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ABSTRACT
Microelectromechanical systems (MEMS) integrating multi-

domain sensors and actuators with conventional microelectronic
batch fabrication processes are becoming increasingly complex.
In order to design systems with large numbers of multi-domain
components, we need to use a hierarchical structured design
approach, with design at the schematic level instead of the tradi-
tional layout representation used in MEMS design. However,
since fabrication can only be done from a layout representation,
an automatic or manual layout generation from schematic is nec-
essary. It is essential to be able to translate from the layout repre-
sentation back to the schematic to reason about layout
correctness in meeting the schematic’s function as well as to
extract geometric parameters for functional simulation. An
extraction module is developed which reads in the geometric
description of the layout structure and reconstructs the corre-
sponding schematic. This schematic can then be fed to an ordi-
nary differential equation solver or can be compared with the
design schematic to validate the correctness of the designed lay-
out. The extraction module also minimizes the number of nodes
required to represent the schematic as a netlist. The results pre-
sented show the success of the module for some example MEMS
designs.

1. INTRODUCTION
Microelectromechanical systems (MEMS) are sensor a

actuator systems made from microelectronic batch fabricat
process. The advent of stable MEMS fabrication processes
recently led to the development of increasingly complex MEM
designs. The acceptance of MEMS in industry has been qu
smooth and fast and today we already have commercial prod
like accelerometers to trigger airbags from Analog Devices
and Motorola [22], and Texas Instruments’ micro mirror displa
devices [12].

The MEMS designer has traditionally completed his ta
manually. He has had access to only a few tools to help con
the design and fabrication process complexity. The understa
ing of the fabrication process and the capability to visualize t
final product was a matter of designer’s experience. With no to
present to test the final layouts, the design of MEMS devices
been primarily a trial and error cycle requiring numerous desi
and fabrication iterations. Thus the design cycle for a MEM
device is considerably longer than its VLSI electronics count
part. Initial CAD tools for MEMS primarily focussed on accurat
3-D simulations of simple micromechanical devices. Later s
consistent analysis tools [7][11], which integrated both electr
static and mechanical aspects of MEMS, were also develop
These tools focused on device behavior, given a 3D model of
device after fabrication. Since the generation of 3D device mo
els was tedious, process simulation tools [15] were also dev
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oped. Though these helped the designer to get a preview of the
device being designed, they were restricted to simple MEMS
devices only. This was mainly due to the time and memory
requirements for these simulations. This led to the development
of structured design methodologies for MEMS [4][23][24] for
managing the increasingly complex MEMS devices being imag-
ined. During the last decade there has been a considerable devel-
opment in this field, resulting in numerous CAD tools for mixed
technology lumped parameter simulation [34][35] and for lay-
out synthesis [9][16]. While the schematic to layout flow was
being enriched by such tools, the reverse flow, i.e., from layout
back to schematic, was still untouched. The need for a CAD tool
to do this conversion arises from the fact that this would allow
the layout designer to check the design faster. The present
options available to the designer are to either perform a finite
element analysis, which is very slow, or to go into actual fabri-
cation and then check the designed structure, which is an expen-
sive waste if the design fails. Thus came the need for a MEMS
device extractor which would give a reconstructed schematic,
corresponding to the designed layout, which can then be simu-
lated and checked easily. The present work attempts to fill this
gap in the structured MEMS design methodology.

Schematic-level extraction in MEMS expands the geomet-
ric specification of the device, in accordance to the selected pro-
cess, into a layer-by-layer description of the geometrical shapes
and their topological placements, just as it does in VLSI
[20][31]. The finer objective for such an extractor is to have a
schematic representation of the layout. This objective is
achieved in a two step process. First we process the machine
readable layout specification to extract atomic mechanical fea-
tures such as beams, plates, joints and mechanical gaps, from
which the MEMS device is made. The next step is to extract
commonly-used MEMS components by geometrically matching
the topology and connectivity of these atomic elements with
those in a component library. The resulting schematic represen-
tation can now be compared with the original designer’s sche-
matic to determine layout errors using a tool for Layout-versus-
Schematic. In addition, the extraction generates lumped-param-
eter values for the atomic elements it extracts to enable lumped-
parameter functional simulation [34][35] of the MEMS layout.

The motivation behind this exercise is to have a rapid, effi-
cient and accurate analysis of the layout in order to develop high
quality robust devices and systems. The ability to ensure layout
correctness via such an extraction methodology will signifi-
cantly shorten the time, and reduce the cost, of MEMS design.

