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ABSTRACT

We report on the design and experimental characteriza-
tion of a passive MEMS frequency divider that is based on
a cascade of parametrically coupled nonlinear resonator vi-
bration modes. The device is designed to have 1:2 frequency
ratios between adjacent modes with an orientation that pro-
motes the necessary nonlinear modal coupling. We character-
ize the fabricated device and map the normalized parametric
instability parameter regions for the first two modes. We suc-
cessfully activate the cascade by parametrically driving the
second mode and, by operating in the intersection of the insta-
bility regions, the energy cascades to the first mode, resulting
in an input-to-output frequency ratio of four.

INTRODUCTION

Passive frequency conversion is an essential component
for sensor networks and is ideal for critical applications re-
quiring low power and good phase noise characteristics, such
as in frequency synthesizers[1]. Currently, passive frequency
dividers for RF applications are limited to electronic topolo-
gies which are large compared to MEMS resonators[2]. The
divider device presented here is based on a cascade of subhar-
monic resonances in a set of N vibration modes tuned with
relative 1 : 2 frequency ratios [3]. It takes an input signal of
423.6 kHz and passively divides it through two modal stages,
producing signals at 211.8 kHz and 105.9 kHz. We specify
the operating region for this system in the drive frequency
and drive amplitude parameter space. This novel divider de-
sign has simple design rules and can be extended to a large
number of modal stages, ultimately dividing by 2%.

FREQUENCY DIVIDER

Figure 1 shows an SEM image of the fabricated device
along with a diagram of the conceptual scheme on which it is
based [3]. It consists of a set of flexible beams that are orthog-
onally coupled, providing parametric driving from the shorter
beam to the adjacent longer beam. The released structure is
fabricated in single-crystal silicon. The microbeam elements
are uniformly 10pm in depth and 1.85pm wide, and the beam
lengths increase by approximately v/2 to tune adjacent modal
frequencies to the required 1 : 2 ratios. The device is driven
capacitively, providing a force proportional to the DC and AC
applied voltages. The velocity of the in-plane motion of each
beam is detected using a Polytec UHF-120 Laser Doppler Vi-
brometer. To direct the laser beam perpendicular to the mo-
tion, 45° angled mirrors are etched using focused ion beam
(FIB) milling. Measurements are performed at a driving volt-
age of 100 Vpe and 0 — 50 V4 ¢ at a pressure of ~ 400mTorr.
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Figure 1: An SEM image of the fabricated device; inset shows
the conceptual model that inspired the design [3].

For this device, each mode is spatially localized in a
given beam in order to promote the required nonlinear inter-
mode coupling. The high frequency mode (beam) is driven
parametrically at twice its natural frequency. This beam, in
the desired operating regime, will parametrically drive the
next beam, and so on down the cascade, due to the 1 : 2 fre-
quency ratios, their relative orientation, and nonlinear modal
coupling. The device of Figure 1 has four beams; we were
able to activate only the first and second modes, resulting in
division by four, due to modal frequency mistuning. Figure 2
shows the first two vibration modes for a COMSOL model of
the device, with the required 1 : 2 frequency ratio. Simula-
tions of this COMSOL model in fact show division by 16, and
this should be achievable in devices with more precise modal
tuning.

RESULTS

Figure 3 shows the regions of drive amplitude and fre-
quency for which modes 1 and 2 are individually excited into
parametric resonance. The overlap region is where the cas-
cade is expected to become activated. Figure 4 shows the
measured response amplitudes from modes 1 and 2, and the-
oretical response curves from [3], over the frequency range
of interest. Note that the mode 2 amplitude drops when mode
1 becomes active. The presence of a mode 1 response repre-
sents passive frequency division by a factor of 4.
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Figure 2: First two vibration modes from a COMSOL model.
Mode frequencies are 105.95 kHz (mode 1) and 211.7 kHz
(mode 2).
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Figure 3: Parametric resonance zones for the first two modes
of the device. The shaded overlap region is where the divide-
by-four operation is achieved. The red segment indicates the
operating voltage and frequency range of interest.

CONCLUSION

The results demonstrate passive frequency division in
MEMS using a cascade of parametric resonances. Division
by 2V requires mutual overlap of N regions such as those
shown in Fig. 3, which can be achieved for larger N by im-
proved tuning of device frequencies, a topic of current inves-
tigation. Also of interest are methods for designing devices
with desired levels of nonlinear modal coupling, which will
promote activation of the cascade, and the phase noise perfor-
mance of these devices.
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Figure 4: Measured mode 1 and 2 amplitudes, extracted from
the spectrum at 1/2 and 1/4 of the drive frequency from the
response measured at the center of the respective mode local-
ized beam, versus drive frequency, along with curve fits based
on the analytical model [3], over the frequency range of inter-
est. The AC driving amplitude is 36 V. The frequency range
marked with red corresponds to that of Figure 3, where the
cascade is predicted to occur. Note that these data were taken
on separate sweeps, since simultaneous measurement of both
modes was not possible, and that the mode 1 response data
was slightly frequency shifted to account for drift between the
runs.
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