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Towards Micromechanical Radio: Overtone
Excitations of a Microresonator Through the
Nonlinearities of the Second and Third Order

Mika Koskenvuori and Ilkka Tittonen

Abstract—A micromechanical resonator with eigenfrequencies
in the megahertz-range is excited by signals having frequencies
from tens of megahertz to gigahertz. The high-frequency excita-
tion voltage is downconverted to mechanical force at the lower
resonance frequency by the second-order force-voltage nonlinear-
ity. The conversion is either assisted by additional local-oscillator
signal or it is intrinsic due to an amplitude-modulated (AM) input
signal. A circuit-simulator model is tested against measurements
and an excellent agreement and thorough interpretation of the
results is found. The third-order intercept point is measured and
simulated to study the strength of the capacitive third-order non-
linearity. Finally, various nonlinear contributions are compared
and further improvements for the device are suggested based on
the simulations. [2007-0050]

Index Terms—Frequency conversion, microelectromechanical
devices, mixers, modeling, nonlinearities, resonators.

1. INTRODUCTION

EMS COMPONENTS are finding applications in

modern wireless communication systems. Usually,
silicon-based resonators with the smallest feature sizes in the
micrometer range possess mechanical resonances that are a
few megahertz. This is appropriate for example in voltage-
controlled oscillator applications, but communication using
transmission frequencies in the megahertz range requires the
use of meter-size A/4-antennas. One solution is to use a radial
bulk annular resonator [1], wine-glass [2], or disk [3] resonators
at gigahertz-frequencies. However, because the mechanical im-
pedance of the resonators usually increases with the decrease
of its size, this increase in frequency leads to a higher im-
pedance level that is difficult to match for coupling. For this
reason the first logical task in a MEMS-based transceiver is
to convert the signal from high communication frequency to
the resonance frequency of the MEMS-device. This could be
achieved with the aid of a local oscillator (LO) that is inside
the transceiver [4], [5]. Another solution is to select the input
signals so that nonlinear processes convert the signal from the
high communication frequency down to the eigenfrequency of
the resonator. A further advantage is that both these methods
offer a possibility for filtering of the signal due to the high
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Fig. 1. SEM-view of the used DETF-resonator. The resonator is fabricated on
SOI-wafer with deep reactive ion etching. The resonance mode frequency is
fres = 1.338 MHz and the coupling gap is d ~ 170 nm in width. The labels
RF, LO, and IF mark the corresponding electrodes used throughout the text.

mechanical quality factor of the resonators. Despite the large
number of published micromechanical mixers, all the devices
exhibit a large conversion loss (CL) [4]-[9] or require sig-
nificant LO power for effective conversion [10], thus making
them inappropriate for low-power wireless communication.
Studies have shown that parametric amplification can be an
effective, active way to improve the conversion performance
of micromechanical mixers by even 30 dB [11]. In this paper,
further possible improvements in the conversion performance
are studied by physical simulations. Before the improvements
are presented, the current performance of the mixer is modeled
with high accuracy using excitations of various orders to give
credibility to and to justify the improved simulation results.
The simulations are performed with a circuit simulator that, in
addition to circuit level simulations that use the electrical equiv-
alent components of a micromechanical resonator, is capable
for mixed system and circuit level simulations. Because of this,
the accurate simulations of the device performed here set an
important background for future work where complete systems
featuring micromechanical resonators as working blocks can be
simulated.

II. DEVICE FABRICATION, CHARACTERIZATION
AND MODELING

The resonator used here is a double-ended tuning fork
(DETF) resonator (Fig. 1) used previously in [9]. It was fab-
ricated at the VTT Technical Research Centre of Finland. The
coupling gap d was reduced from d ~ 1 um to d ~ 170 nm

1057-7157/$25.00 © 2008 IEEE
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Fig. 2. Measured (thick lines) and simulated (thin lines) transmission re-
sponses of the resonator used. Here, Ug. = [1, 7] V is applied as a bias voltage
on both RF- and IF-electrodes that are indicated in Fig. 1 and Py = —50 dBm
is applied on the RF-electrode for excitation. The responses are readout from
the IF-electrode. The insert is zoomed on the first resonance showing the
bandwidth of the resonance (Aw = 317.5 Hz) that can be used to calculate
the Q-factor of the resonance, Q ~ 4130.

by depositing polycrystalline silicon [12]. The resonator
was fabricated on an SOI-wafer with a device layer of thickness
h =10 pm. The length and the width of the tuning fork
beam are L = 100 ym and w = 5 pm, respectively. The device
utilizes two mechanically coupled tuning forks for the increased
LO-IF and LO-REF isolation. The signals are coupled capaci-
tively via the RF-contact pad and when necessary directly via
the LO-contact pad depending on the mode of the application.
The output is capacitively readout via the IF-pad with a FET
preamplifier.

