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Abstract. This paper describes a computationally efficient method to simulate mixed-domain systems under the
requirements of a system-level framework. The approach is the combined use of Modified Nodal Analysis (MNA)
for the representation of a mixed-technology device and piecewise linear (PWL) techniques to overcome the
costly numerical evaluation found in conventional circuit or device simulators. This approach makes the simulation
computationally fast, as well as more stable when compared with traditional circuit simulation. The PWL solver,
based in the frequency domain, is more robust to inconsistencies in initial conditions and impulse changes when
compared to integration based solvers in the time domain. The advantage of this method is that the same solver enables
the integration of multi-domain devices (e.g., electrical, optical, and mechanical) in the same simulation framework.
The use of this technique for the simulation of multi-domain systems has proven to give better performance in
simulation time when compared to traditional circuit simulators with a relatively small decrease in the level of
accuracy. Comparisons with traditional solvers, such as SPICE, show two to three orders of magnitude speedup
with less than 5% relative error. The ability to adjust the level of accuracy, either by varying the sampling rate or
the number of regions of operation in the models, allows for both computationally fast and in-depth analysis in the
same CAD framework.

Key Words: MEM simulation, modified nodal analysis (MNA), optical MEM CAD tool, piecewise linear simula-
tion (PWL), optoelectronic simulation, microsystem modeling and simulation

1. Introduction successful first physical prototype increased. However,
like many new technologies, design methods and tools

Applications for optical MEMS (micro-electrical- for optical MEM systems are currently ad-hoc. Design-

mechanical systems), or MOEMS, are growing to in-
clude switching, scanning, projection, display, print-
ing, sensing, modulating, and data storage [1]. As these
applications transition from abstract ideas to market-
able products, the cost of designing, prototyping, and
testing these systems has slowed down this develop-
ment time. Instead of physically prototyping these sys-
tems, computer aided design (CAD) tools can greatly
reduce the cost and time of marketing an optical MEM
product. This has been seen in the past 30 years in
the VLSI revolution. Using CAD tools, integrated cir-
cuits were designed, fabricated, and the time-to-market
was decreased significantly, while the likelihood of a
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ers typically use combinations of tools that were built
for the individual domains of optics, mechanics, and
electronics with little integration and with system-level
analysis based only on the experience of the designer
or simply on assumptions about the ensemble behavior
of the components.

In order to support the design of mixed-signal op-
tical MEM systems, computer aided design tools must
be capable of modeling, electronics, electrostatics, me-
chanics, guided wave optics, and free space optics. The
design tools must directly support the interactions be-
tween models in all these domains, and characterize
the behavior of the resulting system in an interactive
environment. Obviously, CAD tools exist in each of
these specialized domains and it is unnecessary to re-
invent these tools. For example, SPICE is the standard
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simulation technique for electrical circuits and devices.
Code V [2] and ASAP [3] are available for accurate op-
tical modeling, and CAD tools for conventional MEMS
are being designed in both academia and industry, in-
cluding those by CMU [4], Conventor [5], and MEM-
ScaP [6]. However, these tools do not provide a single
multi-domain design environment, which is needed for
modeling mixed-technology applications.

This paper concentrates on the system-level model-
ing and simulation of optical MEM systems, focusing
particularly on the electrical and mechanical signals
and component models appropriate for a mixed-signal,
interactive CAD tool. The rest of this paper is organized
as follows. In the next section, we present an overview
of previous work related to the present research and an
introduction to our optical MEM system-level simula-
tor, Chatoyant. This is followed by a description of the
piecewise linear technique for the simulation of non-
linear networks in Section 3, with an application of this
technique for the simulation of optoelectronic devices
being developed in Section 4. Section 5 introduces the
application of our piecewise linear technique for the
simulation of micro-mechanical devices. In Section 6,
a series of example systems are presented to illustrate
our techniques and, finally, we close with a summary
and conclusions.

2. Background
2.1. Mixed Signal, Multi Domain Simulation

The need to support modeling of various technology
domains in an optical MEM design leads us to evaluate
the impact of having heterogeneous signals in a com-
mon simulation framework. An optical MEM design
environment needs to support electronic, mechanical,
and optical components, with the possibility of exten-
sions to other domains, such as thermal, chemical, and
RF. Not only do we have to characterize the sets of
interactions between components of different technolo-
gies, we also have to consider the performance of the
simulation environment, which depends on the simu-
lation method and the type of signal characterization
chosen.

Several research efforts have been conducted to
offer a suitable methodology for the simulation of these
systems. They can be classified into two different
approaches: behavioral modeling and equivalent cir-
cuit methods.

Behavioral modeling is a flexible and general
methodology that allows hierarchical support and
mixed signal simulation. Hardware description langua-
ges with extensions to support analog signals such as
VHDL-AMS or Verilog-A are used to describe the sys-
tem. In this approach, the degree of abstraction obtained
with the hardware description language simplifies the
designer’s task for the description of the system. A
mixed signal CAD tool is used as the simulation frame-
work. Consequently, the support for co-simulation is
already in place. This methodology is applied in the
simulation of optical MEM systems in [7,8].

Even though the behavioral modeling approach ap-
pears to be a promising option for the modeling of
mixed-signal, multi-domain systems, it is necessary to
clarify the difficulties and limitations present in this
technique. During the description of the system, the
designer must specify the relations that define the in-
teraction between the different signals in the system.
The definition of these relationships is a very active
area of research. It involves the characterization of
ports, defined as transducers (energy conversion de-
vices), and elements, defined as actuators (unidirec-
tional energy flow devices), as explained in [9]. Ad-
ditionally, this technique relies on the abstraction lev-
els offered by the mixed-simulation framework and, in
doing so, it shares its drawbacks as well. For example,
mixed-signal, multi-domain micro-systems consisting
of a large number of elements result in large computa-
tion loads.

The second approach for modeling mixed-signal
multi-domain systems is based on finding an electri-
cal equivalent representation for the non-electrical do-
main required to be simulated. The electrical equiva-
lent can be simulated using any of the well known and
established circuit simulators (e.g., SPICE, SABER,
iSMILE [10,11]). This method has been used in [12—
14] for the simulation of micro mechanical devices,
where a mapping of these devices to a SPICE netlist is
proposed. In [10] Yang simulates optoelectronic inter-
connection links using iISMILE as the circuit simulator
engine. The limitations of this technique are the lack
of support for hierarchical design and co-simulation.
Because the simulation is coupled to an analog simu-
lator, digital simulation is not supported.

The advantage of traditional circuit simulators,
based on numerical integration solvers, is that they
provide good accuracy when solving the linear and non-
linear differential equation (DE) systems. The prob-
lems associated with these circuit simulators are their



reliability and long computation times. It is also well
known that there are non-convergence problems faced
during simulation of electronic circuits [15]. These
techniques become computationally expensive with in-
creasing size of the network being analyzed and when
the network has a high degree of non-linearity. The use
of such a computationally intense algorithm as the core
for an interactive CAD tool would make this applica-
tion inefficient.

