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'ABSTRACT e

A new delay model is proposed in this thesis for*the switch-level simulation of
MOS circuits. The model, based on the RC representation of the circuit, accounts
for most of the factors that ihfluence delays in MOSpcircuits. The delay ‘model
represents the transistoras an effective resistance whose value is computed dynam-
ically during simulation according to the size and type of the transistor, its context,
capacitive load and gate input waveform. The model has been incorporated into
a new .3witch-level simulator and has been tested on both CMOS and NMOS cir-
cuits. Agreement with SPICE is within 10% for most of the cases and the overhead
associated with the delay calculation is a factor of 25 to 3.
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Résumé

Un nouveau modéle de transistor MOS est proposé pour la simulation au niveau
cornmutateur. Le circuit est représenté par un réseau de résistances et de conden-
sateurs. Ce modéle tient compte des effets prédominants qui causent les délais dans
ios circuits MOS. Dans ce modeéle les transistors sont représentés par une résistance
équivalente qui est calculée dynamiquement pendant la simulation selon la grosseur
et le type de transistor, son contexte, sa charge capacitive et Ja forme du signal
qui le contréle. Ce modéle fut incorporé A un nouveau simulateur et fut évalué sur
des circuits NMOS ainsi que CMOS. Les résyltats obtenus sont en-dedans de 10%
des résultats obtenus avec SPICE dans la plupart des cas. L'évaluation du délai
n’augmente le temps de simulation que par un facteur entre 2.5 et 3.
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CHAPTER 1

INTRODUCTION

£
1.1 Simulation as a design tool

-

The increasing complexity of VLSI circuits poses a formidable challenge to
existing computer-aided-design (CAD) tools. New computer aids used in the design
pro'ce'ss must be developed regularly in order to kegp pace with the advances in the
technology. Simulation, in particular, plays an essentialyole in the design of digital
integrated circuits (IC), as it provides a unique way to verify the functionality and'
performance of a proposed design, before it is sent to the costly ?abrlcatlon process.

Digital integrated circuits have been traditionally simulated using either cir-
cuit simulation or logic simulation. Circuit simulators such as SPICE |Nag75],
SCAMPER [Agn80] or ASTAP [Wee73], provide an accurate picture of the electri-
cal behavioﬁr of the circuit, by using very complex transistor models based on the
p}{ysics of the devices. However, the heavy computational time and storage involved
in circult simulation limit its applicability to circuits containing 6n the order of one
thousand transistors. L

A simplified form of circuit analysis for MOS circuits is provided by timing sim-
ulators such as MOTIS [Cha75], MOTIC-C [Fan77], and SPLICE [New78]. Timing
simulation performs a waveform analysis, whileBexploiting particular properties of

v-

MOS circuits in order to reduce the time and storage requyements of the simulator.

1
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These properties are basically the low activity in MOS digital circuits (!a.té;cy) and
the unilateral nature of most of the circuit configurations. In éddition, rather than
using analytical models, timing simulators rely on simplified table look-up transistor
mc;dels in order to speed up the simulation time. However, because timing simu-
lators solve the circuit equations by methods such as Gauss-Jacobi or Gauss-Seidel
iteration, they encounter stability and accuracy problems when handling bilateral
elements such as transmission gates and floating capacitors, or circurlts with tight
feedback, such as lat:hes. This problem appears to have been solved by t.he in-
troduction of mixed-mode simulators such as SPLICE [New78|, MOTIS-2 [Che84],
and DIANA [Dem78|, in which critical configurations ar¢ singled out and handled
using circuit analysis techniques. Timing simulators operate at bt\atween one and

two orders of magnitude faster than circuit simulators, but for the %a/lysis of very

large circuits they too become impractical in terms of computer time.

On the other hand, gate level simulators such as TEGAS [Szy72| or SALOGS

[Cas78| are based on the boolean gate model by which a network is represented
by a set of ideal, unidirectional logic gates. Voltages are represented by a discrete
set of logic values rather than a continuous voltage function. Propagatiqn delay
estimates are also provided by most gate Ie\}el simulators through the \.we of a
scheduler and tabulated delays. Due to the simple models and the temporal and

“

' structural sparsity of logic circuits, gate-level simulators are fast (about three to

four orders of magnitude faster than circuit simulators) and can handle very large - -

circuits. They are, however, inadequate for MOS circuits, which ¢ontain circuit
structures suth as transmission gates, dynamic st;rage. and precharged logic, that
can not bé ade;luately modelled by logic gates.

In order to Solve the problems presented by circuit and gate level simulators,

switch level simulators have been proposed for the logic simulation of large MOS

a\x

Y



.

VLSI circuits [Bry80|, |Hay82|, {Bry84|, (Cer84). In switch-level simulation, the
circuit is modelled at the transistor levgl, but with each transistor re;?reseﬂted as
a single bidirectional switch. The switch can be either ON or OFF depending on
the logic value at the gat::)f the transistor. The network is represented‘a; a set of
switches and nodes. Similar to gate-level simulation, switch level simulators employ

a reduced set of logic values. rather than a continuous voltage function. Transistors

can be assigned a strength from a discrete set as a measure of current drive capability,

" so that ratio logic circuits; such as NMOS can be properly modelled. Similarly,

nodes can be assigned a size according to their capacitance, as a measure of dynamic

drive capability, so that charge sharing effects can be included. The logic evaluation

-

"on the switch-level network is performed by propagating logic values through ON

switches and by updating the state of the switches whenever their gate changes state.
. - 1

By modelling the network at the transistor level, the switch level representation of

MOS circuits can be obtained directly from the layout, and corresponds to the actual

structure of the design, rather than to its intended function, as is the case in gate- ,

" level simulators. This network model allows switch-level simulators to handle typical

MOS structures, such as transmission gates, precharged logic, and dynamic storage,
which can not be a.dequfzt.ely modelled in gate level simulation. The simplicity of the
transistor models permits switch level simulators to operate at speeds approaching

those of logic simulators. s

1.2 Delay calculation in-switch-level simulation

Delay calculations can be introduced in switch-level simulators to provide a
- . , \

first-order timing analysis. These delay estimations present a much more formidable

problem than in gate-level simulation, because of the bilateral nature of the switch.

As a result, the dela:y through a closed switch depends not only on the entire

8~
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sul;petwork to which it igconnected, but also on.ita past bistory.\ In other words,
t!le delay must be computed every time a switch chx;nges state.®
An api{roach to calculate delays in switch-level simulation based on a two-
parameter qlodel was recently reported by Mo and Lightner [M(_)Lsél].I The model
includes the effect/ of the input waveform shape in the delay calculations through
the network. Reported experimental results show a good agreement between the
two-parameter model and SPICE for some MOS circuits.
The traditional approach for delay calculations in switch-level simulators has
been to represent the MOS circuit as an equivalent RC network [Mea80], [Pen81),
"whsre the ON transistors are replaced by equivalent resistances and all the nodes
_ by tied-to-ground capacitances. Two basic raearch: topics are involved in the cal-

culation of delays using the RC model:

1. D'eirelopment of efficient algorithms to calculate delays in RC'.!ne‘tworks.

et .
2. Design of appropriate techniciués f_or modelling the transistor as an effective
resistance.‘ ) ~

Delay calculation in RC networks

One of the earli&stl reported attempts at including delay estimations in a switch-

level sinlxulaéor using the RC model, was that of Terman [Ter83|. In his approach,

B the delay is.calculated on a linear RC nétwc;rk using a lumped model with Thevenin

; equivalents for the resistances and capacitances. This .approach results in overes-

timation of the delay for most practica'I cases as it assumes all the capacitances

in the network as charging/discharging through all the resistances. A more realis-

"‘j tic approach is that -of Penﬁeld and Rubins_zteir‘l [Rub83]. They derived upper and

" lower bounds for delaja in RC trees. In their approach, the capacitances in the tree

charge/discharge only through the resistance path connecting them to .the signal

source. The simplicity of their method represents its major success, and it has been

- .' ) ¢
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in;:orpora.ted into some timing-analysis programs {Jou83,Tam83|. However, their

" method is unable to handle general RC networks containing reconvergent paths.

Subsequently, Lin and Mead [Lin84) recognized that delays in linear RC trees can
b!; computed with surprisingly gopd accuracy using a simple a;ld convenient for-
mulation of the so-called Elmore delay {Elm48|. They extended this method to
general RC networks, and devised a very attractive algorithm for incorporating

delay‘ calculations into modern switch-level simulator such as MOSSIM II [Brys84].

Switch-leve\l delay modelling

Earlier attempts at modelling the transistor as an effective resistance for delay

calculations include those of Terman [Ter83|, Lin and Mead [Lin84|, and Ousterhout |

[Ous84]. ‘In the model used by Lin the effective resistance is assumed to be only

' function of the size of the transistor. In the model developed by Terman the

transistors are classified by the simulator accorciing to 5 different contexts, namely,

depletion«wpyullup, enhancement pulldown, enhangement pass transistor, depletion

pass transistor, and pulldown with Qhrahold drop. For each of thes;e cases the

effective resistance is evaluated as a function of the size of the transistor. The

models developed by Terman and Lin can lead to serious errors because they do

+ not include such effects as the load driven by the transistor and the gate input

waveform. For delay calculation in CMOS circuits, this is a serious limitation.

A significant contribdtion to switch-level delay modelling was made by Ouster-

hout [Ous84]. In his formulation of the delay models for the timing analyzer CRYS-

TAL [Ou582], Ousterhout developed an efﬁcnent method for including the effect of
the input waveform slope on the effective resistance of the transistor. For a transis-
tor switching, OQsterhdut introd(xced, the rise-time ratio as a measure of how much
the traﬁsisior is affected by the input waveform. His approach, ho‘wever,‘is deficient

in that the value of the effective resistance is not adjusted with theload driven by

- - -5
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" the transistor, and'only one transistor is allowed to switch at a time. Moreover, his
method of handling the effect of the input.waveform’s slope is inappropriate for a ¢

- switch level simulator.

-
1.3 Thesis objective

The objective of the work reported in this thesi:;. was to, develop a delay model

. for switch level simulation, based on the RC representation of MOS circuits, that

possesses the following characteristics: .

e The model is simple to implement in a simulator and is computa.t.ion,é.lly‘ effi-
cient, allowipg the u;er to simulate very large MOS circuits.

e The model accounts for all the most important effects that influence delay in
‘MOS circuits. Modelling the transistor as an RC network, the resistance is a
function of not only the type and size of th;: transistor, but also the context,
the lc;ad driven by the transistor, and the slope' of the input: gate waveform.

¢ The model is able to handle both static and dynamic, NMOS and CMOS
circuits.

o The model is easy to update for technoiogical changes including down-scaling

of the circuit feature sizes.

1.4 Organization of this thesis

Prior to the presentation of the new switch-level delay model, a survey is pre-

septed in Chapter 2 of the MOS modelling techniques used in circuit, timing, and

gate-fevel simulation. Also a discussion of up to date developments in the area of

swntch—level delay modelling is included. The proposed new model is descnbed in de-

_and resistances used to build the MOS R.C model, on which the delay calculations

are carried out. A description of how the model-was dérived, and how it is used in

-

-~

tail in Chapter 3. This includes the evaluatxon of the reqmred values of capacitances -



the simulator in which it has been tested is also presented. Chapter 4 presents, for
a wide range of MOS circuits, simulation results using the new model and compar-

isons with SPICE. Most of the examples here are CMbS circuits, as compared to

previous work, where all the examples are NMOS [Ter83,0us83,Lin84]. Conclusions

about the performance and limitations of the new model are presented in Chapter

7y

5.



2.2 Circuit Simulation and Models: - - \

)2.#.1 Circuit Simulation . ’ e

algebrmc!nfi"emntnal _equatm_ns, whxgh are solved using numerical xpethods. SPICE

CHAPTER 2°

MODELLING FOR SIMULATION

) -
¢ . ]

2.1 Introduction J - .

In this chapter the different algorithms a.n;i modellfng teoh—uiqucs used in \rIOS

simulation are described and a.nalyZed showmg the @ tradeoffs between accuracy.

[
1

‘ speed, and stora.ge The basic structure and models used by cnrcunt tlmmg and
‘gaterlevel simulators are Presented in Sect:ons 2. 2 2.3 and 2.4. The bas;c structure -

" of switth-level simulators is discussed in Sectxon 2.5, along wntl;\ the main algorithms

osed for logic eva.hiition and delay calculation. Emphasis is placed on the techniques
used for switch-level delay modellmg, thh reference to prevxoua work in the area, 1
as well as a d:scuss:on of the motlvatxon fOr developmg a new MOS smtch-level R

delay model. - o - .

. -
~ . < -

- - *

N . o w oy, ‘\

*. The purpose of cnrcmt snmulatxon is to accurately pk'edxct the electncal be- .
havnour of electronic cn'cmts Clrcmt snmulators, such as SPICE [Nag75] ASTA,P
[Wee73] and SCAMPER lAgnSO‘ read the topology of the circuit, a.nd -using bmlt-

in models for its electncal components describe the cxrcutt as a set of nonlmear,

[

‘v
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[Nag75], in particular, uses the-Modified Nodal Analysis (MNA) [Ho75] based on_

Kirchhoff current and vo]tage laws, to bunld the circuit’s system of equatlons For
~ T

dynamic circuits. i.e., those containing capacitors or inductors, MNA yields a sys-

-

tem of nonlinear differential equations of the form: .

- - f(o,v,t) =0 | o (2.1)
where v is the vector of node voltages, v is the first derivative of v with réspect ‘to
time, and ¢ is the time. 5

Two different types of analyses, DC and transient are\performed on the circuit.
Thée DC analysis is performed .to firid the initial values for the x;oltages é;t- the

different nodes of the circuit, with all the capm:ltbrs open and the mductors short»

'cu'culted ‘Newton-Raphson |te‘f-atlon is used and the r&ultmg lmea.r system of

equat‘xons is solved at each 1teratlon using a form of Gaussian elimination [SanSO].

“The transient analysis i§,much more complex and involves the solution of the \

'comp}ete system of nonlinear a]gebro— differential equa.tlons of (2.1). The structure

of a cxrcult snmulator in terms of a flow chart is shown.in Fig.. 2.1.

The analysns tlme interval T is d;vxded into small time steps

I4

. to, t', =ty + th, t;'-:ti+th,... t,,=t,._1+t;.-

where each increment, th, is called the “step size.” A node’ voltage at t.+1 is - pre-‘

dlcted on basis of the voltages found. at the prevmus timesteps using a polynomxa.l

approxnmatxon of the voltage Various -implicit mtegratnon methods are used for

; that purpose including the backward Euler and Trapezonda.l equatlons Asa result

the differential equations which describe the behavnour of dynamic elbments such

as capac:tors and ihductors, are discretized and a system of nonlinear ilgebraic

equatlons is obtaméd

>
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.
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. © gy -

» Figure 2.1 General structure of circuit simulators. / R

These equations are solved using the Newton Raphson (NR) iteration method,

_wherein the nonlinear elements are replaced by linear .resistors and indepen(ij

sources [San80|,. The resulting linear system of équations, which describes the ¢

plete circuit at ‘the particular timgpoint, is subsequently solved using Gaussian
elimina.tion If the solution does not converge this loop is repeated until conver-
gence is obtained (typically less than 0 1% dlfference in the computed node voltages

between successive NR 1teratxons)

Once convergence is obtuned the error introduced by the implicit integration
b

formula is estxmated This estimation js done by enther a Local Truncatiori Error

sche;ne 1N3875] or by countmg the number of iterations required for convergence in
; . .

10
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the Newthon Raphson loop [éanBO]. If the solution at a timepoint is not satisfactory,
j.e., the number of iterations in the latter case exceeds a predetermined number, the
time step is cut and the analysis is repeated. Otherwise the timestep is incremented
by a stepsize and the analysis continues. Some simulators provide a variable stepsize
tcu‘ speed ‘'up the simulation algorithm.

Fig. 2.2 shays a bar chart displaying the effective time spent by the computer
in each SPICE major block for a medium sjze tircuit [New80]. The bar MOS
corresponds to the time needed to evaluate the MOS models which is about 80% of
the total computer time, whereas the solution of the linear system accourits only for
a small fraction of the total-CPU time. However, it has been observed [Sar}SOI that
the computational complexity of the model evaluation grows linearly with the circuit
size, while the complexity of'the linear equation solver grows approxirﬁately as nl4
(n corresponds to the number of equations). For circuits containing about 3000
devices tixe time spent in the model evaluation is reduced to about 50% of the total
CPU time. Therefore, it can be concluded that the basic limiting factor in terms of
execution speed in appl(yi}lg circuit simulation to VLSI circuits is the fact that at
each iteratiqn of the NeWton Raphson algorithm a large system of equations must
be solved. Some techniq‘ues, such as node tearing |Yan80] and vector processing
[V1a82] have been reported to impre\{e the speed of circuit simulators. By means of
node tearing the circuit is partitioned into 'subnetworks in: such a way that only those
that ar‘e active are analyzed. Vector processing, on the other hand, is suitable for
circuits which contain repetitive sibcircuits which then can be analyzed in parallel. -

Despite its limitations regarding circuit size, circuit simulation remains an es-
sential tool in the VLSI design process. It is irreplaceble when it is important to

verify the’analog voltage levels of a part of an entire circuit, or when tightly coupled

. feedback loops need to be considered.

