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(57) Abstract: Systems including varactor devices are provided. A varactor device (400) includes a gap closing actuator (GCA)
varactor (200), includes a drive comb structure (201), an output varactor structure (514) defining an output capacitance, a refer-
ence varactor structure (214) defining a reference capacitance, and a movable truss comb structure (204) interdigitating the drive
comb, the output varactor, and the reference varactor structures. The truss comb structure moves along a motion axis (205) be-
tween interdigitating positions based on a bias voltage. The device also includes a teedback circuit (404) contigured for moditying
an mput bias voltage based on the reference capacitance to produce the output bias voltage that provides a target capacitance asso-

ciated with the mput bias voltage at the output varactor structure.
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HIGH ACCURACY MEMS-BASED VARACTORS

The present invention relates to varactor circuits and methods for
forming the same, and more specifically to micro-electro-mechanical system
(MEMS) varactor circuits.

A varactor 18 an ¢lectrical device having a capacitance which 1s
controlled by a suitable voltage bias. A varactor 1s used, for example, in Voltage
Controlled Oscillators (VCOs), where a frequency of an oscillator 1s controlled by
an applied voltage or current bias. VCOs are used, for example, when a variable
frequency 1s required or when a signal needs to be synchronized to a reference
signal. In radio communication devices, ¢.g. portable/cellular phones, VCOs are
often used 1n Phase Locked Loop (PLL), circuits to generate suitable signals.
Varactors are also useful 1n other circuits, such as tunable filter circuits, where the
variable capacitance can be used to adjust the frequency characteristics of the filer
circuit.

Embodiments of the invention provide methods for fabricating high
accuracy micro-¢lectro-mechanical system (MEMS) varactor circuits and devices
therefrom. In a first embodiment of the invention, a system including a varactor
device 18 provided. In the system, the varactor device includes a gap closing
actuator (GCA) varactor. The GCA varactor includes at least one drive comb
structure, at least one output varactor structure defining an output capacitance, at
least one reference varactor structure defining a reference capacitance, and at least
on¢ movable truss comb structure interdigitating the drive comb, the output varactor,
and the reference varactor structures. In the GCA varactor, the truss comb structure
1s configured to move along a motion axis between a plurality of interdigitated
positions based on an output bias voltage applied between the truss comb structure
and the drive comb structure. The varactor device also includes a feedback circuit
clectrically coupled to the reference varactor structure. The feedback circuit 18

configured for modifying an input bias voltage based on the reference capacitance to
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produce the output bias voltage that provides a target capacitance associated with the
input bias voltage at the output varactor structure.

In a second embodiment of the invention, a method of operating a
gap closing actuator (GCA) varactor 1s provided. The GCA varactor includes at
least one drive comb structure, at least one output varactor structure defining an
output capacitance, at least one reference varactor structure defining a reference
capacitance, and at least one movable truss comb structure interdigitating the drive
comb, the output varactor, and the reference varactor structures. In the GCA
varactor, the truss comb structure 1s configured to move along a motion axis
between a plurality of interdigitated positions based on an output bias voltage
applied between the truss comb structure and the drive comb structure. The method
includes the steps of providing an input bias voltage for the drive comb structure and
modifying the input voltage based on said reference capacitance to produce the
output bias voltage that provides a target capacitance associated with the input bias
voltage at the output varactor structure.

FIG. 1 shows a drive portion of a MEMS horizontal device which 1s
useful for describing the invention.

FIG. 2 shows an exemplary GCA varactor device which 1s useful for
describing the mnvention.

FIGs. 3A-3C show partial cross-sections of the device in FIG. 2
through cutline 3—3 during various steps of a fabrication process which 1s useful for
describing the invention.

FIG. 4 shows a schematic of a first MEMS varactor device in
accordance with an embodiment of the invention.

FIG. 5 shows a schematic of a second MEMS varactor device 1n
accordance with an embodiment of the invention.

FIG. 6 shows a detailed schematic illustration of a configuration for a
feedback circuit in a MEMS varactor device 1in accordance with an embodiment of

the 1nvention.
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FIG. 7 shows an exemplary configuration for the converter element
of feedback circuit in FIG. 6 1n accordance with an embodiment of the invention.

FIG. 8 shows a schematic 1llustration of the RC filter in FIG. 7
accordance with an embodiment of the invention.

FIG. 9 shows a schematic illustration of an exemplary comparison
clement for the feedback circuit in FIG. 6 1n accordance with an embodiment of the
invention.

FIG. 10 shows an exemplary configuration for the voltage adjusting
clement for the feedback circuit in FIG. 6 1n accordance with an embodiment of the
invention.

The present invention 18 described with reference to the attached
figures, wherein like reference numerals are used throughout the figures to designate
similar or equivalent elements. The figures are not drawn to scale and they are
provided merely to illustrate the instant invention. Several aspects of the invention
are described below with reference to example applications for illustration. It should
be understood that numerous specific details, relationships, and methods are set forth
to provide a full understanding of the invention. One having ordinary skill in the
relevant art, however, will readily recognize that the invention can be practiced
without one or more of the specific details or with other methods. In other instances,
well-known structures or operations are not shown 1n detail to avoid obscuring the
invention. The present invention 1s not limited by the illustrated ordering of acts or
events, as some acts may occur in different orders and/or concurrently with other
acts or events. Furthermore, not all 1llustrated acts or events are required to
implement a methodology 1n accordance with the present invention.

As described above, varactors are used in a variety of applications,
including tunable filter circuits for portable devices. In general, the key concerns for
portable devices are size and power usage. Therefore, 1n order to reduce size and
power requirements, 1t has been proposed that varactor devices be fabricated using
integrated circuit (IC) and/or micro-electro-mechanical system (MEMS)

technologies. However, such approaches generally result in relatively complex
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devices. For example, 1n the case of IC-based varactors, they can only be adjusted
over a relatively narrow range of capacitance values. Therefore, to provide useful
range of capacitances for some applications, such as a tunable filter circuit
adjustable over a range of 100’s of MHz, a large number of such capacitors and a
circuit for selecting between these capacitors would typically be needed. As a result,
IC-based filters have relatively large and complex designs. In the case of
conventional MEMS-based varactors, MEMS capacitors can be used to provide
varactors with an adjustable capacitance, limiting the number of capacitors required.
However, such devices are typically complex to produce. For example, a basic
MEMS-based filter bank will require at least three levels of devices: (1) MEMS
levels to form the varactors, (2) thick metal levels to form any necessary inductors,
and (3) IC device levels to provide interconnects and switches for directing signals.
Further, conventional MEMS-based varactors generally have significantly different
gcometries than other types of devices, requiring more complex processes and
designs to successfully form both types of devices on the same substrate. This
typically results in manufacturing techniques with smaller process margins,
increasing overall development and manufacturing costs.

