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Abstract

Progress in semiconductor process techanology has made SOI
transistors one of the most promising candidates for high perfor-
mance and low power designs. With smaller diffusion capaci-
tances, SOI transistors switch significantly faster than their
traditional bulk MOS counterparts and consume less power per
switching. However, design and simulation of SO MOS circuits is
more challenging due to more complex behavior of an SOI transis-
tor involving floating body effects, delay depéndence on history of
transistor switching, bipolar effect and others. This paper is
devoted to developing a fast table model of SOI transistors, suit-
able for use in fast transistor level simulators. We propose using
body charge instead of body potential as an independent variable
of the model to improve convergence of circuit simulation integra-
tion algorithm. SOl transistor has one additional terminal com-
pared with the bulk MOSFET and hence requires larger tables to
model. We propose a novel transformation to reduce number of
table dimensions and as a result to make the size of the tables rea-
sonable. The paper also presents efficient implementation of our
SOI transistor table model using picce-wise polynomial approxi-
mation, nonuniform grid discretization, and splitting the transistor
model into the model of its equilibrium and non equilibrium states.
The effectiveness of the proposed medel is demonstrated by
employing it in a fast transistor level simulator to simulate high
performance industrial SOI microprocessor circuits.

1 Introduction

SOI technology is one of the most promising ways to increase
switching speed of MOS transistors without changing their size
[1], [2]. SOI transistors have significantly less source and drain dif-
fusion capacitances and lower body effect resulting in reduction of
gate delays and power dissipation. Another very attractive feature
of SOI technology is the possibility to use the same schematic
solutions that were used by bulk digital chips. Unfortunately,
designing SCI VLSI circuits is more difficult than designing tradi-
tiortal bulk MOS circuits due to significantly more complex behay-
ior of SOI transistors [1]. Unlike their bulk MOS counterparts, SOIL
transistors are fabricated in electrically isolated islands of silicon.
So their bodies are completely isolated from each other. This
allows to use them in different configurations: connect body to
transistor source, connect body to any node of the circuit or, leave
body floating. The last case is the most common as it requires the
least transistor size and provides the fastest switching speed. How-
ever, the behavior of floating body SOI transistor is the most com-
plex. The most important phenomena are: history, bipolar, and I.V
curve kink effects [1], [2). Due to history effect, delays of logic
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cells depend on their switching history. Bipolar effect is an addi-
tional source of noise in circuits that may lead to malfunctions.

Transistor level simulation is traditionally used for designing
and characterizing library cel!s and critical blocks of custom VLSI
circuits. Due to complex behavior of the SOI transistor, designing
S0 circuits requires even more simulations at transistor level than
do traditional MOS circuits. Large amount of simulations and rela-
tively low performance of SPICE simulators are critical issues in
VLSI design flow. To reduce simulation time, it was proposed to
use fast simulators for simulating large digital blocks at transistor
level [3], [9]. Fast simulators generally are simplified versions of
SPICE simulators with significantly higher simulation speed
obtained at the expense of slightly low accuracy. Fast transient
sitnulators for SOI circuits are even more beneficial than for bulk
CMOS circuits as the speed of SPICE simulators for SOI circuits
is usually much less than for bulk ones. This is due to significantly
higher complexity of the SOI transistor model, smaller time step,
and worse convergence properties of the SOI transistor model.

One of the key components of a fast transient simulator is a
transistor model. Obviously the accuracy of the simulator cannot
be better than the accuracy of the model. Efficiency of any kind of
transistor level simulator greatly depends on the efficiency of its
transistor model. In case of a fast simulator, this is especially true
because it uses simplified simulation algorithms and the relative
amount of transistor model computation is much higher than that
for a traditional simulator. Accurate transistor models such as
BSIM3S0] [8] used in SPICE, are not suitable for fast simulators
becanse of their complexity and low speed.

Models of MOS transistors for fast simulation attract lots of
interest. In this well studied field of computer aided design, it was
widely recognized that only table models can provide both high
speed and acceptable aceuracy [31, [4], [5]. [6], [7]. As many
authors have observed, there are two contradictory goals of con-
structing transistor table models: accuracy and size of tables.

