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Abstract

From the viewpoint of application of nonlinear dynamics, we report multifunc-
tional operation in a single microelectromechanical system (MEMS) resonator.
This paper addresses a reprogrammable logic-memory device that uses a nonlin-
ear MEMS resonator with multi-states. In order to develop the reprogrammable
logic-memory device, we discuss the nonlinear dynamics of the MEMS resonator
with and without control input as logic and memory operations. Through the
experiments and numerical simulations, we realize the reprogrammable logic
function that consists of OR/AND gate by adjusting the excitation amplitude
and the memory function by storing logic information in the single nonlinear
MEMS resonator.

Keywords: micro-electro-mechanical resonator, nonlinear dynamics,

logic-memory device, logic operation, memory operation, nonlinear vibrations

1. Introduction

A mechanical computer consists of mechanical components such as gears,
beams and so on. The history of mechanical computation began when the me-
chanical calculator was invented by Wilhelm Schickard in the 17th century. In

1644, Blaise Pascal designed and built a small and simple mechanical calculator
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(called Pascaline) that consisted of the fundamental operations of addition and
subtraction [1-3]. In the 19th century, Charles Babbage tried to build the ana-
lytical engine that had the concept of a programmable computer, the automatic
storage and retrieval of information in coded form, the automatic execution of
a sequence of operations, and so on [1, 2, 4-6]. Thereafter, many mechanical
calculators continued to be utilized until the 1960’s. However, mechanical cal-
culators were replaced by electronic calculators in the early 1970’s [3, 7]. Do
the histories of mechanical computation finish?

Microelectromechanical systems or nanoelectromechanical systems (MEMS
or NEMS) devices have micro-scale or nano-scale dimensions and mainly con-
tain both electrical and mechanical components. MEMS and NEMS devices
have been extensively studied and used as novel functional devices such as ac-
celerometers [8], ink jet nozzle printing arrays [9], radio-frequency (RF) MEMS
[10-12], and so on [13, 14]. In many MEMS devices, we focus on MEMS res-
onators. In the 1960’s, Harvey C. Nathanson et al. produced the first MEMS
resonator that was called resonant gate transistor [15, 16]. In recent years,
MEMS and NEMS resonators have been used as frequency references, sensor
elements, and filters due to high quality factor (Q factor) [14].

Recently, mechanical computation based on MEMS or NEMS resonators has
attracted great attention for its potential applications [17-38]. In particular, we
have demonstrated a “logic-memory operation” that offers a combination of
OR gate and memory operations in a single nonlinear MEMS resonator [35].
Previous studies have reported that the mechanical resonator can be used as
reprogrammable logic devices [21, 24, 26, 30, 38]. The next phase is to de-
velop a “reprogrammable logic-memory device” in the single nonlinear MEMS
resonator.

Most modern computers use a binary representation that has two states
“1” and “0”. In 1987, M. V. Andres and colleagues showed that a MEMS
resonator exhibited nonlinear responses such as bistable and hysteretic char-
acteristics [39]. The nonlinear dynamical responses are commonly observed in

a MEMS or NEMS resonator [13, 14, 40, 41]. The nonlinear dynamics of the



resonator is well known to be described by the Duffing equation [17, 23, 28, 42—
44]. Such a nonlinear resonator has hysteretic characteristics with respect to
the excitation frequency [13, 14] or excitation force [21, 31]. In the hysteretic
region, the MEMS resonator exhibits two coexisting stable states that corre-
spond to large and small amplitude vibrations [17, 21, 23, 28, 31, 42—44]. Thus,
a nonlinear MEMS resonator can work as a 1-bit mechanical memory or logic
device indicating “1” and “0” at large and small vibrations.

From the viewpoint of application of nonlinear dynamics in the MEMS
resonator, this paper numerically and experimentally demonstrates the repro-
grammable logic gate and the memory operations as s multifunctional device.
The nonlinear dynamics of the MEMS resonator with and without control input
is examined as logic and memory operations. Furthermore, in order to realize
the reprogrammable logic-memory device, the nonlinear dynamics is examined
at the change of excitation amplitude in the MEMS resonator. A preliminary
version of this work was published in [36, 37]. The present paper contains ex-
perimental results for the reprogrammable logic gate that was not included in
the preliminary work. Here, we show our integrated paper that includes the
reprogrammable device based on our measurement, control, and logic-memory
system.

