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Detecting response of microelectromechanical resonators by microwave

reflectometry
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59652 Villeneuve d’ Ascq, France

2Agilent Technologies, 1400 Fountaingrove Parkway, Santa Rosa, California 95403, USA

(Received 31 October 2012; accepted 19 July 2013; published online 2 August 2013)

Microwave reflectometry is proposed as an effective technique to detect the vibration of capacitively
transduced microelectromechanical resonators. The transducer capacitor is probed by an incident
wave, which is reflected being modulated by the time variations of the resonator displacement.
Calculations demonstrate that the sensitivity of the technique is maximum for a given microwave
frequency depending on the transducer total capacitance. Experimental data show that capacitance
variations as low as 3 zF//Hz are measurable at 4 GHz for the studied devices. Such a performance
corresponds to a sub-picometer resolution in vibration amplitude of the microelectromechanical
resonator. The measurement technique is particularly appropriate for resonant sensors when high
signal-to-noise ratio and fully electrical detection are required. It can be used for device resonance
frequency up to several hundreds of MHz. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4817411]

MicroElectroMechanical Systems (MEMS) have given
rise in the last decades to numerous products, particularly in
the field of sensors and actuators.' Micro-resonators are
MEMS devices that transpose in the electrical domain the
characteristics of a microscale mechanical resonance.’
Applications concern devices for signal processing like filters
and time referencesj’9 but also vibrating sensors,lo’11 the res-
onance characteristics being sensitive to external interactions.
Many academic and industrial research works have been car-
ried out especially in the field of mass sensing'>'? and label
free detection for biochemical applications,'*'® but also in
the field of force sensors like Atomic Force Microscopy
probes.'”'® Various physical principles may be used to assure
electromechanical transduction performed by the MEMS res-
onators.'”'® Among them, the capacitive one is widely
employed because it is easily integrated with the mechanical
parts and has benefited since the 1980s from surface micro-
machining processes compatible with silicon integrated cir-
cuit technologies.>'* The mechanical vibration is simply
detected through the output current flowing from the time
varying capacitance of the MEMS resonator transducer when
a voltage is applied. However, capacitive transducers gener-
ally have two drawbacks, as MEMS resonators are downsized
to reach higher frequencies, typically above 10 MHz. First,
capacitive transducers present electrical impedance of several
kilo-ohms that significantly exceeds the 50 Q standard.”®
Second, they have parasitic input/output coupling capaci-
tance. Therefore, the measured signal from a capacitive trans-
ducer is generally weak and superimposed with a parasitic
signal floor, which may mask the desired mechanical reso-
nance signal. The impedance mismatch between the MEMS
resonator and the 50 QQ measurement set-up, leading in partic-
ular to poor signal-to-noise ratio (SNR), negates much of the
benefit that would be otherwise attained from optimal sensi-
tivity and measurement dynamic. Various strategies have
been deployed to circumvent these difficulties. Differential
measurement schemes or frequency mixing techniques21 have
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been widely used to reject the capacitive crosstalk. Passive
impedance matching networks®* or integrated amplifiers'**
are also commonly used for improving the sensitivity and
SNR. Such techniques require specific circuit design depend-
ing on the MEMS resonator. They are often band-limited, and
matching elements need to be placed in the vicinity of, or
integrated with the MEMS resonator. As a consequence, they
are not appropriate for all circumstances, especially when
low-cost and disposable vibrating sensor products are con-
cerned, or when probing multiple resonance modes over a
wide frequency band is desired. In this letter, we present an
alternative technique for acquiring the response of MEMS.
Based on microwave reflectometry, the measurement method
rejects parasitic crosstalk and gives access to optimal sensitiv-
ity and SNR.

The dynamics of motion of a MEMS resonator can be
predicted using the 1D differential equation of a second-

order system as follows:**

2

d°x dx
mrﬁ_‘_da—i—er:}?e’ (D

where x represents the displacement of the resonator body,
m, and k, are, respectively, the effective mass and spring
constant of the resonator for the vibration mode under con-
sideration, o is the damping coefficient, and F, is the driving
force due to the input actuation voltage. Such a modeling of
a resonator is depicted in Figure 1. In the case of capacitively
transduced MEMS resonators, actuation principle is electro-
static. The force is attractive and given by*

o lacin

- ) 6)( (VDCin + VACln)zv (2)

F.

where C;, is the input transducer capacitance between a fixed
electrode and the resonator body, and Vp¢;, and V¢, are
the dc and ac voltages inducing the time-varying force.

© 2013 AIP Publishing LLC
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FIG. 1. Modeling of the resonator and its driving and sensing schemes. I:
input port, O: output port.

