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To utilize higher-dimensional quantum systems, in this Letter we derive a generalized cross-resonance
scheme for realizing maximally entangling two-qutrit gates on fixed-frequency transmons beyond the 0–1
subspace. Our two-qutrit gates, namely, U01

CR and U12
CR, acting on the 0–1 and 1–2 energy transitions of

transmons, respectively, directly allow for entanglement on the 1–2 levels. Unlike the known works, our
gate is parametric in nature, enabling us to construct multiple entangling gates of interest. By performing
simulations in Qiskit, we demonstrate two-qutrit generalized controlled-X (U01

CX and U12
CX) and controlled-

H (U01
CH and U12

CH) gates, which are instances of the proposed UCR gates, with reported gate fidelities of
93.17% (99.73%), 91.47% (97.88%), 96.06% (99.39%), and 95.68% (98.99%), respectively, with (and
without) noise. We also reveal a two-qutrit Bell state with a fidelity of 87.54% (99.06%), with a complete
Bell state preparation in an ∼514 ns pulse sequence, which is less than the gate time of the known scheme by
cross-Kerr-based entangling gates.

DOI: 10.1103/qqtg-x6jg

Working with multilevel quantum systems instead of
qubit systems offers many intrinsic advantages with respect
to quantum computation and information. Access to larger
Hilbert spaces has proved beneficial for a myriad of tasks
such as qubit reset [1–3], qubit readout [4], fidelity in
quantum teleportation [5,6], randomness generation [7], en-
tanglement purification [8], construction of qudit quantum
error-correcting codes [9–11], and to improve security, ro-
bustness, and enhance key rates for quantum key distribution
(QKD) protocols [12–14]. Qudit systems have also been prov-
ably shown to exhibit speedup and separations in quantum
circuit complexity compared to their classical counterparts
[15,16]. More concretely, it has been observed that fewer
qudit gates are required to implement a given unitary opera-
tion compared to the qubit case [17–20]. Three-level systems
or qutrits, specifically, have been used to obtain sublinear
depth decompositions of qubit circuits without ancilla [21,22].
This reduction in the depth leads to an improvement of the
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scalability of quantum circuits primarily by ensuring longer
decoherence times [23,24].

Quantum devices consisting of mesoscopic anharmonic
oscillators have emerged as the leading architecture in the
race for realizing physical quantum systems over the last
decade [25]. Circuit quantum electrodynamics (cQED) stud-
ies the interaction of anharmonic oscillators constructed
from nonlinear superconducting circuit elements such as the
Josephson junction, with quantized electromagnetic fields in
the microwave-frequency domain [26,27]. The energy spec-
trum of cQED devices is governed by macroscopic circuit
element parameters, which makes these devices highly con-
figurable. Moreover, superconducting transmons demonstrate
large nonlinearity [28–31], thereby allowing us to restrict the
dynamics of the quantum system precisely to the number
of levels we desire, making them particularly favorable for
implementing qutrits and other higher-level systems.

Consequently, research intensity on extending cQED de-
vices to three-level (and higher) systems has increased,
resulting in a flurry of recent works focused on implementing
qutrit-based quantum algorithms on superconducting trans-
mons [32,33]. However, currently, in order to implement
arbitrary qutrit-based quantum algorithms on superconduct-
ing qutrits, one needs to design building blocks specifically
for transmons that allow us to implement a set of qutrit
gates that is universal for three-level quantum computa-
tion. Exact universality on qutrits requires a discrete set
of single-qutrit Hamiltonians and one two-qutrit Hamilto-
nian [34–36]. While high-fidelity single-qutrit quantum gates
have long been realized [33,37–39], realizations of two-qutrit
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entangling gates using cross-resonance (CR) scheme either
suffered from increased crosstalk or were limited to perform
a direct entanglement on only the 0–1 subspace of the entire
two-qutrit Hilbert space [40,41]. Researchers addressed these
issues by realizing maximally entangling two-qutrit gates on
the superconducting transmon architecture using differential
ac Stark shift drives with nontunable and tunable couplings
[42,43]. However, using small cross-Kerr coupling for entan-
gling gates leads to slow gate operations.

