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We demonstrate a hardware-agnostic protocol for realizing fast, high-fidelity gates through dynamical decou-
pling (DD) pulse sequences applied to a central qubit coupled to target qubits. The target qubits are controlled
by leveraging their intrinsic interaction with the central qubit, eliminating the need for slow, error-prone direct
control. We develop and implement the DD-gate protocol within two distinct frameworks: a general model
with minimal assumptions, benchmarked on a gate-based digital quantum simulator given by the IBM quantum
(IBMQ) platforms; and an experimentally realistic case with a 15N-vacancy center (15NV) in diamond. Using
IBMQ, we are able to elucidate the underlying quantum dynamics of the DD gates and test them, independently
of experimental constraints. For 15NV, we realize the protocol considering system-specific properties, which
could represent a significant reduction in gate duration and improved technological scalability compared with
current dynamical-decoupling-based control. We also propose a simple application for high-efficiency polar-
ization of the 15N nuclear spin that could potentially be less technically demanding than current methods.
Altogether, this work provides a robust strategy for quantum control that can be implemented in arbitrary
systems fitting the central-target qubit architecture. Beyond these results, our open-source simulations and
implementations for both platforms provide a practical framework for simulating time-dependent qubit dynamics
on noisy intermediate-scale quantum era gate-based quantum processors.
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I. INTRODUCTION

The generation of fast, reliable, and technologically scal-
able multiqubit gates is a fundamental challenge for quantum
computing [1] and other quantum technology applications
[2–6]. A critical challenge in the implementation is the in-
herent tradeoff between gate fidelity and operation time [7].
Here, we demonstrate a method that leverages dynamical de-
coupling (DD) [8] to mediate multiqubit gates, simultaneously
optimizing for speed and fidelity, while preserving technolog-
ical scalability.

Our approach is designed for, but not restricted to, a com-
mon architecture within quantum technology platforms: a
central “control” qubit that strongly interacts with external
fields, coupled to one or more “target” qubits with weak direct
control. Here, coherent control of the central qubit is usually
much faster and more precise than that of the coupled qubits.
In contrast, the weakly interacting qubits generally have much
longer coherence than the central qubit, placing them as ideal
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candidates for quantum memories [6,9]. A primary example
of such systems is color center defects in solids [10,11], which
commonly have an electron spin (S) coupled to one or more
nuclear spins (I), where gate durations for the former are
several orders of magnitude shorter than for the latter [12].
Although direct excitation of the weakly interacting qubits
by resonant pulses is possible [12], an alternative that makes
use of fast, high-fidelity gates on the central qubit is highly
desirable. Within this context, DD techniques exploit the in-
trinsic interaction between the control and target qubits to
realize gates.

Pulsed DD sequences consist of periodic reversals of the
quantum evolution of a qubit, so that environmental noise
is canceled during the total time evolution. In particular, the
Carr-Purcell-Meiboom-Gill, CPMG-N , sequence [13] con-
sists of N repeated πx pulses separated by free-evolution
intervals of duration τ . A πy/2 pulse is also applied before the
sequence to drive the qubit from its initial state |0〉 at the pole
of the Bloch sphere to the equator, where the interaction with
the target qubits can be probed. Similarly, a πy/2 pulse is ap-
plied at the end of the sequence to project the acquired phase
back to its quantization axis z, where it can be measured. As
the number of π pulses N increases, the sequence acts as a
narrow-band filter for frequencies corresponding to twice the
inverse pulse separation ω = 1/(2τ ) and odd multiples of it
[14,15] [see Fig. 1(b)]. In the static laboratory frame, the target
qubits perform Larmor precessions characterized by periodic
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FIG. 1. (a) The 15NV center in the diamond lattice consists of an electron spin S (control qubit) and the 15N nuclear spin I (target qubit).
These are surrounded by a 13C nuclear spin bath. The IBMQ is employed as a digital quantum simulator to emulate these dynamics, without
complex bath interactions and other experimental constraints. (b) CPMG dynamical decoupling sequence. By changing the separation τ

between consecutive πx pulses applied on the control qubit, the sequence filters out signals which are not in resonance with the frequency
ω = 1/(2τ ) and its odd multiples. In this way, the target-qubit expectation value 〈Î〉(t ) averages to zero in the laboratory frame, but adds
constructively in the control qubit’s reference frame. (c) Demonstrated and simulated time evolution of the control qubit under a CPMG-10
sequence in IBMQ. The 〈Ŝz〉 observable shows resonances due to its interaction with the target qubit at odd multiples of 1/(2ω0,1), with
pronounced sidebands at larger τ values.

oscillations of their expectation values 〈Î〉(t ), which average
out to zero. In contrast, in the reference frame of the control
qubit, the expectation values 〈Î〉(t ) add up constructively if the
pulse separation is resonant with its Larmor frequency, while
other signals with different frequencies cancel out destruc-
tively. Thus, by tuning the pulse separation to the resonant
frequency of one of the target qubits, all other interactions
in the system can be filtered from the control qubit, apart
from the interaction with the target, which we then use to per-
form gates on the target qubit without applying slow resonant
pulses to it.

This application is notably well suited for color centers,
due to the natural presence of both electron and nuclear spin
species. Specifically, we consider the nitrogen-vacancy (NV)
center in diamond [16,17], composed of a substitutional nitro-
gen adjacent to a vacancy in the diamond lattice, as shown
in Fig. 1(a). NVs host an electron spin S = 1 and a nitro-
gen nuclear spin I = 1 for the 14N isotope (99.6% natural
abundance) or I = 1

2 for 15N (0.4%). In this study, we only
consider the 15NV center due to the absence of a quadrupole
interaction, which suppresses the Larmor precession of the
nuclear spin [18] (see Sec. III A). From now on, the 15NV
center is simply referred to as NV. Apart from the nitrogen,
the electron spin of the NV can also couple with spin- 1

2
nuclei from 13C atoms in the diamond lattice [19] and other
paramagnetic impurities [20].

DD techniques have already been extensively applied to
NV centers for a wide range of applications, initially for
extending the coherence of the NV’s electron spin [8] up
to nearly a second [21]. Another common application is for
quantum sensing, where it is used to probe the interaction
with the spin bath itself. Notably, the technique has been
utilized to measure weak signals from 1H nuclei at the di-
amond surface [22,23] and from 13C isotopes in the lattice
[24,25], where background signal was present. DD with NVs
has also been combined with resonant radio-frequency (RF)
pulses to the 13C nuclear spins to generate multiqubit gates in
the NV-13C system [26–29], being of great interest for ana-
log quantum-simulator proposals [30] and quantum memories
[31]. However, the use of DD sequences for control of the
native 15N nuclear spin of the NV without direct resonant RF
pulses remains an open research problem. Here, we demon-
strate the realization with the 15N spin, without adoption
of rotating frames [32,33] and using only microwave (MW)
pulses on the electron spin.

Using the 15N nuclear spin instead of 13C has a significant
technological advantage with regard to scalability, as the in-
teraction Hamiltonian for a coupled 15N is the same for all
NVs. 13C nuclei are stochastically distributed in the diamond
lattice around the NV at current technological levels of ma-
terial fabrication, resulting in a variety of spin Hamiltonians
[34]. The scalability of such a method is particularly useful
for diamond-based quantum token proposals [9,35], where the
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nuclear spins are envisioned to store quantum states prepared
using the electron spin as an auxiliary qubit. In addition, our
theoretical model goes beyond previous implementations, by
allowing generalized coupling strengths that would not be
suitable in perturbative approaches with adoptions of rotating
frames, such as the rotating-wave approximation (RWA).

Although particularly interesting for color centers, the use
of DD of a control qubit for performing quantum gates to
target qubits could also be relevant to other architectures,
as superconducting circuits or quantum dots. It is thus in-
dispensable to develop a hardware-agnostic nonperturbative
model for verifying the fundamental principles of the tech-
nique, while benchmarking it on a general-purpose quantum
processor. With this goal, we employ IBM quantum plat-
forms (IBMQ) composed of superconducting qubits [36–38]
as digital quantum simulators. The IBMQ can thus emulate
the behavior of an NV center [Fig. 1(a)], or other general
quantum systems, free from complex spin bath dynamics and
other experimental constraints.