The next section provides a background of existing MEMS
technology, devices, and design process. Section 3 overviews
our extraction methodology. Section 4 describes the algorithms
used for feature recognition and extraction. Section 5 presents
results from a prototype implementation of the extraction algo-
rithms, and is followed by a concluding section.

2. BACKGROUND

2.1. MEMS Technology
Microelectromechanical systems are integrated syste

combining electrical and mechanical components. They vary
size from microns to a few millimeters. The whole aim o
research in this field is directed towards using fabrication p
cesses for the parallel manufacture of many MEMS devic
This is motivated by the cost benefits that such integrati
would bring. There are three major technologies [6][13][14][3
used in MEMS fabrication: bulk micromachining, LIGA and
surface micromachining. As in the VLSI world, silicon techno
ogies tend to be the most widely used technology in MEMS fa
rication. This is not only due to the fact that silicon technolog
is already very advanced, but also due to remarkable mechan
properties of silicon and its variants (like polycrystalline sil
con), like lack of mechanical hysteresis, high modulus of ela
ticity, high strength to weight ratio, high thermal conductivit
and low thermal expansion coefficient.

In the bulk micromachining technique, mechanical stru
tures are etched out of the bulk of the silicon wafer. It is the mo
mature micromachining technique. Though its initial investme
is quite low, it suffers from the inherent disadvantage that t
planar geometry of the structures must always be rectangu
Integration with electronics is also difficult, though not imposs
ble. The LIGA (German acronym for LIthographie, Galvanofo
mung, Abformung) technique involves X-ray lithography
micro-electroplating and micro-molding processes. It begi
with X-ray lithography on a conductive substrate followed b
preferential electroplating of the gaps between the resist p
terns. Though LIGA is suitable for mechanical structures lik
microrelays, micromotors, etc., its integration with electronics
difficult. It also involves a high capital investment and initia
cost. Within the last decade, surface micromachining techniq
have had a phenomenal growth. We will focus our attention
this technique. Unlike its bulk cousin, surface micromachinin
does not penetrate the bulk silicon wafer. Instead thin films a
selectively deposited on and/or removed from its surface. Tra
tional surface micromachined processes do not allow for in
gration of MEMS with electronics (e.g., MCNC’s Multi-User
MEMS Process, MUMPS [18]). The need to electronically pr
cess the signals generated by MEMS sensors, and/or electr
cally control MEMS actuators has led to the development
integrated surface micromachining processes. Currently,
most viable integrated MEMS fabrication alternatives in th
U.S. are polysilicon processes from MCNC (Multi-User MEM
Process service with flip-chip CMOS, SmartMUMPs) [18], Sa
dia National Laboratories (Sandia Agile MEMS Prototyping
Layout tools, and Education program, SAMPLE) [27][28], an

Analog Devices’ iMEMSTM process [2], and the CMU standard
CMOS process [8].
Copyright 1998 by ASME
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Figure 1: A folded flexure comb-drive microresonator
fabricated in the MUMPS process.

Figure 2: MUMPS process steps highlighting (a) first
sacrificial oxide layer, (b) first structural polysilicon layer,
(c) metal layer on the polysilicon surface and (d) the final
release. (all dimensions inµm)

We will focus on the MUMPS [18] process due to its sim-
plicity, popularity, and maturity as a surface micromachining
process. Extensions to the newer integrated processes are easily
accomplished. An example MEMS device layout and a view of
its cross section on the A-A’ axis is shown in Figure 1. As can
be seen in the figure, the device consists of a floating structural
layer that is attached to the substrate by anchors. The device
itself will be described in Section 2.2. Figure 2 details the pro-
cess steps that leads to the fabrication of such devices. We focus
on how the cross-section A-A’ of Figure 1 would look at differ-
ent points of the fabrication process. First a layer of low-stress
silicon nitride is deposited on the substrate to form an electrical
insulation. This is followed by a layer of low stress polysilicon
which is patterned and etched to form electrical interconnects. A
sacrificial layer of oxide is then deposited and patterned to get
the dimples and the first anchor holes. This stage is shown in
Figure 2(a). This is coated with a layer of phosphosilicate glass
followed by another layer of polysilicon which is then etched to
form the first structural layer. The photoresist pattern needed for
this etch step is shown in Figure 2(b). Finally the metal layer is
deposited and patterned to form the interconnects and pads
(Figure 2(c)). The sacrificial oxide layers are etched out and the

resulting structure contains the free mechanical dev
(Figure 2(d)).

The rest of this paper makes numerous references to var
mask layers. We will use the mask conventions laid down
MCNC’s SmartMUMPS Design Handbook. Table I lists all th
layers that we will refer to.

