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We develop theoretically and demonstrate experimentally a universal dynamical decoupling method for
robust quantum sensing with unambiguous signal identification. Our method uses randomization of control
pulses to simultaneously suppress two types of errors in the measured spectra that would otherwise lead to
false signal identification. These are spurious responses due to finite-width 7 pulses, as well as signal
distortion caused by z pulse imperfections. For the cases of nanoscale nuclear-spin sensing and ac
magnetometry, we benchmark the performance of the protocol with a single nitrogen vacancy center in
diamond against widely used nonrandomized pulse sequences. Our method is general and can be combined
with existing multipulse quantum sensing sequences to enhance their performance.
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Introduction.—The nitrogen-vacancy (NV) center [1] in
diamond has demonstrated excellent sensitivity and nano-
scale resolution in a range of quantum sensing experiments
[2-5]. In particular, under dynamical decoupling (DD)
control [6], the NV center can be protected against envi-
ronmental noise [7-9] while at the same time being made
sensitive to an ac magnetic field of a particular frequency
[10]. This makes the NV center a highly promising probe for
nanoscale nuclear magnetic resonance (NMR) and magnetic
resonance imaging (MRI) [11-19]. Moreover, NV centers
under DD control can be used to detect, identify, and control
nearby single nuclear spins [20-28] and spin clusters
[29-33] for applications in quantum sensing [34], quantum
information processing [35,36], quantum simulations [37],
and quantum networks [38,39].

Errors in the DD control pulses are unavoidable in
experiments and limit performance, especially for a larger
number of pulses. To compensate for detuning and ampli-
tude errors in control pulses, robust DD sequences that
include several pulse phases [7,40-42] were developed.
However, these robust sequences still require good pulse-
phase control and, more importantly, they introduce a
spurious harmonic response [43] due to the finite length
of the control pulses. This spurious response leads to false
signal identification (e.g., the misidentification of 13C
nuclei for 'H nuclei), and hence negatively impacts the
reliability and reproducibility of quantum sensing experi-
ments. Under special circumstances, it is possible to control
some of these spurious peaks [44-46]. However, it is
highly desirable to design a systematic and reliable method
to suppress any spurious response and to improve the
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robustness of all existing DD sequences, such as the
routinely used XY family of sequences [40], the universally
robust (UR) sequences [42], and other DD sequences
leading to enhanced nuclear selectivity [41,47].

In this Letter, we demonstrate that phase randomization
upon repetition of a basic pulse unit of DD sequences is a
generic tool that improves their robustness and eliminates a
spurious response while maintaining the desired signal.
This is achieved by, first, adding a global phase to the
applied 7z pulses within one elemental unit and, second,
randomly changing this phase each time the unit is
repeated. Our method is universal; that is, it can be directly
incorporated to arbitrary DD sequences and is applicable
for any physical realization of a qubit sensor.

DD-based quantum sensing.—We consider the interac-
tion of the general form A'(¢) = %&ZE () between a sensor
qubit and its environment. Here, 6, = |0)(0| —|1)(1] is
the Pauli operator of the sensor qubit, and E(f) is an
operator that includes the target signal that oscillates at a
particular frequency as well as the presence of noisy
environmental fluctuations. An example of sensor qubits
is a single NV center, which will be our experimental
platform to benchmark sensing protocols. For all experi-
ments in this work, a bias magnetic field between 400 and
500 G aligned with the NV axis splits the degenerate
mg = *+1 spin states, allowing selective addressing of the
my, = 0 <> mg = —1 transition, which represents our sen-
sor qubit with the qubit states |0(1)) [see Fig. 1(a) and [48]
for details of the experimental setup]. In the case of nuclear-
spin sensing, E(r) contains target and bath nuclear-spin
operators oscillating at their Larmor frequencies. For ac
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FIG. 1. Randomization protocol for quantum sensing. (a) Ex-
perimental setup with an NV center in diamond used as a
quantum sensor. (b) Basic unit of pulse sequence for quantum
sensing, which is defined by the positions and phases of the x
pulses. The lower panel is the example of an XY 8 sequence with
its associated F.(r) and F (f). (c) Standard way to construct a
longer sensing sequence by repeating the same basic pulse unit in
Fig. 1(b) M times. (d) Randomization protocol shifting all the
pulses within each unit by a common random phase @, ,,.
Random phases ®, ,, at different blocks are independent. One
may refresh all random phases {®, |, D, ,, ..., D, } at different
runs of the sensing experiment.

magnetometry, £(z) describes classical oscillating mag-
netic fields.