We begin this work in Sec. II by introducing a minimal
Hamiltonian model for DD-mediated gates with generalized
quantum systems and by implementing it on IBMQ using
qiskit [39]. This proof of concept demonstrates the feasibility
of the DD-filtered drive on a digital quantum processor. Build-
ing on this general model, we then discuss its application to
NV centers in Sec. III, considering a more complex Hamilto-
nian model than for IBMQ. Experimental measurements of
the NV’s electron spin are shown and compared with sim-
ulations performed using QUACCATOO software [40,41]. An
application of this technique for 15N nuclear spin polarization
is proposed, which could significantly simplify experimental
complexity compared with existing methods [7,42–44]. Fi-
nally, we conclude in Sec. IV by discussing the limitations
and possible improvements of the model. The simulations
and implementations with IBMQ are open source, provided
through a PYTHON package available at [45]. In addition, the
simulations of the NV center are provided in the QUACCATOO

repository [41].

II. UNIVERSAL MODEL BENCHMARKED ON IBMQ

To realize multiqubit gates via DD of the central qubit,
we make use of the IBMQ Torino processor from the Heron
family (see Appendix A 1 for more details). In Sec. II A,
we introduce the theoretical framework for performing gate-
based quantum simulation of time-dependent qubit dynamics
in the laboratory frame. This framework has potential appli-
cations beyond DD gates for general quantum simulation on
noisy intermediate-scale quantum (NISQ) hardware. Building
on that, in Sec. II B we demonstrate the DD gate with the
central qubit coupled to one target qubit. Finally, in Sec. II C,
we realize the gate with the central qubit coupled to two
target qubits, demonstrating the robustness of the DD method.
In addition, Appendix B discusses the effect of the coupling
factor Azx and Appendix C analyzes the effects of pulse errors
in the DD sequences.

A. Theoretical framework

A general system for DD gates comprises the central qubit,
represented by the spin operators Ŝ = (Ŝx, Ŝy, Ŝz ), and M

target qubits, given by the operators Î j = (Îx, j, Îy, j, Îz, j ) with
indices j = 1, 2, . . . , M. We take all qubits initialized in the
|0〉 state and having their quantization axes along z, with the
central qubit having a Larmor frequency ω0,0 that gives the
energy difference between its states. The target qubits have
Larmor frequencies ω0, j , which are much smaller than that of
the central qubit ω0, j � ω0,0. We further consider that each
target qubit has a coupling with the central qubit described
by a tensor A j , where interactions among target qubits are
neglected.

Using these considerations, the system’s Hamiltonian can
be written as

Ĥ0 = ω0,0Ŝz +
M∑

j=1

(ω0, j Îz, j + Ŝ · A j · Î j ), (1)

where we assume h = 1 throughout this work and take the
Hamiltonians and coupling terms in arbitrary units of [fre-
quency], corresponding to the inverse of [time]. For the
generation of the DD gates, we are only interested in the
coupling terms that involve the Ŝz and Îx, j components in
the form of Aj

zxŜzÎx, j . This is because the central qubit can
sense interactions along its quantization axis z [46] when it
is driven to the equator of the Bloch sphere, while the per-
pendicular components x and y cause qubit flips. Contrarily,
in the target qubits, we are interested in these perpendicular
components that will cause transitions between the states,
where we only take the x component due to the freedom of
choice of the coordinate system. Therefore, in the minimal
Hamiltonian model, we have the coupling interactions being
given by Ŝ · A j · Î j → Aj

zxŜzÎx, j . Strictly speaking, the inter-
action tensor A j should be symmetrical and we would need
to have terms with Aj

zxŜx Îz, j . However, these terms do not
significantly affect the system dynamics of the system under
the DD sequences [24] and increase the computational costs
with IBMQ, thus being neglected. NV’s Hamiltonian is more
complex, but it still shows these same features, as discussed
in detail in Sec. III A and Appendix D.

Now we model the interaction of the central qubit with
the control field. Considering harmonic square pulses along
the x direction [40], the time-dependent Hamiltonian in the
laboratory frame during a pulse is simply given by

Ĥ1(t ) = ω1 cos(2πωpt + φ)Ŝx, (2)

where ω1 is the Rabi frequency of the transition [47], ωp is
the frequency of the pulse in resonance with ω0,0 and φ its
phase, which controls the rotation axis in the rotating frame.
By changing the pulse duration tp, the central qubit performs
Rabi oscillations [48] of the 〈Ŝz〉 observable between its two
eigenstates, where for tπ = 1/(2ω1), we have complete inver-
sion of the populations, i.e., a π pulse.

For the description of single-qubit dynamics, a rotating
frame is typically adopted [33], where Ĥ1(t ) becomes time
independent. However, the unitary transformation operator
of the rotating frame does not necessarily commute with Ĥ0

from Eq. (1) depending on A j , which would then lead to
time dependencies in the rotating frame (as is the case with
the NV Hamiltonian). Furthermore, the use of the rotating
frame imposes that ω0,0 � Aj

zx and ω0,0 � ω1, which are not
always valid, or in the second case advantageous due to a
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slow driving of the central qubit. Altogether, the most general
approach for this problem is to describe the dynamics of the
quantum simulator in the static laboratory frame, in contrast to
most quantum computing applications. This time-dependent
description of the control Hamiltonian Ĥ1(t ) also allows us to
directly account for pulse errors (Appendix C).

Implementing a free evolution under Ĥ0 in the IBMQ pro-
cessor at the laboratory frame is a straightforward operation.
For that, the state of the system can be evolved with the
time-evolution operator

Ûτ = exp[−i2π (τ − tπ )Ĥ0], (3)

where τ − tπ is the actual pulse separation when considering
realistic pulses with finite length [40]. The exponential oper-
ators are applied to the qubits through Pauli evolution gates
[49], transpiled to the native gates of the hardware. More
implementation details on the transpilation and execution of
the circuits are given in Appendix A 1, while the exact imple-
mentation of the time-evolution gates can be found in [45].

If we wanted to analytically solve the system dynam-
ics during the pulse applications under the time-dependent
Hamiltonian Ĥ0 + Ĥ1(t ), a Dyson series [50] could be used,
involving an infinite sum of time integrals. But clearly,
when considering this operation with a digital quantum sim-
ulator, the time variable cannot be continuously divided
into infinitesimal components dt , infinitely integrated and
summed. Instead, to achieve the pulse dynamics with IBMQ,
we perform a Trotterization decomposition [51,52] of the
continuous-time evolution into a finite number of gates with
�t steps as

Ûp(tp) ≈
tp/�t∏
k=1

exp{−i2π�t[Ĥ0 + Ĥ1(tk )]}, (4)

ordered from right to left. For this approximation to be valid,
�t needs to be small compared to 1/ω0,0, such that the Hamil-
tonian is nearly constant at the time tk and it can be applied as
if it was time independent. However, even in the continuous
case of the Dyson series, the perpendicular coupling terms and
the time-dependent drive make a general analytical solution to
the time-evolution operator unreachable.

In the end of the sequence, we measure the central and
target qubits by their quantum mechanical observables Ŝz and
Îz, j . In our model, nonunitary processes such as decoherence
and relaxation are not explicitly accounted, which could be
numerically incorporated through collapse operators in the
Lindblad equation [40,53]. Instead, they are included within
the noise model of the IBMQ processors in the qiskit simula-
tions framework (Appendix A 1). As will be seen in the fol-
lowing section, decoherence has a negligible effect in IBMQ
at these timescales, but does play an important role for NVs.

