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Abstract

This tutorial paper describes different approaches to modeling and simulation of mixed-technology microsystems that consist of
electrical circuits connected to subsystems described by partial differential equations (PDEs), which is a typical situation in many modern

integrated circuits and systems.

We target this paper towards the audience use of VHDL-AMS (a hardware description language suitable for modeling and simulation
of such systems). We describe existing approaches to modeling such systems and present three examples accompanied by their VHDL-

AMS implementations and simulation results.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

What are mixed-technology microsystems? These are
miniature integrated systems composed of parts (subsys-
tems), such as digital electronic blocks or various sensors,
which belong to different physical domains (electrical,
electromagnetic (EM), thermal, mechanical, etc.). Exam-
ples include micro-electro-mechanical systems (MEMS)
[1,2], systems-on-chip (SoC), systems-on-package (SoP),
etc. [3]. These systems become ubiquitous and find many
applications in engineering, medicine, biology, and other
areas [4,5]. Modeling and simulation of such systems is a
challenging task due to the presence of multi-physics effects
and their interaction.
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An attractive and often the only feasible way to simulate
such complex systems in a reasonable amount of time is to
use behavioral models to simplify physics and explore
interaction between different domains. A modeling envir-
onment naturally suited for behavioral modeling of mixed-
technology problems is VHDL-AMS [6—8]. This high-level
hardware description language is an IEEE standard and
extension of a digital language VHDL [9]. VHDL-AMS is
widely used in electronic design flow for modeling various
mixed-signal (analog and digital) circuits and systems
including such recent applications as RFID systems [10]. It
can also be used to model mixed-technology systems if
their description is limited to differential algebraic equa-
tions (DAEs) [11]. Due to the complexity, the support for
partial differential equations (PDEs) was intentionally left
out of VHDL-AMS [12]. This imposes a restriction on
accurate modeling of subsystems with distributed physics
effects. A proposition to extend the capability of VHDL-
AMS to support PDEs has appeared in the literature [13]
but is a challenging task and remains a work in progress.

There exist multiple publications on general behavioral
modeling and simulation of microsystems [14-16]. For
example, a recent publication [17] presents a good overview
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of using two modern high-level hardware description
languages VHDL-AMS and Verilog-AMS for modeling
mixed-technology systems when convenient physical beha-
vioral models are already available for all subsystems.

In this paper, we focus on a general category of mixed-
technology systems that consist of electrical circuitry
connected to a subsystem described with PDEs for which
no behavioral model is available a priori. We show how
such systems can be modeled and simulated in time domain
within the framework of VHDL-AMS. We describe two
major approaches to modeling and simulation of such
systems, discuss their advantages and drawbacks, and
present three examples. We target this paper towards the
use of VHDL-AMS and intentionally keep our examples
simple for clear demonstration of all steps involved into
modeling and simulation process. The methods we describe
are not VHDL-AMS-specific and can be implemented in
other behavioral modeling languages such as Verilog-
AMS.

2. Mixed-technology microsystem

A system restricted to one physical domain can be
modeled and simulated by numerically solving a set of
specific equations that describe the physics of the system
for a given set of geometry, sources, and boundary
conditions. For example, electrical circuits can be described
with Kirchhoff’s equations. Other physics (mechanics,
acoustics, electromagnetics, etc.) can often be described
with PDEs.

There exist several excellent domain-specific simulators
(e.g. SPICE [18] for electrical circuits, Ansys Mechanical
[19] for mechanical systems or Ansoft HFSS [20] for EM
problems) which are very convenient for solving physical
problems restricted to one specific domain. Options,
parameters, and boundary conditions can usually be
specified from within a user interface of the simulator.
However, a description of a complete mixed-technology
system often cannot be restricted to one physical domain.
Moreover, many subsystems usually need to be simulated
concurrently (e.g. in time domain).

Some domain-specific simulators (Ansys Multiphysics
[19], Ansoft Designer [20], FEMLAB [21], etc.) have
capabilities to include circuits in their physics-based
simulations. However, these capabilities are not yet at the
level sufficient for modeling complex mixed-technology
systems (especially if they include digital circuitry and
nonlinear analog circuits) and do not have the flexibility
offered by VHDL-AMS.

Coupling a domain-specific simulator and a circuit
simulator is possible but the process of connecting two
simulators is challenging and different in each particular
case due to the lack of commonly accepted modeling
environment and hence a necessity to know the details of
inner workings of both circuit simulator and domain-
specific simulator. The fact that several different time scales
are present in multi-physics simulation presents an addi-
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Fig. 1. Mixed-technology microsystem.

tional difficulty in coordinating the operation and interac-
tion of circuit and domain-specific simulators [22].

