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Self-Tuning Microelectromechanical Impedance Matching Circuits and Methods of

Fabrication

CROSS REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims the benefit of U.S. Provisional Pat. Appl. No.
62/384,657, filed on Sept. 7, 2016, incorporated herein by reference as if fully set forth herein.

FIELD OF THE INVENTION

[0002] Self-tuning microelectromechanical impedance matching circuits are
disclosed. The microelectromechanical circuit has at least one electromagnetically tunable
reactance device connected to a first mechanical spring. In a preferred embodiment, the self-
tuning microelectromechanical circuit has at least one electromagnetically tunable capacitor
element connected to a first mechanical spring and at least one electromagnetically tunable
inductor element connected to a second mechanical spring in which the tunable inductor
element and tunable capacitor element are connected electrically. The self-tuning
microelectromechanical impedance matching circuit has an unloaded self-resonant
frequency omega_UL = 1/SQRT(L_o*C_o) where L_o is the equilibrium unloaded circuit
inductance and C_o is the equilibrium unloaded circuit capacitance. When an AC electrical
signal is applied to the self-tuning microelectromechanical circuit, electromagnetic forces are
created in the tunable capacitor and tunable inductor elements, which move the elements
and increase or decrease the inductance and capacitance of the self-tuning circuit and change
the resonant frequency omega = 1/SQRT(L*C) until resonance is achieved or other physical
limits are reached. The circuit will self-tune toward resonance with sufficient electromagnetic
forces if the resonant frequency is within a range of values that can be obtained by the self-
tuning capacitive and inductive elements. Various methods of providing variable capacitance
and inductance for self-tuning microelectromechanical circuits and methods of circuit

fabrication are described.

BACKGROUND OF THE INVENTION

[0003] Radio frequency communications such as cellular, WiFi, Bluetooth, Zigbee, etc.

require a range of different frequencies and circuit filtering techniques to facilitate clear



WO 2018/048712 PCT/US2017/049615

communication. RF antennas are increasingly required to operate over wider ranges of
frequencies, resulting in performance degradation across frequencies. Current techniques to
tune antennas involve switching banks of discrete capacitors that involve feedback and
complex algorithms. Lumped matching networks provide discrete frequency filtering but
suffer from significant insertion loss and are difficult to tune in real time. Current techniques
also consume significant power and do not provide fine tuning to achieve high Q. It would be
extremely beneficial to provide passively self-tuning impedance matching circuits to improve
power and signal transfer, reduce wasted power consumption and signal reflection, and
reduce algorithm complexity needed to tune discrete networks. In addition, energy
harvesting and inductively coupled power transfer circuits are sensitive to impedance
matching but do not employ economically viable methods to self-tune impedance to

maximize power transfer.

[0004] This “Discussion of the Background” section is provided for background
information only. The statements in this “Discussion of the Background” are not an admission
that the subject matter disclosed in this “Discussion of the Background” section constitutes
prior art to the present disclosure, and no part of this “Discussion of the Background” section
may be used as an admission that any part of this application, including this “Discussion of

the Background” section, constitutes prior art to the present disclosure.

SUMMARY OF THE INVENTION

[0005] Embodiments of the present invention relate to a self-tuning impedance-
matching microelectromechanical (MEMS) circuit, methods of making and using the same,
and circuits comprising the same. The self-tuning impedance-matching MEMS circuit
generally comprises a first tunable reactance element connected (directly or indirectly) to a
first mechanical spring and having a tunable reactance, a second tunable or fixed reactance
element, one or more electrical connections between the first reactance element and the
second reactance elements, and an AC signal source configured to (i) provide an AC signal to
the first and second reactance elements and (ii) create an electromagnetic force on the first
reactance element that moves the first reactance element and tunes the self-tuning

impedance-matching circuit toward resonance with the AC signal. The AC signal has a
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frequency. One of the first and second reactance elements comprises a capacitor, and the

other of the first and second reactance elements comprises an inductor.

[0006] In various embodiments of the self-tuning impedance-matching circuit, the
first reactance element comprises a self-tuning capacitor element or a self-tuning inductor
element. In further embodiments of the self-tuning impedance-matching circuit, the first
reactance comprises a self-tuning inductor, the second reactance element comprises a self-
tuning capacitor, and the self-tuning impedance-matching circuit further comprises an
electrical connection between the self-tuning inductor and the self-tuning capacitor. All or

part of the electrical connection may comprise a superconducting material.

[0007] In other or further embodiments of the self-tuning impedance-matching
circuit, the first reactance element may be connected in series or in parallel with the second
reactance element, and/or the self-tuning impedance-matching circuit may further comprise
a plurality of actuator electrodes electrically coupled to the first reactance element. The
actuator electrodes may be configured to fine tune or de-tune a resonance of the self-tuning

impedance-matching circuit.

[0008] Another aspect of the present invention relates to a method of fabricating a
self-tuning microelectromechanical circuit, comprising forming a first
microelectromechanical (MEM) structure and a second mechanical or MEM structure in or on
a mechanical layer above an insulating substrate, and coating the first MEM structure and the
second mechanical or MEM structure with a conductor to form a first tunable reactance
element and a second tunable or fixed reactance element. As for the self-tuning impedance-
matching MEMS circuit, one of the first and second reactance elements comprises a capacitor,

and the other of the first and second reactance elements comprises an inductor.

[0009] In various embodiments, the insulating substrate comprises a silicon, silicon
dioxide, glass, epoxy, ceramic, sapphire, or silicon on insulator (SOI) wafer, and the conductor
comprises copper, aluminum, silicon, tungsten, titanium, tantalum, tin, nickel, gold,
graphene, platinum, silver or a superconducting material comprising niobium-titanium,
niobium-tin, YBaCuO, BiCaSrCuO, TIBaCuO, TICaBaCuO, or HgCaBaCuO. In some

embodiments, the mechanical layer comprises a mechanical substrate. The mechanical
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substrate may comprise a silicon, gallium arsenide, silicon on sapphire, silicon on insulator,
silicon carbide or silicon germanium wafer, and the method may further comprise bonding
the mechanical substrate to the insulating substrate prior to forming the first and second

structures.

[0010] In other or further embodiments, the method may further comprise forming
one or more drivers in the mechanical layer, attaching a protective cover over the first
reactance device, forming a plurality of conducting buses (e.g., external to the protective
cover), and/or forming one or more fixed capacitors and/or inductors and/or one or more
additional tunable capacitors and/or inductors. The driver(s) may be configured to move the
first MEM structure with respect to the insulating substrate upon application of an
electrostatic force to at least one of the drivers. When the method comprises attaching the
protective cover over the first reactance device and forming the conducting buses, the
conducting buses may be electrically connected to the first MEM structure and/or circuitry
configured to control movement of the first MEM structure. When the method comprises
forming one or more fixed capacitors and/or inductors, the fixed capacitors and/or inductors
may be formed in the mechanical layer and/or may be electrically coupled to the first MEM
structure. In some cases, the fixed capacitors and/or inductors comprise at least one high Q

factor inductor.