B. One target qubit gate

We begin by implementing DD gates with one single cou-
pled qubit. In this case, Eq. (1) becomes

Ĥ0 = ω0,0Ŝz + ω0,1 Îz + AzxŜzÎx, (5)

where we simplify the notation by dropping the j index.
We numerically take ω0,0 = 50 and ω0,1 = 1 in units of
[frequency]. In Ĥ1(t ) [Eq. (2)] we take ω1 = 5 [frequency],

such that ω0,0 � ω1 is valid and the driving of the central
qubit is harmonic [32]. Last, in Eq. (4), we adopt a time step
of �t = 0.001 [time]. If we assume that the central and target
qubits are electron and nuclear spins, respectively, the Larmor
frequency of the former is typically 103 to 104 times larger
than the latter. On the other hand, a large ω0,0 would require a
small time step �t , so that Ĥ1(t ) is nearly constant in each
discretized time tk . Thus, to avoid increased computational
costs in the IBMQ, we set ω0,0/ω0,1 = 50.

A CPMG sequence with N = 10 pulses was implemented
in IBMQ and simulated in qiskit with Azx = 0.1 [frequency],
as shown in Fig. 1(c). By varying the pulse separation τ ,
the central qubit observable 〈Ŝz〉 exhibits multiple resonances
centered at the odd multiples of the inverse of the fundamen-
tal resonant frequency: 1/(2ω0,1), 3/(2ω0,1), 5/(2ω0,1), and
7/(2ω0,1). These resonances also have side bands, which be-
come more pronounced at the longer pulse separations due to
the increased interaction time between the two qubits and its
resulting effect on the filter function of the DD sequence [54].

This method is broadly used for quantum sensing of cou-
pled qubits [14,15,24], but here our goal is to use the DD
sequence resonances to control the time evolution of the target
qubit. To characterize these dynamics of the target qubit, we
take τ values around the first resonance at τ = 1/(2ω0,1) and
vary the number of pulses N , measuring both observables as
presented in Fig. 2(a). Here, we take Azx = 0.2 [frequency]
in order to achieve better resonance contrast (Appendix B).
As the number of pulses increases, the filter function of the
DD sequence changes [54], resulting in narrower resonance
linewidths, with more pronounced sidebands and oscillations
of the resonance amplitudes. Notably, the target qubit has
a time evolution under the DD sequence opposite to the
central qubit, when considering this initial state |0, 0〉 (a
case with a mixed initial state is discussed in Sec. III C).
This indicates that, at the end of the DD sequence, the tar-
get qubit accumulates a phase of opposite sign and same
amplitude as the control qubit at the equator of the Bloch
sphere, which is then projected into the quantization axis z
by the final πy/2 pulse. Thus, an increase in the resonance
amplitude of the 〈Ŝz〉 observable at some τ corresponds to
a decrease by the same amount in the 〈Îz〉 observable of the
target qubit.

To further study this effect, we take τ = 0.5 [time] fixed
and measure the expectation value of the observables as a
function of N in Fig. 2(b). The central and target qubits
observables 〈Ŝz〉 and 〈Îz〉 perform opposite harmonic oscil-
lations with the same frequency and amplitude, which do
not decay when damping processes [55] are not present. The
dependency of this oscillation frequency on the coupling con-
stant is discussed in detail in Appendix B. By taking N = 12
pulses, we have a complete inversion of both observables,
totaling Tπ = Nτ = 6 units of time, which can represent a
considerable reduction in the gate duration compared to direct
excitation of the target qubit (see Sec. III B). In all sequences,
there is a strong agreement between the simulation and the
implementation using the digital quantum simulator, which
validates the proposed model.

The oscillations of the observables would suggest that the
system is undergoing a Rabi oscillation [48] corresponding to
rotations in the Bloch sphere for both qubits, but this is not
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FIG. 2. (a) CPMG-N sequences applied to the control qubit im-
plemented in IBMQ and simulated with qiskit. The target qubit
observable 〈Îz〉 has a time evolution opposite to the control qubit
〈Ŝz〉, with a resonance at τ = 1/(2ω0,1) = 0.5 [time]. As the number
of pulses N increases, the amplitude of the resonance varies and
sidebands become more pronounced. (b) Rabi-type oscillations of the
central and target qubits. By taking τ = 0.5 [time] fixed and varying
N , the two observables perform opposite harmonic oscillations, due
to opposite phase accumulations at the equator of the Bloch sphere
by the end of the DD sequence. This variation of the 〈Îz〉 observable
is the basis for the DD gates.

the case. By measuring the components 〈Îx〉 and 〈Îy〉 perpen-
dicular to the quantization axis, we observe that in fact the
qubits evolve from one pole of the Bloch sphere (state |0〉) to
the other (state |1〉) through points inside the sphere, not on its
surface as it is for the Rabi experiment. Figure 3(a) depicts this
effect, by showing data for N between 0 to 12 of the reduced
density matrix corresponding to the subsystem of the target
qubit:

ρ̂I = TrS (ρ̂) = 1̂

2
+

∑
a=x,y,z

〈1̂ ⊗ Îa〉σ̂a, (6)

where we explicitly write the tensor product of the target qubit
observables and σ̂a denotes the Pauli matrices.

When considering single qubits, the fact that the state is
represented by a point inside the sphere would indicate a
nonunitary dynamics, inducing state mixing. But with two
qubits, this is not a valid interpretation, as the Bloch sphere
is an incomplete description of the system. Specifically, the
density matrix for a two-qubit system is

ρ̂ = 1̂

4
+ 1

2

∑
a=x,y,z

(〈Ŝa ⊗ 1̂〉σ̂a ⊗ 1̂ + 〈1̂ ⊗ Îa〉1̂ ⊗ σ̂a)

+
∑

a,b=x,y,z

〈Ŝa ⊗ Îb〉σ̂a ⊗ σ̂b.

Only the first line is fully expressed in the Bloch spheres,
thus averaging out the entanglement terms with 〈Ŝa ⊗ Îb〉. It is
not surprising then that by taking a partial trace of the whole
system [Eq. (6)], the qubit subsystems are in mixed states.
More interestingly, this demonstrates that the initial popula-
tion of the |0, 0〉 state is distributed into the off-diagonal terms
of the density matrix representing entanglement that are not
explicitly pictured in the Bloch sphere. And after a certain
number of pulses, the off-diagonal terms evolve back into pop-
ulation terms, resulting in a population inversion to the |0, 1〉
state. This behavior is evidenced by the demonstrated full
quantum state tomography with the 15 observables [56] for
N = 0 (initial state preparation), N = 6 (intermediate “π/2”
state), and N = 12 (final “π” state) in Figs. 3(b), 3(c), and
3(d), respectively.

At N = 0, the IBMQ has a nearly perfect initialization of
the qubits, with small deviations in some of the entanglement
terms, likely due to readout errors related to the rotations
necessary for the projection into the measurement axis and
at N = 12, we observe a complete population inversion of
the target qubit. By taking an intermediate number of pulses
as N = 6, we obtain a highly entangled state with concur-
rence 0.899 [57,58], close to a maximally entangled state with
concurrence 1. In this way, the DD gates can potentially be
employed as a tool for entanglement generation, apart from
population changes to the target qubits, which motivates fur-
ther research into this time-evolution dynamics.

At the final state, small deviations from a perfect popula-
tion inversion of the target qubit are also observed. This can be
attributed to Trotterization [51] and readout errors as seen at
N = 0. But mainly, this discrepancy is related to the discrete
nature of the N variable, which does not allow us to take
the exact moment during the time evolution where the state
is completely inverted. The demonstrated final state fidelity
with the ideal |0, 1〉 state is 0.945. But, if we disregard the
control qubit (which serves more as an auxiliary qubit) and
take the partial trace of the system [Eq. (6)], the fidelity for
a population inversion of the target qubit is 0.995. Another
metric which is related to this fidelity is the amplitude of the
Rabi-type oscillation, denoted as the pseudofidelity F̃ . For
the implementation data in Fig. 2(b), we have F̃ = 0.963.
This pseudofidelity has the advantage of not requiring a full
quantum state tomography as performed here, thus being less
computationally costly for IBMQ and which will be used in
the remaining text.
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FIG. 3. (a) Bloch sphere representation of the target qubit under the DD gate implemented with IBMQ. During the CPMG-N sequences,
the subsystem state obtained from a partial trace of the two qubits occupies points inside the sphere, which does not qualify the gate as a proper
rotation. Full density matrices ρ̂ at (b) N = 0, (c) N = 6, and (d) N = 12 pulses, demonstrated by quantum state tomography. These points are
represented in (a) by the green stars. At N = 0 the system is well initialized in the |00〉 state, with small readout errors. In the middle of the
gate at N = 6, the diagonal population term is distributed into off-diagonal terms representing entanglement, which results in mixed states for
the single qubits when taking the partial traces of ρ̂. At N = 12, the entanglement terms are reverted back into diagonal terms, resulting in a
population inversion for the target qubit with fidelity 0.948, limited by the discretized nature of N .