To characterize the relevant parameters of the resonator
to generate an accurate model for the circuit simulator [13],
transmission response (S1) of the resonator with varying
bias (Uqg.) voltages below the pull-in voltage were recorded
(Fig. 2). In addition to the resonator, biasing and readout
circuitry were also added into the model. The resonator was
modeled as an electrical equivalent of the spring-mass system,
and for the capacitive coupling a model taking into account
the usual second-order force-voltage and also the third-order
capacitive nonlinearity was used [14]. The parameters describ-
ing the mechanical (eigenfrequency fcs, spring constant kpech,
Q@-value @, coupling gap width d and the electrode length
Le) and electrical parameters (pad and feed-through capaci-
tances Cpag and Clpy, respectively) were modeled using tran-
sient analysis by finding a best fit to the measurements with
Nelder—Mead [15] optimization method. As the excitation was
performed at low frequencies around the fundamental reso-
nance frequency of the device (fres &= 1.3 MHz) this analy-
sis left some parameters open. For example the feed-through
capacitances were modeled as one lumped capacitance. The
accuracy of the model was increased by the direct-conversion
(mixer) measurements at higher frequencies (Section III). The
mixer-simulations were carried out using large-signal harmonic
balance (HB) analysis utilizing multiple independent input and
output tones (excitation frequencies) and their harmonics. Es-
pecially for devices with high quality factors and therefore long
settling times, HB analysis (carried out in frequency domain) is

very efficient when compared to transient analysis (carried out
in time domain) [16].

At least three kinds of distinct nonlinearities are usable for
mixing in capacitively coupled micromechanical devices [9].
Usually, the strongest contribution originates from the typical
nonlinear dependence between the force and voltage across the
transducer gap so that the actuating force F' is related to the
applied voltage U by a relation

1U2£

F= )
2 dx

ey
This is valid for the whole displacement amplitude range x.
The other two nonlinear contributions arise as the displacement
amplitude increases. For capacitive devices, the coupling capac-
itance depends on the displacement amplitude x in a nonlinear
way according to
Ae 0 LC hEO

CO =00 " dta0 @

where L. and & are the length and height of the transducer
electrode, respectively and d is the coupling gap. Eventually,
the capacitive nonlinearity will limit the maximum attainable
vibration amplitude [17], but with vibration amplitudes lower
than this, the capacitive nonlinearity can be interpreted as
softening of the mechanical spring thus effectively lowering the
resonance frequency (Fig. 2).

The capacitive nonlinearity does not usually limit the oper-
ation of the resonator when the displacement amplitude x is
small when compared to the coupling gap d and (2) can be
written as C' & Cy/d, where Cj, is the capacitance in (2) with
x = 0. However, as can be seen in Section V, capacitive nonlin-
earity is a significant source of intermodulation (IM) distortion
especially because the high electromechanical coupling with
narrow coupling gaps is usually preferred.

For a device measured here, mechanical nonlinearity is not
significant because the displacement amplitudes on the order of
z = 10 nm are negligible when compared to the length of the
resonating beam L = 100 pm [17].

III. MiXER (DIRECT CONVERSION) RESULTS

Force-voltage nonlinearity combined with a sharp resonance
(Q > 4000, corresponding to 3 dB bandwidth < 320 Hz) makes
micromechanical resonators potential candidates for combined
mixer-filter applications [4]-[10]. If two signals Urp(t) =
U sin[(wro + wres)t] and Upo(t) = Ui sin[(wLo)t] are
applied to the resonator, it can be calculated from (1) that
the resulting force will have a component at frequency
W1 — W9 = Wres. This can be measured and simulated with
an RF-signal coupled to the RF-electrode and a LO-signal
coupled to the LO-electrode. The down-converted signal can be
detected from the IF-electrode with the aid of dc bias voltage.
In the frequency domain, this can be depicted as Fig. 3(a) To
characterize the device at both low and high carrier frequen-
cies, the conversion was measured at three different LO-signal
frequencies, fro = [10,100,390] MHz with RF-signal at
fRF = fLO + fres or fRF = [1].3387 101.338, 391338] MHz,
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Different conversion results from the nonlinearities of MEMS. (a) High-frequency signal converted with the aid of LO-signal. (b) AM-modulated high

frequency signal converted intrinsically without LO-signal. (¢) Third-order IM (because of capacitive nonlinearity) converts interfering signals outside the passband
of a filter into the passband. (d) Same, but with a high-frequency interferers converted with the aid of LO-signal and third-order capacitive nonlinearity.
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Fig. 4. Measured and simulated CL (rectangles), LO-IF—isolation (circles)
and LO-RF—isolation (triangles). The model gives excellent quantitative
match even up to 400 MHz, except for the LO-IF—isolation where the model
and the measurements agree qualitatively. The isolations were measured with a
50 €2 termination at the input and output of the device.

