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Quantum sensing of time-dependent magnetic signals with molecular spins
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Molecular spins offer a promising platform for quantum sensing, particularly in organic, supramolec-
ular, and biological environments. Recognition of signals by these systems is of particular interest given
their possible integration into more complex structures and their possible use as sensors in close proximity
to analytes. In this work, we develop two quantum sensing protocols that enable discrimination between
different time-dependent magnetic fields without requiring their periodicity to match the microwave
manipulating sequence. These are based on the Hahn echo sequence and have been tested on VO(TPP) and
VOPt(SOCPh), molecular spins embedded in a superconducting yttrium barium copper oxide (YBCO)

1

microwave planar resonator. We report a magnetic field sensitivity up to 2.57 x 1077 THz™ 2 (with lower

1
bounds approaching 2.87 x 10~8 THz™2) for signals with a duration of a few microseconds. Under the
given conditions, the minimum signal area that can be measured is in the 107! T's range, suggesting
a potential trade-off between the minimum measurable field, and the required signal duration and the

memory time.

DOI: 10.1103/56hv-qp5d

I. INTRODUCTION

Quantum sensing exploits the quantum properties of
a system to detect a physical quantity. Nuclear and
electron spin systems with sufficiently long coherence
times have the potential to be used for this purpose
[1]. Nitrogen-vacancy (NV) centers in diamond are pro-
totypical examples, having shown remarkable perfor-
mance [2—5], including single-spin detection through opti-
cally detected magnetic resonance (ODMR) [4,6] and
microwave (MW) dynamical decoupling schemes [4,6—
10]. A large collection of NV centers acts as an average
of the single-spin responses [4] and provides sufficiently
large luminescent signals. This allows typical sensitivities

1
of the order of 10™° THz 2 to be reached when detect-
ing ac magnetic fields whose period is matched to the free
precession time of protocols within dynamical decoupling
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sequences [7,9,10], and down to 107! THz 2 with the
use of a continuous heterodyne detection scheme [11].
Molecular spins, besides their microsecond coherence
times [12], greatly benefit from chemical design, a pow-
erful way to control their composition and their local
environment, tune their energy levels and incorporate them
into supramolecular structures or crystalline 3D or 2D lat-
tices [13—15]. Their portability, i.e., the possibility of the
sensor being attached to an analyte with atomic preci-
sion at nanometer distance, is one of their most interesting
features. In fact, molecular-spin labels have already been
used to measure distances within a single protein, in com-
bination with pulsed electron-electron double resonance
(PELDOR) sequences [16]. In this respect, they constitute
a valuable resource for spin-based quantum sensing [17—
19], and the development of sensing protocols can expand
their potential in this field [20-26]. We have shown the
possibility of using molecular spins as quantum memo-
ries [27] and, more recently, for quantum sensing of ac
magnetic fields [26]. Along this line, the detection of a
nonperiodic time-dependent magnetic field signal would
allow the recognition of specific events; however, due to
the higher number of harmonics expected and the fact that
the microwave protocols cannot match their period, this is

Published by the American Physical Society
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a more complex task. For instance, this has been demon-
strated in state-of-the-art experiments on NV centers in
diamond through ODMR protocols [28—31]. Nonetheless,
the sequences used in these works employ optical initial-
ization and detection [32], several MW pulses [31], multi-
ple triggering of the external signal [29], or a combination
of these elements.

In this work, we propose two spin echo sequences that
consist of only two MW pulses and do not require opti-
cal readout. For both protocols, based on a Hahn echo
sequence [33], the microwave pulses or the external sig-
nal are moved to allow for the discrimination of different
signal shapes. In contrast to more conventional ac magne-
tometry protocols, the external signal does not need to have
a period that matches the total sequence time. Further-
more, the external magnetic signal needs to be triggered
only once per sequence repetition, and it does not need
a specific time alignment with the MW sequence (i.e., it
does not have to be entirely contained between the two
MW pulses at the beginning of the protocol). The sensing
principle relies on the difference in the phase accumula-
tion obtained during the two free-precession times of the
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FIG. 1.

sequence at successive steps. We perform our tests on
molecular spins at liquid-helium temperature using pla-
nar superconducting MW resonators; however, we note
that our protocols can also be implemented at room
temperature and in a commercial spin-resonance spec-
trometer, with potential application to a variety of spin
systems.