In view of the limitations of such conventional varactor devices, one
aspect of the invention 1s to provide MEMS-based varactors using MEMS horizontal
gap closing actuator (GCA) devices. As used herein with respect to MEMS devices,
the term “horizontal GCA device” refers to a MEMS device in which actuation and
interaction of the components in the MEMS device 1s limited to directions parallel to
the supporting substrate. That 18, actuation of the horizontal GCA device results in a
substantially lateral motion. Consequently, such MEMS devices can be fabricated
with one or two masks rather than the multiple masks (> 2) typically required for
conventional IC or MEMS varactors. This reduces the overall complexity for
designing and manufacturing MEMS varactor devices. The operation and

manufacture of such horizontal GCA devices 1s described below with respect to

FIGs. 1, 2, and 3A-3C.
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FIG. 1 shows a drive portion 100 of a MEMS horizontal GCA
varactor 1n accordance with an embodiment of the invention. Drive portion 100
includes a drive comb structure 102 having a fixed position and extending along a
longitudinal axis 103. Drive portion 100 also includes a truss comb structure 104
that extends substantially parallel to axis 103 and that can ¢lastically move along the
X direction along a motion axis 105 substantially parallel to axis 103 of drive comb
structure 102. For example, as shown m FIG. 1, truss comb structure 104 can
include or be attached to at least one restorative or resilient component 110
connected to a fixed end 112. The resilient component 110 restores a position of
truss comb structure 104 when no external forces are being applied. The drive comb
structure 102 can have one or more drive fingers 106 extending therefrom towards
truss comb structure 104. The truss comb structure 104 can similarly include one or
more¢ truss fingers 108 extending therefrom towards drive comb structure 102.

As shown 1n FIG. 1, the drive comb structure 102 and the truss comb
structure 104 can be positioned to be interdigitating. The term “interdigitating”, as
used herein with respect to comb structures, refers to arranging comb structure such
that the fingers extending from such comb structures at least partially overlap and
arc substantially parallel.

In the embodiment shown 1n FIG. 1, fingers 106 and 108 each have a
width and a height of @ and b, respectively, and overlap of /. Although comb
structures with multiple sets of fingers can be configured to have the same
dimensional relationships (width, height, and overlap) the invention 1s not limited 1n
this regard and dimensional relationships can vary, even within a single GCA
varactor. Furthermore, the portion shown 1n FIG. 1 and the dimensional relationship
shown 1n FIG. 1 are only the electrically conductive portions of drive portion 100.
As one of ordmary skill 1n the art will recognize, comb structures can further include
structural portions comprising non-conductive or semi-conductive materials
extending 1n the Z direction to provide structural support for the conductive portions

shown 1n FIG. 1. Such structures are more fully described below with respect to

FIG. 3.
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The drive portion 100 shown in FIG. 1 operates on the principle of
clectrostatic attraction between adjacent interdigitating fingers. That 1s, motion of
the truss comb structure 104 can be generated by developing a voltage difference
between the drive comb structure 102 and the truss comb structure 104. In the case
5 ofdevice 100, the voltages applied at comb structures 102 and 104 are also seen at
fingers 106 and 108, respectively. The resulting voltage difference generates an
attractive force between fingers 106 and fingers 108. If the generated electrostatic
force between fingers 106 and finger 108 1s sufficiently large to overcome the other
forces operating on truss comb structure 104 (such as a spring constant of resilient
10  component 110), the electrostatic force will cause the motion of the truss comb
structure 104 between a first interdigitated position (resting position at a zero
voltage difference) and a second interdigitated position (position at a non-zero
voltage difference) among motion axis 105. Once the voltage difference 1s reduced
to zero, resilient component 110 restores the position of truss comb structure 104 to
15  the first interdigitating position.

As shown 1n FIG. 1, each finger 108 in truss comb structure 104 can
be disposed between two fingers 106 of drive comb structure 102. Accordingly, an
clectrostatic force 1s generated on both sides of finger 108 when a voltage difference
1s developed between comb structures 102 and 104. Therefore, to ensure movement
20  of truss comb structure 104 1in only one direction in response to a voltage difference,
fingers 108 are positioned with respect to fingers 106 such that the electrostatic force
in the a first direction along the X-axis 1s greater than the electrostatic force in an
opposite direction in the X-axis. This 1s accomplished by configuring the finger
spacing (1.€., spacing between fingers of interdigitated comb structures) in the first
25  direction along the X-axis (X¢) and the finger spacing in the opposite direction along
the X-axi1s (yo) to be different when the voltage difference 1s zero. Since the amount
of clectrostatic force 18 inversely proportional to the distance between fingers, the
motion of truss comb structure will be 1n the direction associated with the smaller of
Xo and yg. In the exemplary embodiments of the invention described below, xq will

30  be used to identify the smaller of xy and yy
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The drive portion illustrated in FIG. 1 provides a control mechanism
for horizontal actuation in a GCA varactor that can be precisely controlled by
adjusting the voltage difference between the drive and truss comb structures. This
allows continuous adjustment over a range of interdigitating positions (by adjusting
the voltage continuously over a voltage range).

Although the drive portion described above could be coupled to any
variety of devices, using such a drive portion for various types of devices will only
provide a partial improvement in manufacturing robustness and device reliability. In
general, the robustness of the IC fabrication techniques used for fabricating MEMS
devices and other types of devices 1s increased by reducing the variety of feature
types and dimensional variation 1n each layer. The various embodiments of the
invention exploit this characteristic. In particular, another aspect of the invention 1s
to use the comb structure drive portion 1 conjunction with a comb structure based
varactor portion, as shown below 1n FIG. 2.

FIG. 2 shows a top-down view of an exemplary MEMS varactor 200
1n accordance with an embodiment of the invention. As shown 1n FIG. 2, varactor
200 1ncludes a drive portion 201, similar to the drive portion 100 described above
with respect to FIG. 1. That 1s, drive portion 201 includes a drive comb structures
202a and 202b (collectively 202), a truss comb structure 204, drive fingers 206, and
truss fingers 208.

Truss comb structure 204 also includes resilient portions 210 with
fixed ends 212a and 212b (collectively 212). In the exemplary embodiment shown
in FIG. 2, resilient portions 210 comprise resilient or flexible reed structures 211
mechanically coupling truss comb structure 204 to fixed ends 212. Therefore, a leat
spring structure 1s effective formed on the two ends of truss comb structure. In
operation, as a force 18 exerted on truss comb structure 204 (by generating a voltage
difference between fingers 206 and 208) the reed structures 211 deform to allow
truss comb structure to move along motion axis 205 from a first interdigitated
position to at Ieast a second interdigitated position. Once the force 1s no longer

being exerted, the reed structures 211 apply a restorative force to restore the position
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of the truss comb structure 204 to a first interdigitated position. The operation and
configuration of components 202-212 1s substantially similar to that of components
102-112 1n FIG. 1. Therefore the discussion in FIG. 1 1s sufficient for describing the
operation and configuration for components 202-210 1n FIG. 2.