As an example, consider a subsystem whose physics is
described with PDEs and which is connected to some
electrical circuit. To solve the PDE problem, one needs to
know:

® PDEs describing the physics,
e parameters of the PDEs,

® boundary conditions,

e contact interface details.

Contact interface specifies how various physical quantities
interact with circuit quantities. Exact definition of the
contact interface depends on the physics of the problem
and may involve a translation between physical quantities
(e.g., how temperature and heat flow through the element
relate to its voltage and current).

Assume that subsystem’s physics can be described by a
single second-order one-dimensional (1-D) PDE of the
following form:

2

27/21 + a(x, [)66_1;1 =f(x,1), ()
where A(x,?) is the quantity of interest, a(x,?) is the
parameter, f(x,?) is the excitation, x is a spatial variable,
and ¢ is time. To solve (1), we need to know «(x, ¢), which
contains the information about material properties and
geometry of the system, and the boundary conditions for
A(x, t), which also include the initial conditions. We also
need to define how the quantity A(x, ¢) interacts with circuit
quantities. Usually, interaction between domains happens
through a multi-domain element (a part of the system
which simultaneously belongs to two or more different
domains) as shown in Fig. 1.

3. Modeling and simulation
3.1. Modeling approaches

There exist two major approaches to time-domain
modeling and simulation of mixed-technology circuit-
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PDE systems. Both approaches can be implemented in
VHDL-AMS and are described below.

The first approach is coupled modeling: combining all
equations from all subsystems together and solving them
simultaneously; to realize that within a framework of one
language and one simulator, one has to convert PDEs to
DAEs. This can be achieved by spatial discretization of
PDEs which leaves the time derivatives intact to be handled
by a time-domain solver, central to any VHDL-AMS or
circuit simulator. Stand-alone spatial discretization has
been used before for solving PDE problems via equivalent
circuits in SPICE [23].

The second approach is macromodeling: using behavior-
al macromodel based on simulation results from specia-
lized solvers. A macromodel can be an equivalent circuit
that can be directly used in SPICE and other circuit
simulators or a compact reduced-order model. The latter is
essentially a set of reduced order ordinary differential
equations which approximate the behavior of a complex
subsystem. Compact models become increasingly popular
as they can also be interfaced to circuits [24]. This approach
becomes extremely important for speeding up simulations
of complex multi-physics systems, such as coupled circuit-
electromagnetic systems [25] and MEMS devices [26].

3.2. Simulators

The fact that both modeling approaches can be
implemented in VHDL-AMS and thus fit into an electronic
design flow is important from a practical point of view
because it allows a designer to use standard modeling and
simulation tools.

A number of various commercial VHDL-AMS simula-
tors are currently available from several electronic design
automation (EDA) companies. Those simulators include
Virtuoso AMS Designer from Cadence [27], ADVance MS
from Mentor Graphics [28], SMASH from Dolphin [29],
Simplorer from Ansoft [20], etc. Some of these simulators
provide libraries of functional blocks that fit into their
design flows and allow one to perform simulations at
different levels of abstraction from the same environment.
This is especially valuable when analog circuits are added
to previously designed digital blocks. In addition to the
simulators mentioned above, there is also a number of
model compilers capable of compiling a VHDL-AMS
behavioral model of a device into circuit simulator code
[30,31].

Different simulators provide different support for
VHDL-AMS language; some constructs may be supported
in one simulator and not supported in another. In this
paper, all VHDL-AMS simulations have been done with
simulator SMASH [29] which supports most of IEEE
standard VHDL-AMS. The examples given below have
been written accordingly and targeted to compile and run
on this particular simulator. Porting them to another
simulator may require some modifications depending on
the VHDL-AMS language support of the simulator.

Below, we present three examples that illustrate the two
modeling approaches described above.

4. Example 1: transmission line (1-D)
4.1. System description

Consider a system that consists of a 1-D transmission
line connected to a circuit as shown in Fig. 2. The
transmission line can represent e.g. an integrated circuit
interconnect [32] or an acoustic MEMS delay line [33]. The
signal propagation on this transmission line can be
described with the wave equation (a second-order PDE),
which we will implement in VHDL-AMS using coupled
modeling approach (PDE discretization) shown in [34].

The system has four electrical nodes: n1, n2, n3, and
ground. The interaction between the transmission line
subsystem and the circuit takes place via terminal voltages
and currents. In this example, the internal quantities of the
PDE subsystem (voltages and currents) are the same as
circuit variables, thus no translation is needed.