TABLE I Mask conventions used in the MUMPS process

2.2. MEMS Devices
MEMS devices find numerous applications in differen

areas, generally functioning as miniature sensors or actuat
MEMS technology allows us to integrate many devices into
single system comprising electrical, mechanical, thermal, op
cal, chemical and biochemical components. This results in th
low per unit cost and small size which makes them suitable
portable and remote applications. We focus on inertial MEM
sensors because of their numerous applications, and their r
tive maturity. In particular, we describe the MEMS microreson
tor, since it forms the basis of most inertial sensors. We a
describe the gyroscope because of the keen research intere
that device.

The microresonator [29] shown in Figure 1 is a typica
example of a folded-beam flexure resonator. The folded flex
is a popular design choice for the suspension because it is in
sitive to buckling (arising from residual stress in the polysilico
film). The resonator is driven in the preferred (x) direction b
electrostatic actuators that are symmetrically placed on the si
of the shuttle. Each actuator, commonly called a ‘comb drive’,
made from a set of interdigited comb fingers. When a voltage
applied across the comb fingers, the shuttle mass moves du
electrostatic forces. Thus by applying a sinusoidal voltage
may have a periodic motion of the resonator. If the frequency
this motion resonates with the natural frequency of the reso

A

(a) Layout

(b) Cross-section A-A’

shuttle mass

comb drive
folded flexure
anchor points

y

x

x

 A’
A  A’

OXIDE
PHOTORESIST

NITRIDE LAYER POLY 0
0.5

POLY1

(a) (b)
METAL

2.0

(c) (d)

PHOSPHOSILICATE GLASS

~ 100

2.0

0.5
N-TYPE (100) SILICON
             WAFER

2.0

Pnemonic
Level Name Purpose

POLY1
pattern for first structural polycrystal-
line silicon layer (poly1)

ANCHOR1

open holes for poly1 to nitride or base
polycrystalline silicon layer (poly0)
connection. The elements fabricated
after this stage are connected to the
nitride/poly0 layer and thus are not
floating.

HOLE1

provide release holes for
poly1structure. The etchant flows
through these holes and thus better and
uniform etching is possible

DIMPLE
create dimples/brushings for
poly1structure
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tor, the device will operate at resonance. This natural frequency
is a function of the stiffness of the folded-beam flexure and the
shuttle mass. A resonator structure can also be excited by the
application of an inertial force, with the comb-drive now acting
as a capacitive sensor, thus resulting in an accelerometer.

Figure 3: Three-fold symmetric gyroscope design with the
electrostatic drive along the y-axis, and a capacitive
displacement sensor along the x-axis. Layout shown in (a),
and its SEM picture fabricated in MUMPS shown in (b).

Vibratory-rate surface-micromachined gyroscopes [19] use
an oscillating proof mass suspended by a set of springs. When
the mass moves with a constant velocity in a fixed frame of ref-
erence, it experiences an external rotation which appears as an
acceleration (Coriolis acceleration) in the local frame. This
acceleration results in an inertial force, the Coriolis force, which
is, in most cases, sensed capacitively. The three fold symmetric
vibratory-rate gyroscope (Figure 3(a)) consists of a set of identi-
cal set of springs that are placed symmetrically about a central
mass. These springs are anchored at one end and connected to
the mass at the other end in a rolling pin condition. When the
mass is forced to oscillate in the driven mode, say along y-axis,
the Coriolis force induces oscillations in the sensed mode, along
x-axis. The micromechanical implementation is shown
Figure 3(b).

Other surface micromachined devices [6] include micr
mirror arrays [21][26] from Texas Instruments Inc. [12]
microaccelerometers from Analog Devices [1], Motorola [22
and photo detector arrays from U. C. Berkeley [17]. The list
never complete and new devices are continuously being ad
to the list.

2.3. Overview of MEMS Design Process
The current MEMS design practice (Figure 4) is very tim

consuming. It starts off with the designer making a rough ske
of the schematic of the design, shown in the top left of the fi
ure, and very basic equations to ensure feasibility of the des
After being satisfied with the schematic, the designer proce
to physical layout. At this step the only tool available to th
designer to check the layout is numerical simulation (top right
the figure). The problem with numerical simulation is that it
prohibitively slow and interpretation of the results is tedious a
requires a lot of expertise. Thus in many cases the layout is s
to fabrication without proper checking, resulting in non func
tional devices. Small errors detected in the fabricated device
then used to redesign the layout. Thus a fabrication-design lo
(bottom right in the figure) is set up which is very expensive.

