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ABSTRACT N

In this thesis a new multiple delay switch-level simula--

tor for MOS LSI c¢ircuits-is presented with the following

features : table-driven, time gueue with macro event list

for simulation with multiple rise and fall deléys, selective
tracing of active paths, and event scheduling and reschedul-
ing on time queue including spike detection. The delay mod-
el used is organized around subnetworks, instead of logic
gates. The use of subnetworks permits both logic gates and
pass transistors to be handled in a uniform fashion. The
delay model takes into account the effects of not only the
output loading capacitances but also the input waveforms.
An improved algorithm is aescribed and implemenfed for com-

puting the states and delays of a subnetwork.
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Chapter 1I

INTRCDUCTION

The rapid progress of LSI technologies enables-a designer
to produée denser and more complex integrated circuits,
eséecially in the MOS area. Design verification 1in each
design steb of logic systems has particularly become an
important technology En the LSI design. pr;eess. Hardware
prototyping and software simulation' are effective means for
design verification. The latter has been extensively used
because of the following reasons:-

1. A logic simulator can be used to check if the present
design can perform the intended function before com-
mitting it to hardware. ‘ —

2. A timing simulator can be used to predict the timing

. relations among signals closely by taking the actual

device parameters and loading conditions into éccount.

3. A circuit simulator can be used to evaluate the elec;
trical characteristics with variations 1in device
parameters and operating conditions. |

A variety of software simulators for MOS LSI circuits is

currently available :. they include circuit simulators [15]

[20], timing simulators [10] [11] [19], logic simulators [B]

[9] [18] [21] and combinations of these {1] [12], each pro-
viding a certain degree of accuracy.

_l._



The primary concern of circuit simulators is accuracy :
the ability to simulate exactly the real-world behavior of
devices. A circuit is modeled by a collection of differen-
tial equations, and the equations aré solved to predict the
circuit's behavior. This approach produces-highlf accurate .

results, and HKas resulted in widespread usﬂie of circuit

Ry,

simulators as a design tool. Unfortunately, the‘gbcuracy‘of
the circuit models comes at a high price in execution time :
circuit simulators typically requiré several seconds of CPU
time per transistor. As a result, it is impractical for
today's state-of-the-art VLSI circuits, which contain tens
or hundreds of thousands of transistors.

In timing simulator, circuits are described at the tran-
sistor level. The concept of gate here deviates from that
used in logic simulation to represent specific structures of
transistors. These structures are either a coﬁ?}guratién of
driver and load dev%ges or pass transiﬁxors, and are:in gen-
eral functionally more complex than logic gateé. Timing
simulator evaluates itg;gates by finding the current in each
device and then integratihg the net chargipg current flowing
into the gate output capacitance. The gate voltages
obtained in this way are propagated to other gates by tech-
nigues similar to those used in logic simulators. By.using
tables to store device I-V characteristics, and through sim-

plified model of the transistors and their associated capa-

citances, timing simulators are faster than circuit simula-

3



tors. Because of the amount of detail the timing simulators
have to examine, the number of components in a circult that
these simulators can handle within reasonable amount of time
and spaée is limited to less than a few thousands gates.
<

In a logic simulatdér, | circuits are déscribed at the gate
level, whose inputs and ocutputs ére binary valued and the
signal propagation delay through the device can be speci-
fied. Logic simulators exist with capability of dealing
with circuits up to tens of thousands of gates. However,
the delay" models used are generally insufficient for the
analysis of MOS LSI circuits, because the circuit delay
times are affected not only by the output loading but also
by the input 1loading and input wavefqrms; The mixed-mode
simulators, which aim at accuracy &s-in circuit simulatioh
and efficiency as in logic simulation, still have the draw-
back that accurate timing may be lost in interfacing between
timing and logic levels. B

The multiple delay simulator&for MOS LSI circuits pro-
posed by Nham and Bose [16] makes significant use of device
level information. Their approach has a number of limita-
tions as pointed out by the authors, including the inability
to handle "multiple input to output delays", T"delay of a
gate driving the déta input of a pass transistor”, "slope of
the inéut waveform", and "overlapping transition”.

Perhaps, a better tool for MOS LSI logic verification is

a switch level simulator such as MOSSIM [5], and cthers [3]



[171. However, currently such simulators use a unit delay
. model which can only verify logic without providing any tim-
ing information. Switch level simulators model the network

in a way which corresponds closely to the actual circuit.

Transistors are viewed as switches with no assigned direc-.

tion of information flow. Nodes can either provide strong
signals to the network or can store charge dynamically.
Switch level simulators can model a iarge class of designs,
because the basic logic elements of the simulator correspond
directly to the basic components' of the circuit. -.The cig—
cuit for a switch ieve% éimulaﬁion can be extracted q3rectly
from the layout mask;; it requires no knowledge of'logic
design or the intended functions of the system. The combi-
ﬁa£ion of this automatic hetwofk extraction followed by
switch level simulation may uncover many efrors iﬁvboth the
logic design and the layout design. This check may prove to
be invaluable.

The multiple delay switch level siﬁulator presented in
this thesis ﬁs develobed to bridge the gap between logic and
timing simulators and to provide a compromise between their
respective édvantages of speed and accuracy. The simulator
makes significant use of the device level information; tran-
sistors are evaluated logically, and variable rise and fall
delays are associated with the transitions.. The algprithm

used is based on Bryant's algorithm [5], but it is table-

driven event-directed and therefore allows for multiple

g



delays. This simulator also helps in removing most of the

limitations mentioned above for that proposed by Nham and

Bose [16].

~
Y

The organization of the thesis is as follows

4

Chapter 2 introduces MOS LSI technology. Basic theory and
characteristics of the MOS devices are discussed. Delays for

the MOS circuits are derived.

Chapter 3 describes some of the technigues used in a con-

ventional logic simulation.

Chapter 4 describes a new multiple delay simulator for
MOS LSI circuits. Algorithms for the simulator are present-

ed.

N 4
3

Chapter 5 describes the implementation issues of the sim-

ulator.



Chapter II .

MCS LSI TECHNOLOGY

2.1 Introduction

Metal oxide semiconductor (MOS) very-large-scale integra-
tion {VLSI) has emerged as the ‘most significapt devélopment
in the electronic industry. MOS technology is the basis for
most of the LSI/VLSI digital memory and microprocessor cir-
cuits. ‘ |

The most important advantage of MOS circuits over bipolar
circuits is that more transistors and more functions can be
successfully fabricated on a single chip. The reasons are
threefold: First, an individual MOS transistor occupies less
chip area. ‘Second, the fabrication process for MOS circuits
involves fewer steps, and thus, results in kewer defects per
unit area. This makes it feasible to produce larger chips.
Third, dynamic circuit techniques that require fewer tran-
sistors to realize a given circuit function are practical
and commonly wused in MOS technology. The result of these
differénces is that, for a giVEn function, MOS LSI circuits
are significantly cheaper to produce than bipolar circuits.
This, accompanied by the fact of increased familiarization
of the design ‘techniques for MOS circuits since the intro-

4
duction of structured VLSI design methodology, accounts for



the trend of steadily incréasing fraction of the totai digi-
tal IC market being taken up by MOS LSI/VLSI circuits.

Even though biﬁolar circuits, are traditionally thought of
as Qery high speed applications, the speed advantage is
gradually disappearing as minimum feature size of advanced

MOS technology is being scaled down into submicron range

[14].

2.2 MOS Transistor

A MOS field-effect transistor (FET) features exXtremely
high input impedancé anti voltage-controlled output current.
A diagrammatic cross-section of an n-channel MOS (NMOS }
transistor 1is shown 1in ‘Figure 2.1.. It consists of two
regions of heavily doped n-type (n*t) silicon, introduced in

a p-type éubstrate by diffusion or ion—implantatidn. By con-
.vention, during circuit operation the n* region wi;h more
positive voltage is referred to as the drain while the other
as the source. Because of the symmetry, the source and
drain arerinterchangeable. .The p-type area between the
sourcé and the drain is the channel region, On top of-the
channel region is a thin layer of dielectric material, typi-
cally silicon dioxide (SiOaj} and a layer of conductor, tra-
ditionally metal but largely replaced by polycrystalline
silidon (polysilicon)- more recently. This forms the gate

terminal of the transistor. Note that the term MOS (metal-

oxide-semiconductor) is derived from the device structure.
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Figure 2.1: NMOS Transistor.

The thin layer of dielectric material is used to insulate
the gate from the rest of the MOS device and has a capaci-
tive effect. If a positive voltage is applied to the gate
terﬁinal, an electic field is set up which will draw elec-
trons from the substrate into the channel region. I1f the
applied gate voltage is large enough, the p-type material in
the channel region will be changed into n-type, thus creat-
ing an n-type channel. This n-type channel becomes a conduc-

tion path between the source and drain regions through which



‘the current flows. The direction -of the current flow depends
on the vdltages on the source and the drain. Since the cur-
rent can flow in either direction through the channel, a HOS
transistor is a bilateral device.

A p-channel MOS (PMOS) transisfor can , be obtained by
using an n-type ‘substrate and diffused or ion;implanted
p-type source and drain. The p—chénnel MOS transistor has
inferior operating performance, because the charge carriérs,
héles, move much slower than those (electrons) in n-chanﬁel
transistors: the mobility of holes is roughly l/é of that -of
electrons. With improvement in IC' processing such as ion-
implantation, self-alignment due to the use of polysilicon
gates, and the use of depletion-mode load devices, NMOS has
been widely used. -

CMOS (complementary-symmetric MOS). technology incorpo-
rates both p-channel and n-channel transistors in the forma-
tion of functional circuits. It features extremely low stat--
ic powgr consumption and good noise immunity. However, due
to the necessity of device isolation, functional circuits
.usually oécupy larger silicon area than their NMOS counter-
parts. Further, the fabrication process is more complicated.
Nonethel2ss, CMOS is conceived as the technology for very
dense ICs where power density and heat dissipation are pre-
mium considerations. To overcome the silicon area penalty,

recent trend in CMOS technology 15 to use n-channel devices

to form the functional circuits while p-channel devices are



used sparingly, mainly as the load devices. In this way, the
"pseudo-CMOS" technology is essentially a variation of NMOS.

. The thesis wili concentrate on simulation aspects of’NMOS-
circuits, and with slight modificapion, the results can be
used with pseudo-CMOS circuits as well.

4

2.3 Analysis of the MOS Transistor

The concepts which are.nece5§?rx for an understanding of
 the operation of MOS transistors will be discussed in this
secéioﬁ: A more detailed:gﬁeory and derivation of eguations
can be found in many digital integrated electronic text-
books. -

In MOS devices, the conducting channél does not form for
vefy small pqsitive gate voltageé because electrostatic
potential at the iéurface of the p-type channel region must
be made positive by application of 0.5V to 2V of gate—souréé
voltage. The gate voltage needed to initiate formation-of a
conducting channei is termed the threshold voltage V, [131].
In many practical MOS devices, the channel doping concentra-
tion is modified by ion-implantation to alter the threshold
voltage, A p-type implant will make the threshold more posi;
tive. ©On the other hand, an n-type implant will make the
threshold voitage more negative. A large n~type implant can
make the n~type channel exist even with a zero gate-source

voltage. The threshold voltage in this case is negative.

_.10_



NMOS transistors that have no conducting channel ét zero
gate-source voltage are termed enhancement-mode devices. A
device which has a conducting channel at zero gate-source
voltage 1is termed a depletion-mode device. _For an NMOS
depletion device, a hégative gate-source voltage is required
to deplete the conducting channel. Threshold voltages of
enhancement and depletion devices are denoted as Vg and
Vep respectively. | . '

For many NMOS processes, the enhancement threshéld volt-
age, Vi . 15 usually set at roughly 0.2Vy,, to leave suffi-
éient noise: margin, gnd the depletion threshoid véltége,
Vep , 15 set at -0.8Vy, for optimizing electrical charaéter—
istics of functional circuits. We sﬁall use these figures
for illustration purposes in this thesis. However, 1t must

be noted that they are process dependent parameters.