4.2. Physical model

If the transmission line is lossless, the wave equation has
the form [35]

v LoV

0z2 b or? =0, @
where V is the voltage on the transmission line and f§ =
~LC is the propagation constant (L and C are the
inductance and capacitance per unit length). The same
problem can be equivalently formulated in terms of
Telegrapher’s equations:

v v
0z ot 0z ot

To transfer this description into VHDL-AMS, PDEs given
by Eq. (3) need to be discretized with respect to z (e.g. using
a classical central difference formula). Number of dis-
cretization points N for the transmission line of a given
length determines the spatial step dz. The voltage and the
current need to be determined at each point. A set of two
PDEs given by Eq. (3) can be converted into the following

A3)

Transmission line

LC

e e e e i e e e e e

ground

Fig. 2. Example 1: transmission line connected to an electrical circuit.
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set of 2N ordinary differential equations (ODEs):

Va—=V

n—1 v In+l_1n /
=L, T =Y

dz "
4)

where V,, and I, are currents and voltages at spatial points
and prime ' denotes a derivative with respect to time. Two
additional equations are given by Eq. (5) which defines
boundary conditions for an interface to the circuit:

Vin = VS - IinZS, Vout = IoutZL- (5)

Note that in this discretization scheme voltages and
currents are not defined at the same points in space which
may cause matching errors and give rise to reflections even
when all impedances are perfectly matched. This effect is
known [36] and may require an introduction of correction
elements to eliminate the errors. In general, the model
described above is still accurate and valid if N is sufficiently
large.

One can see that discretized equations for voltage and
current on the transmission line are equivalent to circuit
equations describing the N-section LC-ladder network
shown in Fig. 3, where Ldz and Cdz are the inductance
and the capacitance of each segment of the transmission
line. The N-section ladder network is usually valid only for
a certain frequency range. The number of sections in the
network determines the accuracy of the wideband response
of the transmission line needed when it is driven by digital
circuits with sharp signal transitions.

4.3. VHDL-AMS model

Figs. 4 and 5 present VHDL-AMS models for this
example: for testbench architecture and for transmission
line entity. The transmission line is 0.5m long with the
distributed parameter values L =250.0nH/m and
C =100 pF/m. These are typical values for a microwave
coaxial cable which result in characteristic impedance of
50Q and signal propagation speed of 0.66c. The source
and the load resistors are Zg = 50Q and Z; = 50Q. The
transmission line has three terminals (input, output, and
ground) and is discretized into NV sections.

The contact interface is highlighted in the transmission
line model. Since VHDL-AMS derivative attribute (' dot)
is not supported in the GENERATE statement, vectors of
time derivatives of voltage and current are created outside
the loop. Note that I,, has a negative sign in front of it
because of the VHDL-AMS definition of the current
flowing into a terminal. For more information on reference
directions of terminal quantities, see [8,37].

4.4. Simulation results

Fig. 6 shows the simulated transient source and load
voltages in the transmission line example with rectangular
pulse excitation for N = 5and N = 50. These results match
the analytical solution [38] given by Branin’s model (which
is also derived from Telegrapher’s equations).

\" Ld
0 z V1 Ldz \"
O_NY\__NYL
— —
I 1,
Cdz Cdz

Fig. 3. Equivalent LC-ladder network for the transmission line in Example 1.

---------------------------- Testbench -----ccccccmcm e
LIBRARY IEEE; USE IEEE.electrical_systems.all, work.all;

ENTITY testbench_example_1 IS
PORT (TERMINAL n1, n2, n3: ELECTRICAL);
END testbench_example_1;

ARCHITECTURE top OF testbench_example_1 IS
BEGIN
VS: ENTITY pulse_source(simple)
GENERIC map (amplitude => 1.0, delay =>10.0e-9, duration => 10.0e-9)
PORT map (p => ELECTRICAL_REF, n => n1);
RS: ENTITY resistor(simple)
GENERIC map (resistance => 50.0)
PORT map (p => n1, n => n2);
TR: ENTITY transmission_line(behav)
GENERIC map (Length => 0.5, L => 250.0e-9, C => 100.0e-12, N => 50)
PORT map (a => n2, b => n3, g => ELECTRICAL_REF);
RL: ENTITY resistor(simple)
GENERIC map (resistance => 50.0)
PORT map (p => n3, n => ELECTRICAL_REF);
END top;

Fig. 4. VHDL-AMS model for testbench in Example 1.
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LIBRARY IEEE;

ENTITY transmission_line IS

------------------------- Transmission Line ---------ccccucen-n
USE IEEE.electrical_systems.all, work.all;

GENERIC (Length, L, C: real; N: integer);

[PORT  (TERMINAL a, b, g: ELECTRICAL);

Contact interface

END transmission_line;

QUANTITY V, Vdot, I,
QUANTITY dz: real;