Figure 4: Present and proposed (in dotted line) design flow

A need for structured MEMS design process [4][23][24
akin to that in VLSI, was felt. This meant that CAD tools wer
needed to perform the task at each level of design. Synthe
tools with powerful optimization techniques [9] were introduce
for MEMS cell-level design and layout optimization. Optimize
synthesis and etch simulation tools were also developed
design of compliant mechanisms [3], which are flexible stru
tures that generate a wide variety of mechanical motio
through elastic deformations. In addition to these synthe
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tools, lumped parameter simulation models [34][35] are also
being explored. While the top to bottom flow, i.e., from design
schematic to layout was seeing these changes, nothing much
was being done on the reverse flow. This is necessary to verify
the designed layout. Our work addresses this problem by devel-
oping a device extractor for greatly simplifying the task of
design checking. By reconstructing the design schematic from
the layout the designer will be able to perform faster simulations
on the reconstructed schematic and also compare it with the
design schematic, thus replacing the fabrication iteration loop
with a faster and less expensive schematic-layout loop (shown
with broken lines in Figure 4). Detection of minor errors in the
layout, like missing connections can also be done very easily
during the comparison between the reconstructed and designed
schematic. In summary, the final aim is to make the task of
design verification as smooth and easy as possible.

3. OVERVIEW OF THE EXTRACTION PROCESS
We first focussed on the problem of extracting polysilicon

surface micromachined MEMS built in MCNC’s MUMPS pro-
cess. Once the methodology is established for this extraction we
intend to extend our scope to other surface micromachined
MEMS processes, like the laminated oxide/aluminum MEMS
built using MOSIS [8]. The extraction process begins with the
device layout, which is often described by the polygonal geome-
try that makes up the device.

Figure 5: Extractable elements in a polysilicon comb-drive
resonator

While the key idea has been borrowed from the extraction
process used in VLSI world [5][20][31][36], there are a number
of differences. Unlike VLSI, in MEMS the shape, size and posi-
tion of an object is of utmost importance and plays a crucial role
in deciding what element it is. While in VLSI, recognition is
done mostly by detecting the overlaps between different layers;
in MEMS overlap of layers plays only a secondary role. Here
the main task is to recognize the elements based on its features
(shape, size and placement). The data structure that is most
opted for in VLSI extractor designs [32][33] is a list of all non
vertical edges, sorted first according to their abscissa followed
by their ordinates and lastly by their slopes. These edge-based
data structures make overlap detection simple but are not com-
putationally friendly for shape detection. Therefore we use a list

of polygons, since it eases the task of shape recognition. Si
our detection loops are to be run for all the polygons it w
found unnecessary to use other complex data structures
quad trees. The only positional information ever needed is ab
neighboring polygons and this is easily solved by maintaini
pointers to the neighbors. In effect our representation is a hyb
of linked lists and corner stitching.

The extraction process can be broken down to two stag
first being detection of atomic elements and second being de
tion of commonly used device components. Figure 5 highligh
both the atomic and component-level features that can
extracted from a MEMS layout (a folded-beam microresonat
like the one we saw in Figure 1). In the process of recognition
the atomic elements it was found necessary to represent
given layout in a unique manner. Thus a canonical form of re
resentation is used for any given layout. This is discussed
more detail in Section 4.1. Feature based recognition is th
used to detect the various atomic elements. Information fro
other layers, like location of first anchor holes from th
ANCHOR1 layer, have been used to detect possible locatio
for holes and anchor. This information is technology speci
and must be read in from the accompanying process descrip
file. The final recognized set is then optimized to reduce t
total number of nodes required to represent it as a netlist. Us
the information contained in the recognized set we generat
netlist which can then be compared with the original desi
netlist. Thus our primary objective of having a check on th
designed layout can be met. Device function can also be c
firmed by running an ordinary differential equation solver o
this netlist to simulate device performance.

4. DESCRIPTION
This section describes the algorithms used in the extract

module. First we describe the representation that we use
achieve uniqueness. This is followed by the description of t
algorithms used to detect the atomic elements. Section 4.3
Section 4.4 describes the optimizations done to improve the e
ciency of the global design flow (both extraction and subsequ
simulation). Section 4.5 speaks of the final aim of the routin
i.e., to generate a netlist which can be used to run simulatio
We limit our discussion to Manhattan layouts in the followin
sections for simplicity of description.

