
nature communications

Article https://doi.org/10.1038/s41467-022-32150-1

Quantum-assisted distortion-free audio
signal sensing

Chen Zhang1 , Durga Dasari1 , Matthias Widmann1, Jonas Meinel 1,
Vadim Vorobyov1, Polina Kapitanova 2, Elizaveta Nenasheva3,
Kazuo Nakamura 4, Hitoshi Sumiya5, Shinobu Onoda 6, Junichi Isoya 7 &
Jörg Wrachtrup1

Quantum sensors are known for their high sensitivity in sensing applications.
However, this sensitivity often comes with severe restrictions on other para-
meters which are also important. Examples are that in measurements of
arbitrary signals, limitation in linear dynamic range could introduce distor-
tions in magnitude and phase of the signal. High frequency resolution is
another important feature for reconstructing unknown signals. Here, we
demonstrate a distortion-free quantum sensing protocol that combines a
quantum phase-sensitive detection with heterodyne readout. We present
theoretical and experimental investigations using nitrogen-vacancy centers in
diamond, showing the capability of reconstructing audio frequency signals
with an extended linear dynamic range and high frequency resolution. Melody
and speech based signals are used for demonstrating the features. The
methods could broaden the horizon for quantum sensors towards applica-
tions, e.g. telecommunication in challenging environment, where low-
distortion measurements are required at multiple frequency bands within a
limited volume.

Quantum sensors are setting new frontiers of sensing techniques with
their extraordinary performances in sensitivity and stability1–5. These
techniques rely on either measuring the line-shift of spin or atomic
transition frequencies or reading out the relative populations of the
occupied energy levels using interferometric methods6,7. In most
cases, there are trade-off relations between the sensitivity and other
relevant features in metrology8. For example, a high-sensitive mea-
surement acquired by detecting the transition line shift requires a
narrow linewidth, which, on the other hand, will limit the dynamic
range if no feedback is applied. Interferometricmeasurements detect a
sinusoidal response, and linearity is only achieved when the phase
signal is in a small dynamic range, which hampers sensing unknown

signals in practice. In order to reconstruct arbitrary signals, extending
the linear dynamic range (LDR), resolving signal frequency in high
resolution, and maintaining a high sensitivity shall all be simulta-
neously addressed.

The nitrogen-vacancy (NV) centers have been at the forefront in
performing high-sensitive measurements of various physical
quantities, viz., magnetic and electric field, temperature, and strain
distributions internal and external to diamond9–14. The NV magne-
tometry has been performed under bias fields ranging from zero-
field to a few Tesla15–18. Compared to optically pumped magnet-
ometer (OPM) which has a high sensitivity at dc but degrades at
frequencies larger than a few hundreds Hz19–21, NV magnetometry is
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capable to detect signals from dc to GHz22,23. In NV magnetometry,
dynamical-decoupling techniques are usually employed to enhance
sensitivity9,24,25. High frequency resolution can be achieved with the
quantum heterodyne (Q-dyne) detection technique26,27. The
dynamic range can be extended by using phase-estimation algo-
rithms (PEA)28,29 and feedback schemes30,31. However, no scheme so
far has been demonstrated that is capable of achieving both fea-
tures at the same time.

One of the most fundamental features of a distortion-free
sensing scheme is to have a linear response to the external field,
which we dub here as readout linearity. Frequency-locking feedback
schemes that track the resonance frequency shifts of the optically
detected magnetic resonance (ODMR) spectrum is applied to NV
magnetometry for extending the dynamic range of dc sensing30.
However, this method can hardly be used in traditional interfero-
metric schemes for measuring oscillating fields, in which spins
interact with the fields and accumulate the quantum phase for
readout. PEA can effectively improve the dynamic range for inter-
ferometric schemes by using different quantum-phase integration
time as resources for the algorithm, in either a non-adaptive or
adaptive scheme28,29,31,32. The precision of PEA depends on how
many resources are used, and the PEA readout also has cross talk
between the signal frequency offset and the phase32.

We note that the distortion-free quantum sensing technique
couldbenefit applications, e.g.,wireless communication in challenging
environment33,34. Conventionally, antennas are the most commonly
used radio-frequency sensors for sensing either electric fields or
magnetic fields, and both types have achieved very high sensitivity35–37.
Nevertheless, in challenging environment, e.g., underwater and
underground, where low-frequency radio signals are preferred, the
conventional antennas should be of the size of (sub)meters depending
on the wavelength, thereby limiting their applications. With the recent
progress in the field of atomic (Rydberg) sensors, broadband local
electric field sensing with wide bandwidth up to 20GHz has been
achieved38,39. However, an antenna and a preamplifier are still required
due to the low local-field sensitivity, making this waveguide-coupled
system less compact. In this regard, quantum magnetometers can be
attractive for their high sensitivity and compactness33,40–42. NV mag-
netometers, despite their lower sensitivity when compared to OPMs,
have shown the capability for reconstructing signals in multiple fre-
quency bands. Combing NV magnetometers with flux concentrators
can make them both sensitive and compact due to the high volume
normalized sensitivity (more comparison details see in Supplementary
Note 2)43,44.

