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We present a quantum sensing technique that utilizes a sequence of π pulses to cyclically drive the qubit
dynamics along a geodesic path of adiabatic evolution. This approach effectively suppresses the effects of
both decoherence noise and control errors while simultaneously removing unwanted resonance terms, such
as higher harmonics and spurious responses commonly encountered in dynamical decoupling control. As a
result, our technique offers robust, wide-band, unambiguous, and high-resolution quantum sensing
capabilities for signal detection and individual addressing of quantum systems, including spins. To
demonstrate its versatility, we showcase successful applications of our method in both low-frequency and
high-frequency sensing scenarios. The significance of this quantum sensing technique extends to the
detection of complex signals and the control of intricate quantum environments. By enhancing detection
accuracy and enabling precise manipulation of quantum systems, our method holds considerable promise
for a variety of practical applications.
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Introduction.—Accurate characterization of the qubit
environment holds significant importance across a range
of applications, spanning from quantum information
processing to quantum sensing [1–4]. A widely utilized
technique for achieving this is the implementation of
dynamical decoupling (DD) pulse sequences [5,6]. These
sequences serve to filter out environmental noise, thereby
extending the quantum coherence time, as well as to extract
and amplify signals of specific frequencies [3,4,7].
Consequently, qubits under such sequences become highly
sensitive quantum sensors, presenting diverse applications.
For instance, nitrogen-vacancy (NV) centers [8–10] sub-
jected to DD pulse sequences enable nanoscale nuclear
magnetic resonance (NMR) [7,11–27], spin label detection
[28–30], spin cluster imaging [31–39], and ac field sensing
[40–51]. Furthermore, they can be employed for control-
ling nearby single nuclear spins [52–57] in the context of
quantum information processing [58,59], quantum simu-
lations [60], and quantum networks [61–64].
However, DD pulse sequences used for quantum sens-

ing, such as the commonly employed Carr-Purcell-
Meiboom-Gill (CPMG) [65,66] and XY8 [67] sequences
encounter an issue known as spectral leakage and spurious
resonance. These complications make the interpretation of
the sensor’s recorded signal challenging and can result in
ambiguous signal identification [68,69]. DD pulses intro-
duce abrupt temporal state flipping of the qubit sensor,
causing a pronounced frequency modulation at a specific

frequency [indicated by the gray line in Fig. 1(d)]. This
modulation leads to a strong resonance when the flipping
frequency ω matches the signal frequency ν, i.e., ω ¼ ν,
enabling frequency-selective sensing. However, it also
generates resonances at other harmonic frequencies ω ¼
ν=k (k ¼ 3; 5; 7;…), as evident in its Fourier transform
[represented by the gray squares in Fig. 1(d)]. On the other
hand, the limited power of control pulses further introduces
spurious signals at unexpected frequencies, ω ¼ sν=k with
s∈ f2; 4;…g [68]. Moreover, quantum heterodyne meth-
ods employed to down-convert high-frequency signals for
sensing can exacerbate signal overlap [48–50]. These
factors collectively present obstacles to reliably measuring
environmental signals, particularly when various back-
ground noise sources are not fully characterized. With this
goal in mind, sequence timing has been optimized [70,71]
to eliminate low harmonics (e.g., k ¼ 3) and sequence
randomization has been explored to mitigate spurious
signals (i.e., s ≠ 1) [72,73]. However, both approaches
can address only specific their aspects and can solve these
only partially. Obtaining a universal method to address
these problems (e.g., by numerical optimization algo-
rithms) is challenging considering the unavoidable control
errors and the unknown, potentially quantum, environment,
as well as the demanding computing resources.
In this Letter, we present a novel approach called cyclic

geodesic driving to solve these problems, enabling unam-
biguous sensing of signals across a broad frequency range

PHYSICAL REVIEW LETTERS 132, 250801 (2024)