[0011] In some embodiments, the second structure is a second MEM structure, and
the method comprises forming a plurality of MEM structures including the first and second
MEM structures in the mechanical layer, and coating the plurality of MEM structures with the
conductor. In various examples, forming the plurality of MEM structures comprises
patterning and etching the mechanical layer, and coating the plurality of MEM structures
comprises depositing the conductor by sputtering, electroplating or electroless plating,

chemical vapor deposition or atomic layer deposition.

[0012] Yet another aspect of the present invention relates to a circuit, comprising at
least one device and at least one of the present self-tuning circuits, directly or indirectly
electromagnetically coupled to the device(s). The device(s) may be selected from an antenna,

an energy storage device, a piezoelectric energy harvester, a piezoelectric resonator, a MEMS
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resonator, and an inductively coupled circuit.

[0013] In some embodiments, the device(s) comprise the antenna, the circuit further
comprises a plurality of channels, and the self-tuning circuit comprises first and second self-
tuning circuits. Each channel has a different frequency. The first self-tuning circuit is
connected in series with at least one of the channels, and the second self-tuning circuit is

connected in parallel between adjacent channels.

[0014] In other embodiments, the device(s) comprise the antenna and the energy
storage device, and the self-tuning circuit comprises at least one self-tuning
microelectromechanical impedance-matching circuit. The energy storage device may
comprise a battery or a capacitor configured to store electromagnetic energy from the
antenna and/or the self-tuning microelectromechanical (MEMS) impedance-matching circuit.
Alternatively, the device(s) may comprise the piezoelectric energy harvester and the energy
storage device, and the energy storage device may be configured to store electromagnetic
energy from the piezoelectric energy harvester and/or the self-tuning MEMS impedance-

matching circuit.

[0015] In further embodiments, the device comprises the inductively coupled circuit
(e.g., an inductive power transformer or other inductively charged device), the self-tuning
circuit comprises at least one self-tuning MEMS impedance-matching circuit, and the circuit
further comprises an electrical load receiving inductive power from the inductively coupled
circuit and/or the at least one self-tuning microelectromechanical impedance-matching

circuit.

[0016] These and other aspects of the present invention will become readily apparent

from the detailed description of various embodiments below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIGS. 1A-D are diagrams showing one or more embodiments of a tunable

inductor element in accordance with the present invention.

[0018] FIGS. 2A-C show one or more embodiments of a tunable capacitor element in

accordance with the present invention.
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[0019] FIG. 3 is a schematic diagram of a series RLC circuit, including tunable inductive

and capacitive elements in accordance with embodiments of the present invention.

[0020] FIG. 4 shows a high Q vertical spiral inductor element in accordance with
embodiments of the present invention that can be added in series with a tunable inductor
and that can also be used in a self-tuning MEMS circuit simultaneously as a mechanical spring

and tunable inductor.

[0021] FIGS. 5A-D are graphs showing the reactance and impedance as a function of
the displacement of the tunable inductor and capacitor elements from their equilibrium
position, the voltage across the capacitor and the magnitude of the current in the inductor,
the energy stored in the capacitor and inductor, and the resulting electromagnetic and
mechanical restoring forces as a function of the displacement of the tunable inductor and
capacitor elements from their equilibrium position, all in accordance with embodiments of

the present invention.

[0022] FIGS. 6A-D are graphs showing the same parameters as FIGS. 5A-D for a

different example circuit.

[0023] FIGS. 7A-D are graphs showing the same parameters as FIGS. 6A-D for a circuit
configuration according to the present invention where the applied frequency is larger than

the self-resonant frequency.

[0024] FIG. 8 is a schematic diagram of a parallel RLC circuit including tunable

inductive and capacitive elements, in accordance with embodiments of the present invention.

[0025] FIGS. 9A-D show the reactances and impedances, voltage across the capacitor
and current in the inductor, energy stored in the capacitor and inductor, and resulting
electromagnetic and mechanical restoring forces as a function of the displacement of the
tunable inductor and capacitor element from its equilibrium position, in accordance with an

embodiment of the present self-tuning circuit.

[0026] FIGS. 10-13 show embodiments of the present invention using multiple

inductor or capacitor elements to provide additional tuning ranges.

[0027] FIGS. 14A-B and 15A-B show configurations of tunable inductor and capacitor
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elements, which may also include comb actuators to provide for active, independent tuning
of each tunable element, or lumped circuit elements and/or externally tunable capacitive

and/or inductive elements, in accordance with embodiments of the present invention.

[0028] FIG. 16 shows a diagram of a circuit including self-tuning
microelectromechanical impedance matching circuits and signal lines driven at different

frequencies, in accordance with embodiments of the present invention.

[0029] FIG. 17 is a diagram of a system of RF or other AC signal channels, each
employing a separate frequency, including series RLC circuit elements in which the resistance
is as low as possible and the self-tuning inductive and capacitive MEMS elements are in

accordance with embodiments of the present invention.

[0030] FIG. 18 shows a diagram of an energy harvesting circuit, including self-tuning
MEMS circuits in series and in parallel, connected between an antenna and a voltage
rectifying device, and further including an energy storage unit, in accordance with

embodiments of the present invention.

[0031] FIG. 19 shows a diagram of an energy harvesting device including self-tuning
MEMS circuits in series and in parallel, connected between a piezoelectric energy harvesting
device and a voltage rectifying device, and further including an energy storage unit, in

accordance with embodiments of the present invention.

[0032] FIG. 20 shows a diagram of a transformer including self-tuning MEMS circuits
in series and in parallel, connected to at least one side of a wireless, inductively-coupled

circuit, in accordance with embodiments of the present invention.

[0033] FIGS. 21A-U show cross-sections of structures made in an exemplary
fabrication process for self-tuning inductor and capacitor elements in accordance with

embodiments of the present invention.

[0034] FIGS. 22A-B respectively show a typical signal resonance curve for an LC

oscillator circuit and a typical plot of the electromagnetic energy stored in an LC oscillator.

DETAILED DESCRIPTION

[0035] Reference will now be made in detail to various embodiments of the invention,
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examples of which are illustrated in the accompanying drawings. While the invention will be
described in conjunction with the following embodiments, it will be understood that the
descriptions are not intended to limit the invention to these embodiments. On the contrary,
the invention is intended to cover alternatives, modifications and equivalents that may be
included within the spirit and scope of the invention as defined by the appended claims.
Furthermore, in the following detailed description, numerous specific details are set forth in
order to provide a thorough understanding of the present invention. However, it will be
readily apparent to one skilled in the art that the present invention may be practiced without
these specific details. In other instances, well-known methods, procedures, components, and
circuits have not been described in detail so as not to unnecessarily obscure aspects of the

present invention.