II. EXPERIMENTAL DETAILS

A. Setup

A high-T¢ yttrium barium copper oxide (YBCO) super-
conducting coplanar resonator is used for the manipulation
and readout of the spin system with MW pulse sequences.
The resonator has a bandwidth BW, of a few mega-
hertz (2—10 MHz) throughout the experiments. This value
can be tuned at room temperature by changing the dis-
tance between the MW feed antenna and the resonator.
Possible effects related to the resonator bandwidth are
considered in Sec. IV and in the Supplemental Mate-
rial [34]. The sample is placed at the center of the res-
onator, where the generated MW magnetic field, B mw,
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(a) YBCO superconducting coplanar resonator used to deliver the MW pulses, B mw. The sample is placed in the middle

of the resonator, and it is surrounded by an rf copper coil used to deliver the external magnetic field to be measured, B (f). The static
field, By, is applied along the longitudinal axis of the resonator. Figure reproduced from Ref. [26] under CC license. (b) Molecular
structures of VO(TPP) (left) and VOPt(SOCPh), (right). The picture of the VO(TPP) molecule is adapted from Ref. [27] under CC
license. (c) Sequence 1: the two MW pulses (blue) are used to generate an echo, and the interpulse delay 7 is changed step by step
while the position of the magnetic field signal, s, is held fixed. (d) Sequence 2: the interpulse delay is kept fixed while the position
of the magnetic field signal is swept across the whole sequence by increasing s step by step. In both (c),(d), the phase accumulation
is proportional to the difference between the signal areas remaining before and after the 7 pulse (opposite phase precession signs are
represented with red and green shaded areas).
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has its maximum, as shown in Fig. 1(a). In addition, a
copper coil is placed on top of the resonator, surround-
ing the sample, to generate a calibrated magnetic signal,
B1(f). A static magnetic field, By, is applied along the
longitudinal axis of the resonator. In this configuration,
all three fields (By, Bimw, and B;(f) are perpendicular
to each other; Fig. 1) [26]. The MW pulses are gen-
erated using a homemade heterodyne setup in which a
mixer modulates a gigahertz frequency (vo — vip) with
a lower v =70 MHz frequency carrying the desired
pulse pattern [27]. The readout of the system is per-
formed through a spin echo, which can be detected in
both phase and amplitude using a second mixer receiv-
ing vy — v as a reference frequency. Both vr and the
signal for the coil are generated using two different chan-
nels of an arbitrary-waveform generator (AWG) [26]. A
quantum design physical property measurement system
(QD-PPMS) is used for cooling the sample to 2—3.5 K and
applying the static magnetic field in the plane of the YBCO
resonator.

B;(t, s)

Sequence 1

B. Sequences

The Hahn echo sequence consists of two MW pulses: an
initial 77 /2 pulse induces a 90° spin rotation on the Bloch
sphere; this is followed by a free-precession time, t, and
finally by a  pulse that causes a refocusing [33]. When an
external magnetic field B, (¢) is applied using the coil, the
echo undergoes a phase accumulation [1]:

Tseq
¢ech0(Tsean) = / yBi(t,s)dt, (D
0

where T4 is the time between the 7 /2 pulse and the
spin echo (total sequence time), and y is the transduc-
tion parameter (with units deg/T s). Here, we introduce a
dependence on s, which is a rigid time shift of B () with
respect to the end of the 7 /2 pulse; this is used to move
the signal across the MW sequence. Equation (1) can be
split into three different intervals for the phase accumula-
tion: between the /2 pulse and the & pulse, during the
application of the 7 pulse, and between the 7 pulse and
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FIG. 2. Sequences 1 and 2 performed on VO(TPP) at 2-3.5 K and at a fixed value of the static field By. The protocols are tested
with (a),(b) a Gaussian signal or with (c) a rectangular signal. (d),(g) Phase accumulation measured for different amplitudes, B max,
of the Gaussian signal for (d) Sequence 1 and (g) Sequence 2. (e),(h) Phase accumulation measured when the central position, #, of
the Gaussian signal is changed in both (e) Sequence 1 and (h) Sequence 2. (f),(i) The amplitude, B} max, of the rectangular signal is
changed in both (f) Sequence 1 and (i) Sequence 2. For Sequence 1, an experimental baseline has been removed (see Supplemental
Material for details [34]). In all panels, experimental data are shown with dots, while solid lines represent calculated curves obtained
with Eq. (2).
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the spin echo [Figs. 1(c) and 1(d)]. In the third region, the
accumulated phase has an opposite sign with respect to the
first one due to the refocusing introduced by the 7 pulse.
In the second region, the phase accumulation is modulated
by a sine function due to the rotation of the magnetiza-
tion on the Bloch sphere [29]. The expression for the phase
accumulation is

Decho (Tseqa s)

I start
= / yBi(1,s)dt
IZ end
7
tﬂ,end {—t — T_7T
— / yB(t,s)sin | — 0 2 ) gy
tn,start Tﬂ /7T
fecho
- [T vmsa @
1.