2.3.1 Current-Voltage Characteristics

Within an NMOS device, the charge cafriers kelectrons)
move away from the source and towards the drain region
through the channel (see Figure 2.2). The conventional
direction of current flow.within the devices 1is from drain
to source. Figure 2.3 shows typical I-V characteristics of
n-channel MOS devices. In Figure 2.3(a) the MOS device char-
acteristics refer to an enhancement device. In such a device
there is no channel between source and drain at Vgg = 0V. No

drain-to-source current Iy,s flows until the gate-to-source

voltage exceeds the threshold voltage V,. In Figure 2.3(b)

-
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the MOS device characteristics refer to a depletion device.

Here a channel exists when Vgg = 0V.and the threshold volt-
age V; is negative. - ;;;
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Figure 2.2: NMOS device cross-section showing depletion
region and induced channel. 5

Either transisto; type may operate in the 1linear region
or in the saturation region. In the linear‘region there is a
continuous channel between source and drain, and I, varies
almost linearly w%th Vys for a fixed Ves - In the saturation
-

region, the channel is pinched off at the drain when Vi -V

<= V

s + the current I,s remains nearly constant.

In the linear region, the drain current is given by the

equation

-VT
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In the saturation region, the drain current is given by the
equation

o

Ias =/ﬁ( Ves = Vyr ) for 0 < Vg, =V, § Vg

The conStant/é"is_often referred to as the transistor gain

factor, which is defined as

NES

ﬁ _._.:.//—/C;?Cox_

where 4“4 - mobility of electrons in the channel
Cw - gate oxide capacitance per unit area
" #' - channel width

L= channei length

In é p-channel device, whegé the carriers are positive
(holes), V., and I, are positive. Furthermore, a channel
form% to allow current isb to flow, when the source-to-gate
voltage Vgg exceeds the threshold voltage |V, |. In the lin-

ear region, the drain current is given by the equation

. =}
1., =/s[ 2(Vss = Vo) Vop - Ve ] for 0 <V, < Vo ~|V,]|
In the saturation region, the drain current is given by the

equation

e : ~l - .
“ﬁ+§$, =/3( Voo = V-] ) for  0< Voo -|V. | € Vg,



The above equations are approximations and do not include
all higher-~order effects. However, they are entirely ade-

guate for a first-order analysis.

2.3.2 Capacitances of the MOS Transistor

-

Since the MOS transistor is a field-effect device, the
switching speed of MOS «circuits is 1limited by the time
required to charge and discharge‘the capacitances at the
driving and driven devices' electrodes and the int%%onnect—
ing lines. Within LSI circuits all of these capacitances are
so small (0.0l to } pF) that they are difficult to measure.
For circuit analysis, these capacitancés.are calculated from
process dependent data and the size of devices.

Figure 2.4 shows the capacitances among the electrodes of
a MOS transistor. The capacitances Csb and C,, are the n*p
junction capacitances. Theoretical eguations for these capa-
citances can be derived from the basic physical model of the
device. Hoagdes [13] gives this derivation and the resultant
equation is

Co= ;ﬁfﬁ ; |

and the built-in junction potential & is given by
/Qi = { kT/g ) - ln( NyNg / n? )

where k - Boltzmann's conétant
T - absclute temperature.

g - electronic charge

...15_



N,, N - doping ncentration

n; - intrinsic carrier concentra®Non of the silicon
Es; — permittivity of the silicon
The capacitance from the gate to other electrodes, to a

first-order approximationy can be calculated as the sum C3

of Cgs, Cﬂs and ng, which is nearly a constant and equal to

. Eox

= W L'Cp = W-L.-S2%

3 ox 7,

where W - channel width

L -.channel length

&,x - permittivity of the gate dielectric

e e

Tox —{E;ickness of the gate dielectric
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Figure 2.4: MOS transistor capacitances.
In an integrated circuit, capacitances of circlUit nodes

are due not only to the capacitance of gates connected to

the nodes but also to the distributed capacitance of the

;



signal paths and other stray capacjtances. These capacitanc-
es, called parasitic capacitances, are not negligible. While
gate capacitances are-typically an order of magnitudé great-
er per unit area than capacitances of the’signal paths, the
signai paths are often much larger 1in area than the associ-
ated gate regions. Therefore, a substantial fraction of the
dela& encountered may be accounted for by stray capacitance

rather than by the inherent properties of the active tran-

sistors.

-

There is another type of parasitic capacitance, however,
which is not easily accounted for. The hiller capacitance is
a feedback capacitance between the drain edge of the gate ~
and the drain node, see Figure 2.5. In Section'2.5-2, we

show how these capacitances are used in delay calculations.

Yoo

i i

g(

o~

Fiqure 2.5: The Miller capacitance.

2.4 MOS Circuits

In MOS technology, digital circuits are commonly con-
structed entirely from transistors. The simpleét ‘digital
circuit is af inverter. A MOS inverter exhibits all the
essential features of a MOS logic circuit.

_.17_



Figure é.é shows a basic NMOS depletion;load inverter
circuit; together with drain current-voltage characteristfcs
and load line. The single voltage supply V., is typically 5
volts. The input; or driver, transistor is an enhancement-
mode device with a positive threshold voltage (typically
0.2Vns ), and the load transistor is a depletion-mode device

with a negative threshold voltage (typically -0.8Va ).
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(a) Depletion-load inverter. (b) Drain characteristic.

and load line.

Figqure 2.6: NMOS depletion-load inverter.
- ¢
Positive logic is used with NMOS digitial circuits., Logic
values 0 and 1 are at voltage levels near the ground poten-
tial OV and Vg, , respectivély. The logic operation of the
inverter circuit is as follows. When the input voltageAVa is
at the logic value 1, the driver transistor is conducting.
The relatively 1low on-resistance of the driver transistor

will pull the output voltage V, down to nearly the ground

-



potential and thus has a logic value 0. -When V is at the
logic value 0, the driver transistor is non-conducting, and
>

the off-resistance is very high. Thus the output voltage V,

is pulled up through the load transistor to nearly Va. and

has a logic value 1. {{//
NMOS NOR and NAND gates are easily constructedifrom the
simple inverter configquration. NOR ,gates are forméd simply
by paralleling additional d;iver transistors, as illustrated
in Figure 2.7. The parallel connection of driver transistors
in the NOR gates‘allows the output to rise tg Vaop %nly when
all driver transistors are turned off. Otherwise, the output

R i

is pulled down to nearly the ground potential. NAND gates
aré formed simply by connectiné additional driver transis-
tors in sefies, as shown in Figure 2.8. The series connec-
tion of driver transistors in the NAND gates allows the out-
put tg be pulled down to nearly the ground potential only
when-all driver transistors are turned on., Otherwise, the

output is pulled up to nearly V. .

Yoo

- I

Ao——4[i-49~_{F1 ¢ — )

Figure 2.7: 3-input NOR gate.
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Figure 2.8: 3-input NAND gate. .

The transmission gates, or pass transistors, can be used
in a way similar to switches to realize logic functions. As
shown in Figure 2.9, signals are stored in the input capaci-
tors of a driver transistor in some logic gates in the form
of charge. Gates can be subsequently activated by providing
suitable control signal so thatr the stored signals may be
used. The transmission gate of Figure 2.9 has the advantage
that each additional input requires only a minimum sized
transistor. However, the voltage at the input of the invert-
er will be one threshold voltage lower than V»» when the
'input voltage at X is high at V., due to the saturation of
the pass transistor. We can transfer pass transistor net-
wdrks used for steering purpoée into the driver part of com-
plex gates. A functional equivalent for the circuit of Fig-

ure 2.9 is shown in Figure 2.10.
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Figure 2.9: Steering logic circuit.
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Figure 2.10: . An equivalent circuit of Figure 2.9.

2.5 Transient Response of an NMOS Inverter

.For an understanding of the transient behaviour of the

NMOS inverter, the circuit shown in Figure 2.11 will be ana-

lyzed.

To s}mplify the analysis, the following assumptions are
made: ,
1. All capacitances at the output node are lumped into a

single, load capacitor, C.. This allows an analytical



solution to be developed that is adeguate for most
static circuits. In some dynamic circuit configufa-
tions, a more complex eguivalent circuit is requi;ed
due to the consideration of the voltage dependence of
various capcacitances.

-~

2. The input voltage of the inverter is a step function.
' hl .
Theoretical expressions will be derived for the rise time

and the fall time of the inverter,

¥,

. “bun

Figure 2,11: fTransient model for an NMOS inverter.

2.5.1 Definition of Transient Characteristics

Before analyzing the transient response of an NMOS
inverter, it is necessary to define the transition and pro-
pagation delay times [13]. '

The waveforms at the input and output nodes are shown in
Figure 2.12(a), where V; is the input node voltage, V, is
the output node voltagg, v,, Vv, and V,, are the output high,
output low levels and the magnitude of the voltage swing,

respectively. Rise and fall times, t, and t are defined as

_f\l
the time duration in which the output node voltage swings

between 10% and 90% péints.

_22_
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There are two propagation delays associated with tran-
sitions: the rise delay Eprn for the output to rise from low
voltage level to high voltage level, and the fall delay t,y4.
for the output to drop from the high voltage level to the
low wvoltage level. Both delays are defined as the time
between the 50% points of the input and output waveforms.

.The following expressions for the various delay times are
derived based on the assumption of ideal step input waveform
as illustrated 1in Figure 2.12(b). This ideal step input
waveform is positioned with its edge at the 50% point of the
actual input waveform. Therefore, the propagation- delay
times.are measured from the edge of ideal step input wave-

form to the 50% point of the output waveform.
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{(a) Actual transient voltages.
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4£b) Idealized transient voltages.

Figure 2.12:

Definitions of transition and delay times
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2.5.2 Equivalent Capacitance Calculations

As described in Section 2.3-2, each MOS transistor has
rfive separate voltage—dependént capacitances connecting its
four electrodes. An analytical solution that takes the volt-
age dependence into consideration is very difficult, if not
impossible, without the use of computer aids. However, an
approximate solution can be obtained if all capacitances are
lumped into a single capacitance C, at the output node.

Three of the capacitahces, 'Cj5, ng and ng, can be
approximated as a sum Cg, as described in Section 2.3f2.
Voltage dependent junction capacitances, Cys and Cs , can be

replaced by an equivalent linear capacitance Ciﬁ' as fol-

lows:

Cig = Kis'gyo
where QJO is the junction capacitance per unit area as given
in Section 2.3-2. The dimensionless parameter Kig is derived
in Hogdes [13). A typical value of Kﬁﬁ is 0.55 for a supply
voltage V,, of 5V and a body voltage Vgg of OV.

Figure 2.13 shows how the device capacitances in a cir-
cuit comprising two cascaded inverters can be lumped at the
inverter output nodes. First, all capacitances across which
there is no voltage change are ignored, since they have no
effect on circuit performance. The device capacitances which
must be considered are shown in Figure 2.13(a). In this fig-

ure, C is the capac1tance associated wltﬁﬁfhterconnectlng

wires at the inverter outputs.

v .
PSRN
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The capacitances C;, and C;, are calculated as follows:

Cry- ch ( Cagyy * Csga ) * Cpp Cas

Cra = Ke%( Cosz * Cesa ) + Cra

The result of the linearization of junction capacitances
using 5;3 is a minor distortion of the shape of transient

voltage'waveEOrm. However, the propagation delays are not
affected significantly by this approximation.
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-{a) Inverter chain capacitances.
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{b) Simplified circuit of Figure 2.13(a).