BEGIN

dz == Length / real(N);
-(V(1)-vin) == L * dz * Iin'dot;
-(I(2)-Iin) == C * dz * Vdot(1);
GEN: FOR j IN 2 TO N-1 GENERATE
-(V(3)-V(j-1)) ==L * dz * Idot(j);
-(I(3+1)-1(j)) == C * dz * Vdot(j):
END GENERATE;

-(Vout-V(N-1)) == L * dz * Idot(N);
-(-Iout-I(N)) == C * dz * Vout'dot;

END behav;

ARCHITECTURE behav OF transmission_line IS
QUANTITY Vin ACROSS Iin THROUGH a TO g;
QUANTITY Vout ACROSS Iout THROUGH b TO g;

Idot: real_vector(1 to N);

Vdot == V'dot;

Idot == I'dot;

Fig. 5. VHDL-AMS model for transmission line entity in Example 1.
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Fig. 6. Simulated source and load voltages for the transmission line in
Example 1.

5. Example 2: electrothermal system (2-D)
5.1. System description

Consider now a system shown in Fig. 7 that consists of
two electrical circuits coupled thermally via shared silicon
substrate. Source V| and resistors R} and R, can represent
a trigger line in the digital part of a mixed-signal system
while source V', and resistors R; and R4 can represent a
biasing circuit in the analog part of the system.

Resistors R, and Rj3 are electrothermal: they dissipate
heat and their electrical performance is affected by their
temperature. They are located on top of a rectangular
silicon substrate of length L and width W. If the substrate
material is uniform and L3> W, this system can be
considered to be two-dimensional (2-D). The temperature

distribution in the substrate can be described with the heat
balance equation, which we will model in VHDL-AMS
using coupled modeling approach shown in [39]. The
approach is similar to the previous example but now deals
with two dimensions.

The system has five electrical nodes: n1, n2, n3, n4, and
ground. The interaction between the electrothermal
subsystem and the circuit takes place via terminal voltages
and currents. Electrothermal resistors R, and Rz are multi-
domain elements which act as contact interfaces between
substrate thermal variables (temperature and heat flow)
and circuit variables (voltage and current).

5.2. Physical modeling

Resistance of a typical electrothermal resistor can be
written as [40]

R=Ry[l + (T, — Ty)], (6)

where R is the nominal resistance (at 7¢ = 300K), T is
the resistor temperature, and o is the temperature
coefficient of resistance. Both resistors R, and Rj dissipate
power and generate heat flux into the substrate, which
affects their currents and temperatures. The substrate
temperature 7 is given by the heat-balance equation

ot pC\ox2 0?2 )’

where x and y are the transversal coordinates, p is the
material density, C is the specific heat capacity, and k is the
thermal conductivity of the substrate. To spatially dis-
cretize Eq. (7) with respect to x and y, a finite difference
discretization method can be used, similar to the previous
example. We will assume that the thermal conductivity of
these resistors is much larger than the conductivity of the

@



266 P.V. Nikitin, C.-J.R. Shi | INTEGRATION, the VLSI journal 40 (2007) 261-273

Electrothermal subsystem
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Fig. 7. Example 2: electrothermal subsystem connected to an electrical circuit.
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Fig. 8. Rectangular finite difference mesh for the substrate in Example 2.

substrate (kg>k) so that temperature distribution inside
resistors does not need to be modeled.

Consider a rectangular N x M mesh shown in Fig. 8
whose nodes are the points where the temperature needs to
be determined spaced at dx=W/(N—-1) and
dy = H/(M — 1). Electrothermal devices a and b (resistors
R; and Rj3) sit on top of several grid points. Resistor R,
(device a) occupies points (Na_start, M) — (Na_stop, M)
and resistor R; (device b) occupies points
(Nb_start, M) — (Nb_stop, M).

Using the mesh given in Fig. 8, Eq. (7) can be discretized
and rewritten as
oT _ k

ot pC

Tn+1,m - 2Tn,m + Tnfl,m

Tn,m+1 - 2Tn,m + Tn,mfl
(dx)? '

(dy)*

®)

On the boundaries, terms in Eq. (8) which correspond to
horizontal and vertical temperature gradients are replaced
with £P/kA on conductive boundaries (the surfaces of
physical contact between the substrate and the resistors)
and with £A(Ty — Ty,,)/k on convective boundaries (all
other surfaces). Above, P is the power dissipated in a
resistor, A is the area occupied by a resistor, and T, is the

ambient temperature. The sign is determined by the
boundary location.

