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A few-layer graphene nanomechanical
resonator driven by multifrequency digital
signals

Ce Zhang1,2,3,4,5, Heng Lu 1,2,3,4,5 , Chen Yang1,2,3,4,5, YuBin Zhang1,2,3,4,5,
FengNan Chen1,2,3,4,5, Ying Yan 1,2,3,4,5 & Joel Moser 1,2,3,4,5

Nanomechanical resonators driven by multifrequency signals merge meso-
scopic vibration physics with radio communication technologies. Their fun-
damental property is resonant filtering: they respond only to driving signals
with frequency components within their mechanical bandwidth. Compared to
single-tone drives, multifrequency drives produce richer dynamics, with all
frequency components transduced simultaneously into vibrations of varying
amplitudes and phases that superimpose and interfere. Here, we employ a
few-layer graphene nanomechanical resonator as a filter for broadband, digi-
tally modulated video signals. We transduce the modulated signals into
modulated vibrations and subsequently demodulate these into a nano-
mechanical video. This approach shows vibrational features that are absent in
single-tone or noise-driven responses.

Nanomechanical resonators enable the studyofmesoscopic vibrations
within individual systems that can be tuned and controlled1–4. Owing to
their small masses, they transduce weak driving forces near resonance
into vibrations of sizeable amplitude. Their frequency response
resembles that of resonant tuning circuits in analogue radio receivers,
with the force acting as the driving voltage and the mechanical dis-
placement acting as the circuit charge. Just as the resonant frequency
of an electrical circuit can be tuned using a variable capacitor or
inductor, the resonant frequencies of the mechanical response, which
are the frequencies of the vibrational modes, can be adjusted in situ
using capacitive5,6 and dielectric forces7, or by straining the resonator
either mechanically8 or through its thermal expansion9,10. As in the
electrical case, the frequency bandwidth of themechanical response is
governed by both dissipation and resonant frequency fluctuations3. A
narrower electrical response enhances frequency selectivity, while a
narrowermechanical response facilitates the sensingof smaller driving
forces. A broader response can also be advantageous. For instance, a
wide-bandwidth tuning circuit is required to isolate amodulated radio

signal and capture its full spectral content while filtering out signals in
adjacent bands. Similarly, nanomechanical resonators with a large
bandwidth Wm can respond to nearly resonant forces whose broad
spectra are contained within the mechanical response11–14. Such large-
bandwidth resonators also enable the study of resonant frequency
fluctuations induced far below resonance by fluctuators with correla-
tion times as short as 1/Wm

15–20. In essence, nanomechanical resonators
function as tunable bandpass filters for nearly resonant forces and as
detectors for nonresonant fluctuators.

While the nanomechanical response to broadband force noise and
low-frequency fluctuators has been thoroughly studied, the response
to multifrequency coherent drives has received comparatively
less attention. In many cases where multifrequency signals are
applied, only a single frequency component is used to measure the
response, while the other components serve different purposes. For
example, amplitude-modulated6,21,22 and frequency-modulated signals23

have been employed to drive the resonator at the single frequency of
the carrier, with the modulation sidebands used to detect the
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vibrations. Two-tone signals, consisting of one tone near resonance and
a second tone outside the response, have been employed to explore
various vibrational phenomena. Examples abound and include pump-
probe spectroscopy for measuring intermode coupling24, para-
metrically induced mode coupling, used to heat or cool vibrations25–28

and to engineer nonlinear friction29, and symmetry-breaking para-
metric resonators for binary information encoding30–32. By contrast,
applications involving multifrequency signals where the entire spec-
trum directly drives vibrations remain relatively limited. Two-tone
drives have been used to demonstrate signal mixing with nonlinear
nanomechanical resonators33,34. The interplay between a near-resonant
two-tone drive and parametric pumping has enabled the realization of
mechanical logic gates35. A combination of strong and weak near-
resonant tones has been shown to squeeze thermomechanical noise36.
Resonators driven nonlinearly by two strong tones near resonance have
exhibited unconventional dynamics, where the beating between the
tones acts as a slow modulation of the bifurcation points37,38. Overall,
studying nanomechanical resonators driven by multifrequency signals
sheds light on the physics of mesoscopic vibrations and leads to proof-
of-concept demonstrations for potential applications.

