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ABSTRACT

This paper discusses the development of a chip
model library for the complete design and simula-
tion of Multichip Assemblies. The simulation of the
driver/receiver part of the chips mounted in Multi-
chip Modules(MCMs) can be done using a variety of
models at varying levels of complezity. A hierarchy
is used to organize the models for use with an intel-
ligent model selection tool. Model selection is based
on the tradeoff between accuracy and speed. The four
models to be considered in this paper are device, table-
based, equation based and simple RC models. The
basic RC model, a physical model, considers transis-
tor on-resistance and load capacitance as a complete
representation of the driver circuit. The table lookup
approach stores a detailed transfer function of device
operation or circuil operation in a table using a de-
vice level circuit simulator. Equation-based models
simplify the physical device equations based on the
switching behavior of a particular circuit. An integral
environment with this group of models is developed
with an object oriented approach. Each of the model
templates is treated as an object and it can be repeated
as required.

1 Introduction

In order to achieve higher speed circuits, higher levels
of integration at the board level are essential. As the
complexity of packaging increases, complete design
and simulation of such complex packages as multi-
chip assemblies (MCA'’s) is absolutely essential. As
multichip modules (MCM’s) support higher levels of
integration (merging with first and second level pack-
ages), the pad placement and chip-to-chip or chip-to-
package connection in an MCM becomes crucial. In
order to increase the efficiency and accuracy of the
design and simulation, it is important to have a sin-
gle environment under which a hierarchy of different
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models for ICs and packages are kept. Performance
metrics (e.g., frequency, accuracy, computing speed
etc.) can be used to select models for use in simu-
lating a particular system product. For the simula-
tion of large-scale chips and packages, highly efficient
models are essential to achieve results in a time scale
appropriate to the problem under consideration. So,
providing a variety of model components and the ca-
pability to operate at several levels of complexity is
very important.

The concept of a Chip Model Library (CML) is in-
troduced in this work. The models used in the CML
have been developed specifically for circuits used to
drive or receive off-chip signals. These drivers and
receivers can be simulated with a variety of meth-
ods at different levels of abstraction. On-chip driver
circuits can be modeled either as models based on
the actual physics of the component. For example, a
device model of a transistor relates the current flow
through the transistor to the terminal voltages, de-
vice topology, and manufacturing parameters of the
actual device. This idea of a hierarchy of abstraction
levels is useful when the tradeoff between simulation
speed, accuracy and availability of manufacturing pa-
rameters is necessary. Very accurate delay predictions
are possible with the standard circuit simulators like
SPICE {1]. However, this approach is limited to cir-
cuits with no more than several thousand components
because of the large computation time and memory
requirements. The simplest modeling approach is to
use RC models which are extracted from SPICE mod-
els. A second model, the lookup table approach, runs
SPICE in advance of a transient simulation to calcu-
late a set of parameters as a function of input and out-
put voltages which are stored in tables [2]. Then, the
tables are reused unless a process change has occured.
When the required parameters are in between values
in the table, interpolation is used at some loss of accu-
racy. The third approach is an equation-based model
which improves upon previous work in this area [3, 4]
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Figure 1: An example of MCM circuit simulated by
using the CML and the PML.

by increasing the slew-rate range and reducing com-
putation time.

The CML is a part of the Packaging Design Sup-
port Environment (PDSE) developed at the Univer-
sity of Arizona [5] to facilitate the analysis and de-
sign of packaging structures for microelectronic inte-
grated circuits. Several independent tools have al-
ready been developed for interconnection parameter
calculation and simulation. Present forms of inter-
connection simulators need manual entry of each and
every transistor in the driver circuit [6], so an inter-
face has been developed to facilitate automatic repe-
tition of any driver component (e.g., an inverter or a
NAND) and to communicate with existing intercon-
nection simulators. The complete system simulation
is accomplished by intelligent selection of the appro-
priate models from the CML. Each chip consists of
an internal circuitry (i.e., core logic) and perimeter
circuitry like drivers and receivers connected to the
pad ring. As shown in Figure 1, the CML focuses
on perimeter circuit modeling capability since exist-
ing tools are capable of modeling the internal chip
functionality [7]. The user supplies specifications of
a circuit such as a driver which the expert rules of
the CML automatically translate to an appropriate
model. These expert rules are based on driver model
attributes.