C. Two target qubits gate

In order to extend our model to multiple target qubits, we
perform DD gate in a three-qubit system, composed of the
central qubit coupled with two target qubits, as schematically
represented in Fig. 4(a). We consider a Hamiltonian as in
Eq. (1), with the same parameters for the control qubit as in
Sec. III B and target qubits parameters of Azx,1 = 0.15, Azx,2 =
0.10, ω0,1 = 1.0, and ω0,2 = 0.5, all in units of [frequency]. In
addition, we take a shorter time step of �t = 0.0001, in order
to achieve better Trotterization approximation [Eq. (4)].

First, we experimentally measured and simulated the ex-
pectation values of the three qubits 〈Ŝz〉, 〈Îz,1〉, and 〈Îz,1〉
under a CPMG-10 sequence, as shown in Fig. 4(b). The target
qubits have resonance at their own Larmor frequencies τ =
1/(2ω0, j ), without any response at a pulse separation resonant
with the other qubit. The central qubit has resonances at both
frequencies, which leads to spectral ambiguities in quantum
sensing applications with DD sequences [24,46].

To realize the DD gate with the target qubits, the res-
onant pulse separation of each one is separately addressed
with the CPMG sequence varying N , as previously done in
Fig. 2(b). The experimental and simulation results are shown
in Fig. 4(c), demonstrating full population inversions at N =
16 in the target qubit 1 and N = 11 in qubit 2. The signal
from both observables decays, evidencing a limitation of the
IBMQ digital quantum simulator to reproduce the model for
two target qubits. These decays are also present in the qiskit
simulations, which validates the noise model employed in the
simulations of the superconducting hardware.

The fidelities of each target qubit DD gate are obtained by
an experimental quantum state tomography (see Fig. 3). For
the target qubit 1, the resulting fidelity with respect to the
ideal state |10〉 is 0.702, where we take the partial trace of
the control qubit, whereas in target qubit 2, we obtain 0.695
compared to the state |01〉. Both fidelities are limited by the
signal decay of the DD time evolution. Finally, the two DD
gates can be concatenated together, that is, being applied one
after the other in the form of CPMG-16(τ = 0.5)-CPMG-
11(τ = 1.0) in order to have a double-population inversion
of the two states yielding |11〉. The obtained density matrix
is shown in Fig. 4(d), with a fidelity of 0.659, again taking the
partial trace of the control qubit.

These low fidelities are not necessarily limitations of the
protocol, but they are are fundamentally limited by the in-
trinsic time-dependent nature of the Hamiltonian, which at
the current technological stage cannot be properly executed
using a discrete set of quantum gates within the IBMQ
quantum simulator. This does not imply, however, that the
DD-mediated gate is not suitable for multiqubit systems.

III. EXPERIMENTALLY REALISTIC MODEL WITH 15NV

Having introduced a general hardware-agnostic model for
DD-mediated gates, tested on a digital quantum simulator,
we now focus on an experimentally realistic case. Among
the various physical platforms utilized in quantum technolo-
gies, the NV center in diamond has been a focal point of
research [16,17], with applications ranging from quantum
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FIG. 4. (a) Central qubit coupled to two target qubits represented with IBMQ. (b) Implemented and simulated CPMG-10 sequence applied
to the central qubit coupled with two target qubits. The central qubit observable 〈Ŝz〉 shows resonances at both of the target qubits’ resonant
τ values, while each of the target qubits has its own resonance determined by τ = 1/(2ω0, j ). (c) DD-mediated gates obtained with τ fixed to
each qubit’s resonance, showing a significant signal decay. (d) Implemented tomography of the reduced density matrix of the target qubits,
with a partial trace over the control qubit. By applying a CPMG-16 (τ = 0.5) sequence followed by a CPMG-11(τ = 1.0), both target qubit
populations are inverted with a low fidelity of 0.659 with respect to the ideal state |11〉, while taking a partial trace of the control qubit. This
poor performance of the DD-gate protocol with two target qubits suggests a fundamental limitation for a digital gate-based quantum simulator
to emulate a time-dependent Hamiltonian.

sensing [2–4], to networks [5], and memory-tokens [6,9]. The
NV perfectly fits the description of a central qubit coupled
to a target one, as developed in Sec. II, and here we extend
the model to it. First, in Sec. III A, we introduce the NV
Hamiltonian and the simulation framework. In Sec. III B, we
present experimental measurements of the electron spin and
simulations of the nuclear spin for the DD-mediated gate.
Finally, in Sec. III C, we discuss a possible application of
the DD gate for the polarization of the nuclear spins from an
initial maximally mixed thermal state, supported by simula-
tions. Further details on the experimental realization with NVs
can be found in Appendix A 2, while the simulations of the
DD gates with NVs are provided in the QUACCATOO tutorials
section [41].

A. Theoretical framework

In order to describe the time evolution of the NV system
under a DD sequence, we use a Hamiltonian model [59–61]
for the electron spin operator Ŝ and the 15N nuclear spin Î.
Taking the z axis aligned with the NV crystal axis in the
principal axis system (PAS), it can be written as

Ĥ0 = DŜ2
z − γ eB0 · Ŝ − γ nB0 · Î + Ŝ · A · Î. (7)

The first term represents a zero-field splitting due to the dipo-
lar coupling between the two electrons forming the electron
spin, with D = 2.87 GHz. The second and third terms are

the Zeeman interactions with the external field B0, where
the gyromagnetic ratios of the two spins are γ e = −28.025
GHz/T and γ n = −4.316 MHz/T. At magnetic fields below
|B0| < 102.4 mT, the D term is dominant over the electron
Zeeman one and the lowest-energy state corresponds to the
mS = 0 level. The fourth term corresponds to the hyperfine
interaction between the two spins, which in the PAS frame is
represented by a diagonal coupling tensor A with Axx = Ayy =
3.65 MHz and Azz = 3.03 MHz [62].

In most applications it is assumed that B0 ‖ z, but as re-
cently shown [46], a small misalignment induces Ŝx and Îx

terms in the Zeeman interactions, which lead to a detection of
the 15N nuclear spin precession by the electron spin in DD se-
quences. In the context of quantum sensing, this effect results
in ambiguous resonances in the DD spectrum, which can be
confused with the signal intended to be measured. Here, these
resonances are the means for the DD-mediated nuclear gates
with the 15NV system. When considering the 14N isotope on
the other hand, the quadrupole interaction fixes the nuclear
spin, suppressing its precession and making the application of
such DD gates less practical. The NV Hamiltonian under these
considerations does not exactly correspond to the minimal
two-qubit Hamiltonian developed in Sec. II A [Eq. (5)] since
the Zeeman interactions have perpendicular terms with Ŝx and
Îx instead of the hyperfine coupling. However, with a change
of the reference frame as discussed in Appendix D, we see that
both cases are the physical manifestation of the same effect.

042627-7



TSUNAKI, DOTAN, VOLKOVA, AND NAYDENOV PHYSICAL REVIEW A 113, 042627 (2026)

Prior to the application of the DD sequences, the electron
spin of the NV is initialized into the state |0〉 ≡ |mS = 0〉 by
an optical pumping mechanism [63] using a green laser. In
general, the 15N nuclear state is in an initial mixed thermal
state, with a density matrix practically equal to identity 1̂/2
[40], unlike in the IBMQ. The nuclear spin can be polarized
through projective measurements via the electron spin [42],
yet this requires precise alignment of the B0 field along the
NV axis, which would be incompatible with the experimental
design of the DD gate, since the Zeeman terms along x are
required. Overall then, the state of the NV system is described
by mixed density matrices, rather than pure ket states.