In this Letter, we address the challenges posed due to
entanglement confined to 0–1 subspace and slow gate times,
by extending the well-established and faster cross-resonance
scheme to a generalized qutrit architecture. For this, we the-
orize and demonstrate, via simulations, two-qutrit gates on
fixed-frequency, fixed-coupling transmons that enable high-
fidelity, maximally entangling operations across the entire
two-qutrit space. This work provides a viable route toward
universal qutrit-based quantum computation using experimen-
tally accessible resources. Moving forward, we demonstrate
two-qutrit generalized controlled-X and controlled-H gates,
using the cross-resonance framework. The tunability required
for effective interaction in the two transmon qutrits with fixed
frequencies can be achieved using microwave pulse control
[44–47]. Our simulation setup consists of fixed-frequency
transmons (modeled as qutrits) coupled via a resonator.
The individual frequencies of the two qutrits are ω1/2π =
4.9 GHz and ω2/2π = 5.5 GHz. The anharmonicities con-
sidered for the simulations are δ1 = −400 MHz and δ2 =
−300 MHz. The qutrits interact with a coupling strength
of J/2π = 2.7 MHz and are individually coupled to the
resonator with coupling constants as g1/2π = 0.62 GHz
and g2/2π = 0.64 GHz, respectively, ensuring reliable gate
execution.

By performing simulations using Qiskit Dynamics, we
realize high-fidelity two-qutrit generalized controlled-X and
controlled-H gates, namely, U 01

CX, U 12
CX, U 01

CH, and U 12
CH, with

and without decoherence noise. Furthermore, we prepare
two-qutrit Bell states with fidelities of 99.06% ± 0.01% and
87.54% ± 0.01% in the noiseless and the noisy settings, re-
spectively. Notably, the fidelity in the noiseless setting is
comparable to the current state of the art, and has been
achieved using a relatively simpler technique for the current
superconducting quantum hardware.

Two-qutrit interactions for the realization of entangling
gates are controllable entirely by microwave pulses, and
this has been extensively experimentally demonstrated earlier
[40,48]. Here, we employ simple amplitude modulation of
Gaussian square pulses for two-qutrit operations, along with
Gaussian pulses with quadrature derivative removal via adia-
batic gate (DRAG) for single-qutrit operations. This activates
our two-qutrit gate, which is fully characterized and utilized
to generate maximally entangled states.

For superconducting architectures, one of the most promi-
nent techniques to drive transmons is the CR technique
[49,50]. This technique has been explored and studied for
the experimental realization of high-fidelity two-qubit quan-
tum gates, for instance, the controlled-NOT gate [51,52].
This amplitude-modulated microwave-only technique signif-
icantly reduces hardware complexity, as it allows control
pulses to be delivered through the same lines used for send-

Control
Qutrit

Target
Qutrit

FIG. 1. The schematic diagram of a coupled two-transmon sys-
tem. ω1 and ω2 correspond to the frequency of the transition |0〉 →
|1〉 in transmon 1 and transmon 2, respectively, and δ1 and δ2 are their
respective anharmonicities. The two transmons are coupled through a
resonator of frequency ωr with coupling strengths g1 and g2, respec-
tively. The proposed generalized cross-resonance scheme generalizes
the qubit-qubit cross-resonance scheme to the qutrit setting, where
the control qutrit (transmon 1) is irradiated with a microwave pulse
of frequency ωd , which equals either ω2 corresponding to |0〉 → |1〉
transition or ω2 + δ2 corresponding to |1〉 → |2〉 transition of the
target qutrit (transmon 2).

ing standard single-qutrit control signals. Additionally, the
cross-resonance gate offers a distinct approach to entangling
operations by avoiding the need for frequency tuning or
coupler modulation, typically required in other methods. Be-
cause it operates effectively with fixed-frequency transmon
qutrits, the CR gate naturally avoids noise introduced by dy-
namic frequency adjustments. Transmon-based qutrits, known
for their strong coherence properties (longer coherence times),
low sensitivity to charge fluctuations, and high single-qutrit
gate fidelities, are particularly compatible with this scheme.
Hence, for large, fault-tolerant systems, the CR gate ap-
proach tends to be more robust and engineering-friendly. This
has been the driving force for the cross-resonance gate to
be widely adopted for implementing two-qutrit gates in su-
perconducting architectures with fixed-frequency transmons
[40].

