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ARTICLE INFO ABSTRACT

Article history: This paper presents a versatile chip-level wireless driving method for microelectromechanical system
Received 4 February 2018 (MEMS) actuators. A MEMS actuator is integrated as an electrical component of a coupled LCR resonant
Received in revised form 13 March 2018 circuit, and it rectifies the energy sent through an ultrahigh-frequency (UHF) radio frequency (RF) wave.

Accepted 15 March 2018

Available online 3 April 2018 Two types of actuators were remotely driven using the proposed method: thermal (bimorph) actuators

used as the R component and capacitive (comb-drive) actuators used as the C component of a resonant
receiver circuit. We demonstrated the remote actuation of a 13 €2 thermal actuator transferring 7.05 mW
power with a power efficiency of 15.8%. This was achieved using coupled 500 wm diameter 5.5-turn pla-
nar coil antennas over a distance of 90 wm. When an impedance-matching configuration (Z, = 50 2) was

Keywords:
Wireless MEMS powering
Ultrahigh frequency (UHF)

Radio frequency used, the efficiency over a distance of 65 um was measured to be 55.6%, which was 8.2 times greater than
Resonant mode energy transfer that of simple inductor coupling. The proposed method can be applied to future deployment scenarios,
Electrostatic actuator where fragile MEMS are placed on top of a system and must directly interface with the environment
Thermal actuator (thus, being prone to break). The authors propose to fabricate MEMS and energy receiver circuits mono-
Amplitude modulation (AM) lithically on a chip, and place them on another energy transmitter chip. Thereby, the MEMS chip can avoid

electrical feedthrough so that (a) the MEMS chip is easily replaceable if it breaks, and (b) the MEMS chip
can move beyond wiring cable limitations. Four features are underlined in the article: (1) MEMS itself
can rectify the RF energy owing to the fact that the governing equation of the MEMS actuator involves
the square of the voltage and/or current, thereby, ensuring higher system-level efficiency than any other
RF transceiver circuits using additional rectifying components (e.g., diodes). (2) Both the transmitter and
receiver use coils of the same design, whose sizes are equivalent to those of the MEMS actuators (hun-
dreds of micrometers). Moreover, they can be operated at UHF, owing to the much higher self-resonant
frequency (fs > GHz) when compared to conventional transmitters (f; ~ MHz). In addition, by using LCR
resonant circuits, it is possible to not only (3) increase the transmission efficiency but also (4) multiply
the driving voltage of the capacitive MEMS actuator, because of LC resonance. Voltage multiplication is
quite useful for electrostatic MEMS operations because the movement is proportional to the square of
the voltage across the MEMS capacitance. Comprehensive designs, implementations, and demonstrations
of wireless operation are presented in this paper, for both thermal (resistive) and electrostatic (capaci-
tive) actuators. Remote operation includes on-off-keying for MEMS without mechanical resonance and

amplitude modulation of sinusoidal signals to stimulate the mechanical resonant frequency of MEMS.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction - methods of wireless MEMS powering
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Fig. 1. Conceptual view of the proposed replaceable MEMS actuator.

tuators based on this concept were demonstrated by Ataka et al.
in 1993 for use in cooperative microconveyance applications as
ciliary motion microactuator arrays [2], which were arrays of
thermal bimorph actuators. Then, several variants with differ-
ent actuation principles were proposed. Konishi et al. in 1994
proposed a surface micromachined electrostatic air-flow actua-
tor array [3], which was further improved using a deep-reactive
ion etching (RIE) electrostatic valve [4], by Fukuta et al. in 2006.
Another variant was the top-down inverted scratch drive elec-
trostatic actuator [5] developed by Mita et al. in 1999. Micro
(sub-centimeter-sized) self-movable machines have also attracted
many MEMS researchers. Ebefors et al. demonstrated a walking
inchworm MEMS robot in 1999 [6], which was based on a thermal
bimorph actuator. Then, Hollar et al. demonstrated electrostati-
cally driven long-range legs [7] for a walking robot in 2004, and
Saito et al. demonstrated a sub-centimeter six-legs walking robot
in2013[8]. Miki et al. demonstrated an alternating-magnetic-field-
driven sub-centimeter MEMS helicopter in 1999 [9]. Uno et al.,
demonstrated in 2017 a wireless powering of ultrasonic-levitated
3.5 mm-¢ hemispherical tiny object that they call “Luciola” [10];
an integrated LED was turned on and off by power conditioning LSI
circuit. A couple of independent research groups presented pond-
skating microrobots with electrowetting on dielectrics (EWOD).
One of these was based on the swaying principle [11] by Chung
et al,, and the other was based on the bubble-jet principle by Mita
etal. [12].

Fragileness and electrical energy feeding are the two com-
mon issues faced by microactuators that directly interact with
the environment. Most of the above-mentioned actuators [2-8,11]
were connected to power supplies through electrical wiring (also
called as tethers). Wirings not only impeded the movement of
autonomous robots but also inhibited the replacement of these
MEMS actuators in case of breakage and/or malfunction. To solve
these issues, in this article, the authors propose a micro wireless-
powering scheme [13] as shown in Fig. 1. In the proposed scheme,
each MEMS actuator is integrated with passive electrical compo-
nents to form an LCR series resonant circuit (Fig. 1(a)). Another
circuit with an LCR resonator is placed underneath, as a transmitter.
The inductors of the transmitter and receiver are coupled through
magnetic fields, and thus, power is transferred. The idea is to sep-
arate the system into a fragile (and/or moving) MEMS part and a
fixed electrical powering (and/or sensing through powering) cir-
cuit part, and make the MEMS part replaceable (Fig. 1(b)) and/or
self-movable (Fig. 1(c)). If the MEMS is broken, the engineer has to

physically replace the broken part only, without being bothered by
the electrical wiring.