In this work, we improve on the feasibility of distortion-free
magnetometry with quantum sensors by using NV center ensembles
in diamond as the experimental platform at room temperature.
Firstly, we introduce the quantum phase-sensitive detection (QPSD)
technique, which builds upon the idea of the classical lock-in
technique, and provides an extended LDR for interferometry
schemes by using two synchronized driving fields with a frequency
offset. Then, we present the heterodyne readout, which resolves
frequency of the ac signals to be detected. In the scheme, we use a
single type of sequence that combines the QPSD technique and the
heterodyne readout so that distortion-free sensing can be per-
formed. It is also noticed that the frequency comb induced by
continuous sampling can be applied to Hahn-echo sequence for
measuring signals beyond the coherence limit without losing sen-
sitivity. We present arbitrary signal measurements at audio bands
from 10 to 15 kHz in both time domain and frequency domain.
Moreover, a piece of melody and a speech are encoded to a carrier
at 10 kHz, and the audios are reconstructed from the readout of the
NV magnetometer. By using the sensor as a quantum radio, we
demonstrate the application potentials for areas such as quantum-
assisted telecommunication and unknown signal exploration.

Results
Quantum phase-sensitive detection
Based on the idea of lock-in detection, the QPSD scheme requires an
modulation of the quantumphase alongwith the interferometry of the
sensor qubits, so that the phase factor accumulated by the spin-field
interaction canbe extractedbydemodulating theoutput of the sensor.
The recently proposed Q-dynemethods acquire such a modulation by
utilizing the phase difference between the qubit and an external
oscillator, as shown in Fig. 1a26,27. However, the modulation frequency
has a dependency to the signals. In order to modulate the quantum
phase independently, it is proposed to use a frequency-offset
scheme45,46. In the scheme, the spin is manipulated under one rotat-
ing frame while being observed by another one. The two rotating
frames are defined by two driving fields with a frequency offset, which
leads to a relative rotation between them, i.e., rotating frame mod-
ulation. In this way, the quantum phase modulation only depends on
the frequency difference of the twodrivingfields, as shown in Fig. 1b, c.
By performingmultiplemeasurements and using lock-in detection, we
extract the quantum phase with linearity over a dynamic range of
[−π,π], which is naturally limited by the 2π wrapping. Further
extending of the magnetic field dynamic range can be achieved by
adaptively setting the phase reference in the demodulation or address
the wrapping in algorithm. Below we describe the rotating frame
modulation in theory.

Aligning an external field B0 along the NV axis, we use the two-
level subspace of theNV ground triplet. TheHamiltonianof the system
is:

H=ω0Sz + γeB1 cos 2πf 1t +α
� �

Sx , ð1Þ

where ω0 is the transition frequency of the two-level subspace,
B1 cos 2πf 1t +α

� �
is the oscillating driving field with frequency f1 and

phaseα, and γe is the electron gyromagnetic ratio. In the rotating frame
defined by ω0, the Hamiltonian is:

H0
1 =Ω1 cos δω1 +α

� �
Sx +Ω1 sin δω1t +α

� �
Sy, ð2Þ

where δω1 = 2π(f0 − f1), f0 =ω0/2π, andΩ1 = γeB1/2 is the Rabi frequency
introduced by MW1. In interferometry measurements, a π/2 pulse
prepares the spin state from the polarized state to an equalized
population, and another π/2 pulse projects the quantum phase as a
population difference after the sensing procedure. We use the second
driving field, MW2, to offset the frequency of the second π/2 pulse.
δω2,Ω2 and β are used to denote the frequency offset, Rabi frequency,
and phase of MW2. After this, the measured spin-expectation value is:

Sz
� �

= sin ϕ+
π
2

δω1

Ω1
� δω2

Ω2

� �
+α � β

� 	
, ð3Þ

where ϕ is the acquired quantum phase which contains the informa-
tion we want to measure, both of the MWs are near-resonant with
δω1≪Ω1, δω2≪Ω2 (derivation see Supplementary Note 3). Therefore,
the off-resonant term can be neglected, and the phase difference term
α − β will evolve with time so that there is:

Sz
� �

≈ sin ϕ+ 2πδf � tð Þ, ð4Þ

where δf is the frequency difference of the two MWs.
The above result can be seen as a modulation of the rotating

frame itself. As schematically shown in Fig. 1b (left Bloch sphere), we
assume that the twodrivingfields have the samephase at sample 1, and
this defines an instantaneous rotating frame with coordinates x1y1z.
Thus, the readout is similar to that of the regular Ramsey measure-
ment. After an interval of Δt, MW2 develops a phase difference of
2πδfΔt. Since the quantum phase is finally measured by MW2, the
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Bloch vector rotates in the new instantaneous rotating frame with
coordinates x2y2z, as shown in Fig. 1b (the right Bloch sphere). The
rotating frame defined byMW2 rotates continuously around the z-axis
with the frequency of δf. Due to this, the fluorescence readout is also
modulated in a sinusoidal fashion, as shown in Fig. 1c. By fitting or
demodulating the fluorescence signal, we can resolve the changing of
the phase factorϕ between eachmodulation cycle and find linearity to
the external field. The measurement sequence we applied in the
experiment is depicted in the dash boxof Fig. 1c, inwhichTϕ is thefield
sensing time, Tseq =mTϕ is the sequence length of one measurement,
and we use a second measurement with the final pulse changed to (π/
2)−x. The experimental schematic is shown in Fig. 1d (details see in
Methods “Experimental setup”).