An object-oriented approach [8] was used to de-
velop this library (CML). Provided with the features
of encapsulation, data abstraction, and inheritance,

418

an object-oriented approach is suitable for the de-
velopment of a hierarchical and modular data model
with different levels of complexity [9]. The CML is
flexible enough to incorporate new models with few
changes to the program. The CML has been imple-
mented using C++ and has been tested successfully.
A driver circuit with a cascade of inverters was sim-
ulated using a modified SPICE model [6] and was
interfaced with package models. The inclusion of the
CML into the PDSE has helped it grow into a more
complete analysis and simulation tool.

2 Model Description

2.1 Table Look-up Method

In order to get an approximate but faster simula-
tion of digital circuits, many approaches have been
invented. One such approach is table-lookup which is
based on SPICE simulations. This approach can be
implemented with a higher speed and greater flexibil-
ity if the device characteristics are measured exten-
sively only once, then stored numerically into tables.
The first table-lookup model was used in MOTIS, a
fast timing simulator for digital MOS IC’s [2]. A three
dimensional(3-D) table of measured I for a set of
(Vgs,Vis,Vsp) was stored, and the stored points lin-
early interpolated to obtain I4 for intermediate volt-
ages. The functional dependence as follows:

Ij = I(v;syvks,va)

Assuming the source and body are connected to-
gether, then we can sweep the input V,, and output
Vis voltages to get 2-D tables. These two tables are
used for interpolation to get the output voltages. The
load of each stage is computed using existing param-
eters. The B ratio of NMOS and PMOS are varied
in a required range by keeping the first 8 constant
while the other f is swept over the whole range and
vice versa. Thus, if we divide the range of § by n,
then 2(n + 1)? tables are formed. Once formed, new
tables are not needed unless process changes occur.
It was anticipated that since table-lookup should be
more efficient than SPICE, the computation time for
a chain of inverters would be reduced drastically as
the number of stages increases compared to SPICE.
However, it was found that as number of stages in-
creases the gain of CPU time over SPICE first rises,
peaks, and then falls as shown in Figure 2.

2.2 Equation-based method

Standard circuit simulators like SPICE can be used
for transient analysis and delay evaluation in logic
systems; but, with increasing number of transistors
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Figure 2: Figure showing gain in computation time
over SPICE by using table-lookup approach versus
number of stages.

in VLSI circuits, the evaluation of delay using SPICE
requires an enormous amount of memory space and
CPU time. In order to make simulation faster, many
approaches have been developed in past, such as using
tables for the device equations [2], relaxation meth-
ods for solving the differential equations [10], and
macromodelling [11}. In addition, analytical expres-
sions have been developed by many authors to eval-
uate the propagation delay, rise and fall times of the
basic CMOS logic gates [3, 4, 12]. These models are
a tradeoff between accuracy and speed of computa-
tion because simplifying assumptions are used such as
neglecting the shape of the input waveform, using ap-
proximations for load currents [12], or neglecting the
PMOS(NMOS) currents in the falling (rising) output
delay evaluations.

A modified equation-based(E-B) model of a CMOS
inverter has been developed for the CML that works
with greater efficiency than previous techniques,
while taking into account the shape of the input
waveform, the capacitive load, and the transconduc-
tance of the PMOS and NMOS transistors. This E-B
method utilizes a combination of simple characteristic
equations of transistors and a power series approxi-
mate solution for the differential equations that gov-
ern the behavior of the inverter. The regression equa-
tion has been developed for the time spent in different
regions of operation to help improve the speed of the
program. Comparison of delay times is also made
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along with the accuracy of the output of the various
models. An additional advantage is an improvement
in computation time because of the moderate amount
of computations per region.