Appealing demonstrations of the physics of multifrequency
vibrations are provided by nanomechanical radio receivers and
transmitters for frequency modulated (FM) signals39,40. Nanomecha-
nical FM receivers have been realized using suspended
nanotubes23,41–43 and nanomachined silicon tuning forks44. The FM
voltage waveform is capacitively coupled to the receiving resonator,
creating a modulated driving force that the resonator passively
responds to. By contrast, nanomechanical FM transmitters output a
modulated radio-frequency signal. These have been demonstrated
using suspended graphene45 and nanomachined polysilicon disks46,47.
In these devices, the vibrating element forms part of an electrical
positive feedback loop that sustains self-oscillations. The oscillation
frequency ismodulated by a streamof low-frequency voltage pulses or
by an audio waveform, which induces a slowly varying capacitive force
between the oscillator and a nearby electrode, thereby slowly mod-
ulating the spring constant. This approach, akin to “keying” the base-
band components of the vibrations, is reminiscent of Morse code
telegraphy. In summary, nanomechanical radio receivers and trans-
mitters illustrate the richness of mesoscopic vibrations driven by
multifrequency signals. By producing an audible copy of these vibra-
tions, they also appeal to science and technology enthusiasts.

Here, we demonstrate that nanomechanical resonators based on
few-layer graphene (FLG) can transduce a multifrequency, digital video
signal into modulated vibrations that encode an accurate copy of the
video. We quantify the transduction using standard signal quality
metrics for digital communications. We have chosen FLG resonators
for their large resonant frequency tunability within the high-frequency
(HF) and the very-high-frequency (VHF) bands of the radio spectrum,
and for the compromise they offer between broad bandwidths and
moderate force sensitivities. A key point in our study is that the signal
bandwidth is larger than or comparable to that of the mechanical
response. This contrasts with nanomechanical radio receivers and
transmitters discussed above, which process audio baseband signals
with bandwidthsmuch smaller than themechanical bandwidth. A wide-
bandwidth coherent drive serves as an effective probe for exploring the
physics of the mechanical response. Because the resonator behaves as
a filter, it shapes the multifrequency driving signal and transduces it
into multifrequency vibrations with different phases and amplitudes
that superimpose and interfere. We find that these interferences have a
profound impact on the signal-to-noise ratio and on the bit error ratio
of the transduction. We theoretically model the response to our mul-
tifrequency drive and successfully reproduce our experimental data.
We establish a relation between the mechanical bandwidth and the
maximum signal bandwidth that can be transduced without informa-
tion loss in the baseband components of the vibrations. Our work

contributes to the recent study of resonators driven nonlinearly by
multiple tones. Whereas earlier studies explored the case of two-tone
driving37,38, we investigate a previously unexplored regime in which the
resonator is coherently driven by a near continuum of frequency
components across its full mechanical bandwidth. We also envision
experimental applications in the context of renewed interest in HF and
VHF band communications48. Even though data rates in these bands are
low, HF and VHF remain among the most robust and reliable options
for long-distance communication in scenarioswhere other channels are
unavailable. Future HF communication systems may be required to
transmit and receive weak signals encoded with compressed images or
videos48, while narrowband digital television has already been demon-
strated in the VHF band49. Our results suggest that nanomechanical
resonators could serve as passive receivers for such signals, just as they
do for audio-modulated radio waves.

Results
Webegin by briefly describing the principle of ourmeasurements. Our
experimental setup is shown in Fig. 1a. The FLG resonator, estimated
from its optical contrast to be composed of ~10 layers, is shaped as a
3μm diameter drum suspended over a local gate electrode (Supple-
mentary Note 1). It is kept at room temperature in a vacuum enclosure
and held by a piezo positioner. Two similar devices have been mea-
sured, yielding comparable results. Homemade flexible transmission
lines, fabricated from copper-clad ribbons of Kapton, deliver radio-
frequency signals to the gate without impeding the motion of the
positioner50,51. With the resonator grounded, the voltage waveform
incident on the gate, s(t), creates a capacitive force
FdðtÞ ’ ð1 + ΓÞC0

gV
dc
g sðtÞ, where Γ ≃ 1 is the reflection coefficient at the

gate,C0
g is the derivative of the capacitance between the resonator and

the gate with respect to displacement along the out-of-plane ẑ-direc-
tion (Fig. 1a), Vdc

g is a dc voltage applied to the gate, and t is time. Near
resonance, Fd(t) drives flexural vibrations along ẑ. To measure these
vibrations, we place the resonator in an optical standing wave formed
between the gate and a quarter-wave plate52, a standard configuration
for studying two-dimensional resonators1,53–56. The amount of optical
energy absorbed by the resonator from the standing wave is modu-
lated at the frequency of the flexural vibrations, resulting in oscilla-
tions in the output voltage of a photodetector placed in the path of the
reflected light54.