The aim of quantum sensing is to detect a target such as a
single nuclear spin via the control of the quantum sensor with
a sequence of DD z pulses. The latter often corresponds to a
periodic repetition of a basic pulse unit that has a time
duration 7" and a number N of pulses [see Fig. 1(b)]. The
propagator of a single z pulse unit in a general form reads
Uunit({(pj}) = %N+1P(¢N)%N : "P(¢2)%2P(¢1)%1’ where
f,- are the free evolutions separated by the control z pulses
with the propagator P(qﬁj). Errors in the control are included
in 13(45]-), whereas the different pulse phases ¢; are used by
robust DD sequences to mitigate the effect of detuning and
amplitude errors of the z pulses. Using M repetitions of the
basic DD unit [see Fig. 1(c) for the case of a standard
construction] allows for an M-fold increased signal accu-
mulation time of T, = MT, which enhances the acquired
contrast of the weak signal as &« M? [29] and improves the
fundamental frequency resolution to ~1/T -

To see how a target signal is sensed, we write the
Hamiltonian H'(¢) in the interaction picture of the DD
control as [48]

H(r) = %Fz(t)ﬁzﬁ(t) + % [F (1)6_ + H.c]E(r), (1)

where 6_ = |0)(1|. For ideal instantaneous 7z pulses,
F | (t) = 0 vanishes [see Fig. 1(b), which shows how the
F | (t) vanishes between the 7 pulses] and the modulation
function F () is the stepped modulation function widely
used in the literature; that is, F.(¢) = (—1)" when m =«
pulses have been applied up to the moment ¢. The role of a
DD-based quantum sensing sequence is to tailor F'_() such
that it oscillates at the same frequency as the target signal in
E(t), allowing resonant coherent coupling between the
sensor and the target.

In realistic situations, where the z pulses are not
instantaneous due to limited control power, the function
F (1) has a nonzero value during 7 pulse execution and
F.(t) deviates from +1 [45,53] [see Fig. 1(b) for the
example of XY8 sequences]. Although it is possible to
eliminate the effect of deviation in F_(r) by the pulse
shaping technique [54], the presence of nonzero F | (¢) may
still alter the expected signal or cause spurious peaks to
appear [43]. In general, an oscillating component with a
frequency of k/T\m (With k being an integer) in E(1),
which is not resonant with F,(¢), will create a spurious
response when the Fourier amplitude [45,48]
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of F | (¢) is nonzero. This spurious response can cause false
signal identification (e.g., a wrong conclusion on the
detected nuclear species [43]), which is exemplified in
Figs. 2 and 3. Suppressing the spurious response from the
13C nuclei is especially critical because it allows reliable
nanoscale NMR or MRI without the use of hard to
manufacture, and consequently expensive, highly isotopi-
cally '°C purified diamond. However, as shown in Figs. 2(c)
and 2(d), even for a YY8 sequence (designed to remove
spurious resonances [46]), the target proton signal is still
perturbed by other nuclear species (!3C in this case). In the
presence of amplitude and detuning errors, standard strat-
egies perform even worse.

To remove all spurious peaks, one seeks to design a DD
sequence that minimizes the effect of F(¢) in a robust
manner. We observe that, by introducing a global phase to
all the 7 pulses, the form of F () is unchanged but a phase
factor is added to F (7). This motivates the following
method to preserve F_(¢) and to suppress the effect of
F (t) by phase randomization.

Phase randomization.—In the randomization protocol,
a random global phase ®,, (where the subscript r
means a random value) is added to all the pulses within
each unit m, as shown in Fig. 1(d). The propagator of M
DD units with independent global phases reads U, =