0031-9007=24=132(25)=250801(7) 250801-1 © 2024 American Physical Society

https://ror.org/01kq0pv72
https://ror.org/032000t02
https://ror.org/01kq0pv72
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.250801&domain=pdf&date_stamp=2024-06-20
https://doi.org/10.1103/PhysRevLett.132.250801
https://doi.org/10.1103/PhysRevLett.132.250801
https://doi.org/10.1103/PhysRevLett.132.250801
https://doi.org/10.1103/PhysRevLett.132.250801


on qubit sensors. Our method involves the application of a
sequence of π pulses to implement accelerated high-fidelity
quantum adiabatic driving, effectively inducing periodic
evolution of the quantum sensor along the geodesic path on
the Bloch sphere. As a result, the resonance frequency of
the quantum sensor aligns with the frequency of the
periodic evolution, while simultaneously mitigating the
impact of environmental background noise. By employing
this technique, each individual frequency signal generates a
single, distinct signal response within the wide frequency
band. This eliminates undesirable signal overlap, enabling
precise characterization of complex external environments
and signals. Our approach can be applied to more complex
quantum sensing problems. For example, we show that it
can be combined with the idea of signal frequency down-
conversion [48–50] and can be combined with synchron-
ized readout techniques [44,45] for achieving arbitrary high
frequency resolution. Furthermore, our approach exhibits
remarkable resilience against control errors, as it is the

counterpart of quantum adiabatic control. Overall, our
proposed method of cyclic geodesic driving offers a robust
and effective solution for wide-band, unambiguous signal
sensing, enabling accurate analysis of intricate quantum
systems and external environments.
Adiabatic shortcut by jumping.—Our sensing scheme

utilizes a sequence of periodic π pulses [Fig. 1(a)] which
achieves cyclic quantum adiabatic evolution along a geo-
desic [74–77] defined by the control Hamiltonian for the
qubit sensor

HcðtÞ ¼
EðtÞ
2

ðjþϕihþϕj − j−ϕih−ϕjÞ; ð1Þ

where the instantaneous eigenstates j�ϕi are varied by a
parameter ϕ ¼ ϕðtÞ starting with ϕð0Þ ¼ 0 at the initial
time t ¼ 0. In the quantum adiabatic approximation, the
evolution operator takes the form [74,78,79]

UcðϕÞ ¼ e−iφþðtÞjþϕihþ0j þ e−iφ−ðtÞj−ϕih−0j; ð2Þ

which transfers the initial state j�0i to the instantaneous
eigenstate j�ϕi at a later time. We use the Born-Fock gauge
h�ϕjðd=dϕÞj�ϕi ¼ 0 such that φ�ðtÞ ¼ � 1

2

R
t
0 Eðt0Þdt0 are

the dynamic phases. To realize the adiabatic evolution
UcðϕÞ by HcðtÞ with high fidelities in finite times, we
choose

jþϕi ¼ cos

�
ϕ

2

�
jþ0i þ sin

�
ϕ

2

�
j−0i;

j−ϕi ¼ − sin

�
ϕ

2

�
jþ0i þ cos

�
ϕ

2

�
j−0i; ð3Þ

which connect two orthonormal states j�0i via a geodesic
curve [80]. In our scheme we apply a sequence of control π
pulses via Eq. (1) with ϕ ¼ ϕj at the moments Tj ¼
Tscan½ð2j − 1Þ=2N� (j ¼ 1; 2;…), where N is the pulse
number in one periodic of evolution, see Fig. 1(a). We use
the linear relation ϕj ¼ ωscanTj, where frequency ωscan can
be negative or positive depending on the change of ϕj in
time. Each control π pulse has a time duration tj such that

the pulse area
R Tjþtj=2
Tj−tj=2 EðtÞdt ¼ π. Between the π pulses,

there is no control, i.e., EðtÞ ¼ 0 if ϕ ∉ fϕjg. We remove
the dynamic phases at the final time of the evolution; we
introduce a π phase shift to the pulses in the second-half of
the sequence. According to Refs. [74–76], the sequence
realizes UcðϕÞ with unit fidelity at the middle of any
successive path points ϕ ¼ ϕ̄j ≡ ðϕjþ1 þ ϕjÞ=2. For other
values of ϕ ∉ fϕ̄jg, the difference between UcðϕÞ and the
actual evolution implemented by HcðtÞ is negligible when
N is sufficiently large. See Figs. 1(a) and 1(b) for how the
evolution of an initial eigenstate follows the path defined by
the directions of successive π pulses (i.e., by the eigenstates

(a) ... ...