The sensitivity limit is derived based on the fitting of the N sam-
ples in the measurement time of N ⋅ 2Tseq47. The minimum detectable
phase is:

δϕ=
2

ffiffiffi
2

p
ffiffiffiffi
N

p 1

Ce� Tϕ=T2ð Þp ffiffiffiffiffi
N

p , ð5Þ

where C is the fluorescence signal contrast, N is the detected photon
counts in each fluorescence readout window, e�ðTϕ=T2Þp indicates the
contrast reduction due to the decoherence time T2 and p is the stret-
ched exponential parameter. In the derivation, there is a factor of 2 due
to the two steps measurement and the laser reference. The sensitivity
to external magnetic field is also subject to the MW sequence, and can

be derived as:

η =
4

γe∣GðωÞ∣Ce� Tϕ=T2ð Þp

ffiffiffiffiffiffiffiffiffi
Tseq

N

s
, ð6Þ

where ∣G(ω)∣ is the MW filter function which is used to describe the
transfer function from magnetic field to quantum phase. In compar-
ison to the fluorescence readout, the sensitivity of QPSD readout
deteriorates by a factor of

ffiffiffi
2

p
(derivation see Supplementary Note 5).

In Fig. 2a, b, we compare the regular interferometry (singledriving
field) and with the measurements obtained from the QPSD readout
described above. Both the readout spectra and the responses to the
test fields are plotted in the figures. The strength of the applied
external ac fields ranges from 0 to 3μT. For Ramsey measurements,
the appliedfields are at a frequencyof 46Hz, andweuse afield sensing
timeTϕ,Ramsey = 6.25μs. ForHahn-echomeasurements, we use external
fields at 80.046 kHz and the field sensing time Tϕ,Hahn = 2Tϕ,Ramsey. The
signal readout of the regular interferometry measurements is pro-
portional to sinϕ, where ϕ∝ γeB is the quantum phase. Thus, the
regular Ramsey and Hahn-echo readout quickly saturate because
the response is linear onlywhenϕ is small. In the spectra, harmonics of
the 46Hz signal rise significantly due to the saturation induced by the
limited LDR, compared to the QPSD readout which shows the linearity
over the field range. The high-order harmonics of the signal detected
by the QPSD readout are small and mainly arise from the function

Fig. 1 | Phase-sensitive NV magnetometry. a Continuous sampling induced
phase reviving signals, known as the quantum heterodyne (Q-dyne) detection.
Field interaction time should be set in measurement sequences as τ1 or τ2 for
different frequencies of the signals s1 or s2.F k is the fluorescence signal, where
k denotes the number of the output series number, R is the photon rate and C is
the contrast. G(sϕ, k) is the sequence response to the field s, which should be
small to ensure the linearity. b Rotating frame modulation induced by the
evolving phase difference of the two driving MW fields. The MWs acquire a
phase difference as α − β = 2πδfΔt after a sampling time interval Δt due to the
frequency offset δf. The picture of Bloch spheres shows the process of rotating
frame modulation, in which x1y1z is the rotating frame defined by MW1, and
x2y2z is the rotating frame defined by MW2. ϕ is the accumulated quantum

phase during the sensing interval. The acquired quantum phase is
θ = 2πδfΔt − ϕ at sample 2. Both the red vectors are the final states of the two
samples, and the projections are acquired as the curves in c, where we present
the measurements when ϕ = 0 and ϕ ≠ 0. The phase factor ϕ can be extracted
by a lock-in amplifier. Measurement sequence is shown in the dashed box. Tϕ is
the field interaction time, during which pulses are applied using MW1 The light
and dark blue blocks are the π/2 pulses used for the interferometry and the
dark blue pulses use MW2. The green and red represent the acquisition win-
dows, in which the green is the laser reference and the red is the fluoresces.
Tseq is the length of each sequence part andm ≥ 2 is an integer. d Schematic of
the experiment. NV centers ensemble in diamond is used to perform the QPSD
readout.
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generator. In the measurements, one could see the linewidth broad-
ening induced by the increasing signal power. The peak at 100Hz,
which is consistently seen in both the Ramsey and Hahn-echo mea-
surements, comes from the electronics instrumentation. Other side
peaks seen near the original signal frequency in the QPSD readout
spectra are due to the mixing of the 100Hz power line harmonics and
the 92Hz signal harmonics in the LIA. It is also noticed that the Hahn-
echomeasurementmeets the phasewrappingwhen the applied field is
larger than 2.5μTpeak-to-peak.Wenote that additionaldynamic range

can be extended by using feedback or algorithms to address the phase
wrapping over the cycle of 2π.

