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Abstract— We report the first experimental demonstration of 
a heterodyne self-oscillator operating simultaneously on the first 
and second mode of a silicon NEMS resonator. This architecture 
tackles the simultaneous monitoring of a doubly-clamped 
resonator’s first two resonant modes required for real world 
applications in the field of biological mass sensing. This oscillator 
is based on a downmixing scheme where the NEMS motion-
induced electrical signal around 25 MHz and 70 MHz is shifted 
down to few tens of kilohertz thus reducing the bandwidth 
constraint on electronics and limiting the feedthrough between the 
NEMS actuation and detection electrode. In this paper, we present 
the oscillator measurement results in open-loop and closed-loop, 
and we evaluate the frequency stability. When implemented on 
silicon this oscillator scheme will help to circumvent today’s 
limited NEMS integration density mostly due to a bulky circuitry. 

Keywords—NEMS, MEMS, oscillator, resonator, mass 
spectrometry, mass sensing, heterodyne, dual-mode  

I. INTRODUCTION  
NEMS (Nano Electro Mechanical System) extreme 

sensitivity to small physical variations makes them excellent 
candidates for gas [1] or mass sensing applications [2]. Such 
applications require densely packed arrays of resonators to 
circumvent the small capture area of individual sensors. Parallel 
sensing requires a process with a high interconnection density 
and a compact readout circuitry capable of tracking the 
frequency response of each resonator in the array individually. 
The 3D sequential co-integration of silicon NEMS above 
industrial CMOS wafers with the so-called CEA/LETI 
“CoolCubeTM” promises good integration density[3]. While 
NEMS-CMOS co-integration is of paramount importance, the 
readout circuitry’s footprint remains the limiting factor to a 
dense integration of thousands of devices. 

 Moreover, mass sensing applications increase the system 
complexity as they  need to track simultaneously two resonance 
modes (Fig. 1b) for each device in order to resolve both the 
added mass and its position [2] [4]. The most common closed 
loop readout architectures of single devices [5] is a phase locked 
loop (PLL). This readout scheme, requiring a bulky readout 
circuit consists in maintaining the phase shift introduced by the 
NEMS at its resonant value by controlling its actuation 
frequency through a controlled oscillator. Self-oscillating loops 
(SOL) [6] can also be used, they are much more compact and 
therefore compatible with array’s readout density constraints. 
But this architecture still suffers from very high sensitivity to 
parasitic signals making it difficult to sustain and track multiple 
oscillation modes. We propose here an improved version of the 

heterodyne self-oscillator approach [7] capable of 
simultaneously tracking two modes of resonance of a NEMS 
without degrading the resonator mass resolution and sensitivity. 
Section II describes the resonator’s design and the dual mode 
heterodyne oscillator setup. Finally, the experimental results for 
open loop and closed loop operations are given and the 
frequency stabilities are compared.  

II. EXPERIMENTAL SETUP 

A. NEMS resonator description 
The nanomechanical resonator used here is a 

monocrystalline silicon doubly-clamped beam with compliant 
anchors for enhanced dynamic range as shown in Fig. 1a and in 
[2]. The resonators are fabricated on the silicon layer of a 

Fig. 1. Colorized scanning electron microscope image a) of a suspended in-
plane doubly-clamped silicon NEMS resonators used for measurement. The 
beam is 10μm long, 160 nm thick and 300nm wide. The nanogauges are 80 nm 
wide. Light blue corresponds to the silicon and light yellow to the metallic 
connections. The electrode gap is 100nm wide. Diagram b) of the first two 
flexural modes. 



silicon-on-insulator wafer. The NEMS topology features a beam 
that is 160nm thick, 300nm wide and 10μm long. The resonator 
is electrostatically actuated by one of the two actuation 
electrodes which are designed to improve the first and second 
mode actuation efficiencies respectively. The resulting in-plane 
motion is transduced in the electrical domain thanks to two 
piezoresistive nanoscale gauges (80 nm) in bridge configuration 
for background cancellation. Their good electrical conductivity 
is obtained by high boron doping level [8]. The device operates 
under vacuum (typically 10-5mbar) at room temperature. The 
device embeds a detection scheme where the gauges are biased 
with a harmonic signal at a frequency close to the nominal 
resonant frequency of the NEMS. Therefore, the motion induced 
strain in the gauges is downmixed to a lower frequency in the 
range of hundreds of kilo hertz enabling the off chip measuring 
and relaxing the sustaining electronics bandwidth requirement 
by more than one decade. 