7 ,end

where 17 end is the time at which the 7 /2 pulse ends, #; start
and #; ¢ng are the start and end times for the 7 pulse, respec-
tively. 7, is the duration of the m pulse, and 7.p, is the
time at which the echo is observed. Hereafter, we will fix
1T end = 0 ns.

Since the phase accumulated during a Hahn echo
sequence depends on the area of the external signal through
Eq. (2), it is possible to exploit the opposite signs obtained
in the different regions to detect an external nonperiodic
signal. This can be achieved with two different sequences:
Sequence 1 [Fig. 1(c)] consists of a Hahn echo sequence
in which the interpulse delay (7) is increased step by step,
shifting the 7 pulse over the external signal B (¢, s), which
remains unchanged in its starting position by fixing s. For
each step, an echo is recorded, and its phase depends on the
area of the signal according to Eq. (2). The total duration of
the sequence is related to the interpulse delay through the
relation Tyq = 27 + 7. Conversely, in Sequence 2 [see
Fig. 1(d)], the 7/2 and 7 pulses have fixed 7, and the
external signal is shifted rigidly step by step in time by
increasing s, while the MW sequence remains unchanged.
The accumulated phase appearing in Eq. (2) now depends
on the position shift, s, while Tyq remains unchanged.

In both Sequence 1 and Sequence 2, the key features of
the time-dependent B, (¢, s) signal can be derived from the
behavior of the phase of the echo signal through Eq. (2).

C. Molecular-spin samples

Both samples contain vanadyl complexes (S = %,
I = %) magnetically diluted in a diamagnetic matrix of
their isostructural titanyl analogues. The first sample is a
solid solution of VO(TPP) (2 mol %) in TiO(TPP), used
as a powder with an estimated 7, & 2 ps (at 2 K) and
a spin density p = 2.3 x 10'° spin/cm® [15,35]. The sec-
ond sample is a solid solution of VOPt(SOCPh), [36,37]
(1 mol %) in TiOPt(SOCPh),- 2THF, used as a single

crystal with an estimated 7T, &~ 4 ps (at 3 K) and p =
1.0 x 10" spin/cm?® [38]. The two samples give similar
electron paramagnetic resonance (EPR) spectra, and the
strongest transition line is chosen by fixing the static-field
value to match the energy of the YBCO resonator. Further
information on the sample preparation, orientation, and
memory-time estimation can be found in the Supplemental
Material [34].

I11. RESULTS

We first test our sequences by applying a Gaussian
magnetic field signal of the form

(_ (t—(tg+9) )
B (l, S) = Bl,maxe 22 (3)
where B max = Bi(f) + ) is the amplitude of the exter-
nal field at the center of the Gaussian, fy + s is its central
position in time, and o is its width. Here, the aim is to
distinguish the effects of changing one parameter (81 max,
t9, o) at a time while the others are kept fixed.

As a further test, we use a rectangular external signal
with the equation

0, ift <t +s,
Bi(t,s) = {Bimax» ftL+s<t<tr+s, (4
0, ift>t+s,

where Bjmax is the amplitude of the signal and # +s
and g + s are the left- and right-hand time extremes with
respect to the time origin, respectively.

A. Quantum sensing with VO(TPP)

A powder sample of magnetically diluted VO(TPP) is
used to initially assess the efficiency of the two protocols.
Sequences 1 and 2 are repeated with a Gaussian signal [Eq.
(3)] for different values of B| max and # [Figs. 2(a), 2(d),
and 2(g) and Figs. 2(b), 2(e), and 2(h), respectively]. This
allows us to evaluate whether the protocols are capable of
sensing changes in the amplitude and position of the exter-
nal signal. The resulting echo phase signals [Figs. 2(d) and
2(e)] show clear differences in both the amount of accumu-
lated phase and the starting position of the accumulation
with respect to the timescale. We also test the protocols
with a rectangular signal [Eq. (4)] by varying its amplitude
[Figs. 2(c), 2(f), and 2(i)]. The phase accumulation clearly
depends on the value of B} max.