The third important feature of the proposed scheme is the
size of the inductor and the operating frequency. The typical size
of an LC tank circuit for both the transmitter and receiver pro-
posed in this article is 500 wm x 500 wm, which is in the same
order as that of the already-mentioned typical MEMS actuators.
In fact, a smaller inductor can obtain a self-resonant frequency
fs! that can reach GHz values. In contrast, as summarized and
compared in Table 1, most of previous MEMS researchers used
relatively “big (centimeter-sized)” inductors in the transmitters
and “medium (millimeter-sized)-to-big” ones in the receivers.
These devices were driven by relatively low frequencies (in the
10 MHz range?) RF wave. In 2001, Takeuchi et al., demonstrated
the teleoperation of two electrostatic microactuators [14,15] with
a 8.5mm x 7.2 mm 20-turn planar receiver coil of 4.8 uH operated
at 4.1 and 4.8 MHz. Mita’s EWOD microactuator [12] was driven
with surface mount devices (SMDs) integrated on a 5mm x 8 mm
MEMS chip at 6.8 MHz. In 2015, Byun et al. demonstrated an
EWOD driven by a planar printed circuit board (PCB) coil of
2.3 mm at 1.75 MHz [16]. Basset et al. developed a complete energy
rectifier and control application-specific integrated circuit (ASIC)
[17] and demonstrated 23 mW remote powering at 13.56 MHz
with a 20mm x 20mm receiver coil of 1.6 wH. Sekitani et al.
demonstrated 1.6-40 W power transfer using 25 mm x 25 mm pla-
nar transmitter and receiver coils at 13.56 MHz [18]. Takamiya
developed a position-insensitive powering system by using a
double-sized (50 mm x 50 mm) receiver on 3 x 3 tiled matrices
(yielding 75 mm x 75 mm) of transmitter coils [19]. Laskovski and
Yuce proposed a discrete transistor class-E oscillation circuit for
wireless power to implants [21]. In the circuit, a 100 x 100 mm
8-turn planar inductor was integrated for the purpose of both oscil-
lating feedback circuit and energy transfer. The circuit oscillated at
27 MHz, and RF power was transferred through 2 cm-thick lean beef
to four-stacked 15 x 15 mm 7-turn coil having 30 MHz self resonant
frequency [22], with 0.05% (—33 dB) of power efficiency. Another
category is so-to-call “medium-sized coils” from Takahata’s group.
Their coil size is sub-centimeter and working frequency is from 81.5
to 270 MHz. For example, Mohamed and Takahata integrated [23]
shape-memory-alloy (SMA) microgripper with a 4 x 5 mm 9-turn
coil made on polyimide film with resonant frequency of 140 MHz
(with L=184nH and C=7 pF). By sending 0.2W RF wave varying
from 128 MHz to 150 MHz through 4 mm-diameter coil, tempera-
ture of the LC circuit increased due to residual resistance in the coil,
and introduced phase change of the SMA.

Fig. 2 shows a thought comparison of RF powering to a “small”
(MEMS-sized) 500 wm-diameter receiver (Rx) coil. Case (a) is an
extension of the traditional method, in which the size of the trans-
mitter (Tx) coil is in centimeters, and case (b) is the proposed
method, in which the size of the Tx coil is the same as that of the Rx
coil. Six steps of consideration (I)-(VI) can conclude that case (b)
can produce a higher induction in the Rx coil.

(I) Tx self inductanceL;: In case (a), the Tx coil can be wound
many times to obtain a higher Ampere-turn (nl), whereas
the number of turns is limited in case (b) owing to the pla-
nar nature and geometrical limitations. The typical values are
100 pH for (a) and 10 nH for (b).

(1) Total flux®, induced byL;: A magnetic field B is generated by
applying a current I to the Tx coil. The total flux is &, =L, by

! The inductor is no more operational as L at frequencies above f;, because of the
parasitic parallel capacitance Cp.

2 Frequency of 3-30 MHz, named “HF” (high frequency) band by the International
Telecommunication Union Recommendation (ITU-R V.431-7).
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Table 1

Comparison of conventional and proposed power transfer schemes. D: diameter, n: coil turns, L: inductance, f;: self-resonant frequency. Shape labels are defined as: sq.:
square, sol.: solenoidal, oct.: octagonal, SMD: surface mount device, ro.: round, rect.: rectangular, n.a.: the value is neither available in the article, nor extractable. *: extracted

by the author from the values shown in articles.

ID Transmitter Receiver
Shape D [mm] n L[H] Shape D [mm] n L[H] fs [Hz] Working freq. [Hz]
TakeuchiO1 [15] sq. 80 14 250 sq. 8 20 48 15M 41-69M
Basset07 [17] sol. 70 4 n.a. sq. 15 16 5.8 27M 13.56 M
Sekitani07 [18] oct. 25 13 3p oct. 25 38 20 n.a. 13.56
Mita07 [12] sol. 50 10 3650 SMD - - 33 na. 6.8M
Laskovskil1 [21] sq. 100 8 27w - - - - - -
[22] - - - - 4xsq. 15 7 na. 30M 27M
Ali10 [23] sol. 4 n.a. 497n sq. 5 9 184n n.a. 128-140M
Ali13 [25] sol. 4 na. 497n sq. 6 4 45n 16 200-270M
Fuketa14 [20] oct. 40 7 na. oct. 40 7 na. n.a. 13.56 M
Cheel5 [27] n.a 6 n.a. 213n rect. 7x5 n.a. 570n n.a. 81.5M
Byun15[16] sol. 23 5 58w sq. 23 50 42 n.a. 1.75M
Uno18[10] sol. 31 5 1.25w ro. 3 2.5 22.7n n.a. 123M
Proposed [13] sq. 0.52 5.5 12n sq. 0.52 5.5 12n 6.1G 750M, 1G
|__ (D Tx Inductance: L1 _ |
100uH > 10nH
| D TxFlux: &y=lyf |
100¥Wb/A > 10nWb/A Solenoid coil
| (D) Tx - R linkage: & __| ¢=80mm planar coil
0.000025<0.25 f;(imn 3:;050”'“
| (V) Linked Flux: ®3=kL1/ | L=290H1 [=13.50H
2.5nWh/A ~ 2.5nWh/A f5=5.8MHz D f5=6.1GHz
| (V) Maximal Frequency: f | se=500um ®
10MHz < 1GHz Rx ) ) -, o
Txi~100t (V) Maximal Induction: Tx“Z ~500um Fig. 3. Typical “Big 'and t‘Smfall coils made by the authors. (a) Ar} 8cm-¢, 3 cm-
2mfkL11 (sinusoidal input) long, 55-turn solenoid coil with 0.4 mm ¢ polyurethane copper wire (UEW) with
()Big Tx to small Rx | 0157VIA<I57VIA | (b) Both small L=290 uH and f;=5.8 MHz. (b) A 500 wm-¢, 5.5-turn planar coil made on fused

Fig. 2. Performance comparison of sending RF power (a: conventional) from big
transmitter (Tx) coil to small receiver (Rx) coil and (b: proposed) from small Tx coil
to small Rx coil.

definition, yielding 100 wWb/A for (a) and 10 nWb/A for (b). In
the following discussion, the amount of current I is kept arbi-
trary, therefore, all units are represented as per unit Ampere
[/Al.