11
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1. Integration of Capacitor Currents

2. Evaluation of LTE ’ -
- 3. MOS model evaluation

4. Linear Equation Solver

AY

Figure 2.2 Relative time spent by SPICE in major component blocks |New80].
o

2.2.2 MOS models for circuit simulation

The transistor models used by circuit simulators must represent accurately the
behaviour of the device. This results in very complex, nonlinear models, which the
simulator has to evaluate at each iteration step, as shown in Fig. 2.1. In other
words, accuracy is achieved at a high price in terms of comp{xter time and storage.

w There are three MOS models available in SPICE [V1a79|. The most complex of
the three, MOS3, is a semi-empirical model described by a set of parameters which
are tained'by curve-fitting rather than by physical analysis. The MOS2 model is
an anglytical model based on the work of a several authors and incorporates mostf’/éf
the second order effects for small size devices. The simplest model, MOS1, is similar
to the model proposed by Sch&chman and Hodges {Sché68]. 'i‘he MOS2 and MOS3
models differ from.MOS1 in the introduction of second ordet effects such as channel
length modulation; subthreshold conducti?n, scatteriné—limited velocity saturation,
and small size effects which play an important role in today’s circuit performance

as the dimensions of the devices are scaled down. The MOS2 model includes the

£ ™
’X]
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effects of small geometry in th:e threshold voltage, the saturation voltage, and the
drain current. MOS3 is designed mainly for small geometry MOSFETS defined as
transistors with channel length, L < 2u and channel width, W < 2u . It models

the short and narrow channel effects on the threshold voltage (differently from

" MOS2), the effect of the static drain to gate feedback on the threshold voltage, and

the lowered saturation voltage and current due to the velocity saturation of hot
electrons.

Fig. 2.3(a) shows a simplified cross-sectional view of an MOS transistor. Its
equivalent SPICE model, in the form of an equivalent network, appears in Fig.
2.3(b). This topology is the same for all three models, although the values are

evaluated differently. I corms;ﬁmds to the channel current. Ry and R, represent

the parasitic drain and source series resistance. Cy; and Cl, are the nonlinear,

depletion layer capacitances due to the body-drain and body-source junctions re-
spectively. Cyq0,Cgdo and Cyy,, represent respectively gate-source, gate-drain, and
gate-body overlap capacitances, which are outside the t:ixannel region. The thin-
oxide channel capacitance, which is not shown in the figure, is calculated by the
program and distributed among the gate, source, drain, and bulk regionu

A basic difference that exists in the three tr;odels is related to the formulation
of the channel current, J4. MOS1 uses the well known quadratic model to express
Iy as a function of the gate-source and drai'n-so‘urce voltages #Hod83]. MOS2, in
its formulation of the current I4, includ;zs such effects as the short and narrow
channel, the substrate charge and the degradation in the surface mobility. MOS3,
on the other hand, includes an empirical correction factor for small size effects.
The concept of weak inversion conduction is introduced in MOS2 and MOS3. A

’

MOSFET is not an ideal device which starts conducting abruptly when the gate
& . Q "‘

voltage, V,,, reaches the threshold level, V35. There is current flowing in the device

13
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Figure 2.3 (a) Short-channel MOS transistor.

"+ (b) Equivalent SPICE model.
below V3. This weak inversion region is defined around the threshold.voltage Vin,
according to the model developed by Swanson and Meindl [Swa72|, as shown in Fig.
2.4. e ' ~ -

v

Figure 2.4 Weak inversion region.
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Different expressions are used for the channel current /; in the weak and strong
inversion regions, although continuity is assured fo;' the transition between them.
Both the M0OS2 and MOS3 u;ie equal formulation for the current Iy in this weak
inversion region.

The thin-dioxide gate capacitance is calculated by the program during simu-
lation and is distributed between the gate, source, drain, and substrate terminals.
In the MOS2 and MOS3 models, it is done using the charge-oriented model pro-
posed by Ward and Dutton {War78|, as compared to the voltage-controlled model
formulated by Meyer and used in MOS1 [M;y73]. As for the junction capacitanpes,
they are represented as averaged constant capacitances in MOS1, whereas in MOS2

and MOS3 th%y are modelled as nonlinear charge controlled capacitances, Overlap

capacitances , and parasitic resistances are equally formulated in all three models.

The key to obtaining high accniracy in MOS IC simulation using the models
described above, depends heavily on the ability to find the technology dependent
parameters correctly. These parameters and their significance appear in |VIa79] and
[Hod83]. The accuracy of the MOS2 and MOS3 models lies between 5% to 10%
of reality. The introduction of second order effects, absent in the MOS1 model,

improves accuracy by 20% to 25%. For devices approaching the 2 u range the

. MOS3 model should yield more accurate resultg than those obtained from the MOS2

model [V0a79]. For devices whose dimensions are in the 5 u range, there is almost
nt difference in the simq'lation results using MOS2 and MOS3, provided that proper
parameters are used. The evaluation time for the M0OS2 model takes about 20%

longer than MOS1 and MOS3 {ViaT9l. .
> Table 2.1 shows the delay, rise; and fall time oblgined for a QMOS 8-to-1
it 4

selector circuit based on a 5 u technology, using the three models available in

SPICE2GS, for a particular input sequence. The total CPU simulation time is

15
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also shown. These results which are in concordance with the estimates preseﬁl;ed in

[V1a79], suggest that the MOS2 model which is simpler to parametrize than MOSS,

. $ .,
is accurate enough for 5-micron MOS technology. This is important to note, since

the new switch level delay model is‘i‘dgveloped using SPICE MOS2 model and is

verified on 5 u techrfology circuits.

4

MOs1 MOS2 ' |- MOS3
115 17 .| . 18
Delay (ns) 24.2° 30.5 315 ...
. Rise time (ns) 35 4.8 5.2
Fall time (ns) 2.5 4.7 5.0 ° :
CPU time (sec) 738 - 828 718

]

-

Table 2.1 Simulation of CMOS Selector using SPICE models.

I3

2.3 Timing simulation and models

2.3.1 Timing simulation

. Q ‘
Timing simulation is a simplified form of circuit analysis, whose objective is

to provide waveform analysis for large MOS circuits. Timing simulators such as
MOTIS {,Cha75l and MOTIS-C [Fan77| exploit certain properties of MOS digital
cu'cmts in order to simplify the time and. storage requnrements of the slmulator

These propertles are. the low activity in the circuit and the fact that many MOS

configurations can be modelled as being unilateral in nature. The result is a simpli-

fication in the circuit equations and thetefore in'the numerical analysis. In addntlon,_

M

the model evaluation time is greatly rediced’ by usmg table look-up models for the‘

semiconductor devices.
[n the nodal circuit formulation for the time domain analysis, the node voltages

1 \
may be expressed as: : . o .

-

[



f(a;,é,t);o . : ‘(2.2).

The general structure of timing simulators in terms of a flow chart appears in

Fig. 2:5‘ M ‘ ' e ! [
‘ | starT |
’ DC Analysis
Predict values of voltage nodes at
N ’ . 41 using integration method
. Git values from table
look-up models - )
-~ T . ) A ’ »
o ) "Assembly circuit equations and solve '
, with one step Gauss-Jacobi or
Gauss-Seidel method . o
n Increment time by ¢ o T

W

* Figure 2.5 General structure of Timing simulators.

\

As in circuit simulators, the analysis interval time, T, is divided into small -’

tlmesteps and an integratjon method is used to convert (2.2) into a set of nohhnear

- algebraic equat:ons One of the major sumphﬁcatnons of timing_ simulation is that

" the equatlons of (2.2) are decoupled HacSl], in such a way that the voltage on each

; node is computed with the voltages of the other nodes held fixed. In ather WOl‘ds

the. ¢ircuit matrix solution of {2.2) is converted into 3’ vectorial product. . Tlmmg
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: siznulators use only a single Newton iteration step to'solve the nonlinear system of -

equations. MOTIS uses a form of Gauss Jacobi ltera.mon. by means of which only -

node voltages at t, are used to evaluate the node volta.ge ablnyy- In this method the .

but substa.ntlal timing errors can oc\:ur In order to rna.mtam a.ccuralcy when usmg
a smgle Gauss Jacobl lterauon, the time step must be made sinall enough so tha.t no
substantwe changes occyr at a node durmg orie time step. MOT{S-C on the other
hand. usea. one step Gauss Seidel lteratlon in which nodes already computed at the
tlmepomt are made avmlable for the-evaluation of other node VQltages. It is evrdent
that in the Gauss Seldel method the order in which the elements are processed can

substantlally effect -the results. . R ‘ .

Smce the system equatxons are decoupled and each node voltage is -.ol\ed in-

- dependently of the: other nodes at each timepoint, different. tecthues can be used
" to exploit the inactivity of the circuit. MOTIS and MOTIS-C use a form of a™
. bypasgs scheme by Wthh nodm that have not changed sngmﬁcantly are hypassed

The mixed-mode snmulator SPLICE {New78] on: the other hand. uses a sclcctwe

| tmce approach, by whlch only the fanouts of a node whose voltage ha.s changed are

processed

.
.o

The equa.tlon decoupling scheme used in tlmmg ana.tysis is possible only when

the c1rcmt matrix is diagonal dominant (Hac81]. In terms of the circuit it means that'

‘a.capacitor must be connected bétween each node and the reference node ( N D),

- N

and that no bilateral elements are present (ﬂoatmg capa,cm)rs or transmission gates)

In addition, stability problems arise in the solutlon of the Gau;s-Jacobl or Ge.uss

&«

_ order in which the elements are procased does not affect the rmults of the analysis,

Seidel iteration when there is a strong bilateral coupling between nodes [New78|,

" as in the latch.of Fig. 2.6. In some cases it is possible to remove the instability

" by ‘cutting the timestep so rhat the delé.y_arotind the loop becomes larger. than the

18 ot
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level différent parts of the circuit are to be slmulated . : .

232 'MOS models for timing simulation . o

timéstep itéelf. However, this approach dées‘nq't work for MOS t ansmission gatéé :

or ﬂoatmg capacntors \

\ . . '

— d

Figure 2.6 MOS x,mn with tight feedback, . .

s i . . ,

‘In order to overcome the deficiencies of timing sirmnulators in dealing with: bilat-

eral élemer_lts ("n' tight feedback, mix;d mode Qimulators such as M(.)Tlsgz [Che84], -

DIANA [DeM78], and SP"LJICE ‘[NewTB] have been devtloped. These simulators

use a mixed-mode approach by means of which different parts of the circuit are

snmulated at dnfferent Ievels. In MOTIS-2 the program finds conﬁguratlons such as
-transmxssmn gates’, ﬂoatmg capacitors, and tight feedback, a.nd mmuiates them at

’ the cnrcmt level. SPLlCE on the obher hand, allows the user to choose at whlch ,

N

- . . s

o
-

1

. One of thé essential fehtures of tiﬁ\ing simulators is the simpliﬁed transistor
mo/dels which consnst of |00k4~up t.ables rathet than analyt:cal models. an 2 7

shoWs the equwalent trans:stor netWOrk used by MOT[S MOTIS-C and SPLICE

S

' excludmg the charge storage elements. which are always repre8ented as constant

N

ca\pacutors in tlmmg snmulators‘ {New78,..

3
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' " Figure 2.7 Transistor model used in timing simulators.
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- A straightforward modelling apg;oach wotild require two-tables

[y

Ida(vgu Uds, vba) = Td(vggv vduvbs) . .- , (23)

v

Y - - * v

3 . .
y * . v

- . . 9ds(Vga, Vde, Vbs) = Tg(vysv';dav”ba) . . (2.4)

.
-

- where Ta and T, ar.e threé-dimensiohal tables with N entries for each con‘troll‘ing '
variablé. It has been observed emplrmally that to obtam accurate results, V. must -
" be b:gger tha{\ 50 [New80] Therefore the storage requlrements for such a ‘model.
‘ N3, become totally prohibitive, However, some transformatlbns have heen ma.de
m the model descrlbed above, in orde;r to reduce the storage,, whxle mamta.mmg
accuracy and® improving efficiency in terms of ‘evaluation time. In the program

MQTIS;_t'hexeﬂ’e‘_ct of the batk-bias potential is modelled as a shift in the threshold

ifbltage, Vin. This effect is-represented by a one-dimensional table " - .

G v N

Vin (vba) = T (Ub.q) ) : .- (2.5) .
and the drain current is obtained by @ two-dimensional table: | . = - -
- . ‘ (_ s v t . * .
™ . Vgat =Vgy — Vth . R b

[&a'(t{ga’ Udas vbu? = Td(”g_ah:vda) ,oon (27) :
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In addition, gq, is approximated from the drain current han,d the associated load - -

éhamcterist.ic [Sub84). The, numi)er of 'entries is, thérefore; reduced to N? 4+ “N per

mgdel. In MOTIS: the bidimensional tablé Td, used to extract the drain curr.ent

-

has 64x64 entries. For NMOS circuits 4 tables are employed, one each. for !ow

threshold enhancemént, hxgh threshold enha.ncement short channel depletxon and‘

long channel depletion dev:ces. Iﬁ the case of CMOS there are two tables, one

" for p-channel devnces and one for n-channel devnces Each table contains the drain

v

‘. current for a standard transistor [Sub84]. Fig. 2.8 shows a table model used irr v

MOTIS for a low threshold enhancement trahsistor,'fo'r Ve = 5V,

~ Y 1 [tk
" ’ . ' v83-9-’_'w, R
measured data indicated by e 1 5
. | small error bars. Curves from / g g,
' table model o e : i,‘_____,_,._,._:i

I1ds (mA)

- Figure 2.8 Table transistor model as used in MOTIS [Sub84].

-

.
. < : -

Theé.yalues for the tables are obtained by actual measurementfon the devices or

by circuit simulation using bidimensional transistor models [E1M77] If sophisticated
circuit models are\used the values for the current Iy, stored in‘the tables can mclude
second order effects, ma.mta,mlng therefore a good degree of at.curacy in the models

N i
[ . . |
N -

-

- g
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g The transistor models in "MOTIS-CV' and SPLICE ha';ré been re’dlzced by (mea}ns
ol' a number ol'\‘tra?sformanons. to three one-dlmenslong tables, from whlch the

drain. current and the channel conductance are evaluated at any device operatmg

“point.’ Their model is summarized below [News80|. - - -

As in MOTIS

L o Y Via(ves) = To(vss) ST e (2.8)

describes the shift in flle threshold voltage due to the back-bias potential. @

By. means of a clever transformation, the current Id, is expressed in terms of

the volta,ge Yda: holdmg the gate voltage v,, fixed.. ' = .

T Ida(vda) = T 4(vdes vg’sma:) ’ (29)

0 N ~

where vgsmaz is a constant which éorraponds to the maximum permitted gate
[ . ’ . P

voltage, and [4, is the channel current.- Finally, the charinel éonductance,. gd. (fig.

02.6) is given b‘y:

. C sulg) = Tylves) - 219

Ty, Ta, arltl T,' are all'o‘ryxe dimensiona.l_t‘ables with NV entries, tl;ereforg\the storage
requirement per model\has been reduced 'to N 9 | )

'I:a.ble models are much faster to evaluate than analytlcal models The eValua-
tmn of. the MOS model in MOTIS is about 15 tlmes faster thamMOSl in SPICE.
[New‘78]. LACCHI&C)"IS within §% of the circuit models although it can be’improved

by u'mcreasing the size of the tables. However, charge storage is modelled in timing

sumulators as constant capacntors, as compa.ted to the voltage or charge-controlled

' mo’dels used. by ;he circuit models, aﬂ'cctmg mamly the accuracy of the obtained

waveforms The use of’ the table models descnbed above, together with the solu-

-uon method employed in nmmg slmulatlon represent a speed |mprovement whlch

is about one to two orders of magmtude over cnrcult snPnulatlon,

N Y 4
- - N
A .
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" 2.4 Gate level Vmodels and simulation

-

Gate level simulators such as TEGAS [Syz74f and SALOG [Cas78], rather
than modelling the individual cxrcmt elements, model gronps of transrstors whnch .
perform a logic function as a single, umdlrectrona.l block. These block§ are nsua.lly
basic b001ean gates, such as NAND, NOR E’X OR or more complex functions, such
as F LIP-FLOPs ahd registers. Loglc sumﬂatlon uses a drscrete set of loglc values
rather than the contmuous voltage functxon used in cxrcmt and tirning analysis. This
set may contain only the two “basic ]oglc valuw 1 and 0. Most logic simulations, -
however, use additional loglc states such as undefgled U and high lmpedance, Z.
The lognc evaluatnon in most gate-level snmulators exploxts the latency present in
Ioglc circuits in such a ;Nay that only gates in which at least one mput has changed
are simulated whlle jgnoring the rest of the circuit. This process is called selective
trace [Bre76] Smce in most large- dxgltal circuits, only a small'number of nodes ar;
changmg at the same time, selective trace algorrthms greatly enhance the snmulatnon

speed Gate-level srmuiators run about 4 orders of magnitude faster than cnrcunf.