As an alternative to traditional circuit simulation,
a non-linear network modeling technique using piece-
wise linear (PWL) models was added to the timing
simulator IRSIM by Kao [16] and Horowitz [17]. This
technique is well suited for the delay estimation in
dense non-linear digital-VLSI networks. However, the
limited complexity of the MOSFET models and tree
analysis technique used in this method do not allow
piecewise linear timing analyzers to simulate higher
order effects, which are of significant importance in
the modeling of mixed signal devices or analog simu-
lation in general.

Even with the limitations of the previous work,
piecewise modeling has been an intense area of re-
search as a potential alternative to numerical integra-
tion in the simulation of analog dynamic systems. The
principle behind this approach is the segmentation of
a complex analytical expression into regions of opera-
tion that can be characterized by simplified mathemat-
ical sub-functions. These sub-functions are chosen to
closely match the original function but are computa-
tionally more tractable.

This technique has been applied with relative suc-
cess in simulators such as NECTAR 2 [18], PLANET
[19], and PLATO [20]. These simulators are much more
stable when compared to traditional circuit simula-
tors and provide flexibility for their use in hierarchical
design.

In these simulators, the complete PWL representa-
tion of the system is introduced using ideal switches
(diodes) to reconfigure regions. Mathematically, there
is a set of step, or activation, functions that allow for
the complete translation of the non-linear representa-
tion to a linear complementary problem. The solution
to the mathematical representation consists of a space
divided into regions, where every one of these sub-
spaces contains a linear solution to the system. The
solution of the PWL problem consists of a search of
this space for the regions where the system is satisfied
at every timestep of the simulation run. Consequently,
the iterative process (e.g., Newton-Raphson) found in

Mixed-Technology System-Level Simulation 129

conventional circuit simulators is entirely eliminated
and translated into a search problem. The development
of an efficient search algorithm that finds the solutions
to the PWL problem has been the focus of numerous
research efforts such as those found in [21-23].

However, conventional PWL simulators still use
integration techniques to solve the transient response
of the system because they consider continuous ana-
log behavior for input signals. This is a more accurate
approach, but computationally demanding because it
requires integration techniques to solve the set of lin-
ear differential equations.

In this paper, we propose a PWL technique as the ba-
sis for analog simulation in a system-level framework.
In our approach, we extend the piecewise technique
to also represent the signals in the system. The input
signals are linearized and, consequently, the transfer
function for the system can be obtained explicitly. This
decreases the computational requirements because it
avoids the integration process required in the conven-
tional algorithms.

Additionally, a direct representation for the system
is used as the PWL mathematical representation. This
avoids the computational overhead of using a super-
set, or union, of PWL models for the representation
in the linear numerical analysis solver, which is the
case for other PWL simulator implementations. The
different configurations of the system are changed ac-
cording to the change of regions of operation over indi-
vidual non-linear components and not through the use
of ideal switches that configure the superset model.
Boundary conditions of individual non-linear compo-
nents are used to determine the switching behavior
between configurations.

The fact that the node density is moderate for the
networks generated for the modeling of opto electro-
mechanical devices in a modular environment allows
us to consider piecewise linear modeling merged with
linear numerical analysis as a way to achieve the desired
accuracy with low computation demands.

Before we present the details of our PWL simulation
techniques, we first introduce our system-level CAD
framework in which these models are implemented.

2.2. Mixed-Signal Micro-Optical-Electro-
Mechanical Simulation Tool: Chatoyant

The modeling methods presented throughout this pa-
per have been implemented in our mixed-technology
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simulator Chatoyant. Chatoyant is a multi-level, multi-
domain CAD tool that has been successfully used to
design and simulate free space optoelectronic inter-
connect systems [24]. Static simulations analyze me-
chanical tolerancing, power loss, insertion loss, and
crosstalk, while dynamic simulations are used to ana-
lyze data streams with techniques such as noise analysis
and bit error rate (BER) calculation. Optical propaga-
tion models are based on two techniques: Gaussian and
diffractive scalar. Gaussian models give fast and accu-
rate results for macro-scale systems and systems that
exhibit limited diffraction, while more computation-
ally intensive scalar models are used when diffraction
effects dominate the system.

A Chatoyant schematic of a 1 x 2 optical MEM opti-
cal cross-connect [25] is shown in Fig. 1. In Chatoyant,
each icon represents a component model with sets of
parameters defining the characteristics of the compo-
nent. Each line represents a signal path (either optical,
mechanical, or electrical) connecting the outputs of one
component to the inputs of the next. This system shows
an optical fiber emitting light into a free space medium.
The light then travels through a collimating lens, is
reflected off of a switching mirror, through a second
collimating lens and into an outgoing fiber. The mirror
is assembled on an anchored cantilever beam, which
bends into and out of the optical path by electrostatic
attraction between the beam and the substrate. Three

electrostatic forces are placed on the beam/mirror icon:
on the x and z positions and a torque around the z axis.
Above the schematic, we show an optical intensity dis-
tribution as light strikes the outgoing fiber, while, on the
right of the figure, we show a dynamic waveform and
eye-diagram from a data signal. Details of this system
are given toward the end of the paper.

The actual approach for our modeling of mixed sig-
nal, multi-domain systems is a discrete event driven
simulation model, which operates over the global sys-
tem. An object-oriented framework, Ptolemy [26] is
used to provide this degree of abstraction for the sim-
ulation of such systems. We choose Ptolemy’s “Dy-
namic Data Flow” (DDF) Ptolemy simulation method
as our discrete event engine. Timing information is
added to support multiple and run-time-rate variable
streams of data flowing through the system. In this
model of computation, the simulation scheduler creates
a dynamic schedule based on the flow of data between
the modules. This allows modeling of multi-dynamic
systems where every component can alter the rate of
consumed/produced data at any time during simulation.
The scheduler also provides the system with buffering
capability. This allows the system to keep track of all
the signals arriving at one module when multiple input
streams of data are involved.

To maximize our modeling flexibility, our signals
are composite types, representing the attributes of force,
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Fig. 1. Chatoyant analysis of an optical cross connect.



displacement, velocity, and acceleration for mechanical
signals, voltages and impedances for electronic signals,
and wavefront, phase, orientation, and intensity for op-
tical signals. The composite type is extensible, allowing
us to add new signal characteristics as needed.

Mixed-signal, multi-domain systems in Chatoyant
have a conceptual and abstract representation con-
sisting of a set of modules interchanging information.
However, this simulation approach brings the challenge
of developing the circuit/component modeling tech-
niques that will be optimal for fast and accurate char-
acterization of the different modules involved in this
system. This challenge is the focus of the remainder of
this paper.

3. Methodology: Piecewise Linear Modeling

Considering each of our Chatoyant icons in Fig. 1 as
device models consisting of a moderate number of
nodes, we show how our device modeling is accom-
plished through the diagram in Fig. 2. We perform
linear and non-linear sub-block decomposition of the
circuit model of the device. This decomposes the de-
sign into a linear multi-port sub-block section and non-
linear sub-blocks. The linear multi-port sub-block can
be thought of as characterizing the interconnection net-
work and parasitic elements while the non-linear sub-
blocks characterize active non-linear behaviors.