where f,¢s is the frequency of the first resonance of the device
(Fig. 2).

The measured and simulated results with an LO-signal power
Pro =0 dBm, an RF-signal power Pgr = —60 dBm and a
bias voltage Uy, = 7 V are shown in Fig. 4.

The high CL includes the insertion loss and can be ex-
plained by the weak coupling of both RF- and LO-signals as
the impedance of the resonator is much higher than 50 €.
With proper impedance matching, which will become feasible
when the coupling gap d can be fabricated to be lower than
d < 100 nm, the performance of the mixer will be improved.
This will be shown in Section VI.

IV. AM-MODULATED SIGNAL DOWN CONVERSION

A different approach in the excitation signal is needed if one
wants to convert the excitation voltage down to a force at the
resonance frequency of the device without any LO. Instead of
applying a signal with a single frequency component, a signal
with multiple frequency components with a separation equal to
the resonance frequency of the resonator is used [8]. A good

candidate for this approach is a high-frequency carrier signal
that is AM by the resonance frequency of the device.
This approach can be written as

U(t) = [Ag + By cos(27 fimt)] cos(27 fet)

= Ag |cos(2m fet) + g cos(2mfo £ 2w fr)t|  (3)

where Ay and By are the amplitudes of the carrier and the
modulation signal, respectively. f, is the carrier frequency and
fm the modulation frequency, which is also the resonance
frequency fios of the resonator. Modulation index A is defined
as h = By/Ao.

The down-conversion of the signal is done in the capacitive
coupling gap, where the actuating force F' is related to the
applied voltage U by (1). This nonlinear relation ensures that
the arising force F' has a component also at the resonators
resonance frequency fies = fm

1 1 ac 1 dcC

where 0C'//Ox is the electromechanical coupling factor. From
(4), it is clear that it is convenient to have Ag = By or h = 1
as these factors contribute equally to the force. In the frequency
domain, this can be depicted as Fig. 3(b).

To study the excitation of the resonator using gigahertz-range
signal, an AM-modulated gigahertz-range carrier signal was
generated. This signal was coupled to the resonator via the
RF-electrode and the signal at frequency f, was recorded from
the IF-electrode with the aid of a dc-bias voltage Ug. = 7 V.
The resonator was grounded via the LO-electrode.

Fig. 5 shows the measured and simulated output signal (V¢ )
of the resonator actuated with a modulated gigahertz-range
signal (Vin, f. = [0.5,1.5] GHz). It indicates a successful exci-
tation of a megahertz-range resonator (f, = f, = 1.338 MHz)
with a gigahertz-range signal.

The weakness of the output signal can be partially explained
by very weak coupling of the input signal as was the case in the
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Fig. 5. Output signal voltage Vout as a function of input signal voltage

Vin. The figure indicates a successful excitation of megahertz-range resonator
with gigahertz-range signal as the carrier frequency of the excitation signal is
fin = [0.5,1.5] GHz and the recorded output signal frequency fout = fm =
1.338 MHz.

direct conversion mode. An additional explanation comes from
(4) as the force at the resonance frequency is the product of
two fairly small ac-signals, the strong LO-signal being absent.
Again, by reducing the coupling gap d and with impedance
matching the performance can be increased as shown in
Section VI.

V. IM

The experiments done in the previous sections rely only
on the second-order force-voltage nonlinearity. As described
in Section II, other nonlinearities also exist in capacitively
coupled micromechanical devices. The third-order nonlinearity
that arises from the capacitive coupling brings IM distortion
into the system even when the vibration is in the linear regime
[17]. This can be seen by Taylor’s expansion of the capacitance

in (2)
mﬂ%@):@)l... )

The IM distortion is responsible for converting the off-
resonance signals into the resonance band. This is especially
harmful in the case of filter-applications where those signals
that are outside the filter passband would be converted inside
the passband through the IM [Fig. 3(c)].