*  simulators. : . ' Lo B

-

-~

*

According to their structure, logic snmulators can be elther comp:ler-drwcn or

. event-driven (Bre76] Compller driven simulators’ such as SALOGS [Cas78], compile-

the description of the circuit. mto computer code. Thls approach does not fully

- exploit the mactlvxt.y present in logic cn'cuxts because scheduhng is not used. In
addltxon it becomes very meﬂ‘iaent for fault sxmulatlon '

N " Most modern sxmulat/gs are event—drwen [Szy76] since they allow f&more
versatlhty in handhng de]ays as well as a reduction of the snmulatxon tlme An event
is deﬁned as the change of logic state at an ou.tput node of an element (logic gate
or mp.ut signal source). Event—drwen srmulators nnplement a txme queue [Szy76]

m whxch each entry represents a discrete point in time and corrt&%s a pointer to
8 ‘ - -

- N
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a list of events which are to occur at that instant of time. The elements whose

‘inputs have changed state are simulated to evaluate the value at their outputs. If

the new state at the output of an element is dlﬂ'erent from the old state, the change

'is put on the event list and a pointer to thns event is added in the time queue at

~

the corrapondmg tlme. If the output-of a processed element does not change state,

due to an event at one or more of its inputs, then the elements connected to this

- output (fanout.s) do not need to be processed.

The program module respons_nble for adding e‘lements'in the time queue is called

. the scheduler. _An event is said to be scheduled at time t, if the element in the time

queue points to this event at time ¢. By means of the scheduler and the time queue,

N . A ” . . ‘k . . .
propagation delays can be easily incorporated in event driven simulators.

1

v

Some gate level simulators do not include propagation delays. Other logic

simulators allow unit delays, i.e,, the value at the output of the gate appears one
' = ¥

time unit after the inputs, and all the gates are assumed as having the same d;lay.

-~

However, by using a sche’duler, pr;aassigned gate-propagation delays are introduced

_in logic simulators. ‘Two diﬂ'erent af;')ﬁroaches can be used for that purpose, as

-

shown in Fig. 2.9. A precalcula.ted delay, which varies only with the output load

«an. be mtroduced at the mput or at the output of the gate. For- most logic ga.tes,
) the propaga.t\on delay is a funct:on of Wthh of the inputs is changmg, therefore,

“the’ mpgt approach appears to be more sultable. In some logic sirnulators, delays

ate introduced -both at the input and at the output of the gate.

. This approach of pré‘-a.«':signed -delays, developed for T'TL circuits, stems from

\' the fact that T'TL delays are mgstly inertial. For MOS circuits, however, rise and

Cfall delay times may be. quft”ﬂ'erent and an assignable delay simulator must be

able to assign different rise and fall delays to each gate.

F
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Figure 2.9 Introduction of delays in Gate level simulators.
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An attempt to include the effect of signal waveform in NMOS gate level simu-

lation was made by Tokuda et al. [Tok83]. Delays for a given gate are calculated

» . . . .
during the preprocessing stage'using the input and output capacitances, C and

Cyr, of the gate, and an averaged value for the current of the conducting device. "

Consfder, for example, the simple N MOS inverter of Fig. 2.10. The basic assump-
tion, based on SPICE simulation resu!ts, is that the output low-to-hig.l.lvtransitién

delay, tin, is independent of the input waveform, whereas the output high-to-low

transition delay ¢5; is a function of the raté of change of the input signal. In the first -
4 LN .

case, t;;, the delay is expressed in terms of the output capacitance only, whereas

- - AN .
in the case of t,;, both capacitances, C, and C, (which is used to quantify the

input slope) are used to compute the delay. For a gate with mote than one input,
different delays are assngned for eaﬁzjof thie inputs.”,

The expressions used by [Tok83] to calculate the delays are, however, complex

and therefore slow in terms of computer speed. The level of accuracy reported for

this model for N\MOS circuits containing only logic gates is within 20% of SPIQI}‘
|Tok83].

. Gate level simulators were developed during the TTL era when systems tvere

entirely designed with circuit structures which could be modelled by logic gates.

A

These simulators are, however, inadequate for MOS circuits which include such -

configurations as bidirectional transmission gates, dynamic memory elements and

' \ g
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Figure 2.10 Rise and fall time delays of NMOS inverter.

precharged logic which can not be modelled adequately as a set of logic gates. As
for delay calculations, the delay in MOS circuits depends on the dynamic loading

conditions, and thus can not be properly evaluated using tabulated delays.
2.5 Switch-level simulation ) -
2.5.1 Switch-level models and logic evaluation e

Switch-level simulation |Bry80),|Hay80|,[Ter83), |Bry84] can be viewed as a
compromise between circuit and gate-level simulation for MOS circuits. In switch-
level simulation the network :s represented at the transistor level but egch transistor
is modelled in a highly idealized way as a simple, bidirectional switch. In this way
the network model, which can be obtained directly from the layout, is based on
the actual structure of the design, rather than on its intendecg function as it is in
gate-level simulation. This network model allows switch-level simulation to handle
typical MOS structures, such as transmission gates, precharged logic and dynamic
-, storage, which can not be adequately modelled in gate level simulators.

B Similar to gate-level simulators, switch-level simulators use a discrete set of

logic valyes, rather than a continuous voltage function. MOSSIM (Bry80|, RSIM
[Ter83|, and MOSSIM II |Bry84| employ a three value logic set 0, 1 or X, where
D)
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*‘/_/ 0and 1 repr&sent,' r&pectivelg. the low and high logic voltages, and X represents
an undefined state arising-from uninitialized nodes, short circuits, or charge shar-
ing. The CSA theory |Hay82,. on the other‘hand, generalizes this approach to an
expandable logic set, V', of cardinality 3k + 1 where k is the number of levels of
strength used. The smallest set (k = 1) is the four member set, V4 : {Z,0,1,U},
where Z corresponds to the highq-impedance state or disconnected, 1 and O are the
high and low logic values and U denotes an undefined state. This basic set ca;n be
expanded to include any number of Iev:zl:\s of strength. A strength is a measure of
current drive capability.

The strength relatibn >, defined as equal or greater than imposes a partial

orderi;\g on V. The lggic’set V with-the strength relation > can be shown to form

a lattice. The Hesse diagram of this lattice; for V7 (k = 2) appears in Fig. 2.11. In
/\ the lattice shown, 0, 1, and U re;;resent the strongest values, whereas 0, I, and U

represent weaker values. In general for vy,v3 € V, v; > v if and only if v, is at a

higher level than v, in the Hesse diagram. p
u
3 )
3
‘ ¢
T {)
r R

Figure 2.11 Expandable logic set used in the CSA theory.

4

Network Model : —_—
Transistors are modelled as three-terminal devices labeled respectively gate,
v -
source and drain. No distinction is made between the source and the drain connec-

" a
A )

- tions. Each transistor is symmetric and bidirectional and acts as a switch connecting
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or disconnecting its source and drain according to the state of the gate and the type

of the transistor. Each transistor is assigned a strength from a discrete set according

to the transistor size, as a measure of its current drive capability, so that ratio logic

such as NMOS can be modelled. Short channel transistors have larger strength

‘

than long channel transistors of the same width.

Nodes are classified as either input node or storage node. An input node pro-
vides a strong signal to the network (VDD, GND, clocks, data), and its state is not
affected by‘the Qperation of the network much as a source in an electrical circuit.
The state of storage nodes, on the other hand, is determined by the operation of
the network, much as a capacitor in an electrical circuit. A storage node holds its.
state in the absence of connection to other flodes so that dynamic storage is ideally
modelled. Each storage node can be assigned a siz; frpm a discrete set, according
to its capacitive value relative to the cap:citance of the other nodes with which it
ma‘y share charge. A larger storage node is assumed tp have much greater capaci-

.
tance than a smaller one. In this way a simple model for charge sharing is provided.
When a set of storage nodes share charge, the state of the largest node overrides

-

the state of the smaller nodes.
' 13

Logic Evaluation .

°

Most switch-level simulators perform’a partition of the network prior to the
simulation. MOSSIM ,RSIM, al;d- McSLADE partition the circuit, at the prepro-
cessing, into transistor groups. in which the switches a;re inferconnected only via
their source and drain terminals and some are connected to the supply VDD or

to ground. A MOS circuit par"t'itioned into transistor groups appears in Fig. 2.12,

MOSSIM II perforins a dynamic partition during simulation |Bry84).

—— k
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Figure 2.12 Circuit partitioned into transistor groups.

‘ A transistor group is evaluated whenevér an event occurs at one of its inputs.
The simulation algorithm consists of applying a set of input vectors and propagating
the changes due- to that vector from one transistor gi‘oup to the r;ext’, until the
network reaches a stable state. Only groups in which one or more of its inputs have
changed are evaluated.

The logic evaluation inside a transistor group consists of propagating the logic
values from the sources through the closed switches. As mentibneci ;Bove, each
. switch has an associated strength, according to its size. When a signal propagates
through a switch it is attenuated by a factof which is inirerselx proportional to the
strength of the switch. For example, A minsize transistor ( Lcngth/W:'dth =1/1
[Mea.so] ) has a lower attenuation than a transistor wnh an 'L/W ratio of 12/1. A
Ioglc value zan then be defined as a st.ate-a.t.tenuatlon pair, 5%, where S € {0,1,U}
is the state and « = {0, .- 00}, is the attenuation. With reference to the lattice V
of Fig. 2.11, each a, can be wewed as a level of strength.

To find the logic value of a node, the Least Upper Bound {LUB) operation
is applied to all the incoming state—attenuatlon pairs that drive the node {Hay82|. .

This operation is defined as follows: Let a set of signals, s1,82--+ 5, defined on
A" ' .
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V be applied to a node ¢ (where l' is the CSA Iqgic set described above). The
node ¢ assumes the value Z., where Z. is the weakest member of V, such that
Z: > {s1,82+" .9,.} ( where > has been defined above) The attenuation factor of

a stgnal propagatmg from a seurce (VDD or GND) through a path of transistors,

corresponds to the attenuation factor of the weakest ‘transistor in the path (which

has the largest attenuation).

!
'

As an example, consider the simple NMOS iriverter of Fig. 2.13. The minsize
pull-down transistor, T'1, has an attenuation, a;; and the 4, 1 pull up depletion
transistor, T2, has an attenua.tlon az2. When the.input of the inverter is equal to

1, the logic state 0 propagates through T1 whereas fhe logic state 1 propagates

through T2. Because o < az, the a.ttenuatlon of the I is larger than that of the -

*

~

0. The two state—attenuahou pairs mteractmg at the output of the inverter are:

0! a,nd 1“2 Therefore, in the Hesse.diagram of Fig. 2.11, the state 0 belongs to a -

higher level ef strength tha.n the state 1. The LUB operation then determxnes the

1

state of the output node of the mverter to be 091, o ) :
\ 5 . o1 ‘ .
. (4 . o .
‘ oy 7, ’ . , . ’ 1
- o F T ' A ’ -
. N ' T : . B [+] . \
1 B

. —jT1 . o, . -

v i, ' ' ’
'-L-’ , . Oo .

Figure 2.13 Logic evaluation for an NMQS inverter

1

’

2.5.2 Delay calculation in switch-level simulation - .

Thé traditional 'épproach for intraducing timing analysis in logic simulators has

L]

been to use assignalafe ﬂelays. However. as explained in Section 2.4, this approach

-
" N
o
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Figure 2.14 (a) CMOS NOR gate with the inputs at 1.
. (b) Equnvalent RC network. " . S

i3

daes not work well for MOS circuits, because delays in such circuits, are.very de-

3

pendent on dynamic loading conditioris and the slope of the wavelbmls on the gate:

input of the transrstors Moreover, the wide varlety of c:rcult»structures m custom

i VLSI limits the usefulness of the assrgnable delay approach ‘

For t.hese rgasons it is deszrable to incorporate delay estima:tlon algorithms in
switch-level simulation. Such algorithr;w must be simple, so that they can be used
l'or simulation of large circuits, and at the same ttme, they must predtct delays wrth
an accuracy whlch is not worse than that obtained wrth gate level srmulators

The delay between two nodes in a circuit is usually defined a,s the mterval time

from the sngnal transition at the first node crossmg a threshold to the signaltran-= - .

sition at the second node crossing the same or another threshold The tradmonal

N

model which has heen used to represent. the timing behav:our of MOS cnrcults is the

RC modcl IMea80), [Pen81]. In this model each ON dransistor is represented by an

effective linear reslstance and each node by a capacntor tled to ground Tran.snstors

. ln the OFF state are modelled as open circuits. Flg 2. l4(b) shows the equwalent.

RC network for. the CMOS ‘gate of an 2. l4(a) when ‘all its mputs are at logic L.

' |
' 0 v . - 9
. ‘ i
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Two dafferent aspects must. be consrdered when using the R.C model for delay

caleulation in MOs circuits. The first one is related to the deveIOpment of effi-

‘

crei(t algorithms to calculate delays in RC networks The second aspect rc\fers to -

" modelling the ON transistors as effective reslstancm,

Delay Calculation methods

‘One of the first reported attempts at calculatmg delays m sw:tch—level wrn-

" ulators on, the basls of RC net.works was RSIM lTer83] Tn RS[M the dela.y of

a glven connected component subnetwork is obtained using Thevemn eqmva.lents

~ The delay, ta, at the output node of the subnetwork is given by .

1}

where Ru.,., is the equivalent Thevenin resrstance, and Chrum, is the sum of a.ll the
'capacltances in the subnetwork as shown for the citcuit of Frg 2 15. This approach
results in overestrmatron of the delay for most practical cases as it suggests that all

“.the resnstances in the network dlqcharge through all the caphcnta.nces. T

An RC tree-rietwork is one in which there is only one driving source, which is.

3

the root of the tree, and only one path between each two nodes All the capacitances

in the tree are tied to ground "An example of such a networ’k appears in Fig. 2.16.

[
s N ’

‘ .32

\ ; ta = Rtheucaum . . ‘ (2,11) .

Ly

7 ' . . . .
- ' Figure 2.15 Thevenin equivalent of RC-network as used by RSIM. - . -
"RC- Trees | - , T

"
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between nodes i and j is given by the dis,placemeﬂt '

o~

33

Assummg that a step function is applied at the source of the tree, the typi-
“cal shapm of the voltage response at node i has a monotonical form as shown in
Fig. 2.17(a) [Rub83]. Moreover, with the exception of the first. node (the closesg

. - ' . ,
. ) to the root) or possibly the first two nodes, the waveforms: at all the nodes ‘in

the tree are approximate replicas of each other, But' displaced in time asshown in

(b)

Flgure 2.17 (a) Waveform shape at node iofa tree. (b) Waveforms of
tWdadjacent nodes displaced in time,

i
+
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in time £;; which caun be co;npu‘ted'as follows (Fig. 2.17)

L
\ -

" from Rubinstein et al. 'Rub83i.

]m(l ~ vi(t))dt = Tp,

where-

n
Tp, = Z'Rm' Ck
K=1 .

by = fn “u =0, (1)) d - /) " fv.(t)i‘dé.

‘ (2.12)

L (213)

(2.14)

nis the number of nodes in the tree, Cy is the capacitance at node k. and:Ry; is the

résistance of the portion of the unique path between the source and node k that is

i and j-can thus be expressed as:

\

bj = TDj - TD;

,common wnh ﬂﬁa{uque path between the source a.nd node i, The d‘elay between

-

(2.15)

. +where Tp, and Tp are the delays from the source Bf the tree to nodés i and j

r&pectwely. As Penfield and Rubinstein have shown [Rub83], Eq (2 14) is equall ‘

to the first-order moment of the impulse raponse (of the RC. network) which has

been called delay by Elmore [Elm48|. The formulation of ‘delay gwen by Eqg. (2.14)

is valid only if the waveforms at hhe nodes of the tree are equal in shape as shown

in Flg. 2.17(b). In case it is not, the delay estimated is always cgnserya.twe {Lin84j.