B. Oscillator system description 
In the self-oscillating loop readout, the sustaining electronics 

around the NEMS ensures that the Barkhausen conditions are 
met in each oscillator loop. Each loop consists in a low noise 
amplifier with a built-in tunable first order bandpass filter 
featuring lower and upper cutoff frequencies respectively set at 

30Hz and 1MHz. Then, we use a combination of low pass and 
high pass highly selective filters that respectively filter out the 
second mode in the blue path and the first mode in the purple 
path of Fig. 2 a). Finally, the filtered signals are up-mixed, phase 
shifted by a mixer, DC biased and fed back to the resonator’s 
respective actuation electrode. The phase between the gauges 
bias signal and the up-mixing bias signal is controlled to fulfill 
the loop phase conditions. Compared to homodyne oscillators, 
the heterodyne one introduces a phase shifter and requires an 
external RF biasing signal. However this signal does not need to 
be at the exact resonant frequency of the NEMS, and therefore 
can be shared between all the resonators in the array readout 
context. Fig. 2 describes the dual mode oscillator and follows 
describes the electrical oscillation along the loops with our 
signal data. 

III. MEASUREMENT RESULTS 

A. Open loop operations 
The resonator used in this work is measured in open loop 

using the conventional downmixing scheme [9]. Since the 
NEMS actuation conditions may vary slightly when closing the 
loop due to impedance variations, we characterize the resonator 
for multiple AC and DC actuation conditions in order to get 
good understanding of the NEMS behavior over a wide range of 
operating points. The AC and DC signals are respectively swept 
from 50mV to 450mV by steps of 50mV on electrode 1 and 2 
for both modes. Fig.3 presents the amplitude of the frequency 
response of the resonator (phase data has been recorded but is 
not shown here). The NEMS exhibits a resonant frequency and 
a quality factor of 25.98MHz and 6000 for the first mode, and 
of 71.91MHz and 4200 for the second mode. We expect to see 
a nonlinear behavior due to the NEMS for actuation voltages 
greater than 200mV DC and 200mV AC for mode 1, and 450mV 
DC and 450mV AC for mode 2.  

B. Closed loop operations 
Fig. 4 shows the outputs of the dual-mode heterodyne 

oscillator working simultaneously on the first two resonant 
modes of a single NEMS resonator. The oscillator exhibits 
respectively a 103 kHz and 758 kHz downmixed oscillation 
frequencies for mode 1 and 2. The signal presents good signal-
to-noise ratio, and a slight non linearity for the first mode. The 

Fig. 3. Measurement of the open loop response of the NEMS resonator for the 
first mode a) and second mode b). Frequency response has been measured for 
multiple DC (from 50 mV to 450 mV) and AC (from 50 mV to 250 mV) 
actuation voltage level in order to have an operating point map for closed loop 
operation behavior analysis. 

Fig. 2 Schematic a) of the dual-mode heterodyne oscillator tracking simultaneously the first two modes of the resonator. Blue and purple correspond to the first 
mode and second mode paths respectively. Photography of the setup b) and vacuum chamber c). 



resonator’s frequency stability (Fig.5) in open loop was 
measured and compared with the closed loop frequency stability 
of the feedback signal in order to evaluate the performance of 
the topology for mass sensing applications. For this purpose, we 
use the standard estimator of the frequency stability versus 
measurement time known as Allan deviation [10]. In open loop, 
the frequency is deduced from phase fluctuations at the output 
and the linearized phase-to-frequency response of the resonator 
close to resonance. In closed loop operation, the frequency is 
acquired in real-time by locking a PLL on the low frequency 
downmixed signal. The closed and open loop frequency stability 
of the first and second mode shows a slight degradation at low 
response time. This noise increase is partially attributed to the 
complex cabling and parasitic due to the presence of discrete 
components in the loop. Silicon integration of the sustaining 
electronics should alleviate the noise coming from the readout 
circuitry while maintaining the resonator performance.  

IV. CONCLUSION 
This work demonstrates for the first time the simultaneous 

operation of a heterodyne self-oscillator topology on the first 
two resonant modes of a NEMS device. This multiple mode 
tracking capability is necessary for applications such as mass 
sensing. When integrated on silicon, this topology will be much 
more compact than traditional multimode PLL and less sensitive 
to parasitic oscillations compared to homodyne oscillators. The 
readout scheme aims at increasing the NEMS density of 
integration that is still limited by bulky circuitry. In this work we 
have characterized our resonator in open loop and successfully 
sustained simultaneous oscillations of two resonant modes in 
closed loop operation. For integration time superior to 100ms, 
the closed-loop frequency stability shows no sign of degradation 
compared to the open loop results. The proposed topology and 
simultaneous multiple mode tracking does not introduce 
substantial noise. This oscillator architecture promises reduced 
silicon footprint compatible with the readout of dense sensor 
arrays required for mass sensing applications. 
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Fig. 4. Measurement of the closed loop operation working simultaneously on 
the first and second resonant mode of the NEMS. The time results a) and FFT 
results b). 

Fig. 5. Comparison of the frequency stability of the oscillator in closed loop 
(red line) with the intrinsic frequency stability of the resonator (blue line) for 
the first a) and second b) mode of operation. (power line’s harmonic at 50Hz 
removed and 4Hz parasitic removed) 
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