Such discretization results in the system of N x M ODEs
that can be solved in VHDL-AMS concurrently with the
circuit equations. The temperature of each electrothermal
resistor is computed by averaging the temperature over all
grid points that lie immediately under the resistor surface:

Na_st Nb_st
Zi:aNiIi{)mrt Ti~M T — Zi:ﬁ;iﬁart T"’M
R = Nb_stop — Nb_start + 1"
©)

Tr, =
%= Na_stop — Na_start + 1’

5.3. VHDL-AMS model

Figs. 9 and 10 present VHDL-AMS codes for this
example: testbench architecture and electrothermal sub-
system entity. The eclectrothermal subsystem has four
electrical terminals (two for each resistor) and includes a
substrate and electrothermal resistors R, (device with
terminals al and a2) and R; (device with terminals bl
and b2). The substrate is discretized into N x M points.
We have used mathematical matrix package to define
temperature as a 2-D array and a summing function to
calculate the average temperature over several grid points.
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ENTITY testbench_example_2 IS
END testbench_example_2;

ARCHITECTURE top OF testbench_example_2
BEGIN
V1: ENTITY pulse_source(simple)

PORT MAP
ENTITY resistor(simple)

GENERIC MAP (resistance => 10.0)

PORT MAP (p => n1, n => n2);

R1:

PORT MAP

R4: ENTITY resistor(simple)
GENERIC MAP (resistance => 10.0)
PORT MAP (p => n3, n =>n4);
V2: ENTITY dc_source(simple)
GENERIC MAP (amplitude => 2.0)
PORT MAP
END top;

Testbench
LIBRARY IEEE; USE IEEE.electrical_systems.all, work.all;

PORT(TERMINAL n1, n2, n3, n4: ELECTRICAL);

GENERIC MAP (amplitude => 10.0, delay =>25.0e-6, duration => 50.0e-6)
(p => ELECTRICAL_REF, n => n1);

EL: ENTITY electrothermal_subsystem(behav)

GENERIC MAP (Width = > 45.0, Height => 20.0, Length => 150.0,
Ta => 300.0, TO => 300.0, Ra
alpha=>0.1, N => 10, M => 5,
Na_stop => 5, Nb_start => 6,
(a1l => n2, a2 => ELECTRICAL_REF,
a3=>n3, a4 => ELECTRICAL_REF)

(p => ELECTRICAL_REF, n => n4);

IS

=> 10.0, Rb => 10.0,
Na_start => 2,
Nb_stop => 9)

Fig. 9. VHDL-AMS code for testbench in Example 2.

For illustrative purposes, in this example we use the
following mesh parameters: N = 10, M = 5, Na_start = 2,
Na_stop =5, Nb_start =6, Nb_stop =9. The values of
circuit elements and geometrical dimensions of the problem
were chosen so that the thermal coupling effect can be
clearly seen. Those parameters were: R| = R, = R3; =
Ry=10Q (at 300K), o=01K', W =45mil'
H =20mil, and L = 150 mil. The properties of the silicon
substrate and its boundaries were: k = 1.412(W/Kcm),
p=233(g/cm?), C =0.7(J/gK), h = 1000 (W /cm® K).

5.4. Simulation results

Fig. 11 shows transient voltages Vg, and Vg, on
electrothermal resistors R, and Rs;. A constant 2V DC
source V', is turned on at ¢ = Opus. In the absence of the
pulse from V|, this causes the voltage on Rj3 to rise slowly
due to self-heating until it reaches an equilibrium just
above 1V.

Source V| produces a 50us long 10V rectangular
excitation pulse at £ = 25 us. This causes initially a voltage
of 5V to appear across R,. The current heats up R, and
generated heat propagates through the substrate to Rj,
increasing its temperature and voltage. In both cases (with
and without the excitation pulse) voltage Vg, stays the
same until a certain time (& 10 pus from the beginning of the
pulse) when the heat wave from R, reaches Rj.

Fig. 12 shows calculated temperature distribution in the
silicon substrate in the vicinity of resistor R; at the time
moment ¢ = 200ps. This distribution was obtained by
calculating the temperature at each node using the VHDL-
AMS model given in Fig. 10 (where N =10 and M = ))

"1 mil = 0.0254 mm.

and drawing isolines of constant temperature. Because of
the large amount of heat dissipated in R, during the pulse,
even after 7| is turned off resistor R, continues to be a
“warm spot” which primarily defines the temperature
distribution inside the substrate.

6. Example 3: MEMS filter (3-D)
6.1. Description

Various structures that exhibit EM behavior (transmis-
sion lines, inductors, filters, etc.) play an important role in
many modern VLSI SoCs and seriously affect their
performance, especially at gigahertz frequencies. An
example is MEMS structures which have been used
for actuators, micromotors, and other applications
[41,37,42—-45]. High-frequency applications of MEMS
structures include RF switches [46] and filters [47,48].

