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Diamond based quantum sensing is a fast-emerging field with both scientific and technological significance. The
nitrogen–vacancy (NV) center, a crystal defect in diamond, has become a unique object for microwave sensing applications
due to its excellent stability, long spin coherence time, and optical properties at ambient condition. In this work, we use
diamond NV center as atomic receiver to demodulate on–off keying (OOK) signal transmitted in broad frequency range
(2 GHz–14 GHz in a portable benchtop setup). We proposed a unique algorithm of voltage discrimination and demonstrated
audio signal transceiving with fidelity above 99%. This diamond receiver is attached to the end of a tapered fiber, having
all optic nature, which will find important applications in data transmission tasks under extreme conditions such as strong
electromagnetic interference, high temperatures, and high corrosion.

Keywords: NV center, demodulate OOK signal, high-frequency range, audio signal transceiving
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1. Introduction

With the development of communication technology, the
common 2.4-GHz and 5-GHz electromagnetic wave signals
have become the mainstream wireless fidelity (WiFi) and blue-
tooth communication frequency bands. Since the transmis-
sion of high-frequency electromagnetic waves can greatly in-
crease the rate of information transmission, communications
in higher frequency bands will be widely used in 5G and even
6G communications.[1–3] Nowadays, the difficulty of demodu-
lating higher frequency signals (greater than 30 GHz) seems to
be one of the key factors restricting the further development of
communication technology.[4,5] A component of the demodu-
lated signal is the band-pass filter whose performance[6–9] di-
rectly determines the quality of the communication and the
signal-to-noise ratio. Nowadays, high-frequency band-pass
filters mainly include surface acoustic wave (SAW)[10,11] and
bulk acoustic wave (BAW)[12–14] filters, and the filters that
can be used for high-frequency mobile communications are
mainly BAW filters. At present, BAW filters on the market are
mainly monopolized by Qorvo and Broadcom, and the band-
width of existing band-pass filters is generally greater than
20 MHz, especially high-frequency band-pass filters, so the
communication quality will be much lower than that of low-
frequency transmission with narrower pass band width. The
NV center of diamond has a stable high-frequency resonance

frequency,[15,16] and the resonance frequency can be linearly
adjusted by an external magnetic field,[17–19] and attenuates
fast at the non-resonant frequency. It has the excellent charac-
teristics of low passband width and is able to be a good tool
for demodulating the high-frequency signal. In our experi-
ment, we use a laser to excite the diamond and continuously
collect the fluorescent signal returned by the diamond. We
placed the diamond above the microwave antenna and judged
whether the pulsed which modulate the microwave was low or
high by comparing intensity of the fluorescence. The band-
width of the equivalent band-pass filter obtained by using this
method was lower than 8 MHz, which is much smaller than
the high frequency band pass filter on the market, and the sys-
tem has the characteristics of small size and large center fre-
quency adjustment range, which is very convenient for carrier
frequency switching and frequency division multiplexing. We
finally used the system to successfully transmit audio signals
under the condition of 2.87 GHz, thus verifying the feasibility
and reliability of this new demodulation scheme.

2. System structure and theory
As shown in Fig. 1(a), the communication system con-

sists of a data acquisition (DAQ) card installed in a computer,
a pulse signal generator, laser, fiber diamond probe, avalanche
photo diode (APD), microwave source and an antenna. We
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use a pulse signal generator to generate pulse signals in order
to modulate the microwave source. We use APD to collect
the fluorescent signal emitted by the diamond micro-crystal
through the optical fiber. The output of APD is acquired by a
data acquisition card and the computer judge the original sig-
nal through the measurement of the change of fluorescence
intensity. We use a standard antenna powered by the mi-
crowave source to simulate a receiver and the fiber diamond
probe is closely placed on top of the antenna. We used a per-
manent magnet to split all eight resonance peaks of the opti-
cally detected magnetic resonance (ODMR) curve which will
be shown in Fig. 1(b) and change the frequency of the peaks
by changing the strength of the magnetic field so that the com-
munication system will be able to work at any frequencies.