M Ui{@ ; + @, }). If one sets all the random phases
®,,, to the same value (e.g., zero), the original DD
sequence can be recovered [Fig. 1(c)]. Because each of
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FIG. 2. Quantum spectroscopy with DD. (a) Simulated averaged
population signal as a function of the DD frequency [1/(27) for
pulse spacing 7]. One 'H spin and one '*C spin are coupled to the
NV center via the hyperfine-field components [41,48] (A, ,A)) =
27 x (2,1) kHz and 27 x (5,50) kHz, respectively. The orange
dashed line (blue solid line) is the signal obtained by a standard
XY8 (randomized XY 8) sequence using rectangular 7 pulses with a
time duration of 200 ns and M = 200. The presence of the '*C
distorts the proton spin signal centered at the proton spin frequency
(see the vertical dashed lines indicating the target 'H and the
spurious 13C resonance frequencies for a magnetic field of 450 G).
The randomized XY8 sequence significantly reduces the signal
distortion due to noninstantaneous control and reveals the real
proton signal (see the green dash-dotted line for the signal obtained
by a perfect XY8 sequence). (b) Like Fig. 2(a) but adding 5% (in
terms of the ideal Rabi frequency) of errors in both driving
amplitude and frequency detuning to the z pulses. (c) and
(d) [(e) and (f)] Same as Figs. 2(a) and 2(b) but for the YY8
[46] and randomized YY8 (RYY8) [URS [42] and randomized URS8
(RURS)] sequences. Despite the YY8 sequence—which uses
single-axis control to mitigate the spurious peak in the 1*C spectrum
when there is no pulse error—the presence of the 3C still distorts
the proton spin signal centered at the proton spin frequency. In all
cases, the randomization protocol reduces the signal distortion due
to noninstantaneous control and control errors.

the global phases does not change the internal structure
(i.e., the relative phases among 7 pulses) of the basic unit,
the robustness of the basic DD sequence is preserved. On
the other hand, as we will show in the following, these
random global phases prevent control imperfections from
accumulating.

Universal suppression of spurious response.—The ran-
domization protocol provides a universal method to sup-
press spurious responses. For the sequence with
randomization, one can find that the Fourier amplitude
reads fi = Z, yf 1y Where

(2)

Intensity (a.u.)

Intensity (a.u.)
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Intensity (a.u.)

Intensity (a.u.)
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FIG. 3. Removing spurious response with the phase randomi-
zation protocol. (a) In the measured spectrum of an ac magnetic
field sensed by a standard repetition of the XY8 sequence (see
orange diamonds), the noninstantaneous 7z pulses produce spu-
rious peaks at frequencies 2y, and 4v,. Repeating the XY8
sequence with phase randomization (see blue bullets) preserves
the desired signal centered at v, and efficiently suppresses all the
spurious peaks. The XY8 unit was repeated M = 25 times in the
upper panel and M = 125 in the lower panel for a longer sensing
time. Here, the ac field was generated by a signal generator and
the diamond was isotopically enriched to remove '’C spins [48].
(b) Detection of proton spins in the immersion oil (Fluka
Analytical 10976) located on the surface of the diamond using
the XY8 sequence (see inset). Different from the case in Fig. 3(a),
here, we used a natural 13C abundance diamond and a shallow NV
within it [48]. For the measured spectrum obtained by the
standard protocol, the '3C nuclear spins produce a strong and
wide spurious peak that hinders proton spin detection. Using the
randomization protocol, the spurious '3C peak has been sup-
pressed, revealing the proton spin signal centered around a
frequency of 1.9 MHz.

~ 1 [T 2rkt
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is the Fourier component defined over a single period T
[48]. For random phases {®, , }, the factor

1 & )
Zy = Mzexp(lq)r,m) (3)
m=1

captures the effect of the randomization protocol. Due to
the random values of the phases @, ,,, Z,, becomes a
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(normalized) 2D random walk with (|Z,. ,,|?) = 1/M, thus
suppressing the contrast of a spurious response by a factor
of 1/(2M) as compared with the standard protocol [48].
Here, we note that one can design a set of specific (i.e., not
random) phases @, ,, that minimizes a certain ka com-
pletely. However, this set of phases would be specific to one
k value (i.e., it does not suppress all spurious peaks
simultaneously). In this respect, the power of our method
is that it is simple to implement and fully universal,
suppressing all spurious peaks produced by any sequence
while still retaining the ideal signal, as shown in Fig. 2.

To experimentally benchmark the performance, we
carried out nanoscale detection of a classical ac magnetic
field generated by a signal generator [Fig. 3(a)] and,
separately, the nanoscale NMR detection of an ensemble
of proton spins in a drop of immersion oil (Fluka Analytical
10976) in direct contact with a natural '3C abundance
(1.1%) diamond [Fig. 3(b)]. The standard repetition of the
XY8 sequence, which was widely used in various sensing
and sensing-based applications (e.g., see Refs. [11-14,
17-19,33,38,43]), produces spurious peaks when the dura-
tion of 7 pulses is nonzero. In contrast, the randomization
protocol suppresses all the spurious peaks in the spectrum
efficiently, and the spurious background noise from a '3C
nuclear-spin bath in diamond was removed while the
desired proton signal was unaffected, demonstrating
a clear and unambiguous proton spin detection without
the use of hard to manufacture, expensive, *C isotopically
pure diamonds.