... ...

(c)(b)
z

x y

z

x y
GDy GDz

(d)

-1

1

1

0 10 20 30 40 50

... ...

bandwidth of DD

banwidth of this work

DD
this work

FIG. 1. Quantum sensing via geodesic jumping. (a) Upper
panel: repeated application of a sequence of N π pulses realizes
cyclic quantum adiabatic evolution along the geodesic in (b) or
(c). Lower panel: combined with synchronized readout tech-
niques for arbitrary frequency resolution. (b) GDy, where the
closed geodesic is sampled by N π pulses. The red solid line
illustrates the trajectory of the state evolution starting at j1i for
N ¼ 12. When ωscan matches the frequency νn of the target, a
resonance occurs. (c) As (b) but for GDz which uses a horizontal
geodesic, e.g., for robust heterodyne sensing of high-frequency
signal. The resonant condition is accurately tuned by Tscan and the
frequency ωctr of control field. (d) The resulting modulation
function FðtÞ (red line for N ¼ 20) and its Fourier components
(red cycles) where fk ¼ 0 for all 1 < k < N − 1. The gray line
and squares are the corresponding ones for DD pulse sequences.
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of the π pulse control). In contrast to conventional shortcuts
to adiabaticity [79] to accelerate the adiabatic process, in
our method the instantaneous eigenstates of the control
Hamiltonian HcðtÞ are the same as the evolution path j�ϕi
in Eq. (2). This avoids the use of counterdiabatic fields and
retains the intrinsic robustness of a traditional adiabatic
process [76].
Unambiguous wide-bandwidth robust sensing.—To

demonstrate the concept of quantum sensing through the
aforementioned geometric control, we examine a qubit
coupled to its environment via the interaction Hamiltonian

HintðtÞ ¼
1

2
σzBðtÞ; ð4Þ

where the Pauli operator σz ¼ j1ih1j − j0ih0j and BðtÞ
could be a classical field or a quantum operator in a rotating
frame which includes possible dephasing noise. We use the
control Hamiltonian HcðtÞ ¼ ΔðtÞðσz=2Þ þ ΩðtÞðσx=2Þ
and the states jþ0i ¼ j1i and j−0i ¼ j0i for the geodesic
in Eq. (3) for sensing. This geodesic driving around the y
axis (GDy) is sketched in Fig. 1(b). In the rotating frame
of HcðtÞ, HintðtÞ becomes H̃intðtÞ≈1

2
U†

cσzUcBðtÞ. For
the evolution Eq. (2), we find the approximated trans-
formations [81]

U†
cσzUc≈cosϕσz; U†

cσxUc≈sinϕσz; U†
cσyUc≈0; ð5Þ

which have the nice property that they only depend on the
geometric parameter ϕðtÞ. We obtain [81]

H̃intðtÞ ≈ FðtÞ σz
2
BðtÞ: ð6Þ

When the number of pulses N is sufficiently large, the
modulation function FðtÞ ≈ cosðωscantÞ has only one Fourier
component over a large frequency band, see Fig. 1(d).
Conventional DD sequences [3,4] also induce modulation
factors FðtÞ to the σz operator with FðtÞ∈ f�1g for ideal
sequences [3,4,85]. However, those modulation factors have
multiple Fourier components that complicate the interpre-
tation of the sensor’s signal [68–70], see Fig. 1(d) for equally
spaced DD sequences [3,4,65–67,86–88].
In Figs. 2(a)–2(d) we simulate the measured spectrum of

a classical ac field with BðtÞ ¼ P
3
j¼1 bj cosðνjtþ θjÞ,

where νj are the frequencies of different components.
For the result of Fig. 2(a) obtained by the widely used
robust XY8 sequence with an interpulse duration τ [67], all
the frequencies (fνj=2πg ¼ f500; 1500.05; 2499.88g kHz)
cause transitions of the sensor states at 1=ð2τÞ ≈ 500 kHz
via the first, third, and the fifth harmonics. This problem of
ambiguous spectral overlap is not solved even when we
improve the frequency resolution sufficiently high via the
synchronized readout technique (Qdyne) [44,45], see
Fig. 2(c), because all the frequency components contribute
to the readout signal in Qdyne. However, using GDy, only

the frequency ν1=2π ¼ 500 kHz contributes to the dip at
the resonance ωscan ¼ ν1, because we have the effective
Hamiltonian H̃int ≈ 1