Consider the following system: MEMS comb finger
structure driven by an external source as shown in Fig. 13.
Three-dimensional (3-D) MEMS structure is a subsystem
used here as an RF filter for which we will create a linear
model to use in VHDL-AMS. The voltage source and the
resistor represent a lumped circuit subsystem (which can be
any transistor circuit). The system has four electrical nodes:
nl, n2, n3, and ground. The interaction between the
MEMS filter and the circuit takes place via terminal
voltages and currents.

Because the 3-D geometry of the MEMS filter is rather
complex, after meshing and discretization of PDEs
(Maxwell’s equations which describe the EM behavior of
this structure) it would result in a very high-order system of
DAE equations. We will model this problem using
macromodeling approach shown in [49].
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ENTITY electrothermal_subsystem IS

[ PORT

------------------------- Electrothermal Subsystem
LIBRARY IEEE; USE IEEE.electrical_systems.all, work.all, work.matrix.all;

GENERIC (Width, Height, Length, Ta, TO, Ra, Rb, alpha :
N, M, Na_start, Na_stop, Nb_start, Nb_stop: integer)

real;

Contact interface

(TERMINAL a1, a2, b1, b2: ELECTRICAL): <

END electrothermal_subsystem;

QUANTITY Va ACROSS Ia THROUGH a1 TO a2;
QUANTITY Vb ACROSS Ib THROUGH b1 TO b2;

QUANTITY dx, dy, PkAa, PkAb, T_a, T_b: real;
CONSTANT k : REAL := 1.412; -- W/K-cm
CONSTANT rho : REAL := 2.33; -- g/cm”3
CONSTANT C : REAL := 0.7; -- J/g-K
CONSTANT mi1 : REAL := 0.001*2.54; --cm
CONSTANT h : REAL :=
CONSTANT Const : REAL := k/(rho*C*dx*dy);
CONSTANT hk : REAL := h*k;

BEGIN

Tdot==T'dot; dx == Width/real(N-1);

ARCHITECTURE behav OF electrothermal_subsystem IS

QUANTITY T, Tdot: real_matrix(1 to N,1 to M);

1000.0; --W/cm*2-K

dy == Height/real(M-1);

PkAa == - Ia * Va / (k * Aa);
Ia == Va/(Ra*(1.0+alpha*(T_a - T0)));

Aa == Length*Width*real(Na_stop-Na_start)/real(N-1);

T_a == sum(T,Na_start,M,Na_stop,M)/real (Na_stop-Na_start+1);

A

Electrothermal

Ab
PkAb == - Ib * Vb / (k * Ab);
Ib == Vb/(Rb*(1.0+alpha*(T_b - T0)));

= Length*Width*real (Nb_stop-Nb_start)/real(N-1);

T_b == sum(T,Nb_start,M,Nb_stop,M)/real (Nb_stop-Nb_start+1);

resistors

GEN1: FOR i IN 1 TO Na_start-1 GENERATE

(T(i,M)-T(i,M-1))*dx/dy);
END GENERATE;
GEN2: FOR i IN Na_start TO Na_stop GENERATE

(T(i,M)-T(i,M-1))"dx/dy);
END GENERATE;
GEN3: FOR i IN Na_stop+1 TO Nb_start-1 GENERATE

(T(i,M)-T(i,M-1))*dx/dy);
END GENERATE;
GEN4: FOR i IN Nb_start TO Nb_stop GENERATE

(T(i,M)-T(i,M-1))*dx/dy);
END GENERATE;
GEN5: FOR i IN Nb_stop+1 TO N GENERATE

(T(i,M)-T(i,M-1))*dx/dy);
END GENERATE;
GEN6: FOR j IN 2 TO M-1 GENERATE

(T(1,3)-T(1,3-1)) *dx/dy);
GEN7: FOR i IN 2 TO N-1 GENERATE

(T(1,3)-T(i,3-1))*dx/dy);
END GENERATE;

(T(N,3)-T(N,j-1))*dx/dy);
END GENERATE;
GEN8: FOR i IN 2 TO N-1 GENERATE

dx*hk*(Ta-T(i,1)));
END GENERATE;

dx*hk*(Ta-T(N,1)));
END behav;

Tdot (i,M) == Const * ((T(i,M)-T(i+1,M))*dy/dx - dy*hk*(Ta-T(i,M)) + dx*hk*(Ta-T(i,M)) -

Tdot (i,M) == Const * ((T(i,M)-T(i+1,M))*dy/dx - (T(i,M)-T(i-1,M))*dy/dx + dx*PkAa —

Tdot(i,M) == Const * ((T(i+1,M)-T(i,M))*dy/dx - (T(i,M)-T(i-1,M))*dy/dx + dx*hk*(Ta-T(i,M)) -

Tdot (i,M) == Const * ( (T(i+1,M)-T(i,M))*dy/dx - (T(i,M)-T(i-1,M))*dy/dx + dx*PkAb -