In the second step, a Modified Nodal Analysis
(MNA) [27] is used to create a mathematical represen-

Modified Nodal Analysis
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Modified Nodal Representation:

Mi=- Rx+Buy; y= Elx+Du

M Storage element
M R Conductance
x  State variables
B, E Connectivity matrices
u  Excitation vector
y  Evaluation vector.
D Incidence matrix.

MT Template from a
boundednon-linear
element (i.e., nodes <N)

0 L

Fig. 3. MNA representation and template integration.

tation for the devices, as shown in Fig. 3. Throughout
this section we describe this representation in the elec-
trical domain, without loss of generality, as we will
show the same formulation applied to the mechanical
domain in following sections. In this expression, M
corresponds to the memory matrix of the system, also
called the susceptance matrix, R is the conductance
matrix, x is the vector of state variables, B is a connec-
tivity matrix, u is the excitation vector, and the y vector
contains the desired variables to evaluate.

The linear elements can be directly mapped to this
representation, but the non-linear elements need to first
undergo a further transformation. We perform piece-
wise modeling of the active devices for each non-linear
sub-block. When we form each non-linear sub-block, a

MNA composition

Device

Non-linear

MNA
template

Piecewise model

Linear solver
(s domain)

+ Output Signal

Time domain

Fig. 2. Piecewise modeling for optoelectronic devices.
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MNA template is used for each device in the network.
The use of piecewise models is based on the ability to
change these models for the active devices depending
on the changes in conditions in the circuit, and thus the
regions of operation.

The templates generated can be integrated to the
general MNA containing the linear components adding
their matrix contents to their corresponding counter-
parts. This process is shown in Fig. 3 for the storage,
or memory, matrix M. This same composition is done
for the other matrices. The size of each of the template
matrices is bounded by the number of nodes connected
to the non-linear element.

Once the integrated MNA is formed, a linear analy-
sis in the frequency domain can be performed to obtain
the solution of the system. Constraining the signals in
the system to be piecewise linear in nature allows us
to use a simple transformation from and to the time do-
main without the use of costly numerical integration.
For a better understanding of our modeling technique,
we next present some details of the modified nodal
analysis representation.

3.1. Global Mathematical Representation
of the Linear Time-invariant System: MNA

We have chosen MNA [28-30] as the technique to
map the linear electrical network representation into
a system of first-order differential equations and alge-
braic equations. For a development of this technique
the reader can explore the work presented in [31,32].
This formulation, applied to the electrical domain as
shown in Fig. 3, is based in the application of the KCL
(Kirchoff’s current law) over the nodal representation
of the circuit and the use of the state variable definition
X = (f) In this state definition, v € R" corresponds to
the vector of voltage nodes in the network and i € X"
corresponds to a vector representing only the currents
going through inductors, and sources in the network.
What is accomplished with this state definition is a
transformation from a second order ordinary differen-
tial equation (ODE) problem to a first order differential
equation, at the expense of increasing the range of the
linear problem from » to (n + m).

The structure of the passive elements R and memory
elements M is:

G E] .. _[C 0]
R={—ET 0]’ M—{o L}’ S

C e W is the capacitance and L € "™ is the in-
ductance matrices of the network. G € )"*" represents
the conductance (1/R) elements of the network and
E € W™ is the incidence matrix of i in every node. B
and D represent node incidence matrices for the input
sources of the system. D is an incidence matrix that
allows one to obtain the desired set of variables y from
the state variable vector x.

A useful feature of this representation is that the
relative inclusion of any discrete element (e.g., R, C,
L, and sources) can be expressed as a pattern or “tem-
plate.” As mentioned previously, each element type can
be described as a set of specific R, M, and B matri-
ces. This set, or template, can then be used to intro-
duce the element into the global MNA, requiring only
its position in terms of a nodal index. The following
section describes the mapping of the different classes
of elements to the MNA representation.

Mapping of Passive Elements to the MNA

A simple example will help to clarify how passive
elements (R, C, L) are introduced into the global MNA.
Consider the circuit in Fig. 4.

The MNA representation for the linear circuit shown
in Fig. 4, according to the equations found in Fig. 3 is
shown in Fig. 5.

The capacitors and resistors are added to the M and
R matrices according to their nodal index at their termi-
nals. As in the well known KCL method, when building
this representation the rows of the matrix equation cor-
respond to the nodes in the circuit. Also, the columns in
each matrix have the same index order. As an example,
node a corresponds to the first row in Fig. 5. The addi-
tion of all the capacitors connected to node a, C I isthe
value to put in location a,a of the matrix M. The rest
of the elements on the row of M correspond to capaci-
tors connected between a and the rest of the nodes. In
this example, the only element not zero is a,b because
C! is also connected to this node. The value of these
elements must be negative because they corresponds
to currents that are coming into the node a, which is
opposite to the accepted positive direction. Elements
that are connected to ground on one end, such as G?%in
the example, only have contribution to the non-ground
node (¢ for G?). This is because the reference node,
ground, is not explicitly used, since it is used as a ref-
erence for all potentials.
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ments is straightforward:

For the capacitors, C:

a

Cl
| |
i
G' L
a b~ v g
Y S
i g
o
( T |
.| (N )
i ~ u® C
7 N
Fig. 4. RCL circuit.
vb vL‘ il io va vb C il iO
-c o o0 ofv] [G" -G" o o 1fv] o]
C'+C*> 0 0 O’ -G' G' 0 1 ofv 0
o 00 ofv|=4 0 o G> -1 ofv|+ o]
0 O L ofd 0 -1 1 o0 ofi']|o
0 o0 o0 o0} |-t o o0 0 ofi®] (-1
M X =- R x+ B.u
Fig. 5. MNA representation for circuit in Fig. 4.
The derivation of the templates for R, L and C ele-
For the resistors, R: For the inductors, L:
a bl
b v v g
g _”C a 00 0]
M:[_C C]vb M = [0] M=1|0 0 Of v
0 0 L
a b .
a b v v i
g ”G s 00 17"
_ - _ _ b
R =[0] R_[_G G}vb R 0 0 1 vl
-1 1 i
B =[0] B =1[0] B =[0]

133
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vu vb Vk vl «ab
[0 0 0 0 1]
0 0 0 0 -1y
0 0 0 0 ol B=]0]
0 0 0 0 O
-1 1 g —-g O0}®
(b)

Fig. 6. (a) Voltage dependent-voltage source. (b) MNA template

In these example templates, and the rest of the ex-
amples in this section, the relative indices (v¢, v?) are
added for clarification purposes. Returning to Fig. 4
and putting these templates together, using the common
shared node indices (a, b, c), gives the result shown in
Fig. 5.

Mapping of Active Elements to the MNA

Active elements, such as independent sources, and
dependent, controlled sources, require a different treat-
ment for the creation of the corresponding templates.
To exemplify this procedure, the development of the
template for a voltage controlled voltage source fol-
lows.