Although the Elmore delay formula is not related to a.‘voltagq threshold, if
. : . ]

. “the effective resi‘sia.nces of the transistors are extracted with respect to a threshold,

Eq. (2.14) can be effectively used to calculate delays in MOS cu'gmts (See Sec.

3.2). In thts case, TD corresponds to the delay From & sxgna.l propagatmg from the

4 W\
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root of the equlvalent RC tree to nede . For example the delay from the source to

o
i

node n4 in the circuit of Flg 2.16 is given by: .

! - A
+
1

ta, = Ri(C1 +C2 +C3 + Cy + Cs +-Cg) + R2(C2 + Cy +’C5 + Ce') + R4C4 (2.16)'

Intultlvely, the 'expressuon of Eq. (2 16) is more reahstlc than the one in Eq',
(2.11), because it is équivalent to saying that each capac:tor charges/dlscha.rgw

only through the resistive path which lies between it and the source, - e

General RC network§ ) !

A general RC network may contain reconvergent paths, i.e. two nodes that are

Fo IR

connected by more than one. path, as the circuit shown in Fig. 2.18.

l T L" N C—-L A i
.. ° g .t ' C'J-._ R - R} -
Ll ' cI : R —-:l Y :
. . N - > . R é R : '

~

‘Figure 2:18 RC network containing reconvergent paths.

s f R
° N .\ ... , . . - \

: Lin_and Mead [Lin84| generalized the Elrore delay formula of Eq. (2. 14)’tb
general RC networks. Their solution consusts of deeomposmg the RC netWOrk mto

* _an RC tree-or trees by node-splattmg;that is some nodes in ‘the ‘network are spllt
nto two or more nodes in order to break t.he reconvergent paths and dbtam a free.

. 'As Lin and Mead have shown, such a decomposmon always exists. An example of

. ( . a decomposed RC network appears in Fig. 2.19. The nodes of the ongmal network '
Rl . are calJed primary nodes, and those in the nesultmg tree are called secondary nodea.
i S e o
) ' - \
] ® 'y 7 ‘..

o,
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cand ng: k= l -3, are equwalent §econdary nodes.

’

n; in the original netwock. C,; is the capacitance of the secondary node n,;, C,

Fey

-

The set of p;erondax"_v fodes which corresponds to the same primary node are called

equivalent sccéndary nodes In the .network of F ig. 2.19(b), n, is a primary node .

f
‘

<

Flgure 2.19 (a.) Network with 7 incident branches on node n,.
(b) Network after node spllttmg

Ao
t \

* \ L, Ve - .
. SRR ' ,
- Equivalent secondary. nodes must have the same delay and this delay must

be- equal to the delay at the correspondmg prlmary node in the original network.

The dela&s of the secondary nodes ‘are obv;ously dependent on the values of the

"

capacntances of those nodes. Fmdmg the delays in the ongmal network is equwalent

to finding the right capac:tance dtstrlbutlon on the setondary nodes. This is done .

“by solvmg the followmg set. of algebralc, Imear equamons . RN L
. . 5 4 - .
. o t‘l - t;} ::;-.‘. . g-_. t‘J‘ 'Vi' i‘g\]. ceen . . '(2.17(1) \
N . . M4 '
Z Cie =C, 1y L= Lo (2.176)

.

>

where t,; is the delay of the secondary node n,, corresponding to the grima’ryf node -

-

Iy



‘.

is the capacitance of node n, in the original network, n is the number of nodes in
the original netwonf‘k that have been split, and Ji is the number of secondary nodes

corresponding to the primary node n,.’ Therexpression of Eq. (2.17a) means that

\ the delay at the eqmvalem. seconda,ry nodes is equal whereas Eq. (2.17b) states

. 'that the sum of the capacitances on the equlvalent secondary nodes is equal to the

-

capacxtance of the correspondmg primary node. The system of equations presented

n Eq (2 17 ) could be solved by using an exact solutlon method, such as Gaussian

L

elm’unatlon However, thxs is time consummg and an alternatxve relaxation method

. has been proposed by Lin and Mead'[Lm84].

Switch-Level Delay Modelling

ThesBecond aspect of delay estlma.tnon in sw:tch-level sxmulators usmg the RC

\

represent.atlon of the network refers to the model, on the basis of which the transis- .
i tors are replaced by effectlve resxsﬁances There are two types of swttch-level delay
models, static and dynamie. Statrc models refer to the case in which the effective .

resistance of the transistor-is modelled only as a functron of static conditions such

as size and type of the trans‘lstor. ‘Dynamw models, on the other ,hand, model
the transistor €ccording to specific corfditions of the circuft at a given time. This

approach includes such effects as the load -driven by the trg'msist.or and the slope

of the gate waveform, when computing the value for the effective resistafice. The-

v -

: ;I‘he model developed by Oﬁsterhou§ (Ous84| belongs to the second category.

. oo . : . y
According to Terman's: model, the effective resistance, Rss is a function of

the ,Slze of the transistor and the static context. His model recognizés 5 different

7

cont.exts as shown in Fig. 2.20. Tn order to obtam the value of the effective resistance -
’ for each of the chses of Fig. 2.2’h. Terman performed simple SPICE simulations,

one in each context, using a constant capacitive load.

37

models developed by Terman .iTer83] a.nd' Lin’ [Lin84)] belong to the first category.

-
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Figure 2.20 Transistor contexts as défined in Terman’s model (Ter83).

.
:

There are three main sources of iha.cc_'u‘racy in the method of modelling used

.
N\ LN

° by Terman. - ]

D0, T AT S g 3

o The effective resistance is assumed to be indepen'dent of the laad driven by the

‘transistor. In thecase of the n-channe] pulldown driving a smaller load than the

3

one used in the extraction of JR. ; f» the result is” an underestimation of the actual

M ) ’ -
e '

value. co T oo

= AL
P
&

e

. o . e The effective resistance does not include the ‘effect of the input waveform. In
- L 4 \' L

the case pf the pulidown t.ransisu;r driven by slow signals, a considerable error is

g intfoducet_i in the delay estir’nation.v { .
~ . ¢ The context used for extracting the va.l'ue‘ of R. 1. 7 for the pulldown is not realistic,
. because in- NMOS circuits pulldowns always have a pullup connected to them. The

- - presence of the pullup. strongly affects the va.lue of the eﬂ‘ectwe resistance Of the ~

_pulldown. For a 4/1 mverter.’the dlfference might be around 20%. '

l- o . Lin and Mead also used an oversimplified approach to model the transistor as

- . . >
' ¥,

- <38 ' , . -
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an effective resistance 'Lin81. The value of R,/ is extracted from an 4/1 inverter -

'
v

chain as shown in Fig. 2.21. ’

>

Figure 2.21 Circuit used by Lin and Mead to extract the effective resistance
[Lin84]. ‘ L
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™
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. The inverter pair delay T is obtained: from SPICE simulation results. It
is assumed that the output low-to-high propagation delay is 4 times the output
high-to-low delay. The effective resistance, assumed equalon a per/sqr basis for the

two transistors, is computed as:

Reyp=com— - (2.18)

For any transistor in the circuit, the effective Tesistance is obtained simply
by multiplying the value o_t‘)tainedrin Eq. (2.18) by the number <:>f squares of the
transistor area. The sources of inaccuracy present in this model are the same as in
Terman’s model except for the context, which in Lin’s mod(;l appears more realistic.

Although the static models developed by Terman and L\in present serious inac-
cusacies, t\hey work reasonably well for NMOS circuits, due to the presence of the
big pullup devices, which determine most of the delay in é’digital NMOS circuit.
It has been observed that the efIvf‘)ti\e resistance of a depletion transistor used as a
pullup load is essentially indep;'ndcm of the load-(Chap3), and the slope ,Tak83 .
This is not the case for CMON circuits. where such a simple mbdell'mg method

v

introduces appreciable errors in the delay calculations.

39
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< Ousterhout’s model the effective resistance of a transist,

A significant contribution to switch level modelling was ma Qusterhout in

the formulation of the models for the timing analyzer GRYBTAL [Ous83]. CRYS-

TAL was designed to calculate delays in critical paths of MOS digital circuits. ‘In

includes the effect of the
input waveform, in addition to the size and type of the transistor. To introduce

the effect of the input waveform jn the computation of the effective resistance of

-

_the transistor, Ousterhout developed the concept of rise-time ratio. This ratio is

. !

defined as the rise time of the input signal divided by the intrinsic rise time of

the stage. The latter is the rise time of the signal appearing at the output of the
stage when the input is a step function. The rise-time ratio gives an estimate of
how much a transistor can be affected by’a particular input slope, independent of
the load and size of the tranststor. The effective resistance of each transistor is
obtained from a single table which contains the eﬂ'eétive resistance as‘a function

of the rise time ratio. Ousterhout divides the transistors into five different types:

enhancefnent, enhancement driven by a pass transistor, depletion load, super buffer

o ,

and depletion transistor. For some of them, there is a subdivision depending on

whether the transistor is transmitting a 1 or a 0. The introduction of the effect of

~

* - .
the slope in the evaluation of the effective resistance of a transistor represents the

major contribution of Ousterhout’s model. However, the model is deficient in the

following areas:

.

e The value of the eflective resistance of the transistor is not adjusted with the
capacitive load.
e The objective of the model developed by Ousterhout was timing analysis rather

than switch-Jevel simulation. The waveform rise-time used by his model is not

available in switch-level simulators, where only delays are known.

40
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The n?odel developed by Ousterhout yields very accurate results (within 10%)
for NMOS circuits. No results have been reported about the model’s performance
with CMOS circuits which-pose more complicated modelling problems than NMOS.
- The objective of the new switch-le;el delay model is to overcome the deficiencies
present in the previous reported models. It must be computationally effective, so

that large circuits can be simulated and it must evaluate delays in CMOS circuits

with a good degree of accuracy.

a3
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CHAPTER 3

~ THE DELAY MODEL .

3.1 Introduction . e
The ne;v—switch level simulator, McSLADE [Kho85], in which the delay model
to be described here was implsmem.ed, mode]s the MOS c¢ircuit as a combination
of a switch network and a linear network. The switch network, in whick transistors
have been replaced by bilateral switches, is used for the logic evaluation as described
in [Kho85|. The linegr network used for the delay calculations, on the other hand, is
based on the RC model. Because the delay calculation must be repeatad every t}ime
a switch changes state, the objective is to ;:lerive simple linear approximations to the
. complex nonlinear dynamics of the transistor. The capacitances of the RC model
are cokmputed %the basis of the topological data of the circuit at the preprocessing
step ;nd remain constant during the simulation cycle. Therefore, all the effects
V that lead to variation in the delay are modelled only by the effective resistance,
R.s;. The value of Riyy is ‘calculated during simulation on the basis of the circuit’s
activity. It is shown to deperid not only on the size and type of the transistor, but
é.lso on the context, its capacitivé -load and the slope of the gate input waveform.
To establish a relationship between these factors and the effective resistance of
_ the transistor, circuit simulations were performed on basic configurations, using
SPICE2G6 [Nag75] and the MOS2 model (Sec. 2.2). The simulation results are the

key to building the transistor models.

2. -
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This. chapter describes the extraction and use of the new delay model. Ase
starting point, a definition of delay is given in Sgction 3.2 The model for the node
capacitances is presented in Section 3.3.- Section 3:4 derives a relation between
the effective resistancé and the main factors that influence delays in MOS circuits,

n

The incorporation of the model in the simulator McSLADE is described in Section

3.5. Section 3.6 illustrates the configurations on the basis of which the model was

extt:icted, and describes the changes that must be made in order g".o update it. for fr

changes in the device technology. .
. koY

-9
3.2  Definition of Delay
Prior to the building of the model it is necessary to have a consistent and
unambiguous definition of delay, The delay is defined as the intervc;l between the

time the input transition crosses a threshold and the time when the output transition

~ crosses the same threshold, as shown in'Fig. 3.1(a). A major consideration in the

above definitidn is the selectiog of proper thresholds. The\fthreshold voltage of a

given gate is defined here as the voltage Vi, at which th‘c‘ input voltege, Vin, CNI‘,'

the output voltage, Vous, in the transfer characteristic, as shown in Fig 3.1(b) y

. v Vom

‘ (.) , tr th (b)‘ Vin

Figure 3.1 Definition of delay. (2) Rise and Fall
delay times. (b) Threshold definition.

-
v

\
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A problem arises when rascidip;g gates with different threshold levels. & the

&, N R
circuit of Fig. 3.2(a), gates "1 and.B are assumed to have different threshold Ving

¥

and Vip,. If Vin, > Vin,, the time T is counted twice when computing the delay -

-~

from a to ¢, as shown in Fig. 3.2(b). Otherwise, if Vipy < Vt_,:f; the time T, is not

. accounted for, ag shown in Fig. 3.2(c).

-»
\] L.
'a b ¢
<‘ h ' ~ ’ "
- vlh. 'v'
(a) - = ‘
E) t
' Ving. N
"?t ) O e -

Figure 3.2 (a) Cascading gates with different thresholds.
(b) Time T accounted for twice. (c) Time T unaccounted for.—
. : . . ,//
, P P

.
e

This pro‘blem can be avoideéby@single threshold for the?-{éntire circuit.
This threshold must be chosen in guch a way that the delays in the dlﬂ”erent, gates

of the circuit are always positive. A reasonable solution used here and also adopted

-

by Nham and Bose [Nha80| is to use-the threshold of a standard minslze inverter

.
.

“for the whole circuit, By employing this single threshold, most of the gates are.

assured to have positive delays, although for structures with_very different transi'eib '

characteristics, a negative delay may result. This is illustrated in the circuit of Fig.

'3.3. When a slow signal is applied to the input of the gate, the transition at the

output might cross the threshold Vix, before the input does, ;ausing a nega.tive

delay for the ga.te.l

(4' . .

“

o
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Figm‘e 3.3 Negative delay occurs at the output of G.

‘)

The purpose of the above definition of delay is twofold it will be uSed in the
experimental circuits aimed at extracting the model of the effective resistance and

it will also bé applied to the test circuits used to assess the model.

—a

3.3 . The model for the capacitances . S .

Flg 3.4(a) shows the MOS junction and d:stnbuted thin-dioxide capacxtances

- as'used by the SPICE modgls. The. source, drain, and bulk overlap cgpac:tances '

are shown in F ig". 2.4_(b). The same capacitances appear in all the three models, -

. MOS1, MOSZ and MOS3 [Vla.?gl although their values are computed diﬂ'ero‘antly

The capacitances of the RC model used to caléulate the delays, on the othet hand
must be constant and grounded. The objective i is, therefore, to derive a model in
whlch all the MOS capacnances are lumped between the transnstor terminals and
ground as shown in Flg 3.4(b). -

There are three capacitances a.ssoclated with each translstor, C,,C and Cy, ‘
connectmg, respectwely, the gate, source, and dram to ground Although this
model is a rough approxnmatlon, it will be shown that as far as delay calculat\ons

ate concerned, the lumped model yields very accurate results. \

3.3.1 .Gate Capacitance ’ ‘ e

C,, the gate capacitance, is formed by lumping at the gate the distributed

" élemenits of the nonlinear gate-channel thin-dioxide capacitance, as shown in Fig.
‘ %
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) ‘ “Figure 8_.5 Lumped,model for the gate capacitance. -
A reasOnable approxlmatxon for C, is gwen by the followmg expressnon [Hod83] .
. , ‘ c ‘
: CozCosWL = (=) WL ; 3.1
) g7 or - \toz ] ) * ( )
where W and L‘correépond respectively to the éhannel width and Iength‘ as they
‘s appear in the actual layout of the tranmstor, e is the p?ermmvxty of the silicon
. dioxide and tox is the th:ckness of the snhcon dioxide layer. These two parameters,
L 46 - ,
. . Se 5 -\““ ‘
R £ ) . ‘ K " ‘r




#
e and to::, must be supplied by the user based on technology data Expresslon (3 l)

b

is adopted by the new delgy model \

3. 3 2. Source and Drain capacitance

. The source-ground and dramoground capamtanca, C and Cy of Fi ig. 3 4(b),
are formed by lumping the source and drain overlap capacltances and "the nonlmb-
ear,ﬂvoltage—contcolled drain-substrate and source-s'tlbstrate Junctlon capacitances
resplec‘l:lvely.”’l‘hgy are evalq,at'e‘d‘as fotlows [Hod83]: ‘ ‘

©

h Cd = Kchdb + C’;? [ ) (3.2;0)

" C=KeCa+Coto . (3.2.8)

where C,,., and ngo represent the dram and source overlap capa,c;tanca. Ca
‘ and Ca correspond to the zero-bnas, source-substrate and dram—substrate junction
capacitances respectively. K,g is a dlmenslonless parameter used to [meanze the
zero-blas Jjunction capacltors with the change in the voltage level. The nght-hand

" terms of (,3_42) are evaluated using technology and layout parameters as follows:

ﬁ -
7 Ca=CjoAS+CjwPS .. B3.9)
Cap = Cjo AD + Cy,uy PS ) T - (3.3.0)

‘

wl1e're\AS', AD, PS, ar;d PD cotrespond, respectively, to the &lrea (A) and perimel;er
(P) of the source (S) alul drain (D) regions, obtained directly from the layout of
‘the traosis'tor: C,.;' and C,., are the junction, zero-bias, bottom and 'sidewall
capacntances per unit area and unit penmeter, réspectlvely "These capa.cxt.ances are
technology~dependent and must also be supphed by the user.