B. Quantum sensing with VOPt(SOCPh),

To investigate the effect of the memory time, 7r,, we use
a single crystal of magnetically diluted VOPt(SOCPh),.
Experiments are carried out at a fixed static field by apply-
ing Gaussian and rectangular signals. The resulting phase
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FIG. 3. Tests performed with Sequence 2 on VOPt(SOCPh),
at ~3 K and at a fixed static field (By). (a)«(c) Gaussian and (d)
rectangular signals are used. (e)«g) Phase accumulation mea-
sured when (e) the amplitude Bj max, (f) the central position #,
and (g) the width o of the Gaussian signal are progressively
increased. (h) Phase of the echo measured for different ampli-
tudes Bimax of a rectangular pulse signal. In all panels, the
dotted traces represent experimental points, while the solid lines
represent calculated curves obtained according to Eq. (2)).

accumulation obtained with Sequence 2 (Fig. 3) shows that
spins are sensitive to changes in all Gaussian parameters
(B1.max» 0, 0). It is also evident that narrower Gaussian
signals lead to sharper edges in the phase-accumulation
curves [Figs. 3(c) and 3(g)]. This is even more evident
when the amplitude of the rectangular signal is changed
[Figs. 3(d) and 3(h)].

The relatively long memory time (see Sec. II C and the
Supplemental Material [34]) allows us to further test sig-
nals of increased complexity using Sequence 2 (Fig. 4). To
this end, we use the copper coil to generate different field
shapes, in particular, a single sawtooth, the sum of a rectan-
gular and a Gaussian signal, and two consecutive Gaussian
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FIG. 4. Phase accumulation of the echo obtained with
Sequence 2 on VOPt(SOCPh), for differently shaped external
signals (sketched in inset): (a) sawtooth, (b) rectangular wave
+ Gaussian, (c¢) double Gaussian, and (d) asymmetric double
Gaussian. The experimental data are shown as red dots. The
solid blue lines represent calculated curves obtained using the
corresponding external signal parameters in Eq. (2).

signals. The phase accumulation changes with the differ-
ent excitations sent into the coil. As expected, the general
behavior for the phase accumulation is common for all sig-
nals since Pecho(Tseq, 5) changes sign when the 7 pulse is
crossed; however, the shapes of the curves and the maxi-
mum (and minimum) amount of accumulated phase vary
depending on the shape of the external signal. Additional
differences can also be found in the slopes and features of
the phase-accumulation curves. Moreover, the behavior of
the phase accumulation calculated with Eq. (2) using the
known signal parameters is in excellent agreement with
experimental data (Fig. 4).

IV. DISCUSSION
A. Sensitivity

The sensitivity of the two sequences can be estimated
following the definition given in Ref. [39], that is,

Bmin
S=5 mw ©)

where B, 1s the minimum field that can be detected, S/N
is the signal-to-noise ratio, and BW is the bandwidth of
the sequence. The value of By, can be estimated start-
ing from the standard deviation of the phase accumulation

2
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TABLE L

Summary of the sensitivity S, the concentration sensitivity Sy, and their lower bounds (1.b.) evaluated for Sequences 1

and 2. The values of the minimum area A, are also reported for both the VO(TPP) (p = 2.3 x 10'° [15,35]) and VOPt(SOCPh),

(p = 1.0 x 10'° [38]) samples.

Sequence S S (lb.) Syol Syor (1.b.) Amin
1 1 1 3 1 3
(1077 THz 2) (108 THZz 2) (107" THz 2 um2) (1072 THz 2 pm2) (10719 T)
VOPt VOPt VOPt VOPt VOPt
VO(TPP) (SOCPh), VO(TPP) (SOCPh), VO(TPP) (SOCPh), VO(TPP) (SOCPh), VO(TPP) (SOCPh),
1 2.57 — 2.87 — 5.35 - 5.98 — 1.62 1.16
2 3.98 1.54 3.12 2.72 8.30 4.89 6.51 8.63 1.61 1.10

o4 without an applied rf signal (see Supplemental Mate-
rial [34]). This corresponds to the minimum phase change
that can be detected under our experimental conditions.
This phase value is then converted into a magnetic field
using the corresponding transduction coefficient d¢/dB,
describing the response of the spin sensor (i.e., the phase
variation per unit of applied magnetic field). The transduc-
tion coefficient is extracted from preliminary calibrations
(see Supplemental Material [34]).