(1II1) Amount of flux linked to the Rx coil ®,;: However, not all the
flux induced by L; can be linked to the Rx coil. The linked flux
is precisely given by the integral of the magnetic field B and
the area element dA; in the case of air-core coils, the coupling
coefficient k can be assumed to be roughly proportional to the
area ratio.? It means that even though the “big” Tx coil excites
larger total flux, only a small portion actually links with the Rx
coil. In the case of (a), the coupling coefficient can be as low as
0.000025 (-.0.252/50%7), whereas, in the case of (b), the value
can be much larger, for example, up to 0.25. The magnetic field
linking to the Rx coil is therefore 2.5 nWb/A for both cases.

(IV) Maximal frequencyfand voltage by inductionV: The energy
is transferred by electromagnetic induction, and the amount
transferred is proportional to the time derivative of the
linked field: V=d®/dt. By assuming sinusoidal current in Tx
(I=1Iy sin27ft), the amount is proportional to 27f®,;. There-
fore, the guiding principle is that a higher frequency is better
for transfer; however, it cannot exceed the self-resonant
frequencies f; of the Tx and Rx coils. Moreover, the more
Ampere-turns the coil has (to increase ®,;), the higher the
self inductance L; and parasitic capacitance Cp; between the
wirings will be, and thus, the self-resonant frequency will

3 When assuming a finite-length solenoid, the magnetic field B is stronger at the
coil center, and therefore, the coefficient can be bigger. However the value stays in
the same order of magnitude.

silica substrate, with L=13.5nH and f; =6.1 GHz.

be lower (- fs1 = 1/2m,/L1Cp1). A measurement example is
shown in Fig. 3(a): A centimeter-sized solenoid coil has
approximately 10 MHz of fs. On the contrary, a small-sized coil
has over several GHz of f;, as demonstrated in case (b), which
has 6.1 GHz of fs. Therefore, (a) the “big” coils can be oper-
ated nominally at approximately 10 MHz and (b) the “small”
coils can be operated up to 1 GHz, yielding (a) V=0.157V/A and
(b)15.7 V/A, respectively.

The above consideration is further extended in Section 2 to pro-
vide a general guideline of the integrated coil design. Following
the guideline top-down, a MEMS designer can derive the geometry
of the coil (i.e., loop number and line width) for the required per-
formance such as the energy transfer efficiency, under the process
restrictions. The details of the fabrication of coils and capacitors
and the remote power transfer experiment are reported in Section
3.

Another important feature of this article is that our scheme
does not require any additional electrical components to rectify the
energy. Many existing reports use a diode and decoupling capaci-
tor to generate direct current (DC) voltage initially, and then, some
switching circuitry is added for MEMS control [17], as shown in
Fig. 4. We underline that because MEMS, by nature, works with the
square of the electrical input, i.e., current or voltage, it can act as a
rectifying component. This means that, we do not have to gener-
ate a DC voltage; we only have to apply an alternating current
(AC) to drive the MEMS, because the MEMS actuator generates a
mechanical force, regardless of its direction (positive or negative).
In practice, we only have to introduce MEMS as one of the LCR
series resonant circuit components. In the case of resistive (ther-
mal type) actuators, the actuator is the R component, and L and C
are integrated with it, as shown in Fig. 4(b). Such a configuration
always provides the maximum efficiency because of the absence of
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Fig. 4. (a) Conventional wireless energy transfer scheme. (b) Proposed scheme that
uses MEMS itself as an energy rectifier, as a resistance in the LCR series resonance
circuit. (c) Another implementation that uses capacitive MEMS as a part of the res-
onance circuit. (d) Amplitude modulation (AM) operation of MEMS that can obtain
a larger displacement at the mechanical resonant frequency fugwms.

additional components such as diodes whose forward voltage (V)
produces certain power losses. To date, several reports of thermal
actuator remote powering are found in literature. In 2009, Li et al.
presented a Parylene-based Electrothermal Valve integrated with
10 mm-¢ wound inductor with matching capacitor, for remote drug
delivery experiment with a mouse [24]. Following the SMA gripper
demonstration [23], Takahata’s group realized a couple of thermal
microactuators: Ali etal. proposed in 2013 a SMA spiral coil actuator
of approximately 6 x 6 mm. The coil moved out-of-plane direction
and formed a 466 pm-high pyramidal shape at 233 MHz RF wave
[25].In 2015, Fong et al. presented a 9.2 x 2.7 mm-sized spiral SMA
bimorph actuator driven at 185 MHz [26], and Ali et al. presented
a thermo-pneumatic micropump heated by 7 x 5 mm-sized spiral
inductor of 570 nH and 6.69 pF of integrated capacitor at 81.5 MHz
[27].In the same year, we demonstrated a 500 x 20 wm-sized poly-
imide bimorph (ciliary motion) microactuator by 520 x 520 pwm
spiral inductor at 1 GHz [13]. The on-off-keying (OOK) demonstra-
tion of a ciliary motion actuator providing 15.8% power efficiency
is presented in Section 4.

Section 5 demonstrates MEMS remote operation in the case of
capacitive (electrostatic type) actuators. Capacitive MEMS can be
a C part of the LCR resonant receiver circuit, as shown in Fig. 4(c).
It is because the typical value of the MEMS microactuator device
is approximately 1 pF, and with a typical MEMS-sized inductance
(10nH), the resonant frequency yields 1.59 GHz. A bonus for MEMS
operation as the capacitive load of a series resonance circuit is
the voltage multiplication by the LCR circuit at the resonance
frequency. Moreover, a capacitive MEMS such as a comb-drive actu-
ator with silicon springs often has mechanical resonance behavior.
At the resonant frequency fyems, @ movement larger than its intrin-
sic movement (defined by x = F[k) is obtainable. Such an operation
is possible by amplitude modulating (AM) the carrier wave at the
MEMS operation frequency, as shown in Fig. 4(d). Note that a nom-

Fig. 5. (a) Equivalent circuit of wireless energy transfer system. (b) Its T-equivalent
expression.

inal MEMS operating signal frequency fn, is in the order of several
kHz so that the carrier frequency fc, which is the circuit resonant
frequency, can be chosen independently.

2. Design of energy transfer inductor for MEMS integration

In this section, a top-down design methodology is discussed. The
design mainly refers to inductor design. We use Imura’s approach
[28] to express the system using a T-shape equivalent circuit, as
shown in Fig. 5. The model in the Kurs et al.’s paper [29] was
not used because their decay-based model was useful for physical
understanding but was not practical for electrical circuit analysis.
The maximum power transfer efficiency 751 =151 |% and its relation-
ship with the coupling coefficient k is discussed at first. S =2V, [V,
is the forward voltage gain in the scattering matrix [30]. Then, two
cases in which a part of the components in the secondary (receiver)
circuit is replaced by either resistive or capacitive MEMS are ana-
lyzed. Based on such circuit-level understanding, a MEMS-sized
inductor design methodology is discussed. The role of the MEMS
designer is to find the best combination for the tradeoff between the
characteristic values, under the system requirements and restric-
tions of the fabrication process and driving circuitry.