The rest of this paper is organized as follows. Section 2 and 3 present a
fabricated MEMS resonators and its dynamical model, respectively. Section
4 explains the control system to perform the logic and memory operations in
the nonlinear MEMS resonator. In Section 5 and 6, the reprogrammable logic-
memory operation is numerically and experimentally achieved. In Section 7,

the conclusions of this paper are summarized.

2. MEMS resonator and its measurement system

This section explains a fabricated MEMS resonator and a displacement mea-

surement of the comb-drive resonator by using the differential measurement.



2.1. Schematic of comb-drive resonator
Figure 1 shows a fabricated comb-drive MEMS resonator [43, 45, 46]. Fig. 1(a)

shows a top view of the resonator. A cross section at the dotted lines of Fig. 1(a)
is shown in Fig. 1(b). The MEMS resonator is fabricated using SOIMUMPs,
which is a kind of silicon on insulator (SOI) technology and is offered by Mem-
scap, Inc [47]. In this process, the MEMS device consists of a 25 yum thick silicon
layer as the structure layer, a 2 um thick oxide layer as the insulating layer, and
a 400 pm thick silicon layer as the substrate layer. The MEMS resonator has a
perforated mass whose width, length, and thickness are 175, 575, and 25 um, re-
spectively and that are connected to four beams. The folded beams are designed
to work as springs and are connected to anchors. The MEMS resonator has two
(left and right) comb capacitors that are connected to the each side electrode,
respectively. When the anchor and the electrode are connected to ground and
to ac voltage source with a dc bias voltage, the mass vibrates primarily in the
lateral direction (X-direction) with weak link to the longitudinal and vertical

directions.

2.2. Measurement system

By using the differential measurement as shown in Fig. 2, we measure the
vibrations of the resonator. That is, the voltage of right (left) electrode is excited
by Vi = Vice + Vacsin2wfet (Vo = Viee — Vac sin 27 fot), where v,. denotes
the ac excitation voltage, Vgce is the experimental dc bias voltage, and f. is
the experimental excitation frequency. In the differential measurement, when
the displacement z(t) is assumed as Agsin(27 fot + @), where Ay denotes the
displacement amplitude and ¢ is the phase, the excitation force Fy and current

i are obtained as follows [27]:

h
Faie = 45N3Vdcevac Sin 27 fet, (1)
h
i = SWENEeraCAO sin(4x fot + @), (2)

where d (= 3um) denotes the gap between the fingers, | (= 100 um) is the
initial overlap between the fingers, £ (= 8.85 x 10712 F/m) is the permittivity,



N (= 39) is the comb number, and h (= 25 um) is the finger height. Hereafter,
the ac excitation voltage is set to 0.5 V. Note that the excitation force Fyye is
proportional to the dc bias voltage Vyce in our experiments. Tab. 1 shows the
device parameters. As a result, in the MEMS resonator, the comb drive serves
as a forcing actuator, but which simultaneously serves as a displacement sensor.

Here, we consider the experimental system to measure the sum of the current
1 through the right and left capacitors. Fig. 2 shows schematic diagram of
measurement system to detect the current ¢ that is converted to the output
voltage Vout by two operational amplifiers (Burr-Brown; OPA627AP). The first
(second) stage operational amplifier works as the current-to-voltage converter
(inverting amplifier). The output voltage Vgt is obtained as

h
Vour = R&i = 87rfeR&5vaacAo sin(4rw fot + @), (3)
Ry Ry d

where R (= 1MQ), Ry (= 1kQ), and Ry (= 100kS2) denote three resistors.
It can be confirmed that V,,; depends on the amplitude Ay and the phase ¢ of
the displacement.

In our experiments, the voltages (Vi and V2) of right and left electrodes
are given by function generator (Tektronix; AFG3022). The output voltage is
measured by an oscilloscope (Tektronix; DP04104). The supply voltage of two
operational amplifiers is set at 15V and supplied by stabilized power supply
(TEXIO; PW36-1.5AD). The mechanical vibrations are verified by using the

Table 1: Device parameters in experiments.

Parameter Value Unit
N comb number 39
l initial overlap between the fingers 100 pm
h height of the finger 25 pm
d gap between the fingers 3 pm
€ permittivity 8.85418782 x 1072 F/m




motion analysis microscope (KEYENCE; VW-6000).

The MEMS resonator is set in the vacuum chamber to reduce air resistance.
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Figure 1: Schematic diagram of fabricated MEMS resonator: (a) Top view. (b) Cross section.