2.1. The physical principle of the demodulator

The NV center is a point defect structure in diamond con-
sisting of a substituted nitrogen atom and a nearby lattice va-
cancy. In quantum regulation studies, a negatively charged NV
center (NV−) is generally considered, whose vacancy provides

four unpaired bonded electrons, plus one electron contributed
by the nitrogen atom and one additional captured electron, and
this system can be considered as an electron spin with a total
spin of 1.

The NV central spin ground state is a spin triplet state
with a zero-field splitting between ms = ±1 and ms = 0 at
2.87 GHz, which is in the microwave band. The ms =±1 state
of the electron spin is 30% weaker than the ms = 0 state, so the
532-nm laser is used to polarize the NV center to the ms = 0
state, then the quantum state is manipulated by pulsed mi-
crowaves, and finally the current quantum state of the NV cen-
ter is determined by counting the fluorescent photons.[15,16,20]

Noteworthy, when the microwave pulse is far from the
resonant frequency, the laser polarizes the electrons to a state
where ms = 0. The fluorescence is strong and stable; when
the microwave pulse is close to the operating frequency, there
is a certain probability that the electrons will be flipped to a
state where ms = ±1, resulting in a decrease in fluorescence
intensity.
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Fig. 1. (a) The schematic diagram of the setup. (b) The ODMR spectrum of the NV center and the curve fitted by Lorenz function.

As shown in Fig. 1(b), which depicts the relationship be-
tween the degree of influence on the fluorescence intensity and
the microwave frequency. Since the NV axis of diamond has
four directions, there will be 8 peaks at different resonant fre-
quencies. The 8 peaks in Fig. 1(b) represent 8 resonant fre-
quencies. The peak positions are fitted by the Lorenz func-
tion, and we get the full width at half maximum of each peak
is 3.7 MHz, which means that when the frequency of the mi-
crowave is 1.85 MHz higher than the resonance frequency, the
change of the obtained fluorescence intensity affected by the
microwave will be sharply reduced. Thus, when the modula-
tion pulse is at a high level, the fluorescence intensity received
by us will become smaller due to the effect of microwaves at
the resonance frequency. When the modulated pulse is at a
low level, since there is no external microwave effect, the fluo-
rescence intensity will not be affected. And when the electro-
magnetic wave we receive is not at the resonance frequency,
the fluorescence intensity will not be affected. Therefore, the

bandwidth of the demodulator based on the diamond NV cen-
ter we designed is within the half-width (3.7 MHz), which is
much smaller than the BAW filter on the market. So the com-
munication quality it brings will theoretically be higher.

2.2. The frequency range and frequency division multi-
plexing

Because the demodulation bandwidth is very small, it is
much more suitable for frequency division multiplexing sys-
tems. Due to the Zeeman splitting effect,[21] when a magnetic
field is applied to the diamond, energy level splitting will oc-
cur, which will shift the resonance frequency. The 8 peaks
shown in the ODMR spectrum will be split to both sides.
When the direction of the magnetic field is perpendicular to
the NV axis, the number of peaks in the ODMR spectrum
will reduce to four.[18,19] As the magnetic field strength in-
creases, the peak position, that is, the resonance frequency,
will linearly increase, as shown in Fig. 2(a). Therefore, we
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can easily adjust the demodulation frequency of the system
through simply increasing the strength of the external mag-
netic field, which means that the same system can demodulate
the waveform of each frequency so that the flexibility of our
system is much better than the BAW in the market whose cen-
ter frequency cannot change easily. And since the resonate
frequency can now be pushed up to 14 GHz by increasing
the magnetic field strength, our demodulation frequency ad-
justment range is much larger than the filter realized by using
resistive devices.
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Fig. 2. (a) The relationship between magnetic field intensity and resonant
frequency and (b) the shift of a single peak with slight increasement on mag-
netic field intensity. The unit 1 Gs = 10−4 T.

As shown in Fig. 2(b), the red line in the figure shows that
the resonance frequency of a diamond influenced by a mag-
netic field is 3.035 GHz, which means that the signal with a
carrier frequency of 3.035 GHz can be demodulated. The blue
line in the figure indicates that the diamond is influenced by a
stronger magnetic field, which makes the resonance frequency
increase to 3.049 GHz. It is obvious that there is almost no
overlap between the two peaks. Therefore, in theory, if two
diamond samples are used simultaneously and different mag-
netic fields are applied to them, they will not affect each other.
In this way, we are able to make full use of the spectrum.