Fig. 6(a) illustrates the general situation where a
dependent voltage source is located between the nodes
a and b of a network. We assume that the value of this
source is controlled by the voltage difference between
two different nodes of the circuit, k and I (v¥ — v!). The
quantity g, which is the transconductance between the
nodes k-/ and a-b, acts as the proportionality parameter
for the source. i is the current through the controlled
source measured from node a to b. A positive sign for
currents leaving the node has been assumed.

Applying KCL to nodes a and b and using the defi-
nition of the control variable allows us to extract a tem-
plate for this element of the form shown in Fig. 6(b).

This section has explained the mapping of active and
passive devices onto the MNA matrix. The mapping for
non-linear elements will be shown later in Section 4
through an example.

3.2. Time Domain Evaluation Formulation

In our technique, time evaluation of the PWL model
is accomplished through an inverse Laplace evaluation
approach, due to the benefits that this methodology
offers. This technique consists of solving the system
in the frequency domain and then using the inverse
Laplace transform to obtain the time domain response.
Inverse Laplace evaluation techniques are applicable
to stiff systems and can perform well even when the
system is in the presence of discontinuities in the func-
tions [31]. Additionally, the methodology is robust to
inconsistent initial condition situations. These proper-
ties result in stable techniques that do not face many of
the convergence problems that affect the direct evalu-
ation techniques.

Frequency Domain Analysis for Arbitrary Inputs

The following procedure was inspired by a similar
development applied to a more specific system in [27].

Applying the Laplace transformation to the equa-
tions in Fig. 3, considering x (0) to be the known initial
conditions of the state vector x, and rearranging terms:

X(s) = Ms +R)"'BU(s) + (Ms + R)"'Mx(0),
2)

Using the identity RR™' = I, where I is the identity
matrix, and matrix algebra, we can rearrange the pre-
vious expression to be:

X(s)=T—=sA)"'TU(s) — I — sA)"'Ax(0),
where A= —R" "M and T = R™!B.

3)



Considering A diagonalizable, then A = KAK™'.
Where A is a diagonal matrix whose elements are the
eigenvalues of A and K is the corresponding eigen-
vector matrix. Making this substitution into the previ-
ous expression and rearranging with matrix transfor-
mations allows one to obtain,

X(s) = KA —-sA)"'gU(s) — KT — sA)"'hx(0),

“)
where we use the following substitutions: g = K~!'T
andh = K~ 'A.

It is straightforward to verify that the solution of the
previous expression is of the form:

X(s) = Tr(s)U(s) — Tri(s)x(0), 5)

where Tr(s) and Tri(s) are matrices whose structures
obey the following formation rule:

size(U) row(g) K'k gL
- Bik-8ki Ny
X(s)i= > <<Z 1_S_/\k>U,
k

J
row(g)
Kix - hij
_ kT 0); | 6
Z<1_Mk x(0); (6)
k

This is a direct solution in the frequency domain
of the system for the state variable vector X (s) under
excitation U (s) and initial conditions defined by the

vector x (0).
When the range of A, corresponding to the number
of nodes in the network, reaches several hundred, the

computational task of solving the eigenvalue problem
becomes very expensive. Alternative methods should
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into the present development because they are Trans-
fer Laplace methods for the time-domain evaluation of
networks.

After finding the frequency domain response of the
network to a general input, the next step is to use this
result as the basis from which to derive the time domain
expression.

Time Domain Analysis

To overcome the computationally intensive task of an
integration process in the time domain when a general
excitation, u(t), is considered, the inputs to the network
are characterized using a piecewise linear approxima-
tion. Restricting the type of signals in the system to
be PWL gives us an explicit time domain conversion
expression that simplifies the evaluation algorithm.

The input to the system u(¢) in the period (,—1, t,,)
can be approximated using:

u(t) = bn—l + (bn - bn—l)m = bn—l
Ab t 7
n {T] , ™

where T is the sampling period and b,,_;, b, represents
the vector of inputs to the system for the timesteps #,_;
and 1,.

The response in an interval (#,_1,¢,) for a linear
time-invariant network, equation (6), under a general
piecewise signal, equation (7), and with initial condi-
tions different from zero will be:

N
size(u) (bjn—l + ATbJ(t - tn—l)) Zk: Tu(iv j: k) +

x0i=> | &

T\ ST ) (04 + 2 (1= ) by )

N

>

J

k

be considered under these circumstances to evaluate
the eigenvalues or natural frequencies of the system.
Fortunately, in recent years, order reduction methods
based on momentum matching or Padé approximation
have been developed to efficiently solve very large
linear problems [27-30]. The idea is to approximate
the Laplace transfer function of the very large cir-
cuit to the response of a reduced-order model. These
methods can be incorporated with few modifications

XN: T'x(ia j, k)e(t_t»t—l)/)\k
Ak

N
) =) Tx(i, j, k8@
Ae£0

®)

A0

) x(tn—l)_j] ;
2e=0

Tu(i, j, k) = K - g, j;
Tx(, j, k) = Kix - hy j;

k

where:

x(t) is the time response of the analysis. The expres-
sion has been shifted in time to be applicable to any
general interval. Given that the time analysis is com-
plete, we move onto determining the technique used to
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switch between the different linear regions of a non-
linear system.

3.3. Switching between PWL Models

The structure of the circuit network under simulation,
and consequently its behavior, is characterized by its
global mathematical representation as described in
Section 3.1. The linear components in the network are
completely characterized by a unique matrix represen-
tation. The non-linear elements, on the other hand, re-
quire multiple PWL models to represent their behavior.
The simulation algorithm must select the proper PWL
model for every non-linear device in the network ac-
cording to their region of operation.

The switching between different models for a non-
linear element depends on the state values (voltages)
of the nodes corresponding to the inputs and outputs of
the element. Consequently, during a simulation run, the
switching of models for the nonlinear elements could
and will occur as aresponse to the propagation of the in-
put signal through the system to the output. A switching
algorithm must determine the current region of oper-
ation for the device, and consequently use the proper
PWL model.

The region of operation of non-linear devices is
defined according to a set of conditions. The simplest
of these conditions being a threshold level at the in-
put port of the device that determines the boundary
between two regions. The more general representation
consists of an inequality equation that relates the values
at the input and output ports of the device that defines
a dynamic boundary between regions. Based on the
way the switching algorithm employs these boundary
conditions to select which PWL model to apply, two
different approaches can be used. We have currently
implemented a simple Reactive Switching Approach in
Chatoyant, which finds the occurrence of switching be-
tween models for the non-linear devices by performing
a check after each timestep. After an evaluation of the
‘states’ in the system, a test over the boundary con-
ditions is performed. If the boundary conditions iden-
tify a region of operation different from the one corre-
sponding to the PWL model currently in use, a change
of models takes place. This action, consequently, will
force the PWL simulator to re-compute the transfer
function of the system since the global MNA represen-
tation has been altered.