The substrate and oxide layers underneath a movable structure are removed.

Vac Sin 27 fot

‘/dce

Measurement circuit

Figure 2: Schematic diagram of differential measurement. In the measurement system, the
output voltage Vout depends on the amplitude and phase of the displacement in the nonlinear

MEMS resonator.



The pressure is set at around 5 Pa at room temperature. In addition, in order
to reduce an electrical noise due to a crosstalk, two operational amplifiers are
also set in the vacuum chamber. The substrate and the vacuum chamber are
grounded to reduce noise and parasitic capacitances.

Figure 3(a) shows the experimentally obtained frequency response curves
of the displacement at Vjee = 150mV. In Fig. 3(a), red and aqua lines show
the response at upsweep and downsweep of frequency, respectively. We obtain
quasi-static responses to continuous excitation in the hysteresis region at each
excitation frequency. When the excitation frequency is set at 8.6600 kHz, the
steady state is measured. Then, the excitation frequency is changed to higher
value and we again obtain the steady state. Here, the response at the upsweep of
frequency (red line) from 8.6600 kHz to 8.6680 kHz is measured. The downsweep
test is done in the same manner as the upsweep test. We have confirmed that
the MEMS resonator has hysteresis characteristics to frequency and two stable
states coexist in the hysteresis region. Two stable states coexist at 8.6620 kHz
< fe < 8.6652kHz. In the proposed device, when the excitation amplitude
and/or the quality factor increases, the bandwidth of the hysteresis region also
increases [46]. In the following experiments, the excitation frequency is fixed
at 8.6622kHz. Note that the difference between the large and small vibra-
tions is small at 8.6622 kHz in the hysteresis region and then feedback values
as described in the following sections become small. In the next section, the
excitation frequency is numerically discussed.

Figure 3(b) shows the experimentally obtained hysteretic behavior with re-
spect to the dc bias voltage at 8.6622 kHz. The hysteresis region exists at 30 mV
< Vigee < 150mV. In our study, these stable regions, which have large and small
amplitude vibrations, define the two states of the single-output logic-memory
device in a single MEMS resonator. As a result, we realize the read operation by
using the differential measurement. In our experiments, for memory and logic
output, the thin (aqua) and dark (red) lines are regarded as a logical “1” and

logical “0”, respectively.
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Figure 3: Hysteretic characteristics (Experimental results). In (a) ((b)), the red and aqua
lines correspond to the responses at the upsweep and the downsweep of frequency (excitation
amplitude), respectively. In the hysteretic regime, the resonator can exist in two distinct
amplitude states: (a) Amplitude-frequency response curves of resonator at vac = 0.5V and

Viace = 150mV. (b) Hysteretic characteristics as a function of dc bias voltage at 8.6622 kHz.

3. Dynamical model and two stable states

This section addresses the dynamical model of the nonlinear MEMS res-
onator and its two stable vibrations. In addition, the convergence conditions of

two stable states are examined.

3.1. Dynamical model and its steady state

The nonlinear dynamics of the MEMS resonator is modeled by the Duffing-

type equation as follows:

2z 2rfyd Famn

e ngo q t TP e = S s,

d? 2 d

dt;U ngo df +@2nfo)r +aze® = 4.0 m(Vs®) "' X Viensin 2 fut, (4)

where x denotes the displacement, fo (= 8.6644 kHz) is the resonance frequency,
Q (= 25,000) is the quality factor, az (= 7.06 x 10'® (sm)~2) is the coefficient
of cubic correction to the linear restoring force, f, is the numerical excitation
frequency, Vgen is the de bias voltage for numerical simulations, m, (= 1.72 x

107%kg) is the effective mass, and Fyy, (= 6.906 x 1072 NV ! x Vj.,) is the
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excitation amplitude for the numerical simulations. The parameter settings are
obtained from Refs. [35, 37], which deal with the same device as depicted in
Fig. 1.

Figure 4(a) shows numerical amplitude-frequency response curves generated
from Eq. (4) at Vgen = 150 mV. The model of the MEMS resonator exhibits
a hysteretic response. The solid (red and aqua) lines show two stable solutions
and the dashed (green) line shows an unstable solution. In our numerical sim-
ulations, the unstable solution is obtained by a shooting method [48]. At any
given frequency in the hysteretic region, the MEMS resonator has two coexisting
stable states. Two states are obviously distinguished.

