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ABSTRACT
We report a single-crystal silicon MEMS resonator that 

functions as a demodulator in a near-zero-power wake-up receiver.
The receiver detects an AM signal at a certain carrier frequency fc

and primary modulation frequency fm; the demodulator resonates 
and filters at fm and leverages the quadratic dependence of 
electrostatic force upon input voltage to convert from high-
frequency to baseband. Two key advantages are passive operation 
and very high out-of-band rejection. In order to increase the 
sensitivity of the demodulator, we propose the use of additional 
second-harmonic modulation to increase the response amplitude for 
a given AM input power. This work considers both the resulting
parametric force, which is negligible, and additional direct force, a 
significant component. This device is the first to our knowledge to 
demonstrate multi-harmonic mixing and investigate parametric 
amplification in response to an amplitude-modulated (AM) signal 
with added modulation at a second-harmonic pumping frequency.

INTRODUCTION
A “wake-up” receiver (WuR) is designed to detect the presence 

of a particular signal while consuming very little power. When a 
signal is present, the WuR produce a voltage change that triggers 
higher-power circuitry to process the signal, so that the radio is 
continuously alert to the signal yet does not consume this high 
processing power when no signal is present. The bulk Si MEMS 
resonator in this work serves as a near-zero-power demodulator for 
use in a WuR. This device builds upon past work and designs [1] in 
a different technology while exploring the nonlinear response of 
these devices to multi-frequency modulation. This modulation 
scheme has not been considered in this application but carries 
advantages in demodulator sensitivity.

Motivation
To maximize battery life and hence maximize the advantage of 

a WuR, it should operate at as little power as possible. The active 
blocks of an AM receiver generally include a front-end filter, a 
demodulator, and baseband signal processing circuitry. One 
approach [2] to minimizing power is to implement the front-end and 
demodulator at near-zero power using passive MEMS devices, so 
that the only significant power consumption is in the final baseband 
stages, which may consume only tens of nW.

The front-end is a lithium niobate (LN) piezoelectric resonator 
[3], which operates around 40-400 MHz, filtering and increasing the 
voltage of AM signals with a particular carrier frequency in that 
range. The demodulator is a capacitive MEMS resonator, operating 
around 50-200 kHz. As recently demonstrated in a CMOS-MEMS 
implementation [1], the demodulator leverages the quadratic 
dependence of capacitive electrostatic force upon drive voltage to 
generate forces at various frequencies, including the resonance fr.
The system will only respond significantly and produce a “wake-
up” signal when the demodulator is forced at fr via to the modulation 
frequency fm of the input signal. This property affords the MEMS 
demodulator a major advantage in false alarm rate compared with a 
CMOS envelope detector, where sharply filtering around fm would 
consume too much additional power.

In this complex, multi-technology system, system-level 
optimization is critical to achieve performance goals. Given design 
limits of each device, impedance matching between all three stages 
is the primary factor in performance [2]. This system context 
impacts the MEMS demodulator technology and design choices.

Background
Several past works [4-6] have proposed the use of MEMS 

devices as passive mixers. Koskenvuori et al. [7] implemented a 
capacitive MEMS resonant mixer that used the same quadratic 
mechanism to convert an AM signal to baseband, but noted the 
problem of low sensitivity and conversion efficiency. This problem 
is always a concern in designs that spread the input signal power in 
frequency, but is addressed in [1] by system-level optimization that 
identifies a matched design for sufficient sensitivity.

Few works have explored multi-frequency forcing and mixing.
Koskenvuori and Tittonen proposed a modified resonant mixer 
design that improves sensitivity via parametric amplification [8].
Thompson and Horsley [9] have shown that parametric 
amplification can increase the sensitivity of a magnetometer. 
However, both of these works required a local oscillator. We 
investigate the possible advantages of multi-frequency mixing in a 
demodulator specifically for a near-zero-power RF WuR. Because
the power budget precludes the use of a local oscillator, this work 
uniquely considers force variations created by changing the 
modulation of a low-power AM input signal. This condition greatly 
limits the use of parametric amplification, but brings advantages in 
direct force.

The “Epi-Seal” process [10], in 60 m bulk Si, is used partly 
because it offers larger capacitances and better impedance matching
according to the findings in [2] relative to CMOS-MEMS. A
CMOS-MEMS demodulator offers direct integration with the 
baseband circuit, but less capacitance per unit area is possible than 
in a very thick bulk Si process. For a given gap size, higher 
capacitance per unit area also maximizes parametric force, 
providing a better platform to test feasibility of parametric forcing.