Figure 2.13: Lumping of capacitances at inverter output
nodes.
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2.5.3 Rise Time and Rise Delay

To derive the rise time t, and the rise deyay Eow » cOD™
sider the situation represented in Figure 2.11. Initial;y,
the driver transistor TD 1is ON and the output voltage V,
(V,=V.,, the capacitor voltage) 1is near ground potential.
Then the driver transistor TD is turned OFF by the input
voltage step at t=0. As a result, for t > 0, I, is assﬁmed
to be equal to zero and the currents I, and I, are given by:
a) When V, -V, = V.2 Vg, "Vrp and V., > V_,, the léad .

transistor TL is in saturation region, and the currents are

given by
((r)CoX N.«C ~
L =0—23 'Ac'( Vor = Vi )
_ 4
I, = ¢S

b) when V., -V, = V,g & V.. -V., and Vg, >V, the load

transistor TL is in linear region, the currents are given by

(nCa W, -]
I, ﬁ/éa .x, z:-[ 2(Vog = Vi W = Vo ]
Pl | T .
e = Cvzer -

From these eguations we can derive the rise time t_ and
the rise delay t, 4. Details are shown in Appendix A. The i

resultant equations ate as follows: N

D 7
-,

t = .
r _/5(,7 Cox%/zlﬁb ¢ IS

Yoo /2 < ¢ ‘,4_0)—.6&,,—')(;)
ot o =X ¥ TS O (T S|

2 - Koz 23 = (- Xrdy |
¢ = . CHy o g =1 ) F = L £ ) a2
PR G, By (-0t T T T N g, - X ) ) ?

- 27 - »
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where W, - width of the load channel
L, - length of the load channel
X,, X, and X.,- 10%, 90% and 50% points of the

voltage swing

-5
In a typical process, where #Cox = 2 x 10 AV, V., =

“0.8V,, s Voo =Va, and V, = 5V,
_ 3 .
t, = 37.0 x 10 - (L,/wW,)-C_ {2.3)

- -

tpn = 16.1 x 10 - (L, /W,)-C,  (2.4)

Ll

2.5.4 Fall Time and Fall Delay

To derive the fall time t10 and the fall_Eplay ey - con-
sider the sitqation repfesénted in Figure 2.11,. Initia%ly,
the driver transistor TD is OFF and the output vecltage ﬁ, is
at V,, . Then the driver transistor TD is ;urned ON by the
input voltage step at t=0. As a result, for t > 0, the cur-
rents I,, I, and I, are givenlsy:

a) When V,, >V, > V,, - V.., .load transistor TL is in
linear region and driver transigtor TD 1is in saturation

region, and the currents are given by:

. Ll Cax e - v
% 1, ﬁﬁz_[ ?('V,u>)(v.a.a" v, ) (V__Z,_D *)V.,,) ]

-
= M Can | A -
L o5 (Vo = Vo)
x4
I =C".“—-t_‘— :
‘ - 28 -~



b)When V,, - Vye 2V, 2 V,, + V., , both transistors are

in linear region, and the currents are given by:

v

— Lt Co & - - - - *
I, _/_a__l_g..z_f.[ 2 ( Ve (Vay - Vo) (V, = V) 1
- Lox_ Alx : 2 - v
1, ,/a;__l_x_.z(.[ 20V = Voo )V, - V]
XV
te = Cuoge

c)When V, £ V,, + V., ., load transistor TL is in satura-
tion region and driver transistor TD is in linear region,

and the currents are given by:

1. = Cox %,
h .} £,

I.b =/4£(—“225-:(—f-[ 2(V.D~D = V,—A: )Vo - VOQ ] .

A
( Vo, )¢~

L

- I d{

c=C4:

From the current eguations given above, we can derive the

fall time tf and the fall delay t4, . Details are shown in

. Appendix B. The resultant equations are as follows: /

- Cr Yo N2t Vi 4p P bpp = Xy *
= ) ) -4 = 7, T AL a
S ol G [Dé%—ea,f- e (e AR X S I VIT R A A i )
s ( Io?a.: ¢ Bo7bn) #4,~ (4= gasc, Y5
[éa“;“z.xc,z]% 2Ry Cn” Yp) "‘5_,""65_.,_1—44?1(1)“\

o
R By e )t (St )

2 Ry (45~ Wz )+ &8y # (6;-—-#4‘,(‘; ),/"

)

. y
2@ %, by (& FE )
R X, 7 By 7+ CE) s, < Y7

22y By P ) * 4y — (b, G )
:ch(ngwﬂgs)waégr-Cﬂj_ééaq})ﬁi |

P
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i 8 '[Eé( 2 7 ( Han T T

L Ll Cox W% s Ky- .‘b)-t ,_;J'l Ek('l{&.b &, )f— f)(_:“ A
‘*-'--__
- -7 %.o ,4,' * Yp
o (g |2fxs b= (4 —.v"a;q)”i
[‘5:‘ ",‘QACJ-]A R, X e 7 &, # ({,2-— G2, Cy )’/“T

_/gnl.zai(f/ m):‘é-cg‘z«aw-)’/
2 Ey (=¥ ) 8, #CE - ~#2, , YA

):! (=&

and . a, = (k-1) ' '
by = 2V, +2V,, —2k(V,, ~Vre ) .
Cs = ~2V Yy Vs
ag =k ‘ N ~
b, = ~2k(Vso ~Vpe ) )
: 3
c; = (-V,, )
where
_ o L y
W.(/.A_e
In a typical process, where 055 = 0.2v,, and V., = -0.8v,,,
the above equations become as follows:
i) for k = 4,
Vs
te = 4.062¢ (g m—pm)- ( ) C, (2.7)
tope = 1.6197 (—=2—) - (2. C (2.8)
PHL * /(ﬂc:v( ‘éa W‘,( £ :
ii) for k = 8,
= — . (5.
ty = 3.8758 (orp) - (350-C, (2.9)
. 1 e (A,
oy = 1.6209 (/%QK%D) (o) -C. (2.10)



There is a set of-equations for each value of k, since the
* ~ .
discharging'current also depends on the 1load transistor's

geometric aspect ratio.

2.5.5 Transient Response of NMQOS'Circuits

In the previous section, we have derived all the delay
time equations for an NMOS inverter. Here, we are going to
exteﬂd the concepts to any ‘multiﬁle inputs gate such as
NAND, NOR and any combination of series and parallel driver
transistors. This is done by using the following steps.

First, transform the multiple inputs gate into an equiva-
lent inverter. Second, obtain an equivalent aspect ratio,
(W/L)eg, for the driver transistors. Then, with this equiva-
lent aspect ratio, we can use the equations for inverter to
estimate the rise and fall times, rise and fall delaygi

The following shows how NAND and NOR gates are being
transformed into an.equivalent inverter and the proceaupe
for calculating the eguivalent aspect ratio. For the NOR
gate, only the active driver transistors are included for
calculation of the equivalent aspect ratio.

For several devices connected in series whose geometric

aspect ratios are W,/L,, Wy/L,, «.., Wn /L,

() ’

ej = Z, k)/"['la/ajl-{--’. PN +’£n/j{_),‘

P
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The above expression can be proved (for n=3) as follows:

When V; - V. » V > 0, all transistors operate in

24

the linear region. B

Case 1:

Z
=
A %‘S/
=
¢ Ker V
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[k =
I_z = - C:K Zf.) [(vt. - V-DS.-? B VT-E )v‘b.r.l -b';- ]
a
Voss
13 =/(n ax( [(V - V"A‘:').b_-r.! - Ped ]
Since 1I =I_,=I.;=I.3'3 ‘
]
( )1 =Ll Cay '1[ (Ve = Ve )V,,, Vor, Vosa T Vo, Vors
' ’5_:/ ]
o2
(E9T =G 1V, Vo)V, = V0 — ]
. = ln Cox ; & ' Ybsa 2ry »S2 =
X
(ED1 =G TV = Voo )Woss = % ]

Adding up the three equations, we have

L, L £z
(or + 2+ T el o LV = Ve ) (g, ¥ Vg * Uy )
, a X a
- DT'(VJ:, + Voes t V_:,,_,_; t 2V, Vs t
Voo, Vpry * 2V, Vagy ) ]
. |
=/‘/—1 Cx. [ (V(' - VTE)V - I ]
/ v 3
I =etn Cox ~ | VoL (Ve = Ve IV - )

£ £,
.é/‘d,-,t yw;* J/NJ




Case 2: When V 2 v, -V__.> 0, transistor T, saturates while

and T, operate in the linear region.

T.I
oy s -
I, = & Cor- ('z/— G‘(V; T Vie T Vg, T Voge )
- I, = G (B2 [V = Ve = U, )V ‘“/"1]
a —/((,\ o £ I3 S Kok R 2
2
by ‘./a';s
I, = cc (Sx'(-z;') LV = Ve v, — =31
£, ) ’ _ 2 /o2 s
(AJ,)I’ 7("4" ) [?(Vf' V/"«S’) + .l—v.b.r.z + E-V.»ss
(Vi Vg Wosa Ve Vo IVs + Y, Vory ]
2
L . bhra
(E)I.x S Ao L (v, Ve WVoey - Vosa V223 © 7R ]
V.'I
L _ T
(k-’__}) I_.; =/£("- Cox ° [(Vx V;"..:;T )v_b_f3 T T ] -
Adding up the three equations, we have
2
L, L3 £z o, ’ _ ol
(—;:J-:—'l'—k—j:'f';:-)l —/an. C,;,( ‘;'i“(V(- V/-E ).
n ’ . ’
I =ceecy (Z")C;':f(vr' " Voe )
(4L - /7
Z leg T “
PR e, ey
For several devices connected in parallel whose geometric
aspect ratios are W /L , W /L , ... , W /L ,
(.ﬂ _ 4 ﬁ.)-l"+...+“-)ﬂ
< ?'_ <, £ 4 Lo
%o

%o

Ae

-- e IS
G Yk Gt g}——]ﬁ(“’/zz )

&

V, ] w,{{"/“.__{ A"*/,/Zl%"-—l %
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The above expression can be proved (for n=3) as follows:

Case 1: When V. -V_. > V > 0, all transistors operate in the

linear region.

4.

-

£,

v —Ay, c/-——{ s V~—l “z,

T
L L

), ) v
I, =/4(»1'Cox'( )'[(Vr' B vrg)v - = ]
et
Iy, = 20 G ( vy - Vv -]
s Vh
Iy o e o (2 LUV, - Vo)V - ]
Since I =1, + 1, + I; , adding up the equations, we
get - .
1 = I, + 1, + I
V.\
= Ll Coe - (-—,—+£3 ) (Ve - v v -~ ]

Case 2: When V 2 V; -V, > 0, all transistors operate in the

saturation region.



A
I, = Lln Co,,-(::—-).-;—(v,- - Vo)
I, e G (ZD) (V= V)

_ Ay -
I3 -/l(—\ Cox * ("'3 ) I(V,‘ v—— )

//I'=I,+I_1+13

Ay, A Al s 2
= o — —_ =Y (. -
/(.160,‘(4’+4l "Ly oz(r Vrg )

Adding up the three eqguations, we get

14

W, W, 4

(i) = +o—
£ ? "4/ "{.z '4.?

The circuit below shows an inverter driving a pass tran-
sistor chain. The transition and delay times of th§ invert-
er can be calculated as before, but with the substitution of
an equivalent load capacitance Cegz ag given below:

4 /
- O Ao . s
C/‘Gf_ (./ ,/—2AA/—C,7L...7‘——-C:1)

. 4.
- L
1 S

-‘|‘C‘; == .,

3

l.."

LS
E Hi -

The above e:_c_pression gives a reasonable approximation of the
.

kt:]}_'s&

delay times and it can be shown with some examples.



As an-illustration, the transition and delay times of the
following circuit are calculated using the above equations.

The results are compared with SPICE simulation results.