The test fields are sent to the diamond by a single loop test coil.
The test coil is calibrated by measuring the ODMR spectrum of the
sensor, and then, the coefficient is used to calibrate the QPSD readout,
as shown in Fig. 2c, d. The acquired fluorescence readout sensitivity is
26 pT=

ffiffiffiffiffiffi
Hz

p
, while the calibrated QPSD readout sensitivity is 38

pT=
ffiffiffiffiffiffi
Hz

p
(details see Methods “Sensitivity estimation”). The technique

also demonstrates robustness to changes of Tseq. The motivation of

Fig. 2 | Sensing performance of the QPSD. a Spectra and linearity comparison of
the fluorescence readout and QPSD readout in Ramsey measurements. The mea-
sured results of the two readout schemes are both plotted under the spectra, while
the dashed line shows the amplitudes of applied fields. b Spectra and linearity
comparison of the fluorescence readout and QPSD readout in Hahn-echo mea-
surements. cCalibration of test coils and the sensor readouts. Calibr. 1 corresponds
to the QPSD readout and Calibr. 2 corresponds to the fluorescence readout. The
test coil is moved between the two measurements for verification. d The noise

power spectra of the QPSD readout with/without a calibration signal. The inset is a
1 Hz excerpt of the fluorescence detected magnetic field noise spectrum.
eRobustness of theQPSD scheme.Normalized signal responses of the two schemes
with different sampling frequencies are plotted, and the QPSD readout is expected
to be 1 as the dashed line shows. f Measurement bandwidth is limited by time
constant of the LIA. Ramsey and Hahn-echo sequences are applied to measure test
fields at different frequencies with the same magnitude.
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using different Tseq is to get different sampling frequencies as well as
measurement bandwidths. Signal responses to different sampling
frequencies, i.e., 1/2Tseq, are plotted in Fig. 2e. The two sets of values
are normalized for comparison because of different units. Ramsey
measurements are characterized by a calibration field at 5Hz. The
fluorescence readout shows varying signal responses over the sam-
pling frequency range. The change of the fluorescence contrast is
majorly caused by the spin polarization process during the laser
readout time48. Meanwhile, the QPSD readout is roughly a constant
due to the same Tϕ. The QPSD readout errors can be attributed to the
drifting of the external field over the experimental time. Regardless of
sensitivity, the result also indicates that the QPSD readout has no
dependency on the fluorescence contrast, which can be affected laser
power and the MW power.

The measurement bandwidth of the QPSD readout is shown in
Fig. 2f, where the signal responses todifferent testfield frequencies are
plotted. The plotted values are the magnitudes at the corresponding
frequencies in the Fourier transform of the QPSD readout. For the
Hahn-echo measurements, we detected the heterodyne signal for the
ac fields. The applied sequence length, Tseq = 100μs, gives the refer-
encing frequency fs = 5 kHz for “Demod. 1” (defined in Fig. 1d). The
intrinsic fluorescence readout bandwidth is fs/2 according to the
Shannon sampling theorem. We apply the second driving field with
δf = 500Hz to have N = 10 samples in a modulation cycle. Due to this,
the QPSD bandwidth is narrowed down to fs/(2N). In addition, the LIA
time constant of “Demod. 2” (see Fig. 1d) determines the final band-
width of the setup with a flexibility < fs/(2N) (250Hz in this case).
Finally, one can conclude that the rotating framemodulation provides
QPSD readout magnetometry that has enhanced LDR and robustness

in a flexible bandwidth. As we show below, this can be used for
distortion-free arbitrary fields sensing.

Frequency offset heterodyne readout
Heterodyne readout has been used to improve the frequency resolu-
tion in nuclear magnetic resonance spectroscopy. It is also a way to
achieve high precision microwave sensing49–51. High-order dynamical
decoupling sequences are used to narrow the spectral linewidth by
decoupling the sensor response from unwanted signal frequencies26,27.
Here arises a trade-off between the measurable signal bandwidth and
fidelity. High-order dynamical decoupling can ensure a high sensitivity
but the detectable signal bandwidth is then limited by the filter func-
tion defined by the sequence. On the other hand, the lower limit on the
detectable signal frequency is set by the decoherence time of the
sensor. Here, we will use the Hahn-echo sequence in combination with
the QPSD readout to detect signals at frequencies that go beyond the
coherence time of the sensor.

In Qdyne, the sampling time usually satisfies Tseq ≠mTϕ so as to
get the heterodyne signal27. The frequency of this heterodyne signal
depends on the timing offset. Here, we choose the measurement
sampling time Tseq =mTϕ to obtain the heterodyne readout depending
on the signal frequency offset from 1/Tϕ. As a result, the detected
phase of signals at frequencies of n/Tϕ is locked by the sequence,
where n can be a random integer. On the other hand, the frequency
offset of signals can also introduce phase revivals, i.e., frequency offset
heterodyne signal, as shown in Fig. 3a. The detected heterodyne fre-
quency would be the exact offset of the signal frequency to 1/Tϕ.

The frequencyoffset heterodyne readout ismodeledbasedon the
MW sequence filter52,53. Sampling happens in each time interval of

Fig. 3 | Frequency offset heterodyne readout. a Principle of the readout
scheme. fϕ is the reference frequency defined by the sequence, and f1, f2 are
the frequencies of the signals. The colored regions mark where the quantum
phase is accumulated in the Hahn-echo sequence, while phase accumulations
at the other areas are canceled in the spin evolution. The figure shows iden-
tical heterodyne signals due to fϕ − f1 = f2 − fϕ. b Frequency responses of the
Hahn-echo sequence and CPMG-2 sequence. The applied ac fields have an 5 Hz
offset to the denoted signal frequencies so that they are detected as a 5 Hz
heterodyne readout. Both theoretical and experimental results are plotted