MULTI-SIDEBAND FORCING
Figure 1 shows an equivalent circuit for the demodulator. The 

electrostatic force acts upon a basic mechanical resonator to produce 
an AC output current imot proportional to velocity and polarization 
VP. Assuming no loading by the readout circuit, and neglecting

Figure 1: Equivalent circuit of the demodulator, a mass-spring-
damper with force . Input and output loads include device
capacitances Cd, Cs and parasitic capacitances Cpd, Cps.
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mechanical and electrostatic nonlinearities due to small 
displacement, the demodulator is governed by the canonical 
equation of motion (EoM) in displacement x:+ + =
where m is the effective mass of the device; b is the damping 
coefficient; and keff = k0 + ke is the effective spring constant after
electrostatic softening ke < 0 of the mechanical spring k0.

The demodulator is sensitive to arbitrary input waveform 
shapes and carrier frequencies. It mixes the voltage Vd across its 
drive capacitance Cd according to

= 12
Plugging an AM waveform with amplitude Vin into (2) yields

= 12 [ cos( ) 0.5 (1 + cos( ))]                                  = 8 1 + cos(2 )2 1 + cos(2 )2 + 2 cos( ) + 1
The largest low-frequency force component is at m.  If m = r,
this force drives the demodulator into resonance. There is also a 
smaller force component at 2 m.

From this force equation, we aim to quantify the direct and 
parametric forces possible during AM demodulation and measure 
their effects. Neglecting out-of-band force terms, the EoM may be 
rewritten successively from (1), (3) to reach the final form + + = cos( ) + cos(2 ) + + + sin(2 ) = cos( + )  
where= 8 , = 16 , = 16
and = /2 using the input waveform in (5) where the direct and 
parametric forces are in phase. Past work [9,11] has shown that in 
systems of this EoM form, the parametric forcing term results in an 
output current amplification factor 

= cos1 + 2 + sin1 2  
| = 1 2

For values achievable in the Epi-Seal demodulator (Q = 10000, 
k = 10-4 N/m, k = 130 N/m, Vin = 30 mV), this amplification is not 

significant (< 1%).
Adding AM sidebands at 2 m with generic amplitude B and

phase relative to the modulation at m, the input force (3) becomes

= 12 [ cos( )                                                                  0.5(1 + cos( ) + cos(2 + ))]                            
Expanding and isolating force terms at m and 2 m yields

= 8 1 + cos(2 )2 12 cos(2 )                              +2 cos(2 + ) + 2 cos( ) + cos( + )] 
These additional terms change k only incrementally, resulting in 
only minimal change in the parametric amplification gain G (10).
Conversely, the direct force increases significantly with B:

= 16  2 cos( ) + 14 + 4
| = 16 [ + 4 cos + 4]

The addition of 2 m sidebands also changes the ratio of force at m
to total normalized input signal power P0:

= = ( ) = 12 2 + 2 2 + 2 2  = 16 ( + 3)                                           
|, = [ + 4 cos + 4]+ 3

This relationship is not monotonic but results in greater Fe for fixed
P0 for certain sideband amplitudes B. The device and tests in this 
work validate these models.

DEMODULATOR DESIGN
The Epi-Seal process fabricates devices in a 60 m silicon-on-

insulator (SOI) device layer using a Bosch silicon etch process with 
on-chip epitaxial vacuum encapsulation [10,12]. The process is 
well-understood and reliable for certain applications, but for low-
frequency capacitive resonators, it presents yield risks and imposes 
important design constraints. The maximum silicon etch aspect 
ratio restricts the minimum layout gap size to 0.7 m, and the cap 
deposition process limits the maximum width of a continuous 
released area to about 450 m [12]. Furthermore, past work in this 
process has shown that low-spring constant, high-capacitance Epi-
Seal resonators at around 100 kHz are prone to post-release stiction.

Figure 2 shows a layout view of the resulting demodulator 
design. It consists of a proof mass with capacitive rotor comb
fingers, anchored through in-plane springs. The rotor fingers

Figure 2: Epi-Seal demodulator layout diagram. Green denotes the 
proof mass, with fixed-fixed spring beams on either end.  The inset 
shows the capacitive comb finger geometry.  The device moves in x.
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interface with fixed stator comb fingers for drive and sense
transduction. The device moves perpendicular to the fingers so that 
resonant motion varies the parallel-plate gap size. VP is applied 
across the sense comb fingers to produce an output motional current 
imot proportional to this displacement:

( ) =
To prevent substrate stiction, the proof mass area is minimized, 

and the springs are fixed-fixed beams designed to maximize out-of-
plane stiffness. The risk of stiction between the rotor and stator 
comb fingers depends mostly on the device capacitance (i.e., comb 
finger area and geometry) and frequency. For this application, the 
demodulator resonant frequency was fixed at around 50 kHz, and 
among designs with various total capacitance, we use the highest-
capacitance device that is found to be fabricated without in-plane 
stiction. The device contains a total of Nd = 58 drive and Ns = 22 
sense comb fingers. These and other design values are summarized
in Table 1.