Using the above definitions, we find oy ~ 10.4°
and o4 ~ 8.3° for Sequences 1 and 2 for VO(TPP),
respectively, and o, ~ 4.4° using Sequence 2 for
VOPt(SOCPh), (see Supplemental Material [34]). For
VO(TPP), we obtain By, = 1.14 x 107 and 1.64 x
10~* T for Sequences 1 and 2, respectively, while for
VOPt(SOCPh),, the obtained value is By, = 4.78 x 107>
T for Sequence 2. The signal-to-noise ratio is obtained
by taking the amplitude of the signal at the first step of
the sequence and dividing it by the noise present when
the echo signal is equal to zero (see Supplemental Mate-
rial [34]). The bandwidth is given by the inverse of
the sequence repetition time, resulting in BW = 50 Hz
(see Supplemental Material [34]). With the above values,
the sensmVlty obtained for VO(TPP) is § = 2.57 x 10 7

THz™ 2 for Sequence 1 and S = 3.98 x 1077 THz"~ 2 for
Sequence 2. For VOPt(SOCPh),, the calculated sensitivity
is S = 1.54 x 1077 for Sequence 2.

The sensitivity values are summarized in Table I, along
with their lower bounds, which are based on the Allan-
variance method [40,41]. This statistical analysis, used
to extract the noise floors of sensors, is implemented by
calculating the grouped standard deviation of several iden-
tical repeated measurements, with By, estimated from the
Allan variance. The concentration sensitivity is then used
to take into account the spin density (p) of the samples:

S
Syol = —. 6
=5 (6)

The resulting values are also collected in Table I.

B. Minimum detectable area (4,;;) and memory
time (7T,)

As described by Eq. (2), the phase accumulation
depends on the time integral of the signal (that is, the
area 4 under the field strength curve). This implies that
the achievable sensitivity is determined by the interplay
between a given signal strength and its corresponding
duration, in other words, by a minimum detectable area,
Amin. This can be calculated for Sequences 1 and 2
from Eq. (2) using the phase noise of the echo when
no external signal is applied (see Supplemental Mate-
rial [34]). The obtained A, values are summarized in
Table I. Results are further shown in Fig. 5, where
the solid curves represent the A, limit for a Gaus-
sian signal measured with VOPt(SOCPh), using both
sequences.

The upper limit for the timescale is imposed by the
phase-memory time of the sample. In fact, T}, restricts
the maximum duration of the external signal that can be
measured, because the echo precession phase is lost for
signals significantly longer than 77, (and 7). This is shown
in Fig. 5 as vertical dashed and dashed-dotted lines for
Sequence 1 and Sequence 2 (Tym), respectively. These
values are extracted from the echo phase measurement
obtained during a Hahn echo sequence (see Supplemen-
tal Material [34]). Another limiting factor is the total area
of the external signal, because the amplitude of the spin
echo decreases as a function of the area, and this can result
in a total loss of the echo signal for values that are too
large (see Supplemental Material [34]). For Sequence 2,
the limit for recording a full phase-accumulation curve
is twice as large as that in Sequence 1. This is because
7 remains fixed during the protocol. Here, we note that
for signals longer than Ty, it is still possible to obtain a
phase-accumulation curve by using a t shorter than the sig-
nal duration (see Supplemental Material [34]). It is worth
mentioning that the resonator bandwidth can also affect
the detection capability of our protocols. In fact, a cut-
off value for the highest detectable Fourier component of
the signal could be present, especially for signals with fast
transients. Its impact can be reduced by tuning the res-
onator BW; to a sufficiently large value to include most of
the signal harmonics. Under our experimental conditions,
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FIG. 5. Detectable areas (blue shaded) that can be measured

using Sequence 1 and Sequence 2 depending on the duration of
the time-domain signal and its field strength. The solid curves
represent the minimum measurable area with the VOPt(SOCPh),
sample using a Gaussian signal for Sequence 1 (red line) and
Sequence 2 (blue line). The signal duration is taken as 3o [with
o being the Gaussian width in Eq. (3)]. The limit in signal dura-
tion (T}im) imposed by the memory time of the sample is shown
by vertical lines for Sequence 1 (dashed line) and Sequence
2 (dashed-dotted line). The markers correspond to the Gaus-
sian signal generated by the dipolar field of an S = 1/2 spin
located at a distance d from the sensor and undergoing a full
rotation (triangle: o = 130 ns, d = 1.8 nm; square: o = 1.6 s,
d = 4.4 nm).

this does not significantly affect the results, as detailed in
the Supplemental Material [34].