after normalization. c Signal frequency response of Hahn-echo measurements
with 1/Tseq = 10 kHz. The dash line indicates the filter introduced by the lock-in
amplifier. d Heterodyne frequency dependency to sequences and signal. The
reference signal is the result of detecting 20.005 kHz signal with sequence
that uses Tϕ = 50 μs and Tseq = 20Tϕ. In meas. 1, Tϕ is changed by ±4 ns. In meas.
2, we keep Tϕ unchanged, and offset Tseq with ±4 ns. In meas. 3, the applied
field is changed to 16.005 kHz while the other parameters are the same
as meas. 2.
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NmTϕ, ðNm+ 1ÞTϕ

h i
, where N 2 Z, m ≥ 2 is an integer defined as

shown in Fig. 1c. For a random oscillating signal at frequency ω,
Bac(t) =B(ω)e−i[ωt +φ(ω)], and a measurement with the MW π-pulse num-
ber of n, we can get the accumulated quantum phase as (see Supple-
mentary Note 4):

ϕrðNÞ= ∣GnðωÞ∣ei �ωTϕ
2 �P

2π
� �

γeBðωÞe�iφðωÞe�iωNmTϕ , ð7Þ

where N denotes the sampling timestamp, GnðωÞ= ∣GnðωÞ∣ei �ωTϕ
2 �P

2π
� �

is
theMWfilter function,P = 1when theπ-pulsenumbern is odd andP = 2
when n is even. Particularly, when n = 1 i.e., Hahn-echo sequence is
applied, the filter function satisfies ∣G1(2π/Tϕ)∣ = ∣G1(π/Tϕ)∣. In principle,
measurements of signals at a wide frequency range is feasible by
choosing the appropriate Tϕ in Hahn-echo measurements. For
example, by using Tϕ < 1μs, one can achieve detection of signals at
frequencies higher than 1MHz. It ismore challenging to detect a signal
at a lower frequency, such as a signal at 10 kHz, because a longer T2 is
required. With the property described above, it is feasible to use
Tϕ = 50μs rather than Tϕ = 100μs to achieve the measurement with a
better sensitivity due to the higher signal contrast when Tϕ is smaller.
For diamonds which have NV center ensembles with T2 < 100μs, the
property makes it feasible to detect signals at the frequencies lower
than 1/T2, i.e., beyond the coherence limit.

Given a reference frequency ωref = kωs ,k 2 N, where ωs = 2π/
(mTϕ) and ω 2 ωref � ωs=2,ωref +ωs=2

� �
, the evolving phase factor

can be rewritten as e�iωNmTϕ = e�iωHtδðt � NTsÞ, where ωH =ω −ωref is
the heterodyne frequency,δ(t) is theDirac function, andTs =mTϕ is the
sampling period. Thus, the readout signal turns out to be:

ϕr ðtÞ=GðωÞ ∑
1

N =�1
γeBHðtÞδðt � NTsÞ, ð8Þ

whereBHðtÞ=BðωÞe�iðωHt +φÞ is the heterodyne readout that contains all
the information from the origin signal to be detected. As discussed in
previous section, the quantum phase readout bandwidth is limited by
the cut-off frequency fc of the filter of LIA. For any signal with a
frequency range of [(k − 1)fs + fc, (k + 1)fs − fc], aliasing can be filtered.
Although a smaller fc makes the measurement bandwidth narrower, it
ensures signals that in a larger frequency range can be detected
without aliasing. By changing Tϕ together with Tseq, we can resolve a
spectrum in multiple frequency bands with a series of sequences.

We present two specific examples of the measured frequency
responses by using the Hahn-echo and CPMG-2 sequence. We plot
both the theoretical MW filter function and the experimentally
detected signal responses together in Fig. 3b. Thefield sensing time for
both experiment and theory calculations is set to be Tϕ = 50μs. The
discrepancy at low frequency of the CPMG-2 measurement could be
attributed to pulse errors in the experiment. We measured the
amplitudes of the frequency offset heterodyne signals with Tseq =
250μs, i.e., the magnetic field sampling rate is 4 kHz. Due to this
reason, themeasuredMWfilters are combedwith a frequencydistance
of 4 kHz. Aliasing signals exist between the main lobes at a distance of
2 kHz, because the readout sampling frequency is fs = 2 kHz.

In order to detect signals that are distributed over a larger
bandwidth, we can increase the sampling frequency, for example, to
fs = 5 kHz. The spectrum is plotted in Fig. 3c in decibel, fromwhich one
can see thatmagnitudes are the same at 10 and 20 kHz, i.e., 1/(2Tϕ) and
1/Tϕ as discussed in the derivation. The insets of Fig. 3c depict the
signals that the quantum sensor detects during Tϕ at the two fre-
quencies. In this measurement, the bandwidth limited by the filter of
the LIA is at 200Hz, i.e., the single measurement bandwidth is 400Hz,
and the detectable signal frequency range is 9600Hz.