Unlike the previous work [3], both PMOS and
NMOS currents are considered in the saturation re-
gion in this model to increase the accuracy of the
model. For a rising input in the linear region, the
PMOS(NMOS) current is neglected without signifi-
cant loss of accuracy while reducing the computation
time. This approximation is also made in the simpli-
fied RC model.

2.3 Simplified RC model

A simplified RC model for CMOS drivers as is
commonly used in existing logic simulators such as
RSIM (7] is also used in the CML. It greatly reduces
the computation time at the expense of accuracy. The
transistors have been replaced by the on-resistance
and the gate capacitance calculated using technology
parameters [13]. Further, at any stage only one of
these resistances is used: pull down(NMOS) during
discharging and pull up(PMOS) during charging.

In these simplified models interstage capacitances
are calculated using existing parameters. Both input
and output capacitance(C;, and Cout) of each stage
are computed [13] as follows

Cin = Cogn W + Cozp ﬂWan + CoznWn LD,y
+ Cozp ﬂWn LDJP
+ CoannLan + Co:cp ,BWnLde

Cout = (Ceqdbn AD, + Ceqdm PDn)
+ (Cegatn ADp + Cegqasn PDyp)

where AD, = Wan Lgn, ADy= Wap Lap, PDy =
2(Wan + Lg4yn), and PD, = 2(Wap + Ldp). AD is
defined as the area of the drain diffusion, and PD is
defined as the perimeter of the drain diffusion region.

3 Model Development

As illustrated in Figure 3, the Chip Model Li-
brary(CML) is organized as a hierarchical structure.

The object-oriented approach was applied to man-
age the complexity of the CML. In the world of
object-orientation, individual data groups are natu-
rally encapsulated as separate objects. Objects are
instances of certain classes. The interdependencies
among objects include decomposition and specializa-
tion. Decomposition means an object is split into
components. Each component is itself an object. For
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Figure 3: A structural representation of the CML.

example, a chip object in the CML can be decom-
posed into drivers/receivers and chip/package inter-
faces which are in turn different objects.

Specialization is a taxonomic representation for the
kinds of variants that are possible for an object (i.e.,
how a more general object can be categorized and
subclassified). A more general object contains a set
of attributes or variables that are common to all al-
ternate implementations of a given function. For in-
stance, common attributes of a driver would include
power dissipation, delay, area, and on-resistance. A
driver can further be classified as a specific inverter,
NAND gate, or AOI gate depending on the different
structures and applications required. A NAND gate,
for example, can be further categorized into CMOS
or Bipolar driver based on the technologies available
for implementation. Each CMOS driver (e.g., cas-
caded inverter) is in turn defined by lower level cate-
gories along with an associated model. The general-
to-specific relations within the hierarchical structure
of the Chip Model is realized through the inheritance
mechanism provided by the object-oriented program-
ming language C++. Because of this mechanism,
new classes (specialized classes) can be derived from
base classes. The derived class inherits all the data
structure slots and functions of the base class and can
define new slots and member functions of its own.

In Figure 4, a section of C++ code illustrates
how the object-oriented approach can be applied to
construct a UANTL CMOS cascaded inverter from
PMOS and NMOS objects.
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class PMOS

protected:

int Nc;

int Npm;//PMOS transistor number

int Nd, Ns, Nb, Ng;//node number

PMOS();/ /constructor

//UANTL mos parameter

public:

float vto, gamma, k, lambda, phi, cgd, cgs, cgb,is
mj, cbd, cbs, pb, dy;//dummy

void input(Window,int,int);// input device parameters

void setnode(int,int,int,int);

void setNo(int n){ Npm=n;}

class NMOS: public PMOS //derive from class PMOS
{

protected:
int Nc;
int Nnm; //NMOS transistor number
NMOS();// constructor

class CMOS_INV // a CMOS inverter is composed of two objects

{
public:
PMOS mypmos;
NMOS mynmos;