To explore some practical applications of our sensing
protocols, we envisage a dimer containing a spin label
(e.g., one of our quantum sensors) and a generic chemi-
cal analyte with a magnetic moment at a distance d. This
dimer is diluted in a nonmagnetic matrix. Let us assume
that we can induce a full spin-rotation process on the ana-
lyte from the spin value Am, to —hAm, and back to hmy,
giving a transient signal at the sensor site. Although more
specific profiles can be considered, here we assume a Gaus-
sian transient, solely to refer to the signal in Eq. (3), and we
neglect any decrease in the memory time of our spin sensor
during its rotation.

Looking at the plot in Fig. 5, a short signal of 0.17y,
duration could be detected if its field strength is at least
330 uT (triangle symbol). This corresponds to the dipo-
lar field generated by a spin S = 1/2 (e.g., a radical) at
d ~ 1.8 nm from the molecular sensor or by a spin S = 10
(for instance a Mnj, or Feg single-molecule magnet) at
d ~ 3.8 nm (always under the assumption of g = 2). For a

long signal of 1.57, duration, the minimum strength of the
Gaussian signal should be approximately 22 nT (square
symbol). This value corresponds to the dipolar field gener-
ated by a spin S = 1/2 at d &~ 4.4 nm or by a spin S = 10
at d ~ 9.4 nm. Similarly, one may envision an application
of our protocols in metal-organic-framework (MOF) archi-
tectures recently proposed to host both quantum sensors
and analytes [42]. In this case, one should consider the
mean field generated by a collection of analytes close to the
sensor’s site and collectively triggered at the same time.
These values highlight that Fig. 5 may help to evaluate
the feasibility of quantum sensing experiments in different
realistic situations.

V. CONCLUSIONS AND OUTLOOK

We developed two quantum sensing protocols for the
detection of time-dependent magnetic fields using molec-
ular spins as detectors. These protocols expand the sensing
capabilities of molecular spins beyond quantum sensing of
ac magnetic fields [26]. Both our sequences have sensitiv-

1

ities of the order of a few S ~ 10~7 THz 2, with lower

1
bounds approaching a few S~ 10~8 THz 2. Although
differences in experimental conditions, setups, protocols,
and sensor readout techniques prevent a direct comparison,
1

we note that sensitivity values in the 107 to 10~ THz 2
range have been reported for time-dependent detection and
reconstruction of arbitrary signals in Ref. [29,43] for NV
centers. Furthermore, we recall that sensitivity values of a

few 1076 T Hzf% have previously been reported by some
of the authors of the present work, using ac magnetometry
experiments based on the Hahn echo sequence with similar
oxovanadyl molecular spin centers [26].

A common feature of our sequences is the minimum
area of the signal that can be measured. The values are
Amin ~ 1.6 x 10719 Ts for VO(TPP) and Apin ~ 1.1 x
1071% Ts for VOPt(SOCPh),. These values allow for a
good trade-off between the required signal duration and the
available sensitivity. In addition, Sequence 2 can be used
even when the delay of the external signal with respect to
the trigger is unknown. In fact, since the interpulse delay is
fixed, the position shift s can be varied until B (¢, s) begins
to cross the MW sequence. For these reasons, Sequence
2 is more versatile and more robust in the context of
time-dependent signal detection.

As a possible future development of our protocols, we
note that Sequence 2 could in principle be used to perform
a full reconstruction of a time-dependent signal (see Sup-
plemental Material [34]), similar to what was reported in
Ref. [29]. This, however, requires an improvement in the
signal-to-noise ratio and in the homogeneity of the MW
field, achievable through optimization of the experimental
setup. Another possible direction for future development
relies on using machine-learning protocols, which proved

034045-7
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to be a successful tool for phase prediction in one of our
previous works [44], to assist in the detection of the signal
and, eventually, its reconstruction.
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