Example 1:

Given process parameters:
T} We/Li= 5/10, W /Lg= 10/5, W, /Le= 5/5 {all in/;am)
Vs = 5V, €6 Gx= 2%10° A/V? :

The ;Euivalent load capacitance,

Cog = (0.02 + 740,02 + L% 0.1) = 0.09 pF
From egs. (2.3) and (2.4), |
32 -
£, = 37x 10 - (£2)%x0.09x10"" = 6.7 ns

3 -
tow = 16.1% 10 {55 )%x0.09%1077 = 2.9 ns
From eqs. {(2.7) and (2.8), |
tp = 40.624 107 (7)) % 0.09x107" = 1.8 ns

tpw, = 16.197 %107 - (35 ) %0.09% 107" = 0.7 ns

Approximate SPICE
(ns) Results Results
ty 6.7 7.0
' 1. 1.2
tF Q
thH 2-9 1 3
tour . 0.7 0.3
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In the above delay estimation, we assumed that the equiv-
alent loéd éapac}tancetﬁs a fixed value C3?' In general, the
load which is driven by a MOS inverter composed of pn junc-
tion depletion capacitances, the input gate capacitance of
driven gate(s), and the net capacitance of a large numbér of
stray or parasite capacitances. All these capacitance values
are function of voltage;. thus, as the inverter output volt-
age changes so does.the load capacitance. In spite of the
simple model used in the derivation and the assumptions that
we have made, the estimated delays are pessimistic and with
a right order of magnitude.

Figure 2.14 shows a pass transistor with load capacitance
CC; The derivation of the transition and delay time equa-

tions are given in Appendix C. The resultant equations are

as follows:

' s £
= | . 2y,
t, = 17.778 (/[ﬂ G ) (M/’) C,

-~

_ Y. (L.
= < “e
t_F = 2.7438\&/ﬁ2§;x;¢‘)x( A%).cl
_ ‘é—g‘/ o Ly
Eome = 1.0 6(/4&@,/5.)(%)(:‘
where U% - final value at output node

Le - channel length of pass transistor

We - channel width of pass transistor

-



Fiqure 2.I8: A pass transistor.

The above €guations can also be wused for,a pass transis-

////’tor chain, see Figure 2.15,/£3yt with the substitution of C,

and W, /Lp with Ci? and (W/L)eq, respectively, as given

below:

Cep =L C, +JRCy + A HC, )

k=
=9 Yo Yo
- 1 Y 1 “ e e .. Fiﬁg YA
. Lo et Zo by, Lo
==

Fiqure 2.15: Pass transistor chain, -

The above expression can be proved (for n=3) as follows:

5» Vz.p l-/b.b
v J‘_]"_‘]V_r_]:[féf%:[l./:

f. 7 -j_ e /4
T T



G
Static analysis
Yoo on f
LT
7L z 7 %
= —_— e —_—
DD — —_ B
L s, L sy D53

T, saturates, T; and T, operate in linear region,

0/ . 2
Ias, = A4C (-Z')I(V.B.b -V, - V,-,E)

n s .
ASaticall (V..fz.b Vi TVoe) VY, mVe ) ]
A2

_L -l
) [ (v.ha _V3 _v,—f ) - (Yp.z: _vol —.VTE )

Adding up the three equations, we have

LR -
31 = -~ Co)'('z");z_‘(v_z,_b - VJ) - VTE)
Thus{
s A =
I =§*[/£an () 5 (V,, =V = Vo) ]
Then,
= p |
(Vo =V, = Vo) =5V, -V, Vo )
3 =2 -
(V..b.-.b~ -V, o v"_E) ) - Vor = Y Ve )

‘ Z 3. -
Vo =z 2 0 o) UV, - Ve )

Vo (1) (v, - v )

-

Adding capacitors to the circuit used for static .analysis
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(3]

T . 2
= ¥y '
T
< L1
1, = C'c;‘—t; = C 75 2F
_ ol o & A
Lo = Qo 2 AE
LY o X
1z e Cs e

%o % _|_

v o2 Y 4 7
L A Wy, 7 L\ =
= "op e -

|__I
s
o]

Ceg = &€ +JECy */5Cs )

(Lo, = 450

% =3

Generalization

W




’-/m. Ky o s
g ,;Lv%%'..}i_ﬁ%:‘f r-‘l=1 oy
‘ 7 J_ U/z_[_ iy — CY Ve _L G
TC': TC‘_,_ Tfa chig
. )

Ceg =75 ( Cp HW/ECa *.5C, + ot /Al )

——

(£5)eg = 250

o -

More on Generalization

Yoo Yo e K
. B Sy B U ) = e Ly
/z’ 'V/; k)"/zn (%)e

(1

A=t =S
. =y
(e, = . :
.4 - 4(' - . "" N
.} ';J‘- .

Il

As an illustration, the delays for the following circuit
are calculated usiggwihe above equations and the results are

"

compared with SPICE simulation results,

L
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Example 2:
- Yon

4.
1

AN

%

TR

/4

%a.oafr‘

Given procegs parameters:

' -5
Vps = SV, £,Coy = 2210, A/V, W/L = 5/5 (in eem)
Voe = 0.2V, B &
S0, Vg = Vap " Vrg = 4V )
a2 L2y L
(27)53 =5 (5_) =3
/
=—{(0.02 +,2x0.1}) = 0.1141 pF
Cy M.T( R %0.1) p
7 ' . -/a
tp = 17.778 (-———=—)(2)(0.1141 %10 ) = 50.7 ns
, QXD KL i
P4 I"'/J
‘tPLH = 2 (m)(Z)(O.llQIXlO ) = 5.7 ns
_ ___/.____ - - : '
by = 2.7438 (&xm_rx“ )(2)(0.1141x 10 ™) = _7.8 ns
. Fa /2,
= X = -
tpw, = 1.0986 (;———)(2)(0.1141%107) = 3.1 ns
Approximate SPICE
{ns) Results Results % error
t, 50.7 47.5 K 7
8 | Hb’ 10
t 7. 7.1
F.
toin 5.7 5.8 -2
Lpue 3.1 3.3 -6

....43 -



2.6 . Delay Calculations With Linear Ramp Input

In Section'2.5, we have derived the delay equations for
the NﬁOS-circuits. The simple model used in the derivation
can occasionally produce .1arge errors in delay estimate.
There are two sources of‘error in £he simple model. One
source of error is .the lumping of equivalent' capacitance
Qhen there are pass transistors at the output node. This.
tends to overestimate the delays. Fortunately, for most cir-
cuits, the number of pass transistors is usually small and
the error produced is not very significant.

The second and more significant source of error in the
simple model comes from the assumption that the input wave-
form is a step function. Consider the situation of Figure
2.16. In (b), the inverter is driven by a linear ramp input
waveform; the inverter will take much longer to drive its
output lpad to zero than in (&), because the gate voltage is
lower than V,, when the output is being driven in (b). 1In
general, the switching delay of a transistor is a function
of'both‘the input-wavéform and the load being driven.

The solution to this broblem is to include ‘the effects of
the input waveform. Each input is characterized by its.slope
(rise/fall time)_and the input capacitance, C;. A rise/fall
time of zerb corresponds to a step function, and a large
rise/fall.tjmef eorresponds to a slowly rising or falling
signél. Typically, if a gate is driving a large output load,

or has small input capacitance, only a very slow input rise/

-
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(a) Step function input + (b) Linear ramp input
Figure 2.16: An inverter driven by different input wave-
forms.
-
fall time will affect its delays: If a gate is driving a

small dutput load, or has very large input capacitance, its
deiay will be more sensitive to the rise/fall time of_the
input waveférm.'

A The following subsections show how input waveform is

included in delay.calculations.

2;6.1 Delays of an-Inverter

Here, we ﬁnalyze an inverter and the results can be
appliéd° to other NMOS gates. Figure 2.17 shows an NMOS
inverter chain; the various input waveforms to gate G are
obtained by varying qu,_thé load EEpagitance o? the preqsd—
7/jﬁg gate G:_l; \ N
; Figure 2.18 shows delay times of gate G, for various val-
_ues 6f C,, and C,_,. The rise-delay EPLH depinds largely on

&
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Figure 2.17: NMOS inverter chain.

the loadlcapacitance Cy but less on the input éapacitance.
The fall delay teur is largely affected by the input wave-
T s

form and the %oad capacitance C,.

From here onwards we are going to use a superscript * to

indicate rise time or fall time that would occur at the out-

-

put if the input were driven by a step function, e.g. 'tr
means the rise timé of a gate with step function input.
Since input waveform is characterized by rise/fall time and
the input capacitance, we use a subscript I to indicate it
of8Pan input rise time or fall time, e.g. t,g meéns the input
rise time of the gate, and C; :a the input capgcitance.

‘\: . ' With the above notation, the delay times of the inverte;

can be approximately givent*by the following émpirical equa-

Wtiéﬁ?\by replacing C,, with C_ and C,_, with C,.

_46_

7



tpo= £ 01+ 0.3 (e /e )

(1 +0.25 ( tpp/t))

/

A s -
[ 2.9% + 0.15(cy/c) 17

ct
-
2
X

1]

o
-

.

a : 2 /,
tpne =t / [ 1.9 + 0.06(C;/C,) 1

Here, t,/ and t; are calcﬁlated as in_Section 2.5. All thé
empirical constants are obtained from circuit simulation.

As an illustration, the delays for gate G, in Figure 2.17
are estimated using the above empirical equations. First,
‘assuming the input waveform to gate G,., is a step function,
the output will have various waveform by varying C,_, . The
~following rebults are obtained by using equations from Sec-

tion 2.5.

0.02 1.5 0.4
0.1 7.4 2.0
0.2 14.8 4.1
0.4 29.6 B.1
1.0 | 74.0 20.3
2.0 147.9 40.6

These output waveforms will become the input waveforms
for gate Gu. For gate G, first, the rise.time t, and fall
time t¥ are calculated with equations from Section 2.5.

.f‘
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Then, wusing the empirical equations, the output transition

and delays are calculated as follows:

‘Given process parameters:
Vap = 5V, ¢4,Copc = 2%107° A/V?
W, /L, = 5/10, Wu/Le= 10/5 ( all in a~)
C, = 0.2 pF

So,
o - s £ _
tr,= 3.6976 i/%ACBxléo ) A)ﬂt)-c,, = 14.8 ns
tf = 4.0624 (— ~ = )°(:zz).cn = 4.1 ns
e -~ ox ]
and

te = 14.8 [ 1+ 0.3 (-t /14,8 )]
< 2 .
tew = tr / [ 2.9 + 0.15(C, ., /0.2) 1%~

te = 4.1 [ 1+ 0.25(t,_/4.1)7" ]

]
Eont. /[ 1.9” + 0.06(c,_ /0.2)" 1%

t
.F
The results are given in the following table and plotted in

Figure 2.18.

- -
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0.02/0.2 | 14.8 4.4 5.1 2.3
0.1/0.2 15.0 6.0 5.2 3.2
’ 0.2/0.2 15.4 8.3 5.3 . 4.3
0.4/0.2 16.6 | 13.1 5.5 6.7
1.0/40.2 21.9 | 28.8 6.3 12.7
2.0/0.2 35.0 |*57.0 7.2 18.4

The results obtained by SPICE simulation program are given

in the following table and also plotted in Figure 2.18. .- o

0.02/0.2 14.9 ///4.3 5.1 2.3
0.1/0.2 | 15.5 1 6.2 . 5.1 3.9
$0.2/0.2 16.3 3.0 5.1 5.4
0.4/0.2 18.3 14.0 5.3 7.0
1.0/0.2 24.0 ~ 28.0 6.0 11.5
2.0/0.2 35.0 50.5 6.8 17.0
(]
1
_49_
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2.6.2 Delays of a Pass Transistor Chain

In an earlier section we have calculated the delay times
for a pass transistor chain with step input. Here, a pass
transistor chain which is driven by an: inverter, as shown in
Figure 2.19, is considered.