The traditional bulk MOSFET requires 3 dimensional tables for
describing its currents and charges [5]. However it was noticed that
MOSFET behavior can be approximated by two dimensional
tables using the so called “gate-offset-voltage concept” [5], [6] that
was very successfully used in PowerMill [3] and many other fast
circuit simulators. It is based on the observation that substrate volt-
age does not change significantly the shape of source-drain 1-V
curves, but only shifts them by affecting gate threshold voltage.
According to this concept, the source-drain current is expressed
not as a function of drain, gate and substratc voltages ¥y ¥y, ¥,
but as a funiction of drain voltage and effective gate voltage ¥ of
which is the difference between gate voltage and threshold voltage
Voepr= VgV The threshold voltage ¥, is expressed as a function



of substrate voltage ¥, and modeled by a one-dimensional table,
However, our experiments showed that, although this approxima-
tion is sufficiently accurate for long channel MOSFETS, it is less
accurate for deep submicron devices, especially for their low
threshold varieties and even less accurate for SO1 transistors. We
therefore do not use this approach for building our model, though
it is completely orthogonal to our technique and can be combined
with it if the goal is a smaller model size at the cost of accuracy.

Another useful technique for constructing accurate compact
MOS transistor models is using non uniform discretization gnd
[4],16]. This approach exploits the fact that MOSFET I-V curves
have different degree of non-linearity in different voltage regions.
Model tables for nonuniform grids have complex structure and
require special access structures like trees [4],[6]. In our models
we use nonuniform discretization grid combined with binary
access trees. To reduce approximation error and 1o use coarser dis-
cretization grid, we also found it useful to use piece-wise polyno-
mial approximation instead of the commonly used piece-wise
linear approximation.

Above mentioned research on table models of MOSFETSs con-
siders only traditional bulk transistors. SOI MOSFET has many
added features and significantly more complex behavior that poses
additional challenge to constructing a compact accurate table
model suitable for fast simulation. In this paper we consider the
main differences between modeling of SO! and bulk MOS transis-
tors, and present an SOI transistor model developed for our fast
transient simulator FSIM. This tool is used m our VLSI design
flow for transistor level simulation of both SOI and bulk CMOS
circuits. It is used both as an independent circuit simulator and as
part of noise analysis [10] and power estimation tools. The main
goal we set while constructing FSIM was obtaining high simula-
tton speed without significant loss of accutacy. For high efficiency
and controlled accuracy we used tables for both current and charge
to model both resistive and capacitive non-linearities.

Constructing a table based model for an SOI transistor is a sig-
nificantly more difficult problem than for a bulk one. The accuracy
requirement is significantly higher than that for a bulk transistor
because even a small error in computing floating body charge may
accumulate during simulation and result in a completely wrong
prediction of its potential and consequently a wrong value of the
transistor threshold voltage. On the other hand all floating body
eiffects are extremely sensitive 1o simulation inaccuracy due to very
small capacitance of the transistor body.

An SOI transistor has an extra external terminal compared to a
bulk transistor. Therefore, an SOI transistor model requires an
additional independent variable. The resulting size of multidimen-
sional tables of such a transistor mode! is 0o large to provide rea-
sonable efficiency. Thus the problem of reducing size of SOI
madel tables is even more important than in the case of bulk tran-
sistors. In the proposed mode] we use a novel transformation to
reduce the number of independent table variables, exploiting an
assumption about linearity of capacitance between transistor back-
gate and body. Additionally we reduce the size of tables by using
nonuniform grid and piece-wise polynomial approximation. For
increased simulator accuracy we construct a table model minimiz-
ing the errors in both the function and its derivative. For fast access
to table values, we use a multidimensional binary search tree, pro-
viding logarithmic access time to individual grid cells.

As mentioned above, the SOI transistor body which has very
small capacitance can change its potential very fast due to capaci-
tive coupling. On the other hand the speed of the body charge vari-
ation is significantly slower{2]. As a result, the differential
equations describing SOI cirenits are very stiff and difficult to inte-
grate. We therefore propose to use body charge as an independent
variable instead of its potential. This helps integrating circuit equa-
tions since body charge cannot change as fast as its potential. In
order to support this change of variables, our transistor model uses
body charge as an independent variable.

The rest of the paper is organized as follows. In section 2 we
describe possible types of SOI transistors and their main features
affecting and cemplicating construction of a compact table model.
Section 3 presents the proposed table model of SOI transistor. It
describes our approach to reduce the number of table dimensions
and improve model characteristics required by a fast transient sim-
ulator. Section 4 provides important details of nonuniform discreti-
zation of the model domain, approximation technique, and data
structures for fast table access. In section 5 we briefly describe our
technique and algorithm for building table models at transistor
characterization time. Section & gives some nurmerical characteris-
tics of our model and demonstrates the results of using this model
in our fast transistor level simulator FSIM. In section 7 we draw
conclusions and outline some future work.