As described above, 1n addition to the drive portion 201, varactor 200
also includes a variable capacitor or varactor portion 214, as shown 1in FIG. 2. The
varactor portion 214 includes input/output comb structures 216a and 216b
(collectively 216) having a fixed position. The input/output comb structures 216 can
also have one or more sense fingers 218 extending therefrom. Within the varactor
portion 214 of varactor 200, the truss comb structure 204 can additionally include
on¢ or more additional truss fingers 220 extending therefrom and interdigitating
sense fingers 218. Therefore, the truss comb structure 204 interdigitates (via fingers
208 and fingers 220) both the drive fingers 206 and the sense fingers 218. As a
result, the truss comb structure 204 couples and 1s part of both the drive portion 201
and the varactor portion 214.

In the embodiment shown 1n FIG. 2, fingers 206, 208, 218, and 220
are shown to be similarly dimensioned and having a same amount of overlap.
However, the invention 1s not limited 1n this regard and dimensional relationships
can be different in the drive portion 201 and varactor portion 214. Furthermore, the
dimensional relationship can also vary within the varactor portion 214.

Additionally, as described above with respect to FIG. 1, the comb structures 202,
204, and 216 can further include conductive portions and structural portions,
comprising non-conductive or semi-conductive materials, to provide structure
support for the conductive portions. The relationship between these portions will be
described below 1n greater detail with respect to FIG. 3.

As described above, the varactor 200 1s configured to provide
functionality as a variable capacitor or varactor. In particular, the truss comb
structure 204 1s configured to provide an adjustable capacitance based on adjustment
of the gap between a first capacitor plate, provided by fingers 218, and a second

capacitor plate, provided by fingers 220. Therefore, varactor 200 forms a first
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adjustable capacitor or varactor between comb structure 216a and truss comb
structure 204, with a capacitance of Couri, and a second adjustable capacitor or
varactor between comb structure 216b and truss comb structure 204, with a
capacitance of Coyrs.

In the various embodiments of the invention, these first and second
varactors can be used separately or in combination. In combination, these varactors
can be connected to provide capacitances 1n series or parallel. For example, to
provide a series capacitance, the capacitance can be measured between comb
structures 216a and 216b. In contrast to provide a parallel capacitance, the
capacitance can be measure between comb structures 216a, 216b and fixed end 212a
(1f electrically coupled to fingers 220).

In some embodiments of the invention, a discontinuity 224 1s
provided to 1solate fingers 220 from fingers 208. As described above, the
discontinuity 224 can be provided to reduce any interference between the varactor
portion 214 and the drive portion 201. For example, to prevent the charge stored
between fingers 218 and 220 from affecting a voltage difference between fingers
206 and 208 and vice versa. However, if fixed ends 212a and 212b are both coupled
to ground, 1solation between drive portion 201 and varactor portion 214 18
maintained without requiring such discontinuity 224.

Varactor 200 opcrates as follows. A circuit (not shown) 1s coupled to
comb structures 216a, 216b, and fixed end 212a (1f necessary, as described above).
To increase amount of capacitance at Couyr; and Cours, a voltage difference (Vgias)
1s developed between fingers 206 and 208 to generate electrostatic attraction
between these fingers. For example, Vgias 18 applied across drive comb structures
202 and fixed end 212b (which 1s electrically coupled to fingers 208) to cause
sufficient electrostatic attraction between fingers 206 and 208 to induce motion of
truss comb structure 204, and consequently motion of fingers 220 towards fingers
218, reducing a spacing xo cap between fingers 218 and 220. Consequently, the
changing of the spacing between the capacitor plates results 1n a different

capacitance value for both Cour; and Coyuty. Therefore, to increase capacitance,
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Vgias 18 selected to create an electrostatic force that 1s at least greater than the
restorative force of reed structures 211 to cause motion of truss comb structure 204
along motion axis 205. Afterwards, to decrease the capacitance, Vgias 18 reduced
such that the clectrostatic force 1s less than the restoring force applied by reed
structures 211. The restoring force then acts on truss comb structure 204 to increase
the gap between fingers 220 from fingers 218, and thus lower the capacitance.

The structure shown 1n FIG. 2 can be fabricated using various I1C
and/or MEMS fabrication techniques. This 1s 1llustrated 1in FIGs. 3A-3C. FIGs. 3A-
3C show partial cross-sections of device 200 through cutline 3—3 1n FIG. 2 during
various steps of a fabrication process in accordance with the various embodiments of
the mnvention.

Manufacture of varactor 200 begins with the formation of the various
layers used to form the structures in FIG. 2. As shown in FIG. 3A, this includes at
[cast one base layer 302, at Ieast one release layer 304 formed on base layer 302, at
Iecast one structural layer 306 formed on release layer 304, a lower conductive layer
308, and an upper conductive layer 309 formed on structural layer 306. The upper
conductive layers 309 can one or more metal layers. The lower conductive layers
308 can comprise one or more adhesion layers to improve adhesion between upper
conductive layers 309 and structural layer 306. However, 1n some embodiments,
lower conductive layers 308 can be omitted. The materials for layers 304-309 can
be formed on base layer 302 1n a variety of ways, including thermal oxidation,
physical/chemical deposition, sputtering, and/or electroplating processes, depending
on the type and composition of the layer being formed.

In the various embodiments of the invention, the composition of
structural layer 306 1s selected such that 1t 1s electrically non-conductive.
Furthermore, the composition of release layer 304 1s selected such that 1t can be
selectively removable, with respect to base layer 302, structural layer 306, and
conductive layers 308, 309, using at least one removal process. For example, 1n
some embodiments of the invention, layers 302-306 are provided by using a silicon

on insulator (SOI) substrate. In such a substrate, the silicon oxide comprising layer

_10-
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sandwiched between two layers of silicon provides release layer 304 between the
silicon-comprising base layer 302 and structural layer 306. One of ordinary skill in
the art will recognize that various types of etch processes are readily available for
removing silicon oxide comprising materials without substantially removing silicon
comprising materials. However, the invention 1s not limited to SOI substrates. In
other embodiments of the invention, the release layer 304 and structural layer 306
are formed on a silicon substrate that provides base layer 302. In still other
embodiments, non-silicon comprising materials are used for forming layers 302-306.