4
b1 cos θ1σz from Eq. (6) after the

rotating wave approximation [81]. The phase dependence
on the effective Hamiltonian (and hence the signal) allows
for arbitrary frequency resolution with synchronized read-
out, see Figs. 2(d) and 1(a). The results also show that our
protocol is more resistant to control errors and dephasing
noise. The already strong robustness of GDy is enhanced
further with an increasing number N of pulses, see Fig. 4.
It is interesting that cyclic geodesic driving also

fully solves the problems of spurious response due to
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FIG. 2. Quantum spectroscopy. (a) Population signal of XY8
sequence (blue solid line) for spectroscopy of ac fields with the
frequencies fνj=2πg ¼ f500; 1500.05; 2499.88g kHz by varying
the pulse interval τ. The 1500.05 kHz and 2499.88 kHz ac fields
distort the signal centered at 500 kHz via the third and fifth
harmonics, respectively. Yellow dashed line is the result when
there is dephasing noise (with a control-free decoherence time
T�
2 ≈ 2 μs) and control errors (with about 20% drift on the

amplitude of control field). (b) As (a) but by using GDy. The
500 kHz signal dip is not distorted by the 1500.05 kHz and
2499.88 kHz ac fields. (c) Power spectrum for the ac signal fields
in (c) by using the synchronized readout technique in
Refs. [44,45]. The resonances due to higher harmonics make
the signal unidentifiable even through the expected spectral
resolution is about 1 Hz. (d) As (c) but by using GDy. (e) Signal
of XY8 sequence for the detection of a 1H spin with its frequency
indicated by a red arrow. The spurious resonance (centered
around the pink vertical line) produced by a 13C spin in diamond
distorts the 1H spin signal. Yellow dashed line is the result when
there is a 2π × 2 MHz detuning error and 30% of amplitude drift
in the control field. (f) As (e) but by using GDy, where the
spurious signals disappear. See [81] for details of the simulation.
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finite-width pulses [68], as detailed in [81]. In Figs. 2(e)
and 2(f), we simulate the quantum sensing of a single
proton spin (1H) by an NV center. A 13C spin in diamond is
also coupled to the NV center as a noise source. For this
case BðtÞ is a quantum operator [53,54,81]. For the result
Fig. 2(e) obtained by XY8 sequences, the spurious
response from the 13C spin disturbs the target proton spin
signal and leads to misidentification of 13C nuclei for
proton. On the contrary, GDy provides a clean signal dip in
the spectrum [Fig. 2(f)], because when ωscan matches the
frequency ν1 of the target 1H, H̃int ≈ 1

2
ax1σzI

x
1 (where Ix1 is

the 1H spin operator and ax1 is the hyperfine strength [81])
and the effect of the 13C spin is removed.
Unambiguous heterodyne sensing.—The idea can be

generalized to other settings. Consider the sensing of a
multifrequency signal field B⃗ðtÞ ¼ ðBx; By; BzÞ with
frequencies νj much larger than the Rabi frequency of

the control field. We use GDz [see Fig. 1(c)] with j�0i ¼
ðj0i � j1iÞ= ffiffiffi

2
p

for the geodesic in Eq. (3) to sense the
traverse part B⊥ðtÞ≡ Bx þ iBy ¼

P
j bje

iαj cosðνjtþ θjÞ.
The relevant Hamiltonian reads

H ¼ 1

2
ðωq þ δtÞσz þ

�
1

2
B⊥ðtÞσþ þ H:c:

�
þHctr;

where ωq is the frequency of the qubit and δt is an unknown
fluctuation. For NV qubits, ωq (e.g., ωq ¼ Dþ γeBz with
D ¼ 2π × 2.87 GHz and γe ≈ 2π × 2.8 MHz=G) can be
adjusted by changing the magnetic field Bz. The control
Hamiltonian Hctr ¼ ΩðtÞ cosðωctrtþ ϕÞσx has a control-
lable detuning Δscan ¼ ωctr − ωq. In the rotating frame with
respect to 1

