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ABSTRACT - Modern Spice-like circuit simulators use
increasingly accurate and sophisticated analytical modeis
of components. But the validity of models, that is the
probability that the procedure of the model verification is
true, still remsins very poor. The reason is that the
mathematical models camnot be created without some
simplifying assumptions. To solve this problem we suggest
the use of real fransistors instead of their mathematical
models. It is shown that seri-natural models built on the
basic of real transistors allow to comtrol the transistor
lepgth and width with an error of a fraction of percent.
Besides, they have an admissible speed and can be
embedded into Spice-like simulators. The preferred way of
the model use is a forecast of the radiation and temperature
influence on the circuit to be designed and solution of
some simulation problems that require high validity and
accuracy.
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INTRODUCTION

Current circuit simulators like Spice use increasingly
accurate and sophisticated analytical models of
components. But the validity of models, that is the
probability that the procedure of the model verification is
true, still remains very poor. In [1] several examples are
given that despiie the apparent “excellent accuracy” of
drain-source cwrrent characferistics of MOS-transistor
model the simulation results can be found unacceptable in
practice,

The models designed for {raditionai MOS-transistor
structure produce large error while simulating LDD, S04,
SPL, LATID-strueture [1-3] and transistors with extremely
short or npamow channel. As the model complexity
increases, the parameter extraction procedure becomes
iabor intensive and there is a growing uncertainty that the
model is reaily valid for your purpose. It can be found by
fully chance that various “kinks and glitches” exist in the
model behavior {1] and even model authors do not know it.
The most CAD models ioday cannot pass all the
benchmark tests given in [1].

This is because the high complexity of a model
development and verification causes an emergence of
human’s errors. These errors come about as a result of 2
large number of simplifications whose applicability
depends on the specific transistor structure. Besides, the
model verification is carried out on a finite set of tests and
technologies, on a finite set of transistor geometry and on a
finite interval of wvoltage and current values. So, the

transistor models may contain even obvious errors in
equations that have not been detected during the testing
PrOCEss.

The said problems grow under simulation of military
and aerospace products that must operate in a wide
interval of temperature (including cryogenic), under
inflence of radiation, light, vibration, sound and
cieciromagnetic field. I is most difficult to take into
account the transistor sclf-heating, that is important for
SOLstructure, or the volt-ampere characteristic
degradation generated by semiconductor atoms offset as a
resull of radiation. That is why the full-scale test of the
product is necessary before the serial fabrication.

The table look-up models {4-6], originaily designed fo
improve simulation validity and decrease of CPU time
consuming, met with several difficulties among which are
the table dimension bound, poor small-signal accuracy and
convergence of Newton-Raphson method for Spice-like
simulation programs {4-6]. To weaken the problems they
use the interpolation ~ formulse and  simplifying
assumptions that allow to decrease the number of storage
poinis up to 1000-3000 [4] or even 432 [5] under the error
of 43%. But, the table grows very fast in size when it is
necessary to enhance the precise of de curve simulation or
1o take into account the substrate and the gate current, the
model dependence on channel length and width, the
external influences.

For drastically soluticrn of stated problems one can uge
the real (natural) transistor itself. A similar approach has
been used by Advanced Linear Devices [7], which offers to
engineers first to breadboard the futore device on the bage
of a special breadboarding set of real components, then to
simulate it with Spice and only after that to implement it in
silicon. .

In this paper we suggest 2 new simulation method
inteprating mathematical simulation and breadboarding.
This method allows very high simalation validity,

BASIC IDEA

The main idea is based on the possibility to divide the
traditional mathematical model info two paris: the de
behavior model and the fransistor's capacifance model
(fig.1). This allows us iastead of the de model to use real
transistor connected to a computer viz analog-digital and
digital-analog converters, and to substifute the dynamic
part for any conventional mathematical model {fig.2, 3).

To be simulated, the circuit then has to be divided info
two subcircuits. The first one is the whole circuit with
an exception of the de models to be substituted with
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real trapsistors. The second  subcircuit combines these
“real” transistors.
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Fig. 2. “Connecting” of the real transistor to the
mathematical model. Centrolling circuits of controllable

sources are shown with dashed line
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Fig.3. Hardware architecture

The simulation program treats the real transistor as a
library model and allows to use only one transistor to
simulate circuit containing any number of similar
transistors. )

The hardware part of semi-natural model (SN-model)
contains computer, analog-digital /O card, measuring
circuit with adjustable circuit configuration and analog
commutation switch that selects the required at this
mornent transistor (fig.3).