The definition of K., for a voltage controlled capacitance is given by:

’

a1, | .



o

: Keq == ."‘ T (3‘4) \

,where.b, is a junction zero-bias capa'x;itance‘ such as C, and Cg. C.g is the
equi‘deht capacitance defined as the voltage independent éapaciiince that requires

the-same change in charge as the nonlinear capacitance, for a given voltage range.

-That is Co
o AQ  {Q(Vz) - QW)} -
Ceq - A.V - . ‘.Vg . V[ \ . I . ('3-_5)
where C - S,
R AQ -/v,— (V)dv ']V2 [1—v]""‘w (36a)
- . = : L= - 1 i - (3.6.a .
. - - ' Vl' FJ Vi . 00 . , .
and - \ . . ) ’ ce,
. AV =W-vyp . . (3.6.b)

("
-

'IC,,, is the Junctxon capacntance at V = 0, and m issthe junetion grading coe&i- .
cient. ‘&, is the Junctlon barner potential developed across the depletion region,* |
and depends on the temperature and the |mpunty concentration on either side of -_

the junctlon. ®, and m are technology-dependent user- supplied parameters Vz

and V) correspond to the hngh and low voltages of the voltage swing. From (3 5)

and {3.6) - .
;o SR  Cio®o - [1-Vo\'™ o
; , (4' ’ )0 0 , 2 . , s
L eq (V2 - Vx)(‘l __m) ( *0’ - > ) (3 7)
and from (3.4) : @ A ,
. o . C, k e - (l - Vz)l;m
: Ky =53 = e . (3.8
v ng C)o (V2 R Vl)(l - m) : ( ) ;
- . | 48
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T The switch-level capacitance model can now be evaluated brovided that all the

L3

b ) technology and layout parameters be supphed These parameters are summanzed

in Table 3. 3 1. The expresslons for the complete switch-level capacitance model are

n

\ summarized in table 3.2

[

. ‘ Symbol ' Parameter

‘ ‘ . . Cj Bottorn zero-bias junction capacitance per unit area

, ' Ciew SldeWall zero-bias junction capacitance per unit perim.

' L $o . - Junction barrier potential ’
$ . M; Bottom capacitance grading coefficient .

- ' - M ew ) Sidewall capacitance grading coefficient
Ctox | ‘ Thickness of silicon dioxide layer
. €a _ \ Permitivity of silicon dioxide’
- ) Keq Linearizing coefficient
Coz .* Gate capacitance per unit area "

: 'y C'?da . Gate-drain overlap capacitance per unit length
g ' . " Table 3.1 ‘Techn‘ology data for capacitance Model .
3 .
i Capacﬁance . Expression

b « Cyp . f T CoaWL

L Cq K. (C, AD+ Cyy PD) + Cyy,

C, K.q(C, AS + Ciew PS) + Cgs0

1

" Table 3.2 Switch-level capacitances

The simulator computes the values of the capacitances at the preb::ocessing
"_ . step; using the equations of Tabﬁle 3.2. The Technology data of Table 3.1 is stored

~ " inaspecial file read by the simulatbr, called the tcchnology ﬁfe. The geométry pa-

\

. rameters of the translstor are supphed either by a circ¢uit extractor or by specifying

'
Ve
‘. « . f
| - '
.

them lh the mput file. : i .

-



Example 3.1

1]

' " Fig. 3 '6(a) shows a c:rcunt contammg two cascaded CMOS static inverters”

" From the clrcmt Iayout whxch appears in Fig. 3 6(b), the geometry dlmensaons

o} the transistors ca.n be extracted. Technology data is taken from the Northem

T RT3
~
1
-4
' L]
.
;E'J
N L.
B
)
%
«
.
- .

G
. o )
- B " : H‘. -_'l H‘ " . £ -
' S S . € ‘i L
- 0. . : : -
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- ? - .‘l N - _: '? — foves. N
. (). © ()
Figure 3.6 (2) Cascaded CMOS inverters. (b} Symbolic Layout - - ,
) . of the inverters. (c) Switch-level transistor capacitances. . :
o o . - {d) Reduced swntch level capacitance model. ’
v " = . The switch-level ca.pacnance model is shown in .Fig. 3.6(c). 'I‘he values for the
'( ' different capacitances are eva.luated as follows R ‘
a’ ? ’
- CGate capa.cxtapca. ) " R Ce
ETR 50 . A
"q i . ' N ! i .
¢ N ~ . \', . ‘
¥

L4

- " . Telecom CMOS-1B process [Smi83).

]
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‘:w_‘j IIA
f
L B s .
_L.‘,"".J : L .
o nl g
T :

»




! ' Cy1=Cga = WLCoz = 5;15;:4 110 ‘"{:' 001pF
. SRR -
SR _ Cy2 = Cga =W LCoz = 5410u4.1 u:r‘r—n—2 = 0.02pF
. C c
Drain Capacitances: o '
) _ . . e
Gdl = Cd:! = Keq(C, AD + Cj.wPD,) + ngo ‘ X ar e

' <

=0.123 (0,4 10*3;%75 10-3m? 4+ 0.8 1’0'°£—30 10'°m) + 0.001pF

\l

in a similar way o : ., )
. . : : \ ‘ ‘ (

= 0.0076pF o T E

A
h

5
v

Caz =Cuay = 0.(:)078pF "

" Finally, all the capacxtanceo connected to the same node are added together

y:eldmg the c:rcunt of Flg. 3. 6(d), whete

C = Cgi + ng = 0.03PF ' . "‘ s

C3 = Cd:i + C44 = 0.015pF . Y ’. ¢

The accuracy of the swutch-level capa(:ntnve model can be asseesed by compa;mg

SPICE: snmulatnon results on the delays computed in the circuits of Figs 3.6(a) and

L 36(d) In the former case the circuit is slmulated usmg xts complete MOS2 model.

[4
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1In the latter. the transistor ¢apacitances of the SPICE MOS2 model are zeroed and

external caéacitorg with the values obtained above are used. Comparative results

3

for the exact and approximate ‘models are shown in Fig 3.7.

the (us)

tin (ns)

. (‘omplete
‘oL Lumped

= ('&) - t

LY

[ hss

1.7

1.74

- 1.82

Figure 3.7 (a) Obtained SPICE waveforms on the cascaded CMOS inverters
mlng the complete and the lumped capacitance models. (b) Delays obtained

. ~ " at nodeé S running SPICE on both models.

L

3.4 The model for the effective resistance -
O EU . , .
£

N
[

Since the capacita.nces‘of the RC model are ei/alu;ted in the preprocessing

, step and remam constant dunng stmulatlon, the. effectlve resistance must mclude

all the eﬁ'ects tha.t cause- va.rlatlons in the delay a.nd must, therefore, be computed

- durmg sxmﬁlatxon. The effective resistance is deﬁned as the equivalent linear resistor

- that causes the same dclay as the transistor, ‘under the same operating conditions.

Consider the circuit of Fig. 3.8. The voltage across the capatitor C¢ rises from 0

}

(mlhal va.lue) to-Vad and at time- t,; it crosses a pre—determmed threshold vea.

»  Based on the Lin and Mead expression of c!ela.y, given by Eq. (2.13), the value

>

of Resy can be defined simply as: ’

(39)

&7
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Figure 3.8 Definition of effective resistance
- i

where ¢; is the delay "as defined in Section 3.2 The effective resistance of a tran-

sistor is an empirical ‘model, based on experimental results, that serves the unique,

. purpose of delay calculation. A comprehensive model, based on the concept of the

effective resistance, can provide a reaspnably precise and efficient method for delay
calculations in MOS circuits. ) ,
+If only one single value of effective resistance would suffice to model the tran-

sistor. the'value obtajned in Eq. (3.9) coulﬁ)e used to replace each ON transistor

* when building the RC network needed for the delay calculations. However, the

problem is more complex, as the effective resistance of a transistor depends on both-

‘static and dynamic factors of the circuit to be simulated. The effective resistance

- ¢ .

. ‘must be determined separately for each transistor during simulation according to:

‘Size: The length and width of the active transistor area have a direct effect gn

the value of the effective resistance. ' .

' d -

Type: There aré three basic types of transistors used in MOS circuits, for which

the effective resistance yields different characteristics. These are n-channel enhance-

ment. p-channel enhancement and n-channel depletion. In addition. transistors with

different threshold voltages correspond to different types.
I .

- 4 - .
Contert: In the static sense. 1t refers to the context in which a transistor

A

appears in the circuit. i.e. pulldown. pass transistor. etc. [n the dynamic sense.



#b"é.

4

context refers to the actual activity of the transistor at a given time, such as turning

ON or OFF, transmitting a high or low voltage, etc.

e

Load: The nonlinear characteristics of the transistor are such that the effective
resistance depends on the load driven by the transistor. This load, in turn, depends

on the connectivity of the circuit at a given time.

Gate waveform: When the transistor is changing state due to a signal applied
to its gate, thé delay depends on how fast the transistor switches. In other words,
the rate of change of the input waveform has a direct effect on the value of the

-

eflective resistance.

In the following sections, a comprehensive model which takes all these factors

into consideration, is developed.

“~

34.1 Context dependence’

Consider the circuits shown in Fig. 3.9. In case (a), the transistor is already
fully ON and a transition occurring at it§ drain i3 propagated to the source,

The delay is the time from the transition at the drain crossing a t};reshold.
to the transition in the source crossing the same threshold. In other words as
V, changes, V; follows but delayed ( Fig.. 3.9(c) ). V,, remains approximately
constant and small compared to V4. The effettiv:;;sistince, R.ts, in this case is
relatively low because it is determined by the slope of the output charuter%stic of
the transistor in the triode region, where dVy,/dI; has a small value, as shown in
Fig. 3.9(e). o

In case (b), the transition occurring at the gate of the transistor is turning it
ON and the delay is computed as tl}e time from the transition at the gate crossing a

o

threshold to the drain ;eaching the same threshold ( Fig. 3.9(d) ). Since V3, = Vyqy

N . !
winitially, it can be seen from Fig. 3.9(f) that the transistor spends a long time in
» - }
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Figure 3.9 (a) Transistor passing. (b) Transistor switching. {c) Delay in trans.

. passing. (d) Delay in trans. switching.(e) Locus in case

J of trans. passing. (f) Locus in case of trans. switching.

sat%lration where dl;/dVy, is small, thereforé the effective resistance will be higher
than in the case of Fig. 3.9(a). Hence, it is evident that a distinction should be made
in each of the two cases presented above when evaluating the effective -nesistance
of the transistor. In case (b), the tramsistor is switching f;om OFF to ON due
t6 a signal applied at its gate, whe;‘eas in case (a) it is aTready ON.and is s;imply'
transmitting a. signal bebwge;l its source and drain. These two cases are referred
to, r&spectively; as transistor switching and transistor passing and are recognized as
suc:l': by thg new model when evalu—éting the effective resistance.

Next,‘the circuits used in the previous example are expanded to the ones showp
in Fig. 5.10. ‘

For the case of the transistor switching two ‘cases are considered:

a) The value transmitted through.the transistor is a 1.

T ° T- 85 SR
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Figure 3.10 Transistor switching and passing transmitting different
logic values.
b) Th\e value transmitted through the transistor isa0.
‘ k As for the transistor passing, two cases are also considered:
‘ ¢) A high-to-low transition is propagating through the transistor.
d) A low-to-high transition is propagating throug’h the transistor.
i . SPICE simulation results obtained for the 4 cases appear in Table 3.3. They
’ suggest that the effective rwistantge of a transistor depends also on the logic value
being transmitted. In general, for n-channel transistors, the effective resistance is
higher when propagatiﬁg a logic 1 than .a logic 0. For p-channel devices R.sy is

smaller when transrhitting a 1 than a 0.

7

Case Log. Value Prop. Delay (ns) Reyr(K02)

2 . Switching 0 2.2 22
Switching 1 3.8 38
Passing 0 : 1.7 | 17
Passing 1 2.5 25

!

- " Table 3.3 SPICE results on propagation of di/ﬂ'}rent logic values
- A_'_// AT '
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The complete context dependenc;e for the effective resistance adopted in the

new model is summarized in Tabge, 3.4. It recognizes four different cases, all based

on the dynamic activity of the transistor at a given simulation time. These are the
only contexts recognized by the present model. Static 'conte)'cts are not recognized;

for example, the model does not differentiate between an n-channel enhancement

“device used within a logic gate or as a pass transistor. Despite the simplification,

4

surprisingly good results are obtained by using this simple model.

Context
Switching to transmit a 1
Switching to transmit a 0

Passinga |
Passing a2 0

Table 3.4  Transistors according to their context

3.42 Load and size dependence o . L

Passing transistors

Fig. 3.11(a) shows an n-channel transistor connected (t.o a load fapacitor Ce.
SPICE simulations were performed on the circuit, varying the value of the gapa,citor.
The obtained results appear in Fig 3.11(b), and suggest that the effective resistance
of passing transistors is aser‘\tially independent of the load, except for yery small
loads (for reference, the gate capa.ci\t\a.nce of a minsize CMOS inverter:is 0:03p‘F ).

Depletion transistors used as pull-ups in NMOS circuits are a particular ex-
ample of passing transistors, and it is shown elsewhere in this section that their

effective resistance is indeed independent of the capacitive load over a very wide

%

range. :

Based on the experimental results obtained above, the model assumes the ef-

fective resistance of passing transistors as being independent of the load. For each

LI “ a7
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-

L4

P

[

-



”--
”—-
v, S u--"-:»
b dd ) 1' : T Ll
— : |l : ! | |
by ! ! 1 i
(’) . :L L : ! | - ’
. 0.02 608 0 1 0, CL(P' }

(b) =

Figure 3.11 Effective resistance of a passing transistor as a function
of the capacitive load. (a) Circuit used for'the experiment
(b) Obtained results plotted on a logarithmic scale.

”t

transistor size two constant values are:employed to evaluate the effective resistance
of passing transiétm§. The value, selected during the simulwation cycle depends on
_whether the transistor is propagating a logic 1 or a logic 0, as explained ifi Section
3.4.1; o R _ , :
Switching tr:mslstors ‘

Fig. | 3.12 shows a minsize static CMOS inverter, driven by a step function,
'and the equivalent RC circuits for the t.w;) poséible output transitions'. The step
‘ function is chosen in order to avoid any mﬂuence on the results by the slope of the

input signal (see Sec. 3.4. 3)

Rett,

-

Flgure 3.12 Equwalent RC circuits for the two possible transitions
' at the output of a CMOS inverter.
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given by: ) o ‘ ‘

The inverter is assumed to be symmepric with the piéha.nnel device approxi-
niat.ely twice as wide as the n-lchan'n‘el. Circuit simulation was used to extract the
values for the effective résistance for the switching n- and p-channel devices trans-

mitting 0 and 1 respectively. For the n-channel device the effective resistance is

Y '

given by:

Tal ' - 3
Regs, = Z'-E , | ‘ (3.10) _,
Similarly for the p-channel device transmitting a logic 1, ‘the effective resistance is
L3 v . v ( ( - °1I

T \'

tw .
Reppy=g, 7 . (3.11)

It is evident that both measured values include the effect of the oppos/it.e tran-

sistor switching OFF. If-the transfer characteristic ia symmetric, ty; = ¢, and

Rery, = Reyy,, then a single value would suffice to represent both the n- and p-

. channel devices. This means that a p-channel device with a lchgth/wa'dth‘ ratio

L/W =1/2 has the same efféctive resistance transmitting a 1, as a 1/1 n-channet
dévice transmitting a 0. This fact has practicﬂ impor‘tance in the implexﬁentation
of the models, as p- and n- ghannel transistors can be assumed to be of t}\e’same
type when transmitting opposite logic values, if a proper scaling factor is used to

compensate for the size. ) < .