Once layers 302-309 are formed, formation of the structures for
device 200 can begin. In general, the structures shown 1n FIG. 3B for device 200 are
formed by creating voids in conducting layers 308, 309, structural layer 306, and
release layer 304. This step can be performed 1n a variety of ways. For example, as
shown 1n FIG. 3B, a masking layer 310 can be formed on layer 309, having a mask
pattern in accordance with the structures in device 200. For example, the portion of
masking layer 310 shown 1n FIG. 3B shows the mask pattern for portions of reed
structure 211, fixed end 212a, fingers 218, and fingers 220. Once the mask pattern
1s formed 1n masking layer 310, various dry and/or wet etching processes are used to
transfer the mask pattern into conducting layers 308, 309 and structural layer 306.

Although the exemplary mask pattern shown 1n FIG. 3B provides for
the same pattern to be transferred into both conducting layers 308, 309 and structural
layer 306, the various embodiments of the invention are not limited 1n this regard.
In some embodiments of the invention, two masking steps are performed. For
example, a first mask pattern can be provided for etching conducting layers 308.
Afterwards a second mask pattern 1s provided for etching structural layer 306.

Once the masking pattern has been transferred into structural layer
306, portions of release layer 304 are removed to “release” at least some portions of
truss comb structure 204. This can be accomplished by providing an 1sotropic
selective removal process to device 200. An 1sotropic process not only removes the
exposed portions of release layer 304, but will also removes portions of release layer

304 (1.c., creates voids) beneath structural layer 306 1n the vicinity of openings 1n

_11-
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structural layer 306 (1.¢., undercut these structures). If the lateral dimensions of
features 1n structural layer 304 are small enough (such as under reed structures 211,
fingers 218, and fingers 220 shown 1n FIGs. 3A-C), all portions of the release layer
304 underneath such features will be removed. This process thus leaves such
features free-standing or “released”. These features will then only remain connected
to other portions of device 200 via connections 1n other layers. For example, as
shown 1n FIG. 3C, the portions of release layer 304 underneath portions of structural
layer 306 associated with reed structures 211, fingers 218, and fingers 220 are
removed. Still these features are attached to device 200 via other portions of
structural layer 306 and/or conductive layers 308, as shown in FIG. 2. In one
exemplary configuration, such structures can be realized by utilizing an SOI
substrate and a hydrofluoric (HF) acid-based etch. First an etch process 1s used to
form the voids shown in FIG. 3B. Afterwards, an HF acid-based etch process 18
used to selectively remove and undercut portions of the silicon oxide comprising
layer, creating voids beneath selected features of device 200, to result in the
structure shown 1n FIG. 3C.

The various embodiments of the invention are not limited to the
exemplary manufacturing process described above. For example, 1n some
embodiments of the invention, atomic layer epitaxial (ALE) processes are used to
form conductive layers 308, 309 after etching of structural layer 306 and removal of
release layer 304. In such embodiments, use of ALE process allows precise control
of placement and thickness of conductive layer. As a result, device control can be
improved since the dimensions of the active portions of the horizontal GCA device
can be constructed with higher precision.

Although the process flow described above 1n FIGs. 3A-3C can be
used to form the varactor illustrated 1n FIG. 2, one limitation of this process flow
and similar process flows 1s that 1t can be difficult to fabricate such a device and
match desired dimension accurately. In particular, several of the processing steps
described above can give rise to errors 1n the dimensions of the drive comb

structures 202, input/output comb structures 216, and the movable truss 204. For
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example, the various masking and etching steps can result 1n variations in the
dimensions of fingers 206, 208, 218, and 220. In particular, the wet etching steps,
such as the HF etch process described above, are generally difficult to control and
can result in overetching of the resulting features. As a result, such steps can also
result 1n variations of capacitor plate areas (1.¢., the heights (H) and lengths (not
shown) of fingers 206, 208, 218, 220), the widths (¢.g., W1 and W2) of fingers 206,
208, 218, 220, the spacings (SP) between fingers 206 and 208 and between fingers
218 and 220. As aresult, the values of Coyti and Coyry can vary significantly from
device to device for a same Vgas.

Such variation 1s generally inherent in most types of varactor devices.
That 1s, the manufacture of varactor devices of any type generally introduces some
variation 1n the dimensions of the device. As a result, 1t 18 generally difficult to
provide a varactor device that provides capacitance values accurately. One solution
1S to calibrate such devices. Thus, the appropriate values of Vgiag for target
capacitance values can be determined prior to use. However, such a solution
generally results m additional procedures being needed to 1nstall and use the
varactor device. For example, the system utilizing the device would also need to be
calibrated or adjusted to account for the variation in the varactor device being
installed. Another solution 1s to monitor the capacitance value during use and
provide adjustments during use. However, such a configuration results 1n at least
some of the charge of the capacitor being diverted to sensing devices. As a result,
the effective capacitance of the varactor is altered during such monitoring, again
g1ving r1s¢ to capacitance errors. In yet another solution, a second, separate
monitoring capacitor could be used to estimate the behavior of a first active
capacitor of a circuit. However, such a configuration also generally results in errors.
In particular, since the active and monitoring capacitors are manufactured
separately, the monitoring capacitor may not accurately reflect the resulting structure
of the active capacitor. Further, variations in wiring and contact resistances can

result 1in different input signals being provided to the monitoring capacitor. Thus,
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the operation and resulting behavior of the monitoring capacitor may not accurately
reflect the operation and behavior of the active capacitor.

In view of the limitations of the structure of FIG. 2 and other
convention varactor devices, another aspect of the invention provides for fabricating
high accuracy varactor devices by combining GCA varactor devices, as shown 1n
FIG. 2, with a feedback circuit. In particular, the different comb structures of a
single GCA varactor device are used to provide an output varactor portion and a
reference varactor portion. In operation, the feedback circuit can be used to monitor
the reference varactor portion and adjust the value of Viag provided to the GCA
varactor device. Such a configuration 1s 1llustrated below 1n FIG. 4.

FIG. 4 shows a schematic of a MEMS varactor device 400 1n
accordance with an embodiment of the invention. As shown in FIG. 4, device 400
includes GCA varactor 200 coupled to a feedback circuit 404. In some
embodiments of the invention, the GCA varactor 200 and the feedback circuit 404
can be formed on a same supporting structure 406, as shown 1n FIG. 4. For
example, supporting structure 406 can be a substrate and the GCA varactor 200 and
the feedback circuit 404 can be formed thercon using various IC and MEMS
fabrication techniques. In another example, the GCA varactor 200 and the feedback
circuit 404 can be formed on different supporting substrates and afterwards
combined using conventional methods. Such methods can include system-in-a-
package and/or printed circuit board (PCB) fabrication methods. However, the
invention 18 not limited 1n this regard and the GCA varactor 200 and the feedback
circuit 404 can be combined using other methods or formed and used on separate
interconnected structures.