[0036] The technical proposal(s) of embodiments of the present invention will be fully
and clearly described in conjunction with the drawings in the following embodiments. It will
be understood that the descriptions are not intended to limit the invention to these
embodiments. Based on the described embodiments of the present invention, other
embodiments can be obtained by one skilled in the art without creative contribution and are

in the scope of legal protection given to the present invention.

[0037] Furthermore, all characteristics, measures or processes disclosed in this
document, except characteristics and/or processes that are mutually exclusive, can be
combined in any manner and in any combination possible. Any characteristic disclosed in the
present specification, claims, Abstract and Figures can be replaced by other equivalent
characteristics or characteristics with similar objectives, purposes and/or functions, unless

specified otherwise.

[0038] The present invention concerns low power self-tuning microelectromechanical
circuits that passively tune toward a resonant frequency. The present self-tuning
microelectromechanical circuits may improve power and signal transfer by using energy
stored within the same circuit. The invention also provides for active tuning or de-tuning of

the self-tuning circuits by an actuator as desired.

[0039] The present self-tuning circuit comprises at least one capacitor and at least one
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inductor, with at least one of the elements (the capacitor, the inductor or both) having a self-
tuning capability. The inductor and capacitor, connected either in series or in parallel, have
an unloaded resonance frequency given as w_o = 1/SQRT(L_o*C_o), where L_o and C_o are
respective values of inductance and capacitance for elements in an electrically unloaded,
mechanical equilibrium state. Figure 22a shows a typical signal resonance curve for an LC
oscillator circuit, with voltage signal amplitude on the y axis and angular frequency w on the
x axis. The maximum signal amplitude occurs at the resonant frequency, w_o. Figure 22b
shows a typical plot of the electromagnetic energy stored in an LC oscillator, U_EM = 0.5*LI*2
+0.5*CVA2 where Lis the inductance, Cis the capacitance, | is the current in the inductor and
V is the voltage across the capacitor. The electromagnetic energy stored in the LC oscillator
is proportional to the square of signal amplitude and also reaches a peak at the resonant
frequency. The LC oscillator circuit elements experience electromagnetic forces determined
by the derivative of the electromagnetic energy with respect to displacement. The self-tuning
reactive elements described in this disclosure are desighed to move in response to
electromagnetic forces, change their reactance values upon movement and tune the circuit

toward resonance based on the applied signal frequency.

[0040] The invention, in its various aspects, will be explained in greater detail below

with regard to exemplary embodiments.

[0041] FIGS. 1a-d show a preferred embodiment of a tunable inductor element as
previously described in U.S. patent application number 15/204,247. FIG. 1A is a side view,
FIG. 1B is a top view of a structure including additional vertical serpentine structures (e.g.,
107a-b) adjacent to the movable vertical serpentine 108, and FIG. 1C is a perspective view of
a structure including additional vertical serpentine structures (e.g., 107c-d) adjacent to a
movable vertical serpentine 108’. The tunable inductor element consists of a mechanical
structure (vertical serpentine 100) formed from etched silicon 101 and coated with
electroplated or electroless copper 102 or other high conductivity material. The tunable
inductor element is supported by flexible mechanical springs and/or by posts (not shown)
anchored at opposite sides 103 and 104 of the tunable inductor element to a substrate 113.

The element 108 tunes inductance by changing the amount of magnetic flux which couples
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between it and adjacent vertical serpentine elements 107 that are part of the same current
path connected in series. The tunable inductor element 108 may alternately tune inductance
by changing the amount of magnetic flux which couples between it and adjacent serpentine

elements 107 that contain parallel currents connected in parallel.

[0042] With a constant magnitude voltage source applied, tunable inductor elements
in series experience electromagnetic forces that pull the elements together, increasing the
magnetic energy stored as current-induced magnetic fields align with each other. Although
the electromagnetic forces tend to pull the elements together to close the gap between
elements, due to symmetry and mechanical stiffness of the element, the net electromagnetic
force is in the x direction, perpendicular to the current-induced magnetic fields and the gaps
between elements. The tunable inductor element may also include multiple vertical
serpentine arms 107 connected to springs which move toward or away from each other in
the x direction due to electromagnetic forces, thereby displacing the arms 107 and 108 and
reducing the total displacement required to achieve resonance. Figure 1D shows a circuit
schematic of a tunable inductor element 100 including tunable inductor 101 and mechanical

spring 105.

[0043] FIGS. 2A-C show a preferred embodiment of a tunable capacitor element as
previously described in U.S. patent application number 15/204,247. FIG. 2Ais a side view of
the tunable capacitor in a lower capacitance state, and FIG. 2B is a side view of the tunable
capacitor in a higher capacitance state. The tunable capacitor element 200 consists of a
vertical comb structure 201 formed from etched silicon and coated with electroplated or
electroless copper or other high conductivity material. The tunable capacitor element 200 is
supported by flexible mechanical springs (not shown) anchored at opposite ends of the
tunable capacitor element. The element 201 tunes capacitance by changing the amount of
electric field flux which couples between it and adjacent vertical capacitor elements 202 that
are part of the same current path. Figure 2C shows a circuit schematic of a tunable capacitor
200 including tunable capacitor elements 201 and 202 and mechanical spring 205. With a
constant magnitude voltage source applied the tunable capacitor element experiences

electromagnetic forces that pull the elements together, increasing the electric energy stored

10
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as charge-induced electric fields align with each other. Although the electromagnetic forces
tend to pull the elements together to close the gap between elements, due to symmetry and
mechanical stiffness of the element the net electromagnetic force is in the X direction,
perpendicular to the charge-induced electric fields and the gaps between elements. The
tunable capacitor element 200 may include multiple capacitor arms connected by springs
which move toward or away from each other in the x direction due to electromagnetic forces,

thereby reducing the total displacement required to achieve resonance.

[0044] FIG. 3 shows a schematic diagram of a series RLC circuit 300, in which the
inductance L 301 and capacitance C 302 include tunable inductive and capacitive elements,
respectively. Without an applied load, the series RLC self-tuning circuit has an unloaded self-
resonant frequency given by w_o = 1/SQRT(L_o*C_o) where L_o and C_o are respective
values of inductance and capacitance for elements in an electrically unloaded, mechanical
equilibrium state. In a preferred embodiment, the resistance R 301 is made as low as possible
while theinductance L_ois preferably large relative to the capacitance C_oin order to provide
a high Q factor, which is a measure of the stored electromagnetic energy to the energy
dissipated per cycle. The Q factor for an RLC series circuit is given by Q = SQRT(L/C)/R. In
order to increase the Q factor, the inductance can be increased by adding a high Q fixed
inductance L_F in series with a high Q tunable inductor element L_tun. For example, a high
Q fixed vertical spiral inductor element 400 such as that shown in Figure 4 may be added in
series with a tunable inductor L_tun. The structure shown in Figure 4 can also be used in a
self-tuning MEMS circuit as both a mechanical spring and tunable inductor simultaneously.
The Q factor of the structure 400 shown in Figure 4 can be increased by electromagnetically
coupling multiple self-tuning resonator circuits. The Q factor for the series RLC circuit can
also be increased by using high conductivity materials such as copper or graphene or ideally

by using cooled superconducting materials for electrical connections between components.