:

‘By changing the capacitive load, the variation of R,s; with C, shown Fig.

3.13, was obtained. This result shows that the effective resistance is a function of

" CL, although for sufficiently large C',, it becomes constant. It means that, for small

_ loads, the delay of the‘ stage is not a linear function of the load, as compared to

large loads where the delay increases linearly with the load. It can be seen from the

59 : A
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‘Figure 3.13 Effective resistance of a switching transistor as
a function of the loa.d

numerical results, that the capacitance at which R.;; becomes constant is much

o ,lax:gev thgnﬁ.,gbhe one at' which the effective resistance of thie same transistor when
' passir'lg, becomesv‘co'ns—tant (Fig.3.11), foe‘ new del;y model assumes the effective
resistance of a swit&hini traﬁgistor as being ; fux'iction of the- load ' ' €

As an additional example, Fig. 3.14(b) shows the results for the NMOS stan-’
dard lnverter of Fig. 3. l4(a), simulated wnth dlﬂ'erent capacitive IOads

,Gé)l

SN

Y

o
N e - | 1

Figurb'a.l; (a)' NMOS inverter (b) Effective resistance of the pull up and
pulldown transistors as a function of
the ‘capacitive load.

It can be seen that while the‘eﬂ'ectivve resistance of the pull-down enhancement

transistor varies substantially with the load (up to a value of 0.5pf) the effective

- 60 .
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 resistance of the depletion load remains approximately constant (above d.dSQF).

.

This result gives further strength to the observation that the effective resistance of
. passing transistors such as the depletion pull-up, can’be assumed to be independent

of the lead} whereas the effective resistance of switching transistors (the pull down) ,—

4
¢

is clearly a functiop of the capmitive load.

) »
)

To see the relation between transistor size and load, different tr;msistor.sizes
were simulated with various capacitive loads for each of the two possible switching
contexts (see Sec. 3.4.1). Fig. 3. 15( a) shows Resrasa functlon of C for 4 n-channel

transistor sizes transmitting a loglc 0. The effective reststances are given in k(3/ sqr.

£

Although different transistor sizes have different effective resistances, the relative ' ’ £

varidtion of Resf w:th Cy, is the same for every transistor size. Furthermore, for an

. 14

mﬁmte load all the translstors have the same effective rwatance (on a per/sqr basis). ¢

.
’ t \

. This res:stance, R,..,.,., corresponds to the case when’ the delay of the transistor

o R}

becomes linear with the load.

- ‘ ' .
N . )
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Figure 3.15 (a) Effective resistance as a function of the size and load. ,
(b) Regy 28 a function of Cuom/Cy. L \
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The value of C at which the eﬁ'ectlve reswtance becomes constant denoted
by C’,.o,;;, is a charactenstxc of each transistor size, and can be determmed by.
running simulations on simple stagés. The quantity Cpom /Cy¢ is a measure of the
relati'v'e load of a stage, and thc variation of R.ss with this quantity is independent
of the sizé “of the transiator. This relation is shown in Fig 3.15(b). Thérefore;

a table containing R,y { as a function of Cnom/CL can be used to extract the

value of the effective res:stance (on a per/sqr basis) for any transistor slze, as a

function of the load. The va.lue extra.cted from the table must be multiplied by the
number of squares of the correspondmg trans:stor to obtain the abaolute value of the
effective resistance. For each transistor type two such tables are needed depending

on whether the transnstor is transmlttmg a logic.l1or a loglc 0.

The model therefore. reads the value of Cnom for different transistor sizes, and

has one table cOntaining the value of R,y for different Cnom /Cl,’s. The-value o‘f,'

the effective resistance is extracted from the table, durmg snmulatnon The quantity

Crom/CL is computed every time the eﬂ'ectwe reslstance of a switching translstot

s needed, due to the dependence of the transistor s\eﬂ'ectlve load Cy on the con-

Tectivity of the circuit. In other words, the delay of a switching device is a function

of its dynamic load, as illustrated in the example of Fig. 3.16(a). The delay at the

output of the inverter depends on whether the transmission gate is ON or OFF, as
the SPICE i'esuits of Fig. n3.1,’6(1'3) suggest. For the first case the load at node A -

is C), whereas, when the transmission gate is ON, the load at A is approximately

Cy + Cs. ]

.

r

3.4.3 Input slope dependehce - { '

s

An nnportant factor which affects delays in MOS circuits is the gate waveform

shape. Ifa tr;msnstor turns ON mstant\neously. then its full dnvmg power is applied
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Figure 3.16 Dynamic loading {a) The load at node A'is varied by
turning ON-or OFF the transmission gate. {b) SPICE delays obtamed
" for both cases.

to the output capacitance, and the transistor has a low effective resistance. If, on
the other hand, the transistor turns slowly, then it may do much of the work while
only partially turned-ON. In this. case the Veffecti\'re resistance will be higher. This

is illustrated in Fig. 3.17.(a). The delay of the transistor can be'roughly expressed
. ‘ _ .

—

. ' - . _cay :
) ' B t = ~ M - ‘3.13!1
T ‘ '( f)
' and ~ . i
o . td AV
. S Re(.f cr " I - (3.13.6)

where I4,, is the avera.ge channel current flowing in the transistor, AV, is the
variation in the voltage across the capamtance, C. For fast signals, Vd, is not- able
to follow Voo and full current. Id initially drives the capacitance as shown in- Fig.-

3.17{b). In the case of slow sxgnals, Va, follows V,, and hence, the current Id &s’\
lower (Fig. 3.17(b). ’I‘he result i is that, the effective reststance of a translstor driven .
by a slow signal is bigger than that of a trapsnstor driven by a fast sagnal.

In MOS circuits, it is assumed t]mt all the transitions are monotonic iﬁ nature,

and that they differ. from each other only in their slope. Therefore the effect of the

gate voltage rise tlme on the delay is referred to as the eﬁect of the slope.

t
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Fig'ure 3.17 (a) The slope of the transistor’s gate signal is varied.

A A, Ty ok e

R ‘ “(b) I, in the outpuy/characteristic for fast and slow signals
§ . " Quantification of the input slope
: ‘
§ In most MOS circuits, the output rise/fall time of a stage can be assumed to
e be proportional to the delay of the stage, due to the fact that most of the delay
¢ is transitional and not inertial. Fig. 3.18(a) shows a static CMOS inverter. The

output rise time is changed by varying the capacitive load connected at the output
of the inverter. Fig. 3. 18(b) shows the output delay (ns) plotted against the output

rise time ( Deﬁned as the time it takes the sngnal to rise from 10% to 90% of its -

! ﬁnal value). , A . , .

‘.\ - r{g ] ("-’,.L. . Ny
N R ‘
a0} ’ !

. l_‘ o B ! .
. L= e g l I
ﬁ ' ‘ - v e [~ -~ ' ' ~
. = . i ek A l

. @ ) © WS tine e (nd)
Figure 3.18 The output rise-time as a funct.xon of the delay” ‘
A . The linearity in the graph provides the foundation for the previous stqteme;nt
‘«- . ' v that, lthe slope of a signal‘ is proportiona.i to the delay o!" the stage that generates

Y
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" it. Thereforé, the slope of the input waveform can be equivalently quantified in .

terms of thé delay of the driving stage, denote'd as’previous delay, tpd.' Fig 3.19 ‘

shows the effect of the increase in the previous delay on the effective resistance of

-

‘s switching transistor, with respect to the effective resistance obtained for a step

fum‘:t;ion,}lc Sfatep where t,y 0. « : . (

N

t'f‘(m} ,

Figure 3.19 The effective resistance as a function of the previous. Helay, tpd.

\

N

The slopé fatio L . .

The effect of the slope of the mput wavefonn on the effectwe resxstance itself
depends on bot.h the size of the transxstor ‘and its load In general, stages driving
Ifrge l«ﬂ:ads or those with \narrpw transistorq are less affected by the slope than stages
with small loads or wid,e tr_ansistors. The method qsed to compensate for the slope .

eﬂ:ect is based on Ousterhout’s discove'ry that all these factors can be combined into

LA

“a smgle ratio ]Ous84] Ini the present context, an sntrinsic delay, td,, is defined as .

the delay of the transnst.or driven by a step funcnon. and is obtamed by multlplymg
thé load driven by-the transnstor by ,t,he effectwe ,resnstance corresponding to »that ,
load. This effective resistance will be denoted by Ress,e., and is obtamed from a

. table as descnbed in the previaus section Next, the slape ratio, SR Lai /t,,d, is -

. 65
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" - defined as th'e, intrinsic delay divided by the‘previous delay. The slope ratio is a

measure of how much a stage is affected by a given input slope, and as experimental
results show, it is approzimately 'independent of the load and size y the stage. A
big slope ratio means that the input slope has, littlé effect on the delay of the stage,

while a stage w‘th a small slope ratio is strongly affected by the input slope.

. - —-—-—_‘

M

2!

Figure 3.20 '.\r[ul:tiplying factor, M F ‘isa. function of the slépé r?.tio, SR.

§
1

Fig 3.20 shows the ’inﬂuence of the slope ratio on the factor M F -by which the'
eﬂ'ecnve resnsta.nce, Ry atep must be multlplled to be adjusted for the input slope.

The mult;plymg factor is deﬁ@ed as:

4 , R‘pd ' :
O MFP= ~ T
R‘ffatep ' . —_—

. X ~
.7 ‘..

where Refy,;., uH@ effective resistance of the transistor driven by a step function

s

“and Re’}'} is the effective resistance gfathe transistor when driven by a signal whose

delay. is tpq4. .

.The model computes the slope ratio for switching transistors and subsequently

extracts the value of a multiplyingfactor by which the effective resistance, previously

. found in the load table. is rx}ultiplied.

L]

’
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35 The simulator and the model

" During the preprocessing step, McSLADE computes the values of the node
capac'itar'rces._, using teghnology data supplied By the user, and ,layout info;mation
which can be provided by a circuit extractor. Also during the preprocessi;xg, the
simulator partitions the circuit into transistor groups [Bry80|, as described in Sec-
tion 2.5. A transistor group is evaluated whenever an event l;?s occurred on one of
its inputs. This évaluation includ&a three stebs; logic.evaluation, delay calculation,
and scheduling. After the logic evaluation is performed on the switch n’et»'vork of
the tra}nsistor gro‘u;‘)',‘ the logic values propagating through the different transistors
of the group, and the direction of the propagation are known. Next, the simula-
tor builds the RC model of the network, on the basis of whlch the delays are to
be calculated using the Lin and Mead approach (Sec. 2.5.2). The transistor or
transistors that have been turned ON by the present event are treated as switch-
ing transistors, for the eﬁ(ective resistance extraction. The other transistors inside
the group that were‘ already ON aré treated as passing transistors. As the logic
values propagating through the transistors are also known, each transistor can be
completely categorized according to its context. For the passing transistors, the

effective resistance is obtained directly according to the size of the transistor and

the logic value propagating throu&h it.

The effective resistance of"the swntchmg transistors, on the other hand is eval-
uated in three steps as follows:
1 The valug of Cnom corresponding to the: size of the.switéhing transistor is read.
2 The effective resistance is e;ctracted from a table according to the load driven
by the transistor (the R.fs obtained corresponds to the transistor driven by a
step function). '

H
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3 The effective resistance is adjusted for the slope of the gate signal, by extracting

a value from‘tl_\e second table according to the slope ratio, and multiplying it
by the value (;bt‘ained in step 2. ; B
The complete model consists of 4 basic values for each transistor type, and
two sets of two small tables ea;h. The basic values are two effective resistances for
the transistor passing a 1 and passing a 0, respectively, 'a.nd two values of Cnom
for the swit,chin.g transjst(;r transmitting a logic 1 and a logic 0. Ea(‘:h set of tables
corresponds to the two different logic value (0 or 1) that may propagate throughkthe
transistor. The two iable§ within each set are one table of the effective resistance
as a function of the load, and another of the multiplying factor as a function of the

-

slope ratio. : e

For CMOS circuits, the same set of tables can be used for the n- and p-channel
devices. Ohe set corresponds to n-channel devices transmitting a 1'and p-channel
devices transmitting a 0. The second set is used for the op;')osite case, namely
n- and p-channel transistors tfar'xsmilséng 1 and O, respectively. The use of only
two sets of tables (instead of four) is possible due to the fact that a p-channel
device with a length/width relation of 1/2 has the same effective res‘istance as
a 1/1 n-channel device when transmitti;lg opposite logic values. Therefore, if an
a.ppro;;riate scaling factor is used for the size, n- and, p-channel devices transmitting
oppasite logic values can be assumed to be of the same type. For NMOS circuits,
the enhancement device: are treated in the same manner as the n-channel devices in
CMOS. Depletion‘i’)ul]-up trans;istors, on the other hand, a’re always considered as
passing transistors for output l(;w-to-high transitions. For high-to-low transitions
they are considered OFF. . |

¥

Once the RC network has been butit, the delay; are calculated, and those
\ .

nodes that have changed state are put in the event scheduler. The time at which

! TN
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the change in the node state will occur is computed by adding the calculated delay

at the node to the present simulation time.
3.6 Ex\racting and updating the model ‘ .
\ ¢ L]
» ' B
This section illustrates a systematic way of obtaining the values used by the

model developed in the proviot.ls sections. This model is analytically independent of
the mtegrated circuit t.echnology process, However, every tlme technology changes

occur, the numerical valueq used by the model must be reevalua.ted .

4 ’

I

) 3.6.1 Capacitance extraction o A

4 3

The switch-level capacitance model is evaluated.on the basis of technology

parameters similar to those tsed by SPICE, as shown in Section 3.3. These param-
R ’ .
_ eters, summarized in’ Table 3.1, are known for any IC process, therefore the tser

, ‘has only to update them in the technology file read by "the simulator during the

. preprocessing step (§ee Sec. 3:3).
' o

3.6.2 - Effective resistance extraction L .

v
.-

" The model used for the evaluation of the effective resistance is more complex

and mvolves performmg circuit simulation on some baswconﬁgurafnons
Pnor to the model extraction, proper threshald, voltag&s for .both CMOS a.nd
NMOS circuits must be chosen. As mentioned in section, 3. 2, hhe thr‘eshold w:ll be

that of the standard minsize mverter Fig. 321 shows the mmsnze mverter and

*he obtamed transfer characteristic. for both NMOb and ‘CMOS cages. From the
transl’er charact,ensqcs\the numerlcal values obt.amed fqr the threshold volta,g&d are
s for NMOS mmmts, Vm =21 volts and for CMOS cx;cults Vip'= 2 5 volts. These

values were uqed in the extractlon ang assessment of the model. . , . |

a .

+

e
s
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Figure 3.21 Threshold extraction for (a) NMOS (b) CMOS. :

Passing transistors

Two values must be obtained each for the transistor transmitting a logic 1 and
a logic 0 (low-'to-high and high-to-low transitions, respectively) for every transistor
size. For that purpose, two different circuits are proposed below for n-channel

transistors as shown in Fig. 3.22 for CMOS circuits.

L
. g Ei-

0.1 pf . - —

F igure 3.22 Extraction of the effective ranstance of passmg
o transnstors for CMOS.

' In cirguit (a) fora = L and b: 0 ~ L ( b switches from O to 1) the high-to-low
- transition value (propagatlon of a log|c 0) can be obtamed for passing transnstor

T2, by t.akmg the time from the voltage at C,, crossing a threshold to the voltage at

’ 70
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C'| crossing the same thresholdx. Fora=1andb:1 — Othe Iq\\}-to-high transition
value may be obtained. In circuit (b) the method is to induce the transition at the
output of the inverter and measure the propagation delay through the ON transistor
T1. The values of R,y obtained in circuits (a) and (b) for the transmission of both
a logic 1 and a logic 0, appear n Table 3.5.

=

Logic Value | Fig.3:22 | ty(ns) | Reps(k01) ’
0 (a) 1.5 15
0 (b) . C 1T 17
1 (a) 2.5 25 gow
1

(b) 2.8 - 28

Table 3.5 Values-of R.; for the n-channe! pass trafisisior.

s

Altough the values for Rcss obtained in both circuits of F}g. 3.22 for a given
logic value are not equal, tho.;:y are close enough to assume that a single value, for
each of the two possible propagations (logic 1 or logic 0) suffices to represent the
effective resistance. In other words, either circuit of the two shown in Fig. 3.22

) o
can be used to extract the two effective resistances needed for passing transistors.
A similar procedure’ must be follow‘ed“for p-channel devices, in which case a 2-
input NOR gate can be used. As t:or NMOS circuits, the effective resistance of
. "+ depletion pull-ups caﬁ be obtained from a simple ir;verter simulating the output
- low-to-high transition with a medium size load. The effective resistance of the
e,,nhancement devices can be obtained using the simple configurations shown in Fig.