The GCA varactor 200 1s configured similarly to the GCA varactor
described above 1in FIG. 2. That 1s, the GCA varactor 200 includes a drive portion
201 similar to that of FIG. 2. Accordingly, the description provided above for FIG.
2 18 sufficient for describing the structure and operation of components 202a, 202b,

204, 206, 207, 208, 210, 211, 212a, and 212b in FIG. 4. In addition to drive portion

201, the GCA varactor 200 also includes a varactor portion 214 similar to the
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varactor portion of FIG. 2. Accordingly, the description provided above for FIG. 2
1s sufficient for describing the structure and operation of components 216a, 216b,
218, and 220 1n FIG. 4.

As described above 1n FIG. 2, GCA varactor 200 provides first and
second variable capacitors or varactors, Couyr1 and Coyure. In the embodiment
illustrated in FIG. 4, Courz can be used as a reference varactor for monitoring and
accurately adjusting the Couri. Such a configuration 18 more accurate for estimating
the capacitance value of Coyri, as compared to conventional methods, for at least
two reasons. First, the capacitance values of Cout; and Coyr vary due to the same
action. That 1s, instead of adjusting the capacitance of a reference varactor using a
portion of a bias signal or a different signal related the bias signal, a same signal
independently and simultaneously adjusts both the output and reference varactors.
For example, in FIG. 4, the bias voltage applied to the drive portion 201 causes the
motion of the movable truss 204, which simultancously changes the capacitance of
both Couti and Coyutz. As a result, any variations between the reference and output
varactors that are normally caused by differences in wiring, contact resistance, and
other signaling differences are effectively eliminated. Further, the electrical
operation of Coyri 18 not significantly atfected by the electrical operation of Coyrs.
Second, since the comb structures 216a and 216b and the movable truss 204 are
simultancously fabricated in the same device, process bias-induced variations in the
reference varactor are substantially reduced. In particular, global manufacturing
variations are irrelevant since the reference varactor and the output varactor are part
of the same device. Further, since these structures are formed side-by-side during
the same process, localized manufacturing variations are also significantly reduced.
Accordingly, the capacitance values provided by Cours will generally substantially
track with the capacitance values provided by Couti. As a result, Coyr can be
monitored and used to accurately determine any adjustment 1n bias voltage needed
to provide a target output capacitance value at Coyr.

To this end, device 400 provides feedback circuit 404 for monitoring

Cour2 and modifying Vgiag to provide a Vgias' to provide the output capacitance
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target at Couti associated with a selected Vias. In operation, a voltage source 418
applies a voltage Vpiag across the drive portion 201 (imitially feedback circuit 404
does not modify Vgias and thus Vgias = Vgias') and fixed end 212b that 1s expected
to cause motion of the movable truss 204 so that a particular output capacitance
value 1s provided at Couti. Although voltage source 418 1s 1llustrated as a battery in
the exemplary embodiments illustrated herein, the invention 1s not limited 1n this
regard. In the various embodiments of the invention, voltage source 418 can be a
variable voltage source receiving a control signal from one or more components on
substrate 406, such as feedback circuit 404 or a separate controller circuit, or from
on¢ or more components located elsewhere.

The feedback circuit 404 then determines an amount of voltage
adjustment for Vgiag based on the capacitance at Coyrp. That 1s, feedback circuit
determines the amount of voltage adjustment need for the capacitance at Coyr, to
provide a target Coury capacitance associated with Vgias. Feedback circuit 404 then
adjusts Vgias by the voltage adjustment amount to obtain a voltage Vgias'. Vgias' 1s
then provided to the drive portion 201 to adjust the position of movable truss 204
beyond that provided by Vgias alone. As a result, the capacitance values at Coyr
and Cour are adjusted. The process can then be repeated until Coyrs 18 at the
capacitance value corresponding to the target capacitance value for Coyur
corresponding to a target capacitance value for Coyr; for the selected Vpias.

In the various embodiments of the invention, feedback circuit 404 can
be configured using analog circuit elements, digital circuit elements, or a
combination of both. Accordingly, one of ordinary skill in the art will recognize that
the feedback circuit 404 can be implemented 1n a variety of ways. For example, 1n
some embodiments of the invention, feedback circuit 404 can be a digital controller
circuit that accepts Vgias, a capacitance value of Coyr and that automatically
computes or looks up a Vgiag' value for adjusting the capacitance value of Cour; to a
value associated with a target Coyri. In another example, a feedback circuit 404 can
be fabricated using solely analog circuits. One such configuration will be described

below 1n greater detail with respect to FIGs. 6-10.
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In some 1nstances, a larger capacitance may be needed than can be
provided by the combination of comb structure 216a and movable truss 204
providing Coyr;. One solution 18 to increase the number of fingers to increase the
capacitance values for Coyr. Although such a solution can increase the capacitance
for Cour1 without increasing the area occupied by GCA varactor 200, the maximum
capacitance will limited by manufacturing tolerances. That 1s, 1n any MEMS
manufacturing process, there will be a minimum line width and line spacing that 1s
achievable. However, such minimum line widths and spacing may be undesirable
since the resulting structures may be too thin or fragile to support themselves.
Accordingly, 1t can be necessary to increase the arca occupied by GCA varactor to
accommodate an additional number of fingers. Although such a solution will also
increase the capacitance values for Coyr, this solution also results 1n an increased
arca for the combination of comb structure 216b and movable truss 204 providing
Courz2. As aresult, a large amount of surface arca of a substrate may be wasted on
capacitor structures that are not required to provide a large capacitance value.

In view of the foregoing, some embodiments of the invention provide
an alternative configuration for a MEMS varactor device. Such an alternate
configuration 1s 1llustrated in FIG. 5. FIG. 5 shows a schematic of another MEMS
varactor device 500 1n accordance with an embodiment of the invention. Like the
device 1n FIG. 4, device 500 also includes a GCA varactor 502 and a feedback
circuit 404 which can be optionally formed on a same supporting structure 406.

As shown 1n FIG. 5, GCA varactor 502 1s also configured similarly to
the GCA varactor described above 1n FIG. 2. That 1s, the GCA varactor 502 also
includes a drive portion 201, stmilar to the drive portion of FIG. 2. Accordingly, the
description provided above for FIG. 2 1s sufficient for describing the structure and
operation of components 202a, 202b, 204, 206, 207, 208, 210, 211, 212a, and 212b
in FIG. 5. The GCA varactor 200 also mcludes a first varactor portion 214 for
providing an output capacitance Coyr using a parallel combination of Coyri and
Coutz, as shown 1n FIG. 5. This first varactor portion 214 1s similar to the varactor

portion of FIG. 2. Accordingly, the description provided above for FIG. 2 1s
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sufficient for describing the structure and operation of components 216a, 216b, 218,
and 220 in FIG. 5. Additionally, a relatively large output capacitance value 1s
provided by coupling the varactor formed by comb structure 216a and movable truss
204 and the varactor formed by comb structure 216b and movable truss 204 1n
parallel.