We notice that a single measurement cannot tell if the ac field
frequency offset is positive or negative from the heterodyne readout.
Additional measurements are needed to distinguish the direction of

the frequency offset. By adding a difference to the phase accumulation
time Tϕ as well as the sequence time, we can change the reference
frequencyωref to get a different heterodyne frequency. By seeing if the
heterodyne frequency increases or decreases, we can determine if the
signal frequency is larger or smaller than the reference frequency. As
the measurements presented in Fig. 3d that Tϕ = 50μs is offset by a
difference of 4 ns and Tseq = 10Tϕ changes accordingly, the detected
heterodyne frequency of the signal shift in twodifferent directions.We
further investigated the dependency of the heterodyne frequency on
the parameters by performingmeasurements that vary (1) Tseq, (2) Tseq
and ωref. When Tϕ keeps unchanged, the heterodyne frequency shifts
by:

ΔωH =ωrefΔTseq=T seq: ð9Þ

Using the equation, we can estimate the frequency fidelity of the
given sequence. For example, with a timing error <3 ps, the frequency
error of a signal around 10 kHz reduces to0.06mHz. The estimation of
frequency in spectroscopy is very sensitive to themeasurement time t.
The Cramer-Rao lower bound for frequency measurements decreases
as t−3/2. A higher frequency resolution canbeobtainedby increasing the
measurement time26,27,54.

Sensing of arbitrary audio signals
Taking advantages from the high dynamic range with the QPSD
scheme and the frequency resolving from the heterodyne detection,
we demonstrate below distortion-free measurements of arbitrary
magnetic fields at audio frequencies. The audio frequency band is hard
to be covered by the vapor cell based quantum magnetometers19. We
first generate a signal at 20.08 kHzwith its phase varyingwith time (see
Fig. 4a). The MW filter is set by the Hahn-echo sequence with
Tϕ = 50μs. With the reference frequency at 20 kHz, the heterodyne
readout is at 80Hz, as seen from the simulated curve. The phase of the
external field is switched with a cycle of 80 and 40Hz so that the
experimental readout displays the phase change, as shown in Fig. 4a.

Next, we apply a field with the frequency, amplitude and phase all
arbitrarily changing. The signal frequency is around 10 kHz and the
signal bandwidth iswithin 400Hz. Using 1/Tseq = 10 kHz, we can detect
signals close to 10 kHz with the same sensitivity as the 20 kHz signal.
The signal length is 1 s and consists of ten 100ms parts. In Fig. 4b, both
the applied field waveform and the QPSD readout are plotted. The
heterodyne frequencies can resolve the frequency differences in the
original waveform. The amplitudes of the readout also correspond to
dynamics of the applied fields.

As discussed previously, the measurement bandwidth used in the
experiment is 400Hz. For this, we perform a spectrum analysis as
shown in Fig. 4c. The signal to be detected is a sum of 20 tones with
random frequencies, amplitudes and phases. In order to distinguish
the sign of frequency offsets for each component, we analyze the
signal using an alternative sequence with Tϕ = 50μs + 2 ns. The sharp
peaks observed in the spectrum should shift according to the changes
of the measurement sequence, else we exclude them as noise signals
generated from our electronics. The spectrum analysis algorithm is
describedwithmore details in the Supplementary (see Supplementary
Note 8). As shown in Fig. 4c, the applied frequencies are properly
resolved. Additionally, we find a 9.93 kHz noise spike from the envir-
onment. The errors in magnitude of the detected spectrum could be
induced by the LIA filter, as shown earlier in Fig. 2f. The errors could
also be caused by an insufficient sampling number for demodulating
the rotating frame modulation. In the measurements, we apply
sequences with their lengths corresponding to a sampling frequency
fs = 5 kHz. The frequency difference of the two MWs is δf = 500Hz and
N = 10 for reading out a phase sample. The precision can be increased
by using a smaller δf, but it will decrease the bandwidth.
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Though the bandwidth of eachmeasurement sequence is limited,
we can still analyze the signal spectrum within a wider bandwidth by
merging several measurements. The condition is that the signal
bandwidth should not be larger than the sampling frequency to avoid
frequency aliasing. In Fig. 4d, we perform a spectrum analysis for a
signal within a bandwidth from 10 to 15 kHz. We set an 800Hz band-
width for the measurement of each sequence and use six measure-
ments to cover the entirebandwidth. The signal tobedetected is a sum
of ten components with their frequencies randomly distributed in the
bandwidth. The signal is generated by an arbitrary signal generator
(AWG) and sent to the test field coil. The dotted curve in the figure
displays the spectrum of the electrical signal from the AWG. There are
some harmonics near each main component due to the limited AWG
internal clock and signal length. The components at different fre-
quencies are analyzed by varying Tϕ to get different referencing fre-
quencies for heterodyne detection.

Finally, we demonstrate two examples of the distortion-free
measurements of modulated analog audio signals. The two recon-
structed audios are (i) amelody piece composed of three tones and (ii)
the famous “I have a dream” from Dr. Martin Luther King Jr’s speech.
The reconstructed audios can be heard and compared to the original
sounds (see Supplementary Audio 1–4). Although the NV sensor pre-
sented in this work has a wide detectable frequency range, the band-
width determined by the LIA leads to difficulty in detecting real-time
signals. The speech signal in case (ii) covers a frequency range from
near dc to a few kHz. Therefore, the audio needs to be pre-processed
for detection with the sensor, and the readout is post-processed for
waveform reconstruction (see Methods “Signal processing for audio
sensing”). Nevertheless, the technique is possible to be applied in low-
frequency telecommunication for challenging environment, where
time lag is not very critical. It is also common that nowadays

information is digitized for broadcasting and receiving, and the tech-
nique ensures feasibility of modulating such signals in amplitude,
frequency and phase, for the telecommunication applications.