The advantage of this method is the simplicity of
implementation. However, there are drawbacks in the

form of undesirable situations that can occur during the
evaluation. It is possible for the simulator to choose a
change that moves the current ‘state’ of the system to a
transitory point where it takes many additional changes
to get to the right ‘state.” Even worse, it is possible to
put the system into an erroneous condition that does not
correspond to any true behavior of the circuit. These
situations can be addressed by increasing the sampling
rate for the PWL characterization and by guaranteeing
continuity between PWL models.

We have also developed the theory for performing
a Predictive Switching Approach. Instead of continu-
ously checking for any switching occurrence, this ap-
proach predicts when the switch will take place, if the
present input is maintained. Explicitly finding the time
for the switching of regions involves the interaction of
the inequality equations, which determine the regions
of operation, and the transfer function of the system.

In general a switching condition in a device is given
by a boundary condition of the form:

xin(t) < f(-xuutv Vth» t); (9)

Where the state at the input port of the device x;,(¢)
is checked against a function f on its output state,
Xout(t), and a fixed parameter Vy,, that we call a
threshold.

However, if the expression of x(¢) is known, the in-
equality can be transformed in an equation that defined
the time of transition between regions, which is the
desired switching time.

f(-xoutv Vin, tb) — Xin (tb) =0; (10)

t is equal to the switching time #;,, when the expression
(9) is converted to an equality. The equation (10) to-
gether with the expression for x (¢), equation (8), form
a complete set of equations for the solution of the un-
known f,,. This problem can be solved using traditional
iterative methods for the general case of dealing with
non-linear equations.

However for the purpose of establishing the princi-
ple behind the technique, we consider a simple linear
relationship for the boundary condition, such as:

a- xouz‘(t) + thh < xin(t);
which, solving for #, is:
a - Xour(tp) + bVip = Xin(1p); 1)

The expression for x(¢), can be simplified if one
only considers the steady state response to the input.
That is, the time of the state evaluation is considered to



be long compared to the time of the transient response.
Additionally, we consider that only non-zero eigenval-
ues are present. This represents the worst case scenario,
since in this case the expression depends on more non-
linear terms (i.e., the exponential in the expression).
With these considerations, x(¢) is given by:

N N
xi(0) =Y Y (TG, j. k)

j=1 k=1
X [(bp—1 + Sp_12) (1 — /%) + S, _11]);
(12)

where the input to the system is given by the piecewise
linear expression:

u(t) = b1 + Sp_1t;
Using expression (12) in expression (11) with some
algebraic simplification gives:

N N

DN but + Su1da) (T (in, j k)

j=1 k=1
—a-T(out, j, k) +y - Su—ity + bV +1n =0
(13)

where, the following substitutions were made:

N N

y =D (a-T(out j.k)=Tn. j.k):
j=1 k=1
N N

=YY - T(out, j. k) — T(in, j, k)

=1 k=1
X (by—1 + Sp—1A1)]

In expression (13), in represents the index of the in-
put port and out the index of the output port. This ex-
pression can be further simplified using the following
substitutions:

0 =bVy+m¥ =ySii;
&(in, out, j, k,by_1, Sp—1)
= (by_1 + Sp_1 M) (T (in, j, k) —a - T (out, j, k));

N
L) = EG, k)

This gives:

N
ST e 4yt + 60 = 0; (14)
k
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This expression is, in general, not analytically solv-
able. To obtain the desired values of ¢, or roots for the
expression, an algorithm such as Newton-Raphson can
be used. There is, however, an important consideration
that can be used to simplify the task. The exponential
terms in expression (14) are affected by the relation
tp/Ar. Consequently the value of A, can be considered
as a time constant for the devices in the system. If the
input sample time is small compared to A, the result-
ing exponential expression can be considered constant
during this period of time. Consequently, if the period
of the incoming piecewise signal #; is much less than
the time constant of the resonant frequency considered
(1/X) then this term could be considered constant for
the evaluation of 7.

ifAL >t = A >ty = e/ =g /0y, + 1
N—d
Z L (k) e + (f + W)ty + ¢ = 0; (15)

r®, :
using W = Z p=0+> Tk
k

In the final expression, (15), the number of possi-
ble roots of 1, is decreased to N — d, where d is the
number of time constants that are much larger than the
input time period. The fact that the domain for the roots
is restricted to be in the interval (0, #;) also simplifies
the computation task. This is because the iterative al-
gorithm used to solve it will have fixed boundaries for
the search for the roots.

Once the switching time for the device is deter-
mined, then a comparison against the time range of
the input signal can be performed. It is important to
remember that the validity of the calculated switching
time is tied to the PWL input signal. Consequently, any
switching times that fall outside the time range of the
input signal must be discarded.

Using this technique, the validated switching time
and the corresponding device are then scheduled in an
event list that can be used as the basis for a “switch-
ing scheduler.” During the evaluation period, only the
scheduler’s list is checked for any switching event that
can occur during its timestep. If any switching event
is found, the MNA modification takes place and re-
computation of the global transfer function is per-
formed. The scheduler list must then be cleared since it
is no longer valid. Then, the prediction algorithm must
be re-run to generate a new list.
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This switching methodology would be very fast and
its implementation in our tool is a subject for future
work. However, we now return to examples of the mod-
eling of devices using our PWL modeling technique.

4. Optoelectronic Modeling: VCSEL Example

To show the application of PWL techniques to the
modeling of optoelectronic components, the modeling
of one of the more promising devices in this area is
now presented. This section also describes how we map
non-linear elements into the MNA matrix.

Vertical cavity surface emitting lasers (VCSEL) are
semiconductor devices that have the ability to emit and
modulate coherent light under electrical excitation. The
optical cavities of these devices are orthogonal to their
surface, which allows their optical output to be perpen-
dicular to the surface of the chip. This property allows
one to fabricate these devices in a two dimensional
array which greatly increases the communication band-
width of the resulting optical element. It is the advan-
tage of having multiple laser channels on the same
chip that makes this technology so attractive. Conse-
quently, VCSELSs have become the optical source of
choice for almost every optoelectronic link currently
designed [33,34].

Typical L-I and V-Idiagrams fora VCSEL are shown
in Fig. 7(a) [34]. The segmented curve represents the

relation between voltage and current in the device, and
the solid curve is the relation between the optical power
generated by the VCSEL versus the electrical current
consumed.

PWL Modeling of the L-I Characteristics The opti-
cal output of VCSEL devices is a non-linear function,
as can been seen in Fig. 7(a). The current in the laser
must exceed a threshold value to begin the lasing pro-
cess. After this, the optical power production reaches
a maximum value and then decreases with further in-
creases in electrical current. The reason for this behav-
ior is the loss of efficiency in the laser, caused by the
increase in temperature as a consequence of the ohmic
losses [36].

To model this behavior of the device, however, is
typically challenging because the optical power is not
an electrical parameter. Nevertheless, an interesting
feature of the PWL methodology is that it is not tied
only to the electrical domain, as the PWL technique
can be used to model signals that cross different do-
mains. A characterization of the optical power vari-
able is possible in this method by its inclusion into
the MNA as an unknown term to be evaluated. The
VCSEL device is then seen by the simulator framework
as a black box, which has two ports: the input electrical
port and the output optical port. Fig. 8 illustrates this
concept.
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Fig. 7. (a) L-I and V-I curves for a VCSEL!35] (b) L-I curve with PWL model functions.
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Fig. 8. System-level simulator VCSEL model.