L

3‘.‘23,‘\following the same procedure as for the CMOS case.

Ay
t

The number of transistor sizes whose passing effective resistances are evaluated

depends on the particular circuit to be simulated. However, If this circuit includes

f"ﬂ.

' transistor sizes whosé passing resistance is not available, it can be approximated by
- 7 l x.

wd
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anure 3.23 Extraction of the effective kesistance of passing
' - NMOS transxstors

applying linear interpolation/extrapolétion to existing values. Table 3.6(a) shows

the passing effective resistances obtained for 4 different sizes of n-channel transistors.

¥ [
Switching transistors

For each switching context (see Table 3.4) two tables must be built: one table

to extract the value of the effective resistance as a function of Cnom/Cpr, and the =

second table to adjust the R.¢, with the slope of the driving éignal.
The procedure used to obtain the entries for the tables for a switching n-channel

transistor transmitting a logic O is described below. | _ -

First step: Evaluation of C,,,, for transistors of different sizes. It is obtained by

performing simulations on a simple inverter varying the capacitive load. The load

. at which R, [ becomes constant is C,,,,. The experiment is repeated for vanous

trahsxstor sizes using the circuits shown i, Fig. 3.24(a) for NMOS and CMOS
However, in cases where the value of Cp,m is not available for a particular transistor
size, the model approximates it by means of linear interpolation or extrapolation
using exist‘ing values from othef transistor sizes. This is illlustrated in Fig. 3.24(b),

where Cpom is plotted as a function of the transistor size for the CMOS n-channel

72
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devices. For example, if linear extrapolation were used for the transistor with

L/W = 1/10, the resulting value of C,,o,,,‘ would be 5pF instead of 4.7pF. obtained

L
1

from simulation.

T

A7

>

o]

1/‘? _'

[ S
l[s E] 1/4

i ' .
i - N (b)
H

o

Figure 3.24 Extraction of the values of Cpom for NMOS and CMOS for
- " 7 different transistor sizes. )

2

Second step:, Evalu;tion of R.ps asa functi}m of Cnom/CL. By taking z;.ny transistor
si'ze, the entries of the table can be obtained by performing several simulations on
the inverter, drivin}g it \'vith astep function, and varying the load C as shown in Fig
3.24. The effective resistance for each Cnom/Cr must be expressed in kf1/ s-qr. If the
number of entries in the table is between 15 and 20, interpolation may be avoided
during simulation. If the particular value of Cprom/C does not appear in tt;e iabde,

the program chooses the R, 1 corresponding to the closest larger Cpom/C existing

in the tai)le.

-

¢ e

Third step: Evaluation of the multiplying factor as a fum/:tioq of the slope ratio.
L 3 . ~
- The configuration used to extract the multiplying factor as a function of the slope

ratio for the n-channel transistor T3 appears in Fig. 3.25.

-

T3
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Figui'e 3.25 Extraction of the multuplymg factor as a function
of the sloperatio.

4
3

<

. ) P .
From the previous step; the effective resistance of transistor T3 when driven

-by a step function, Resy,,, is known _The slope at the input of the righthand

' inverter is changed, by varying f‘ The delay of the first mverter. measured at

N2, is the previous delay, tpd, for the second inverter, and is used to evalua.te the
slope ratio, SR = R,/h“PC’L,tpd “The different delays obtained at the output'

of the rightmost inverter as the slope changes, are used to compute the e

rthance of transistor T3. By dividing the obtamed value of R, 7 by Rep Sfatep? the

' multxplymg factor, M F, is obtamed for & &wen slope ratio. The value of Cr may

be\choeen arbitrarily. The number of entries in the table depends on t,he type of
circuit to be simulated, although for most MOS circuits, between 10 ang 15 ‘ennrie*s
will suffice to avoid interpolation. ‘ . .

The two tables obtained from the procedure above are also usedmo'evalu‘ate‘
the effective resistance of a p-channel transistor transmitting a logic 0. as explaiued
in Section 3.5. ‘

For the switching transistors trans?mitting bad values, namely n-channel devices
propagating a 1 or p-channel devices propagating a 0, a similar procedure must be
followed to compute the values for the tables. with the differefice that the inverter
can not be used for that purpose. [nstead, the’p‘;—input NAND gate shown in Fig.

3.26.can bhe used. Ifb = 0and a : O — L. the n-channel transistor T'1 is transmitting

T4

-
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a logic 1. By varying the capacitance Cj, first and the slope of the signal driving

T1 next, the two tables can be obtained. These two tables will be used to compute
N1

the effective resistance of the n- and p-cha.nnel transistors transmitting a logic 1

and 0, respectively.

It

- s
< | “ N ”
F\/) ’ N s ¢
’ Figure 3.26 Circuit used for the exggctlon of the model for a swﬂ:chmg ' 2
. ' n-channel transistor transmnttmg al. ‘ .

.
4
vt
- - . -
® P

The com;flete model for the Northern Telecom CMOS lB proceﬁs IS shown in

o a

'l‘ables 3.6. -They include the adjustment tables ‘for the foad and the slope. and

"va1ues 'for\pa.ssmg r@tst,ances and 6',:;",,‘: s for four transnstor sizes. In the tables

.
- Lo 1

Ron, corresponds to the effective resistance of a passing transistor tfansmitting a

can 0, and- Ron, -denotes the effective resistance of a passing transistor-transmitting
- '.‘ al. C’;"",‘S and b;.;,ml ‘denote the Cnopr©of tRhe switching transistor transmitting
& répectively, a logic 0 and a logic 1. Tablés 4.6(b} and 4.6(c) correspond to the
case when n and p-ch#nnel transistors prqpagate logic 0 and I respectively, whereas
4.6(d) and 4.6(e) correspond to the opposite case. A complete example of how the

¥ aw . . . - . .
(_. » tables are used to calculate the effective resistances is shown in S‘g:tlon 4.1
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Size (L/W) Rony (k) * Ron, (k) Cromg(PF) c:,,(,,,.l (pF)
1/1 15 25 0.5 0.4
1/2 9 14 L1 0.7
1/4 5 9 18 1.5
1/10 2 4 4.7 3.7
/

1

Teble. 3.6(a) 'Basic Parameters for 4 different n-channel transistors.

=y

-

Cnom/QL Ruf(kﬂ/sqr)

1 12
1.5 13 B

2.5 14
3.5 15
5 16
oY 56 /L 17
6.2 7 18
9.4 20
12.5 22
16 25
20 29

25 - 34
30 40
"~ 35 44

’l’able 3. 6 (b) R. Jres g function of C,w,,./C,, for n- and p-channel :
devnces tnansmlttmg '0 and 1 respectively. .

./
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MF = R‘I,/Refjotgp)

SR- = Rcff,anL/tpd

4 1

3 1.2
1.8 1.4

1 16
0.73 1.9
0.46 2.2
0.35 2.5
0.23 2.8
0.2 3.0
0.16 5 33
0.12 3.6
0.1 38 .
0.07 k 14
0.05 5
0.03 55
0.02 T 65

7

%v

Table 8.6(c) Multiplying factor, MF, as a function of Slope Ratlo, SR, for n- and

p-channel devxces ttansmlttmg 0 and 1 respectively. '

'C,..,,,./C,, , Reyy(kS2/sqr)
-1 15
3.5 16
6 18
10 20
16 24
26 30

Table 3.6 (d) R.ys @& a function of C,...,,,/CL n- and p-type translstors
transmmmg 1 and O respectively.
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SR = ReffuepCr/tod

MF. = Reff/RG,Natep)

3 1
2.3 13
1.5 16
0.75 ~ 35
035 5.7
015 B

\

n- and p-type devices transmitting a 1 and a O respectively.
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CHAPTER 4

*

. EXPERIMENTS AND RESULTS .
The model described in Ch‘a.pte;' 3 has been incorporated into a new switch level
‘simulator, MéSLADE (Kho85], written in C and running under UNIX .2 BSD on
" a VAX 11/750. Thi:; chapter presents a wide variety of MOS circuits used to test
the model. Comparisons between SPICE (MOS2 model) and the new model, on the
. Basis of the definition of delay 'given in Section 3.2, ;.re ‘){es;pted. Where relevant,
simulator statistics such as speed and overhead associate& w‘i.th the delay evaluation
are supplied. Emphasis is given to CMOS circuits both static and dynamic, because - ]
very little hag been published in previous work on CMOS, although some NMOS
example: aré also included. The examples cover different aspects involved in the
delay ‘cglculation of digital MOS circuits, such as diﬁ‘érent loads and'transistor
+sizes, specialstructures, fast and slow signals, etc. The results are used to assess
the model in terms of accur#cy, speed, and efficiency, a.nc{ to show its limitations.

Thq.fgugﬂlg notation is used throughout the remainder. of the'chapter:

1: High logic value. '
'0: Low logic value.

. L :
a: 1 — 0: Node a switches from logic L to logic O. .

*.a: 0 — 1: Node a switches from logic 0 to logic 1.
. 7 tin: Output low-to-high transition delay time.

ty: Output high-to-low transition delay time.

[N - - - ——
- . . -

- - T19
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t4:, Required delay (t'M or ty).

PATH N1 — N2: Two nodes (N1 and Né) between which the delay is evaluated.

tpa: Delay of the driving stage (previous delay).
R‘L'

ong: Effective resistance of a passing transistor, 1.', transmitting a 0.

) RZ',,l: Effective resistance of a passing transistor, T, transmitting a 1.
RZ'WO‘: Effective resistance of a switching transistor, T', transmitting a 0.

RZ:‘,,l: Effective resistance of a‘switching transistor, T', transmitting a 1.

Reyy/sgr: Effective resistance per squire of area. .

Note: All the capacitances which appear in the diagrams correspond to‘t'he total

capacitance of the nade, which consists of the transistor's terminal capacitances

and an external capacitor that may i’lhve been added to the node.

4:1 2 input CMOS NAND gate

T)us example illustrates step by step, the extraction of the va.lue of the effectxve
resistance, from the different ta.bles as required by the new model The expresswns
used for computing the delay, using the Lin and Mead algorithm are shown as well.
Fig. 4.1(a) shows a 2 inpt;t CMOS: NAND gite. The equivalent RC network used
. to compute the delay for the case in which @ = 1 and b:0 — 1 appears in Fig
41(b).; R’ | J

The delay at the output node of the gate is gwen by ( from Eq (2. 14) ):

3 ‘ ‘ o
&ty = RI(Cr+C,)+RTZC, : '(4.1)

GWO ong

'

‘Rg',fo corresponds to the effective rwlstance of the pa.ssmg n-channel transmor T2

’transmlttmg a 0, and is obtained directly from Table 3.6(&).
) . * X N . \

c
F ) r‘ w\ L
. R""O =9kﬂ . \\

'ak . ® = He - L , , W o

1
y



~
] ke,
\ —DC’;_' a Taous ]-:

o)

Figu.re‘n!.l (a) CMOS NAND gate. (b) equivalent RC network.

As for R;’;}O » the effective resistance of the switching transistor T'1 propagating a -

low logic value, the following steps must be executed to’ obtain its value.

L. Extracp‘ the value of Cp,, according to the size and t:vp'e of the transistor. From

'i‘a,ble 3.6(&)}

Cnom = 1pF
2. Compute Cpom/C L As can be seen from Fig. 4.1 the total' dynamic load
connected to ‘transistor T1 is given by: - T —

CL = Cyn+ C, =0.015pF +0.1pF = 0.115pF

Q

and o
C Crom/CL = IpF[0.115pF =869

3. Obtain the value-of the effective resistance per square ‘area as a function of

Crom{CL, from table 3.6(b)

R.rrisqr — 19KQ0/ sqgr

/ .
' .

5 , ' ) , !
.4. This value, R.js/sqr. must be multiplied by the number of squares (1/2 in this

“w, corresponding to -the size and load of the

case) to obtain the value of K, 1

DR
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devxces, the model multtplles Refy by -1 square instead of by 0.5.

_The delay at the output of thq gatg given by (4.1) is then egual to:

' A}
transistor. when driven by a step function.

»
'

\
Resfy, = (R,ff/sqr) (#sqr's) = [lgkﬂ/sqr) (1/2sqr's) = 9.5k0

{ ‘ . ’ .
Note: p-chamgel transistors transmitting a 1 are treated as n-channel transistors

tra.nsmlmng a 0, but with a double number of squa.res as their actual dlmensxons

In-the circuit of Fig. 4.1 when evaluatmg the eﬂ'ectlve resistance of the 1/2 p-cha.nnel

~

F. Compute the slope ratio, SR.

.
+

9.5k00.115pF"
SR = Rc[f,gcpcb/tpd = _—_—'_—-—B—'

1.4ns

= 0.78

’ 1
¢ ’
Where tpq corresponds to the previous d'elay,\i\gic‘h in the example is the delay of

the driving inverter (tpa = 1. 4ns)

"Fq

6. The final value of t'i\ eﬂ’ectxve resistance for transistor T1 is obtained by mul-

13

tiplying R.sys atep ! obtained in step 4 by the multxplymg factor, MF, extracted from ;

table 3.6(c), according to the slope ratio. |
AR o MF =19

Hence T . LN

R;{,fo = Reff.up MF (9. 5)(1 9) = 1840

s

tM 18k2 0. llSpF + 9kﬂ0 lpF 2.9ns

The corresponding SPICE result gives a delay equal to 3.2ns.

/
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42 CMOS NAND-NOR circuit .

Fig 4.2 shows a 4-input CMOS NYAND gate driving a 3-input NOR gate. All
the transistors are minsize (LW - n : L/L.p : 1/2). The input of the NAND
gate is driven by an invertet Two different cases are considered. In case (a) e
output of the NAND GATE, §,. is switching from high to low, due to 2 high-to-
low t\,ransition at input d. while the other NAND inputs remain at logic high. The
change in*S1, which is connected to one of the inputs of the NOR gate causes, in
turn, a transition from O to 1, at the output of the NOR gate, S2. (e and f are held
fixed at 0). In case (b), d switches frc;m 1 — 0 causing the output of the NANb
gate to go from low to high, and the output of the NOR gate to go from high to .
low. In both cases the load capacitance C,; is varied to change the slope of the
signal driving the input of the NOR gaté, so that the ;:ffect of the slope can be
analyzed. Fig. 4.2(b) shows the equivalent RC networks for case (a). Cy represents
the node capacitance of two transistors in series resulting from adding the source
capacitance of one transistor to the drain capacitance of the other. The Lin and

Mead expressions used to calculate the delays in case (a) are:

'

At S;: ' T

swy ono

tw = R1) (CrLi +3Ca) + RI2 (2Ca + Cui) + RIZ (Ca + Ct) + BRI Cra

where R;’;‘,‘O. the effective resistance of the switching transistor T4, is first adjusted

with the load Cp, +3C,, and then with the delay of the driving inverter (¢,4=1.4ns}.
At Sy . '

I

tin = RZ:Z‘CL-{+(RTS +RT6 )CLg

ony ung

w

whege RT7 . the effective resistance of the switching p-channel transistor T7 trans-

mitting a 1, is a function of the load C; and the delay of the driving NAND gate.
83 o s
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In this case. because the node capgxcitances between 75 and 76 and between 76
and 77 are initially charged to the final value 1, they do not inAuence the delay at
S, [Lin84|. 'I:ables 1.2(a) and 4.2(b) compare the delay calculations, at the output
node of the gates, for each of the two cases, (a) and (b), with SPICE. The delays
obtained from the input of the NAND gate to the output of the NOR gate for
the different situations ;re in all the cases within a 10% agreernent with SPICE,
although the delays obtained for the individual gates are in some cases within 30%
of SPICE.

An interesting situation arises in the evaluation of the delay of the NOR gate
in case (b) when C;;, = 10pF (A very slow signal is applied to the input of the
NOR gate). For very slow signals, and for a stage with a small slope ratio as the
NOR gate, there is a significant overestimatior'l of the delay by the new model, due
to the fact that as the rise time of the input signal increases, the delay decreases
and evengually reaches 0. This situation can not be predicted by the model, because
it assurnes that the éela.y of the driven stage increases as the delay of the driving

stage increases by a ratio which depends on the slope ratio of the stage.