2.1. Transfer power analysis

In the equivalent circuit (Fig. 5), L1 and L, are inductors with
series parasitic resistances of Ry and Ry, respectively. They have a
mutual inductance M due to the linked field: M = k+/L{L,. C; and
C, are external capacitances for series resonance. The source and
load resistances are both denoted as Zy, and in the case of resistive
MEMS, the microactuator takes a part of Zy at the Rx side. Accord-
ing to the premise in this article, identical coils are used for both
transmitter and receiver (.-, Ly =L, =L, Ry =R, =R) and in order to
match the frequency of both the Tx and Rx, capacitances must be
the same, i.e., C; =, =C. Sy is calculated to be:

521 2V2 _ ijMZO (1)
- . 2’
Ve o M2 [(R+2Z0)+j (oL - )]

where j2 =—1. At the intrinsic resonant frequency wy = 1/vLC,

2jwoMZg _ 2jZy

(2)
M2+ (R+2Z5)°  woM + (R+Z)*/woM

Sa1 =
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|

Fig. 6. T-equivalent circuit of wireless energy transfer system to drive thermal
MEMS actuator.

By considering Eq.(2) as a function of wg M(>0), the maximum value

_JZ
So1 = Zo + R (3)

or

su1= | a7
=T R/Zo
is obtained at
(R+2p)*
woM
M . R+ZO

k= T = “aol (6)

a)oM =

It should be noted that by analyzing the impedance Z;1 =V4 /I
at the limit of Zyg, R— 0, two split resonant frequencies can be
observed. The phenomenon is not directly used in the applications
of this article.

1

WLH= —F——— (7)
(L+M)C

2.2. Wireless energy transfer circuit applied to resistive MEMS

To apply the circuit to a resistive load, we replace the output
load Zy with Ryems, as shown in Fig. 6. The power dissipation in
Rmewms is given by Pyiems = R[5, where * denotes a complex con-
jugate number. Therefore, the maximum output current I, gives
the maximum actuation of the resistive MEMS. I, is given by the
following equation:

I = JjoM
*7 (M) ¢ [(Zo +R1) +j(wli = 5]
41
{(RMEMS +Ry) +j(wly — wLCz)] (8)

Presuming identically sized coils, the maximum value is obtained
atwg = 1/VLC =1/4/L1Cy =1/4/L,C; as:
JjwoM

V. 9
(0oM)? + (Zo + Ry )(Rmems + R2) ! ©)

I =

J
= Vi (10)
woM + (Zo+Rq )gi)nl/{;ms +Rp)

Considering the fact that wgM >0, Eq.(10) takes the maximum value
at the following condition:

(Zo + R1)(Rmewms + Ro)

v , (n

woM =

which gives the relationship between the resonant frequency,
inductance, coupling coefficient, and resistances:

kwor/L1Ly = \/(Zo + R1)(Rmems + R2). (12)

Fig. 7. T-equivalent circuit of wireless driving system for capacitive MEMS actuator.

The maximum power consumed in the microactuator is therefore
derived to be:

RmEMS 2
Ve, 13
Zo R )Ry + ) 1 (13)

Eq. (13) demonstrates that no rectifier device such as diode is
necessary for driving a resistive MEMS. Interestingly, the maximum
power can be defined by the output impedance of the transmit-
ter, regardless of the resistance of MEMS itself, by minimizing the
parasitic resistances Ry and R;.

Pyvems = Rvemsl2 o+ =

2.3. Capacitive MEMS driving system analysis

Fig. 7 shows a T-equivalent circuit for capacitive MEMS driv-
ing. The idea is to use the MEMS capacitance as a part of the
receiver LCR circuit. The capacitance required for MEMS actuation
can be derived top-down using the virtual displacement method:
The actuator force is given by a derivative of the stored energy
U= CV?2/2 by the variable of examining orientation. The typical value
is in the sub-pF range. The anchor electrode often has a bigger para-
sitic capacitance; a 150 um x 150 wm anchor electrode overa 1 um
SiO, insulator* gives a parasitic capacitance of 0.74 pF to the sub-
strate. The working MEMS (variable) and parasitic anchor (fixed)
capacitances constitute the total MEMS capacitance Cygms.

The voltage across Cygps is given by the following equation:

M 1
) = :
Cvems (@M)? + [(Zo +Ry) +j(@ly — t-))]

\Y
! 1 (14)

[Ro 0L ~ oyt

The imaginary part in Eq. (14) can be canceled at the resonant

frequency wq = 1/+/L1C1 = 1/+/L,CuEms. The voltage across the
MEMS yields:

M 1
V2 = >
CMEMS (01 M)? + (Zo + R1)R>

By rearranging the equation withL=L; =L,, C=Cygms = C1,and w; =
1/+LC and M =KL,

1

(15)

Vom — (16)
(Zo+RR,C
k+ ] 1kL2 MEMS
Eq. (16) gives its maximum value:
vzzﬁw S S (17)
2+ / Zo+R1IRa Cumemis
I
at the following condition
k = o+ R1)R2Cuwmss (18)

kL

4 Relative permittivity is assumed to be 3.7.
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Fig. 8. (a) Geometries of the planar coil for algebraical inductance and resistance
estimations. (b) Equivalent circuit used in this article.
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Eq. (17) demonstrates the possibility of not only capacitive remote
powering but also voltage multiplication. For example, for a cou-
pling coefficient k=0.05, it is possible to obtain 10 times voltage
multiplication of the applied voltage V, across the MEMS capacitor.

2.4. Resistance and inductance of planar coil

Egs. (4), (13), and (17) show that more power is transferred if
the series parasitic resistance R is small. However, there is a trade-
off between the series resistance and the self inductance: A higher
turn number n may produce higher L, but the wire becomes longer
and narrower under a fixed size, resulting in a larger R. The designer
must therefore find the best combination for such a tradeoff. We
assume a square planar coil in this article, as shown in Fig. 8(a). The
equivalent circuit can be expressed as shownin Fig. 8(b). Among the
equivalent circuit components, the inductance L and series resis-
tance Rs are the most important ones because L dominates the
frequency for energy transfer and Rs dominates the transfer loss
of energy transfer. These two values can be calculated algebraically
from geometrical values.