To calculate the delays of the pass transistor chain,
first, the output transition times of the inverter are cal-
cﬁlated. Then,’ wifh these transition times as the input of
the pass transistor chain, the delays of the pass transistor
chain can be approximately given by the following empirical,

eguaticns: | d
. P
tp =t 01+ 0.3 (g /8] ) ]

tFLH = tr. /8-9

o7

te =t D1+ (e /el 7 1

.F

t'FH,_ = tf /2.5 :

Here, t * and Hf are calculated as in Section 2.5. All the

empirical constants are obtained from circuit simulation.

A
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Figure 2,19: A pass t;gﬁ%istor chain driven by an inverter.

As an illustration, we will show how the delay times of
the circuit in Figure 2.19 are calculated using the above

empirical equations. Coe : L«)

o
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Example 3
Given proéess parameters:
Voo = 5V, &2 Cox = 2 ¥ 10° a/v?
W /L, = 5/10,.W_ /L. = 10/5, W, /Lp = 5/5 (in _j«m)
v, = -0.8V,, , Voo = 0.2V, |
First, we calcﬁlate the trans}tion times of the
inverter. As we have sho@n in Example 1, the inverter
rise and fall times are given by: -
“t, = 6.7 ns
tf = 1.8 ns ‘
Next, the transition times of the pass transistor chain
with step input waveform aré calculated. As we have
shown in Example 2, the rise and fall times of the pass-
transistor chain are given by:
t, = 50.7 ns
t¥= 7.8 ns
With the above values ?nd the empirical equations, the

transition and delay times can then be calculated as

follows:

. lex
€, = 50.7 [ 1+ 0.3 (6.7/50.7)"" 1 = 51.4 ns

Eorn = 51.4/8.9.5 5.8 ns

0. '
t'F =7.8[ 1+ (1.8/7.8) ] = 10.6 ns
. . \
t =

o = 10.6/2.5 =4&}2 ns
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Approximate SPICE
{ns) Results - Results % error
. t, 51.4 48.5 6
t 10.6 10.5 1
.F
Eprus 5.8 5.5 5
tpwL 4.2 5.0 ~16 &

In this example, a different pass‘transistor structure,
pass transistor trge, is considered. Figure 2,20 shows a
pass transistor tree driven by an inverter., The delay calcu-
lation considers only the direct path between the phllup
node (node 3) and the output node (node 7). All the side
capacitances _ére assumed to Dbe -connected to the branch
nodes. This will reduce the tree structure’inté a chain
structure, and the previous equations can then be applied to

delay calculafion.

Example 4

.4 '.
T s I
e AL T

14 ‘——“:Mc{/f.’d . 0.0//7/." _l_ _1_
_2 I S I e B S

-l

TMI/’F “TO-Of,oF == otyer

T

el }

Figqure 2.20: A pass transistor tree driven by an inverter.
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Giveh process parameters:
Vos = SV, nCax = 2%1077A/N* |
We /Le= 5/10, W /Le= 10/5, Wp /Lp = 5/5 (in _am)
Vyp = 0.8V, , Ve = 0.2Von
The firstlstep'is to éaiculate the équivalent'load
capaciggpce, and the rise and fall times of the
inverter. - ‘
Cez, = I 0.01 + £ 0,06 +7£0.01 +20.1) = 0.11 pF

From equations (2.3) and (2.7},

tp = 374107 (£2) % 0.11x 1077 = 8.1 ns /
Cro = 40.620 X 107 ()% 0.11%X10™ = 2.2 ns
. The second step is to reduce the transistor tree into a
a chain structure, as shown below:
i 1.1
s M1 [+l i

(W/LLfjl =

c? =(}-3_’—( 0.06 +,/:0.0} +/70.1 ) = 0.14 pF

~

/
2 x0T x4

17.778 { 93.3 ns

ct
-
1]

)(3)(0.14 x1077")

"
n

L ’ / -2
t 2.7438 (m)(ﬂ(o.lf}xlo } 14.4 ns

Then, using the empirafal equations,
hY
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N i _
93.3 [ 1 + 0.3 (8.1/93.3)"° 1 = 94 ns

tr =
tPLH = 9448-9 = 10-6 nS 3
. . o./:r 3 ’
te = 14.4 [ &+ (2.2/14.4) “ ] = 18.3 ns
‘ , ,
Epue =-18.3/2.5 = 7.3 ns
Approximate SPICE
(ns) Results ‘ Results % error
t, 94.0 81.0 16
't{_. 18.3 16.5 11
£pLH 10.6 9.0 18
t pue 7.3 8.3 -12
. 5}_
r.T
P
- q L
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Chapter III

P

LOGIC SIMULATION

3.1 Introduction

Logic simulation is the process of building and exercis-
ing a model of a digital circuit on a computer. By exerZis-
ing, it means-the evaluation of signal vaiues in the modeled
_circuit as a function of time for some: applied inéut
sequence [4].

There ars two main applications for a logic simulator,
The first 1is in the logic and/or design verification ‘of a
new design. In logic verification, the logic designers sim-
ply verify the logical correctness of the design. While in
design verification, they are interested in testing [for log-
ical correctness, as well as timing and signal propagation
charabterisgicsﬂ

A second application for logic simulation is in the area
of fault analysis. Here, _;%e logic designer may desire
information related to what faults are detected by a pro-
posed test seguence, what are the operational characteris-
tics of the circuit under specific fault conditions eor what
degree of fault resolution is obtainable with a given test

sequehce? These and other questions can be dealt with

effectively by the process of fault simulation.



The usefulness of a logic simulator can be evaluated with

respect to the following attributes: : 3

1.

—

Accuracy - There should be a close corrésponaehce
between predicted signal value in.time as calculated

by the simulator, and that which oc¢curs in the actual
&

T

circuit.

Efficiency - The pracess of simulation must be cost N
’ /

éffective.

I

Generaliﬁy - The simulator should be able to handle a

broad class of circuits. ’ ,

In many situations, the accuracy considerations can be

thought of as being pfimarily thecretical, and the cost

effectiveness as primarily practical implementation consid-

eration.

- -

This chapter gives an overview of logic simulation,

detailed discussion can be found in [4], and as a background

for the understanding of the remaining chapters.

,7,
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3.2 Input Circuit Description \ﬁ\-*//

The circuit deécription can be supplied to the si@ﬁlator
in various. forms; and a preprocessor translates the descrip-
f/,ti Q'into a form-(data structure) used internally.

A%”least'three.possibilities exisf for the input: Boolean

equatiom macro, and elements. The Boolean eguatidn infut.

would allow the user to describe the circuit in an equation

form.

For exanmple:
S

would gendrate

~
an preprocesso

) >—=
Figure 3.1: Circuit generated from Bbolqaﬁﬂéquation

.;
[

a The macro input circuit description is in the forms of a
procedure for highly repetitive logic circuits. F¢r example
- the 32—bit register, as shown in Figure 3.2, 1is made up of
32 JK flip—fiops. The macro allows the user to‘describe the
flip-flop once at the gate level, and.then use this descrip-
tion for each of the 32 bits of the register. This would
result in a considerable simplification of the description

process.

\~

he circuit shown in Cjijie 3.1, via akngle:‘“
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AMac 32—

CLOL A

Fiqure 3.2: Magro representation of a 32-bit register

The element description is similar to the gate level
description _except that an element can have multiple inputs

and outputs ﬁhereas,a gate has a single output. Figune 3.3

shows an element representation of a JK flip-flop.

CLOC A RESET

Figure 3.3: Element representation of a JK flip-flop



In a switch“level simulator, circuits are described by a
set of nodes connected by transistor switches. The input
circuit description consists of a list of transistors, each
one consisting of a gate, a source, and a drain node, and
other pertinent information, such as the width/length (W/L)
aspect ratio for each transistor and the-capacitance at each
node. This input circuit deécription can usually be
extracted directly from the mask layout; therefore, ﬁo
knowledge of the logic function ~of the circuit is required.
More detailed description on circuit representation in

switch-level simulator is presented in Chapter 4.
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3.3 Delay Modeling

Delay is an important attribute to the correcf functional
operation of many circuits. We can categorize most delay
modeling techniques as being either pessimistic or optimis-
tic models of the-real circuit. Usually a more detailed
delay model is used for design verification than is used for
logic yerificationt In general, simulation delay modeis
used can be categorized as zero, unit} rise/fall and precise
delays.

As the timing precision of th? model increases, so-does
the complexity of the implementation, and this complexity is
often a major consideration. However, the implementation
complexity should not be the dominant consideration. The
principal applications area of the simulator is a more
important consideration. Zero and unit (single delay value)
delay simulators cén be used for logic verification, but are
not effective for design verification to catch timing
errors.  In the unit delay model, a single delay wvalue is
assigned to each type of logic element. Some devices, how-
ever, have different signal rise and fall times due to vari-
ous electrical parameters such as input waveforms, input
capacitances and output capacitances. Such devices can be
modeled by assigning two delay values; one for a transition
from 0 to 1, and another for a transiticon from 1 to 0. This
model 1is referred to as a rise/fall- delay modél, which
closely approximates the timing ﬁroperties for some technol-

ogies,



Another timing model is the min/max delay model. These

delays defined an ambiguous time
signal value chahges somewhere in
is called an inertia delay model.

some minimum energy 1s required.

L4

required to switch the logic gate.

input and output timing diagrams

delay models.

the region.

>

region in which the actual .

Yet another

To switch a logic gate,
In the inertia delay mod-
el, this minimum energy is modeled as a minimum pulse width
Figure 3.4 shows the

of an inverter for various

o&'e)'a aééﬁ/

.4(/’1»-/ ﬁdo/?f
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o T2 d.= 7
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Amdy«;‘bfy &(eﬂa'.;
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Trne > ra. c‘(-/‘}y
.4'?.: Vs

Figure 3.4: Input and output timing diagrams of an inverter
for various delay models
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3.4 Multiple Logic Values

'The—‘choice of parficular delay parameters directly
affects the number of logic wvalues used in the simulator.
"Zero and unit delay models can use either two or three logic
values for simulation. The yalues would be 0, 1 and X,
where X is indeterminate or unknown. Two-valued (0 and 1)
models are not sufficient in‘design ver;fication. The prob-
lem is in the initialization of the circuit to be simulated.
Since only two values exist, all signals would bQ\ihitially
set to 0 or 1. Consistency cannot be easily maintained.
Also, the abnormal states due to timing errors cannot be
repreéented. Thus, most simulators employ at least three

~logic values. - ’

The rise/fall delay models use three or four logic val-
ues; The four logic values are 0, 1, X and E, where X is
the initial unknown state and E represents errors. The min/
max delay model requires two additional logic values of U
(signal rising) and D {signal falling}. For tri-state
devices and transmission gates, a value Z is intrpduced to
represent a high impedance state.

To model the circuits correctly, more logic values would

be required, but this will generally lengthen the simulation

time, Therefore, the selection of the number of logic wval-

ues in implementation is dependent on the purpose of simula-
/ - . . .

o

tor.



t
This multiple delay simulator wuses three logic values:
0, MNand X, where X represenﬁs the initial unknown state and
also the " timing errors. A detailed description of this

delay model is presented in Chapter 4.

3.5 ksimulato:aStructutef 7 _ - ?>\
There are two_baéﬁc clagées of simulators: compiled code
and table-driven event-directed [4]. In compiled code simu-
lators, the circuit to be simulated is actually represented
internally as a segquence of camputer instructions. The,
table-~driven event-directed simulator is more versatile in
handliné delays and achieves computational efficiency.
Therefore, table-driven event-directed simulation is

described in the following section.