4.1.  Canonical Representation
The input to the extractor is the designer’s layout. The la

out design is a reflection of the designer’s style. Thus even
two designers do the same design, final designs might dif
This poses a serious bottleneck for recognition. To overco
this problem, we utilize a representation which will be uniqu
for a given design. We define this representation to be
canonical representation for the layout. It is a representat

Comb Drive

Anchor
BeamJoints Plate/massGap

Fingers

Folded
Flexure
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which uses minimum number of rectangles to cover the given
layout area, such that infinitesimal outward extensions of an
edge of any rectangle never intersects with the interior of the
layout area. We use the termlayout area to define the area
which represents the actual device in the layout, i.e., it is the
interior area(s) defined by the boundary/boundaries of the geo-
metrical representation of the device in the layout. Thus in the
canonical representation, the layout is made up of small rectan-

gles such that each rectangle hasonly one neighbor per edge.
This can be achieved very easily by extending the boundary
edges into the interior of the layout area till it meets another

boundary edge.

Figure 6: Canonical representation

Since we are dealing with Manhattan geometry only, our
task is to canonize polygons whose edges lie along one of two
orthogonal coordinates. Figure 6 explains our idea of canonical
representation. We further assume that the input is in the form of
rectangles, i.e, a rectangle cover for the layout is supplied to us.
Given this as input we proceed to canonize the structure using
the algorithm described below. Before taking in the input file we
need to flatten the chip’s hierarchical description (written, per-
haps, in CIF). This serves as the input to the main function
which reads out only the rectangles that are mentioned in the
POLY1 layer, i.e, reads out the first polysilicon structural pat-
tern. This serves as the input to the subroutine to create the
canonical representation. The final canonical representation is
built up sequentially. The primary interaction takes place
between two sets; the input set and the output set. The output set
will eventually contain the canonical version of the input set.
The output set is always kept in canonical state with respect to
its contents. Elements from the input set are selected sequen-
tially and added to the output set. Whenever there is an addition
to the output set, its equilibrium might be destroyed (i.e, the out-
put set might no longer be a canonical set). If this occurs then it
sparks off a series of operations which ultimately brings the out-
put set back to its equilibrium or canonical state. This is
repeated till the input set is exhausted and at this point the out-
put set will contain the canonical representation of the input lay-
out. The process which drives the output set to equilibrium, after

it is disturbed by an insertion of a new element, is described
Figure 7.

Figure 7: Algorithm to canonize a layout

The procedure used to obtain a canonical representation
Manhattan based layouts can easily be extended to non Man
tan designs which use polygons. The key idea of developing
canonical representation sequentially, by extending bound
edges of the representative blocks, can be used for polyg
also. The final set will then consist of polygons which haveonly
one neighbor per edge. This technique fails in case of layouts
utilizing arcs. However, if the arcs are reduced to best-fit po
gons, they can again be canonized using the same princi
While finding the polygon representation for an arc the user m
use error in area covered as an optimization criterion. The ma
mum allowable error can be fixed according to the desired ac

 VARIOUS REPRESENTATIONS FOR SAME STRUCTURE
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1. LetR be the input set.

2. Let G be the output setinitialized to a NULL set.

3. Let us randomlypick an elementr from R andinitialize a

   working set P by addingr to P.
4. Q = {x| ADJ(x, r); x is an element of G}

ADJ(x, r) is an operator which returns those elementsx (x is

   an element ofG), which are adjacent tor
5. for all  q in setQ

for all p in setP
Vq = set of vertices ofQ
Ep = set of edges of P
if  CON(Vq,Ep) then SPLIT(p,q)
Function CON(Vq, Ep) returns TRUE if there exists a

pairv in Vq ande in Ep such thatv lies on or is

contained by e. FunctionSPLIT(p, q) splits p by the

edges ofq.

6. for all  p in P
for all  q in Q

if  CON(Vp, Eq) then SPLIT(q,p)
7. while(Q!= NULL)

Q’ = {x|ADJ(x, q), x is an element ofG}
for all  q in Q

for all  q’ in Q’
if  CON(Vq, Eq) then

SPLIT(q’, q) and
Q =Q’

8. G = G P
9. R = R - {r}
10. if  R!= NULL  then go to step 3

 else end

∪
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racy of the extractor, at the cost of increase in the running time.
The current implementation is based solely on Manhattan
designs and some of the recognition criterion might have to be
modified when applied to non Manhattan designs.

4.2. Detecting Atomic Elements
After we have an unique representation for our layout we

can now recognize the atomic elements. Our approach is to use
feature based recognition techniques. The type of a particular
rectangular cell is determined by its shape, size and information
of its neighbors. Since it is very difficult to derive all data from
this information alone, we make use of some information that is
supplied by other layers. This information is technology specific
and provides us with hints of locations of some critical ele-
ments. This calls for boolean operations of different layers. The
main operations performed are the OR and the AND which are
very easily achieved using box matching and box overlap tech-
niques. The result of this exercise is a collection of recognized
elements. The information embedded in the recognized set can
be used to derive a netlist which can then be analyzed using a
lumped-parameter simulator.