The control field interaction with the NV system, given
by Ĥ1(t ), is analogous to Eq. (2). With the only difference
being that due to the spin multiplicity S = 1, we select the
mS = 0 → −1 transition frequency for the control pulse, with
|1〉 ≡ |mS = −1〉 forming then the computational basis. The
excitation bandwidth has to be smaller than the energy split-
ting between mS = −1 and mS = +1, in order to avoid double
quantum excitations of the two electron levels [64]. If this
condition is met, the three-level system can be effectively
treated as a qubit.

When considering the interaction of the NV’s electron spin
and surrounding 13C nuclei, the hyperfine term is typically
smaller or in the same order of the nuclear Zeeman interaction.
This permits to calculate the DD resonance features in an an-
alytical framework, based on the adoption of rotating frames
and assumption of RWA [24,26–29]. For this case, however,
with the 15N nuclear spin, the hyperfine term is dominant
over the nuclear Zeeman interaction for moderate magnetic
fields |γ nB0| < |Axx|, |Azz| and the break of symmetry of the
misaligned B0 introduces noncommuting terms with the rota-
tion operators of the rotating frame [65], making an analytical
solution unfeasible. The dynamics of the system under the
Ĥ0 + Ĥ1(t ) then needs to be solved in the static laboratory
frame with the Liouville–von Neumann equation [66], moti-
vating the choice of this frame in Sec. II A. To numerically
simulate this dynamics, we use the Quantum Color Centers
Analysis Toolbox (QUACCATOO) [40,41] software, based on
qutip [67], which is a more complete tool for simulating color-
center systems than qiskit.

At the end of the pulse sequence, we measure the fluores-
cence observable given by 〈F̂ 〉 ≡ Tr(2ρ̂0ρ̂ f ) [40], where ρ̂ f

is the final state of the system. With this definition, 〈F̂ 〉 is
related but not strictly the same as the expectation value of
the Ŝz operator, as the mS = ±1 states occupation cannot be
distinguished by the emitted fluorescence. But since we are
exciting just one of the mS levels, both coincide and we refer
to 〈F̂ 〉 simply as the expectation value of the spin operator
〈Ŝz〉. As for the 15N nuclear spin observable, we use the
〈Îz〉 observable as in Sec. II A. Noting, however, that Ŝz has
expectation values from 0 to 1 in this definition, while Îz has
from −0.5 to 0.5.

B. Realization of 15NV DD gate

In order to characterize the DD resonance spectrum of
a 15NV in a misaligned magnetic field, a single NV was
measured under a magnetic field of |B0| = 32 mT at misalign-
ment angle of θ0 = 2.9◦. Here we use the XYN sequence

FIG. 5. (a) XYN spectra of 15NV for different number of pulses
N . A small misalignment of B0 causes the precession of the 15N
nuclear spin to be sensed by the electron spin observable 〈Ŝz〉, ex-
perimentally measured and simulated. Although the experimental
measurement of the 〈Îz〉 observable was not possible in this work,
its simulations indicate resonances opposite to 〈Ŝz〉. As N increases,
the experimental data start to deviate from the simulations, due to
decoherence and pulse errors [46]. (b) DD gate with 15NV. By taking
τ = 0.364 µs fixed and varying N , we observe Rabi-type oscillations
of the two observables. With 24 pulses, a complete inversion of the
population is observed, totaling Tπ = 9.04 µs, which can represent a
speedup of nearly 10 times compared to direct excitation of the 15N
nuclear spin.

instead of the CPMG, due to its better pulse error resilience,
as demonstrated in Appendix C. The XYN is similar to the
CPMG, being composed by N π pulses plus the initial and
final projective π/2 pulses, but with the π pulses intercalated
between the x and y axes [8,68]. Further experimental details
are given in Appendix A 2.

The experimentally measured and simulated expectation
values of 〈Ŝz〉 for different values of pulses N are shown in
Fig. 5(a). The remaining values of N can be found in [41].
For comparison, we also show the simulated data for 〈Îz〉.
While the direct experimental measurement of the nuclear
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spin polarization was not feasible in this work, the simula-
tions provide valuable insights into the underlying dynamics
of the system. In the simulations, we assume an initially
polarized state |00〉 = |mS = 0〉 ⊗ |mI = + 1

2 〉, while the ini-
tial state in the experiments is a mixed state corresponding to
|mS = 0〉〈mS = 0| ⊗ 1̂/2 [40]. This approximation is justified
because the control spin observable is not affected by the
initial state of the target spin under the XYN sequence, as
observed in Sec. III C.

The simulation and experimental values of 〈Ŝz〉 have a
prominent resonance from the 15N nuclei at around τ =
0.364 µs, in accordance with Ref. [46]. In contrast to IBMQ,
here the resonant pulse separation does not correspond to τ =
1/(2|γ nB0|), given that the hyperfine coupling is dominant
over the Zeeman term |Azz|, |Axx| > |γ nB0| and the nuclear
spin has a different Larmor frequency for each electron level.
Moreover, the simulations of the nuclear spin observable 〈Îz〉
indicate that its time evolution is opposite to 〈Ŝz〉, as seen in
Sec. II with the IBMQ model.

The intensity of the resonances again changes with number
of pulses, where the DD-mediated gate can be obtained by
taking τ = 0.364 µs fixed and varying N [Fig. 5(b)]. Thus,
the expectation values of 〈Ŝz〉 and 〈Îz〉 perform the Rabi-type
oscillations analogous to Fig. 2(b), with a complete inversion
of their populations at 24 pulses, totaling Tπ = 9.04 µs. This
value is close to 100 times faster than the value reported in
Ref. [24] for a 13C nuclear spin, given the much stronger
hyperfine interaction with 15N, and almost 10 times faster
than direct RF pulse excitation, assuming the same driving
field intensity for the MW and RF fields (Appendix A 2).
This way, the DD-mediated gate does not only show poten-
tial for substantial short gate time, but it also reaches near
unity pseudofidelity of F̃ = 0.980 for a complete population
inversion of the 15N nuclear spin, as demonstrated by the
simulations of 〈Îz〉. Still, the simulations of the nuclear spin
observable are open to experimental verification.

As the number of pulses N increases, decoherence and
pulse errors affect the experimental values of 〈Ŝz〉, leading
to a deviation from the simulation, as similarly observed in
other DD sequences under pulse errors [46]. This confirms
that the NV system is more susceptible to experimental errors
than the IBMQ quantum simulator. Nonetheless, the effect
from pulse errors can be mitigated by pulse engineering tech-
niques (Appendix C) and the coherence of NV centers can
also be extended by optimization of its fabrication methods
[69,70]. Independent of the sequence or system, QUACCATOO

[41] provides the means for users to simulate these DD gates
to arbitrary color centers.

C. Polarization of the target nuclear spin

A valuable application of this DD gate is for the polariza-
tion of the target qubits. At room temperature and typically
employed magnetic fields with intensities in the orders of a
few mT up to hundreds of mT, the nuclear spins coupled to the
NV are nearly in a maximally mixed state. This thermal polar-
ization given by the Boltzmann distribution is hindering many
quantum technology protocols and solutions for polarizing the
spins coupled to the NV are highly valued. Different methods
have been developed for polarization of the 15N nucleus [42]

coupled to the NV and even spin ensembles [43], based on
the Hartman-Hahn condition [71] or with complex Hamilto-
nian engineering sequences [44]. Here, we propose a method
with less restrictive experimental constraints, based on simple
dynamical decoupling sequences, without requiring rf pulses
to the nuclear spin, precise magnetic-field alignment, intricate
pulse generation, or long-coherence NV diamond samples.