3.5.1 Event Directed Simulation

Simulation of a logic cifcuit starts £ Fom bu-ilc{ing a cir"
cuit model, which consists of the descriptions of circuit
elements and their interconnections. ‘T?en an input sequenc
is introduced to the iﬁput terminals at predetermined times.
The circuit will be simulatedh at discrete timé éteps by

evaluating the ;esponse to the applied input® stimuli. If
any circuit eiements change states, they aré scheduled to
change after some appropriate delay. Simulation process
continues until the circuit stabilizes (no more inputs to

simulate and the circuit reaches a steady state).



-

It 1is generally observed that at _any simulation time
step, only a small'percentage of all the signal lines chang-
es values, typically 2-10%. Thus, it appears wastefu;,-.as
1s done with the compiled code approach, to simulate all the
circuit elements when only a small portion of the cifcuit is
actively changing. Another fact is that the output of a

circuit element will change its value only en at least one

of its inputs changes. An event 1is defined as a change in

A

logic value of a signal line. Based on/the facts above,

circuit elements need to be evaluated/ only when an event
occurs at one or more of its inputs.

Wheﬁ an event occurs, the outputs of all those elements
with inputs conneéted to that line are potentially active
and require evaluation. 'As one simulates all the potential-
ly active circuit.elemenps, one will find that only some
have the output values changed while others do not. ~ A sig-
nificant reduction in computation can be achieved by simu-
" lating only the potentially active elements rather than all

the elements. The technique is referred to as event direct-

ed or selective trace (tracing after events).

3.5.2 Event Schedul;ng .

When a circuit Ete%ent is evaluated at t, , and it has
been determined that. its output node. has changed its logic
StFte, then this output event 1is scheduled at the future
time step t;+A , Wwhere a is the délay.time for this change
to take place. The technique used to-schedule and resche-

dule events 15 called the time-flow mechanism.

_66...

e



X - o
" One way to organize the scheduling = of events 1s to use a
list structure as shown in Figure 3.5, where all the events
occuring at\QEe same time are linked together. The headers

of these list are stored in increasing order, e.g., Ei < tj

< ty as illustrated.
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Figure 3.5: List structure scheduler
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Chapter 1V

MULTIPLE DELAY SWITCH-LEVEL SIMULATI(_—)N ALGORI THM

-

4.1 Introduction
In simulating MOS circu?%%?;:Z;;;?€fyT-¢~eve of the prob-

lems is the accuracy of délay time. -The delay time of a MOS

gate depends not only on the output loading but also the

input waveform.

The traditional approach to delay "calculation is the use.

of circuit simulation programs such as SPICE [15]. 1In this

case, circuit delays are obtained by solving a set of

integral-differential - equations. This approach produces
. —

highly accurate delays. However, this accuracy de&gyfot come

without cost: 1intolerably long computing time. Thus, this .

approach is 1impractical for today's state-of~-the-art
LSI/VLSI circuits, which contain tens or hundreds of thouz
sands of transistors. 4

Another approach is the use of a switch-level logic simu-
lator suc% as MOSSIﬁ [5} and others [3] [17]. Unfortunately,
this type of simulator predicts accurately'the logic levels
without regard to the circuit de}ays due to the unit delay
model used. |

In this chapter, we shall describe'a switch-level logic

simulation algorithm that takes circuit delays into account.

B
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It is an extension to the existing unit delay algorithm [5],
but with, a-multiple delay model added. This delay model . '
takes into consideration the effects of not onl§ the'output
capacitive loading but also the input waveforms.

o

4.2 Network Model

A'swipch network [5])[61(7] consisés of a set of nodes,l
Ny, Nay ewseyr Ny connected by a set of transistors t,, t,.,
., tm. Each node n{ 1is in a state:s; as one of 0, 1, and
X, where 0 and 1 represent the low and high voltage level,
respectivelf, and X indicates an indetermihéte or unkno:n
voltage level. .Each nbde.ni is classified as either an input
node or a storage node. Input nodes ﬁfgvide strong'signals
and storage nodes provide weak signals. "By signal strength
‘we meam the current supplying or sinking capability of the

"circuit node. The signal strengths are defined as follows:
1. A QOde with driver strength (D). providesfg strong sig-
nal to the circuit being driven, and'tﬁé‘signal is not
affected by the circuit aqt&on. Typical examples of
“nodes with driver strengths are signal sources such as

V,» . GND, and clocks.

2. A node conpected to Var through a resistor or jfdeple-
tion pull-up transistor is cénsideréé to have the
pull-up strength (L). This ‘sbrength has sufficient
driving capabilitfr but weaker than ‘nodes with D

-
> strength.



\\\\\ . & - L o

C

3.  All other nodes are of the weak strength (W). Typical-
ly, . these nodes are internal circuit nodes conneéting
enhancementf transistors. Such nodes are always con-
nected to GND hrough stray capacitances due to inter-
connections or the“gate capacitanée of a trénsistor.

A signal is represented by a pair (s;, f;), consisting of

its logic state (s;) and its strength (f;). Figure 4.1

illustrates the representation of a network.

.3

Figure'4.1:' Illpstrations of the node states and node
- strengths of a circuit..

e

A transistor 1is a three termimal device with terminals

labelled "Drain", "Gate", and "Source” ‘as shown in Figure -

4,2, No distinction 'is made between the arain and the
_source. Each transistor has~a type n, p, or d, corresponding
"to the n-type enhancement, ~ p-type, or n-type laepletion
" devices, respectively. A transistor acts as a resistiié
switch conhectiﬁé its drain aﬁd source controlled by its

. gate. BEBach transistor t; has a state z\ open, closed, Aﬁﬁ

r

\n

.



unknown, where "open" indicates non-conducting and "closed"
conducting. A transistor in the "unknown" state shows an
indeterminate conductance, somewhere in-between the conduc-
-~

tance of fully open and fully closed. Table 4.1 shows the.

transistor types and-their behaviour.

T Desrie -

| Gare, —

Socerce

Fiqure 4.2: A MOS transistor.

'
n-type p-type d-type

gate transistor gate transistor ' gate transistor
node "~ state node state node state
state (effect) state -(effect) ‘state. (effect)

0 open 0 closed 0 closed

1 closed 1 open 1 closed

X unknown X unknown X closed

Table 4.1: Transistor types and their behaviour

T

-

Nodes in:a subnetwork are categorized as_external or

internal. All nodes with connections to c&rcuit elements

-~
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outside the subnetwork are external nodes. They are points
of interest because events at these nodes cause scheduling

of evaluations of other subnetworks,

4,2.1 Network Representation

We assume that we have a logic network in which all the®

. *
depletion load transistors are .replaced by pull-up nodes.

Then we can represent the structure of a network,.n , in the S/

following_way:
n = (N, T )
where " ;
N =1{n; 1}
denotes the set of nodes,'and'
Tt}

denotes the set of transistors. The state.of the network is

defined as: =~
. e

M=(S, 2) g
where
. ) . |
S ={ s; } o ; i
denotes the node states, and
Z =1 [ } s
b L N

denotes the transistor states.
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Information concerning .the nodes and transistors Iis

encoded by the following mappings:

NTYPE(N)- ---> (internal, external) node type *
TTYPE(T) ---> (n, p, &) : transistor type
SS~—_DRAIN(T) ---> N - drain node -
© GATE(T) ---> N '//) gate node '
SOUFCE(T);~-> N source node
For example, see Figure 4.1, 1if we are given a node ng,

the méppihg'NTYPE(n;) will give the information that node ny
is an external node. ' i /j

.' . LI N \&
4.,2.2 Partitioning of the Network

g
In order to apply selecti?e trace of activities and time
Elow mechanism, a network is partitioned into its connected
compenents, referred to as-subnetworks. The nodes rand tran-
§istors belonging to a subﬁetwork S, are identified 'as fol-
lows: .
1. The nodes of S, are obtained by partition{ng the
graph, formed by creating a evertex for each node and

an edge between each pair of vertices that constitutes

, the source and drain for some transistor, into its
connected components. . L
. . : . B
2. A transistor t; is in the subnqgwork S. if a node of

S. is a source or drain node of ti.
5 '

) B . S0 . . ) .
o all nodesB with connections to circuit elements outside

the subnetwork are external nodes. The remaining nodes of

L}

(

~



subnetwork are internal nodes. Figure 4.3 shows how a net-

work is being partitionéd into subnetworks.
I
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(a) Logic diagram of a static register.
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(b) Circuit diagram of network after.nodé partitioning.

Figure 4.3: Network partitioninggs
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4.3 Delay Model o \

In this séépion  a delay model is describéd. This delay
model is orgaéized around a subnetwbrk, ‘instead of logic
gates. The use of subnetwork pefmits both 1logic gates and
pass transistors to be handled in a uniform. fashiocn.

In any given time, the modeler considers a change in val-

: o
ue at a particular transistor gate, called tHek trigger. The

delay modeler is given the iiffs and.types of the transis-

tors, the parasitic capacitalices and the capacitance of the

nodes of each subnetwork. If the trigger is the last tran-

sistor to turn on in a subnetwork, as shown in Figure

a.4(b), ‘it may cause certain other transistor gates or ‘out-
put nodes to change value at later times. The modelef is

also given information about the waveform at the input. Its

job is to use this information to compute the waveform at

the output of the subnetwork. o _ e

To compute the delay, firs@; the modeler starts at the

source terminal of the trigger transistor and seagches

through sources and drains of “other transistors'toffind all
paths from the trigger source.to Va, Or GND. For each suéh
path, it then searches from the drain of the t:igger tran-
sistor through sources and drains to all outputs. The path
from the output through the trigger to V,, Or GND 1is uséd to
comﬁhte the delay from trigger tg output. Since all ;ransis-

tor sizes between trigger and oﬁggyt are Rnown apd the gapa-

. citances at each node are given, it can compute the delays

o~ ) .
\ . N . ’ o

A
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from these values by using the eqguations derived in Section

2.5.

Figure 4.4 {b) shows the trigger transistor and the out-
put nodes of subnetwork S,. In the case when the tr{;ger
transistor is turned off, as shown in Figure 4.4(c), it does

not belong to any-subnetwork. Then the path from the output

node to the V,, 1s used to Compute the delays.

-
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(a) A given circuit for delay calculation

(C) The triggér transistor is turned OFF

Figure 4.4: Searching of direct pathé.
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4.4 Simulation Algorithm |
The technigues used in this algorithm are: evenf—driven,
time flow mechanism with time gueue array for simulation
with variable rise and fall delays, selective trace of
agtive péth. |
) Séﬁédpling of even£s, tracing of subnetworks for evalua-
£ion, and subnitworg evaluation proceed as follows:

1. Event égﬂedulihg - When an event occurs at a node, the
time scheduled for the event 1is Qetefminea from the
delay associated with the transition; and the node

. identifier together with the new node valhé'is append-
ed to the event list for khat time slot.

. - .
2. ‘Selective trace - For each node on the event list for

the present time, all subnetworks which receive sig-

'nals on the node as an input are selected for evalua-

tion.

3. Subnetwork evaluation - After a subnetwork is evaluat-
b

ed, Z}l resulting events at the output nodes are to be

sche8uled at approprilate future times.

-

"The evaluation of new node values reflects an instantane-
ous reaction of thea subnétwérk due to the' changing input
states. This new state of the sugnetwork is only a projected

o
state which would be reac;;d only after some delay -if the
'inﬁut states were frozen.for a sufficientiy long tfme. But

" the inputs can change before ‘this projected state is

reached. When this “*happens sthe evolution 1is directed

~



towards aﬁother state and the previously scheduled delays
are revised. Thus, a scheduled transition may be rescheduled
or éancelled resulting in a épike cgnditién. A spike is pro-
pagated as an X pulse, the pulse width of which is deter-
mined from the delay between the events that caused it.
There are three types‘of tranéft{ons'and their respecéive

delays for scheduling aré as follows:

1. 0 --> 1 and. X --> 1 transitions are scheduled with
rise delays. ’ |

2. 1 --> 0 and X --> 0 transitions are schedule
fall delays.