For the MNA mathematical representation, the op-
tical behavior is simply an additional port that depends
on a state variable parameter in a different location in
the network. To create the template for this behavior,
the equivalence between the optical power parameter
L and a voltage type variable in the network V. is
established.

Fig. 7(b) shows the L-I curve and a possible choice
of three linear segments to fit the curve. These linear
functions are partitioned into regions by the
threshold currents 1,1, 15, and 3.

The mathematical definition of the PWL models for
the optical behavior of the VCSEL using these regions
of operation is given by:

Rzl — V3 | I > Iys,

Voo Rm2l — V2 Ith2 <I < Iths

optical = Rm I — Vi | Iy <1 < Iy,
0 I < Ithla

Vi = R,

Vo = Ryl — Rt (2 — Iin)s

Vs = Ru3lis — Ru2(Lips — L)
— Ry (I — Im1),

The values of V3, V5, and V) are necessary for conti-
nuity and the threshold values correspond to the chosen
points for the curve fitting process.

The PWL template for each of the regions of oper-
ation share the same generic form:

voptical vyoivic l-vcsel

v optical

1
0
M=[0] R=|-1
0
0

S = = O O
S oo~ O
O;OOO

B=[0 0 —V 0 0]i®

R,, and V correspond to the pair (R, V) forregion
1, (Ry2, V») for region 2, and (R,,3, V3) for region 3.
Indexes v*, i", i€ are auxiliary indexes to form the tem-
plate. The terminal v"“® refers to the optical output
and the terminal i****! the controlling current from the
input port.

The advantage of this characterization is that the
designer can directly simulate the effect of electrical
conditions in the VCSEL or associated driver circuit
against the optical power produced by this device.
Additional variable dependencies can be added to the
L-I VCSEL model following this approach (e.g., tem-
perature, spot size, and threshold) that allow one to
study their effect on complete systems. As shown in
[37], this VCSEL model is used to examine the depen-
dency of BER on the temperature at which the device is
operated.

For the complete modeling of the VCSEL, the same
technique is also used for additional non-linear char-
acteristics, such as the V-I curve. This is presented in
[37] and is not included here for space considerations.
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5. Micro Mechanical Modeling

In the field of MEM modeling, there has been an in-
creasing amount of work that uses a set of Ordinary
Differential Equations to characterize MEM devices
[11,38,39]. ODE modeling is used instead of tech-
niques such as finite element analysis, to reduce the
time and amount of computational resources neces-
sary for simulation. The model uses non-linear differ-
ential equations in multiple degrees of freedom and in
mixed domains. The technique models a MEM device
by characterizing its different basic components such
as beams, plate-masses, joints, and electrostatic gaps,
and by using local interactions between components.

The general module for solving sets of non-linear
differential equations using piecewise linear techniques
can be used to integrate complex mechanical models
into our design tool. The model for a mechanical device
can be summarized as a set of differential equations that
define its dynamics as a reaction to external forces. This
model must then be converted to the same form as in
the electrical case to be given to the PWL solver for
evaluation. We explain this technique next.

With damping forces proportional to the velocity,
the equation of motion for a mechanical structure with
viscous damping effects is [40]:

F =KU +BV +MA (16)

where, K is the stiffness matrix, U is the displacement
vector, B is the damping matrix, V is the velocity vec-
tor, M is the mass matrix, A is the acceleration vector,
and F is the vector of external forces affecting the struc-
ture. Obviously, knowing that the velocity is the first
derivative and the acceleration is the second derivative
of the displacement, the above equation can be recast
to:

F=KU +BU +MU" (17)

Similar to the electrical modeling case, this equation
represents a set of linear ODEs if the characteristic
matrices K, B, and M are static and independent of
the dynamics in the body. If the matrixes are not static
and independent (e.g., the case of aerodynamic load
effects), they represent a set of non-linear ODEs.

To reduce the above equation to a standard form, we
use a modification of Duncan’s reduction technique for
vibration analysis in damped structural systems [41].
This modification allows the above general mechanical
motion equation to be reduced to a standard first order

form, similar to electrical equation found in Fig. 3.
This gives a complete characterization of a mechanical
system.

0 M| U -M 0| |U 0
kR R R HOE
Using substitutions, equation (18) is rewritten as:

MbX' + MkX = EF,

where the new state variable vector
U/
X = { U } (19)

Each mechanical element (beam, plate, etc.) is char-
acterized by a template consisting of the set of matrices
Mb and Mk, composed of matrices B, M, and K in the
specified form seen above. If the dimensional displace-
ments are constrained to be small and the shear defor-
mations are ignored, the derivation of Mb and MK is
simplified and independent of the state variables in the
system. Multi-node idealization can be performed by
combining basic elements (e.g., two nodes) to charac-
terize higher order modes.

Typically, this element is only a part of a bigger de-
vice made from individual components that are char-
acterized using similar expressions. The generalization
of the previous case to an assembly of elements or
mechanical structures is fairly straightforward. The
general expression, seen in equation (19), character-
izes the whole structure defined by a set of nodes, from
which every individual element shares a subset. The
next step, similar to the previously considered elec-
tronic case, is merging the individual templates to-
gether, composing the general matrix representation
for the composed structure. However, a common co-
ordinate reference must be used for this characteriza-
tion of mechanical structures, since every template or
element is characterized in a local reference system.
The process of translation of these local templates to
the global reference system can be described by [40]:

S=ATSA (20)

where, A represents the translation matrix from local
displacements to global displacements (a function of
the structure’s geometery), S represents the local tem-
plate, and S is the corresponding global representation.
The next step is the addition of these global representa-
tions into the general matrix form, using the matrices’
nodal indexes as reference. Finally, the piecewise linear



solver can be used on the composed system’s general
matrix.

The general matrix representation of the system is
constantif alinear behavior is considered; consequently
the problem is reduced to the solution of a linear sys-
tem as given by expression (8). Under these conditions,
the PWL simulator operates efficiently using the PWL
characterization of the signals to offer one pass integra-
tion evaluation. In a more general non-linear simulation
general matrix representation changes according to dif-
ferent PWL templates in response to different regions
of operation.

The use of a general PWL solver for mechanical
simulation decreases the computational task and al-
lows for a trade-off between accuracy and speed. The
accuracy can be increased in both linear and non-linear
situations using a more dense granularity for the PWL
signal representation or by using a bigger set of PWL
representations for non-linear behavior.

The additional advantage of using the same tech-
nique to characterize electrical and mechanical models
allows us to easily merge both technologies in complex
devices that interact in mixed domains.

As in electrical modeling, matrices for differ-
ent mechanical components are required for our
PWL modeling technique. In fact, the matrices, which
compose the templates for the mechanical elements,
have been already developed in the field of structural
mechanics [40]. These matrices for individual basis el-
ements are called equivalent matrices. They are discrete
lumped abstractions of the real elements. An example
of these mechanical component matrices are presented
in the next section.