[0045] High Q circuits are advantageous since there is more energy stored in the
tunable capacitor and inductor elements respectively than in lower Q circuits, and this energy

in turn is used to self-tune the circuits toward resonance.

[0046] When a constant magnitude AC voltage is applied across the self-tuning series

11
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RLC circuit of FIG. 3, energy is alternately stored in the capacitor and inductor with oscillations
at the applied frequency w_app. The energy in the capacitor and inductor MEMS elements
leads to electromagnetic forces given by F_EM = dU_EM/dx, where U _EM is the
electromagnetic energy in a given element, and dU_EM/dx is the derivative of
electromagnetic energy with respect to X, the direction of allowed motion of the tunable
elements. Figures 5A-D show the reactances and impedances (FIG. 5A), voltage across the
capacitor and current magnitude in the inductor (FIG. 5B), energy stored in the capacitor and
inductor (FIG. 5C), and resulting electromagnetic and mechanical restoring forces as a
function of x, the displacement of each tunable inductor and capacitor element from its
equilibrium position (FIG. 5D). In the example of Figures 5A-D, the applied frequency w_app
is lower than the self-resonant frequency w_o = 1/SQRT(L_o*C_o). Figure 5C indicates that
the electric and magnetic energy reaches a peak at the point x = 2, corresponding to a
displacement of both the tunable inductor element and tunable capacitor element of 2um
away from its respective unloaded equilibrium position. Figure 5D shows the forces on each
of the tunable reactance elements, with the mechanical restoring force increasing linearly in
magnitude with displacement x but in a negative direction, opposing motion in the +x
direction. Figure 5D also shows the electromagnetic forces on the tunable inductor and
capacitor elements, respectively, indicating large positive forces in the +x direction up to x =
2um, and large negative forces beyond the point x = 2um. The net force on each self-tuning
element is zero and reaches a new equilibrium at or near x = 2um. The equilibrium is stable
since displacements < 2um lead to forces in the +x direction, while displacements > 2um lead
to forces in the —x direction, bringing each element back to equilibrium. FIG. 5B shows the
current in the inductor and voltage across the capacitor peak at the point x=2um, and Figure
5A shows that x = 2um is indeed a resonance point since at this value the inductive reactance
X_Lis equal to the capacitive reactance X_C and the total impedance of the series RLC circuit
is at a minimum. In a preferred embodiment, the mechanical relaxation time is large in
comparison to the period of AC oscillations (e.g., by 2x, 5x, 10x, 100x or more), such that the
mechanical system is significantly overdamped, and the tunable reactance elements do not

undergo significant oscillations.

[0047] In the example of Figures 6A-D, the applied frequency w_app is lower than the

12
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self-resonant frequency w_o = 1/SQRT(L_o*C_o) and also lower than the applied frequency
in Figures 5A-D. Figure 6C indicates that the electric and magnetic energy reaches a peak at
the point x = 4, corresponding to a displacement of both the tunable inductor element and
tunable capacitor element of 4um away from its unloaded equilibrium position. Figure 6D
shows the forces on each of the tunable inductor elements, with the mechanical restoring
force increasing linearly in magnitude with displacement x but in a negative direction,
opposing motion in the +x direction. Figure 6d also shows the electromagnetic forces on the
tunable inductor and capacitor elements, respectively, indicating large positive forces in the
+x direction up to x = 4um, and large negative forces beyond the point x = 4um. The net force
on each self-tuning element is zero and reaches a new equilibrium at or near x = 4um. The
equilibrium is stable since displacements < 4um lead to forces in the +x direction, while
displacements > 4um lead to forces in the —x direction, bringing each element back to
equilibrium. FIG. 6B shows the current in the inductor and voltage across the capacitor peak
at the point x = 4um, and Figure 6A shows that x = 4um is indeed a resonance point since at
this value the inductive reactance X_L is equal to the capacitive reactance X_C and the total

impedance of the series RLC circuit is at a minimum.

[0048] Figures 7A-D show configurations of the figures for a case where the applied
frequency w_app is larger or higher than the self-resonant frequency w o =
1/SQRT(L_o*C_o). Figure 7C indicates that the electric and magnetic energy reaches a peak
at the point x =-2, corresponding to a displacement of both the tunable inductor element and
tunable capacitor element of -2um away from its unloaded equilibrium position. Figure 7D
shows the forces on each of the tunable inductor elements, with the mechanical restoring
force increasing linearly in magnitude with displacement x but in a positive direction,
opposing motion in the -x direction. Figure 7D also shows the electromagnetic forces on the
tunable inductor and capacitor elements, respectively, indicating large positive forces in the
x direction to the left of x =-2um, and large negative forces to the right of point x =-2um. The
net force on each self-tuning element is zero and reaches a new equilibrium at or near x = -
2um. The equilibrium is stable since displacements < -2um lead to forces in the +x direction,
while displacements > -2um lead to forces in the —x direction, bringing each element back to

equilibrium. FIG. 7B shows the current in the inductor and voltage across the capacitor peak
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at the point x = -2um, and Figure 7A shows that x = -2um is indeed a resonance point since at
this value the inductive reactance X_L is equal to the capacitive reactance X_C and the total
impedance of the series RLC circuit is at a minimum. In a preferred embodiment, when
changing signal frequencies, the applied AC signal frequency is continuously swept or
switched in small discrete steps so as to keep the self-tuning circuit in a state near resonance

with larger electromagnetic forces to effect self-tuning.

[0049] The self-tuning impedance matching circuit including self-tuning inductors
and/or capacitors may be configured to have (i) a lower Q when the self-tuning reactive
elements are in a position away from a desired resonance frequency and (ii) a higher Q value
when the self-tuning reactive elements are in a position at or near a desired resonance
frequency. This broadens the applicable frequency range for self-tuning by providing a
broader resonance peak vs. position away from resonance, while providing more energy
storage and higher electrical forces close to a desired resonant frequency. The self-tuning
circuits can further improve the Q factor by connecting with a resonator element such as a
mechanical resonator or piezoelectric resonator, for example in series between a tunable

capacitor and a tunable inductor.