SEMI-NATURAL MOS-TRANSISTOR MODEL

A parameter control of long-channel MOS-transistor
SN-model can be easily realized by means of similarity
theory. But this method is not practically possible for short
or narrow channel MOS-transistor. The problem is that the
nonlinear similarity criteria  are very cumbersome,
Furthermore, their accuracy is limited by the accuracy of
the mathematical model used to get these criteria.

The channe] length control

The most precise method of parameter conirol, that
fully inherits all advantages of a real transistor, requires to
fabricate the set of transistors with channel lengths L
varying from L, to L, , where Loy is the boundary
between short and long channel behavior of a MOS
transistor, Ly, is the minimal channel length. As follows
from the experimental dependencies of the threshold
voltage, body-effect factor and subthreshold slope on the
channel length, given in [3,8] for LDD, LATID, SPL-LDD,
SPI-LATID technologies, their values do not depend on L
when L > /..3um. So, for simulation purpose it is enough

to fabricate a semiconductor chip containing about 4-7 (see
below) short-channel and 1 long-channel transistor,

The semi-natural MOS-transistor model is shown in
fig.4. Here, we use the conventional designations. The
controllable voltage and current sources in fig.4 simulate
the following relations:

eds = Vs egs =Ves €ps = Vps
ja=Pla)  Jg=Plig)  jb=Pls)
I, T, Iy A1V
id] 1 idN .
r'-i % e
g 51 s - )
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e acelio] | li] | fin e
JA ) Ch b

_ Fig-4. Semi-Natural static MO3S transistor model

he operator P(e} is realized by the program and will be
defined below.
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To combine the possibility of a channel length control
with high accuracy of real transistors, the operator Pfs)
must change to an identity: P(iy)=i, f L=1,, where
is the transistor index in fig.4. Then, uader condition that
L =L;, the SN-model will reproduce the characteristics of
one of the transistors T;...7), with zero methodical error.

These requirements are satisfied by some interpolation
operator, We use the cubic spline interpolation.
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Fig.5. Subthreshold voltage (a) [2, 8] and model error
(b} versus channel length for three types of
technologies; N is the number of transistors in the
model. Experimental data are marked by boxes

To estimate the SN-model emror, we have used
experimental curves for threshold voltage as 2 function of a
ckannel length for nchanne] MOS fransistor, given in [2,
8] (fig.5(a)). 1t is the threshold voltage that ought to use to
find the channel lengths L;...Ly and for error analysis
because it exhibits the most effect upon MOS-transisior
characteristics.

From the curves of fig.5 we can see that if the mumber
of real transistors is increased from N=35 to N=7, the error
decreases from 0.9% to 0.3%. At the supporting points
L= L, the error is zero.

Notice, that in case of SN-model interpolation is made
for L, oot for (Vds,Vgs,P},,) as is the case of table look-up

models {4-6]. Therefore, the de characteristics of SN-model
are defined by real transistors only, hence, the model
allows valid representation of their dependencies on
voltage, temperature and external influences. That is why
the surprises in mode! behavior are fully excluded.

" Channel width contro}

For channe!l width control we suggest using the model,
shown in fig.6.
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Fig 6. Electrical cireuit for channel width conirol
Here, the controlled sources simulate the following
dependencies:

IR .S
Cen = Vs 401 \w, aw

reg |6, 1
€pw =VES -4(:” [Wg “éw](‘?‘p.‘? "Vb:)

2?;' *V{)s)

Jd‘;Mai&'}"Mwidw; Egn ™ Egp = Vés

where &, 6, arc parameters to represent the narrow-
channel effect in transistors T,, and T,; £;, C,,, ¢ are
respectively the permittivity of semiconducior, oxide
capacitance and a Fermi level; W, and W, are the
channel widths of transistor 7, and 7, respeétively,
W, <W, . The scale factors M, ,M,, and the parameter
AW are calculated as )

W -, z 1 l ’)
My = M=l oM,, =t L
"W, T, M AW, W, W

where W is the channel width of the traosistor to be
simulated. The meaning of other designations can be seen
from £g.6. .