According to Neagu et al., the inductance of a planar square coil
is given by the following equation [33]:

1+«

_ Mng(l 3

2 —
np? o)1 —-a)|ln -

2 +o. 22351— +0. 726} (19)
where g, Do, p, and o are the magnetic permittivity
(47 x 10~7 H/m), outer diameter, pitch of the wiring, and ratio of
inner and outer diameters D;/D,, respectively. The inner diameter
D; is given by the following equation:

D; = Do — 2w — 2p(n — 1). (20)

The series resistance Rs is given by the total length [, width w,
thickness t, and resistivity p of the wiring material. The total length
of the winding is given by:

= {Z4[D0—2(i—])—w]} ~p=4n(Do —w+p - pn) - p.
- (21)

Therefore, the total resistance is given by the following equation:
R= L (4n(Do —w+p - pn) - pl, (22)

Another important part of the coil is the parasitic capacitance
Cp that gives the parallel self resonance of the inductor; however,
the value depends highly on the environment, including substrate
material, thickness, etc. Therefore, in this article, the value was
roughly estimated first by simulation using 3D CAD (Keysight ADS),
and then, the precise value was extracted by fitting the measured
data. The parallel resistor Rp, which dominated the equivalent

Inductance L, [nH]

Resistance R, [Q]

Fig. 9. (a) Inductance L and (b) resistance R as functions of coil turn n and width w.

inductance near the parallel resonance frequency, was not taken
into account in the CAD simulations and was extracted only by
post-fitting.

2.5. Examination of possible combinations of inductance and
resistance

Before searching for an optimal condition, it is worthwhile to
observe the tradeoff between the obtainable inductance and resis-
tance. The number of coil turns n and wiring width w are the two
variables that MEMS designers can define by themselves. The other
values are technology-dependent process parameters. The process
parameters used in this article were defined by presuming an inte-
grated circuit (IC) process as follows: (1) Thickness: t=2.4 um,
which was realized by a two-level metal process, (2) Material: Alu-
minum, p=27.8n2m at 300K. (3) Gap between electrodes: 10 p.m,
yielding p = w + 10, which was defined mainly by the lithography
process limitations. Among the design parameters, D, was defined
to be 520 pm, so that the size of the coil was equivalent to that of
typical MEMS, for example, the ciliary motion actuator presented
in Section 4. The substrate was chosen to be fused silica, 500 pm in
thickness; however, it does not directly appear in the analyses in
this paper.

Fig. 9(a) and (b) shows the calculated relationships of induc-
tance and resistance, respectively. The points were calculated using
a spreadsheet program (GNU gnumeric version 1.12.11) and plot-
ted using a graphing utility (GNUplot version 4.6 patchlevel 5). In
the calculations, the coil turn n was varied fromn=3ton=9,and the
width w was increased from w = 1 pm to 30 wm in steps of 1 pm.
The values varied from (L,Rs)=(5.21nH, 1.88€2) at(n, w)=(3,30 Lum)
to (L, Rs)=(53.0nH, 180€2) at (n, w)=(9,1 pwm). The trend could be
observed more clearly by plotting Rs as a function of L, as shown
in Fig. 10. The solid lines on the figure were directly calculated
by the GNUplot graphing utility using equations, thereby confirm-
ing the calculations and showing the dependency on coil turns
more clearly. The general trend was that the parasitic resistance
Rs increased inversely proportional to the coil width, and propor-
tional to the the turn number. L and R followed the same trend: the
higher the L, the higher the Rs. The curvature of the plot indicated
the existence of some optimal values.
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Fig. 10. Relationship of inductance L and resistance R.
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Fig. 11. Coupling coefficient k and obtainable maximum efficiency 1,; for Z, =50 €2,
fo =1.3GHz.

2.6. Finding optimal value for given restrictions

By constraining the combinations of L and Rs, the maxi-
mum power efficiency 71,1 =|S,1]? and the required coupling
coefficient k could be calculated, as shown in Fig. 11. The
source and load resistances Zy =50 2 and the energy transfer fre-
quency fo=wgo/27w=1.3 GHz were given as the system boundary
conditions.” S,1 and k were calculated using Eqs. (4) and (6), respec-
tively. The graph clearly shows the existence of k values for which
the power transfer efficiency can exceed 80% when using the cho-
sen MEMS-sized microinductors (Do =520 pm).

The MEMS designer can choose an appropriate combination of
coupling coefficient and maximum power efficiency according to
the system requirement, and then, the geometry of the coil can be
selected top-down. For example, there are six possible combina-
tions to satisfy 17,1 =83%, as shown in Fig. 11. By summarizing the
candidates in Table 2, a certain amount of saturation is observed
between five and six turns. It is, therefore, reasonable to choose
values in this area.

3. LC transceiver fabrication and power transfer efficiency
measurement

Inductors were fabricated through a standard lithography pro-
cess on a 500-pm-thick fused silica substrate. The process used
a 1.2-pm-thick two-layer aluminum metal and 1-pm-thick sput-

5 In this project, an amateur radio transceiver in the 1296 MHz band was initially
planned to be used as the power source.

Table 2

Possible inductor designs to satisfy 1,1 =83%.
Coil turns 3 4 5 6 7 8
Width w [um] 13 16 18 20 21 21
L [nH] 6.82 10.2 12.8 14.0 14.4 14.4
Rs [€2] 491 4.92 5.00 4.84 4.81 4.96
n21 [%] 829 829 82.6 83.1 83.2 82.7
k[%] 98.6 66.0 48.0 46.7 46.7 46.6
C[pF] 2.198 1.47 1.17 1.07 1.04 1.04
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Fig. 12. (a) Photomicrograph of 2.5-turn coil and (b) frequency dependence of
inductance.
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Fig. 13. (a) Photomicrograph of 5.5-turn coil and (b) frequency dependence of
inductance.
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Fig. 14. (a) Photomicrograph of 8.5-turn coil and (b) frequency dependence of
inductance.

tered SiO, insulator. Figs. 12(a), 13(a), and 14(a) show the
fabricated coils with 2.5, 5.5, and 8.5 turns. The designed values
are as follows: outer diameter Do = 520 m, wire widthw = 20 um,
and pitch p=30 um. The chip was designed to be measured using
a vector network analyzer (VNA, Keysight Technologies N5247A).
A ground-signal-ground (GSG) probe (Cascade Microtech, ACP50)
was used to contact the pads. In order to measure inductors through
a pair of GSG probes, the two ports of the inductor (i.e. current inlet
and outlet) had to be placed at the opposite side. Such design is not
only widely deployed for RF inductors [31,32] but also practically
very useful to create a series resonant circuit; Consequently, the
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Table 3

Measured and calculated inductance. Meas: Measured, Eq. (1): Neagu’s model [33],
Eq.(2): Adapted Wheeler's model [35], Eq. (3): Current sheet approximation, Eq. (4):
Data fitted monomial expression. Eqs. (2)-(4) were from [34].

n Meas [nH]  Eq.(1)[nH] Eq.(2)[nH] Eq.(3)[nH] Eq.(4)[nH]

25 53 4.6 6.00 6.13 6.16
(—15%) (+12%) (+14%) (+14%)

55 12.7 131 15.0 14.83 14.76
(+3%) (+15%) (+14%) (+14%)

85 15.0 15.3 16.9 17.54 16.24
(+2%) (+11%) (+14%) (+8%)

spiral coil turn numbers in the following experiments were not an
integral number but integral and half.