Figure 4(b) shows the numerically determined hysteretic behavior as a func-
tion of the dc bias voltage Vg, related to excitation force at f,, = 8.6654 kHz.
The hysteresis region appears at 105 mV < Ve, < 245 mV in Fig. 4(b). The
nonlinear MEMS resonator has stable regions (solid line) that are completely
separated by an unstable region (dashed line). These stable regions can be used
as two states, corresponding to logical “0” and “1”, for memory function. In
the numerical simulations, a displacement amplitude greater (less) than 3.0 pm
is regarded as a logical “1” (“0”) for memory and logic output. As a result,
we numerically demonstrate the read operation of memory device that consists
of the MEMS resonator. The numerical results in Figs. 4(a) and (b) are in

agreement with experimental results in Figs. 3(a) and (b).

8.2. Basins of attractions

This section focuses on the multiplicity of alternative stable attracting so-
lutions. The solutions depend on the initial conditions, which correspond to
the displacement = and the velocity y (or the amplitude and the phase) [49].
A study of stroboscopic points of the zy plane onto itself serves to determine
the basins of attraction [49, 50] of the original continuous differential equation
Eq. (4). Here, a stroboscopic map [51] is considered.

The nonlinear dynamics of the MEMS resonator is described by the differ-
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Figure 4: Corresponding hysteretic characteristics with Eq. (4) (Numerical results). The
solid (red and aqua) lines show two stable solutions and the dashed (green) line shows an
unstable solution: (a) Numerical amplitude-frequency response curves at Vge, = 150mV. (b)

Numerical hysteretic characteristics as a function of dc bias voltage Vyc, at fn = 8.6654 kHz.

ential equations with the velocity y:

dz

a 5)
d 21 fo d

d%{ — go d—i — (27 f0)*x — azx® + 4.0 m(Vs?) ™ x Vyep sin 27 fit.

The initial conditions sampled by the period of the excitation frequency at
fn = 8.6654 kHz are considered as shown in Fig. 5. In the figure, the white
and black regions show the basins of two stable solutions. The green and blue
points correspond to the stroboscopic points sampled by the period of the exci-
tation frequency. The green point shows the large amplitude solution and the
blue point is the small amplitude solution. These two stable solutions possess
their basins completely separated by stable manifolds of an unstable solution
(aqua point). In white and black regions, every initial state converges toward
individual solutions. In Fig. 6, the red (purple) points correspond to the locus
of convergence to the large (small) amplitude solution in the zy plane.

Figures 7(a) and (b) show the set of initial conditions sampled by the period
of each excitation frequency that corresponds to f, = 8.6652 kHz and f, =
8.6656 kHz, respectively. In the figures, the green, blue, and aqua points denote

the stroboscopic points that correspond to the large amplitude, small amplitude,
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and unstable solutions at each excitation frequency, respectively. The white to
black ratio depends on the excitation frequency as shown in Figs. 5 and 7. In
other words, the white region expands at the upsweep of frequency and vice
versa.

As mentioned above, the basins of attraction are completely separated by
stable manifolds of the unstable solution. In the nonlinear MEMS resonator,
the basins of attraction tend to have a spiral form, which depends on both dis-
placement and velocity. Here, two stable solutions have each basin of attraction
around each solution. Therefore, the nonlinear MEMS resonator has the capa-
bility of staying at either of two stable solutions. In our numerical simulations,
the numerical excitation frequency is set to 8.6654 kHz. In order to realize the
logic operation in the nonlinear MEMS resonator, we need to pass across the

stable manifolds by using the control input.

4. Control system

This section focuses on the control system to perform logic and memory op-
erations in the nonlinear MEMS resonator with hysteresis at a single excitation
frequency. Recently, we have demonstrated a logic-memory operation that offers

a combination of OR gate and memory operations in a single nonlinear MEMS
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Figure 7: Basins of attraction: (a) fn = 8.6652kHz. (b) fn = 8.6656 kHz.

resonator. To realize the logic-memory device, the output of the device does
not depend on the previous values of the inputs and memory but the current
values of the logic inputs [37]. To do this, we have applied the feedback control
to the MEMS resonator [35].