[0050] FIG. 8 shows a schematic diagram of a parallel RLC circuit 800 in which the
inductance L 801 and capacitance C 802 include tunable inductive and capacitive elements,
respectively. Without an applied load, the parallel RLC self-tuning circuit has an unloaded
self-resonant frequency given by w_o = 1/SQRT(L_o*C_o), where L_o and C_o are respective
values of inductance and capacitance for elements in an electrically unloaded, mechanical
equilibrium state. Ina preferred embodiment, the resistance R 803 is made as high as possible
while the inductance L o is preferably small relative to the capacitance C o in order to
provide a high Q factor, which is a measure of the stored electromagnetic energy to the
energy dissipated per cycle. The Q factor for an RLC parallel circuit is given by Q =
R*SQRT(C/L). In order to increase the Q factor, the capacitance can be increased by adding a
high Q fixed capacitance C_F in parallel with a high Q tunable capacitor element C_tun and by

using a large value resistor, R.

[0051] When a constant magnitude AC current is applied across the self-tuning
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parallel RLC circuit of FIG. 8, energy is alternately stored in the capacitor and inductor with
oscillations at the applied frequency w_app. The energy in the capacitor and inductor MEMS
elements leads to electromagnetic forces given by F_EM = dU_EM/dx, where U_EM is the
electromagnetic energy in a given element, and dU_EM/dx is the derivative of
electromagnetic energy with respect to X, the direction of allowed motion of the tunable
elements. Figures 9A-D show the reactances and impedances (FIG. 9A), voltage across the
capacitor and current magnitude in the inductor (FIG. 9B), energy stored in the capacitor and
inductor (FIG. 9C), and resulting electromagnetic and mechanical restoring forces as a
function of x, the displacement of each tunable inductor and capacitor element from its
respective equilibrium position (FIG. 9D) for the parallel RLC circuit 800 in FIG. 8, with an AC
current of constant magnitude applied thereto. Figure 9C indicates that the electric and
magnetic energy reaches a peak at the point x = 4, corresponding to a displacement of both
the tunable inductor element and tunable capacitor element of 4um away from its respective
unloaded equilibrium position. Figure 9D shows the forces on each of the tunable inductor
elements, with the mechanical restoring force increasing linearly in magnitude with
displacement x but in a negative direction, opposing motion in the +x direction. Figure 9D
also shows the electromagnetic forces on the tunable inductor and capacitor elements,
respectively, indicating large positive forces in the +x direction up to x = 4um, and large
negative forces beyond the point x = 4um. The net force on each self-tuning element is zero
and reaches a new equilibrium at or near x = 4um. The equilibrium is stable since
displacements < 4um lead to forces in the +x direction, while displacements > 4um lead to
forces in the —x direction, bringing each element back to equilibrium. FIG. 9B shows the
current in the inductor and voltage across the capacitor peak at the point x = 4um, and Figure
9A shows that x = 4um is indeed a resonance point since at this value the inductive reactance
X_Lis equal to the capacitive reactance X_Cand the total impedance of the parallel RLC circuit
is at a maximum. The parallel RLC circuit serves as an anti-resonance circuit or rejector circuit,
providing high impedance at its resonant frequency and minimizing the signal passed through

the parallel circuit configuration of FIG. 8.

[0052] If resonance is not reached within the displacement that causes elements to

align with maximum stored magnetic or electric energy, the element will remain in stable
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equilibrium with fields aligned but will not reach resonance. What is needed is a method to
extend the range of tuning of the elements as additional electromagnetic energy is available
to tune to resonance. One or more additional tuning ranges can be provided through several
methods by using multiple inductor elements (e.g., in series) or capacitor elements (e.g., in
parallel), including (1) varying the number of elements (i.e., inductors and/or capacitors1002,
1012, 1014, 1022, 1024 and 1026) within a given segment 1000, 1010 or 1020, as shown in
Figure 10, (2) varying the gap spacing between elements within given segments 1100, 1110
or 1120, as shown in Figure 11, (3) varying the size of the elements within a given segment
1200, 1210 or 1220, as shown in FIG. 12, and (4) varying the mechanical restoring force
between given segments by using mechanical springs 1300, 1310 and 1320 with different
spring constants as shown in FIG. 13. In each of the structures and/or methods shown in
Figures 10 through 12, the electromagnetic energy and resulting electromagnetic forces differ
among each segment due to the different numbers of elements (FIG. 10), the different gaps
between elements (FIG. 11), and the different element sizes (Figure 12). In Figure 13, the
electromagnetic energy and resulting electromagnetic forces are the same within each
segment, but the mechanical restoring force is different due to the use of different springs
with different spring constants. With these structures and/or methods, it is possible to extend
the tuning range(s) of inductance and capacitance within self-tuning microelectromechanical

circuits by providing additional tuning with more or less available electromagnetic energy.

[0053] While the examples shown indicate particular examples of self-tuning
inductors and capacitors, they do not limit the scope of the invention. Other conditions not
explicitly stated may also facilitate self-tuning circuits. Therefore, the examples described

herein and shown in the Figures do not limit the scope of the invention.

[0054] The above discussion describes fully passive self-tuning impedance matching
circuits. In some cases, is may be advantageous to provide active tuning to the self-tuning
circuits to more quickly move to resonance, to provide fine tuning to resonance, to
significantly change the range of tuning (e.g., to a different band), or to actively de-tune the
circuit from resonance. Figure 14A shows a configuration of a tunable inductor element, and

Figure 15A shows a configuration of a tunable capacitor element, each of which also provides
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for active tuning of each element independently through the use of comb actuators. Tunable
inductor 1400 in Figure 14A includes primary tuning inductor element 1408 between fixed
inductor elements 1420a-b and connected to comb drives 1411 and 1412, each of which
includes fixed comb elements 1413 and 1414 and movable comb elements 1415 and 1416.
The moveable portions 1415 and 1416 are, in turn, connected to flexible springs 1409 and
1410, which are anchored to the substrate with anchors 1403 and 1404 at opposite ends of
the tunable inductor 1400. The tuning inductor element 1408 and fixed inductor elements
1420a-b each comprises a vertical serpentine structure, as described and shown elsewhere

herein.

[0055] Similarly, tunable capacitor 1500 in Figure 15A includes primary tuning
capacitor elements 1508a-b connected to comb drives 1511 and 1512, each of which includes
fixed comb elements 1513 and 1514 and movable comb elements 1515 and 1516. The
moveable portions 1515 and 1516 are, in turn, connected to flexible springs 1509 and 1510,
which are anchored to the substrate with anchors 1503 and 1504 at opposite ends of the
tunable capacitor 1500. Comb drives 1411, 1412, 1511, and 1512 can be used to fine tune
the displacement of tunable inductor or capacitor elements, respectively, or can de-tune the

circuit away from resonance as desired.

[0056] Figures 14B and 15B show that lumped circuit elements 1420, 1430, 1520,
1530 and externally tunable capacitive and/or inductive elements 1440, 1540 may be
connected within self-tuning circuits 1400’, 1500’ to provide and modify tuning ranges in
which the circuits 1400°, 1500’ self-tune. The fixed inductors 1420 include parasitic elements.
While Figure 14B shows inductor elements 1420-1440 in series, and Figure 15B shows
capacitor elements 1520-1540 in parallel, other configurations are possible within the scope

of the present invention and should not be construed as limiting the scope of the invention.