3.1. Equivalent circuit extraction

Calibration was done using the short, open, load (50 €2), and
through structures in an impedance standard substrate (Cascade
Microtech, 101-190). On the same chip, there were three identi-
cal devices for each design, and the S-matrix measurement results
of each design were averaged. The S parameters were then con-
verted to admittance matrices Y and the impedances of the coils
were calculated by Zpyr=-1/Y12 = +jB. Then, the inductances
were calculated by assuming that the imaginary part came from
the inductance (j8=jwL — L= B|w) as plotted in Figs. 12(b), 13(b),
and 14(b). In each figure, the L portion calculated based on the
model is plotted with a green line. The fitting results show that
a simple series resistance Rs, parallel parasitic capacitance Cp, and
limiting parallel resistance R, model can well express the frequency
response of the coil.

Table 3 compares the extracted inductances with algebraical
calculations. In addition to the inductance value with Neagu et al.’s
model [33] that we used in the previous sections for energy transfer
efficiency estimation, those with three models derived by Mohan
et al. [34] were calculated. The additional models were adapted
Wheeler’s model [35] (denoted as Eq. (2) hereafter), current sheet
approximation (Eq. (3)), and data fitted monomial expression (Eq.
(4)). In Mohan'’s paper, non-integer coil turns (such as 6.5 and 5.75)
were used. Therefore we considered that the equation was applica-
ble to our case (i.e. half integer) as well. The discrepancy in between
the extracted and calculated inductances varied from —15 to +15%
for all the cases. Mohan disclosed their “measured” 61 inductors
tableS in his article [34], and we could statistically benchmark the
absolute error of his models. The values were —4 to +6%, —4 to +10%,
and —30 to +18% for Eq. (2), Eq. (3) and Eq. (4), respectively. Also by
taking the fact that Mohan’s “measured” values were in fact calcu-
lated results of field solver, it can be said that our strategy of taking
Neagu’s equation could give values within a reasonable error.

3.2. Wireless power transfer experiment

Fig. 15(a) shows a photograph of the wireless energy transfer
measurement. The forward voltage gain S;; was measured using a
pair of 5.5-turn coil chips. The chip was mounted on an FR-4 type
(glass epoxy) PCB, and was wire-bonded with 25.¢ aluminum wire
using a manual wedge bonder (WestBond 7476D). The chips were
aligned face-to-face and fixed with a screw of 3 mmg¢ to stabilize
the measurement. The gap between the coil surfaces was 65 pum,
as illustrated in Fig. 15(b).

As shown in Fig. 16, the energy efficiency 1y =|S1|> was
calculated from the measurement. Two cases were tested: (a) Sim-
ple induction i.e., without series capacitance, which produced a

6 Table IV of the article [34].

FR-4 PCB

Spm

ps

hi
Al wire bond
(a) (b)
Fig. 15. Two 5.5-turn D, = 520 wm coil antennas were coupled face-to-face and the

wireless forward voltage gain was measured by a VNA. (a) Photograph and (b)
schematic view.
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Fig. 16. Wireless energy transfer efficiency of resonant mode (with capacitance,
solid line) and non-resonant mode (without capacitance, broken line).

maximum efficiency of 6.7%. (b) By adding a 1 pF on-chip metal
(Al)-insulator (SiO, )-metal (Al) series capacitor next to the induc-
tor (on the same substrate) at each side, the efficiency was increased
8.3 times (to 55.6%). It is because the inductive term in the effi-
ciency equation was canceled by the series capacitance. From
1.03 GHz to 1.18 GHz, the resonant efficiency had a plateau with
the highest value. The bandwidth measured from the —3 dB points
(P=0.5Pmax) was 669 MHz (846 MHz to 1.515GHz). The simplest
model, shown in Fig. 5 and calculated using equation (1), showed a
good approximation. The obtained parameter values were slightly
higher than the intrinsic ones: L by 4.1nH (12.7-16.8 nH), C by
0.42 pF (1-1.42 pF), and the series parasitic resistance Rs by 0.46 2
(9.5 Q2 to 9.96 2).” By another measurement, the wire bonding of
approximately 2 mm length, to connect the device to the FR-4 PCB
line, was measured to be L=2.1nH and R=0.18 2. Therefore, the
main cause of the L and R increases could be attributed to the bond-
ing wires (-.-2.1 x 2=+4.2nH, 0.18 x 2=+0.36 2). The real cause of
the increase in Cis kept, and to explain in detail is out of the scope
of this article. Instead, C was fitted post-measurement, together
with the coupling coefficient k. In summary, we could conclude
that, highly efficient (55.6%) RF energy transfer was performed for
Zo =502 with a moderate coupling coefficient k=0.34.

4. Resistive microactuator on-off remote operation

The coupled LC circuit used in the previous section was con-
nected in series to a thermal actuator off the chip. The LC circuit
and actuators were fabricated separately on different chips and
were connected by wire bonding. As shown in Fig. 17, the actu-
ator was made on a standard Si wafer with two different types
of polyimide layers with low and high coefficients of tempera-
ture expansions, which sandwiched a Cr/Au resistance (heater) line

7 Limiting parallel resistor Ry, identified in Fig. 13 was not considered because it
was not dominant in the used frequency range.
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Fig. 17. Schematic view of a resistive (ciliary motion) microactuator.
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Fig. 18. RF impedance of the resistive microactuator.
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Fig.19. (a)Initial state. (b) Head of thermal actuator goes down with 1 GHz RF wave.

20 wm in width and 0.1 wm in thickness [36]. The length and width
of the actuator was 500 pm x 100 wm. Beneath the cantilever, alu-
minum was placed as a sacrificial layer and the cantilever curled
up by 40 pm after the sacrificial layer etching. The resistance and
inductance of the actuator were identified through the one-port
measurement of the reverse scattering matrix S11 and by converting
it into impedance using the following equation:

1+S
1-S

Zyipmss = E Zo — 2Ryire — 2L yire. (23)
where Ry and L. refer to the resistance and inductance,
respectively, of a 2 mm-long bonding wire. Their values had pre-
viously been identified by short measurements (i.e., Zyjgms =0) to
be Ryire =0.18 2 and Lyjre =2.1 nH. Fig. 18 shows the real and imag-
inary parts of Zygms and the equivalent circuit. The resistance and
series inductance of the microactuator were identified as Rs =13
and Ls = 2.4 nH, respectively. As parasitics, a parallel capacitance of
3 pF and a current-limiting parallel resistance Rp =85 2 were iden-
tified; these parasitics were not dominant at the frequency (1 GHz)
of the following experiment (*"Rs ~Z; =15 Q « Zc =53 Q< Zp).