6. Simulated Results and Verification

In this section we evaluate the accuracy and speed of
our PWL technique as well as its ability to integrate
multiple domains in the same simulation framework.
In order to test the speed and accuracy of our mod-
els, we performed several experiments comparing our
results in the electrical domain to that of SPICE 3f4
(Level IT). These experiments are presented in the first
part of this section. The second part of this section
illustrates mixed-domain simulation in a design frame-
work, as we use Chatoyant to model a 2 x 2 optical
MEM switch. For all these tests, the non-linear MOS
transistors are modeled using a PWL characterization
with 40 regions of operation [37].
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6.1. Accuracy Comparison to an Analog Simulator

This test was the performance of a single CMOS in-
verter, fabricated in 0.5 pum technology, under large
signal input. The source used for the test was a pure
sinusoid where the frequency was varied to explore the
dynamic range of the amplifier .

The number of samples for each period was fixed
at 100 for the models. SPICE was set to give a divi-
sion of the period of at least 100 samples. However, we
note that the control for the number of convergence at-
tempts in SPICE is automatic. A load was selected for
the amplifier that matches the typical input capacitive
load of a similar stage (6 fF). It is important to note
that we used the static (zero bias) capacitance values
directly from the SPICE level II models. Fitting the
model equations to the dynamic behavior of the para-
sitic capacitances would decrease the relative error and
additionally expand the region of validity for a fixed
tolerance.

As a graphical representation of the behavior of the
modeling technique, we show in Fig. 9 the response of
the amplifier from SPICE simulations and from simula-
tion using the PWL model at a frequency of 100 MHz.
The curves for the response are almost on top of each
other. The percentage of error between the responses is
below 4% in the low to middle range frequencies (10—
100 MHz) for the PWL model. In the high frequency
range (1 GHz), not shown, the model suffers higher
error rates due to the phase shift between the PWL and
SPICE waveforms. This suggests the necessity of bet-
ter parameter fitting for the parasitic capacitances in
the model.

6.2. Speed Comparison to an Analog Simulator

A multistage experiment with a significant number of
drivers was simulated to test the performance of our
models. The sizes of the test circuits chosen were 48,
96, and 192 FETs. The experiments were conducted
at 10, 100, 500, and 1000 MHz. For each experiment
we simulated 10 periods of the operating frequency.
To test dependence on the sampling rate, the number
of timesteps requested of SPICE and required by our
model were 50, 100, 200, and 400 for each period of the
signal. For SPICE runs the number of timesteps used
were very close to the number requested (within 1%).
For the PWL algorithm this number is exactly the same,
because it is enforced to be exactly what is requested.
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Fig. 9. PWL and SPICE output under capacitive load and frequency of 100 MHz.

Table 1 shows the performance of our models
against SPICE for two of the example cases: 10 MHz
and 1 GHz. The speed-up achieved for the same num-
ber of timesteps is at least two orders of magnitude. The
increase in execution time vs. size of the circuit under
test for SPICE is well known to be superlinear [42].
This behavior is evidenced in the time of execution
used by the SPICE simulator to solve the three sizes of
test circuits used in the experiment. On the other hand,
each CMOS inverter is a separate model and the mod-
ules modeled using PWL are independently handled
by the discrete event scheduler in Chatoyant [26]. Cha-
toyant’s DE scheduler shows a high level of efficiency
by maintaining a close to linear increase in execution
time with an increase in circuit size.

When a simulator reacts to stiff signals (signals with
slow variations compared to the natural frequencies), it
loses efficiency due to the stability constraints imposed
by the integration solution techniques. The stiffness
problem is usually overcome by increasing the sam-
pling rate, which increases the total execution time. The
low frequency results seen in Table 1 shows the behav-
ior of the PWL model under a high degree of stiffness.

Table 1. SPICE vs. PWL models in a system of multiple FETs.

Times (secs) (4000 total timesteps)

SPICE PWL

Size
(#of FETs) F = 10MHz f =1GHz

f=10MHz f =1GHz

48 54.39 36.22 4.62 1.23
96 184.01 64.64 6.38 2.05
192 556.54 302.85 11.95 3.19

In our case, stiffness imposes extra computation time in
the eigenvalue solution and the PWL switching. There-
fore, in both SPICE and our PWL models, the execution
times is noticably higher under these conditions.

6.3. Piecewise Linear Modeling
of Mechanical Beams

As an example of our mechanical modeling techniques,
we present the response of an anchored beam in a 2D
plane (x-y plane) with an external force applied on
the free end. The template for the constrained beam is
composed of the following matrices. These matrices are
used in equations (18)—(20), in solving for the response
of the beam. Note, the matrices are reduced with respect
to the index associated at the anchored node.

AN?

EL | 1. o 0
K= N ;
Bl o 12 -6l

0 —61 42
140 0 0
M=PA 0 1se -1,
201 o o1 4z
10 0
B=s|0 1 0:
00 0

The viscosity factor, §, in the system is made to act
over x and y components, which are the two degrees
of freedom given to the system.



Mixed-Technology System-Level Simulation 143
210 —n — T 2100
195 ‘ ‘ h ‘ 1950
180 /A\ ‘ j\ : 180.0
165 5 165.0
[as] \ i 3
® 150 :\ / Zaedl \ ® 1500
135 v \\ 1350
120 ™ 1200
|| i | \ :
105
10k 100k ! meg 10 meg 105'2010'( 11!;.0k 1n:oq 10r|"|eg
f(Hz) o
a) b)
Fig. 10. Frequency response of a beam: (a) Chatoyand. (b) NODAS.
03 03
027 A 115 22 | O S SO S S
i) AN [ | S N
021 P Y UV V 021 ----p -\ N
0.18 / 018 :
T 015 | Fos ;
= -~ .
0.12 ] 0.12 :
009 " 0.08 i
006 " 006 :
003 I' 003
O'O ; ; 00 r T ¥ T T ! T T T T
0 10w 20p 30p 40u S0p 60 70u 8Op 90u 1004 00 10u 20u 30u 40u S0u 60U 70U  80u  SOu  100u
a) b)

Fig. 11. Transient response of a beam: (a) Chatoyand. (b) NODAS.

To test our results, a comparison against NODAS
[11] was performed. Fig. 10 shows the frequency re-
sponse and corresponding resonant frequencies for this
constrained beam (183 pem length, 3.8 um width, poly-
Si) from both our PWL technique and NODAS. The
transient response to 1.8 nN non-ideal step (rise time
of 10 usec) rotational torque is also simulated. The ro-
tational deformation to this force is shown in Fig. 11.
As can be seen, the comparison between our results and
NODAS’s are very close. We also compare the reso-
nant frequencies of the beam (simulated with 10 nodes)
with Ansys [43]. The results for the first five resonant
frequencies differ by less than 0.7%.