The pulse error resilience analysis performed in Ap-
pendix C indicates that the CPMG and XYN result in different
resonant responses from the target qubit. Yet, they also behave
differently depending on the initial state of the target qubit. To
show that, Fig. 6(a) presents simulations of the NV spectrum
under CPMG and XYN sequences considering an initial state
|0〉〈0| ⊗ 1̂/2. The number of pulses N is varied, while con-
sidering the same experimental parameters as in Sec. III B,
apart from this initial state. First, the electron spin under
the XYN sequence gives the same resonances as observed in
Fig. 5(a) when considering the initial state |mS = 0〉 ⊗ |mI =
+ 1

2 〉. This shows that 〈Ŝz〉 does not depend on the initial state
of the nuclear spin in the XYN sequence. By comparing the
central spin resonance between the two sequences, we also
observe that XYN generates narrower linewidths and more
intense resonance peaks than CPMG.

The most prominent difference between the two sequences,
nonetheless, arises from the comparison of the coupled nu-
clear spin response in each sequence. In the XYN sequence,
the nuclear spin observable shows no variation, maintaining
a constant value of 〈Îz〉 = 0, a behavior that is somewhat
intuitive for a qubit that undergoes a unitary evolution from
an initial state 1̂/2. On the other hand, the CPMG induces
variations in the 〈Îz〉 observable even for an identity initial
state, being 0 at the resonant τ and antisymmetrical around
this point. This is not violating the unitarity of the time
evolution because, as shown in Fig. 3(a) and discussed in
detail in Sec. II B, the DD sequence is able to alter the Bloch
sphere radius (the mixing) of the coupled qubit subsystem,
obtained from a partial trace of the whole system [Eq. (6)].
In contrast to what is performed with IBMQ, it is then pos-
sible to obtain a polarized state from an initially mixed one.
Altogether, this indicates that by simply intercalating the axis
of the periodical reversal in the DD sequences, we obtain
completely different dynamics from the CPMG and XYN
sequences, resulting from variations in their filter function.
This difference between both sequences goes beyond mere
pulse error resilience.

To further characterize this effect of polarization, we sim-
ulate the time evolutions of both observables in the CPMG
sequence for fixed pulse separation τ = 0.3534 µs and varying
N . For comparison, we also show the nuclear spin observ-
able in the XYN, which remains nearly constant even for
a large number of pulses. Both observables in the CPMG
undergo anharmonic oscillations, that continue indefinitely
without pulse errors, decoherence, or relaxation. By taking
N = 27 with Tpol = 9.54 µs in the CPMG sequence, we have a
maximum of 〈Îz〉 = 0.475, representing an efficiency of 0.950
compared to the maximum possible value of 〈Îz〉 = 0.5. At
this value of τ , the electron spin observable is also close to
0.5, half of its maximum value of 1. This duration of the po-
larization sequence can also represent a considerable speedup
as compared to more elaborate Hamiltonian-engineering
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FIG. 6. (a) Simulated 15NV observables under CPMG and XYN
sequences for different number of pulses N , with an initial state
ρ̂0 = |0〉〈0| ⊗ 1̂/2. In the XYN sequence, 〈Ŝz〉 is invariant with the
initial state of the target qubit, while 〈Îz〉 remains constant. Contrast-
ingly, the CPMG sequence induces a completely different dynamics
to the initially mixed nuclear state, showing an antisymmetrical
resonance around τ = 0.364 µs. (b) Simulated polarization of the
target qubit by DD gate. By keeping τ = 0.3534 µs fixed and varying
N , the expectation values of the two observables show anharmonic
oscillations, where with N = 27 pulses totaling Tpol = 9.54 µs, 〈Îz〉
reaches its maximum value corresponding to a polarization efficiency
of 0.950, while the electron 〈Ŝz〉 is perfectly mixed. This way, the
initial polarization of the electron spin is transferred to the nuclear
one, mediated through entanglement terms.

sequences [44], being over three times faster than the value
reported for a NOVEL sequence and nearly five times faster
than PulsedPol [44].

In order to demonstrate that the final state of the nu-
clear spin is actually polarized, we simulate a quantum state
tomography, as presented in the Appendix (Fig. 10). This
demonstrates that the final state is 1̂/2 ⊗ |mI = +1/2〉〈mI =
+1/2|, with a fidelity of 0.979. The fact that the electron spin
is in a mixed state at the end of the DD gate confirms that its
initial polarization is transferred to the coupled qubit. If we
instead take the antisymmetrical τ point above the resonance
where 〈Îz〉 is negative, we are able to polarize the nuclear spin
into the other state. Altogether, this suggests the possibility
for a high-fidelity polarization generation through a simple
CPMG sequence on the NV central spin. Clearly, this predic-
tion also requires future experimental validation.

IV. CONCLUSION AND OUTLOOK

High-fidelity gates are crucial for quantum information
processing. In this work, we provide a general framework for
the implementation of such gates through DD of a central
qubit coupled to target qubits. The critical role of DD is
emphasized, enabling precise, fast, and high-fidelity control
of the target qubits by mitigating environmental noise and
eliminating the need for long, error-prone resonant control of
the target qubits. The DD-mediated gates are thoroughly an-
alyzed and implemented with IBMQ and NVs, supported by
numerical simulations within the two different frameworks.

Initially, we develop a general model with minimal hard-
ware assumptions and benchmark it on IBMQ (Sec. II), where
rotating frames and other perturbative approximations [32,65]
were not used. This allows our model to operate with arbitrary
interactions (Appendix B) that do not necessarily commute
with the rotation operators of the rotating frame. The presence
of a coupling between Ŝz (control qubit) and Îx of the target
qubit results in resonances in the DD spectrum (Sec. II B),
which can be leveraged to obtain state transitions of the target
qubit without its direct control by resonant excitation. Upon
further analysis of the time evolution, we observe that the
DD gate does not correspond to proper qubit rotations, but
instead the qubits evolve from one state to another through
points inside the Bloch sphere, mediated via entanglement
terms of the full system density matrix. In addition, the so-
lution of the qubit dynamics in the static laboratory frame
straightforwardly incorporates pulse errors within the control
field (Appendix C).

While we demonstrate near-unity fidelities for the DD gate
with one target qubit in IBMQ, the implementation with two
target qubits results in lower fidelities (Sec. II C). This signif-
icant reduction in performance does not indicate a limitation
of the DD-gate method itself but rather a more fundamental
challenge of the current NISQ era [72,73] hardware, namely,
the emulation of a time-dependent Hamiltonian in a digital
gate-based architecture, as provided by IBMQ. This empha-
sizes the necessity for specialized analog quantum simulators
[30], in which time-dependent Hamiltonians can be physically
implemented in a direct way, where errors introduced by Trot-
terization [51,74] and compilations are avoided.

Overall, we observe excellent agreement between the the-
oretical model and the IBMQ implementation, which demon-
strates the hardware agnosticism of the DD-gate method. The
latter can be implemented in other physical systems, as long
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as they are consistent with the central-target qubit description.
Notably, our gate method is shown to be particularly well
suited for color centers. By extending the minimal model
to 15NVs (Sec. III A), we show that the electron spin can
be used as the control qubit to induce a DD gate on the
15N nuclear spin. Experimental measurements of the electron
spin and QUACCATOO simulations [40,41] of the nuclear spin
indicate the possibility of high-fidelity control of the target
qubit, with substantial speedups in gate duration as compared
to direct excitation or previous DD-mediated methods [24].
The experimental implementation with NVs also highlights
the sensitivity of the protocol to pulse imperfections, where
for longer pulse sequences we observe discrepancies with the
simulation model. These errors could be mitigated by employ-
ing advanced pulse sequences [75–79].

Another possible application of the DD gates is the polar-
ization of target qubits, which are commonly in mixed thermal
states. Here, we propose and simulate a high-efficiency
method with NVs using a simple CPMG sequence. This could
represent a significant simplification of the experimental con-
ditions of current methods for polarization, where precise
magnetic field alignment [42] or intricate pulse sequences
[43] based on Hamiltonian engineering [44] are not required.
The natural progression of this work is then the experimen-
tal verification of the proposed polarization protocol and the
measurement of the 15NV nuclear spin observable (Sec. III B),
in order to fully validate the DD-gate application with NVs.