3. Experiments and evaluation
In order to verify the feasibility of the demodulation

scheme based on the NV center, we encode a segment of au-
dio signal, converting it into a pulse sequence and modulate

it with microwave source to transmit it through an antenna.
For the receiver, we use 12-micron diameter diamond crystals
fixed to the tip of a fiber in our experiments and bring the di-
amond close to the end of the receiving antenna. We set the
pulse width of the microwave (MW) to 1000 ns and the out-
put RF power to 20 dBm at microwave high levels. Microstrip
antennas resonating at around 2.87 GHz are connected to mi-
crowave sources to generate microwave fields. The 532-nm
constant wave (CW) laser is applied to the fiber optic probe
containing NV center diamond with the microwave simulta-
neously, and the output power is 100 mW. We send a trigger
signal to the data acquisition card at the first pulse of the mi-
crowave signal to start data collection. Figure 3 shows the
scatter plot of the original signal, the timing of the smoothed
signal with a window size of 20-Gs and 50-Gs smoothing and
the discriminated output pulse signal.
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Fig. 3. (a) Comparation of the original signal, smooth signal, and the output
pulse signal with voltage discrimination algorithm. (b) Fluorescent signal
with Gaussian noise and output pulse signal.

In this experiment, the sampling rate of the DAQ card is
100 MHz, which means that one hundred points are collected
for each 1000-ns pulse. The sampling depth is 16 bits, we set
the range to ±5 V, and the sampling accuracy is about 15 mV,
so the vertical distribution of the data points in Fig. 3. has a
more obvious step-like character. In order to reduce the bit er-
ror ratio (BER), we uniquely take into account the effect of the
delay in the rising edge of the fluorescence signal intensity on
the discrimination by incorporating a judgement of the fluo-
rescence signal trend into the algorithm and using iterations to
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find the optimal threshold. Then we found that the BER could
also be reduced by encoding the audio into repeated binary
sequences, enabling the data collector to repeatedly and con-
tinuously capture and poll the switching information for the
same timing pulses. In the end, we added Gaussian noise to
the raw data to check the robustness of the transmission sys-
tem and algorithm. Comparison of signals with and without
noise is shown in the figure and table.

In Table 1, we compare the effect of different sampling
rates and number of repetitions on the BER and transmission
rate (TR). We show that repeated transmissions of the same
pulse sequence are discriminated independently and the results
are voted on, with the higher the number of repetitions, the
higher the BER and the corresponding decrease in transmis-
sion rate. As shown in the first column of Table 1, our BER
can be as low as 0.66% and our transmission rate can be up to
2266.96 bit/s, at two different repetitions.

Table 1. Results of transmission evaluation. In the table, T is the num-
ber of repetitions; Time is the total transmission time of the 5010 binary
bits(s); BER is the bit error rate, which is the number of error bits/total
number of bits transmitted; TR is the transmission rate.

T Time BER (%) BER with noise (%) TR (bit/s)

1 2.21 8.06 8.46 2266.96
3 5.14 3.14 3.39 974.71
7 18.50 0.66 0.66 270.81

4. Conclusion and perspectives
We developed a special communication system to demod-

ulate the OOK signal by a diamond quantum receiver and at-
tempt to transmit the audio signal. Then we used a unique
algorithm of voltage discrimination due to the delay of the de-
modulation, which greatly reduce the BER compared to di-
rect averaging of the sampled voltage of the pulse. The sam-
pling rate in this work is 100 MHz and the rise time is around
1000 ns, which is limited by the relatively weak microwave
field and can be significantly shorter with higher power trans-
mission. The fall time is limited to the decay rate of intersys-
tem crossing (ISC), which is on the order of ∼ 250 ns.

In an unpublished work, we have explored the way in
which general audio signals other than music audio signals are
transmitted in this system. Because of the problem of accu-
mulated heat inside the diamond when using continuous wave
laser, the transmission rate and the bit error rate might be im-

proved by optimizing the power of laser. What is more, ad-
justing the decision threshold in real time might be another
method to reduce the bit error rate. We also intend to further
explore the possibility of applying our system in the domain
of transmitting other kinds of signals and using frequency di-
vision multiplexing in practice.
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