Source and drain resistance control

When wusing the SN-model the MOS-transistor
capacitances must be connected between the channel and
resistances of source and drain (figl). To realize such z
comnection it is necessary o extract the parameters of 7,,

Tosly,Ty and to compensate them by equal in value
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negative resistances, them to infroduce the required
positive resistances into the simulating circuit (fig.1).

SIMULATION ALGORITHM

The suggested iterative coupling method is based on
exploiting "the negative transistor" [1 0]. The negative
transistor may be realized by software and is characterized
by negative input, output and transfer resistance.

Let us introduce vector variables:

s vz ()
=) =i, @], V=V({) =y, 0|, refoT],
ip (1) Vi (0)

where {=i(1), v=v(t) are currents and voltages measured at
the subcircuit terminals (fig.7); their subscripts are
explained by fig.7; ¢ - time; [0,7] - simulation interval.

To couple the subcircuits A and B we shall use the
iteration method: '

)= Y(VEE) Ve = FiR()
where Y is some nonlinear algebraic operator describing

the subcircuit B, F. is a nonlinear dynamic operator with
some initial conditions for subcircuit A (fig. 7).
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A speciality of the above iterative process is that it is
executed by functions of time, similarly to the WR-method
{11]). Transform (1) to

1**4(r) = Y(F(I" () -

where Y(F(')) is the superposition of operators Y and F.
We shall define the norm || « §| of vectors V, | as:

Hx"= max { max [x;(0)]} .
iel1,3] 1€[0,T]

A general convergence criterion for a considered
iterative process has been investigated in details. To
evaluate how the parameters of the tramsistor T o and the
simulated circuit influence the convergence, consider the
system linearized in some small neighborhood of the exact
solution. Let also the vector iterates () and K*/(1) are
close enough to the solution. Then, if the operators Y and
F are differentiable, [Y(F(l))] =YEFR , where Y¢ and

F{ are the Frechet derivatives and the norm of errors
satisfies the following relation:

g+l _ ik l < "Yf:ﬁ'"ﬂ'k _jk—i

Hence, we can write the convergence condition of the
iterative process as:

[YeR] <1 .

One can show that to ensure the convergence of
iterations for conventional MOS-transistor inverter in the
worst case, it is enough to specify the parameters of a
simulated transistor with a tolerance the 300% [10].

EXPERIMENTAL RESULTS:

EMBEDDING INTO SPICE-LIKE SIMULATION
SYSTEM

Based on the proposed idea we have developed and

examined the simulating system that uses the MicroSim®
DesignLab™ 8.0 commercial program for circuit
description and simulation. On the stage of a graphical
(schematic) input of the circuit we assign to a field “Model
attribute™ the mark “Real” and indicate the number of the
corresponding  AD/DA  channel, to which the real
transistor is conmected. A specially- written software
translates this marks into the imput language of

PSpice®A/D [12] and the additional supervisory program,
which organizes iterations coupling SN-model with
PSpice®A/D. :

When simulating test circuit (fig.8) we have used the
real transistors (MI1Real-M3Real) in combination with the
mathematical model of transistors M1-M6. Despite the fact
that negative transistor characteristic is very different from
real trapsistor characteristics (fig.9) the coupling process
converges rather fast (fig. 10).

Speedup and hardware error

The model access time is composed from AD and DA
conversion time, IQ instruction runtime and time of
interpolation algorithm execution. We have purpose-built
an experimental equipment using simple 12-bit AD-
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converters with conversion time of 80 15 and the 10- 78

DA-converter. The total SN-mode} aceess time is about
300 us. The corresponding computation time for ope point

of dc curve for BSIM3 [3] model, built in PSpice®AD

Version 8.0 of MicroSim® Corp. and Peatium-166, is
600 us. However, to realize the waveform algorithm to

couple SN-model and PSpice® We need some cxtra time,
that results in the total slow-up factor of 1.5-5 depending
on the required precision and particularities of circuit to be
simulated.

R RS S R e ]

Fig8. Test circuit - current squarer/divider [13] described
with MicroSim® Designl.ab™ user interface

id,
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Fig.9. Volt-ampere characteristics of the real (0) and
negative @& ) transistor

The hardware error is easily estimated by automatic
testing of the AD/DA channel. To achieve a multiplicative
error of 0.1% and an additive error of ImV is easy, but the
achievement of 0.01% and 0.01mV error is the problem for
technical and, maybe, economical reasons. If the error
exceeds predefined value or the simulated value overruns
its dynamic range, the computer outputs an error message,

0.5 1.0 1.5 20 f, ns

Fig.10. Output current lout versus time for input lin (ramp
function of time, fig.8) simulated in 10 iteration steps

ADVANTAGES AND LIMITATIONS

The suggested simulation method has built-in
limitations in digit capacity, dynamic range and
possibilities to control the technology  depending
parameters.