3. 0 --> X and ‘l.--> X transitions are scheduled with
unit delay since occur?éhge of an X during simulation
indicates usually an error condition.

Figure 4.5 shows how to keep track of scheduled events at

the fimé queue (TQ). PT is the present time pointer pointing

to event list for’the present time. The event list contains

descriptions for nodes which‘qhange ‘states during that time

slot. MTEL is the macro time event list or overflow event

list, which contains events that are to occur at times which »

are beyond the range of the current TQ array time frame.

" Detailed discussion of the lists is presented in the next

i;?apter. o .
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Figqure 4.5: Simulationﬁé&me flow mechanism (Time Queue).

During simulation, errors (e.g. spikes) are indicated by
an X. For examble¢ Figure 4.6 shows a circuit— with rise
. delay Lon = 5 units aﬁa a fall delay tpy = 2 units. If a
zqegative pulse with a width of 2 wunits is applied on the
.input, an abnormal situation occurs. fhat is, the output
'change:caused by the first input éhange occurs later than
that by the second input ‘change (the first ihput ‘change
causes an output transitjon from 0 to 1 at time 7 units, the
second input change’ffysés an outﬁut' transiti&n from 1 to-O z
at &ime 6 units). ““The output would be assigned én'e;ror

state X with a pulse width of 1 unit.
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Figure 4.6: Input and

condition.

A simplified event-driven simulation algorithm is flowc-

‘harted in Figure 4.7. This algorithm will be presented in a

procedural form'augmented by'explanatpry comments.
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Figure 4:7: Event-Driven Simulation Algorithm.
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ACCESS THE EVALUATION |. S
LIST, EVL - -

REPARTITION THE SUBNET- .
WORKS IN THE EVL INTO ' : : .
SUBNETS | -

&;// ' . [EVALUATE THE NODE
. ' STATES OF SUBNET .
o

UPDATE' ALL _INTERNAL
NODE STATE. ‘
COMPUTE DELAY FOR
OUTPUT NODES WHICH ’
HAVE CHANGED STATES.

~ CHECK FOR SPIKES. o :

IF SPIKE OCCUR, X IS \ "

USED FOR THAT NODE.
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‘g:ICH CHANGE STATE
TIME QUEUE.
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Figure-ﬂ;j_'; (continued) - _ ?



Procedure SIMULATION is - the main body of the alg&rithm;
it shows how the simulation is'performed, 'The procedure is
divided into. five phases, namely, initialization, node state
.update, -transistor state dpdéte‘and subnetwork repartition-
ing, suﬁﬁetwork evaiuation, and output scheduling. In the’
first phaSE, lthé'given network is-partitioned into its con-
nected components called SUBNETWQRKS. All nodes in thé sub-
networks are 2nitial}zed fés follows: Nodes with pullup
gtrength, L, are initialized té 1 and-_nodes,with weak
strength, W, ‘are initialized to X. The input list A which
contains input events (d;, Yir Tj). where T; is the time
when nodé n; has its new state y{, are scheduled on the Time
Queue,

In the_secéhd phase, events for‘the present time_ is
'assessed one by one. For each event, the node wvalue 1is
updated according to the change in the event. 1In the third
phase, the state éf transistors for which this node is their
gate terminals is updated by using the procedure SET-TRANS.
Updating a node value méf cause some subnetworks, which haQ—
ing this node as an input, to be added to the evaluation-
" list EVL. All the nodes ih a subnetwork on the EVL form an
undifected graph whicﬁ has a vertex for each node. and an
edge for each transistor which is in thé "closed" or
"unknown" state. The connected components of this graph

'

becomes SUBNETS.
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In the fourth phase, the node states of. each subnet fs‘
evaluated By procedure NODESTATE. Delays for output'nodes‘
which have changed states are computéd. The last phase-of
evalhation is to schedule new events on the Time Queue.
Evaluation éf staté and delay "are described in later sec-
tions. | ' '

Procedure APPEND adds a subnetwérk onto the evaluation
lisf only if the given subnework is not aiready on the list.
Then, this subnetwork is deleteé from SUBNETWGRRS, because
it will be repartitiéned into new subnetworﬁs during the.

execution of EVL.



N\, -
)
s

)

’

!

gggt: A networkin., a network cenfiguration M and an input

list A, containing sequence of input‘évents to be

simulated <n;, yi,rTJ>. d

-

Qutput: M is updated by simulating the input events in A,
] .

r . '
procedure SIMULATION (o, M, A);
begin

(* initialization phase *)

G <--- form an undirected graph with V

)

{ni } and

E = { <i,j> | for some t% SOURCE( t ny and

Vo

r

b

377N

SUBNETWORKS <--- PARTITION(G);

DRAIN(t

ni' fi 'L

h

or each such that St

=n

o) ch such that f; W

La ]

ea n;

rh

o) in

—

each <n;, %, T;>

|

TQ <--- <ny, yi>:at time

;{ € PT do

s; # y; then

(* node state updatggﬁhase x)

or some t% such

is input to some
APPEND(EVL, Su);

if for some t

¥
begin

Zg

such that Gate(t,)

5 .
. —_ - 7 :
tggt DRAIN(t

(74

ny and

3 -

S, then

ny then

[

(* transistor state update *)

<= SET_TRANS(TTYPE(tE), s¢);
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—

if n; input to some S, then
APPEND(EVL, Su)

else

for ggmg:t%'such that SOURCE(t?) € S,
and DRAIN(tg) € s, do
begin
" APPEND(EVL, Sy);
APPEND(EVL, S,,)

- ~

end
end -
G <--- form an undirected graph with v = { n;-I n, € EVL }
§nd;E = { <i,j> | for some t% : SOURCE(tg) = nj,

DRAIN(t%) = nj and z% = 'closed' or 'unknown' } ;-

SUBNETS <--- PARTITION(G); (* subnetwork repartitioning *)
for all S, € SUBNETS do . "
| begin

NODESTATE of Si; (* subnetwork evaluation phase *)

.Delays.of output nodes.which have changed

A
state in S;;

: Check for spikes; -
(* output scheduling phase *)

Schedule events with delay delta at PT + A ;
SUBNETWORKS <--- SUBNETWORKS U {S;}

£nd

while not end of simulation do

increment PT
%
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end. K

prc;cedure APPEND(EVL, S,t);‘
if Sy & EVL E.M: ‘
i)e. i
- BVL <i-- EVL U {sx};
. remove .Sy from SUBNETWORKS
end '

-

end

== | ‘ \)‘
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Procgduré NODESTATE evaluates the node states of the*ﬁTu;\\\\;
en subnég con;aiﬁing a set of nodes and a set of closed- and /)
unknown—state.transistors (trans;storé with 1's or X's at
their gate te;mihals). At the beginning, all pullup nodes
are initialized to 1. Then, we consider the undirected graph
containing a Gertex for each node in the subnet and an edge
for each transistor which is in#the'“closed" state. The con-
nected compohénts of the graph partition the set of nodes
into groups.called GROUPS. The state of each of the group is
computed by the procedure STATE. '

If the subnet contains X-transistors (having X on their
éate terminal), then we must look at potential interactions
between the groups. The state of an X-transistor is unknown:
it may be opened,_cibséd or somewhere in between. Hence, if
a node has a unique state regardless.of the behaviours of
the %-transistors in the subnet, then the node will be set
to this state; otperwiéé,,{t will be set to X.

Thus far, we have computed the state of each group assum-
ing all X-transistors in the subnet are set "open". The next.
step~is to analyze the groups and set the state of a group
to X if some combination of X-transistors could be set to
"closed” and result in' a different group state. First a
supergraph is formed containiné a vertex for each group and
an edge between a pair of vertfces if an X-transistor con-
nects two nodes in the corresponding groups. The connectéd
componenﬁs of the supergraph 1is called SUPERGROUP (5uper¥

_group contains a set of groups linked by X-transistors).

"89_
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I1f a supergroup contains only one element (one group),
that means the subnet does not contain X-transistor, and no
further analysis is required. Otherwise, the state and
strength of the supergroup is computed by the procedure
SUPERSTATE. Any group with a state diffe;ent from the super-
group state must be set to X, because its state would be
changed if all X-transistors were set to "closed". All the
groups which have an X-state are called "poisoned” groups. g
Furthermore, a poisoned group can spread the X-state to its

neighbor, unless the neighbor is stronger.



k-
Input: A subnet §;.

Output: The. new states of subnet- St.

procedure NODESTATE (St);
begin
for each ny such that £i = "L" do sy = 1;

G <-- form an undirected graph with V = {n{} and

E={ <i,3j> | for some by SOURCE(t%) = ny ,
DRAIN(t% =0 and Z% = ‘cléséd‘ } P
GROUPS <-- PARTITION(G);.
for each Gj € GROUPS do {

strength(G;), state(Gy) <-- STATE(Gj); |
SG < form an undirected graph with Vv = {G;} and
E ={ <i,j> | for some t, : SOURCE(t,) € G{ and

% , t
DRAIN(tg) € Gj and ZTj = 'unknown' |

if sG] > 1 then
Y <-- SUPERSTATE( strength, state, SG );
P < (G, € SG | state(G;) # ¥ };

POISON( P, SG, strength );

for each G; € P do state(Gj;) < X
for each G; € GROUPS do
for each ny{ € Gj do
if f; # "D" and sy # state(G;) then
yi <-- stété(Gj):
for each ni € Sido
if s; # y; and NTYPE(n;) # 'external' then

-91“ .
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Procedure- STATE computes the state and strength of a giv-
en group. In this procedure, the strongest node(s} 1in the
group are inspected, where node strengths are ordered as
Driver > Pullup > Weak. The strength of the group is defined
as the strength of its strongest node(s). 1f the states of
the strongest nodes are equal, the group state becomes this
state; otherwise it becomes X, See Table 4.2.-

Procedure lSUPERSTATE closely resembles the procedure
STATE. The strengkh of the 'supergroup is computed. as the
strength of its strongest group(s). The state of the super-
group is compuyted as the state of the strongest group(s), if

they are equal, and as an X if they are not.



node{1i)

Driver (D) | Pullup (L) | Weak (W)

node(j) Driver (D) D D D
Pullup (L} D - L . L
weak (W) D L W
(a>/Q£9up strength
(\ .
node{1i)
. Driver (D) |Pullup (L) |Weak (W)
npde{j) 0 1 X 0 1 X 0 1 X
0] 0o x x| 000 | 00 O
Driver (D) 1 X 1 X 1 1 1 1 1 1
X X X X X X X X X X
6] 0 1% | 0% x| 00 0
Pullup (L) 1| 0 1 X X 1 X 1 1 1
' X 0 1 X X X X X X X
T 01 x| 01 % | 0 % X
Weak (W] 2 0 1 X 0 1 X X 1 X
X 0 1 X 0 1 X X X X

(b) Group state

: ) Table 4.2
Group stength and state table. °




Input: A group Gyg.

Output: The strength and state of G-

procedure STATE(Gy);

begin
-k <-- null; (* Driver > Pullup > Weak > null *)
y <-- X;

for each n; € Gy do

e

£ f; > k then

begin
k <== £g5 ¢
y <-- s

end

else

<~

if £; = k and sy # y then
y <-- X

end



Input: A supergroup, strength and state of each group in
the supergroup. '

Output: State of supergroup.

: ) :
procedure SUPERSTATE {strength, state, S$G);

begin *

K <-- null: (* Driver > Pullup > Weak > null *)
Y <-- X; '

for each G; € SG do - ~

if strength(G;) > K then

begin
K <-- strength(G;);

Y <-- ‘state(Gy);

if strength(G;) = K and state(Gi) # Y then

Y <-—- X
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1

in the procedure POISON, the initial set of poisoned
groups P, is expanded to the neighboring groups. A neighbor-
ing group can be poisoﬁed by these poisoned groups, unless

the,neighbor is strongef.-

Input: An initial set of poisoned groups P, a supergroun SG,
and strength: an array indicating the.strength of
. \ )

each group.