The originality of our setup lies in our technique to create a
modulated drive and demodulate the nanomechanical response. The
baseband signal of the drive is built from a video in MP4 format,
which we convert into a video Transport Stream (TS). The TS data
stream is split into two bit streams that are used to associate each
symbol in the baseband signal with 2 bits. We implement a
4-quadrature amplitude modulation scheme (4-QAM, equivalent to
quadrature phase shift keying). In this scheme, each symbol is
represented by two nearly simultaneous voltage pulses, Iin = Vinp and
Qin = Vinq, with Vin a voltage and p = ± 1, q = ± 1 (vertical bars in Fig. 1b).
These pulses are filtered using a root raised cosine (RRC) filter,
producing two smoothly varying signals, ~I inðtÞ and ~QinðtÞ. This filter
both minimizes intersymbol interference (when paired with a mat-
ched RRC filter at the receiver) and ensures that the resonator is
driven by a slowly modulated waveform. Without this filtering, the
resonator would attenuate much of the information encoded in the
high-frequency components of the pulses. The signals~I inðtÞ and ~QinðtÞ
modulate the amplitude of the in-phase and quadrature components
of the driving waveform, sðtÞ=~I inðtÞ cosð2πf dtÞ+ ~QinðtÞ sinð2πf dtÞ,
where fd is the carrier (drive) frequency (Supplementary Note 2).
Both baseband modulation (bit-to-symbol mapping) and carrier
modulation of s(t) are implemented using GNU Radio, an open-
source software development toolkit for signal processing57. The
resulting waveform s(t) is converted into an analog signal using a low-
cost software-defined radio (SDR) transmitter (HackRF One by Great
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Scott Gadgets58). The calculated power spectral density S of the
driving force Fd(t), averaged over multiple realizations, is shown in
Fig. 1c as a function of spectral frequency f. We consider a drive
power at the gate Pd = 10 log10½ð1 + ΓÞ2hs2ðtÞi=ð50× 10�3Þ� ’ �31 dBm,
where 〈 ⋅ 〉 denotes time averaging. We set Vdc

g = 13 V and estimate
C0
g ’ 9× 10�10 Fm−1 with COMSOL. The spectrum S(f) is centered at fd

and spans a full bandwidth W ≃ 1.3Rsym, where Rsym = 106Hz is the
symbol rate and 1.3 accounts for the filter roll-off factor. The area
under S(f) corresponds to the variance of Fd(t), which depends only
on the drive amplitude and is independent of Rsym. Importantly, Fd(t)
is not a delta-correlated noise but rather a coherent waveform
(Supplementary Note 2). Figure 1d shows the normalized magnitude
and the phase of the linear mechanical response. The bandwidth of
the drive W exceeds the resonator’s mechanical bandwidth Wm = fm/
Qm ≃0.56 × 106 Hz, where fm ≃ 56 × 106Hz is the resonant frequency
of the fundamental mode and Qm ≃ 100 is its quality factor.

To measure the voltage v(t) at the output of the photodetector,
we use a low-cost SDR receiver (NESDR Smart by Nooelec58) that
downconverts the signal to baseband. Using GNU Radio, we correct
transmissiondelayswith a polyphasefilter bank59,60 and applymatched
filtering using an RRC filter. This yields the in-phase and quadrature
components of the received signal, expressed as
vðtÞ=~IoutðtÞ cosð2πf dtÞ+ ~QoutðtÞ sinð2πf dtÞ. We decimate ~IoutðtÞ and
~QoutðtÞ at the symbol rate Rsym to obtain the discrete symbol compo-
nents Iout and Qout. These values, acquired for 2 s, are plotted on a
constellation diagram in Fig. 1e. This diagram helps visualize the pro-
cess of converting symbols back into bits, the decision to ascribe a
received symbol to a pair of bits depending on which quadrant the
symbol appears in61. The GNU Radio flowcharts used for modulation
and demodulation are provided in Supplementary Note 3. Finally,
Fig. 1f shows a frame from a nanomechanical video obtained by

converting the Iout and Qout streams back into an MP4 video using
FFmpeg, an open-source multimedia processing tool62. The frame
shows an early configuration of our setup, featuring an optical objec-
tive outside the vacuum enclosure.