The transmitter LC circuit was driven by an RF power source
(Keysight Technologies, N9310A). The coils were placed at a dis-
tance of 90 wm. By applying the RF wave of 44.7mW at 1GHz
to the first port (Tx circuit), the thermal actuator connected to
the second port (Rx circuit) was heated up and the head of the
microactuator was moved. As soon as the carrier wave was cut,
the head of the actuator recovered its initial shape, as shown in
Fig. 19. The movement distance was measured to be 20 pm, by a
microscope. The equivalent applied power to the actuator was esti-
mated by directly powering the actuator using DC: The current that
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Fig. 20. Equivalent circuit of thermal actuator RF actuation experiment.
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Fig. 21. Silicon MEMS resonator with fy = 3.26 kHz.

introduced the same amount of actuator movement (i.e., down by
20 wm) was estimated as the equivalent transferred power. The
current was measured to be 25 mA and the power was measured
to be 7.05 mW. Therefore, the power transfer efficiency was 15.8%.
Fig. 20 is a complete equivalent circuit of the thermal actuator
RF actuation experiment. In a linear circuit analysis using Berke-
ley Spice version 3f5 (AC analysis), the thermal actuator resistance
had a maximum voltage of 0.313V at 1 GHz, confirming approxi-
mately 7 mW of energy consumption at the actuator (7.6 mW in the
calculation).

5. Capacitive microactuator mechanical resonance
operation with AM carrier

As shown in Fig. 21, a silicon in-plane vibrating MEMS res-
onator was fabricated with a standard one-mask deep RIE process
on a 2 cm-square SOI chip having 20 wm, 2 pwm, and 627 wm device
layer, SiO; sacrificial layer, and handling layer, respectively. It had a
748 pm x 348 wm mass structure with 3 pm-wide, 5 wm-pitch 60-
teeth comb drive actuators on each side. On the structure, there
were 40 x 16 holes of 12 pm x 8 wm for vapor hydrofluoric acid
(VHF) dry release of the MEMS. The structure was suspended by
four 4 pum x 480 pm silicon leaf springs, at the four corners. At the
end of the spring there was a 44 pm x 100 wm hollow rectangu-
lar structure to relieve the tensile stress induced by movement. All
these values were designed values. Because of the undercut in the
first etching cycle of the deep RIE, the realized structure was thin-
ner than the designed values. The undercut is nominally 0.3 pm
from each side. The mechanical resonant frequency of the MEMS
was approximately fp =3.26 kHz. The resonator is commonly used
as a typical MEMS design in experimental courses in the authors’
institute and is known to produce mechanical amplification by a
factor of ten at the resonant frequency [37].

The MEMS and coil chip were attached to two sides of an
FR-4 glass epoxy PCB and were wire-bonded to a copper line to
create a parallel resonant circuit for the energy receiver (Rx). A
coaxial connector was attached at the end of the board to mea-
sure the impedance of the receiver circuit. The energy transmitter
(Tx) was the same one used in the previous sections, with elec-
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Fig. 22. Impedance of MEMS-coil energy receiver circuit and its equivalent model.

trical resonant frequency around 1.08 GHz. Prior to the actuation
experiment, the frequency response was evaluated using a VNA,
in the frequency range of 10MHz to 2 GHz. Two resonant fre-
quencies were observed: 827.0 MHz and 1.883 GHz. The impedance
was modeled as shown in Fig. 22. The inductances of the bond-
ing wires were added in between the MEMS capacitor and the
inductor. The values were initially taken from individual mea-
surements described before, and then identified by manual coarse
search and least-squares fitting using the GNUplot graphing tool. In
the results, all intrinsic values of coil inductance Ls (12.7-11.0 nH),
its series resistance Rs (9.5 €2), bonding wire inductance to the
coil Ly (4.2-3.93nH), and MEMS capacitor Cygms (1.4-1.08 pF)
stayed in the same order of magnitude. Although the parasitic par-
allel capacitance Cp (57fF to 1.39 pF) and bonding inductance to
MEMS actuator Ly, (4.2-12.7 nH) were larger than the previously
modeled values, and the limiting parallel resistance of the coil Rp
(4900-1100 2) decreased from the fitting result of individual mea-
surement, their values stayed within the same orders of magnitude
and the changes could be attributed to the environmental condi-
tions such as longer bondwires and parasitic capacitances from the
adjacent metal components. The remaining discrepancies could be
decreased by adding more components such as a series resistance;
further data may lead this article out of scope.

The entire view of the measurement setup is shown in Fig. 23. A
sinusoidal driving signal f, for MEMS was fed from the microsys-
tem analyzer (Polytec MSA-500, Planar Motion Analyzer version
2.6) to the amplitude modulator of the RF generator N9310A. The
RF-modulated output was fed to the MEMS under synchronous
stroboscope microscope surveillance. The video images of the
moving comb-drive teeth were analyzed using the built-in image
recognition software of MSA-500, and the Bode diagram was
obtained. The resonance of the MEMS used in the experiment could
be expressed by a simple spring-mass-damper differential equation
[37]:

2
m%-‘rC% + kx = F sin wt, (24)
where m, ¢, k, F, w, and t are the representative mass, damping,
spring constant, applied force, and angular frequency, respectively,
of the sinusoidal wave (w =27 f). The solution derived from Eq. (24)
is as follows:

X= Xst sin(wt + B), (25)

(1-,2)* +(2c¢)?

F
Xst = E, (26)

oM = \/E= 27fm, (27)
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Fig. 23. (a) Photograph of experimental setup and (b) schematic diagram of the
experimental system.

1 2k¢
p=-tan"! 5, (28)
@
o= (29)
c
= (30)

Cco =2/ mk, (31)

where xg, B, k, wy, ¢, and ¢q are the static displacement, phase
delay, relative applied frequency, intrinsic mechanical resonant
angular frequency of MEMS, relative loss factor, and intrinsic stored
energy, respectively.

