.org/10.1038/s41567-023-02326-7
https://doi.org/10.1103/PhysRevLett.109.240505
https://doi.org/10.1103/PhysRevLett.130.070601
https://doi.org/10.1103/PRXQuantum.5.020326
https://doi.org/10.1145/3620665.3640386
https://doi.org/10.22331/q-2022-04-27-696
https://doi.org/10.1103/PhysRevA.67.042313


NATIVE TWO-QUBIT GATES. . . PRX QUANTUM 5, 020338 (2024)

[38] S. A. Kutin, D. P. Moulton, and L. M. Smithline, Computa-
tion at a distance, ArXiv:quant-ph/0701194.

[39] A. Bapat, A. M. Childs, A. V. Gorshkov, S. King,
E. Schoute, and H. Shastri, Quantum routing with fast
reversals, Quantum 5, 533 (2021).

[40] T. G. D. Brugière, M. Baboulin, B. Valiron, S. Martiel,
and C. Allouche, Reducing the depth of linear reversible
quantum circuits, IEEE Trans. Quantum Eng. 2, 1 (2021).

[41] N. Goss, A. Morvan, B. Marinelli, B. K. Mitchell, L. B.
Nguyen, R. K. Naik, L. Chen, C. Jünger, J. M. Kreikebaum,
D. I. Santiago, J. J. Wallman, and I. Siddiqi, High-fidelity
qutrit entangling gates for superconducting circuits, Nat.
Commun. 13, 7481 (2022).

[42] J. B. Hertzberg, E. J. Zhang, S. Rosenblatt, E. Mage-
san, J. A. Smolin, J.-B. Yau, V. P. Adiga, M. Sandberg,
M. Brink, J. M. Chow, and J. S. Orcutt, Laser-annealing
Josephson junctions for yielding scaled-up superconducting
quantum processors, npj Quantum Inf. 7, 129 (2021).

[43] E. J. Zhang, et al., High-performance superconducting
quantum processors via laser annealing of transmon qubits,
Sci. Adv. 8, eabi6690 (2022).

[44] A. Morvan, L. Chen, J. M. Larson, D. I. Santiago, and
I. Siddiqi, Optimizing frequency allocation for fixed-
frequency superconducting quantum processors, Phys. Rev.
Res. 4, 023079 (2022).

[45] J. Stehlik, D. M. Zajac, D. L. Underwood, T. Phung, J.
Blair, S. Carnevale, D. Klaus, G. A. Keefe,
A. Carniol, M. Kumph, M. Steffen, and O. E. Dial, Tun-
able coupling architecture for fixed-frequency transmon
superconducting qubits, Phys. Rev. Lett. 127, 080505
(2021).

[46] D. M. Zajac, J. Stehlik, D. L. Underwood, T. Phung, J.
Blair, S. Carnevale, D. Klaus, G. A. Keefe, A. Carniol,
M. Kumph, M. Steffen, and O. E. Dial, Spectator
errors in tunable coupling architectures, ArXiv:2108.11221
(2021).

020338-13

https://arxiv.org/abs/quant-ph/0701194
https://doi.org/10.22331/q-2021-08-31-533
https://doi.org/10.1109/TQE.2021.3091648
https://doi.org/10.1038/s41467-022-34851-z
https://doi.org/10.1038/s41534-021-00464-5
https://doi.org/10.1126/sciadv.abi6690
https://doi.org/10.1103/PhysRevResearch.4.023079
https://doi.org/10.1103/PhysRevLett.127.080505
https://arxiv.org/abs/2108.11221

	I.. INTRODUCTION
	II.. FRAME TRACKING
	III.. ON-RESONANT DIRECT iswap GATE
	A.. Direct swap gate

	IV.. OFF-RESONANT (STARK) iswap AND bswap GATES
	V.. NON-CLIFFORD GATES
	A.. iswap gate
	B.. B gate

	VI.. APPLICATION TO CIRCUITS
	VII.. CONCLUSION
	. ACKNOWLEDGMENTS
	. APPENDIX A: iswap OSCILLATIONS
	. APPENDIX B: cz GATE SEQUENCE
	. APPENDIX C: PHASE CALIBRATIONS
	1.. iswap phase calibrations
	2.. swap phase calibrations
	3.. bswap phase calibrations
	4.. iswap phase calibrations
	5.. B-gate phase calibrations

	. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