[0057] Figure 16 shows the use of self-tuning microelectromechanical impedance
matching circuits within and between signal lines of differing frequencies. Figure 16 shows a
circuit 1600 including a first signal line 1601 driven at a first frequency and a second signal
line 1602 driven at a second frequency different from the first frequency. Circuit 1600

includes self-turning MEMS series RLC circuits 1603a-b which self- tune the signal line
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impedance toward resonance at the applied driving frequency within each respective signal
line. Circuit 1600 also includes anti-resonant or rejector self-tuning MEMS parallel RLC circuits
1604a-b and 1605a-d. Anti-resonant parallel RLC circuits 1604a-b are connected between
channels and self-tune to an anti-resonance corresponding to the difference in frequency
between channels, and thereby also provide a high impedance between signal lines,
increasing signal isolation and reducing cross-talk. Anti-resonant parallel RLC circuits 1605a-
d are connected between signal and ground lines and self-tune to provide a desired or

uniform impedance to ground, such as 50 Ohms.

[0058] A system of RF signal channels 1700 using the present self-tuning MEMS
impedance matching circuits is shown in FIG. 17. While the example indicates radio frequency
(RF) signals, the invention applies to signals having any of a broad range of frequencies, of
which RF is a subset. Each channel employs a separate frequency which differs from the
frequency in an adjacent channel by dw. Figure 17 shows 2 channels 1701 and 1702 for
clarification, but the system can be extended to multiple adjacent channels with channel
frequencies differing by dw. Within each channel between the antenna 1706 and receiver
circuitry 1709a-b (e.g., one or more amplifiers and/or buffers), there is a series RLC circuit
element 1703a or 1703b, in which the resistance R is made as low as possible and the L and
C circuit elements are self-tuning inductive and capacitive MEMS elements, respectively.
Between the channels 1701 and 1702, there are parallel RLC circuit elements 1704a-b
connected between the adjacent channels, in which the resistance R is made high (e.g., a high
value of characteristic line impedance), and the parallel L and C circuit elements are self-
tuning inductive and capacitive MEMS elements, respectively. The series RLC circuit elements
1703a-b are designed with an unloaded self-resonant frequency near the target resonance
frequency of a given channel. The parallel RLC circuit elements 1704a-b are designed with an
unloaded self-resonant frequency near the frequency difference dw between adjacent
channels. During signal reception from the antenna 1706, each series RLC circuit element
1703a-b is driven by a sinusoidal voltage source 1707 and 1708 of constant magnitude Vo at
the separate frequencies corresponding to each channel. The constant voltage magnitude Vo
may be adjustable by circuit amplifiers and controlled by digital and/or analog circuitry. The

sinusoidal voltage signal 1707 or 1708 driven from the far end (opposite the antenna) of each
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channel 1701 or 1702 causes the self-tuning inductive and capacitive MEMS elements in the
corresponding series circuit 1703a or 1703b to self-tune to the applied driving frequency.
Each series RLC circuit channel is connected in parallel to the antenna 1706 at the near end.
Each self-tuned series RLC circuit channel serves as a tunable filter for RF signals received by
the antenna. The far end (opposite the antenna) of each series RLC circuit channel is split into
two circuit paths, a first circuit path transmitting the sinusoidal voltage signal driven by the
voltage source 1707 or 1708 at the channel frequency, and a second circuit path receiving the
signal into the first input of a sighal comparator 1709a or 1709b. An output signal from the
sinusoidal voltage 1707 or 1708 driven at the channel frequency is connected to the second
input of the signal comparator 1709a or 1709b. The sighal comparator 1709a-b measures the
difference between the sinusoidal driving signal 1707 or 1708 and the series RLC signal
connected to the antenna, and in this way, can measure the antenna signal for the channel

frequency of interest.

[0059] The parallel RLC circuit elements 1704a-b connected between adjacent
channels experience a current source input and self-tune to a resonant frequency
corresponding to the frequency difference dw between the channels 1701 and 1702. The
parallel RLC circuit elements 1704a-b function as rejector or anti-resonance circuits, providing
high impedance to the AC current being applied at its terminals. In this way, the parallel RLC
circuit elements 1704a-b help to filter out signals from adjacent channels. The comhbination
of series RLC circuit elements 1703a-b self-tuned to an applied channel frequency and parallel
RLC circuit elements 1704a-b self-tuned to the frequency difference between channels
provides an effective band pass filter centered at the applied channel frequency while

blocking adjacent channel frequencies.

[0060] The RF signal circuitry as shown in Figure 17 may allow signal reception on

multiple channels simultaneously.

[0061] Self-tuning MEMS circuits can be used in energy harvesting or energy
scavenging devices to tune electrical impedance of a harvesting circuit to the applied
electromagnetic energy. FIG. 18 shows an RF energy harvesting circuit 1800 that uses self-

tuning MEMS impedance matching in accordance with embodiments of the present
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invention, and FIG. 19 shows a piezoelectric harvesting circuit 1900 using self-tuning MEMS
impedance matching in accordance with other embodiments of the present invention. As
shown in Figure 18, self-tuning MEMS circuits 1803 in series and 1804 in parallel can be
connected between an antenna 1806 and a voltage rectifying device 1810 and storage unit
1811 such as a battery or supercapacitor, to improve the efficiency of energy harvesting at
different frequencies. Assimilarly shown in Figure 19, self-tuning MEMS circuits 1903 in series
and 1904 in parallel can be connected between a piezoelectric energy harvesting device 1906
and a voltage rectifying device 1910 and storage unit 1911 such as a battery or supercapacitor,
in order to match impedance of the piezoelectric energy harvester and maximize power
transfer to the storage circuit and electrical load 1912. However, in some applications, the
circuits 1800 and 1900 may include only a series-connected circuit 1803 or 1903 or a parallel-
connected circuit 1804 or 1904, rather than both the series- and parallel-connected circuits

1803 and 1804 or 1903 and 1904.

[0062] In addition, FIG. 20 shows an inductively coupled circuit 2000 using self-tuning
MEMS impedance matching in accordance with further embodiments of the present
invention. Asshown in Figure 20, self-tuning series MEMS circuit 2003 and self-tuning parallel
MEMS circuit 2004 can be connected to at least one side of a wireless inductively coupled
power transformer or other inductively coupled circuit 2006 in order to tune the impedance
of the wireless circuit 2006 and maximize power transfer to aload 2012. Similar to the circuits
1800 and 1900, in some applications, the inductively coupled circuit 2000 may include only a
series-connected circuit 2003 or a parallel-connected circuit 2004, instead of both the series-

and parallel-connected circuits 2003 and 2004.

[0063] FIGS. 21A-U show an exemplary fabrication process for the self-tuning inductor
and capacitor elements. Except for FIGS. 21M, all structures shown in FIGS. 21A-U are side

and/or cross-sectional views of the structure(s).