Three configurations were tested: (a) AM RF signal was directly
fed to MEMS. (b) AM RF signal was fed to receiver through induc-
tive coupling; the series capacitor at the transmitter side (Fig. 23)
was omitted. (c) AM signal was fed to the receiver through res-
onance coupling; Tx circuit was a series LC resonant circuit with
Cs =1.36 pF. The measured Bode amplitude results were analyzed®
through least-squares fitting with Eq. (25). The carrier frequency f.
was 750 MHz and its output power for Z, = 50 2 was set t0 96.8 mW.
The amplitude of the baseband signal (at fr,) was set to 0.5V (zero-
peak) and the modulation rate was set to be 100%. The distance
between coils was 54 pum. As shown in Fig. 24, the AM RF signal
carrier could drive the MEMS, by using the MEMS device itself as
a rectifier. Eq. (25) could express well the mechanical resonance
behavior. The static displacement xg, i.e., movement obtainable
while the MEMS was not in mechanical resonance, was found to be
(a) 2.0nm, (b) 2.2 nm, and (c) 2.86 nm. It should be noted that the
maximum amplitude at resonance is approximately given by xs¢/2¢
(-.:¢=0.012 « 1), yielding (a) 83 nm, (b) 92 nm, and (c) 119 nm. The
analysis result confirmed an important finding described in Section

8 Phases were also analyzed and coherent results were obtained.
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Fig. 24. Bode amplitude diagram of MEMS mechanical resonator remote driving.
Label “Direct” refers to the case in which AM signal was directly fed to MEMS.
Label “Inductive”: Power was sent to inductive coupling but series capacitance in
the Tx circuit was omitted (short-circuit). Label “Resonant”: AM signal transfer by
resonance.
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Fig. 25. Maximum amplitude dependency on carrier frequency f.. Measurement
results were analyzed with equivalent models.

2: “The LC resonant power transfer can produce a larger movement
compared to the direct connection”. Such a scheme is extremely
interesting because a MEMS driving circuit can work at a low volt-
age, and the voltage amplification is done in the MEMS chip (not in
the LSI driver chip), thereby, validating the idea of separating the
MEMS chip from the resonating receiver (Rx) and the LSI power
transmitter (Tx).

Fig. 25 summarizes the peak amplitude dependence on carrier
frequency fc.. Despite £10nm of random fluctuations due to the
limited magnification and recognition error of in-plane measure-
ment of MSA-500, a model-based analysis could express the general
tendency. The maximum amplitude xm,x was proportional to the
static displacement x¢, which was proportional to the applied force
F (by Eq. (26)). The applied force was proportional to the square of
the voltage across the capacitive MEMS Vygvs. The above discus-
sion can quantitatively be expressed by the following equations, by
introducing an overall conversion factor «:

Xmax = ¢VMEMS Viiems (32)
where Vj;-\s denotes a complex conjugate number.

For calculating Vyeums, the simplest models were adopted. In the
case of (a) direct connection, a series resistance R was considered.
VMems and xmax were given by the following equations:

Vo

- s 33
1+ joCyvems(Zo + R) (33)

VMEMS =

aV2

1+ 02Cps(Zo + R

Xmax = OlVMEMSV]T/[]-:]\/[s = )2 s (34)
where V,, Z,, and Cygvs are the effective output voltage at the
source, output impedance of the source, and capacitance of MEMS,
respectively. The maximum amplitude of cases (b) and (c¢) could
also be modeled by using Eq. (32). Vyems was given by Eq. (14)
with the simplest equivalent model described in Section 2.

Initial values were taken from the individual measurements
such as from a coupled inductor energy transfer analysis (Fig. 16),
and were least-squares fit using the measurement data. First, the (a)
direct connection case was analyzed. The obtained conversion fac-
tor «V2Z = 109 nm and effective MEMS capacitance Cygys =2.17 pF
were used for the following analyses. Then, the case (c) resonant
transfer was fit through Ly, L,, Ry, and C;. The coupling coefficient
k was set to 0.4 because the distance was shorter than that of
the previous experiment (54 pm instead of k=0.34 for 65 m). It
turned out that the combination of L; and L, could minimize the
error of either of the (b) or (c) measurements: to optimize case (b)
(L1,Ly)=(11.6,18.1)[nH] and case (c¢) (L1, L, )=(25.8, 18.4) [nH]. By
taking L, from the value obtained from the power transfer mea-
surement in the last section (Fig. 16), an effective combination of
inductances was identified as: (L1, L;)=(16.8, 18.3) [nH]. As shown
in Fig. 25, the modeled lines and measurement lines agree well,
thereby validating the equivalent model analysis. The analysis also
suggested the existence of a maximum efficiency frequency, which
was approximately 750 MHz in the case of the authors’ experiment.

6. Conclusions

A concept to remotely feed actuation power to MEMS actua-
tors using a UHF RF wave was proposed. This article theoretically
derived and experimentally demonstrated that such actuation was
possible by coupling MEMS-sized small inductances and config-
uring them in an LCR series resonance. The planar spiral coil of
520 pm x 520 pwm, which was the same order in size as the typical
MEMS devices was measured to have an inductance of approxi-
mately 10nH and a self resonant frequency above 5 GHz. Using a
pair of the coils, within the configuration of coupled series LCR
resonant circuit, a 55.6% power efficiency was demonstrated for
the load impedance Z, =50 $2, which was 8.29 times as large as
that of simple induction coupling, i.e., without series capacitor. The
coupling coefficient was identified to be k=0.34 for a distance of
65 wm. Using the devices, two major types of MEMS actuators were
driven remotely. One was a thermally actuated ciliary motion actu-
ator, which appeared as approximately 13 2 of resistance in an
equivalent circuit. Remote power of 7.05 mW was consumed by
the thermal actuator to provide 20 pm of movement, for a 1 GHz
44,7 mW carrier wave input. The mode of operation was OOK;
the actuator moved as long as the carrier wave was fed to the
MEMS through the inductors. The other was a standard electrostatic
comb-drive actuator integrated to a MEMS resonating structure of
fm=3.26kHz. The 750 MHz 96.8 mW sinusoidal carrier wave was
amplitude-modulated with 0.5V sinusoidal low-frequency signal
and was fed to the actuator. Approximately 4120 nm of sinusoidal
movement was observed using a stroboscopic microscope. The
movement analysis showed that it was possible to provoke ana-
log (not on-off) operation with the AM wave. Three configurations
were compared and it was experimentally and theoretically proven
that the resonant circuit could introduce a voltage amplification
when compared to inductive coupling and direct connection of the
AM wave to the MEMS device. All the circuits in the experiments
could be analyzed as lumped parameter systems. The last impor-
tant message of this article is that both thermal and electrostatic
actuators work using the square of input—current for thermal and
voltage for electrostatic actuator—and therefore, it is the MEMS itself
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that rectifies the energy by simply connecting LC components. This
fact systematically ensures the highest power efficiency when com-
pared to any other existing method that uses additional rectifying
components such as diodes. High power efficiency is an extremely
interesting feature for power-aware system design. Future research
direction may include integrated transmitter circuit research for
MEMS operation and deployment in remote MEMS powering. The
power-aware system design methodology presented in this arti-
cle may open a door toward autonomous distributed sensors and
actuator systems for the future.
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