2 SOI transistor and its effects

The structore of an SO! transistor is shown in Figure | {a). In
general it is similar to traditional bulk MOSFET. However ¢ach
SOT transistor is fabricated in its own silicon island that is isolated
both from the silicon substrate by buried oxide and from all the
other transistors by shallow trench isolation. Due to oxide isclation
an SOI transistor has very small diffusion capacitance [1], [2].
Therefore performance of SOI circuits is significantly higher than
that of traditional ones.

The substrate of an SOI chip is the 5-th terminal of an SOI tran-
sistor, affecting its behavior through capacitive coupling. Thus,
unlike traditional MOSFET, the electrical mode!l of an SOI transis-
tor has 5 terminals (Figure 1 (b)} thus increasing the number of
independent variables and correspondingly the number of dimen-
sions of a table model. In our model we apply special transforma-
tion of variables to reduce the number of table dimensions.

The body of an SOT transistor plays the same role as the sub-
strate of a traditional MOSFET but it is electrically isolated from
bodies of all other transistors, Electrical isolation of transistors
bodies provides several ways of using an SOI transistor in circuits
that differ with body connection [2]. The simplest and the most
common way to use an SOI transistor is to leave its body floating,
This requires the smallest area for the transistor. Another benefit of
this usage is that in most cases transistors with floating body are
faster because of reduced body effect on the transistor threshold
voltage. However, transistors with floating body are the most diffi-
cult case for simulation. Unlike traditional bulk MOSFET, the state
of an SO transistor with floating body is not defined uniqueiy by
the voliages applied to the external transisior icrminals: source,
drain, gate and backgate. The state of the transistor depends addi-
tionally on the body potential that can not be directly controlled
externally. The transistor body can be either in an equilibrium or
non-cquilibrium state with the other transistor terminals. In the
equilibrium state, the transistor body voltage has reached a stable
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Figure 1. Structure and model of SOI transistor

value after setting external transistor terminal voltages. In this
state, transistor charges are also stable. However immediately after
changing terminal voltages, transistor body has the charge and
voltage different from the equilibrium values and these values will
change due to internal currents even without any external causes.

The potential and charge of a floating body is affected by multi-
ple influences and can vary in a very wide range. Body potential
depends on both own body charge and potentials of the other tran-
sistor terminals affecting the body through capacitive coupling. In
the transistor off state its body is completely isolated from other
circuit nodes and can abruptly change its potential without chang-
ing its charge because of capacitive coupling to other transistor ter-
minals. That kind of behavior is very difficult for simulation in the
traditional way when circuit node potentials are independent vari-
ables defining circuit state. In order to improve accuracy of inte-
grating circuit differentiai equations, we use body charge as an
independent variable. Thus, in our fast transient simulator circuit
state is defined as a combination of nodes potentials and transistors
body charges. For implementation, we developed necessary trans-
formation of transistor and circuit equations.

Another difficuit problem of modeling an SOI transistor with
floating body is related to so called “history effect”. Transistor
threshold voltage depends on body potential and through it on
body charge. On the other hand, body charge depends on rather
small currents due to impact onization and junction leakage that
occur during transistor switching and in its off state too. The char-
acteristic time of this mechanism is of the order of magnitude of
milliseconds. As a result, body charge acts like a memory remem-
bering switching history of the transistor [1], [2]. That kind of tran-
sistor behavior creates significant difficulties for circuit simulation

because even very small errors in a model or integration can accu-
mulate over the simulation time and result in large error of body
charge and potential and, consequently in wrong value of transistor
threshold voltage, Therefore simulation of SOI circuits requires
very high accuracy of the transistor model both for its currents and
charges. The necessity of computing accurate transistor charges
requires non-linear models of transistor capacitances. To accom-
modate these requirements, our model includes tables for both cur-
rents and charges, imposing stringent constraints on the table sizes.

The second type of body connection is connecting it to the tran-
sistor source through P* diffusion region and salicide covering N*
and P* regions as shown in Figure 2(a). That kind of an SOI tran-
sistor is called a source tied SOI transistor [2). Its usage is signifi-
cantly rare in digital circuits because it requires larger area for
transistor and does not provide significant benefits. Characteristics
of an SOI transistor with source tied body are similar to those of
the traditional MOSFET with source connected to substrate.
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Figure 2. Layout of SOI transistors

The third type of body connection is through construction of a
separate contact for body as shown in Figure 2 (b) [2]. Using this
contact, the body can be connected to any node of the circuit. This
type of connection is sometimes used in analog circuits and some
other special cases such as memory sense amplifiers when explicit
body potential control is required. With this connection transistor
behavior is easier to model than a floating body transistor as the
body potential is equal to the potential of the circuit node that it is
tied to. Furthermore, the body connected this way attenuates the
influence of the transistor backgate.