Obtaining a nanomechanical video requires optimizing the drive
power Pd, the drive frequency fd, and the symbol rate Rsym. We vary
these parameters individually and monitor their impact on the con-
stellation diagram of the demodulated outputs Iout and Qout. As fd is
stepped through resonance, the constellation diagram undergoes
significant changes that are best visualized as animations (Supple-
mentaryMovie 1 shows diagramsmeasured as fd is increased at various
Pd values, withRsym = 0.5 × 106 Hz). A simplemetric we extract from the
constellation diagram is the time-averaged length of the I −Q vector in
one quadrant, defined as L = 〈∣Iout + iQout∣〉. The spread of the symbol
clouds (Fig. 1e) also contains useful information.Wequantify it within a
single quadrant as d = hðIout � hIoutiÞ2 + ðQout � hQoutiÞ2i

1=2
. The loga-

rithmic ratio, ε= 20 log10ðL=dÞ, can be interpreted as a signal-to-noise
ratio, since noise at the output of the receiver and the dephasing of
vibrations by themechanical responseboth contribute to the spreadd.
In digital communications, ε is known as the reciprocal of the error
vector magnitude of the symbols. Larger values of ε indicate better
symbol separation and correspond to smoother video playback.

Measurements of L(fd) and ε(fd) are shown as dots in Fig. 2a–d and
Fig. 2e–h, respectively, for several values of Pd at Rsym = 0.5 × 106 Hz
(theminimumvalues of L and ε required for successful video decoding
are given in Supplementary Note 4). Similar measurements at
Rsym = 106Hz are presented in Fig. 3. In all measurements, we set
Vdc

g = 13 V, corresponding to a mechanical resonant frequency
fm≃ 56× 106Hz. For both symbol rates, the lineshapes of L(fd) broaden
and become increasingly asymmetric as Pd increases, consistent with
the onset of nonlinearities in the mechanical response. While the L(fd)
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indicate the propagationdirection of radio frequency (optical)waves.bComputed
voltage pulse streams before (vertical bars ending in squares) and after (red and
blue wavy traces) convolution with a raised cosine (RC) filter. Symbol rate

Rsym = 106 Hz. c Averaged power spectral density of the driving force S(f) as a
function of spectral frequency, calculated using an RC filter, for drive power at the
gate Pd = − 31 dBm and Rsym = 106Hz. S(f) is superimposed on the background of
thermal forces. d Magnitude and phase of the linear mechanical response χ, cal-
culated for a mechanical quality factor Qm= 100. e Constellation diagram of Iout
and Qout, the in-phase and quadrature components of the decimated baseband
signal at the photodetector output. Source data are provided as a Source Data file.
f Frame from a nanomechanically processed video reconstructed from Iout
and Qout.
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curves resemble broadened resonance peaks, the ε(fd) traces exhibit
richer features. At low drive power, ε(fd) peaks near fm and develops
two local minima away from resonance (Fig. 2e), the latter being more
pronounced at Rp = 106Hz (Fig. 3e). At higher Pd, the local minimum in
ε(fd) that appears where ∣∂L/∂fd∣ is largest deepens significantly, and
the maxima in ε(fd) shift further from resonance (Figs. 2h and 3h).
These extrema in ε(fd) are important features, as they directly affect
the quality of the demodulated video.

Discussion
To understand these observations, we numerically solve the resona-
tor’s equation of motion in response to the multifrequency driving
force Fd(t). The equation reads63,64:

€z +
ωm

Qm
+

η
meff

z2
� �

_z + ω2
m +

α
meff

z2
� �

z =
FdðtÞ
meff

, ð1Þ

where z is the resonator displacement, ωm= 2πfm is the angular reso-
nant frequency, η is the nonlinear damping coefficient, and α is the
Duffing elastic constant. The values Qm ≃ 100, η ≃ 1.2 × 105kgm−2 s−1

and α ≃ − 1014kgm−2s−2 (arising from the electrical potential acting on
the resonator, see ref. 65) are estimated from the response to a single-
tone drive (Supplementary Note 5). The effective mass is estimated as
meff ≃ 2 × 10−17kg based on the resonator shape and the number of
graphene layers. As in the experiment, the baseband signals ~IinðtÞ and
~QinðtÞ that define Fd(t) are computed from two streams of voltage
pulses. The pulse amplitudes randomly take values ± Vin at a rate Rsym.
These pulse streams are processed with a raised cosine (RC) filter
(Fig. 1b). The use of this filter is justified, given that most of the
measured noise appears at the receiver output. For completeness, we
also consider the scenariowherewhiteGaussian force noise is added at
the drive stage, in addition to receiver noise. This case requires a
cascade of two RRC filters: one at the transmitter and one at the
receiver. However, we find that modeling receiver noise alone suffices
to explain our measurements.