The first step in the recognition process is to use some
information that the other layers already give us. The layer with
mnemonic name ANCHOR1 (opens holes for poly1 to nitride or
poly0 connection), for example gives us the positions of anchor
cells. Similarly the DIMPLE layer gives the position of dimples
and HOLE1 layer gives the position of etch holes for plate/mass.
Since we know that dimples and holes are placed on mass we
use them to find some probable sites for mass. Box overlap
checking is done between the rectangles read in from these lay-
ers and the cells in the canonical representation of the structural
(POLY1) layer. Any cell that overlaps is marked as mass or
anchor as the case may be. These pre-recognized cells help us
later in detecting other mass and anchor cells.

The next step is to recognize the fingers and the beams. We
define a beam to be a long and slender rectangle with neighbors
on its opposite edges. Another restriction on beams is that its
longer sides should not have any neighbors. We define fingers to
be short cantilever beams. Thus they will have only one neigh-
bor that is attached to one of its shorter sides. To take care of fin-
gers that have been split during canonizing we run a proximity
test. If an element appears to be a finger, because it possesses
some finger properties, and lies in the proximity of a number of
other fingers of similar dimension and if these fingers have the
same bound (along abscissa if the fingers lie along the ordinate
or vice versa) as that of the concerned element, then it is also
marked as a finger.

Since many designers tend to put physical holes in their
POLY1 layer itself (as opposed to using the HOLE layer), we
put in an additional subroutine which detects and eliminates
such holes. The key idea in this subroutine is to detect an empty
area which is surrounded by cells from all sides. Once such an

area has been detected a number of tests are then perform
ascertain whether it is actually a hole. These tests are ma
based on the size, shape and location of the empty space.
type of neighbors surrounding the empty space is also con
ered. These detected holes also give us cells for mass. S
eliminating these physical holes will in turn increase the mass
the plate which they belong to, we keep a track of total increa
in area and, when we calculate the area of the plate, we de
this excess virtual area. Gaps between some beams might
appear as holes, as illustrated in Figure 8. Thus we first use c
servative heuristics to recognize holes. This step ensures
empty areas which are not holes are not accidently recogni
as holes. After detecting the beams and fingers, we run the h
detection subroutine without conservative heuristics to detect
the remaining holes, if any.

Figure 8:  Simple folded flexure element showing holes,
dimples and anchor

After having recognized the beams, fingers and som
mass and anchor cells, we proceed to recognize the rest of
mass and anchor cells. The key idea is to use the mass
anchor cells that have been recognized and then recursiv
expand in all directions. To make the subroutine efficient, we
not check any rectangle more than once.

4.3. Improving Computational Efficiency
In the process of canonizing the layout it can be shown th

the presence of fingers (as in a comb drive) attached to plate
anchor cells tend to divide the layout unnecessarily. The sa
happens when there are small holes present in the POLY1 la
(i.e., in the plate). To prevent these unnecessary partitions in
canonization process from adversely affecting the feature-ba
recognition, we separate out the fingers after they are detec
The removed fingers are stored as a separate group. Next
cells are merged to get a simplified cover of the remaining la
out (with the small holes removed). The subroutine to make
canonical representation is run on this modified cover to ge
new canonical layout representation. This small modificati
brings a great improvement in the speed of operation due to
a heavy reduction in the number of cells.

Physical holes drawn in the poly

 not a hole but possesses similar
 features.

 Overlap between the POLY1 Pattern in POLY1 layer

Dimple (not true
               to size)

layer and the ANCHOR1 layer
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Figure 9: Optimization Algorithm

4.4. Optimization of Number of Nodes
The canonical representation results in a great number of

mass and anchor cells. It breaks the plate and the anchor blocks
into many small cells. This is mainly due to the fingers and
beams which are connected to them. This would pose a problem
for the simulator as the number of nodes unnecessarily
increases. We combine the mass cells which are actually a part
of a single plate to minimize the number of nodes necessary for
the simulation of the extracted MEMS device.

We use an approach similar to that used in corner stitching
[25]. In corner stitching the cells are first expanded horizontally,
i.e., adjacent cells having the same vertical coordinates are com-

bined, followed by vertical expansion. Thus the representation
maximally horizontal. In our case we still stick to these discre
combining steps (viz., vertical and horizontal expansion) but
and take the best sequence. This is done by comparing the h
zontal-then-vertical expansion with the vertical-then-horizon
expansion. The sequence of steps used to achieve thi
described in Figure 9.