3 Simplified SOI transistor model

The electrical model of an SOT transistor is shown in Figure 1
{b). It includes 5 terminals: source, drain, gate, body and substrate
or backgate. For each terminal we have its potential ¥, charge 0
and current J flowing to it. Transistor behavior is invariant to the
constant shift of all its termina!l potentials. So we can select 4 ter-
minal potentials as independent variables and measure them with
respect to the fifth terminal. Following tradition, we use the source
of the transistor as a reference terminal. Due to charge conserva-
tion law, the sum of all the transistor terminal charges is 0 and due
to KirchofTs current law, sum of all its terminal currents is also 0.

So we can use terminal potentials ¥, ¥,, V.V, as independent
variables and consider terminal charges 0y O, O, O, and cur-
rents [y, I, I, I, as their functions. Then the transistor behavior in
a circuit is described by the following differential equations:

(EQD)

QUV GV V VI + TV ¥V V) = 1
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where:
8 V,(i=d gy e)are transistor drain, gate, bedy and backgate
voltages measured with respect to the transistor source
® Jj and O; {i = dgye)y are wansistor terminal curremts and
charges
® [ (i = d gye) are external currents at transistor terminals:

These equations are the formulation: of Kirehofflaw for currents.

at transistor terminal nodes.. They shouidtbe accompanied by equa--
tions of the iransistor model:

0, = OV V¥, V)
i = TV V VLV
In our model, we neglect the gate and backgate currents because

they are close to ¥ for SO MOS transistors,

(EQ2)

3.1 Independent variables change

As it was mentioned above, floating body potential of an SOI
trapsistor can change s value very abruptly even when the body
charge does not change at all. It happens due to capacitive coupling
of the body with the other transistor terminals. This fast voltage
vatiation can be rather high because floating body capacitance is
very small. On the other hand body voltage can vary slowly due to
very small impact ionization and leakage currents [1], [2]. This
imposes sirict requirements both for integration fime step and
accuracy of circuit simulator. However body charge can not change
its value as fast because the value of the body current is Jimited.
Therefore body charge variation has significantly larger character-
istic time of variation. So using body charge as an independent
variable during circuit simulation, we can increase the minimum
simulation time step and, consequently increase the speed of the
simulation. .

However direct usage of body charge as an independent variable
is not convenient enough. Unlike node potentials, body charge may
vary significantly from iransistor to transistor depending on the
transistor size. Therefore we apply a linear transformation to body
charge to make its range of variation approximately the same as
the range of circuit voltages. This new variable is called normal-
ized shifted body charge:

. Qy ~ Qymi n

y,max "~ Qy, min
where Qo and (), are minimum and maxinum body

charges when body voltage changes from 0 to V ;. From this equa-

tion we can see that the difference between normalized body

charge and backgate voltage U,-¥, varies linearly from 0 to Vgy

when body charge varies from minimwm to maximum values. This

kind of behavior is similar to variation of the other circuit voltages,

simplifying error controi during integration of circuit equations.
Ry introducing average body capacitance:

E.V_V = (Qymax - Qj:min}/ Vd'd.'
we can simplify the formula for normalized shifted body charge
in the following way:

¥, (EQ3)

Q -sz‘n
Uy = =247, (EQ5)
Yy

(EQ 4y

From this we can express body charge as foliows:

Qy = (_:yy . (Uy V) + Cymin (EQ6)

Splitiing transistor equations into the equalion describing body
currents and the rest, we rewrite EQI as follows:
Q'_‘-(VavVgUy Vy+ IV VU vy =1,
SV U VIV VUV =1,
By computing time derivatives using chain rule and substituting
EQ6 for charge, we obtain transistor equations with shifted nor-
malized body charge as an independent variable:

o0,

(EQ7)

Y, CuVetsg Uyt IV Uy =1, (EQB)
k =dge ¥
ﬁyy.((']y_ Ve)+Jy(VdVgUyVe) = Iy.
where:
30,
Cu = 37 (EQ9)

3.2 Reduction of independent variables

As it was mentioned ahove, the behavior of an SOI transistor
depends on 4 independent variables which highly complicates con-
structing a compact model as it requires four dimensional tables.
However it is known that transistor currents are altost indepen-
dent of backgate voltage. Ignoring this dependence we have cur-
rents as functions of 3 variables only.