We demodulate z(t) to obtain~IoutðtÞ=2hðtÞ*½ξzðtÞ cosð2πf dtÞ� and
~QoutðtÞ= 2hðtÞ*½ξzðtÞ sinð2πf dtÞ�, where h is a lowpass filter, ξ is a
conversion factor in V m−1, and * denotes convolution. The symbol
components Iout and Qout are obtained by decimating ~IoutðtÞ and
~QoutðtÞ at the symbol rate Rsym, accounting for the delay introduced
by the RC filter. This simple model reproduces our measured L(fd)
and ε(fd) traces (solid blue lines in Figs. 2 and 3). The only fit para-
meter in the analysis of L(fd) is ξ ≃ 7 × 105Vm−1. Notably, the lineshape
of L(fd) is broader than that obtained with an unmodulated drive at
the same Pd (Supplementary Note 2). To analyze ε(fd), we model
fluctuations δ~Iout and δ ~Qout at the receiver output as additive white
Gaussian noise with variance σ2. This noise contributes to the spread
of the symbol clouds, leading to the modified expression
d2 ! d2 + hδ~I2outi+ hδ ~Q

2
outi=d2 + 2σ2. We use σ2 ≃ 3.9 × 10−19m2 as a

single fit parameter in the analysis of ε(fd). Measurements of the
noise at the receiver output are presented in Supplementary Note 6.

Interestingly, the lineshape of ε(fd) near fm is not influenced by the
noise at the receiver. The parameter σ2 is only required to capture the
decay of ε(fd) away from fm, and it has only a little incidence on the
most interesting features that are the minima in ε(fd). To show this, in
Fig. 3e–hwe display our calculations for ε(fd) with no added noise, that
is, without any fit parameter (orange traces). In this case, ε increases as
fd is stepped away from fm, while the features near fm remain similar to
those in the presence of noise. This indicates that the spread of the
symbol clouds, d(fd), near fm is caused by a process other than noise.

This process is the loss of coherence in the response, resulting
from the superposition of multifrequency vibrations with different
amplitudes and phases. It is a hallmark of vibrations driven by a
coherent,multifrequency signal and is not seenwith single-tone drives
or with force noise. It is caused by the resonator acting as a filter in the
case where the spectrum of the drive is broader than the response,
W ≳Wm. If the drive were narrowband, W≪Wm, the input symbol
components (Iin,Qin) would be transformed into (Iout,Qout) by a simple
rotation through the phase angle of the response. By contrast, each
frequency component in the broadband drive is transduced into a
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vibrational frequency component with a distinct amplitude and phase.
Where fd is far from fm, and provided that receiver noise is low,
(Iout, Qout) still result from a simple rotation through a constant angle
(≃0 or −π), since the magnitude and the phase of the response
depend on frequency only weakly. In this case, Iout ∝ ± Iin and
Qout ∝ ±Qin. Where fd≃ fm, W≃Wm, and where the response is linear
(that is, at low Pd), we find Iout ∝ Qin and Qout ∝ − Iin (Supplementary
Note 7), meaning that input and output symbols are simply swapped.
This has no adverse effect on video demodulation (Supplementary
Note 8). However, the dephasing effect of the response on Iout andQout

is strongest where ∣fd − fm∣ ≃W/2 andW ≳Wm. This case is depicted in
Fig. 1c, d,where theupper frequencyedgeof thedrive spectrum isnear
resonance and the lower frequency edge is far from it. There, ~IoutðtÞ
contains dephased frequency components from both ~I inðtÞ and ~QinðtÞ,
and similarly for ~QoutðtÞ [Supplementary Note 7]. The fact that the in-
phase component of the vibrations depends on both the in-phase and
quadrature components of the drive, and that the quadrature
response likewise depends on both drive components, can already be
seen by solving Eq. (1) in the linear regime, yielding:

~IoutðtÞ ’
κ

4meffωd

Z 1

0
dt0 expð�Γmt

0Þ �~I inðt � t0Þ sinΔωt0 � ~Qinðt � t0Þ cosΔωt0
h i

,

~QoutðtÞ ’
κ

4meffωd

Z 1

0
dt0 expð�Γmt

0Þ ~I inðt � t0Þ cosΔωt0 � ~Qinðt � t0Þ sinΔωt0
h i

,

ð2Þ

whereκ = jξVdc
g ð1 + ΓÞC0

gj,ωd = 2πfd, Γm=πWm, andΔω = 2π(fd− fm). As a
result, decimating ~IoutðtÞ and ~QoutðtÞ yields broad distributions of Iout
and Qout going through zero, which reduces ε. Experimentally, the
condition of ∣fd − fm∣ ≃W/2 coincides with theminima observed in ε(fd)
for Rsym =0.5 × 106Hz and 106Hz in the linear regime.