[0064] FIG. 21A shows an oxide layer 2110 (e.g., ~1 um thick) deposited or grown on
a silicon wafer 2100. In FIG. 21B, the oxide layer is patterned and etched to form an oxide
mask 2115. FIG. 21C shows partial etching of the silicon 2100 wafer to form trenches 2105.

The oxide mask is removed in FIG. 21D. FIG. 21E shows a new oxide layer 2120 deposited and
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polished (e.g., by chemical-mechanical polishing [CMP]), and FIG. 21F shows a second silicon
wafer 2200 that has been patterned (e.g., by printing or photolithography) and partially
etched (e.g., by wet or dry etching the exposed region[s] of the second wafer). In FIG. 21G,
an oxide layer 2210 is grown or deposited on the second silicon wafer 2200, and in FIG. 21H,
the second silicon wafer 2200 is fusion bonded face-to-face to the oxide layer 2120 of the first

wafer 2100.

[0065] In FIG. 21I, the first wafer 2100 is ground, polished and/or wet etched to
reduce its thickness T. FIG. 21J shows the wafer stack in which the backside of the first wafer
2100 is patterned and etched to form the anchored tunable reactance mechanical structures
2130. Exposed portions of the oxide layer(s) 2120 and 2210 are removed (e.g., by wet
etching) as shown in FIG. 21K.

[0066] In FIG. 21L, photoresist 2140 is deposited (including in the trench or slot in the
second wafer 2200) and patterned to expose areas on the first wafer 2100 (including the
tunable reactance mechanical structures 2130a-b) to be plated with metal. FIG. 21M shows
a top view of the exposed areas of the tunable reactance device to be plated with metal and
the areas of the tunable reactance device covered with photoresist 2140. Vertical reactance
elements (e.g., including the tunable reactance structures 2130a-b and finger structures
[fixed reactance structures] 2135a-b), posts 2155a-b and springs 2150a-b are exposed. The
comb drives 2160a-b and areas of the first wafer 2100 where electrical connections (e.g.,
buses) may be formed are covered. In FIG. 21N, a barrier and/or seed layer 2170 (which may
comprise a barrier metal or conductive material) is deposited using CVD and/or ALD. A bulk

metal 2175 such as copper is plated on the barrier and/or seed layer 2170 in FIG. 210.

[0067] FIG. 21P shows an alternative to FIG. 21N, in which the barrier and/or seed
layer 2172 is directionally sputtered on top of the tunable reactance mechanical structures
and in the trench in the second wafer. FIG. 21Q shows the alternative embodiment after
plating a metal (e.g., copper) layer 2177, similar to FIG. 210. In FIG. 21R, the photoresist 2140
and unwanted metal from layers 2170/2175 or 2172/2177 is removed (e.g., by a lift-off

process).

[0068] FIG. 21S shows a MEMS cap wafer or CMOS circuit wafer 2300 that may include
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CMOS circuitry (not shown) with through silicon vias (TSVs) 2310a-b and a preferably copper
seal ring 2320 surrounding a central trench or depression 2305 in the wafer 2300. FIG. 21T
shows the CMOS or MEMS cap wafer 2300 bonded to the tunable reactive device wafer 2100
using thermocompression or eutectic bonding. FIG. 21U shows an under-bump metallization
(UBM) 2330 deposited on TSV bond pads and solder spheres 2340a-b on the UBM 2330 to
form a wafer-level chip scale package including the tunable reactance devices 2130 according

to embodiments of the present invention.

[0069] The fabrication process can provide for high Q inductors that can be moved
and tuned like that shown in FIG. 4, as well as fixed inductors. Similarly, high Q tunable and/or
fixed capacitors can be provided in place of or in addition to tunable and fixed inductors using

the same fabrication process.

[0070] Self-tuning MEMS circuits can be made from high conductivity materials such
as copper, silver, gold, aluminum, platinum, titanium, tungsten, zinc, tin, nickel, graphene and

from superconducting materials.

[0071] The foregoing descriptions of specific embodiments of the present invention
have been presented for purposes of illustration and description. They are not intended to
be exhaustive or to limit the invention to the precise forms disclosed, and obviously many
modifications and variations are possible in light of the above teaching. The embodiments
were chosen and described in order to best explain the principles of the invention and its
practical application, to thereby enable others skilled in the art to best utilize the invention
and various embodiments with various modifications as are suited to the particular use
contemplated. It is intended that the scope of the invention be defined by the Claims

appended hereto and their equivalents.
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CLAIMS
What is claimed is:

1. A self-tuning impedance-matching microelectromechanical circuit, comprising

a) afirst tunable reactance element connected to a first mechanical spring and having a
tunable reactance;

b) asecond tunable or fixed reactance element;

c) one or more electrical connections between the first reactance element and the
second reactance elements; and

d) an AC signal source configured to (i) provide an AC signal to the first and second
reactance elements, the AC signal having a frequency, and (ii) create an
electromagnetic force on the first reactance element that moves the first reactance
element and tunes the self-tuning impedance-matching circuit toward resonance with
the AC signal,

wherein one of the first and second reactance elements comprises a capacitor and the

other of the first and second reactance elements comprises an inductor.

2. The self-tuning impedance-matching circuit of claim 1, wherein the first reactance

element comprises a self-tuning capacitor element.

3. The self-tuning impedance matching circuit of claim 1, wherein the first reactance

element comprises a self-tuning inductor element.

4. The self-tuning impedance-matching circuit of claim 3, wherein the second reactance
element comprises a self-tuning capacitor, and the self-tuning impedance-matching
circuit further comprises an electrical connection between the self-tuning inductor and

the self-tuning capacitor.

5. The self-tuning impedance-matching circuit of claim 1, wherein the first reactance

element is connected in series with the second reactance element.

6. The self-tuning impedance-matching circuit of claim 1, wherein the first reactance

element is connected in parallel with the second reactance element.

7. The self-tuning impedance-matching circuit of claim 1, wherein all or part of the at least
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10.

11.

12.

13.

14.

one electrical connection comprises a superconducting material.

The self-tuning impedance-matching circuit of claim 1, further comprising a plurality of
actuator electrodes electrically coupled to the first reactance element, configured to fine

tune or de-tune the resonance of the self-tuning impedance-matching circuit.

A method of fabricating a self-tuning microelectromechanical circuit, comprising:

a. forming a first microelectromechanical (MEM) structure and a second mechanical or
MEM structure in or on a mechanical layer above an insulating substrate; and

b. coating the first MEM structure and the second mechanical or MEM structure with a
conductor to form a first tunable reactance element and a second tunable or fixed
reactance element, wherein one of the first and second reactance elements
comprises a capacitor and the other of the first and second reactance elements

comprises an inductor.