In the experiments, we have repeated the randomization
protocol with K = 10 samples of the random phase
sequences {®, ,} and averaged out the measured signals.
This reduces the fluctuations of the (suppressed) spurious
peaks introduced by the applied random phases because the
variance of |Z, > [which is (M —1)/M?] is further
reduced by a factor of 1/K [48].

Removing the spurious response also improves the
accuracy, for example, in measuring the depth of individual
NV centers [19]. By falsely assuming that all the signal
around 1.9 MHz obtained by the standard XY8 sequences
originates from hydrogen spins in the immersion oil, the
computed NV center depth would be 5.88 +0.52 nm
instead of the 7.62 &£ 0.29 nm obtained by the randomized
XY8—a deviation of about 30% [see Fig. 3(b)].

Enhancement on control robustness.—As indicated in
Fig. 2, the randomization protocol also enhances the robust-
ness of the whole DD sequence. For simplicity, in the
following discussion, we neglect the effect of the environ-
ment and concentrate on static control imperfections. The
latter introduce errors in the form of nonzero matrix elements
(0]Uynic|1) = Ce + O(€?), where € is a small parameter
and C is a prefactor depending on the explicit form of control
(see [48] for details). For the standard protocol where the
same f]uni[ block is repeated, the static errors accumulate

coherently, yielding  (O|(Uym)™|1) = MCe + O(€?).
The random phases in the randomization protocol avoid
this coherent error accumulation, and one can find
(0|U,|1) = Z, yMCe + O(e*), where the error is sup-
pressed by the factor Z, ,,, which is given by Eq. (3) for
random phases [48]. Compared with the suppression of
control imperfections by deterministic phases, the randomi-
zation protocol is universal and achieves both suppression of
the spurious response and enhancement of robustness,
without loss of sensitivity to target signals, as shown in
Figs. 2 and 3.

In Fig. 4(a), we show the robustness of the widely used
XY8 sequence, with respect to the amplitude bias and
frequency detuning of the microwave pulses, for the
randomization and standard protocols. The simulation
and experiment demonstrate robustness improvement after
applying phase randomization.

Robust DD protocols typically employ rotations about
different axes. For example, the X Y8 unit consists of eight z
pulses about the x and y axes, which have a phase
difference of z/2 [see Fig. 1(b)]. As shown in Fig. 4(b),
the randomization protocol also suppresses errors in these
pulse phases. The latter is especially relevant for digital
pulsing devices where the signal from a microwave source
is split up and the phase in one arm is shifted by suitable
equipment. On top of errors due to the working accuracy of
these devices, different cable lengths in both arms can sum
up to errors in the relative phase.
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FIG. 4. Experimental enhancement of sequence robustness with
the phase randomization protocol. (a) Fidelity of XY8 sequences
as a function of detuning and Rabi frequency errors for
randomization (upper panels) and standard (lower panels) pro-
tocols. The control errors are measured in terms of the ideal Rabi
frequency Qi4.. = 27 % 32.8 MHz. The sequences have inter-
pulse spacing of 200 ns and M = 25 XY8 units. (b) Fidelity of
XY8 sequences with respect to a static phase error between the X
and Y pulses and the interpulse time interval = for randomization
(upper panels) and standard (lower panels) protocols with
M = 12. Resonant microwave z pulses are used with a Rabi
frequency of Q4. = 27 x 66.6 MHz. Both in Figs. 4(a) and
4(b), the diamond is the same as that used in Fig. 3(a) [48].
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Conclusion.—We present a randomization protocol for
DD sequences that efficiently and universally suppress a
spurious response while maintaining the expected signal.
This method is simple to implement, only requiring addi-
tional random control-pulse phases, and is valid for all DD
sequence choices. The protocol functions equally well for
quantum and classical signals, allowing clear and unam-
biguous ac field and nuclear-spin detection, e.g., with the
widely used XY family of sequences. Furthermore, the
protocol also enhances the robustness of whole pulse
sequences. For sensing experiments with NV centers, the
protocol reduces the reliance on hard to manufacture,
expensive, highly isotopically purified diamond. The
method has a general character, being equally applicable
to other quantum platforms and other DD applications. For
example, it could be used to improve correlation spectros-
copy [18,32,55,56] in quantum sensing and fast quantum
gates in trapped ions [57,58] where DD has been used as an
important ingredient.
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