In the nonlinear regime (high Pd), our model also captures both
the deepening of the local minimum (dip) in ε(fd) near the point of
steepest slope in L(fd), and the frequency shift of the dip, Δfdip, as Pd
increases. In Supplementary Note 9, we show that Δfdip is approxi-
matelyproportional to the squareof the change in vector length,ΔLdip,

that is, Δf dip / ðΔLdipÞ2. This behavior is consistent with the quartic
relationship between the frequency of a vibrational mode and the
vibrational amplitude caused by weak conservative nonlinearities in
the case where the mode is driven by a single tone drive66–68. It is also
consistent with the lineshape broadening of the mechanical response
induced by the interplay between conservative nonlinearities and a
force noise13,14,69, as further detailed in Supplementary Note 9.

To complement our measurements of ε and directly quantify the
effect of the mechanical response on the driving bit stream, we mea-
sure the bit error ratio (BER) of the nanomechanical transduction. This
ratio represents the number of misread bits in the received stream
(output bit stream) relative to the number of bits in the stream sent by
the transmitter (input bit stream). Measuring BER is not straightfor-
ward because propagation and filtering delays complicate the direct
comparisonof the input and output bit streams.We solve this problem
by inserting a marker at the beginning of the input bit stream. The
marker consists of a train of bits ‘0’ followed by a train of bits ‘1’, which
are easily identifiable on the receiver side. This enables a bit-by-bit
comparison between the input and output streams. As an example,
Fig. 4a shows a short input bit stream (hollow squares) and the cor-
responding received output bit stream (dots), obtained with
Rsym =0.5 × 106Hz. This example illustrates an error-free transduction,
where BER =0. Figures 4b–f present BER as a function of fd, measured
at Rsym =0.5 × 106 Hz (blue dots) and Rsym = 106Hz (orange dots),
spanning from the linear to the nonlinear regime [with increasing Pd
from (b) to (f)]. At each fd, BER is computed from a single 15-second
measurement of the output bit stream. We find that BER at
Rsym =0.5 × 106Hz is consistently lower than atRsym = 106Hz, indicating
that the minimum bit error ratio, BERmin, depends on Rsym. At the
largest Pd and Rsym =0.5 × 106Hz (Fig. 4f), we measure
BERmin ’ 5 × 10�6, corresponding to 5 misread bits per million sent to
the resonator. This limit is set by noise in our setup (Supplementary
Notes 4 and 6). Furthermore, we observe that BER(fd) develops a sharp
peak as Pd increases. This peak coincides with the emergence of the
lower frequency dip in ε(fd) (Supplementary Note 9). At the peak fre-
quency, the symbol clouds on the constellation diagram are strongly
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deviation of the measurements is ≃0.4mV, which is comparable to the size of the
dots. e–h Reciprocal of the error vectormagnitude, ε(fd). Drive power at the gate is

Pd = − 31 dBm (a, e), − 28 dBm (b, f), − 25 dBm (c, g), and − 22 dBm (d, h). Dots
represent measured data [note: measurement noise in (f) is slightly higher than in
(e), (g), and (h)]. Blue (orange) solid lines represent calculated traces with noise on
(off). The gate voltage is Vdc

g = 13 V in all panels. Source data are provided as a
Source Data file.
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distorted, as confirmed by our model (Fig. 4g), leading to decoding
failure of the nanomechanical video. In Supplementary Note 10, we
present our calculated L(fd), ε(fd), BER(fd), and constellation diagrams
as an embedded animation to help visualize how these quantities
relate to one another.

With regard to applications, we now examine the dependence of
BERmin on Rsym. Our goal is to determine how R*

sym, the highest symbol
rate at which BERmin remains low, varies with themechanical linewidth
Wm. We interpret R*

sym as the effective filtering bandwidth of the
resonator for the video signal. We focus on BER at resonance in the
linear regime, where BERðf dÞ=BERmin (Fig. 4b). In Fig. 4h, we plot
BERmin as a function of Rsym, calculated using Eq. (1) for Wm= 104Hz,
105Hz, and 106Hz (gray traces, from left to right). The dark traces
correspond to calculationswithout noise, while the light traces include
additive Gaussian noise with variance σ2, as used in Figs. 2 and 3. Each
trace computedwithout noise exhibits a kink nearRsym≃ 3.5Wm,which
sets an upper bound for R*

sym.When noise is added, R*
sym shifts to lower

values, particularly for larger Wm (that is, lower Qm), as BERminðRsymÞ
begins to increase at lower symbol rates. The red dots in Fig. 4h
represent measured values of BERminðRsymÞ, obtained at Pd = − 28 dBm,
near the onset of the nonlinear regime and in the presence of noise.
From these data, we extract an experimental filtering bandwidth of
R*
sym ’ 106 Hz. Additionalmeasurements of BERmin across a rangeofPd

are shown in Fig. 4i (see also Supplementary Note 11). As expected,
these results indicate that nanomechanical information encoding
suffers less information loss at higher drive powers.