The method of claim 9, wherein the conductor comprises copper, aluminum, silicon,
tungsten, titanium, tantalum, tin, nickel, gold, graphene, platinum, silver or a
superconducting material comprising niobium-titanium, niobium-tin, YBaCuQ, BiCaSrCuQO,

TIBaCuO, TICaBaCuO, or HgCaBaCuO.

The method of claim 9, further comprising forming one or more drivers in the mechanical
layer, configured to move the first MEM structure with respect to the insulating substrate

upon application of an electrostatic force to at least one of the one or more drivers.

The method of Claim 9, wherein said insulating substrate comprises a silicon, silicon
dioxide, glass, epoxy, ceramic, silicon on sapphire, or silicon on insulator (SOI) wafer, and

the mechanical layer comprises a mechanical substrate.

The method of Claim 12, wherein said mechanical substrate comprises a silicon, gallium
arsenide, silicon on sapphire, silicon on insulator, silicon carbide or silicon germanium
wafer, and the method further comprises bonding the mechanical substrate to said

insulating substrate prior to forming the first and second structures.

The method of Claim 9, wherein the second structure is a second MEM structure, and the

method comprises forming a plurality of MEM structures including the first and second
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15.

16.

17.

18.

19.

MEM structures in the mechanical layer and coating the plurality of MEM structures with

the conductor.

The method of Claim 9, further comprising attaching a protective cover over the first
reactance device and forming a plurality of conducting buses external to the protective
cover, the plurality of conducting buses being electrically connected to the first MEM

structure and/or circuitry configured to control movement of the first MEM structure.

A circuit comprising:
at least one device selected from an antenna, an energy storage device, a piezoelectric
energy harvester, a piezoelectric resonator, a MEMS resonator, and an inductively
coupled circuit; and
at least one self-tuning circuit of Claim 1, directly or indirectly electromagnetically coupled

to the at least one device.

The circuit of Claim 16, wherein the at least one device comprises the antenna, the circuit
further comprises a plurality of channels, each having a different frequency, and the at
least one self-tuning circuit comprises a first self-tuning circuit in series with at least one
of the plurality of channels, and a second self-tuning parallel circuit connected between

adjacent one of the plurality of channels.

The circuit of Claim 16, wherein the at least one device comprises the antenna and the
energy storage device, the at least one self-tuning circuit comprises at least one self-
tuning microelectromechanical impedance-matching circuit, and the energy storage
device comprises a battery or a capacitor configured to store electromagnetic energy from

the antenna and the self-tuning microelectromechanical impedance-matching circuit.

The circuit of Claim 16, wherein the at least one device comprises the piezoelectric energy
harvester and the energy storage device, the at least one self-tuning circuit comprises at
least one self-tuning microelectromechanical (MEMS) impedance-matching circuit, and
the energy storage device comprises a battery or capacitor configured to store
electromagnetic energy from the piezoelectric energy harvester and the self-tuning

MEMS impedance-matching circuit.
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20. The circuit of Claim 16, wherein the at least one device comprises the inductively coupled
circuit, the at least one self-tuning circuit comprises at least one self-tuning
microelectromechanical impedance-matching circuit, and the circuit further comprises an
electrical load receiving inductive power from the inductively coupled circuit and the at

least one self-tuning microelectromechanical impedance-matching circuit.
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INTERNATIONAL SEARCH REPORT International application No.
PCT/US 17/49615

Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:] Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |: claims 1-8 and 16-20: drawn to a self-tuning impedance-matching microelectromechanical circuit.

Group H: claims 9-15: drawn to a method of fabricating a self-tuning microelectromechanical circuit.

--See Continuation Sheet-

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. }X{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is

1re85tr1igt%% to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.
D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:] No protest accompanied the payment of additional search fees.
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IPC(8) - HO02J 5/00 (2017.01)
cPC

- HO2J 5/005; HO02J 50/05; H02J 50/10 HO2J 50/12; B6OL 11/182; HO1G 5/40

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History Document

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of
See Search History Document

data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X Cammarano et al., "Tuning a resonant energy harvester using a generalized electrical load" 1,5, 16, 20

—_— Published in Smart Materials and Structures, Volume 19, Issue 5, Dated May 2010 (05.2010), ———————

Y entire reference, especially; FIG 1, pp 24,6 24,6,18

— {online][Retrieved from the Internet] URL=< https://www.researchgate.net/profile/A_ B ——

A Cammarano/publication/231101235_Tuning_a_resonant_energy_harvester_using_a_generaliz |7, 8, 17, 19
ed_electrical_load/links/579f0d3308ae5d5e1e172a07.pdf>

Y US 2007/0296548 A1 (HALL et al.) 27 December 2007 (27.12.2007), para [0002], [0037], [0045] | 24, 6, 18
-[0047]

A US 3,723,882 A (CARISON) 27 March 1973 (27.03.1973), entire document 1-8, 16-20

E] Further documents are listed in the continuation of Box C.

D See patent family annex.

. Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the apﬁlication but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

10 December 2017

Date of mailing of the international search report

2 1DEC 2017

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774
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—~Continuation of Box No. lll -- Observations where unity of invention is lacking--

The inventions listed as Groups | and It do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

Special technical features:

Group | requires a) a first tunable reactance slement connected to a first mechanical spring and having a tunable reactance; b) a second
tunable or fixed reactance element; c) one or more electrical connections between the first reactance element and the second reactance
elements; and d) an AC signal source configured to (i) provide an AC signal to the first and second reactance elements, the AC signal
having a frequency, and (i) create an electromagnetic force on the first reactance element that moves the first reactance element and
tunes the self-tuning impedance-matching circuit toward resonance with the AC signal, not found in the other groups.

Group |l requires a. forming a first microelectromechanical (MEM) structure and a second mechanical or MEM structure in or on a
mechanical layer above an insulating substrate; and b. coating the first MEM structure and the second mechanical or MEM structure
with a conductor to form a first tunable reactance element and a second tunable or fixed reactance element, not found in the other
groups.

Shared Features:

The only technical features shared by Groups | and |l that would otherwise unify the groups are a self-tuning microelectromechanical
circuit with first and second tunable reactance elements wherein one of the first and second reactance elements comprises a capacitor
and the other of the first and second reactance elements comprises an inductor.

However, these shared technical features do not represent a contribution over prior art, because the shared technical features are
disclosed by US 6.856,499 B2 (Stokes) 15 February 2005 (15.02.2005), which discloses a self-tuning microelectromechanical circuit
with first and second tunable reactance elements wherein one of the first and second reactance elements comprises a capacitor and the
other of the first and second reactance elements comprises an inductor (col 2, In 10-11, 44-48: variable passive components that can be
provided on a MEMS device...one or more variable capacitors and/or one or more variable inductors employing movable plate
conductive components and substrate conductive components can be provided on a tunable filter fabricated on a MEMS device).

As the shared technical features were known in the art at the time of the invention, they cannot be considered special technical features
that would otherwise unify the groups.

Groups | and Il therefore lack unity under PCT Rule 13.
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