To quantify the strength of capacitive nonlinearity, a parame-
ter called the third-order intercept point (IIP3) can be measured.
It is a measure of how strong off-resonance interferers at
frequencies w; and w9 are needed to produce an equally strong
signal in the carrier frequency as if the same power was applied
directly at the carrier frequency.

In practice, if two signals at frequencies w; = wyes + Aw,
Wy = Wres + 2Aw are applied to the RF-electrode of the res-
onator and the input and output electrodes are dc-biased, the
cubic mixing of these signals produces in addition to other con-
tributions a third-order term at frequency 2w; — wo, which is
identified as wyes. This process of the third-order IM distortion
(IM3) product generation is depicted in the frequency domain
in Fig. 3(c). IIP3 can be determined by extrapolating the linear-
regime of the IM3 product [Fig. 6(a)] (solid lines).
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Fig. 6. Measured (big symbols) and simulated (small symbols) IIP3.
(a) Measured response of the resonator in transmission mode for the fun-
damental tone (diamonds) and simulated results for two off-resonance tones
spaced from resonance by Ajf = [200, 1000, 20 000] Hz are depicted. To
verify the model, IM3 was measured (squares) at Af = 1 kHz excitation
signal with excellent agreement. As expected, the near resonance tones produce
stronger IM. The lines are extrapolations of the data used to determine ITP3.
(b) For direct-conversion approach the fundamental response (circles) and both
measured and simulated responses to interferers (triangles) at Af = 1 kHz
are shown. For direct conversion, the LO amplitude and frequency are
V1,0 = 47 dBmV and f1,0 = 11 MHz. The dashed lines are extrapolations
of the responses in the direct-conversion mode and the solid lines are extrapo-
lations for transmission mode repeated here for reference.

Reference [18] reports a simple expression for calculating the
ITP3 when the interferers lie inside the mechanical passband of
the resonator. Using this formula, an ITP3 of 4+-2.3 dBmV can be
calculated for in-band interferers for the resonator studied here.
The analytical result is slightly lower than the measured and
simulated ITP3 of +8 dBmV, but the accuracy is comparable
with the accuracy shown in [18] (analytical +34.3 dBmV
versus simulated +38 dBmV). It should be noted that the ITP3
for the measured resonator is fairly low. It has been shown
[18]-[20] that the IM3 is mainly generated due to the capacitive
nonlinearity associated with the capacitive transduction and
that there is a clear tradeoff between the linearity and the
motional resistance of a device. The situation can be somewhat
improved by increasing the mechanical spring constant with
respect to the electrical spring. However, by careful selection
of the vibration mode of the resonator and accepting the
increased mechanical impedance, R,,, signal-to-interference
ratio values capable of meeting the Global System for Mobile
Communications specifications can be reached with capacitive
devices [19].
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TABLE 1
CONVERSION PERFORMANCE IMPROVEMENTS
WITH IMPEDANCE MATCHING

Measured | Improved

device device
d [nm] 170 100
Upc [V] 7 7
Z-match No Yes
Cpad [pF] 49 0.049
fir [MHZz] 100 100
CL [dB] 44 8
LO-IF isol. [dB] 30 29
LO-RF isol. [dB] 38 35

The IIP3 for the direct conversion (mixer-filter) mode can
also be determined. For this approach, signals at frequen-
cies w1 = WLo + Wres + Aw and wy = w0 + Wres + 2Aw are
summed and applied to the RF-electrode, and the signal at
frequency ws = wr,o is applied to the LO-electrode. This is
depicted in the frequency domain in Fig. 3(d). The IM3 product
at frequency wyes is recorded from the IF-electrode. Simulations
will become quite complicated as they require three indepen-
dent tones (wyes, Aw and wr,o) and up to five harmonics but
results agree well with measurements as can be seen from
Fig. 6(b) (dashed lines).

VI. DISCUSSION AND IMPROVEMENTS

To compare the three nonlinear processes, the relations be-
tween the output and the input voltages for different excitation
schemes are plotted into the same figure (Fig. 7). The direct
conversion mode can be considered as a first-order phenomenon
because the output voltage is directly proportional to the input
voltage or Uyt x Uin. From (4) and by inserting (5) into (1),
the demodulator and IIP3 can be seen to be second- and third-
order phenomena, respectively. For low input voltages (Vi, <
—10 dBmV), the direct conversion mode results in the highest
output level when considering the nonlinear processes. This can
be expected due to the strong LO signal used in this mode.
Fig. 7 also emphasizes the current problem of poor conversion
performance with micromechanical mixers. This can be seen
from the constant term of the equations of the linear fits. The
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Fig. 8. Impedance match and the reduction of bonding pad capacitances

increase the performance of AM-modulated signal down-conversion by al-
most 50 dB.