We now demonstrate the filtering and video encoding capabilities
of our resonator. Figure 5a shows that the nanomechanical response
(measured here using a single-tone drive) depends on the gate voltage
Vdc

g . Since both ε and BER strongly depend on ∣fm − fd∣, we can transmit
multiple videos with well separated fd simultaneously, and selectively
demodulate one of them by appropriately tuning fm with Vdc

g . Our
experimental setup for broadcasting two videos in parallel is illu-
strated in Fig. 5b. Two SDR transmitters are used: one operating at
fd = 57.8 × 106 Hz = fA, and the other at fd= 60.8 × 106Hz = fB. Both
transmitters are configured with Rp = 106Hz and Pd = − 22 dBm, a
power at which the resonator responds nonlinearly. The drive fre-
quencies are chosen to avoid the dip in ε(fd). Figure 5c shows~IoutðtÞ and
~QoutðtÞ, with Vdc

g initially set to 14 V and the receiver’s center frequency
fr set to fA at t =0. Between t = 17 s and t = 19 s, Vdc

g is ramped from 14V
to 15 V, and fr is set in software to fB. Then, between t = 40 s and t = 42 s,
Vdc

g is ramped back down from 15 V to 14 V, and fr is reset to fA.
Figure 5c shows that the desired broadcast, A or B, can be selected by
adjusting Vdc

g .
In the spirit of previous nanomechanical devices used as signal

processors39, we envision that our FLG resonators, as well as other
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resonators based on similar principles, may serve as passive radio
receivers operating in the HF and VHF bands of the radio spectrum.
With a resonant frequency ranging from ≃ 40× 106Hz to ≃60× 106 Hz
(Fig. 5a), our resonator operates within the 6-meter subband, which is
internationally allocated for amateur radio use. In this subband, digital
amateur television (DATV) broadcasts have been conducted using sig-
nals with a 300 kHz bandwidth49. In the United Kingdom, DATV with a
broader bandwidth of up to 500 kHz is permitted in the 2-meter ama-
teur radio band (144–148MHz)49. Smaller-diameter FLG resonators, or
higher-order vibrational modes, can operate in this frequency range.
The filtering bandwidth of our resonator, along with the maximum
4-QAM data rate of its transduction, 2R*

sym ’ 2× 106 bps, is fully com-
patible with DATV.

While our experimental setup may not yet be practical for
receiving amateur radio broadcasts, it can be further simplified51. The
resonator would serve a dual purpose: as a front-end, tunable band-
pass filter, and as a passive optocoupler. It could be placed at the
output of the preamplifier that is typically connected to the feedpoint
of a receiving antenna70. As a filter, it would reject jamming and other
interfering signals in a manner similar to surface acoustic wave filters,
but with the added benefit of a tunable center frequency, and without
the fabrication complexity of more advanced tunable front-end
filters71. As an optocoupler, it would passively convert the radio sig-
nal into modulations of reflected light intensity through the nano-
mechanical transduction, effectively eliminating the issue of radio
frequency interference caused by common-mode currents in the
coaxial cable that connects the antenna to the demodulator70. The
detection of weaker radio signals may be improved by using more
advanced SDR systems with lower receiver noise and by engineering
the mirror underneath the resonator to enhance the responsivity of
the device72. Admittedly, the idea of using nanomechanical resonators
for radio communication remains largely academic due to challenges
related to device reproducibility and thermal drift40. Nevertheless,
these resonators may eventually enable alternative architectures for
shortwave radio receivers, facilitating the decoding of images and
videos carried by weak signals in noisy environments61.

Methods
Optical detection of vibrations
The incident light is provided by a Helium-Neon laser operating at a
wavelengthof λ=633nm.The laseroutput is coupled into a single-mode
optical fiber for spatial filtering. A half-wave plate sets the linear polar-
ization of the emerging light, which then passes through a quarter-wave
plate to become circularly polarized. The circularly polarized beam is
focused onto the resonator with an aspheric lens and reflected by the

gateelectrode, actingas amirror. After traversing thequarter-waveplate
again, the reflected beam emerges linearly polarized, orthogonal to the
incident polarization. A polarizing beam splitter separates the incident
and reflected beams, directing the reflected light to the photodetector
(Thorlabs APD430A2 avalanche photodetector). As a function of time t,
the voltage at the output of the photodetector reads:

vðtÞ ’ Pinc
∂R
∂z

jzsδzðtÞ � ψðtÞ+ δvb , ð3Þ

where Pinc ≃ 3 × 10−6 W is the optical power incident on the resonator,
R is the optical reflectance of the device composed of the resonator,
the gate electrode, and the vacuum gap between them, δz is the
vibrational amplitude of the resonator (that is, its dynamic displace-
ment), zs is the static displacement of the resonator, j∂R=∂zjzs ’
3 × 106 m−1 is the calculated optical responsivity of the device52,ψ is the
response function of the photodetector in units of V W−1 s−1, δvb is a
background voltage noise, and * denotes convolution.

Driving voltage and driving force waveforms
To build the driving voltage and the driving force waveforms, we start
with two streams of pulses pk = ± 1 and qk= ± 1, generated at a pulse
(symbol) rate Rsym. The streams are filtered using either a raised cosine
(RC) filter or a root raised cosine (RRC) filter, yielding waveforms ~pðtÞ
and ~qðtÞ that vary continuously in time t. Where noise is added to the
signal after the transmitter and before the receiver, an RRC filter is
applied at the transmitter to shape the pulses, and a second RRC filter
is applied at the receiver to filter the baseband signal. The cascade of
these two RRC filters is equivalent to a single RC filter and serves to
minimize intersymbol interference, just as a single RC filter does in a
noiseless scenario. The waveforms ~pðtÞ and ~qðtÞ can be expressed as:

~pðtÞ=
X1
k =0

pk gðt � kTsymÞ , ~qðtÞ=
X1
k =0

qk gðt � kT symÞ , ð4Þ

where g is the impulse response of the filter and Tsym is the reciprocal
of the symbol rate, Tsym = 1/Rsym. For a RC filter, g reads:

gðtÞ= π
4T sym

sinc
1
2β

� �
if t = ±

Tsym

2β
ð5Þ

gðtÞ= 1
T sym

sinc
t

Tsym

 !
cos πβt

T sym

� �
1� 2βt

T sym

� �2 otherwise, ð6Þ
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quency fd, at a drive power Pd= − 40 dBm. The arrows show the two operating
points ðVdc
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where β is the roll-off factor of the filter. The filtered pulses are used to
modulate the amplitude of the in-phase component and that of the
quadrature component of the waveform x(t) defined as:

xðtÞ= ~pðtÞ cosðωdtÞ+ ~qðtÞ sinðωdtÞ , ð7Þ

where ωd is the angular frequency of the drive. Given a peak voltage
amplitude Vin, the driving voltage waveform s(t) is defined as:

sðtÞ=V inxðtÞ=~I inðtÞ cosðωdtÞ+ ~QinðtÞ sinðωdtÞ , ð8Þ

where ~I inðtÞ and ~QinðtÞ are the baseband in-phase and quadrature
components of the drive, respectively. They are defined as:

~I inðtÞ=V in~pðtÞ , ~QinðtÞ=V in~qðtÞ : ð9Þ

The power of s(t) that would be dissipated across a 50 Ohm resistor in
units of dBm is:

Pin = 10 log10
hs2ðtÞi

50× 10�3

� �
= 10 log10

V 2
inhx2ðtÞi

50× 10�3

 !
, ð10Þ

where 〈 ⋅ 〉 averages over time. Hence, the peak voltage Vin reads:

V in =
10Pin=10 × 50× 10�3

hx2ðtÞi

 !1=2

: ð11Þ

The total voltage between the gate and the resonator is the total vol-
tage of the standing wave at the gate:

Vd = ð1 + ΓÞV in , ð12Þ

where Γ ≃ 1 is the reflection coefficient of s(t) at the gate. The equiva-
lent driving power thatwould bedissipated across a 50Ohmresistor in
units of dBm is then:

Pd = 10 log10
ð1 + ΓÞ2hs2ðtÞi
50× 10�3

" #
= 20 log10ð1 + ΓÞ+Pin ’ 6+ Pin : ð13Þ

The driving force waveform reads:

FdðtÞ= jVdc
g jð1 + ΓÞ dCg

dz

����
����sðtÞ , ð14Þ

where Vdc
g is the dc voltage applied between the resonator and the

gate, and dCg/dz is the derivative with respect to the displacement of
the resonator of the capacitance between the resonator and the gate.

Data availability
The data used in this study are available at https://doi.org/10.5281/
zenodo.17150504. Source data are provided with this paper.

Code availability
The codes used in this study are available at https://doi.org/10.5281/
zenodo.17150778.
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