Displacement sensing is usually obtained through the current
flowing from the output transducer capacitance C,,, being
modulated by the resonator body vibration. The approach
employed here to detect the MEMS resonator vibration is
different. The concept is based on the detection of a micro-
wave (MW) signal reflected by the output transducer imped-
ance that is ruled by the dynamics of the resonator (Eq. (1)).
In this way, the reflection coefficient is time-dependent
according to the dynamics imposed by the vibration of the
MEMS resonator. Although the reflection coefficient is
strictly defined for a steady-state sinusoid, it can be assumed
it is the case when the MW carrier frequency is much higher
than the MEMS device resonance frequency. Expression (3)
gives the reflection coefficient I',,, neglecting capacitor par-
allel losses, which is a reasonable assumption at MW fre-
quencies for the devices under study,”®

1— jZ()CCUC

= —2jarctan(Z, . 3
T ZoCor exp[—2j arctan(ZoCa)] 3)

out =

Zy is the reference impedance (characteristic impedance of
the transmission line), w¢ is the MW carrier angular fre-
quency, and C is the capacitance of the MEMS resonator
output port. Assuming small displacements of the resonator
body regarding the output transducer air gap, C can be
expressed as a function of x,

aCDHr

C(x) ~ CGND + Cpar + CULlf|x:0 —+ W

x4

x=0

where C,,, have been defined previously, C,, is the parasitic
input/output coupling capacitance, and Cgyp represents the
parasitic capacitance of the transducer port to the ground.
From Egs. (3) and (4), I',,,,; is re-expressed as a function of x,

' x‘| ) (5)
x=0

where I'y is the reflection coefficient of the output transducer
of the MEMS resonator at equilibrium position and Cj its
static capacitance. C¢ and I’y are given by

N 2ZO () aCout
'Y @Cooc) o

Lou(x) = Tyl

CO = CGND + Cpar + Cout|x:07 (6)

I’y = exp[—2j arctan(ZoCowc)]. @)
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Expression (5) shows that the vibration of the MEMS resona-
tor gives rise to a variation of the reflection coefficient in
quadrature with the main part, which can be actually per-
ceived as a phase modulation of the reflection coefficient.
The amplitude of this variation is maximum for a given
value w¢,,, of the angular frequency of the MW carrier w¢,

1

CoZs” ®)

WCopt =

The reference impedance is Zy =50 €, which corresponds to
the characteristic impedance of the transmission lines
employed in most of measurement systems. C, is in the
0.1-1 pF range for MEMS resonators with micrometric dimen-
sions, C)q- and Cgyp being of the order of a few hundreds of
fF, and C,,,, usually comprised between 1 and 100 fF. The opti-
mal carrier frequency is then in the 3-30 GHz range, which is
actually much higher than the multi-MHz resonance frequency
of MEMS resonators, as assumed previously. When the condi-
tion (8) is fulfilled, the output transducer coefficient becomes

. x] .9
x=0

In harmonic regime, the MEMS resonator being driven at
angular frequency wyeys, the reflected MW signal is then
composed of a combination of signals at wc and ¢
* wyems- Information related to the resonator body dis-
placement x is so transposed in the GHz range, which sup-
presses any undesirable parasitic crosstalk from the driving
signal Vucin(wpems). The amplitude of the reflected MW
signal at wc * wyeys 1s directly proportional to the resona-
tor body displacement x and its power Pz, 1S given by

. i aCOul

1 —
]C() Oox

Fout(xv wCopt) ~ 1—‘O((UCopt) :

2
1 0C,y
Pyiems = Pipe - d 'X] , (10)
x=0

Co ox |

where P,,. is the incident wave power to the MEMS output
transducer.

An ultimate value of the measurement resolution can be
estimated assuming the thermal noise being the limit for the
detection of a MW signal. At room temperature, the spectral
density of noise given by kgT is P,,,;sc = —174 dBm/Hz. For
typical values of Cp=1pF and P;,.,=1 mW =0 dBm, the
detectable variation of capacitance C,,, calculated from Eq.
(10) is 2 zF/(Hz. Assuming C,,, is a parallel plate capacitor
whose static value is 0.1 pF with an air gap width of
d=100nm, and neglecting fringe effects, the measurement
resolution x,,;,, of the MEMS resonator body displacement
given by Eq. (11) is 2 fm/Hz,