4.5. Netlist Generation
Now that all the canonized cells have been recognized, a

integrated for optimum representation at the schematic lev
our next step is to generate the netlist. The information need
for this is already embedded in the recognized set. The m
conversion needed is to name the different nodes and expres
connectivity between them. The templates for different nod
can be easily done using a counter for each type of atomic e
ments. Other information like length, width and global positio
of any node can be easily derived from the coordinates of
rectangles. The positions where the neighboring nodes are c
nected can be derived from the information about the neighbo
The fine details of the netlist representation will depend on t
simulator used. This netlist can then be simulated using a m
domain lumped parameter ordinary differential equation solv
like SABER[10]. Thus the recognized representation of the la
out can be truly used as a reconstructed schematic to verify
original design schematic.

5. RESULTS AND DISCUSSION
We have developed a prototype extraction tool that imp

ments the above algorithms, and are able to successfully iden
the atomic elements in many common devices. We now pres
a select few results to demonstrate these algorithms. To simp
the explanation we have color coded the elements. All ma
cells have been marked by a red cross and the anchor cells
black cross. The fingers have been marked by filled blue rect
gles and the beams by filled green rectangles. Finally the joi
are shown in brown filled rectangles. The purpose of usi
crossed rectangles for mass and anchor cells is to show
actual number of rectangles in each type.

5.1. Example 1: Folded Flexure Resonator
Figure 10 shows the result for a folded flexure resonat

The input is shown in Figure 10(a). It can be clearly seen that
case of the beam marked in the figure, the rectangle represen
it penetrates into the mass area. This shows the need fo
canonical representation. Figure 10(b) shows the rectangle
the canonical representation. It is important to note that ea
constituent cell has only one neighbor on each side. This he
us in deriving the neighbor information very easily. As can b
easily seen, the number of rectangles or cells in this represe

1. initialize A = NULL  andB = NULL
     where,A andB are sets which will contain the final merged

     structure.

2. takean element g from the set G andinitialize set P with

it. WhereG is the set containing the elements that make up

   the canonical structure andP is the working set.

3. deletethe element g from set G
4. for all  p in P

Q = {x| x = NBR(G,p)
      whereNBR(G, p) returns the neighbors ofp in G
5. for all q in Q

if  TYPE(p, q) then
P =P {q} and

 G = G - {q}
FunctionTYPE(p,q) returns a valueTRUE iff p andq are

of the same type.

6. a = HOR(P)
    whereHOR(x) returns a set which is the horizontal merged

    version of setx.

7. a = VERT(a)
    where theVERT(x)  functionreturns the vertical merged

    version of setx.

8. b = VERT(P);
9. b = HOR(b);
10. A = A a
11. B = B b
12. if  G!= NULL go to 2
13. if  N(A) > N(B) then

output A
else

output B
       where N(C) stands for the cardinal number of a set C

∪

∪
∪
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tion has increased tremendously. This occurs due to extension of
all edges and the situation is made severe due to the presence of
fingers. Thus in the next step we separate out the fingers, after
having recognized them, and then recanonize the remaining lay-
out. The result is shown in Figure 10(c). This step brings a huge
reduction in the number of cells. We then proceed to apply our
feature recognition algorithms to recognize beams. Also, inter-
layer interaction information is used to recognize some of the
mass and anchor cells. The result of these feature recognition
algorithms is shown in Figure 10(d). This step is followed by the
expansion of the mass and anchor cells to detect the remaining
cells resulting in the complete recognition of all the cells as
shown in Figure 10(e). The next step is to reduce the number of
rectangles needed to represent the mass and anchor area.
Figure 10(f) shows a minimal representation where the cells
have been first merged horizontally and then merged vertically.
It can be seen that the number of rectangles needed to represent
the central I shaped mass here is three. In case we had opted for
vertical merge first followed by horizontal merge, then the num-
ber would have been five. Thus the algorithm has taken the cor-
rect decision.