4.1. Ezxperimental system

Figure 8 shows the control system in the experiment that is implemented
with a feedback and logic inputs. As studied above, in the differential measure-
ment, the MEMS resonator can be equipped with a comb drive that serves as
the forcing actuator and the displacement sensor. Here, to perform the control
without any influence to measurement, the control input is applied as a slowly

changing dc voltage V2, to the nonlinear MEMS resonator [27]. As shown in

Fig. 8, the output voltage Vi, is converted to the slowly changing dc voltage
V2, by an analog multiplier (ANALOG DEVICES; AD633) and a low-pass fil-
ter of the operational amplifier (Burr-Brown; OPA627AP) whose time constant
is set to about 0.47s. The logic inputs are represented by two dc voltages (Line1

and Linez) for avoiding the influence to measurement. As a result, the feedback

input K,V2

ave

and two logic inputs (Line; and Linez) are added to the dc bias

voltage Vjce.
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Figure 8: Schematic of control system that relates to logic inputs in experiments. When the
experimental logic inputs (Line1, Line2) are applied to the resonator, the excitation force is
proportional to Vice + e = Vice + Linel + Linez — KeV2,., where ue is the control input and

Ke (= 11V™1) is the feedback gain in the experiments.

In the experiments, the control input u, is described by
Ue = Linet + Line2 — Kevazve' (6)
The excitation force Fyyo under the control is described by

Fape o (Vdce + U'e) sin 27 fet. (7)

4.2. Numerical system
Figure 9 shows the control system in our numerical simulations to perform
the logic and memory operations in the nonlinear MEMS resonator. According

to the experimental method, the numerical logic inputs (Lipn1 and Linne) and

2
nave

the numerical feedback value K, A are added to the dc bias voltage Vien
related to the excitation force. The nonlinear dynamics of the MEMS resonator
with the corresponding numerical control input u, is obtained by

@ onfyds
ez Q d

+ (27 fo)%x 4 asza®
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Figure 9: Control system in numerical simulations. K, denotes the numerical feedback gain.

= 4.0 m(Vs?) ™! x (Vaen + ) sin 27 fot, (8)
Up = Linnl + Linn2 - KnA?lavm (9)
A2 A2 oo A2 o4 A2
Ar21ave _ “nl + n2 + J']_w nm + + nM7 (10)

where m denotes a natural number, M is the average number, and A, is the

displacement amplitude of the previous m periods within 1 < m < M for the

2
nave

22,000 and K, is set to 1.42 x 10*° Vm~2 [35, 37].

numerical simulations. In this case, A is the average of A2, . M is set to

5. Logic and memory operations

5.1. OR gate and memory operations

Here, through the experiments and numerical simulations, we discuss both
logic and memory operations in a MEMS resonator using the control system. In
this section, we consider the dynamical model of the nonlinear MEMS resonator
with and without control input [35]. Here, the dc bias voltage Vien is set to 210
mV.

Figures 10(a) and (b) show the amplitude modulation systematically varied
in input signals Lin,1 and Linys when the control input is applied to the MEMS
resonator at Vg, = 210 mV. By applying the control input, a modulation
of the resonator’s amplitude is induced. In Fig. 10(a) ((b)), the initial state
corresponds to logical “1” (“0”) for memory output. In these figures, the light

(dark) region corresponds to more than (less than) 3.0 pum in displacement

14
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Figure 10: Displacement amplitude (logic output) with and without control input at Vgc, =

210mV. (a) and (b) show the amplitude modulation systematically varied in input signals

Linn1 and Lippa. (c) and (d) show the final state when the control input is off: (a) Initial

state is the logical “1” for memory output. (b) Initial state corresponds to the logical “0”. (c)

Convergence conditions corresponding to Fig. 10(a). (d) Convergence conditions correspond-

ing to Fig. 10(b).

amplitude, corresponding to a logical “1” (logical “0”) output. In our numerical

simulations, the logic input is regarded as logical 1 (logical 0) when the input

signal (Linn1 or Linn2) is set to 100 mV (25 mV), as shown by the four (aqua)

circles in Figs. 10(a) and (b). Therefore, the nonlinear MEMS resonator can be

utilized as an OR gate at Vi, = 210 mV as shown in Tab. 2.

Next, the memory operation is considered in the nonlinear MEMS resonator.