CO P noise
Com ‘xzo Pin

Xmin = d

Y

In a practical case, detecting the resonator vibration requires
demodulating the reflected MW signal as presented here-
after. Signal losses through microwave components and
extra noise added to the signals will degrade the resolution
presented above.
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An experimental set-up shown in Figure 2 has been
implemented to demonstrate the measurement concept and
performance. This measurement technique can be applied to
any kind of MEMS resonator shapes like flexural beams,
micro-disks or square plates, and to any vibrational modes
that induce a modulation of the transducer capacitance as
stated before. In the following, for the present demonstration,
the device under test (DUT) consists of a silicon ring micro-
resonator vibrating along the elliptic mode. Design consider-
ations, fabrication, and application as force sensors of such
MEMS devices have been detailed elsewhere.'®*”*® The
DUT is driven into vibration by a combination of dc and ac
signals provided by a vectorial network analyzer (VNA) at
angular frequency myzys- A MW source supplies the carrier
wave at angular frequency wc. This incident wave passes
through the coupler, the circulator, and the high pass filter. It
is reflected and modulated by the impedance of the DUT out-
put transducer according to the reflection coefficient given
by Eq. (5). The circulator directs the reflected wave to the
frequency mixer. A reference wave obtained from the cou-
pler arm feeds the mixer. It is amplified and phase-shifted to
obtain enough power to supply the mixer and to down-
convert the components of interest at we * @y pps. As dis-
cussed before, they are in quadrature with respect to the
main part of the reflected signal. The converted signal, pro-
portional to the MEMS resonator body displacement, is
amplified and filtered, being subsequently analyzed in mag-
nitude and phase by the VNA receiver. When setting up the
experiment, a special care has to be taken to the selection of
the parts and devices. Indeed, any losses and added noise
cause a decrease in the SNR and thus a loss of measurement
resolution. This is particularly the case for the path of the
reflected wave. The experimental set-up has been optimized
to work at a MW carrier frequency of 4 GHz. The circulator,
frequency mixer, and LNA are so chosen to feature insertion
losses, conversion losses, and noise figure as low as possible,
respectively. The DUT is probed using coplanar tips and

———> magnitude

VNA ——> phase

WwnEems
ac+dc
I

WnEMS

>

MW
source coupler circ. HPF

") OH/

A4
We
50 Q
PS /@"E
We
Wc * Wwevs

A>T

BPF mixer LNA LPF

FIG. 2. Block diagram of the experimental set-up used to measure MEMS
resonator vibration with the proposed microwave reflectometry technique.
The (DUT) is driven into vibration by the (VNA) using ac + dc signal at the
angular frequency wpeys. (PS: phase shifter, circ.: circulator, HPF: high
pass filter, BPF: band pass filter, LPF: low pass filter, LNA: low noise
amplifier.)
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connected to the measurement set-up using 1m coaxial
cables whose losses do not exceed 0.5dB/m at 4 GHz. A
PNA series analyzer from Agilent Technologies is used as
the VNA. Other parts of the circuit are commercially avail-
able and are chosen according to the working frequency. A
more detailed analysis would show that the noise of the
demodulated signals is dominated by the phase noise of the
MW source at wyeys from the carrier. The source noise is
actually reflected by the DUT being superimposed to the sig-
nal containing the DUT vibration information. Besides,
when working at a fixed MW carrier angular frequency o,
measurement sensitivity may be reduced. Figure 3 shows
measurement relative sensitivity as a function of the static
capacitance C( of the transducer, which is derived from
expression (5). The sensitivity is maximized when the condi-
tion (8) is met. For the chosen MW carrier frequency of
4 GHz, it is deduced that sensitivity greater than 50% of the
maximum is obtained for a range of capacitance value Cg
comprised between 0.26 and 3.74 pF. This gives acceptable
results in terms of expected performance. It also brings about
the flexibility for measuring a great variety of MEMS
resonators.

The DUT shown in Figure 2 is used in the experiments.
The silicon ring inner radius, outer radius, thickness, and
effective spring constant are 15pum, 30 um, 5pm, and
400 kN/m, respectively. The resonance frequency of the ring
elliptic mode is expected at around 22.5 MHz. The static ca-
pacitance value of the DUT ports being measured by stand-
ard techniques is Cy=0.6pF. The static value of the
transducer capacitances C;, and C,,,, neglecting fringe effects
are calculated to be 18 fF, considering a transducer air gap
d=70nm measured from scanning electron microscopy
images. In the following, the MW carrier frequency is 4 GHz
and the MW incident power to the DUT output port is
P;,.=4 dBm. Figure 4 shows the frequency response of the
DUT when driven close to its resonance frequency. Figures
4(a) and 4(b) are the standard reflection and transmission pa-
rameters measured by a VNA. Figures 4(c) and 4(d) show
the frequency response in magnitude and phase obtained
with the microwave reflectometry technique. The magnitude
signal shows a nice Lorentzian behavior, the resonance fre-
quency and quality factor being 22.375MHz and 1800,
respectively. The 180° phase rotation confirms negligible
effects of any parasitic input/output parasitic coupling signal