In this interaction, a microwave pulse is applied to one
transmon (the control) at the resonant frequency of the other
(the target) (Fig. 1). The interplay between the inherent cou-
pling and the applied drive generates Rabi oscillations in the
target qutrit, where the state of the control qutrit determines
the oscillation frequency of the target qutrit. This condi-
tional interaction forms the basis of the CR gate, enabling
high-fidelity entangling operations without requiring direct
frequency tuning.

For two-level systems, the cross-resonance technique, for
a particular drive power, results in two distinct Rabi frequen-
cies, γ0 and γ1. The Hamiltonian for this interaction can be
described as

Hqubit
cr = γ0|0〉〈0| ⊗ σx + γ1|1〉〈1| ⊗ σx, (1)

where γ0 = w1/2 and γ1 = −w1/2, with w1 being the |0〉 →
|1〉 transition frequency of qubit 1.
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Extending the idea of cross-resonance to a two-qutrit sys-
tem, we show, in the Supplemental Material [53], that the
effective drive Hamiltonian of a microwave pulse on one qutrit
with frequency resonant to the other qutrit can be given as

Hqutrit
CR (t ) =

(
−J�(t )

4

)[{ν0|0〉〈0| + ν1|1〉〈1| + ν2|2〉〈2|}

⊗ {
η20

(
ei(ωd −ω01

2 )t |0〉〈1| + e−i(ωd −ω01
2 )t |1〉〈0|)

+
√

2η21
(
ei(ωd −ω12

2 )t |1〉〈2|
+ e−i(ωd −ω12

2 )t |2〉〈1|)}], (2)

where ωd is the drive frequency and �(t ) is the microwave-
drive amplitude, along with ω01

2 = ω2, ω12
2 = ω2 − δ2, ν0 =

−η10, ν1 = η10 − 2η11, and ν2 = 2η11, with η10 = 1/ω1,
η11 = 1/(ω1 + δ1), η20 = 1/ω2, and η21 = 1/(ω2 + δ2).

It is apparent from the expression of Hqutrit
CR (t ) that the ex-

citations in the target qutrit occur on the 0–1 level if the drive
frequency conforms to the |0〉 → |1〉 transition frequency
of the target qutrit and occur on the 1–2 level if the drive
frequency matches the |1〉 → |2〉 transition frequency. De-
pending on the choice of the drive frequency, this Hamiltonian
gives rise to one of the two gates,

U01
CR(θ ) =

2∑
i=0

|i〉〈i| ⊗ R01
X (νiθ )

= |0〉〈0| ⊗ e−i(|0〉〈1|+|1〉〈0|)ν0θ + |1〉〈1| ⊗ I

+ |2〉〈2| ⊗ e−i(|0〉〈1|+|1〉〈0|)ν2θ (3)

or

U12
CR(θ ) =

2∑
i=0

|i〉〈i| ⊗ R12
X (νiθ )

= |0〉〈0| ⊗ e−i(|1〉〈2|+|2〉〈1|)ν0θ + |1〉〈1| ⊗ I

+ |2〉〈2| ⊗ e−i(|1〉〈2|+|2〉〈1|)ν2θ . (4)

Here, the rotations are R01
X (νiθ ) = e−i(|0〉〈1|+|1〉〈0|)νiθ/2 ≡

RX 01(φi ) on 0–1 space, and, on 1–2 subspace, R12
X (νiθ ) =

e−i(|1〉〈2|+|2〉〈1|)νiθ/2 ≡ RX 12(φi ).
These gates can be seen as direct analogs of the two-qubit

CR gate on the 0–1 and 1–2 transition levels, respectively. In
addition, they generalize the gates of the prior works [40,48]
that use the cross-resonance framework on just two of the
three levels. Our work improves upon the prior works in two
primary ways. First is the ability to perform a direct entangle-
ment on the 1–2 levels of the target qutrit. While the previous
works use the ability to entangle on 0–1 levels to perform
entanglement on the 1–2 levels, our gates bring in the ability
to perform entanglement directly on the 1–2 levels of the
target qutrit. Second, U01

CR and U12
CR are not individual gates but

rather a class of gates (i.e., they are parametric in nature) that
directly allow entanglement on 0–1 and 1–2 levels and can be
used to construct a multitude of entangling gates of interest.
However, all gates proposed prior to this work are specific
nonparametric gates. In addition to these contrasts, the action
of U01

CR and U12
CR on the target qutrit uniquely depends on the

state of the control qutrit, and no two states of control induce
the same oscillation on the target qutrit. This is evident both in

the simulation results [53] and in gate descriptions (3) and (4).
Although these gates individually act on a two-level subspace
of the three-level systems, together they span the complete
two-qutrit Hilbert space.