15



Figs. 10(c) and (d) show the calculated convergence conditions when the control
inputs shown in Figs. 10(a) and (b) are off. As shown in Fig. 6, the convergence
condition depends on basins of attraction. Two stable solutions have each basin
of attraction around each solution under these conditions. Therefore, the initial
state cannot switch to the other stable state and converges to the original stable
state due to the basins of attraction. The white (black) region corresponds to
convergence to the large (small) amplitude solution, corresponding to a logical
“1” (“0”) for memory output. The light (dark) region in Figs. 10(a) and (b)
converges to the white (black) region in Figs. 10(c) and (d). The nonlinear
MEMS resonator can be used as the memory device by storing the output of
OR gate. The single MEMS resonator combines the function of OR gate and

memory at Vie, = 210 mV.

5.2. AND gate and memory operations

This section numerically discusses to reprogram logic function of the logic-
memory device of the single MEMS resonator. The logic function is programmed
dynamically by adjusting the resonator’s operating parameters. In previous
section, the dc bias voltage V., was set at 210 mV. Here, the dc bias voltage
is reset at 120 mV.

By using the same method as shown in the previous section, we consider the

nonlinear dynamics with control input. Figs. 11(a) and (b) show the amplitude

Table 2: Truth table of OR gate.

Input Output
Linn1 Linn2 x

0 0 “0”

0 1 “17

1 0 “17

1 1 “17

16
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Figure 11: Logic output with and without control input at Vie, = 120mV. (a) and (b) ((c)
and (d)) show the amplitude modulation in the presence of the control input (the final state
without the control input), as in Fig. 10: (a) Initial state is set to the logical “1”. (b) Initial
state corresponds to the logical “0”. (c) Convergence conditions corresponding to Fig. 11(a).

(d) Convergence conditions corresponding to Fig. 11(b).

modulation varied in input signals. In these figures, the blue region correspond-
ing to logical “0” increases. As in Fig. 10, the right (aqua) circles show the
logic input. When the logic inputs are (0, 0), (0, 1), or (1, 0), the output of
the device becomes a logical “0” at Ve, = 120 mV. When the logic inputs are
set to (1, 1), the output is a logical “1” under these conditions. Therefore, by
changing the excitation amplitude, the nonlinear MEMS resonator works as an

AND gate as shown in Tab. 3.
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Table 3: Truth table of AND gate.

Input Output
Linn1 Linn2 x

0 0 “0”

0 1 “0”

1 0 “0”

1 1 “17

Similar to the previous section, we discuss the nonlinear dynamics without
the control input. As shown in Figs. 11(c) and (d), the MEMS resonator in
the absence of the control input maintains its original logic output. The light
region converges to the white region and the blue region corresponds to the
black region. The MEMS resonator can be used as memory. The transition
is slow in the line region indicated by the arrows compared to other region in
Figs. 10 and 11. When the operating point of resonator is perturbed by noise
[52], it is anticipated that desired logic and memory operations may not be
achieved. Nevertheless, we numerically demonstrate the reprogrammable logic
function that consists of OR/AND gate and the memory functions in the single

nonlinear MEMS resonator due to the adjustment of the excitation amplitude.

6. Reprogramming logic-memory operation

Based on both experiments and numerical simulations, this section focuses
on a reprogrammable logic-memory operation demonstrated in a single MEMS
resonator. These numerical and experimental operations are confirmed for the
behavior of device at clock evolution. In digital computation, the clock signal
is commonly used and has high and low states [5, 53].

The calculated time evolutions of the device are shown in Fig. 12 and the
corresponding experimental results are shown in Fig. 13. Here, the dc bias

voltage Vien (Viee) 1s set at either 210 mV or 120 mV (110 mV or 50 mV)
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in our numerical simulations (experiments). Figs. 12(a) and (b) (Figs. 13(a)
and (b)) show the calculated time evolutions of the device at Ve, = 210 mV
and Vien = 120 mV (Vgee = 110 mV and Vgee = 50 mV), respectively. In
these figures, the purple, green, yellow, aqua and black lines show the output
of the device, control input, the first logic input, the second logic input, and
clock signal, respectively. When the clock signal is set at low (high) level, the
control input is not (is) applied to the MEMS resonator. Note that the nonlinear
MEMS resonator works as a memory (logic) device at low (high) clock signal.
In Figs. 12 and 13, the logic inputs of numerical input signals (Linn1, Linn2) and
experimental input signals (Line1, Line2) start from (0, 0) and continue to (0,
1), (1, 0), and (1, 1).