Table 1: Quantitative details of the demodulator design used.

Variable Description Value Unit
meff Effective mass 9 kg
keff Effective spring 132 N/m

k Parametric k variation 5 N/m
C1 Comb pair capacitance 16.7 fF
Nd # drive comb fingers 58 -
Ns # sense comb fingers 22 -

The comb finger capacitance C1 is adjusted to measurements 
by modifying the gap size in calculations to correct for bloat. A
bloat of about 400 nm per side from the layout gap dimension of 
0.7 m gives a comb finger width of about 2.2 m, as validated in 
Figure 3, and total device capacitance of about 2.1 pF, which agrees 
reasonably with measurements, as detailed in the following section.

Figure 3: SEM image of an axial view of demodulator comb fingers
(stators only), showing the finger width and pitch, which validate
the effective parallel plate gap size used in analysis.

RESULTS
Basic frequency response measurements are performed first to 

characterize the resonator, followed by tests to validate models (14)-
(16) for 2 m demodulation. Figure 4 shows a frequency response 
for direct harmonic forcing, where a polarization VP is applied across 
both drive and sense comb fingers, so that the output current is a 
response to a low-frequency AC voltage and force at fm. Drive 
voltages < 1 mV are still in the linear regime. In the nonlinear 
regime, there is a hardening nonlinearity contributed by the fixed-
fixed beam springs and an electrostatic softening nonlinearity from 
the parallel-plate comb fingers, but the mechanical hardening 

Figure 4: Frequency response of the resonant demodulator to direct 
harmonic drive for VP = 2.5 V and various AC drive amplitudes Vd.

Figure 5: Demodulation of AM input signal with amplitude
Vin = Vrf, in response to a sweep of the modulation frequency around 
resonance. The sense polarization is VP = 2.5 V; the drive comb 
fingers have no DC bias. The response scales quadratically with Vin.

nonlinearity is greater. Focusing on linear keff to simplify analysis 
and focus on the small signals relevant to the WuR, these linear 
responses agree with models within about 15%. Figure 5 shows 
pure AM forcing results, with no second-harmonic modulation. 
These measurements also reasonably agree with calculations, within 
about 15% for low amplitudes in the linear regime.

Next, sidebands at 2 m were added to the original AM input 
signal, as depicted in Figure 6.  As the relative amplitude B and 
phase vary, the response scales in agreement with the expected 
amplification relation in (16). For fixed B = 1, Figure 7(a) shows 
response scaling for various ; these values agree with expected 
scaling (16) within about 17%.  Phase = 0 yields a maximal

Figure 6: Frequency domain representation of the AM signal with 
second-harmonic modulation of relative amplitude B.
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Figure 7: (a) Response with Vin = 40 mV, B = 2, and various phases 
of the 2 m modulation relative to the m modulation. (b) Response 

to similar signals with Vin = 40 mV, = 0, and various relative m

modulation amplitudes B. For B > 0, power varies only by varying 
B; B = 0 data represent pure AM signals at the same power.

response increase as expected. Figure 7(b) shows scaling for 
various B and P0, also in agreement with (14-16), with an average 
error of about 11%. For B 0.5, there is an increase in response 
normalized to input power. Intuitively, this result and (16) show 
that adding sidebands at 2 m marginally increases the convolution 
product at baseband and hence may increase the efficiency of input 
signal power to resonant force, but for large B, too much input signal 
power goes into other force components, diminishing efficiency.

CONCLUSIONS
This work presents a single-crystal vacuum-encapsulated bulk 

silicon resonant demodulator for a wake-up receiver. The device 
resonates in response to AM signals with any carrier frequency and 
any modulation envelope shape such that the quadratic force vs. Vin
relationship yields a force at the resonance m. For certain device 
designs and input signals, modulation at both m and 2 m may 
increase the power of the post-mixing force component at m, for a 
given input signal power, and hence increase device performance.
A 2 m modulation also increases the force at frequency 2 m, but 
significant parametric amplification is difficult to achieve solely 
from this low input force rather than a local oscillator.

In summary, using an input waveform of this form 
incrementally increases demodulator sensitivity for certain B, but 
additional design techniques are needed to achieve orders-of-
magnitude improvement in sensitivity. However, the demonstration 
of multi-harmonic direct forcing in this work shows that a MEMS 

resonant WuR may be tuned to complex multi-frequency signals, 
while offering the same power and out-of-band rejection advantages 
that this architecture offers for simple AM input signals.
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