To demonstrate this maximal spanning, we use the general-
ized CR to construct controlled-X and controlled-H gates on
the 0–1 and 1–2 subspaces, which we define as

U 01
CX = |0〉 〈0| ⊗

⎡
⎣0 1 0

1 0 0
0 0 i

⎤
⎦ + |1〉 〈1| ⊗

⎡
⎣1 0 0

0 1 0
0 0 1

⎤
⎦

+ |2〉 〈2| ⊗
⎡
⎣0 1 0

1 0 0
0 0 −i

⎤
⎦, (5)

U 12
CX = |0〉 〈0| ⊗

⎡
⎣ i 0 0

0 0 1
0 1 0

⎤
⎦ + |1〉 〈1| ⊗

⎡
⎣1 0 0

0 1 0
0 0 1

⎤
⎦

+ |2〉 〈2| ⊗
⎡
⎣−i 0 0

0 0 1
0 1 0

⎤
⎦ (6)

and

U 01
CH = |0〉 〈0| ⊗ 1√

2

⎡
⎣ 1 1 0

−1 1 0
0 0

√
2

⎤
⎦ + |1〉 〈1|

⊗
⎡
⎣1 0 0

0 1 0
0 0 1

⎤
⎦ + |2〉 〈2| ⊗ 1√

2

⎡
⎣1 −1 0

1 1 0
0 0

√
2

⎤
⎦,

(7)

U 12
CH = |0〉 〈0| ⊗ 1√

2

⎡
⎣

√
2 0 0

0 1 1
0 −1 1

⎤
⎦ + |1〉 〈1|

⊗
⎡
⎣1 0 0

0 1 0
0 0 1

⎤
⎦ + |2〉 〈2| ⊗ 1√

2

⎡
⎣

√
2 0 0

0 1 −1
0 1 1

⎤
⎦.

(8)

We perform numerical simulations of the proposed gates using
Qiskit Dynamics [54], both with and without the inclusion of
decoherence effects. For effective decoherence time, we have
considered amplitude damping (T1: energy relaxation time)
and phase damping (T2: phase coherence time). We have also
performed quantum process tomography (QPT) and studied
the fidelities of our proposed gates with respect to varying
decoherence times, and the results are presented in Sec. V
of the Supplemental Material [53]. The noiseless simulations
were performed by simulating the Hamiltonian dynamics,
and the noisy simulations were performed by simulating the
Lindbladian dynamics. The Lindblad operators corresponding
to the qutrit amplitude and phase damping, which we have
considered in this work, are presented in the Supplemental
Material [53]. For the noisy simulations, we assume identical
coherence times across both qutrits and set T 12

1 = T 01
1 /2 and

T 12
2 = T 01

2 /2 to account for the reduced coherence of the
|1〉 ↔ |2〉 transition.
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(a)

(b)

FIG. 2. The comparison between the process matrices χideal, χnoiseless, and χnoisy of the ideal gates and the gates simulated without and with
the effects of decoherence. (a) The process matrices of the U01

CX gate obtained using QPT. We obtain process fidelities of 99.73% ± 0.01% and
93.17% ± 0.01% for the simulated U01

CX gate without and with decoherence noise, where the decoherence time T (T1 = T2 = T ) = 2500 µs.
(b) The process matrices of the U12

CH gate obtained using QPT. We obtain process fidelities of 98.99% ± 0.01% and 95.68% ± 0.01% for the
simulated U12

CH gate without and with decoherence noise, where the decoherence time T (T1 = T2 = T ) = 2500 µs.