[

4.3 CMOS Shift Register Cell

Fig. 4.3{a) shows a CMOS shift register cell composed of two standard invert-
ers and two transmission gates. Two different cases are considered. In the first case,
both transmission gates afe already ON when the signal propagates through them.
In the second case the transmission gate, TG, is turned ON after the transition at
the output of inverter {NV| has settled. The equivalent RC networks of the trans-
mission gates include reconvergent paths, therefore, the node-splitting te;hnique
must be used to evaluate the delays (Sec. 2.5). It must be noted that when the

transmission gate is transmitting a*ogic value, the effective resistance of each of the

't
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two transistors must be evaluated according to this value, i.e., if the gate is trans-
mitti ‘ a 1 the effective resistance of both the p- and n-channel devices corrapon\d
to the -case when a 1 is being transmitted. If the tra.nsmi‘ssion gate is passing, the
two Relr 's are obtained directly from the technology file { Table 3.6(a) ). If both

transistors are switching at the same time, the values are obtained from different

3

tables ir: the model (see Sec. 3.6). If the transistors switch at different times, the

one whl

h switches first is considered as passing when the second transistor switches

to ON
|
Fig'\. 4.3(b) shows the different RC networks used to evaluate the delay as

separate evaluations by the simulator).

the signal propagates through the shift register cell. The estimated delays and
SPICE #&ults for both of the cases mentioned above appear in Tables 4.3(a) and
4.3(b). 'll\'he obtained results show that the model estimation of the propagation de-
lay thro\}lgh a switching tra.glsmission gate is accurate, whereas the delay calculated
fora pa.s‘fing transmission gate is underestimate:i by about 50%. However, this fact

will have‘ little effect in the overall performance of the model, given the negligible

‘ .
delay of passing transmission gates as compared to the delays of other components.

of the circuit. 2
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Fig 4.3 (3) A NAND gate drives a NOR gate.
{b) Equivalent RC networks for case (a) shown at foot of Table 4,2(a).

Cui(pF) PATH | t|SPICE](ns) ts|McSLADE|(ns)
d—- 85, 7.1 5.2
0 5 -5 9.3 10
d-8; 16.4 15.2
“d-8 S 16.5 16.5
0.2 5 -5 13 . 12.3
d—- 8 29.5 28.2
d - 5 30.4 32.%
0.5 5 -8 17.8 . 14.1
d-5 48.2 46.6 .
d~-$ 260.1 289 .
5 . R 45.2 32
d-— 8, 305.3 321

Table 4.2 (a)Case (a): a=b=c=1,e=f=0,d=0—1,Cry =0.13pF

Cri(pF) PATH t4|SPIC E|(ns) ty{McSLADE)](ns)
) d- 8 2.7 26
0 Sl - 52 ‘ 4.8 - ‘.8
d— S, 1.5 . 7.4
d- S, 9.5 8.2
0.5 5 —-5; 7.5 ‘ 8.1
d-5; 17 16.3
d- 8, 15.8 13
1 $ -5 9 8.9
d— S, 24.8 21.9
. d-S 129 . 121
10 5 -85 9 20
d- 8, 138 . 141

Table 4.3 (b) Case (bl a=b=c=l,e=f=1,d=1-0,Crz=0.23pF
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"Pig. 4.3 (a) Static CMOS Shifc Register Cell

{b) Equivalent RC networks for a high-to-Jow transition at a

" R

PATH ts|SPICE](ns) ti{McS LADE|(ns)
a-5 1.7 1.8
Sy~ 5, 09 05
85285 2.3 2.5

S~ S, 09 0.5
Sq~5s 1.7 22 °°

a -8 7.5 7.5

Table 4.3 (a) Case (a): @, =@; = 1, & = B3 =0,0=0 =1

t){McS LADE](ns)

PATH t.|S PIC E}(ns)
$ -5 1.7 1.7, _
$-5 2.2 2.2
Sy~ S 0.9 0.4

. 8¢~ Sy 1.7 2.2
®-5. 6.5 6.5

Rv

Table 4.3 (b) Case (b):a=0,8:=1,8; =08, =0~ LI =1 -0
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44 CMOS circuit with dlﬁ'ergnt transistor t;izes=

~ \ , .
A CMOS circuit c;nsisting of a 2-input CMOS NOR gate driviffg two invert:ers
appears in Fig. 4.4. Transistors of different sizes are used in the circuit.. In addition,
inverter 3 has been deliberately selected with a different transfer characteristic than
that of a minsize inverter in which conﬁgur‘ata’on the R.;; has been extracted. In
this case, due to its 'diiferem transfer chara'ct,eristic, when the output of inverter.

is switc}}ing to 0, for exam\ple, tl{e current flowing through its minsize n-type
transistor is different than the current that flows in the same minsize transistor
within a minsize inverter‘ (L/W = n:1/1,p: 1/2). Therefore the R.ss of the
minsize n-channel in inverter 3 is different than thie value provided by the model

and some errors might be expegg\d here in the delay calculations, although as the

L4

simulation results show, thg are not significant. , .

Consider the case when a = 0 and a double transition occurs at input b of the
§

~NOR gate. F:rst b swntche,s from 1 — O, and as a result, S) goes hngh while S,

S3, and S, go low. The second transition, b: — 1 causes S; to go hngh and Sz,
S3, and 'S4 to go low. T;ble 4.4 shows the obtained delays at all the nodes in the )
circuit for both transitions. As the ;:qgf_xlts show there is a good agreement with
SPICE for all the cases. The fact that'one of the constructs has a diﬁ'ergnt transfer

characteristic does not appear to affect the .performance of the model.

4.3 Dynamic CMOS PLA <

Fig. 4.5 shows the critical path of a dynamic. CMOS PLA. The ‘desi;n is based
on the NORA technique [Gon83|. Poly and metal capacitances are considered.
During the precharge phase (¢ = 0,® = 1), nodeu/ S and Sz are precharged to 1
and 0 respectively. The inputs to the right NOR plane arrive during this phase,

and are assumed stable at the beginning of the evaluation phase (& = 1,6 = 0).

. . 88 - .
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Assume that at thre beginning of the evaluation phase e=b=c=0andd =

»The expressions for the delay calculation at nodes S; and S, for this case are given

by:

Precharge:

t

At 8§ : td"'RowlCLl

Evaluation:
At S, ‘ ty = ,wO(CnI + Cbl) + Rongclﬂl -

where Cy, represents the node capacitance of two transistors in series resulting from
. L

adding the source capacitance of one transistor to the drain capacitance of the other,

oy

and RO, is the effective resistance of the passing p-channel transistors, which are -

all equal
Table 4.5 shows the lugh level of agreement with SPICE, dapue the long chain

'
\
v

of p-type transistors.

4.6 NMOS dynamic RAM Cell . \

>

Fig. 4.6(a) shows two three-transistor dynazpic RAM cells. Irlfonnatioll is en-
tered into the RAM through the input inverter when &, = 1, and writing operaticln
occurs when one of the write signals, wr, is enabled Informatian in the cell is stored
in node m. When rd = l a reading operatlop is performed Transistor T'1 is used
to precharge the bus when no wntmg or readmg is occurrmg The lllput sequence
of Fig. 4.6(b) was simulated. A loglc 1 is being stored in node m,, and after a
cycle, the contents of m; ng read and pla.ced in the bus. Different slopes were ysed
lox} the write and read signals mput. to thle circuit. ‘l‘able 4.6 shows the predicted
transmon tlmes at the circuit storage and bus nodes using SPICE and McSLADE.
for the dblll'erent slopes of wry and rd,. -

- - . . " ~
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Figure 4.4 CMOS circuit with different transistor sizes v
Transition at b | Node ty[SPICE|(ns) | t McSLADE](ns}
= N A 78 - 17
1—0 Sa ' 15.6 13.8
a 5, 18.4 17.9
- Ss | 195 ' 6 -
S 414 194 ° .
0—1 Sa 48.6 5.5 b |
S 50.5 4.5
Se | 4.5 . 43.3
" Table 4.4
» ‘ > ?
")
e .
. 20
\ 2 .
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3 Fig.4.5 CMOS NORA PLA.
CASE PATH t |SPIC E|(ns) t{McS LADE|(ns)
Precharge ® - 5 8.2 8.5 '
“® < 5, 2.2 124
Evaluate Sy -5 §2.2 79.4
P~ 5 94.4 91.8
Table 4.5. -
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Figure 4.6 (2) Dynamic NMOS RAM Cell.
(b} Input and mpm“ue sequence.

)

tit(ns) | Node t4|S PICE|(ns) ti|McSLADE](ns)

mao 5.5 6

1.5 “bus 20.7 . 21
m2 5.5 6

5 _ bus 20.7 . 21

Table 4.6
e
N
L
Ve
4
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dlgygomplex' Static CMOS Gate

Fig 4.7(a) shows a complex static CMOS gate. Two different cases (ShOW!'l at
the foot of the tables) are aﬁalyzed, each of which invc;lves two transistors switching
simultaneously. In both cases, the equivalent RC network includes reconvergent
paths. [n such a case, node splitting (Sec.2.5) is used to reduce the network to
an RC-tree, and the delays are computed by a relaxation method [Lin84|. An
interesting situation arises in the ca.seo(a.) ,whenb=c¢=d= 1, and a and e switch

from 0 — 1. The two different RC trees which may result after node splitting,
e

_-depending on which node is split, are shown in Figs. 4.7(b) and 4.7(c). Due to

the fact that the effective xlesistanca of the Qwitching transistors T'1 and T2 are

extracted according to the initial load at the beginning of the relaxation, their

"values migth be different in each node splitting case. Therefore the delay estimates

at the output of the gate and at internal nodes may yield different results in each of
the cases. In other words, the delays calculated using the Lin and Mead algorithm
could depend on how the node splitting is done. Si'mulatioﬂ results for this case
and for many similar cases show that while the d;:lays estimated at internal nodes
are indeed different for each possible resultar;t RC-free, the delay estimates at the
output of the t,r'a.nsistor group remain approximately equal for all nossible node
splittings. Table 4.7(a) compares the ('ielays obtained with McSLADE-in the two
possible cases of node splitting shown in Figs. 4.7(b) and 4.7(c), for all the n;)da
in the tree.

The simulation results show that for the output node, S, there is almost -ho
variation in the obtained delays, although for the internal nodes n,n; and n3, the
differences are considerable. In general, the use of the new delay model within the

Lin and Mead algorithm, yields inconsistent results for delays evaluated at internal

nodes of groups containing reconvergent paths.

93 ‘ ’ .-
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An additional aspect arising from the use of the relaxation algorithm is the
fact that t};e effective resistance of a switching transistor is a,djuste’d with the load
only at the beginning of the relaxation process. The capacitances of the resultant
subtrees are varied during the rel;.xation, and at the end their values are different
than at the beginning. Therefore. errors might be expected here, in the evaluation
of the delays. However the resllts obtained for this circuit, and for simijlar ones
show.that this procedure does not introduce big errors, basically due to the fact
that the final values of the capa;:itancés at the end of the relaxation are not very
different from those asQigned at the begiﬁning (refer to Section 2.5 and to [Lin84] ).
T‘ables(4.7(b) and 4.7(c) show the results for the circuit of Fig, 4.7, for case (a) and
case (b), as speciﬁe& at the foot of the ():orrosponding tables, each case for different

capacitive loads (C) and input slobes (tpa)-

4.8 CMOS 1 bit ADDER .

Fig. 4.8(a) sh?ws a I-bit CMOS ADDER containing about 80 transistors. .For/
a given input sequence, simulation results for different.transitions at the output and
carry out appear in Fig. 4.8(b) and Table 4.8. Accuracy between the new model
and SPICE is within 3% for this particular example. The overhead associated with

the delay calculation is 2.7, as compared to the unit delay version.
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Pigure 4.7 (a) Complex CMOS gate. (b) Secondary network
after splitting node S. (c) Secondary network after
splitting node n;.

Node Delay (ns) Delay {ns)
, node split: S | node split:N'1
! S 3.2 3.1
ny 1.5 s 3.0
na . 2.3 3.0
ng L - 29 31 »
Table 4.7(a) .
Ci(pF) PATH tpe (n8) | t4|SPICE|(ns) tu ([McSLADE]|(ns)
- ' 1.4 2.7 3 }
0.13 a-S 3.5 is 37
8 1.4 5.3
1.4 6.3 6.3
053 a-S 8 8.9 10.5
20 117 15.3
Table 4.7 (b) Case (a):b=c=d=1,a =2—o Le=0-1
CL{pF) PATH tye (ns) | tSPICE|(ns) ty{McSLADE](ns)
1.4 4.7 5.3
0.1 bS 3.5 5.5 ] ] ¢
) , 20 8 9
} s 30 8.4 10

Table 4.7 (c) Case (b):d =¢=1,a=0b=1=0,c=1—0
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Figure 4.8 1-bit static CMOS ADDER.

Transitions ' | T[S PICE|(ns) TMcSLADE|(ns)
33 325
z 46.2 474
7756 80.2
& 121 120
Cout ™ 34.5 37
70 713
Table 4.8
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49 CMOS 8-to-1 Selector
. I )
An interesting cirtuit, as far as the model is concerned, is the CMOS 8-to-1

selector shown in Fig. 4.9. The circuit consists mainly of transmission gates, some
of which are connected in series. In addition all the transmission gates belong to
the same transis;tor group, i.e., they are all simulated simultaneously. The result
is a circuit with many reconvergent paths in which node %plitting is applied at
different parts of the circuit. Table 4.9 show the times at which the transitions;
occur at the output of the selector and at some internal nodes, using both SPICE
and McSLADE. Agreement is within 3% for all the cases. The overhead associated
with the delay calculation as compared to the uriit delay simulator is 4.3. The
total number of relaxation steps for the input sequence of Table 4.9 is 624. The
big overhead is a consequence of the large numbe'r of reconvergent paths that must
be evaluated at each event. However, very accurate results, were obtained for the

L4 0

selector at both internal and output/nodes. )
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Fig 4.9 8-to-1 CMOS Selector.
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Node Transition ta|SPICE|(ns) ty|McSLADE)(ns)
0—1' 17 16.8
S 1—-0 30.7 29.6
0—1 55.3 56.8
1—0 10.5 11.2
N1 0—-1 24.7 25.1
1—-0 41.7 47.5
1—-0 12.5 12.5
N2 01 12 26.1
1-—-0 50.5 §2.5
Table 4.9
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CONCLUSIONS

An improved delay model has been proposed in this thesis for the switch-level
simulation of MOS VLSI circuits. It is based on the RC representation of the-circuit
a.nd accounts for most of the effects that influence delays in MOS circuits. The
transistor is modelled by an RC network in which the cypacitances are calculated at,
the preprocessing and remain un'changed during simulation. Thrres‘istmrcu', on the
other hand, is computed dynamically during simulation, according to the size ana
type of the transistor, its context, capacitive load and gate input waveforn';. Two
basic contexts are recognized by the model depending on whether the transistor is
passing or switching. For transistors passing, two fixed values of effective resistance
are used, one for the transistor transmitting a hi.gh logic value and “the other for
a low logic value. For switching transistors the eﬁectimcﬁiataﬁce is computed
according to the dynamic load driven by the transistor and the slope of the gate
waveform. The effect of the slope is corrected for by means of a factor that ;iepends
on the delay of the driving.gate. The model for the switching transistors consists
;f'two small tables for each transistor type. I;rom the first table the value of the
eﬂ'gctive resistance i::z extracted according to the load driven by the transistor. From

the second table, a multiplying factor which depends on the alope ratio is obta.ined‘

to adjust the value of the effective resistance for the corresponding input slope.

’ »
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The delay model has been incorporated into a new switch-level simulator, Mc-
SLADE, and test runs were performed on a wide variety of MOS circuits, both

NMOS and CMOS. The results obtained show that the overall delay estimates of

_ the new mode! are usually accurate to within 10% of SPICE for medium size cir-

cuits, although for individual stages, in some cases, the difference with SPICE may

be around 25%. The overhead introduced by the model is between 2.5 and 3 with

" respect to a unit delay version of the simulator.

- The objective of the switch-level delay models is to provide a first-order tim-
ing analysis of the circuit, by means of the delay estimates. In the hierarchical
environment of the VLSI design process, these estimates can be used to discover
design flaws or to identify time-critical paths. In this context the new delay‘model
presented in this thesis yields acceptable results for most applications. .

The main problem;sociated with the new switch-level delay model appears
to be a degradation of the delay éstimates for very slow .sig.nals. In some of the
test circuits t!’le slope was varied by up to two orders of magnitude and some of the
results obtained for the slow signals were up to 50% in disagreement wiih SPICE
and in most of these cases, the delay was overestimated. Thiis occurs when very
slow sigﬁals are applied to stages with small slope ratio in which case the output .
tends to follow the input causing a decrease-in the delay. Since the model assumes
the d;alay tg be proportional to the n:ise time, it can not predict a decreasing delay

for an increasing rise time (slow signal).
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