Tdot(i,M) == Const * ( dy*hk*(Ta-T(i,M)) - (T(i,M)-T(i-1,M))*dy/dx + dx*hk*(Ta-T(i,M)) -

Tdot(1,j) == Const * ( (T(2,j)-T(1,j))*dy/dx - dy*hk*(Ta-T(1,j)) + (T(1,j+1)-T(1,j))*dx/dy -

Tdot(i,j) == Const * ((T(i+1,3)-T(i,j))*dy/dx - (T(i,j)-T(i-1,j))*dy/dx + (T(i,j+1)-T(i,j))* dx/dy -

Tdot(N,j) == Const * (dy*hk*(Ta-T(N,j)) - (T(N,j)-T(N-1,j))*dy/dx + (T(N,j+1)-T(N,j))*dx/dy -

Tdot(i,1) == Const * ((T(i+1,1)-T(i,1))*dy/dx - (T(i,1)-T(i-1,1))*dy/dx +(T(i,2)-T(i,1))*dx/dy -

Tdot(N,1) == Const * (dy*hk*(Ta-T(N,1)) - (T(N,1)-T(N-1,1))*dy/dx + (T(N,2)-T(N,1))*dx/dy -

Fig. 10. VHDL-AMS code for electrothermal subsystem in Example 2.

6.2. Physical modeling

Typically, EM structures are measured or simulated in
frequency domain using various EM simulators. There
exist a great variety of numerical EM field solvers that
allow modeling of on- and off-chip structures. To use S-
parameters (or other frequency domain parameters)
obtained from EM simulations in VHDL-AMS, frequency
response can be approximated with the rational function to

obtain a time-domain macromodel suitable for subsequent
use in VHDL-AMS simulator.

Knowing the frequency response allows one to identify
a continuous transfer function H(s) = b(s)/a(s) that
approximates it where a(s) and b(s) are polynomials of a
finite order that results in approximating the simu-
lated frequency response. The desired order of the
polynomials can be determined from the data. A number
of different algorithms for extracting compact reduced
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order models from frequency- or time-domain data are response centered around 2GHz. Smaller dimensions
available [50,51]. would result in higher operating frequency.

In our example, a voltage source drives the MEMS filter The filter was simulated in frequency domain using a
connected to the load. The structure is 1 mm x 18 mm x finite-element software Amnsoft HFSS. S-parameters ob-
22 mm in size and positioned 1 mm above the ground plane  tained after simulation and approximated with the transfer
as shown in Fig. 13. These dimensions were chosen for
illustrative purposes to have a filter with the wide bandpass

0
-©- EM simulation
10 T T T 1.004 =% macromodel
VR 3 (with excitation pulse)
)
=
< VR 2 (excitation pulse) 2 —&
T Bf 41002 o %)
=0 T >
- VR 5 (without excitation pulse)
-15 - . - * - *
0 ; H ; 1 0.5 1 1.5 2 25 3 3.5 4
0 50 100 150 200
Time (it s) Frequency (GHz)
Fig. 11. Transient voltages Vg, and Vg, on resistors R, and R; in Fig. 14. Frequency response (Sy-parameter) of the MEMS filter in
Example 2. Example 3 shown in Fig. 13: simulated and approximated.
10
1
310 O
2 I
x X Poles
B O Zeros
= e O X o
g -—
>
1t
X
ot
3 ; : ; ; -3 : : ——0
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Fig. 12. Temperature distribution (kelvin) in the substrate in Example 2 at Fig. 15. Poles and zeros of the transfer function which approximates the
t =200 ps. frequency response in Fig. 14 for Example 3.
MEMS filter

Fig. 13. Example 3: MEMS filter connected to a circuit.
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function are shown in Fig. 14. For system identification in
this example, we used Matlab function invfregs. The third
order transfer function whose poles and zeros are shown in
Fig. 15 was sufficient to well approximate the wideband
frequency response of the filter.

From the transfer function H(s), one can easily construct
a continuous time-domain macromodel in its classical

P.V. Nikitin, C.-J.R. Shi | INTEGRATION, the VLSI journal 40 (2007) 261-273

state-space form (see e.g. Matlab function tf2ss):

=4
y:

L=l

X + Bii,
. 10
¢4 Dl (10)

C

where X(¢) is the vector of state variables, u(¢) is the
excitation and )(¢) is the output signal. This state-space

Testbench

LIBRARY IEEE;

ENTITY testbench_example_3 IS
PORT (TERMINAL n1, n2, n3: ELECTRICAL
END testbench_example_3;

ARCHITECTURE top OF testbench_example_3
BEGIN
VS: ENTITY gaussian_source(simple)

PORT map  (p => ELECTRICAL_REF

RS: ENTITY resistor(simple)
GENERIC map (resistance
PORT map (p=>n1, n
MEMS: ENTITY mems_filter(behav)
PORT map
RL: ENTITY resistor(simple)

=> 50.0
=> n2);

PORT map

END top;

USE IEEE.electrical_systems.all, work.all, work.matrix.all;

GENERIC map (amplitude => 1.0, tau

(a => n2, b => n3, g => ELECTRICAL_REF);

GENERIC map (resistance => 50.0)
(p => n3, n => ELECTRICAL_REF);

)s

IS

=>3.0e-9, T => 0.25e-9)

, n=>n1);

)

Fig. 16. VHDL-AMS code for testbench in Example 3.