H
class CASCADED.CMOS.INV

private:

int Nstage;

float ratio;

public:

CMOSINYV *mycv;
CASCADED._CMOS_INV();
void input_stage(Window);
void input_ratio(Window);
void generate INV();

void construct(Window);

int get_stage(){return Nstage;}
float get_ratio(){ reurn ratio;}

1

Figure 4: The implementation of the CML using
object-oriented approach.

In this example, NMOS is a specialized class of
its base class PMOS. Decomposition is illustrated by
the CMOS inverter class which is composed of PMOS
and NMOS objects as its members. Note that using
object-oriented approach, we reduce the complexity
of modeling, increase the software reusability, and,
thus, simplify the programming.

The entry of a new chip model description begins
with an empty hierarchy that is filled with attributes
and model parameters. The underlying representa-
tion scheme for a chip model stored in the CML is
similar to a frame-based knowledge representation.
Note that a chip model frame contains slots for ther-
mal and physical properties of a chip along with the
electrical models of the nodes lower down in the hier-
archy so that both electrical and thermal/mechanical
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ChipName:mychipl
Thermal Slot:
Rj,: junction to ambient thermal resistance
Rjn: junction to header thermal resistance
Pga: power dissipation, W
Sp: sensitivity of junction to ambient
Physical Slot:
dx: x dimension of the chip
dy: y dimension of the chip
Electrical Slot:
CMOS
Cascaded Inverter(UANTL)
stage: 1
ratio: 1
PMOS parameters
vto gamma k lambda phi cgd cgs cgb
-1,0.37,0.005,0,0.3,2.41e-15,2.415e-15,0
is mj cbd cbs dy pb
1e-15,0.33,1.47¢-14,1.58¢-14,0,0.6
NMOS parameters
vto gamma k lambda phi cgd cgs cgb
1,0.37,0.005,0,0.3,2.41e-15,2.415e-15,0
is mj cbd cbs dy pb
1e-15,0.33,1.47e-14,1.58¢-14,0,0.6

Figure 5: A frame based representation of a chip
model.

simulations can operate with the same hierarchy. A
typical chip model frame is shown in Figure 5.

4 Case Study

In this section, the simulation of a transmission line
system with the circuit simulator UANTL demon-
strates how the CML can be applied to facilitate the
analysis of electronic packaging. As shown in Figure
1, it is assumed that chip A (driving chip) and chip
B (receiving chip) are two of the chips on a multi-
chip system such as an MCM. The off-chip intercon-
nect models (transmission lines and substrates in this
example) are provided from the other library called
the Package Model Library (PML) [14] which is be-
yond the scope of this paper. The PML includes the
package from the bondwire to the board (e.g., vias,
transmission lines, and boards). The termination
networks of the transmission line system for simula-
tion are retrieved from the CML in a predefined syn-
tax such as ChipA.padl.inverter(UANTL) connection
node 1, connection node 2 in our simulation environ-
ment. Note that our goal is to construct a “flattened”
circuit from the hierarchical structure of the CML so
that the netlist can interface with a common circuit
simulator such as UANTL or SPICE. The UANTL
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Figure 6: Simulation results of the transmission line
system in Figure 1.

simulation results of the circuit in Figure 1 are shown
in Figure 6. In this case, the rise time/fall time of the
input signal is 0.5ns and the output is observed at the
far end of the active line. The crosstalk noise can be
observed at both the near end and far end of the quiet
line.

5 Conclusion and Future work

This work was a successful step towards integration
of package and chip simulation. A common platform
for modeling and simulation of system has been pre-
sented and it was supported by an example of an
MCM. In future work, further integration of different
models for drivers/receiver will be pursued.
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