Using QPT (Fig. 2), we obtain the process fidelities
(F) of these gates. Without decoherence effects, we obtain
F (U01

CX) = 99.73% ± 0.01%, F (U12
CX) = 97.88% ± 0.01%,

F (U01
CH) = 99.39% ± 0.01%, and F (U12

CH) = 98.99% ±
0.01%. Under the effects of decoherence, where T1 = T2 =
2500 µs, we obtain fidelities of F (U01

CX) = 93.17% ± 0.01%,
F (U12

CX) = 91.47% ± 0.01%, F (U01
CH) = 96.06% ± 0.01%,

and F (U12
CH) = 95.68% ± 0.01%. For comparison, we also

obtain the process fidelities of identity gates of lengths
200 and 100 ns (gate times of UCX and UCH, respectively)
under the same noise parameters, and we obtain F (I200) =
93.80% ± 0.01% and F (I100) = 97.10% ± 0.01%. Note that
these fidelities are very close to the UCX and UCH gates,
respectively.

Further, we use U01
CX and U12

CH gates, along with single-
qutrit gates, to demonstrate that the proposed generalized CR
gates span the complete two-qutrit Hilbert space by preparing
the two-qutrit Bell state:

|ψ〉 = 1√
3

(|00〉 + |11〉 + |22〉). (9)

The exact pulse sequence of the Bell state preparation circuit
can be found in the Supplemental Material [53].

The parameters used for the simulations mimic those of
the actual backend, which were provided earlier. For the
two-qutrit Bell state preparation, we use quantum state tomog-
raphy (QST) to reconstruct the prepared states (Fig. 3) and
observe fidelities of Fnoiseless = 99.06% ± 0.01% without de-
coherence and Fnoisy = 87.54% ± 0.01% with decoherence,
where T1 = T2 = 2500 µs. For our simulator parameters, we
obtain the total gate time corresponding to the Bell state
preparation circuit as ∼514 ns.

In conclusion, we extend the qubit cross-resonance scheme
to qutrit systems and show that it allows spanning the entire
two-qutrit Hilbert space and achieving maximal entangle-
ment. To advocate this, we construct two-qutrit gates, namely,
U01

CX, U12
CX, U01

CH, and U12
CH, and use them with single-qutrit

gates to prepare a high-fidelity two-qutrit Bell state. While
previous works on the cross-resonance scheme for qutrits
were limited to just two of the three dimensions of the qutrit
Hilbert space [40,48], our work improves upon them to show
the possibility of exploring the complete qutrit Hilbert space

L032023-4
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(a) (b) (c)

FIG. 3. The QST plots of (a) the two-qutrit Bell state as defined in Eq. (9), (b) the two-qutrit Bell state prepared under the noiseless setting,
and (c) the two-qutrit Bell state prepared under the noisy setting (T1 = T2 = 2500 µs). We prepare the two-qutrit Bell state using the proposed
U01

CX and U12
CH gates and obtain state fidelities of Fnoiseless = 99.06% ± 0.01% and Fnoisy = 87.54% ± 0.01%, respectively. For our choice of

parameters, the total time for the preparation of the qutrit Bell state is ∼514 ns.

using cross-resonance. Our technique of extending and gen-
eralizing the cross-resonance scheme also outperforms the
modified cross-Kerr techniques of prior works in terms of gate
times [42,43].

We further notice that, for our parameters of the simulation,
we achieve a Bell state preparation time that is significantly
lower than those due to prior works. This work throws light
on one of the central concerns of gate timings that is posed
on the CR scheme and shows the possibility of spanning
much larger Hilbert spaces using considerably less gate times
by generalizing the CR technique. This eliminates the need
to invoke and work with more complex approaches for the
current hardware architectures.

A possible interesting direction of future work is to in-
vestigate whether we can obtain a maximally entangling gate
on d > 2 level systems using a single pulse. Further, while
our work focuses on fixed-frequency transmon qutrits, recent
advances in fluxonium qubit platforms [55–57] present inter-
esting opportunities for future extension of generalized cross-
resonance scheme. Another interesting direction for future
work is the development of scalable frequency-allocation and
collision-avoidance strategies for multiqutrit architectures,

where frequency crowding arising from both the 0–1 and
1–2 transitions poses additional challenges beyond those
encountered in qubit-based processors. These investigations
could be of paramount importance for the field of supercon-
ducting quantum computation and information processing on
higher-level systems, specifically qutrits.
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