N
o

0.8+

o
(o]
T

©
~
| "

o
N
-

Measurement relative sensitivity

0.0 ; ] " 4
0.1 1 10
Transducer static capacitance C, normalized to (Z,w,)"

FIG. 3. Relative sensitivity of the microwave measurement technique for a
given carrier frequency w¢ as a function of the static capacitance of the out-
put transducer.
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FIG. 4. Frequency response of the MEMS device. V¢, =0.45V corre-
sponding to 0 dBm source power applied to the high impedance of the DUT
input transducer. Measurement bandwidth: 100Hz. (a) and (b): standard
reflection and transmission measurements with 10V DC bias. (c) and (d):
magnitude and phase measurements obtained with the microwave reflectom-
etry technique at Vpc;, =2 V. (e): Laser Doppler vibrometry measurement
of the mechanical amplitude acquired simultaneously with (c) and (d).

floor. The slight shift in the resonance frequency is ascribed
to the spring softening due to the different DC bias applied.
Figure 4(e) shows the laser Doppler vibrometry (LDV) mea-
surement of the mechanical amplitude acquired simultane-
ously with Figs. 4(c) and 4(d). In order to estimate the noise
level and resolution, further experiments have been carried
out regarding the measurement dynamics. Figure 5(a) shows
the magnitude signal in the same condition as in Figures 4(c)
and 4(d). The noise floor, that is visible in Figure 5(b), is
obtained by switching off the VNA source (i.e., Vaci,=0V),
or, in other words, by suppressing the DUT actuation. Noise
level is then measured to be 3 uV for a 1 Hz measurement
bandwidth (BW), which corresponds to a noise density of
3 uV//Hz at the output of the measurement set-up. In the ex-
perimental conditions of Figure 5(a) and at the resonance fre-
quency, the SNR is about 100dB (BW =1Hz), and it is
calculated from Egs. (1) and (2) that the DUT vibration am-
plitude is 1nm.? The LDV measures 0.6 nm but this value
can be underestimated since the LDV bandwidth is only cer-
tified up to 20 MHz. Considering the noise floor of Figure
5(b) as the detection limit of the DUT vibration, the mea-
surement resolution in amplitude is then between 6 to
10 fm/Hz. This value is greater than the ultimate one calcu-
lated from Eq. (11) that gives x,,;, = 3 fm//Hz. As mentioned
before, the discrepancy is explained by extra noise added by
the measurement set-up and by the MW carrier frequency

Appl. Phys. Lett. 103, 053124 (2013)

Magnitude (V)

L | " Iy L " M
22.3M 22.4M 22.5M

Driving frequency (Hz)

FIG. 5. Frequency response in magnitude of the MEMS device using micro-
wave reflectometry. Vpei, =2 V. (a) Vacin, =0.45V corresponding to 0 dBm
VNA source power, (b) Vaci, =0V corresponding to VNA source power
off, measurement bandwidth: 1 Hz.

that does not perfectly match condition (8). As the capaci-
tance variations are concerned, it is deduced from these
results that a resolution of 1.8 to 3 zF/\Hz is experimentally
achieved for the studied DUT. Using the same procedure,
i.e., by suppressing the DUT actuation, the SNR was esti-
mated for standard transmission measurements to 50 dB and,
for LDV measurement to 80 dB (BW = 1 Hz).

In conclusion, a measurement method using microwave
reflectometry has been presented for the characterization of
MEMS resonators based on the capacitive transduction. The
reflection coefficient associated with the transducer capaci-
tance has been studied showing that the sensitivity is maxi-
mized for a given microwave frequency. The study has also
pointed out that considering the thermal noise as the ultimate
detection limit, measurement resolution in the femtometer
range can be then expected. An experimental set-up has been
described and implemented to characterize a device based
on a silicon ring vibrating along the elliptic mode at
22.375 MHz. The measured signal is directly proportional to
the resonator body displacement and parasitic input/output
coupling signals are rejected. A large signal-to-noise ratio up
to 100dB has been evidenced and a 10fm/Hz resolution
has been experimentally achieved, which proves the effec-
tiveness of concept. Such a performance level is comparable
to the one of standard optical interferometry, which paves
the way for the use of the capacitive transduction for high
performance vibrating sensors.
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