TV VoV Vo) = Ve Ve V) (EQ10)

The capacitance between a backgate and the other transistor ter-
minals almost does not depend on the terminal voltages because
the backgate is separated from the other parts of the transistor by
thick oxide layer that is a good dielectric material. Figure 3 shows
that all the transistor terminals charges depend on the backgate
voltage linearly. We can use this fact for simplifying our transistor

charge Ce—18Caw)
drain
190,900 T

78,000 e

48,088 hackg a}g “y»“‘_r-‘"

12,000 Mﬁ,-—-’”/ body
20,000 o

-8.168 a.128 @A. B . - 1.16@ 1,398
backgate voltage

Figure 3. SOI transistor-charges as function of backgate
voltage

model by separating its linear and non-linear parts.

Assuming constant capacitance between a backgate and the
other transistor terminals, transistor charges can be exptessed as
follows:
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QY VeV V) = Q¥ Vo ¥, 00+ C,, o ¥, (EQ 1)
where:
a0,
Ci = aV; = const (EQ 12)

Equations EQ10 and EQ11 are used to model an SOI transistor
with its body as an independent terminal. They can be modeled
using only three dimensional tables. To model charge cquations we
need to construct tables only for the case when backgate voltage is
0. For all the other backgate voltages, transistor charges can be
computed using EQ11. For source tied body the situation is even
simpler as body voltage is always equal to the source voltage.

For floating body SOI transistor the model is more compiicated
because body charge is an independent variable. Comparing EQ6
and EQ1 | we can construct the equation for body charge:

O Vg VoV, 03+ C ¥, = Cppy (U, -V )+ 0, [EQ 13)
By rearranging terms it can be transformed into the following:

— C
Qy(Vdf Vg: Vyv 0) = Qymin + ny : [Uy_ Ve_# - VeJEQ 14)
N ¥

Introducing a new variable U,

C
vy = Uy[“':E]'Ve (EQ 15)
yy
equation EQ14 can be rewritten as:
Q(Fg VgV, 0)=Q,,;,+Cy U, (EQ 16)

Solving this equation with respect to V), we can express ¥}, as a
function of ¥, Vg, and U’y

V,= V(Vy Vo U) (EQ 17

= Vv,V U~1+Cye-V
M . €
ry

This equation does not depend explicitly on backgate voltage ¥,
ot body charge. Instead it depends on U’ that is a linear function
of both body charge and backgate voltage. Therefore table model
for ¥, can be built by assuming O backgate voltage, varying body
charge and measuring body voltage. Then this model can be used
for any value of backgate voltage and body charge computing U7",
by the linear function specified in EQ3 and EQ15.

Substituting equation EQ17 into EQ10 and EQ1! we transfer
equations for terminal currents and charges into functions of Vy,
Vg and U’y only which again allows us to build the transistor
mode! only for ¢ backgate voltage and use it for all cases applying
the linear function for U’, EQ15.

The number of independent variables of the table model can be
reduced even more by applying the “gate-offset-voltage concept™
{5], [6]. However being constrained with very strict accuracy
requirements, we selected not to implement it.

4 QOrganization of medel tables

Transistor model is one of the most heavily used parts of circuit
simulators. Accurate analytical transistor models like BSIM3S0O1
[8] are very complicated and rather slow. Table look up technique
is the only way for significantly increased speed of transistor mod-
els. Therefore we constructed our transistor models as a set of mul-
tidimensional tables. Usually multidimensional tables are very’
large and require lots of memory. We developed a special tech-
nique for improving the accuracy of tabie models while keeping
their size reasonably low. We split floating body transistor model
into the part describing transistor behavior when the body is in
equilibrium state with drain and source voltages and the part
describing the deviation of transistor behavior from the equilib-
rium state. We use piece-wisg polynomial approximation on non-
uniform discretization grid.

4.1 Splitting model into two parts

The model of an SOI transistor with floating body consists of
two sets of tables. The first set of tables describes the currents and
charges of the transistor at the condition that its body is at the equi-
librium state. The second set of tables describes transistor currents
and charges in the general case.

The equilibrium state of the transistor is described by the fol-
lowing set of tables:

& V(¥4 Vy - body voltage as a function of drain and gate volt-
ages measured with respect to the transistor source

® Jo Vs V) - transistor channel current {from source to drain)
as a function of drain and gate voltages measured with respect
to the transistor source

¢ Uy (Vd:_Vg) - normalized shified body charge Uy = (@, -
COin) / C,, as 2 function of drain and gate voliages measured
with respect to the transistor source

The state of the transistor in general case is described by the fol-
lowing tables:

S AV (FpV, AUy) - body voltage deviation
AV = Vy— Vy() from its equilibrium state as a function of

drain and gate voltages and the deviation of the normalized
shifted body charge AU, = U,-U, from its equilibrium
state

* J.(¥Vp VAU, - channel current (from source to drain) as
function of the same variables