However, in addition to drive portion 201 and first varactor portion
214, GCA varactor 502 also includes a second varactor portion 514 for providing the
reference capacitance Cgrgr, as shown 1n FIG. 5. The second varactor portion 514 1s
also configured similarly to the varactor portion of FIG. 2. Accordingly, the
description provided above for the varactor portion of FIG. 2 1s also sufficient for
describing the structure and operation of components 516a, 516b, 518, and 520 1n
FIG. 3.

In FIG. 3, first varactor portion 214 and second varactor portion 514
are shown as being similarly configured. That 1s, first varactor portion 214 and
second varactor portion 514 are shown as including a similar number of fingers and
in which the dimensions of the fingers are similar. However, the invention 1s not
[imited 1n this regard. In some embodiments of the invention, the dimensions of the
fingers and the spacings can be different for varactor portion 214 as compared to
varactor portion 514. Therefore, the first varactor portion 214 and the second
varactor portion 514 can provide different capacitance values 1 other embodiments
of the invention.

Such a configuration can be useful for providing a high accuracy
GCA varactor occupying a relatively small area while providing a relatively large
capacitance. For example, the first varactor portion 214 can be configured to have a
large number of fingers 218, 220 to provide a relatively high capacitance. In
contrast, the second varactor portion 514 can be configured to have a smaller
number of fingers 518, 520, as compared to varactor portion 214, to provide a
relatively lower capacitance. Furthermore, the reference capacitance value can be
provided by coupling the varactor formed by comb structure 516a and movable truss

204 and the varactor formed by comb structure 516b and movable truss 204 1n
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parallel, as shown 1n FIG. 5. This allows the area needed for second varactor
portion 514 to be reduced further. As a result, a majority of the arca of GCA
varactor 502 associated with varactor structures can be occupied by the varactor
structures for providing the output capacitance of GCA varactor 502.

GCA varactor 502 operates as follows. To increase the amount of
capacitance provided by both the first varactor portion 214 and the second varactor
portion 514, a voltage difference (Vgias) 1s developed between fingers 206 and 208
to generate electrostatic attraction between these fingers. For example, as shown 1n
FIG. 5, Vgias' 18 applied across drive comb structures 202 and fixed end 212b
(which 1s electrically coupled to fingers 208) to cause sufficient electrostatic
attraction between fingers 206 and 208 to induce motion of truss comb structure 204
along motion axis 205 and reduce X¢ pryv. The motion of truss comb structure 204
consequently causes the simultancous motion of fingers 220 towards fingers 218 and
fingers 520 towards fingers 518. As a result, the spacing Xo cap a between fingers
218 and 220 1s reduced and the spacing xo cap s between fingers 518 and 520 1s also
reduced. Consequently, the reduction of these spacings also reduces the spacing
between the capacitor plates 1n varactor portions 214 and 514, resulting 1n a change
of the capacitance values provided by varactor portions 214 and 514.

As described above, the varactor portion 514 can be used as a
reference varactor for monitoring and accurately adjusting the output capacitance of
varactor portion 214 using feedback circuit 404, as described above with respect to
FIG. 4. Accordingly, the description provided above for the device 1n FIG. 4 1s also
sufficient for describing the structure and operation of feedback circuit 404.

As described above, the feedback circuit 404 in FIGs. 4 and 5 1s used
to modify a bias voltage provided by bias source 418 (Vgias) 1n order to provide a
VBIAS' that results 1n the target output capacitance value associated with Vpias.
However, as also described above, the feedback circuit 404 in FIGs. 4 and 5 can be
implemented 1n a variety of ways. For example, one exemplary implementation 1s
described below with respect to FIG. 6. FIG. 6 shows a detailed schematic

illustration of one exemplary configuration for the feedback circuit 404 in a MEMS
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varactor device 1in accordance with an embodiment of the invention. The
configuration of the feedback circuit 404 includes a converter element 620 for
performing a conversion step, a comparison element 622 for performing a
comparison step, and a voltage adjusting element 624 for performing a voltage
adjustment step. The feedback circuit 404 can also imnclude a controller element 626.
Although various blocks are shown 1n FIG. 6, on¢ of ordinary skill in the art will
readily recognize that any of the blocks shown 1in FIG. 6 can be combined.

The exemplary feedback circuit 404 in FIG. 6 opcrates as follows.
First, Crer 18 converted to a voltage Vrer using converter element 620, as described
below with respect to FIGs. 7 and 8. Second, Vgrer 18 compared to a set point
voltage Vgp using a comparison ¢lement 622. In some embodiments, the controller
clement 626 can supply Vgp. In such a configuration, controller element 626 can
receive Vpias and automatically determine Vgp using computational or lookup
methods. However, the various embodiments of the invention are not limited 1n this
regard and Vgp can also be supplied by circuits external to feedback circuit 404.
Based on this comparison, comparison element 622 generates an output signal
comprising OV (indicating that no change 1s needed) or an incrementing voltage AV
(indicating that a change 1s needed). An exemplary configuration for a comparison
clement will be described below 1n further detail with respect to FIG. 9. In
opceration, the comparison element 622 continues to generate an output signal
comprising an incrementing voltage AV until Vygr 18 less than or equal to Vgp. At
such a value of Vggr, the reference varactor 1s assumed to be providing a capacitance
value Crgr corresponding to a target capacitance value Coyr for the output varactor.
Accordingly, no further adjustment of Vgias would be needed. However, as long as
Vrer 18 greater than Vgp, the voltage adjusting element 624 will continue accumulate
a sum of AV over time and add this sum to Vgiag to produce an adjusted bias voltage
Vaias'.

As described above, the feedback circuit 404 1in FIG. 6 first performs
a conversion step to convert the reference capacitance obtained from GCA varactor

in FIGs. 4 or 5 to a reference voltage Vrpr. Such a step 18 used since comparison of
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capacitance values 1s generally non-trivial. However, conversion of a capacitance
value to a voltage and comparison of voltages 1s relatively straightforward to
implement. Accordingly, by converting the reference capacitance Crgr to a
reference voltage Vger, the circuit configuration needed for making an adjustment to
Vgias 18 greatly simplified. An exemplary configuration for convertor circuit 620
shown 1n FIG. 7. However, the various embodiments of the invention are not
l[imited 1n this regard and other circuits can be provided for converting the reference
capacitance to a reference voltage.