Discussions
In this work, we overcome the LDR limitation of the conventional
interferometric readout through a technique that includes a QPSD
scheme and the frequency offset heterodyne readout. The technique
allows one to detect unknown signals with maximal sensitivity inde-
pendent of their dynamic range. It improves the feasibility for not only
NV magnetometer, but also other qubit sensors that use quantum
coherence, to perform measurements of different physical quantities
with high dynamic range and high sensitivity.

Theoretically, the extended LDR comes from the multiple mea-
surements that have the quantum phase evolving through the entire
phase range [−π,π] so that the initial phase factor that contains the
external field information can be resolved. Such an extended phase
range affects the measurement bandwidth as well as the sensitivity. In
theory, the sensitivity does not deteriorate a lot from the conventional
fluorescence readout except for a factor of

ffiffiffi
2

p
. We suffer from a low

contrast C <0.2% due to the low excitation laser power (80mW) and
acquisition with lock-in amplifier (LIA) (see supplements of ref. 48).
The contrast and the fluorescence photon count can significantly
increase when the laser reaches saturation power. Different dynamical
decoupling sequences can also improve the magnetic field sensitivity
through the filter function G(ω). In this work, wemeasure signals from
10 to 20 kHz and modulate audio signals with such a carrier for the
demonstration. However, with the long coherence time T2 = 200μs of
the NV ensemble that we use12, it is possible that we directly measure
audio signals at a few kHz by trading the sensitivity. Flux concentration
could further improve the signal-noise ratio at a cost of spatial

Fig. 4 | Detection of arbitrary audio signals. a Phase response of the QPSD
measurement. The bars show the phases dynamics of the applied magnetic field.
Stars mark the QPSD readout of the sensor, and the curve is the simulated readout.
b QPSD readout of an ac field around 10 kHz with the frequency, amplitude and
phase switched every 100ms. The waveform of the applied field is plotted in light
blue, and the red curve is the QPSD heterodyne readout. c Spectral comparison of

the applied signal and the detectedmagnetic field in a 400Hz bandwidth. The blue
remarks denote the applied signalsmathematically.dA signalwith wide bandwidth
between 10 to 15 kHz is applied and detected by varying the sequence. The reddash
line shows the spectrum of the output of the AWG. The solid black line is the
spectrum of the QPSD readout. The magnitude of the AWG spectrum is scaled to
the same level of QPSD readout for eye guidance.
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resolution and the vector property, similar to antennas in conventional
radio receiving systems43,44. The flux concentrator can be very small (a
few centimeters) for potential applications compared to conventional
dipole antennas, because the gain no longer depends on the signal
wavelength. With the millimeter size diamond dimension, the flux
concentration factor can easily reach a factor of hundreds when using
a concentrator in centimeters.

The QPSD readout can also enhance the capability of vector
magnetometry. Conventionally, fluorescence emitted fromNV centers
in multiple orientations is measured sequentially to acquire the vector
components. Similar to the methods developed here, one could also
modulate the signal on each orientation with different modulation
frequencies55. Performing measurements on different NV orientations
with appropriate synchronization can suppress the phase errors in
vector reconstruction.

In conclusion, we demonstrated high-sensitive distortion-free
quantum-assisted detection of audio signals, including melody and
speech, using the QPSD scheme in combination with the heterodyne
readout. One could also generalize the current methods to achieve
vector magnetometry with extended LDR. We envisage that the tech-
niques developed here lay a path for different quantum sensing plat-
forms in achieving low-distortion sensing required for many
applications in science and technology.

Methods
Experimental setup
The diamond used in the experiment is a (111)-oriented (0.5mm)3 cube
obtained from a single crystal grown by the temperature gradient
method athigh-pressure high-temperature conditions. The diamond is
99.97%12C enriched, and has an initial nitrogen concentration of 1.4
ppm. The final NV concentration is 0.4 ppm after electron irradiation
and annealing. Dephasing time of the NV ensemble is obtained as
T *
2 = 8:5μs by Ramsey sequence, and a decoherence time T2 = 200μs is

measured by Hahn-echo sequence. The diamond is positioned at
center of a home-built three dimension coils system, which is used to
generate a bias field along the (111) orientation. We use a low noise
532nm laser (Lighthouse Sprout-G) to illuminate the diamond with a
power around 80mW. Fluorescence is collected by a compound
parabolic lens and detected by a large area photodiode (Hamamatsu
S3590-09). Microwave signals are generated from two sources (Roh-
de&Schwarz, SMIQ03B) and are individually controlled by two
switches. Measurement sequences are generated by a data timing
generator (Tektronix, DTG5274). After the combination and amplifi-
cation of theMW signals, MWpulses are fed to the diamond through a
dielectric resonator antenna56. The magnetic component of the MW is
coupled vertically to the (111) orientationof thediamond. Thedetected
fluorescence signal is demodulated by a LIA (Zurich Instruments,
HF2LI) which has two independent differential input channels and
demodulators. As shown in Fig. 1d, the fluorescence signal is firstly
demodulated at reference frequency of fs = 1/(2Tseq), which is also the
sampling frequency of the fluorescence readout. The readout of
“Demod. 1” is further demodulated by another demodulator of the LIA
at the reference frequency defined by the rotating frame modulation,
denoted as “Demod. 2”.