¢ J(VuV,AU)) - current from drain to body as function of
the same variables
* OV, V. AU)) - drain, gate and source charges as functions
of the same variables
Splitting the table model into these two sets of tables helps to
improve the accuracy of the model. The model for the case of equi-
librium floating body state is only two dimensional and can be
implemented more accurately. The general case has 3 dimensional
tables but describes only deviations of the transistor behavior from
the case of floating body equilibrium state. Even higher relative
approximation error of 3 dimensional tables results in not very
large total error. Therefore we can reduce accuracy requirements
for 3 dimensional tables and use coarser discretization grid.
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4.2 Piece-wise polynomial approximation

Piece-wise polynomial approximation provides higher accuracy
both for function values and its derivatives. This also allows us to
use coarser discretization grid. On the other hand picce-wise poly-
nomial approximation requires storing several polynomial coeffi-
cients instead of one function value required by piece-wise linear
approximation. The higher order of polynomial the better accuracy
and the coarser grid we can use but at the cost of mote memory for
coefficients. In our tables we use 2-nd order polynomials for repre-
senting functions of three variables and 3-rd order polynomials for
functions of two variables.

2 2 2
agx ta,y ta i ta xyta, xz (EQ 18)
taxt ayy+azz+ a
a X ta, Y ia_xyta xy (EQ 19)
xxx Y T Gaay® Py ¥V

2
+a x + a,.y taxytaxtayta

This aligns well with higher requirements to relative accuracy
of transistor model for equilibrium state and possible lower relative
accuracy of the model describing deviation of the non-equilibrium
state from the equilibrium one.

4.3 Nonuniform discretization

The variation range of the tramsistor terminal currents and
charges is very high. For accurate circuit stmulation it is necessary
to have small relative error in current and charge approximation for
all regions of voltages. Therefore to reduce the size of the model
while preserving sufficient accuracy we use nonuniform discretiza-
tion as shown in Figure 4, Large grid cells are used for regions of
slow variation and small grid cells for regions with fast variation.
The size of cells is adaptively computed at the time of transistor
model characterization.

For fast access to grid cells during circuit simulation, we use
multidimensional binary tree, as it is shown in Figure 4 (d} for two
dimensional discretization grid. The grid has hierarchical binary
structure as well. It 1s built from two or three dimensionat rectan-
gular domain by splitting it into pairs of equal cells as it is shown
in Figure 4(b, ¢, d}. Each splitting is independent of the previous
ones. The root node of the binary tree corresponds to the whole
domain. The leaf nodes correspond to the terminal grid cells. The
other nodes of the tree correspond to the intermediate prid cells.
Each of them specifies the direction along which a cell is split into
a pair of smaller cells. Figure 5 shows the algorithm of computing
approximate function value using the table model with non uni-
form grid and binary access tree. This algorithm requires in aver-
age log(N) time for accessing a cell of the discretization grid.
Moreover, only small regions require more access steps.

4.4 Handling transistor width

For circuit simufation we need to model transisters of different
widths. In our simulator we use two approaches. We can create
individual mode! for each transistor width used in the circuit or we
build models only for several transistor widths and use linear inter-
polation for the other transistor widths. The first approach is more
accurate but requires more memory for transistor models and

1 1
L T
||+
| A=
[
J O
(b} 2D grid with access tree
(a) 3D grid
{c)2D grid with access tree  (d)2D grid with access tree

Figure 4. Construction of grid and binary access tree

Input: Values of independent variables for which we should
find compute function value
Output: Value of function of the given independent vari-
ables
Procedure:
1. Traverse access tree starting from the root node:
1.L.If the current node #; is a leaf stop traversing
else
1.2.From grid cell description obtain the direction X
along which the current cell is split
1.3.Compare the input value of the variable x with its
value at the middle of the current cell and select the
lower level cell corresponding to the given value of
variable x.
2.Read coefficients of approximation polynotial from the
leaf cell description
3.Compute function value by evaluating approximation
polynomial

Figure 5. Algorithm of computing function using
nonuniform discretization grid

longer characterization time. Therefore it is used only for the situa-
tions that require high accuracy simulation. For the second
approach we create models for widths in geometrical progression:

w, kw, 2w &w, and so on to minimize relative approximation error.

5 Transistor model characterization

Table transistor models are computed from accurate SPICE
models. For this purposes fast transient simulator uses SPICE
functions implementing accurate MOS models.