FIG. 7 shows an exemplary configuration for the converter element
620 1 accordance with an embodiment of the invention. In the exemplary
configuration shown 1n FIG. 7, the converter element 620 can include a resistance-
capacitance (RC) filter 702 and an envelope detector 704. In operation, the RC filter
702 receives a square wave input waveform S; and generates a time-varying output
waveform S,, where S, varies according to variations in Crpgr. Envelope detector
704 then generates Vrer based on waveform S,. In some embodiments of the
invention, waveform S; can be generated within converter element 620, using a
square wave generator 706. However, the various embodiments of the invention are
not limited 1n this regard and waveform S; can be provided from a square wave
generator operating external to converter element 620. In the various embodiments
of the invention, any type of square wave generator can be used to provide S;. The
design and fabrication of stand-alone and integrated square wave generators 1s well
known to those of ordinary skill in the art and will not be described herein.

As shown 1n FIG. 7, an RC filter 702 1s employed to generate
waveform S; from waveform S;. RC filter 702 can be configured 1n a variety of
ways. One exemplary configuration 1s shown 1n FIG. 8. FIG. 8 shows a schematic
illustration of an exemplary configuration for RC filter 702 in accordance with an
embodiment of the invention. In FIG. 8, RC filter 702 1s configured as a low pass
filter. In particular, a resistor R and the reference capacitance Crer are arranged 1n
series with a source of waveform S, and the voltage measured across Crgr 18 used as

wavetorm S;. Therefore, as the value of Crgr varies over time, the voltage or
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potential divider in RC filter 704 also changes over time. In particular, the variation
in Cgrgr results 1n a variable impedance that generally varies inversely proportional
to Crer, assuming that the frequency of S; 1s constant. Consequently, as Crgr 18
increased over time, the variable impedance 1s also decreased. As a result, the
voltage across Crgr 18 also decreased over time and the wavetorm S; will also vary
over time. In particular, the decreasing voltage across Crer will decrease the
amplitude of S,. Thus, the waveform S; provides a waveform with an amplitude
inversely indicative of the current value of Cgrgy.

Referring back to FIG. 7, once waveform S; 1s generated, the
waveform S, passes through envelope detector 704. In the various embodiments of
the mvention, any type of envelope detector circuit can be used. Such circuits are
well known to those of ordinary skill in the art and will not be described herein.
Envelope detector 704 1s used to measure or detect the varying amplitude of the
waveform S, due to the variations in Crgr. As a result, a value for Vygr 18
gencrated, where Vyer 1S a voltage signal that varies over time based on the variation
in the amplitude of S, caused by the variation in Crgr. Accordingly, such a signal
can then be used 1n a subsequent comparison step to determine if adjustment of
VigiAs 18 needed.

In the comparison step, the reference voltage generated during the
conversion step 1n converter element 620 can then be compared to a set point
voltage Vgp 1n a comparison clement 622 to generate a signal that can be used during
a subsequent voltage adjusting step to adjust the value of Vgias. Based on this
signal, the adjustment step can be performed to adjust operation of the GCA varactor
and thus the output capacitance. One exemplary configuration for comparison
clement 622 1s shown 1n FIG. 9.

FIG. 9 shows a schematic 1llustration of an exemplary configuration
for a comparison element 622 for the feedback circuit 404 in FIG. 6. The
comparison clement 622 can be provided using an operational amplifier (op-amp)
comparator circuit, such as that as shown in FIG. 9. In FIG. 9, an op-amp circuit 18

illustrated including an op-amp comparator 902 with an output pull-up resistor RL.
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In such a configuration, the non-inverting input (+) of op-amp 902 can be configured
to receive Vyer and the mverting input (-) of op-amp 902 can be configured to
receive Vgp. Furthermore, the pull-up resistor can be connected to an incrementing
voltage AV. As aresult, if Vrgr 18 greater than Vgp, the comparator element 822
outputs AV. In contrast, if Vrgr 18 less than Vgp, the comparator element 822
outputs OV. However the various embodiments of the invention are not limited to
the configuration 1illustrated in FIG. 9. Rather, any type of comparator element
configuration for generating an output signal of OV or AV based on a comparison of
Vrer and Vgp can be used in the various embodiments of the invention.

Referring back to FIG. 6, once the conversion and comparison steps
arc 1s completed at elements 620 and 622, the resulting signal (either OV or AV) 1s
provided to the voltage adjusting element 624. The voltage adjusting element 624
then performs the voltage adjusting step. FIG. 10 shows an exemplary configuration
for the voltage adjusting element 624 of the feedback circuit 404 1in FIG. 6. As
shown 1n FIG. 10, the voltage adjusting element 624 includes an accumulator circuit
1000, including a gated voltage latch circuit 1002 and a first summing voltage
circuit 1004. The term “gated voltage latch circuit”, as used herein, refers to any
type of circuit that can store a voltage level based on an enable signal. That 1s, a
new voltage level cannot be stored 1n the circuit until an enable signal 1s recerved.

In the various embodiments of the invention, any type of gated latch circuits can be
used.

For example, in one embodiment of the invention the latch circuit
1002 can comprise a row of resistors increasing or decreasing 1n value and receiving
Vsum. These resistors would individually be connected to gated SR latches (clocked
SR flip-flops). These SR flip-flops would then be connected back together to a
summer circuit to provide a summed output for Vgrorep. In operation, as the value
of Vquum Increases, the number of SR latches turn on also increases, based on the
resistor values. However, as the SR latches are gated, the value for Vgrorep would

only change based on the clock signal.
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Feedback circuit 624 also includes a second summing voltage circuit
1006. The term “summing voltage circuit”, as used herein, refers to any circuit
capable of receiving at least two voltage signals and outputting a signal having a
voltage equal to the sum of the received voltage signals. Such circuits are well
known to those of ordinary skill in the art and will not be described herein.

Voltage adjusting circuit 624 operates as follows. Initially, the latch
1002 1n accumulator circuit 1000 1s configured to store a voltage Vsrorep €qual to
OV. Thereafter, during a first clock cycle, latch 1002 outputs Vgrorgp to Summing
circuilt 1004 1n accumulator circuit 1000. However, latch 1002 will not be enabled
to store a new value for Vgtorep. Summing circuit 1004 also receives an output of
comparison clement 622, comprising OV or an incrementing voltage AV. As a
result, summing circuit 1004 generates a sum voltage Vgym comprising the sum of
Vsrorep and one of OV or an incrementing voltage AV provided by comparison
clement 622. As a result, Vsuym will equal to OV or AV. During a following clock
cycle, the clock signal CLK enables latch 1002 to store the Vsum as VsToreD.
Accordingly, values of AV are accumulated over time. That 1S, Vgrorep 18 Increased
in increments of AV. As result, the voltage Vgum will be equal to nAV over time,
where n 18 an mteger greater than 0. In some embodiments of the invention, signal
CLK can be provided by controller 626, as shown in FIG. 6. However the various
embodiments of the invention are not limited 1n this regard and signal CLK can be
supplied by one or more external components.