LIBRARY IEEE;

ENTITY mems_filter IS

MEMS filter

USE IEEE.electrical_systems.all, work.all, work.matrix.all;

[ PORT (TERMINAL a, b, g: ELECTRICAL)

Contact interface

; Je——

END mems_fiTter;

ARCHITECTURE behav OF mems_filter IS
QUANTITY Vin ACROSS Iin THROUGH a
QUANTITY Vout ACROSS Iout THROUGH b
QUANTITY u, y, x1, x2, x3: real;
CONSTANT Zo: real := 50.0;
CONSTANT A11 : real := -2.1837e10;
CONSTANT A12 : real := -3.2873e20;
CONSTANT A13 : real := -1.3073e30;
CONSTANT A21 : real := 1.0;
CONSTANT A22 : real := 0.0;
CONSTANT A23 : real := 0.0;
CONSTANT A31 : real := 0.0;
CONSTANT A32 : real := 1.0;
CONSTANT A33 : real := 0.0;
CONSTANT B1 : real := 1.0;
CONSTANT B2 : real := 0.0;
CONSTANT B3 : real := 0.0;
CONSTANT C1 : real := -8.0705e9;
CONSTANT C2 : real := 1.3129e20;
CONSTANT C3 : real := -1.6934e29;
CONSTANT D : real := 0.1102;

BEGIN

u == Vin; y==Vout;

x1'dot == A11*x1+A12*x2+A13*x3 +B1*u;
x2'dot == A21*x1+A22*x2+A23*x3 +B2*u;
x3'dot == A31*x1+A32*x2+A33*x3 +B3*u;

y == C1*x1+C2*x2+C3*x3+D*u;
Iout == Vout/Zo;

END behav;

T0 g;
T0 g;

Fig. 17. VHDL-AMS code for MEMS filter in Example 3.
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Fig. 18. Simulation results (input source voltage and output load voltage)
for the MEMS filter in Example 3.

model contains an information about system dynamics
sufficient for calculating system response to a general time
domain excitation signal. The model is purely linear.

6.3. VHDL-AMS model

Figs. 16 and 17 present VHDL-AMS models for this
example: testbench architecture and MEMS filter entity.
The macromodel of the MEMS filter uses the excitation
voltage from the source as the input u(z) and the load
voltage as the output y(z). Note that some of the elements
of matrices A4 and B are zeros.

Both source and load resistors are 50 Q. An excitation
commonly used in EM and wireless communications
problems is Gaussian pulse:

u(t) = upe =21, (11)

In our example, voltage source Vg generates a Gaussian
pulse of the form with uy = 1V,7=3ns, and T = 0.25ns.

6.4. Simulation results

Fig. 18 shows simulated transient input and output
voltages for the MEMS filter for the Gaussian pulse
excitation.

This example demonstrates that compact models
(macromodels) are an accurate and efficient way of
simulating coupled circuit-PDE problems in time-domain
with VHDL-AMS. Compact models contain fewer internal
variables than full EM problems and thus provide a
significant simulation speedup.

In our example, the finite element mesh contained about
7500 tetrahedra and the wideband EM simulation took
approximately 2min of runtime on a 2GHz PC. The
VHDL-AMS simulation with third order macromodel

took about 1s on the same PC resulting in about 100-
fold gain in CPU time.

7. Conclusions

In this tutorial paper, we presented a VHDL-AMS based
overview of different approaches to modeling and simula-
tion of mixed-technology microsystems which consist of
electrical circuits connected to subsystems described by
partial differential equations (PDEs).

Modeling approaches can be classified into two major
groups: coupled modeling and macromodeling, for which
we presented three examples and their corresponding
VHDL-AMS implementations. We intentionally kept our
examples straightforward to demonstrate clearly all steps
involved into the modeling and simulation process. These
examples demonstrate that VHDL-AMS is well suited for
modeling and simulation of complex mixed-technology
systems.

The approaches described in this paper can be readily
used in today’s electronic design flow for including
distributed physics effects into modeling and simulation
process with VHDL-AMS or other high-level hardware
description languages.
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