Transistor model creation consists of building non-uniform grid
in the region limited by possible independent parameter variations
and computing coefficients of approximation polynomial for each
clementary cell of the grid. This procedure is controlled by the
required accuracy of approximation. The simplified algorithms for
building non-uniform grid is shown in Figure 6. The algorithm
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iteratively constructs approximation polynomials for each elemen-
tary cell of the grid and checks the accuracy of the approximation.
If the accuracy is acceptable the algorithm stops splitting the cell
and makes it a leaf cell of the tree. Otherwise it tries to split the cell
in all possible directions and selects the one that provides better
accuracy. This procedure continues until the required accuracy is
achieved for all cells of the grid.

The coefficients of an approximation polynomial are computed
by linear least squares curve fitting. We minimize the approxima-
tion error for both the function and its derivatives because for cir-
cuit simulation accurate derivatives are as important as function
values. We use the following goal function:

S(u-of Y s (YWY

x=vl,v2,v3

(EQ 20}

where:
Jfis an approximating polynomial
Q is an approximated function
vl, v2, v3 are independent variables

Ax is size of the grid cell

o, are weight coefficients for achieving proper relative

approximation accuracy for derivatives
The summation in this formula is taken across all test points
over the grid cell. For three dimensional cells we use 8 test points

Input: Function to approximate,
rectangular domain D} for approximation,
acceptable approximation error
Output: Non uniform discretization grid,
approximation polynomial coefficients for each grid
cell
Procedure:
1.Create empty list L of grid cells to build approximation for
2.Insert the whole domain D into list L
3.Build approximation for each cell C from the list L
3.1.Compute accurate function value at test points
3.2 Construct approximation polynomial by least squares
fitting
3.3.Check polynomial accuracy
3.4.1f the accuracy is acceptable, make cell C to be a leaf
and remove it from list L
else
3.5.For each coordinate direction i.
3.5.1.5plit cell into pair of equal cells along direction
3.5.2.Construct approximation polynomial P;
3.5.3.Compute accuracy of the polynomial e;
3.6.5plit cell C into C; and C along the direction provid-
ing less approximation error ¢;
3.7 Remove cell C from list L
3.8.Insert cells C; and C; nto list L

Figure 6. Algorithm of constructing transistor model grid

and for two dimensional cells we use 9 test points, providing better
accuracy for our two dimensional model of the transistor equilib-
rium state. The number of least squares equations is 3 or 4 times

more than the number of test points because we fit both function
values and derivatives.

6 Resuits

The proposed transistor table model is implemented for our fast
transient simulator FSIM. FSIM is used as a fast simulation mode
of our internal SPICE level simulation tool and as a fast simulation
engine for our noise analysis tool [10] for simulating noise clus-
ters, In both modes, FSIM uses accurate transistor models for con-
structing its table models, invoking functions of our accurate
SPICE simulator. Table 1 shows comparison of accuracy and speed
of our fast transient simulator using the proposed SOI transistor
table models with accurate SPICE simulation on the examples of 5
industrial circuits of different size. The first and second columns
provide circuit name and its number of transistors. Columns 3 and
4 give average error of delay and transition time computation. Col-
umns 5, 6, and 7 show average error of computing maximum, aver-
age and root mean squared values of power supply current.
Column 8 shows fast transient simulator speed up compared with
traditional SPICE simulator. High accuracy of computing delays,
transition times, and currents proves high accuracy of the proposed
SOI transistor table model, Table 2 shows main characteristics of

average error %

size Speed
Circuit | (#transi . vdd current up
stors) delay time (times)

max avr LMm.s

mux M 281 26 T LI 703 N 225
csackt 130 25 |36 | 16| 20 ] 15 328
incr 1253 | 48 | 1.3 | 5.1 | 25 | 4.1 592
comp 508 43 | 26 [ 23 | L1 1.4 | 2453

adder 751 09 1 09 | 15| 41 1.9 56.5

Table 1. Accuracy and speed of fast transient simulator

table model for a typical floating body SOI transistor of 0.13
micron channel length. The model for current is made significantly

Table type
Characteristic

Drain current Drain charge

Actual number of grid cells 1185 T

Equivalent uniform grid 65536%128*32 16*%16*8
Nonuniform grid efficiency | 226528 times 26.6 times

Access tree depth 27 11
Accuracy < 5% <0.0015 K
Table size 94,760 bytes 18,360 bytes