To generate arbitrary magnetic fields, we encoded signals via an
AWG (Tektronix, AWG520) with 105 samples per second output sam-
pling rate. The test signals are continuously repeated and sent to a test
coil near the diamond. The test coil is a single roundcopper loopwhich
is connected with a 50 Ω resistor for the correct loading to signal
generators.

Sensitivity estimation
Sensitivity of the measurements is calibrated by the mentioned test
coil, which is driven by a signal generator. The test coil is firstly cali-
brated bymeasuring the ODMR spectrum of the NVmagnetometer, of

which the lines splitting depends only on external field. After calibra-
tion, the test coil is used to generate calibration fields to determine the
specifications of the other measurement schemes. We implant cali-
brations based on Hahn-echo measurements used in Fig. 2b, and
results are shown in Fig. 2c. The two calibrations corresponds to QPSD
readout and conventional fluorescence readout, respectively. We note
that the test coil was moved to generate smaller fields that would not
exceed the dynamic range of conventional Hahn-echo measurement.
From the calibrations, test coil coefficients are calculated through the
fitting as kcoil,1 = 371 nT/V, kcoil,2 = 139 nT/V, and the readout coeffi-
cients are kr,phase = 26.33∘/V, kr,fl = 3.87 × 10−4 V/V. Thus, the scalar fac-
tors of the two readoutmethods canbe calculated as kphase = 0.071∘/nT
and kfl = 2.79 × 10−6V/nT. Then, the noise spectra of the QPSD readout
and the fluorescence readout aremeasured. In Fig. 2d, the phase noise
power spectra of QPSD measurements with and without a calibration
signal (at 80.046 kHz) are compared. There are also noise spikes that
the sensor receives from the environment. Excerpts without noise
spikes are chosen to evaluate the noise level, and the phase noise level
is obtained as ηphase =0:0027

�=
ffiffiffiffiffiffi
Hz

p
. Therefore, the magnetic field

sensitivity measured by QPSD readout can be calculated as
η=ηphase=kphase = 38pT=

ffiffiffiffiffiffi
Hz

p
. Similarly, the magnetic field sensitivity

of fluorescence readout is evaluated as the inset of Fig. 2d shows. The
fluorescence readout sensitivity isηf l =26pT=

ffiffiffiffiffiffi
Hz

p
. Noticingη≈

ffiffiffi
2

p
ηf l ,

we confirm the reduction in sensitivity of
ffiffiffi
2

p
times in the experiment.

Basedon the phase noise of theQPSD readout, we further calculate the
dynamic range without addressing the phase wrapping. Since the lar-
gest amplitude of an ac signal is limited byπwithin the range of [−π,π],
the dynamic range is calculated as DR=20 logðπ=ηphaseÞ=96:5dB. For
measurements using a dc sensing scheme, i.e., Ramsey sequence, the
largest signal is limited by 2π, and thedynamic range increases by 6 dB.

Spectrum analysis
The spectrum to be analyzed is divided into several sections with the
bandwidth set by the LIA for data acquisition. In each section, the
center frequency determines Tϕ of the measurement sequence.
Usually, the center frequency satisfies fc = 1/Tϕ + ε/Tseq, where ε = 0, ± 1.
A time trace is recorded after running the sequence, and a spectrum is
acquired from the Fourier transform of the time trace. However, the
spectrum is a fold of the two sidebands with respect to the center
frequency. The sequence with T 0 =Tϕ + tclk and T 0 =mT 0 is applied to
get an alternate spectrum with analyzed frequencies shift by
Δf = ± ∣1=Tϕ � 1=T 0∣. The direction of the frequency shift shows which
side the signal component belongs to. In the algorithm, we set a
threshold to separate signal spikes from noise, and use the known
sequences induced spectrum frequency shift to distinguish the signs
of the signal offset frequency to the center frequency. The signal
spikes that do not shift according Δf are recognized as systematic
noise spikes. Then, the spectrum of the selected section can be
replotted as the example shown in Fig. 4c (more information see
SupplementaryNote 8). Aftermeasuring the spectra of all the sections,
we can get the final spectrum by merging them together.

Signal processing for audio sensing
In the first audio sensing example, the tones of the melody have fre-
quencies distributed between 500 and 700Hz, of which the frequency
range is within the bandwidth of the sensor. In order to modulate the
signal to a detectable frequency range of the sensor, the analog audio
signal is mixed with a 9.5 kHz reference so that the magnetic signal for
detection is around 10 kHz. The heterodyne readout of the NV mag-
netometer itself plays as a demodulation of the carrier. After the
detection, the readout is mixed with the 500Hz base as the post-
processing for reconstructing tones of the melody. For case (ii), the
original audio signal covers a frequency range from near dc to a few
kHz, which is larger than the bandwidth of the sensor. Therefore, we
compress the signal bandwidth into 200Hz by interpolation, and then
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mix the signal with a 10 kHz reference. Similar to the reconstruction of
the melody signal, the speech is demodulated by the heterodyne
readout. As the post-processing step, the readout is expanded in fre-
quency domain by averaging the readout in time domain. In Supple-
mentary Note 7, we provide more details about the signals.

Data availability
All data generated in this study have been deposited in DaRUS under
accession with https://doi.org/10.18419/darus-2793.
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