Further generalizations of the model can be obtained by
introducing interactions between the target qubits, which are
neglected in this work. However, these could potentially be
leveraged by the DD technique as well, in order to obtain
even more robust multiqubit DD gates. This study also fo-
cuses on only two possible initial states for the target qubit:
|0〉 and 1̂/2, representing a part of a broader operational
landscape. Moreover, the method shows potential for the
generation of deterministic entangled states with high concur-
rence (Sec. II B), which is not analyzed in depth here. Future
studies can then characterize the complete quantum channel
induced by the DD gates, enabling its utilization in general
quantum algorithm applications.

This work also provides a critical step towards practical
quantum technology implementations with NVs. Scalability is
paramount for applications such as the diamond-based quan-
tum token [9,35], which requires identical operation across
different NVs. By using the intrinsic 15N spin instead of
stochastic 13C nuclei as in previous studies [25–29,31], we
transition from a system limited by random lattice positions
to one governed by deterministic interactions. Last but not
least, the open-source simulations and implementations with
IBMQ and NVs are themselves primary contributions of this
work, providing a viable framework for quantum simulation
of time-dependent qubit dynamics in the laboratory frame
within NISQ-era digital gate-based quantum simulators.
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APPENDIX A: IMPLEMENTATION
AND SIMULATION METHODS

1. IBMQ and qiskit

All implementations on IBMQ were performed using the
QISKIT software development kit (SDK) [39], version 2.1.0,
and executed on the Torino quantum processing unit via the
QISKIT runtime architecture, version 0.40.1. The simulations
of IBMQ with realistic noise models were executed locally
using the QISKIT Aer simulator, version 0.17.1. Given the
fast development of the QISKIT software ecosystem, the codes
provided at [45] and used in this work may be outdated. The
Hamiltonians (1) and (2) are constructed based on the sparse
Pauli operators representation from QISKIT. These are then
used to create the time-evolution operators (3) and (4) with
Pauli evolution gates, synthesized via Lie Trotterization with
one repetition [74]. Each Pauli evolution gate is appended
to the quantum circuit respecting time ordering, with dis-
cretized times during pulses (Sec. II A). Measurements were
performed with 100 shots, except for the Bloch sphere tomog-
raphy in Fig. 3(a), which was run with 500 shots for a better
state reconstruction.

For transpiling the high-level circuit representations to na-
tive hardware gates, we used optimization level 2, with inverse
cancellation of gates but no commutative cancellations. The
dense layout method is used, taking the qubits with longest
coherence and smallest gate times. Lastly, for translation, the
gates are synthesized without any approximation. The tran-
spiled circuits are then added with the mapped observables
to the primitive unified blocs list and executed in the IBMQ
or simulated with Aer. All demonstrations with IBMQ Torino
were executed between July and August 2025, with minor
fluctuations in some of the hardware parameters, as evidenced
by the calibration reports. In any case, this does not affect the
results presented here.
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2. NV and QUACCATOO

The NV center used in this work was fabricated in an
electronic grade diamond plate (Element Six UK Ltd.) via
15N ion implantation with energies between 20 and 30 keV
and a dose of 109 15N /cm2. After implantation, the sample
was annealed in ultrahigh vacuum at 1000 ◦C. The experi-
mental measurements with the NV center were performed on
a custom-built confocal microscope, as described in detail
in Refs. [46,80]. In short, the external magnetic field |B0|
is applied using a permanent magnet, with four degrees of
freedom. The misalignment angle and field intensity are ob-
tained from fits of the optically detected magnetic resonance
spectrum [81]. The NVs are initialized and measured with a
diode laser of wavelength 518 nm, focused on the NV with
an air objective. The photons are then detected and counted,
giving the fluorescence observable. MW pulses for central-
spin control are generated by an arbitrary waveform generator,
then amplified and transmitted to the diamond through a thin
copper wire (d ≈ 20 µm), resulting in a π -pulse duration of
tMW
π = 12.85 ns, determined from Rabi oscillations [47]. For

this value of pulse duration, the energy difference between
the mS = ±1 levels is much larger than the bandwidth of the
pulse and the system can be well approximated as a two-level
system, even though QUACCATOO simulations do not rely on
this approximation. If we assume the same control field in-
tensity B1 for a hypothetical rf pulse as for the MW pulse,
this would lead to a direct π pulse to the nuclear spin of
duration t rf

π = |γ e/γn|tMW
π = 83.4 µs, as adopted in Sec. III B.

MW πy/2 pulses are included before and after the sequence
to rotate the electron spin from and to the quantization axis,
or in the case that the number of pulse blocks N/2 is odd, the
final pulse is 3π/2 to preserve the sign of 〈Ŝz〉. All experi-
mental control and data acquisition are done through the QUDI

software [82].
QUACCATOO version 1.1.0 was used to simulate the NV

dynamics in the DD gates. The NV and XY predefined classes
are used to model the NV systems and the XYN sequence,
respectively, with the same parameters as experimentally mea-
sured. The experimental data processing is done through the
ExpData class, where a baseline correction of order two is
applied to all XYN spectra, as shown in the repository [41].

APPENDIX B: COUPLING FACTOR

The coupling factor Azx determines the resonant response
of the central and target qubits. To characterize its effect
on the DD gates, we consider the same conditions for the
IBMQ as in Sec. II B, with a Hamiltonian equal to Eq. (5),
but with varying Azx between 0.05 and 0.35 [frequency]. In
this range of coupling factors, the relation ω0,0 � Azx is still
valid, meaning that the driving of the qubit is well defined and
harmonic. With that, the CPMG-10 sequence was measured
and simulated, as presented in Fig. 7(a). As the coupling factor
increases, the resonance amplitude varies and the sidebands
also get more pronounced, as similarly observed when N is
changed [Fig. 2(a)].

The relation between Azx and the time required for a full
population inversion of the target qubit Tπ is particularly
interesting for the design of the DD gates, as well as the

FIG. 7. (a) Implemented and simulated CPMG-10 sequences in
IBMQ for different values of coupling factor Azx . As Azx increases,
the resonance amplitude changes and the sidebands become more
pronounced. (b) Simulated frequency of the DD gate T −1

π as a
function of Azx . T −1

π is linearly proportional to Azx , showing that
the DD gate becomes faster with the coupling factor. (c) Simulated
pseudofidelity of the DD gate F̃ as a function of Azx . F̃ experiences
a nonlinear decrease with Azx , as with a faster DD gate, the discrete
pulse number parameter N is less likely to determine the exact time
for the population inversion of the target qubit.

resulting pseudofidelity of the gate F̃ . To obtain these values,
we simulate the CPMG sequences with fixed τ = 0.5 [time]
and different number of pulses N . This leads to a series
of Rabi-type oscillations as in Fig. 2(b), which we fit with
trigonometric functions, thus obtaining the Tπ and F̃ values
as a function of Azx. Figure 7(b) shows that the frequency of
the DD gates is linearly proportional to the coupling factor
T −1

π ∝ Azx, following the relation Tπ
∼= 0.212/Azx for these

Hamiltonian parameters. However, it is important to note
that Tπ is also influenced by other pertinent experimental
parameters, such as the Larmor frequency of the target qubit.
Previous models based on perturbative approximations that
do not consider these experimental parameters [14,15] would
lead to a relation of Tπ = 1/(2Azx ), which underestimates the
actual duration for a π pulse by over a factor of 2.
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FIG. 8. IBMQ simulation and implementation of CPMG-8 and XY8 sequences under (a) pulse length error tp/tπ and (b) pulse frequency
error ωp/ω0,0. Both sequences present the same resonance feature, but as the pulse errors become larger, the CPMG resonances shift in τ .
An effect which is not so prominent in the XYN sequence, evidencing a more robust pulse error resilience. Small periodical spikes are also
observed in the CPMG, demonstrating the robustness of the laboratory frame model, beyond the adoptions of rotating frames via perturbative
approximations [32,46].

It is clearly advantageous to have a strong coupling term
for having short gates, but, on the other hand, the fast driving
of the target qubit results in a lower pseudofidelity F̃ for a full
population inversion, as indicated in Fig. 7(c). At very weak
couplings around Azx = 0.1 [frequency], the pseudofidelity
reaches values close to 1, which then decays nonlinearly to
below 0.7 at Azx = 1. This can be attributed to the discretized
nature of the pulse number variable N , that with a faster
oscillation is less likely to correctly determine the exact point
in time of the full population inversion of the target qubit.