Table 2. Characteristics of three dimensional table model

more accurate than for charge due to the fact that transistor current
variation is much more non-linear than charge and the simulator
requires higher accuracy for currents as even small errors in cur-
rents accumulate in time and result in large voltage errors. The first
row of the table shows number of cells of nonuniform grid. Row 2
gives the size of uniform grid with the same accuracy. Row 3 dem-
onstrates the efficiency of using nonuniform grid with respect to
uniform, showing how many times more cells are required by the
uniform grid. Row 4 gives the accuracy of current and charge rep-
resentation in % and fK. Row 3 presents the size of the table in
bytes. From this table we see that nonuniform discretization is very
efficient for achieving high accuracy. Figure 7 shows waveforms of
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Figure 7. Waveforms of bipolar effect current simualated
using accurate and table models

bipolar effect current simulated using accurate and table models.
The current waveforms are almost the same. Figure 8 shows simu-
lation of SOI history effect by accurate SPICE simulator and our
fast simulator using table models. For demonstrating history effect

5. 080

Delay (ps)
delay 0->1

4,508 table model

4. 680

4,480

accurate
4.200

4269 delay 1->0
3.808
3.690
34809
3.200

3.000 time (sec.)

te-18  Je-lde-3 Se-9le-8 Se-81¢~7 Se-Te-6 Je-61e~3
Figure 8. History effect simulated by accurate and table

model simulator

a typical SOI inverter was simulated by applying 8000 short pulses
(125 ps) with frequency of 4GHz to its input and measuring delay
of each pulse at inverters’s output. In order to emphasize delay
variation the time axis is moved up by 3 ps. We see that the table
based simulator accurately predicts delay variation due to inverter
switching history, The maximum error for falling delay is 0.01 ps
and for rising delay error is 0.06 ps. It proves that the accuracy of
the proposed SOI transistor table model is enough even for such a
sensitive effect.

7 Conclusion

An accurate table model for S8OI transistor is proposed in this
paper. The model is used for fast transistor level simulator of
CMOS SOI circuits. The proposed model describes both currents
and charges of an 8OI transistor and is suitable for all types of SOI
transistor body connections. For improving convergence of fast
simulator integration algorithm, the model uses normalized shifted
body charge as independent variable instead of the body potential.
By applying transistor equations transformation, the number of
table dimensions is reduced from 4 to 3. The model uses piece-

wise polynomial approximation of second and third order with
nonuniform discretization grid and binary access tree. The tables
approximate both the function and its first order derivatives.

Experiments carried out on large industrial circuits demon-
strated high accuracy and efficiency of the proposed model in sim-
ulating SOI circuits by achieving less than 4.8% average error in
delay and less than 3.6% average error in transition time. It is dem-
onstrated that nonuniform discretization requires 226528 times
less cells than uniform grid for the same accuracy.

Our current and future investigations include reduction of table
dimensions from 3 to 2 at the cost of reduced accuracy by using
“gate-offset-voltage concept” [5], variable accuracy for different
transistor operation regions, developing extrinsic transistor model
for 90nm transistors and gate leakage modeling.

8 References

1] C.T.Chuang, R.Puri. “50I Digital CMOS VLSI - A Design
Perspective”, DAC-99, pp.709-714.

[2] K. Bernstein, N.J.Rohrer, “SOI Circuit Design Concepts”,
Kluver Academic Publishers, 2000

[31  C.Huang et al,, “The design and implementation of Power-
MilF”, Proc. of Int. Workshop on Low Power Design, 1995,
pp. 105-110.

[4] D.M.Lewis. “"Device model approximation using 2N
trees”, IEEE Trans. on CAD, 1990, No.1, pp.30-38.

[5]  Takeshi Shima, Tsutomu Sugawara, Seijiro Moriyama, and
Hisashi Yamnada, “Three-Dimensional Table Look-Up
MOSFET Model for Precise Circuit Simulation™ IEEE
Journa! on Solid-State Circuits, Vol. SC-17, No. 3, June
1982

[6] C.W, Cheng and C.K. Li “A Fast Methed for MOS Model
Evaluation in VLSI Simulation with Controllable Error”,
International Conference on Circuits and Systems, June
1991

[71  LA.Barby, J. Vlach, K. Singhal “Polynomial Splines for
MOSFET Model Approximation”, IEEE Trans on Com-
puter-Aided design, Vol 7. No. §, May 1988

[8] D. Sinitsky, 8. Tang, A. Jangity, F. Assaderaghi, G. Sha-
hidi, C. Hu “Simulation of SOI devices and Circuits Using
BSIM380i1”, IEEE Electron Device Letters, Vol. 19, No. 9,
Sept. 1998.

(91  “HSIM Version 1.3, User Guide”, Nassda Corp., Oct. 2001.

[10] Levy, R,; Blaauw, D.; Braca, G.; Dasgupta, A.; Grinshpon,
A.; Chanhee Oh; Orshav, B.; Sirichotiyakul, S.; Zolotov,
V.,; “ClariNet: a noise analysis tool for deep submicron
design”, DAC 2000

127