NODAS uses SABER, a circuit analyzer performing
numerical integration for every point analyzed, which

results in costly computation time. As mentioned ear-
lier, our piecewise linear solver is computational inten-
sive during the eigenvalue search, however, this pro-
cedure is performed only one time at the beginning
of the simulation run. This results in a more compu-
tationally efficient simulation. However, the accuracy
of the analysis depends in the granularity of the piece-
wise characterization for the signals used in the system,
which can increase computation time.

6.4. Multi-Domain Simulation

To demostrate the modeling and simulation of mixed-
domain systems in a single framework, we present
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Cross State Bar State

Fig. 12. 2 x 2 switch: cross and bar state.

the modeling and simulation of a 2 x 2 optical MEM
switch. The general architecture of this switch consists
of a set of four optical fibers in the shape of a “+”
sign, with the input and output fibers facing each other
through a free-space gap. The switching system s in the
“cross” state when the light is passed straight across the
free-space gap. However, to switch to the “bar” state,
a micro- mirror is inserted between the fibers at a 45-
degree angle, and the light is reflected to the alternate
output. These two cases are shown in Fig. 12.

For the simulations presented in this paper, we use a
switching system based on an experimental system de-
signed and tested at UCLA [25]. Similar to that system,
a mirror is placed on top of a long anchored cantilever
beam. In our system, the bar state is achieved in the
steady-state of the system, with the mirror positioned
between the fibers in the free-space gap. The cross state

is achieved by the cantilever beam bending towards the
substrate, moving the attached mirror out of the optical
path. The beam movement is a result of electrostatic
attraction between a voltage applied below the can-
tilever and the beam itself. This attraction results in a
force being applied to the beam

For simplicity, we simulate only a single input
switching to either the cross or bar state throughout
this example. A diagram of the system is shown in
Fig. 13(a) with both output states represented by the
solid and dashed arrows, respectively. Recall, the
Chatoyant representation of this system is shown in
Fig. 1. The mirror is 100 x 100 um, and is positioned
at the end of a 700 ywm cantilever beam. Both beam and
mirror are fabricated with polysilicon, with the mir-
ror assumed to have an ideal reflectivity of 100%. The
beam is 2 um wide and 100 pum thick, while the mir-
ror is 4 um thick, to ensure the mirror remains rigid.
The collimating lenses ( f = 50 um) are placed 50 um
from the fiber ends, and there is a free-space gap of
100 um between the lenses. The mirror, when in the
optical path, is positioned in the center of the free-space
gap, 50 um from each lens.

The modeling of the mechanical beam and elec-
trostatic attraction is performed using the PWL tech-
nique described throughout this paper. Chatoyant’s
optical modeling technique is based on the Rayleigh-
Sommerfeld scalar diffraction formulation [44]. We use
RSoft’s BeamPROP [45] to simulate the light through
the fiber, and have developed an interface between

(a)

(b)

Fig. 13. (a) Switching system. (b) Mirror response and intensity distributions.
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Fig. 14. (a) Power received on end of bar fiber. (b) Contour distributions.

the fiber propagation (BeamPROP) and free-space
(Chatoyant) through a data file.

We first use Chatoyant to analyze the mechanical
movement of the beam and mirror. The more signifi-
cant mode frequencies of the beam, including the mir-
ror mass, are determined to be 3.7 kHz and 27.1 kHz.
These results are within 5% of the solution given from
ANSYS. For a switching speed of 400 usec, the re-
sponse of the beam, in terms of the center position of the
mirror from the original steady-state value, is shown in
Fig. 13(b). The switching electro-static force applied
to the cantilever beam is also included in Fig. 13(b),
represented by the dashed line.

We next examine the optical power that is detected
on a 100 um square observation plane at the bar fiber.
Optical intensity distributions at the observation plane
are included for three points on the response curve,
labeled A, B, and C.A is when the mirror is completely
inserted in the optical path, achieving the bar state in
the system. B is at the point where the mirror is totally
out of the optical path, achieving the cross state. As
seen in the intensity distribution, no substantial power
reaches the bar fiber observation plane. As the mirror
vibrates, because of the modal excitation, C is mea-
sured as the mirror partially moves back into the op-
tical path, causing some light to be reflected off the
mirror and be detected at the bar fiber. However, at this
time, the switch is set in the cross state, causing the
possibility of crosstalk or the detection of a false “1”
on the bar fiber. This problem is further exemplified in

Fig. 14(a). This shows a graph of the power detected
on the bar fiber end (10 um diameter) in terms of dB
lost. As expected, the power detected corresponds to
the mirror position movement seen in Fig. 13(b). Dur-
ing the mirror response, point C has a power loss of
only 3 dB at the bar fiber end, resulting in 50% of the
power still being detected at the bar fiber.

The three intensity contours for each of the points
A, B, and C, are seen in Fig. 14(b), along with a cir-
cle drawn to represent the fiber end. For case A, the
light strikes the mirror in the center and reflects di-
rectly into the bar fiber. As seen through Fig. 14(a)
and (b), the contour for A is directly on the fiber, and
we consider this full detected power (0 dB loss). For
case B, the mirror is moved totally out of the opti-
cal path, resulting in virtually no power being detected
on the fiber (61 dB of loss). However, it is interesting
to note that even though almost no power is received
at the fiber end, there is still a diffractive effect, with
very low power, striking the observation plane, approx-
imately 28 pum away from the fiber center. In a single
channel system, it is not a problem, however, this ef-
fect could introduce crosstalk in larger scaled systems.
For case C, when half the optical beams reflects off
the mirror, the power is still concentrated, however,
it is centered 3 um from the fiber center, resulting in
a 3 dB loss of power at the bar fiber end. We note
that with a slower switching speed, the vibration is not
significant, and the system experiences close to zero
crosstalk.
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7. Summary and Conclusions

We have presented a methodology for the simulation
of mixed-technology (optical, electrical and mechan-
ical) devices in a system-level simulation framework.
The system simulation is a discrete event simulation
of piecewise linear signals. However, each electrical
or mechanical module in the system is itself a moder-
ate sized non-linear network modeled using a Modified
Nodal Analysis formulation and solver, with a switch-
ing algorithm to control the switching of regions of op-
eration for the constituent non-linear devices. Unlike
previous approaches, these networks are direct repre-
sentations of the structure of modules without artificial
switches or dummy components.

This modular representation, when used in a system-
level approach with the addition of an efficient multi-
domain simulator, can be used as a powerful tool for
analysis in both the early and later stages of the de-
sign of multi-domain systems. This is because speed
vs. accuracy trade-offs in simulation performance can
be accomplished either with an increase in the num-
ber of PWL regions used to model non-linearity in
the devices, or with an increase in the sampling rate
of the signals in the system. Therefore, design space
exploration can be done quickly with simple models,
or coarse sampling rates. This can be followed with
more accurate simulations based on detailed models
and improved accuracy, all within the same simulation
environment.

This same methodology, generalized with a formal
mathematical definition of dynamic systems in any do-
main, allows for the integration of multiple domains
in a single system. Consequently, additional domains
could follow the same general methodology to increase
the number of domains supported in a single mixed-
technology CAD tool.
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