The resulting recognized set can now be used to create the
netlist. The netlist for the example considered will look similar
to the one shown below.

anchor1: xleft: 0; yleft:140; xright: 300; yright: 150; len: 300;

wid: 10; neigh1: comb1; neigh_x1:0; neigh_y1: 140; neigh_x2:

300; neigh_y2: 140;

anchor2: xleft: 0; yleft:0; xright: 300; yright: 10; len: 300; wid:

10; neigh1: comb4; neigh_x1:0; neigh_y1: 10; neigh_x2: 300;

neigh_y2: 10;

mass1: xleft: 0; yleft:95; xright: 300; yright: 105; len: 300; wid:

10; neigh1: comb2; neigh_x1:0; neigh_y1: 105; neigh_x2: 300;

neigh_y2: 105; neigh2: mass2; neigh_x1:135; neigh_y1: 95;

neigh_x2: 165; neigh_y2: 95;

....

comb1: xleft 0; yleft: 120; xright: 300; yright: 140; len: 300;

wid: 20; overlap: 5; num: 36; neigh1: anchor1; neigh_x1: 0;

neigh_y1: 140; neigh_x2: 300; neigh_y2: 140;

....

beam1: xleft: 35; yleft: 87; xright: 135; yright: 89; len: 100;

wid: 2; neigh1: mass2; neigh_x1: 135; neigh_y1: 87; neigh_x2:

135; neigh_y2: 89; neigh2: joint1; neigh_x1: 35; neigh_y1: 87;

neigh_x2: 35; neigh_y2: 89;

...

Figure 10: Folded flexure resonator. (a) layout, (b) canonical
representation, (c) canonical representation after separating
the fingers, (d) intermediate state, (e) detected state, (f)
optimized result. (Please refer to text for explanation of
color coding.)

5.2.  Example 2: Three Fold Symmetric Gyroscope
Figure 11(a) shows the layout for a three fold symmetr

gyroscope with the electrostatic drive along the y-axis and
capacitive sensor along the x-axis. The presence of a cross in
center of the mass is to measure the displacement and als
restrict the motion before it buckles the beams. The recogniz
pattern is shown in Figure 11(b).

(b)

(c) (d)

(e)

recognized
using
information
of other
layers

(a)

single
rectangle
penetrating
through the
mass

(f)

anchor1

comb1

mass1

mass2
beam1

joint1
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Figure 11: Three fold symmetric gyroscope; (a) layout and
(b) the reconstructed schematic

5.3.  Example 3: Z-direction Accelerometer
Figure 12(a) shows the layout of a z-direction accelerome-

ter and Figure 12(b) shows its corresponding reconstructed
schematic. It is important to note here that this design contains
no fingers. The capacitive arrangement is actually between the
central plate (mass) and a similar ground plate below it. The
springs used here are different from the ones (folded flexure)
used in a resonator and are actually U-springs.

5.4.  Example 4: Pressure Sensor
Figure 13(a) shows a layout of a pressure sensor and

Figure 13(b) shows the corresponding reconstructed schematic.
Here a crab-leg suspensor been used. It is important to note that
the small protrusions on its mass have been detected as a mass
and not as a finger. This is in accordance with our heuristic
where we had put a condition that the finger’s suspended length
must be more than the length of the edge which is connected to
the mass or anchor.

Figure 12: Z-direction accelerometer; (a) layout and (b)
reconstructed schematic

Figure 13: Pressure sensor; (a) layout and (b) reconstructed
schematic

5.5.  Example 5: Two Orthogonal Folded Flexure
Resonators
Figure 14(a) shows the layout of two folded flexure reson

tors, like the one used in the first example, placed orthogona
each other. As can be seen from the reconstructed schemat
Figure 14(b), the merging routine has successfully selected
merging sequence that is best for each resonator. Thus for
left resonator it uses the sequence of horizontal merge follow
by vertical merge; while for the resonator to the right it uses t
reverse sequence. Thus the net number of rectangles and h
nodes in the netlist is minimized.

6. CONCLUSION
In order to verify that the detailed design of MEMS devic

is a correct spatial realization of the desired schematic repres
tation, we need capabilities to reconstruct schematic represe
tions from the spatial representation of the devic
Reconstructed schematics can be used to identify design p
lems without performing expansive physical prototyping.

(a)

(b)

(b)(a)

(a) (b)

not fingers
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Figure 14: Two orthogonally placed folded flexure
resonators; (a) layout and (b) reconstructed schematic

In this paper, we present a feature-based methodology for
reconstructing schematics from the layout information. Recon-
structed schematics provide information regarding types and
parameters of various constitutive elements, and interconnectiv-
ity of various elements. Our current implementation is limited to
designs based on MUMPS process utilizing Manhattan geome-
try. It performs quite satisfactorily for a wide variety of devices
and can be used extracts springs, comb drives, and masses. We
are planning to extend our system to handle designs described
by generalized polygons and a wider variety of fabrication pro-
cesses.

We expect that our tool will help the CAD designers to
shrink their design time and also help them in building much
more complex MEMS designs.
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