At the same time as accumulator circuit 1000 1s accumulating and
summing values of AV, the result Vguwm 18 passed to summing circuit 1006.
Summing circuit 1006 also receives the bias voltage Viiag from bias source 418.
Summing circuit 1006 then generates a sum voltage Vgias' equal to Vsum + Viaias.
The sum voltage Vgiag' 1s then provided to the drive portion of the GCA varactor.
Over time, the voltage adjusting circuit 624 continues to increase Vgias' as long
Vsuwm 18 continued to be increased. Accordingly, once comparison element 622
ceases to output AV, no further changes to Vguwm are provided, indicating that the

output capacitance Cour 18 at a target value.
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While various embodiments of the present invention have been
described above, 1t should be understood that they have been presented by way of
example only, and not limitation. Numerous changes to the disclosed embodiments
can be made 1n accordance with the disclosure herein without departing from the
spirit or scope of the invention. Thus, the breadth and scope of the present invention
should not be limited by any of the above described embodiments. Rather, the scope
of the invention should be defined 1in accordance with the following claims and their
cquivalents.

Although the invention has been 1llustrated and described with
respect to one or more implementations, equivalent alterations and modifications
will occur to others skilled 1n the art upon the reading and understanding of this
specification and the annexed drawings. In addition, while a particular feature of the
invention may have been disclosed with respect to only one of several
implementations, such feature may be combined with one or more other features of
the other implementations as may be desired and advantageous for any given or

particular application.
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CLAIMS

1. A system comprising a varactor device, said varactor device comprising:

a gap closing actuator (GCA) varactor, comprising at least one drive comb
structure, at least one output varactor structure defining an output capacitance, at least
one reference varactor structure defining a reference capacitance, and at least one
movable truss comb structure interdigitating said drive comb, satd output varactor, and
said reference varactor structures, said truss comb structure configured to move along a
motion axis between a plurality of interdigitated positions based on an output bias
voltage applied between said truss comb structure and said drive comb structure; and

a feedback circuit electrically coupled to said reference varactor structure, said
feedback circuit configured to selectively modify an input bias voltage based on said
reference capacitance to produce said output bias voltage that provides a target

capacitance at said output varactor structure.

2. The system of claim 1, wherein said feedback circuit comprises a converter
element configured to generate a reference voltage based on said reference capacitance, a
comparator element configured to compare said reference voltage to a set point voltage,
and a voltage adjusting element configured to generate said output bias voltage based on

said input bias voltage and a comparison output of said comparator element.

3. The system of claim 2, wherein said feedback circuit further comprises a

controller element configured to generate said set point voltage.

4. The system of claim 2, wherein said converter element further comprises:

a resistor-capacitor (RC) filter network defined by said reference varactor
structure, said RC network configured to receive an input waveform and generate an
output waveform; and

an envelope detector network coupled to an output of said RC filter network, said
envelope detector configured to generate said reference voltage from an envelope ot said

output waveform.
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5. The system of claim 4, where said converter element further comprises a square
wave generator electrically coupled to said RC filter network to provide said input

waveform.

6. The system of claim 2, wherein said comparator element comprises a voltage
comparator circuit configured to compare said set point voltage and said reterence

voltage and to generate said comparison output based on said comparison.

7. The system of claim 6, wherein said voltage comparator circuit outputs as said
comparison output an incrementing voltage if said reference voltage 1s greater than said
set point voltage, and said voltage comparator circuit outputs as said comparison output a

ground voltage 1f said reference voltage 1s less than said set point voltage.

8. The system of claim 6, wherein said feedback circuit further comprises at least
one controller element configured to define said incrementing voltage in said comparator

element.

9. The system of claim 6, wherein said voltage adjusting element comprises an
accumulator circuit coupled to a first summing circuit, said accumulator circuit
configured to sum said comparison output over time to generate an adjustment voltage,
and said first summing circuit generates said output bias voltage by adding said

adjustment voltage to said input bias voltage.

10. The system of claim 9, wherein said accumulator circuit comprises a second

summing circuit and a gated latch circuit.

11.  The system of claim 10, wherein said feedback circuit further comprises a

controller element configured to generate a clock signal for enabling said gate latch

circuit to store an output of said second summing circuit.

12.  The system of claim 1, further comprising a substrate, wherein said GCA

structure and said feedback circuit are disposed on said substrate.
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13. A method of operating a gap closing actuator (GCA) varactor comprising at least
one drive comb structure, at least one output varactor structure defining an output
capacitance, at least one reference varactor structure defining a reference capacitance,
and at least one movable truss comb structure interdigitating said drive comb, said output
varactor, and said reference varactor structures, said truss comb structure configured to
move along a motion axis between a plurality of interdigitated positions based on an
output bias voltage applied between said truss comb structure and said drive comb
structure, the method comprising:

providing an input bias voltage for said drive comb structure; and

modifying said input voltage based on said reference capacitance to produce said

output bias voltage that provides a target capacitance at said output varactor structure.

14.  The method of claim 13, further comprising:

selecting an initial value for said output bias voltage using said input bias voltage
associated with a target capacitance for said output capacitance;

obtaining a reference voltage based on a value of said reference capacitance
resulting from said initial value of said output bias voltage;

comparing said reference voltage to a set point voltage associated with said target
capacitance; and

adjusting said output bias voltage based on said comparing to reduce a difterence

between said reference voltage and said set point voltage.

15. The method of claim 14, wherein said obtaining further comprises:

providing an input wavetorm:;

converting said input waveform to an output waveform using a resistor-capacitor
(RC) filter network defined by said reference varactor structure; and

detecting an envelope of said output waveform; outputting said envelope as said

reference voltage.

16.  The method of claim 15, where said providing said input waveform further

comprises providing a square wave.

17. The method of claim 13, wherein said comparing further comprises:

18-
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comparing said set point voltage to said reference voltage;

outputting as said comparison output an incrementing voltage if said reference
voltage is less than said set point voltage; and

outputting as said comparison output a ground voltage if said reference voltage 1s

greater than said set point voltage.

18. The method of claim 13, wherein said adjusting further comprises:

summing said comparison output over time to generate a next adjustment voltage,

and
outputting a sum of said next adjustment voltage and said input bias voltage as

said output bias voltage.

19.  The method of claim 18, wherein said summing said comparison output further
COMPIISES:

receiving said comparison output;

adding a previous adjustment voltage stored in a gated latch circuit to said
comparison output to produce said next adjustment voltage; and

storing said next adjustment voltage in said gated latch circuit.

20.  The method of claim 19, wherein storing further comprises receiving a clock

signal for enabling said gate latch circuit to store said next adjustment voltage.
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