A basic limitation is an impossibility to predict the
circuit bebavior for future technologies before we produce
the set of real transistors for SN-model. Further, we cannot
control the model parameters (except channel length and
width), such as doping concentration, junction depth, gate
oxide thickness and so on. Nevertheless, using the
correction table, it is possible to take into account the
small variations in technology parameters, caused by
technological tolerances.

The second limitation is that a typical AD/DA converter
capacity does not exceed 14-16 bit, that is not enough to
simulate supersensitive analog circuits. Consequently, we
have to combine a real transistor and a mathematical
mode] to smooth the AD-converter’s data, that results in
the slow-up of simulation process.

The third limitation is a sensitivity threshold of the
measuring  circuit. The precise measurement in
nanoampers range requires a long time and the following
data processing by statistic method. Therefore, in this case
we need to use a mathernatical model. Both models can be
adjusted so the first and the second derivafives are
continuous in the coupling point.

An advantage of the suggested method is the extremely
high simulation validity independent on technology, size,
structure’s characteristic and operating conditions of a
MOS-transistor. 1t is achieved by removing from SN-
model the reasons reducing validity of the mathematical
model. First, the SN-model does not use simplifying
assumptions about transistor construction and their
physical behavior, second, the model error is easily
controllable during the simulation process, third, SN-
model does not need the parameter extraction.

The SN-mode] is unique in the ability to store the huge
amount of information containing into 2 real transistor. For
typical MOS transistor the amount of. information,
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contaned in de curves, is approximately 1020 pit, But,
using inexpensive 12-bit ADC and i, 10, 100 and 1000
time scaling amplifier with a mean-square noise voltage of

0.1 mV, we can have an access to 6-1017 bit of data.
AREA AND SPECIALTY OF APPLICATION

From the above advantages and limitations of SN-model
it follows that there is no point in using it instead of
mathematical MOS-transistor model. It can become one of
the models for Spice-like simulation system and be useful
in cases described below.

A precise circuit verification. Let us assume that with
Spice we have achieved a desirable result, but we want to
be sure that after we have embodied the cireuit in silicon,
the required characteristics are preserved. For this purpose
the mathematical models of transistors should be replaced
with the SN-models. It is often enough fo make such a
replacement only for those transistors whose parameters
have the highest effect on circuit characteristics. For
example, even for a very complicated operational
amplifier, its gain, cutoff frequency and common-mode
rejection are determined by some transistors in the input
stage; the accuracy of an analog multiplier is determined
with a few transistors which generate square-law
characteristics.

The prediction of external effects upon the circuit to
be designed. To investigate radiation effects it is enough to
expose the real fransistors of some SN-models with various
doses, then use them for simulation. In these conditions we
can automatically take into account the effects like
displacement of semiconductor atoms, lattice disturbance,
lifetime and mobility change, etc. .

The precise simulation. Simulation with high accuracy
and validity can be used to solve many design problems,
but the practicability of such an application has to be
determined by designer depending on his purpose.

The circuit operation under cryogenic temperaiure
can be investigated if we place the SN-model into a dewar
vessel. :

Since the thermal processes change slowly compared to
2 simulation time, the SN-modeling allows us to explore
the self-heating dynamic of SOI MOSFET or power FET
on a heatsink.

In a similar way the SN-modeling allows to simulate the
microphonic effect, if the sound source is synchronized
with a model access time, as well as an influence of
pressure, light and vibration.

CONCLUSION

To solve the problem of accuracy and validity, inherent
in analytical and table look-up models, we suggest the use
of 2 new simulation method based on real transistors
applied instead of their mathematical models. The
suggested method allows to control channe] width, length
of MOS-transistor and exhibits a satisfactory performance.
The method is destined for prediction the circuit behavior
under external influences and solution of various

simulation problems for extremely high validation and
accuracy. The method can be embedded into existing
simulation programs. The SN-models are well combined
with hardware accelerator for circuit simulation [14,15].
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