As shown in Fig. 12(a) (12(b)), the nonlinear MEMS resonator works as an
OR (AND) gate at Vien = 210 mV (Vgen = 120 mV) when the control input
becomes high clock signal. In addition, when the control input is off at low clock
signal, the nonlinear MEMS resonator can be used as the memory device by
storing the output of OR (AND) gate at Vgen = 210 mV (Vien, = 120 mV). The
calculated results in Fig. 12 are consistent with the experimental time evolution
in Fig. 13. As shown in Fig. 13(a) (13(b)), the nonlinear MEMS resonator
experimentally works as an OR (AND) gate and then store the output of gate
at Vice = 110 mV (Vgee = 50 mV). By adjusting the excitation amplitude, we
numerically and experimentally realize the reprogrammable OR/AND gate and

the memory functions in the single nonlinear MEMS resonator.

7. Conclusion

This study addressed a nonlinear MEMS resonator and its application to
memory and reprogrammable logic functions. A schematic of a fabricated comb-
drive MEMS resonator was shown. It was experimentally confirmed that the
MEMS resonator can be equipped with a comb drive that normally serves as a
forcing actuator, but which simultaneously serves as a displacement sensor in

the differential measurement. The fabricated MEMS resonator had nonlinear
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Figure 12: Time evolution of the reprogrammable logic-memory device (numerical results).
When the logic inputs are (0, 0), the output of the device becomes a logical “0” at Vg, =
210mV. When the logic inputs are set at (0, 1), (1, 0), or (1, 1), the output is a logical “1” at
Viden = 210mV. On the other hands, at Vgc, = 120mV, when the logic inputs are set at (0,
1) or (1, 0), the output is a logical “0”: (a) OR gate and memory functions (Vicn = 210mV).
(b) AND gate and memory functions (Vgc, = 120mV).

responses. The dynamical model of such a resonator was described by the
Duffing equation. The numerical and experimental results suggested that the
fabricated nonlinear MEMS resonator can be used as memory and logic devices
with a binary representation.

A logic-memory device, which consists of memory and multiple-input gate,
was demonstrated in the nonlinear MEMS resonator. The nonlinear dynamics
in the presence (absence) of control input was examined as the logic (memory)
operation. When the control input was applied to the MEMS resonator with

feedback system, two equal-amplitude regions existed. When the control input

was off, the nonlinear MEMS resonator maintained its original logical state.
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Figure 13: Corresponding experimental time evolution of the reprogrammable logic-memory
device. In our experiments, the logic inputs (0, 0) of experimental input signals (Line1, Line2)
have a voltage of 20mV, (0, 1) and (1, 0) have a voltage of 90 mV, and finally (1, 1) have
160.0 mV. In our experiments, based on our numerical simulations, the excitation amplitude,
gain, and logic inputs are swept within the operating range and are adjusted: (a) OR gate
and memory functions at Vgee = 110 mV. (b) AND gate and memory functions at Vgce = 50
mV.

A device, which combines AND or OR gate and memory functions operating
at room temperature, was numerically demonstrated in the single MEMS res-
onator.

Through the experiments and numerical simulations, a multifunctional de-
vice of the nonlinear MEMS resonator was investigated. This study numerically
and experimentally realized the reprogrammable logic function that consists of
OR/AND gate by adjusting the excitation amplitude and the memory function
by storing logic information in the single nonlinear MEMS resonator.

Important features of the logic gate are a switching operation speed and
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an integration density. CMOS (Complementary Metal-Oxide-Semiconductor)
devices that consist of PMOS and NMOS transistors are growing in popularity
because of their integrated system and high speed (more than 1 GHz) [5, 53].
The logic-memory device consisted of the resonator and electric circuits that
relate to feedback control and measurement system. Therefore, in our logic
and memory system based on the resonator, the operating speed depended not
only on () factor but also on the time constant of the electric circuits and then
the duration of the switching was about 5 s. The analog multiplier and the
operational amplifier was used as electric circuits to perform the control and
measurement. The device integration will be performed by using an on-chip
device in the future.

Nevertheless, we fabricated the multifunction device that can offer the re-
programmable logic-memory operation. Therefore, by using one voltage source
per bit, it is possible to include additional functions such as n-bit OR/AND
gate [38] and memory devices in the single resonator. Furthermore, the demon-
stration of this reprogrammable logic-memory device opens the way to further
research in the realization of an on-demand device [54] with multi-functions
based on the nonlinear MEMS resonator. Based on our logic-memory results,
it may be possible to realize mechanical neurocomputing [55] in the coupled

MEMS resonators.
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