TABLE 1II
COMPARISON OF THE PRESENTED PERFORMANCE
WITH PREVIOUSLY PUBLISHED RESULTS

Device CL Pro

3 Jir Ri
[dB] [dBm] [MHz] [MHz]

This work 45 0 1.3 400

44 100
This work — 8 0 1.3 100
improved3
DETEF [9] 48 0 0.743 10
Two DETFs [9] 54 0 0.660 10
Cantilever [4] 39 13 0.435 400
C-c' beam [5] 75 5 22.5 1000
C-c' beam [6] 125 10 220 232
Coupled c-c! 13 15 37 242
beams [10]
Coupled ring- 83.5 27 423 438
resonators [7]
This work — 70* N/A? 1.3 1500
AM modulated  62* 500
This work — 15% N/A? 1.3 500
AM improved3
ADEX-10L° 8 4 800 1500

"'Coupled-coupled or bridge resonator.

2 Input signal is AM-modulated therefore no local
oscillator is used in downconversion.

3 Coupling and efficiency improvement studied using a
circuit simulator.

4 For an AM-modulated signal down-conversion, the
conversion loss is proportional to the input signal
power (5) due to the multiplication of the spectral
components. Value presented here is then the power of
all the spectral components is P;, = -30 dBm.

3 Surface-mountable macroscopic diode-ring mixer

behavior is primarily due to the weak coupling of the electrical
input signals to the mechanical resonator with high equivalent
impedance and is a significant problem when aiming for low-
power devices.

To reach a good performance, the coupling of the input
signals to the resonator must be improved. The impedance
matching will become feasible once the coupling gap d can
be fabricated to be lower than d < 100 nm. The reduction of
the coupling gaps will also enable the use of voltages closer
to pull-in—voltage to strengthen the output signal pickup. As
shown in the previous sections, the model is able to give an
excellent match with a number of different measurements even
in the case of complicated nonlinear phenomena. Encouraged
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Fig. 9. CLs of some published micromechanical mixer-filters from Table II
as a function of (a) IF- and (b) RF-frequency. For a justified comparison, all
the CLs were normalized to a LO power of P;,0 = 0 dBm. The dashed line
is a linear fit to the data to emphasize the degradation of the performance with
increased frequency. The dotted line represents a conversion performance of a
commercial surface mountable mixer (ADEX-10L) given as a reference. The
arrows indicate the possible improvements that have been suggested though
simulations.

by this, the accurate model was further used to probe the
possibilities of the resonator. This was done by reducing the
coupling gap to d = 100 nm while maintaining the bias-voltage
Uqe = 7 V bringing the system very close to pull-in (Up; =
7.5 V). Also, the bonding pad capacitances that are necessary
for measurements but which can be greatly diminished for an
actual integrated device were reduced from Cp,q = 4.9 pF to
Cpad = 49 fF.

For the direct conversion mode, the results can be seen in
Table 1. Table I indicates that with impedance matching a
reasonable RF to IF conversion ratio can be achieved. From
Fig. 8, the performance of the demodulator can be seen to
improve almost 50 dB with the similar changes [8].

Table II and Fig. 9 summarize the results of the study
and present a comparison with previously published microme-
chanical mixers. From Table II and Fig. 9, it is clear that mi-
cromechanical mixers exhibit large CLs when compared with
conventional macroscopic mixers, but the simulation results
shown here indicate that by careful design and fabrication of
the resonant micromechanical mixers, their conversion per-
formance can be brought to a level that is comparable with
conventional devices. This way, the benefits of integrability,
combined mixing and filtering and smaller size can be fully
taken advantage of. However, due to the low resonant frequency
and high quality factor of the presented devices, the data
transmission rate would be moderate at the best. Therefore,

future work should also concentrate on demodulating more
sophisticated modulation schemes than AM.

Finally, it should be noted that the excellent match of the
measurement and modeling results presented in this paper even
in the case of nonlinear, high frequency multitone excitations
indicates that a circuit simulator fitted with MEMS-component
equivalents is a powerful tool in the analysis and design of
microelectromechanical systems. When using a circuit simu-
lator that also offers the possibility of incorporating circuit
level simulations inside the system level simulations, MEMS
components can be simulated as a part of a radio system
enabling the development and simulation of a whole radio in
terms of for example bit-error rate.
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