2
ðωq þ δtÞσz þHctr, we obtain the effective

interaction [81]

H̃intðtÞ ≈
1

4

X

j

bjeiðαj−θjÞþiðωctrþωscan−νjÞtσþ þ H:c: ð7Þ

Under the resonance condition for a signal frequency
ωctr þ ωscan ¼ νn and when bj ≪ jνn − νjj for j ≠ n,
H̃intðtÞ ≈ 1

4
bneiðαn−θnÞσþ þ H:c: picks up the signal only

at the frequency νn.
As exemplified in Fig. 3(a), the heterodyne sensing using

the CPMG sequences produces multiple dips at 1=ð2τÞ ¼
�ðνj − ωqÞ=k ðk ¼ 1; 3; 5;…Þ, which implies ambiguous
sensor responses especially when fνjg happen to be close
to the qubit frequency ωq. In contrast, our geodesic driving
gives clear signal dips for accurate determination of all the
signal frequencies, see Fig. 3(b). Our method is also more
resilient to dephasing noise (Fig. 3) and is more robust
against control errors (Fig. 4). The robustness can be further
enhanced by combining composite pulse techniques

FIG. 3. (a) Quantum heterodyne spectroscopy of a signal field
with frequencies fνjg ¼ ωctr þ 2π × f−84;−68;−56;−50;−42;
−2; 72; 90g kHz by using the protocol in Refs. [48,49] with the
CPMG sequences. The blue solid line (the line with yellow
filling) is the simulation with (without) dephasing noise that
induces a control-free decoherence time T�

2 ≈ 2 μs. The pulse
interval τ is varied to measure the spectrum. Because for each ac
signal frequency νj resonance dips occur whenever 1=ð2τÞ ¼
ðνj − ωctrÞ=ð2πkÞ, (k ¼ �1;�3;�5;…), the true dips at
1=ð2τÞ ¼ ðνj − ωctrÞ=ð2πÞ indicated by red vertical arrows are
obscured by other resonance dips (vertical lines). Different
number N0 of π pulses are used for different range of τ to insure
that the sequence times are smaller than 1 ms. (b) [(c)]: As (a) but
by using GDz with fixed Δscan ¼ 0 (ωscan ¼ 2π × 80 kHz). All
the dips only appear at the right frequencies νj. See [81] for
details of simulation.

FIG. 4. Control fidelity with respect to amplitude and detuning
errors for (a) XY8 sequence, (b) GDy with N ¼ 20, (c) GDy with
N ¼ 80, (d) CPMG sequence with 40 pulses for heterodyne
sensing, (e) GDz with N ¼ 10, (f) GDz with N ¼ 10 but each
pulse is replaced by a Knill pulse. All the protocols have the same
sequence time length, and the ideal Rabi frequency of the control
is 2π × 50 MHz.
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[see Fig. 4(e) for the result where each pulse is replaced by
a Knill pulse [71,86,89] ].
Conclusion.—We propose a quantum sensing scheme

based on a quantum adiabatic shortcut along a geodesic
path. This scheme offers the capability to resolve complex
broadband signals and addresses the issues of spectral
overlap and spurious signals that arise in existing DD-based
quantum sensing methods. Notably, our approach allows
for arbitrary frequency resolution through the utilization of
synchronized readout techniques. Moreover, it exhibits
robustness against control errors and effectively suppresses
unwanted decoherence noise, making our protocol easy to
be realized in experiments. The versatility of our method
extends beyond signal detection; it can also be employed
for the detection and control of various quantum objects,
including single nuclear spins, spin clusters, and mechani-
cal oscillators. Furthermore, our scheme holds promise for
applications aimed at mitigating crosstalk in qubit arrays. In
summary, our proposed quantum sensing scheme based on
a quantum adiabatic shortcut along a geodesic path
provides a universal solution for accurate signal detection,
offering improved performance over existing methods. Its
potential applications encompass a wide range of quantum
systems and address key challenges in the field.
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