APPENDIX C: PULSE ERROR RESILIENCE

Another important factor which arises when dealing with
multipulse DD sequences are errors in the control field, as they
accumulate with each pulse until impairing the application of
the sequence. Here, we consider two types of pulse errors in
the control field [Eq. (2)]: duration of the pulse with respect to
a perfect π -pulse duration tp/tπ , and the excitation frequency
of the pulse as compared to the resonance of the central qubit
ωp/ω0,0.

Although the CPMG sequence is one of the most widely
used DD sequences, it is particularly prone to such errors [54].
This happens because the π pulse is repeatedly applied over
the same x axis, causing errors to accumulate fast. A natural
improvement then to the CPMG sequence is to intercalate
the N π pulses between the x and y axes [8,68], which we
denote as the XYN sequence. Notably, the XY8 sequence is
widely used in quantum sensing applications [15,46], being
composed of eight intercalated pulses antisymmetrized: [πx,
πy, πx, πy, πy, πx, πy, πx]. In this work, however, we do not
antisymmetrize the pulses to simplify the implementation of
the DD gate. Thus, an XY8 sequence in this work is composed
of [πx, πy, πx, πy, πx, πy, πx, πy].

To compare the CPMG and XYN sequences under
different pulse errors, we measured and simulated the target
qubit observable 〈Îz〉 in both sequences with N = 8 pulses.
The same Hamiltonian as in Eq. (5) was used with coupling
term of Azx = 0.2 [time]. The effect in the sequences of pulse
length errors from 0.85 tp/tπ to 1.15 tp/tπ while keeping the
correct excitation frequency ωp/ω0,0 are shown in Fig. 8(a).
Figure 8(b) shows the sequences under pulse frequency er-
rors from 0.97 ωp/ω0,0 to 1.03 ωp/ω0,0, while keeping the
correct pulse duration tp = tπ . Primarily, at small values of
errors, both sequences have the same resonance feature at
τ = 0.5 [time], as expected [68]. However, as either errors
increase, the position of the resonance shifts and the amplitude
decreases with the CPMG sequence, an effect that is less
pronounced in the XYN sequence, indicating a more robust
pulse error resilience.

The pulse length errors also induce periodical spikes in the
resonance peak, similar to that observed in Ref. [46] and when
the RWA and adoption of the rotating frame are no longer
valid [32]. Overall, these results attest to the robustness of
this simple model in the laboratory frame, which can describe
the behavior of the DD sequences even in the presence of
pulse errors. This incorporation of pulse errors could not be
so straightforward or robust under the adoption of rotating
frames and RWA. It could be argued that a shift in the res-
onance could be easily corrected by adjusting the fixed τ

value for the DD-mediated gate. However, pulse errors are not
generally known prior to the application of the DD sequences.
The assumption of previously knowing the shift to be applied
in τ would thus be a design flaw in the pulse sequence of the
DD gate.

To further characterize the pulse error resilience of the
two sequences, we simulate them for several combinations
of tp/tπ and ωp/ω0,0, varying N and keeping τ = 0.5 [time]
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FIG. 9. Simulated pseudofidelity F̃ of the DD gate as a function of pulse errors in IBMQ with (a) CPMG and (b) XYN sequences. The
CPMG sequence shows a pronounced susceptibility to pulse errors, where small deviations in the control field lead to a substantial decrease of
F̃ , with a characteristic upside-down U shape [75]. The XYN sequence, on the other hand, represents a much more robust pulse error resilience,
simply by intercalating the π pulses in the x and y axes. This error resilience could be further improved with antisymmetrization of the axes
[68], addition of random phases [77–79], uneven pulse separation [76] or composite pulses [75].

fixed. This results in a series of Rabi-type oscillations as in
Fig. 2(b), from which we calculate the pseudofidelity F̃ of
the DD-mediated gate, given by the amplitude of the oscil-
lation (Sec. II B). The results as shown in Fig. 9 evidence a
massive improvement in pulse error resilience in the XYN as
compared to the CPMG. By simply interleaving the excita-
tion axes in the XYN sequence, pseudofidelities above 0.7
can be achieved throughout the considered error values of
0.7 tp/tπ to 1.3 tp/tπ and 0.97 ωp/ω0,0 to 1.03 ωp/ω0,0. Con-
trastingly, the CPMG sequence suffers from a great reduction
in pseudofidelity, even with small deviations from the resonant
conditions, as observed in other pulse error resilience studies
with IBMQ [75].

Given this more robust pulse error resilience, the XYN
is utilized for the realization of the DD gate with the NV
(Sec. III B), where the experimental design is much more
susceptible to pulse errors than with IBMQ. But apart from
being more robust, the XYN sequence produces an intrin-
sically distinct filtering function compared to the CPMG,
where the CPMG and XYN sequences have contrasting dy-
namics depending on the initial state (Sec. III C). Apart
from the antisymmetrization of the pulses, the pulse error
resilience of the XYN sequence for the DD gate could be
further improved with the addition of random phases in each
[πx, πy, πx, πy] block [77,78], where the random phases
can be correlated for even better error suppression [46,79].
Beyond that, asymmetrical pulse separation can be intro-
duced as in Uhrig DD [76], or composite pulses can be
considered [75].

APPENDIX D: 15NV HAMILTONIAN
OUTSIDE THE PAS FRAME

Although similar, the Hamiltonians of the 15NV [Eq. (7)]
and IBMQ systems under the DD gates [Eq. (1)] are not

strictly the same. The difference lies in the fact that the
flip-flop terms responsible for the DD gate with NVs are
present within the Zeeman interaction, instead of the hy-
perfine coupling. Assuming a small misalignment angle of
θ0 and adopting a reference frame in which φ0 = 0, these
Zeeman terms of the NV Hamiltonian in the PAS frame are
given by

−γ eB0 · Ŝ = −γ eB0
(
cos θ0Ŝz + sin θ0Ŝx

)
,

−γ nB0 · Î = −γ nB0
(
cos θ0 Îz + sin θ0 Îx

)
.

If θ0 and B0 are too large, such that |γ eB0 sin θ0| ∼ D, these
relations are no longer valid, as the basis states for the elec-
tronic spin become hybridized [83]. To show that these terms
are the physical manifestation of the same effect, we assume
a new reference frame along the B0 field, where now the NV
axis is misaligned. In this new frame, the hyperfine coupling
tensor is

A′ =
⎛
⎝

A′
xx 0 A′

xz
0 Ayy 0

A′
zx 0 A′

zz

⎞
⎠.

With the new elements as [84]

A′
xx = Axx cos2 θ0 + Azz sin2 θ0,

A′
zz = Axx sin2 θ0 + Azz cos2 θ0,

A′
xz = A′

zx = (Axx − Azz ) sin θ0 cos θ0,

while Ayy remains the same. Clearly then, in this new refer-
ential, we have the presence of a A′

zx term responsible for DD
resonances, as in the model developed for IBMQ. Although
this referential is useful for qualitatively understanding the
DD resonances with the 15NV system, it can be computation-
ally more expensive to simulate than in the PAS frame aligned
with the NV axis. Therefore, we use the PAS frame for the
simulations.
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FIG. 10. Simulated quantum state tomography of the polarization generation DD gate applied to 15NV (Sec. III C). By applying a CPMG-27
sequence to an initial state ρ̂0 = |0〉〈0| ⊗ 1̂/2, the initial polarization of the electronic spin is transferred to the 15N nuclear spin, with a fidelity
of 0.979 in relation to the state 1̂/2 ⊗ |mI = +1/2〉〈mI = +1/2|. This method for polarization generation to the target qubit can represent a
significant simplification in the experimental design of present techniques [42–44]. The states are labeled as |±, ±〉 ≡ |mS = ±1〉 ⊗ |mI = ± 1

2 〉
and |0, ±〉 ≡ |mS = 0〉 ⊗ |mI = ± 1

2 〉.
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