Output: P is expanded.

procedure POISON (£, SG, sfrength){ ' N
pstrenéth <-- strength;

- B f_— P; : | -
while B # 0 do

Gj <-- an element of B with maximal strength;

5

B <—"B‘{Gj}; &

for each G, connected to Gj by an X*transiétor do
if ﬁstrength(Gk) < pstrength(Gj)
or {pstrength(Gy) = pstrength(Gj) and?g$¢IH then
P <-- PyY [Gc}: 7
B <—- B U {Gy};

pstrength{(Gy) <-- pstrength(Gj)
end _‘_,) _ .
end
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Procedure PARTITION is used for partitioning an undirect-
ed graph into its connected components. This algorithm is a
variation of the depth-first search algorithm of Aho, Hop-

croft and Ullman [2].

© oL !

Input: A g:éph G=(V,E)} where V is a set of vertices, and
E is a set of edges.

Output: A set of connected components.

procedure PARTITION(G);

[

begin
— l;

j
for all v; in V do mark v; "new";

while there exits a vertex v; in V marked "new" do
Sj <-= {v; };.
SEARCH(S;, v;);
j <—- 3§ + 1 |
. end | _ 2.

end .

procedure SEARCH(S,v);

begin
mqu v "old";
for each vertex w adjacent to v in G do

if w is marked "new" ‘then

begin . N\ r



S <-= 8 U {w};
" SEARCH(S,w);
end

end

The procedure DELAY computes the delay times for each
output node, which has changed state, of the subnet §; By
using the equations which have been derived in previous sec-
tions. The procedure first checks whether the future state
of the output node is a 1, 0 or X. 1f the future state is a
1, a direct path is found between the output .node and the
pullup node or the input node, and thé rise delay is comput-
ed by using the appropriate arise delay equations. If the
future state is a 0, a direct péth is found between the out-
put node and the pullup node or input ‘ndde,‘ an eguivalent
super-driver-transistor is derived; and the fall delay is
computed by using the appropriate fall delay eguations. If
the future state 1is an X, " a unit delay 1is assumed because
occurrence of an X during simulation usually indicates an
error condition for which pessiﬁism dictates tﬁe shortest
possible delay. In ;omputing delays, capacitances from the
side branches are aésumed to be connected to the' branch
nodes (see Figure 4.8). This approach will reduce the tree

structure into a chain structure.
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Side capacitances are assumed to be connected
to the branch nodes. In computing delays, for
direct path from node 3 to node 7, side capaci-

. tance C5 is assumed to be connected to node 4

(total capacitance at node 4 is C, + Ceg).
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Input: A subnet S

Output: Delays of each output node which has changed state.

f

procedure. DELAY(S);
begin

or each n; € S do

if NTYPE(n;) = 'external' and si # yi then
if yi = 1 then - |
begin

search for a direct path between ny and

pullup node -or input node;
_ compute the rise delay (delta)
end
if

——

yy = 0 then
" substitute the driver transistors with
an equivalent super-transistor;
search for a direct path between n; and- .
~. pullup node or -input node;
compute the fall delay (delta)
end ‘

.

else

assign a unit delay (delta)

- 100 -
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Chapter.V
/

IMPLEMENTATION

5.1 Introduction

As we have discussed 1in earlier‘chapters, there are a
number of basic considerations  which dictate the entire
functfioning of a simulator, as well as the system flexibili-
ty. Primary among these considerations 1is the handling of
the logic network data and the basic simulation mechanism,
There are two basic methods for digital logic simulation,
compiled simulation and table-driven simulation. Compiled
simulation could not provide the timing accuracy®desired,
hence, a table-driven simulation is used in this simulator.:

For design verification, detection of timing problems is

/)a major objective; hence, the selection of an appropriate
time flow mechanism is of considerable importance. Since
the decisions with respect to the table structure and time
flow mechanism'afé considered to be of majar importance, the
following detailed discﬁssiqn is provided.

~This multiple delay switch-level simulator has been
implemented, based on the algorithm described in the previ-
ous chapter, on the Amdahl 470/V8 system as a séries of Pas-
cal program. Executable version of the program is given 1in

Appendix D.
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5.2 Data Structures

In a table-driven simulator the circuit is represented by
a set of tables indicating -the. important attributes of each

node and transistor,~such as:

1. the type of node

2. the state of the node

3. the delay at the node

4. the.capacitance'at this node,

5. the state of the transistor

6. the drain, gate and source éf the'trahsistor

7. transistors for which this node is the gate terminal
(fanouts)

8. transistors which connect Ehis node to other nodes

(interconnects)

Numerous options exist for the implementation of a par-
ticular table structure. BEach of these table structures has
its pros and cons. One particular table structure that is
general, effective and éfficient_is presented here.

The overall 'table configuration is sﬁown in Figure 5.1.
As can be seen from the figure, pointers and linked lists

are extensively used. The node table contains all the
information about each node and the interconnection pointers
for each node. The transistor table contains pointers to
the drain, gate.and source nodes of each transistor. The
fanoutset and interconset tables contain pointers to the

4
respective fanout and interconnection transistors of each

- 102 -



node: fanout transistors are transistors for which this
node is the gate node, interconneétion transistors are tran-
sistors which connect this node to other nodes. The timing
table contains the timing information of the_éode for delay

calculation and spike analysis.

Able Fadle ) :/_;m,’:?’? TAalie
[~

v

t I . /:aﬂaazfs‘e/
Forarrs S rorn Feble — - 1 4
/
o
: 3
o [«]-]
. Tnrerconser
t
m| 12

Figure 5.1 : Overall table configuration and interaction
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The node table shown in Figure ‘5.2 contains information

about the nodes of a circuit. Each node occupies three

words of information. Detailed description of each field of

these words is given in Figure 5.3.

WoRDd
AobSE Can=~ W/
s FAPEX VAES| rysac| STare Srrear L, e
POINTER o THE A . o/,z' ) no{e P
= JrAt A TAELE o eire bndercarronte
* \r/“
[Parar FER T0 SEGINMING POrn ik 7B EEGI~NNIAS
o A KQMEETIET BAT PN TERCAA LT
/) '
<
oo # R
[ ]
noxe #2727
2 . .
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Figure 5.2 : Node table
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flags
node typé_
state
strength‘
cap-value

W/L

pointer to the
timing table

no. of fanouts

no. of inter-
connect

pointer to
beginning of
fanoutset

peinter to
beginning of
interconset

Figure 5.3 :
f-

Description

~indicates the node

number

indicators

type of node

node state

node strength

node capacitance
width and length
of the lcoad tran-
sistor, for pullup

node only

pointer points to
the timing table

number of fanout
transistors

number of inter-
connect transistor

pointer points to
the beginning of
the fanoutset

pointer points to

the beginning of
the interconset

- 105 -

state

argument in vector arrays to
address the piece of infor-
mation desired

o ) _
checking of certain condition
state evaluation
state evaluation
strength evaluation
delay calculation

delay calculation

calculation and
detection -

delay
spike

event scheduling

state evaluation

event schedulingﬁ

|

evaluation ™~

Description of node table
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The transistor table shown

mation about the transistors of a circuit.

occupiesthree words of information,

in Figure 5.4 contains infor-

Each transistor

Detailed description of

each field of these words is given in Figure 5.5.

wloep
/5T
’ Ivsex | Feacs | srers |Fes
>
O A FER TO GATE | Lorn TER To 2RAIN
2 AlODE AroD&E
o A FEAR TO SOLRCE o
< oD E /L
4;
- L)
-
’ a
*
- *
ul
.
-

7 = FAE sreemm Sen y/ﬂnn_rf:ré)"s

Fiqure 5.4 : Transistor table
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'| Description

argument in vector arrays
to address the piece of
information desired

- flags
state

transistor
type

peinter to
gate node

pointer-to
drain node

pointer to
source node

W/L

Figure 5.5

indicates the
transistor number

indicators

transistor state

type of transistor

pointer points to
the gate terminal

pointer points to
the drain tergiinal

pointer points to
the source
terminal

width and_length
of the transistor
channel

checking of certain condition

state

state
state
state

state

delay

evaluation

evaluation

evaluation

evaluation.

evaluation

calculation

Description of transistor table
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The fanoutset table and interconset taple, shown in Fig-
ure 5.6 and Figure 5.7 respecﬁively, are closely associated
with the node table. As we have seen previously, two of the
entries in the node table are pointers to the faneutset and
interconset tablgé, which in turn contains pointers to the

transistor table entries of interest,

Lo FER FTO ssr o rn TEL TO X7
FaArouT o atodE ] AU E ALDE G
v Y //‘aoaa. oo, ons
-
' < —oEr S
SPorar TEAQ TO LAST f S
Aot B ArobE )
174

Figure 5.6 : Fanoutset table

B0 rER T 257 INTER-|Porn FER Fo VP raTER
COnalEC T 35 AADE ; COAAECT DA AadE j
74 v -
- 10718/‘ Ca/"\ecf(/.')d,'ffrfd?ﬁr
e oHe
oA FER FO LAST IV 7ol </

CorALE T OF Nﬁ-bé{;,'

Figure 5.7 : Interconset table
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L _
The timing table, as shown in Figure 5.8, stores the tim-

ing information of each external (input and output) node.
These timing ﬁnformation can be.used_to calculate the delays
and checking of spikes. The first word contains the rise
time and rise'delay of the node; The second word contains
the fall time and the fall delay of hhe node. The third
word stores the times and the future stafes of the node, or

zero if no future state pending for this node.

RTE ToArE ARIEE DELAY )
ARLL FTIAME FaLL bELAY }ﬁ'Mf'y //e‘:r
Ao
4
soats KrArEl e e e e s a . \TUAME STATE ) -

Figure 5.8 : Timing table
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5.3 Time Flow Mechanism

Figure 5.9 shows tﬂ?;gime flow mechanism used in this

multiple delay simulator. The TQ (Time Queue) array is the

‘pasic element of storage in the time flow mechanism. Each

row represents a discrete point in the simulation time base.
simulator can .move forward only by a fixed

Time in the

increment. Each entry in the TQ array contains pointers to
a list of events which are to occur at that instant in time.

FAtE QetEAE

) I LAt TrEL
7 \/—\ . A —
= . ..Ereay‘,.{r.ﬁ‘ v
2L )
. ~ /
& If /LA J }c’t/eﬂ.?‘/s‘
ok - Seheecsro
. . /:V/ /(:,f- 7/,'/’1@ _7:.
AMFTC EAITE AL . —
X : Lo [ ]) .
2 N T

«

€AY 7Frimw@e Rueeoe cz»/-_v, .

At TEL
l————P LINK — LK —rr s — e
! sorec fariron
TINTE TIALE Syt Hrmia ar®
Are ki ooy
T ¥ T Worll oocee”
CrAlE STAFE Y G5 E
AL AALT 2 AL
IrarsE SrarE A5 E

cEy ATacr~ro Foreme =Ygy z)‘r%,

Figure 5.9 : Simulation time flow mechanism

-
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There is one storage area, called the macro time event.
list (MTEL), used to contain events that are to occur at
points in time which are-beyond the range of the current TQ
array time frame. Consider the TQ array to be indexed from
1 to 2*%Z. Let PT be a variable denotes the "present time"
in the TQ argéy being processed and MTC be a variable start-
ing.at zero which denotes the numbér of cycles which have -
been made through the TQ array. Then, the simulation-time
is equal to the éxpression (2*MTC)+PT-1 and the time frame
of the TQ array is from (MTC*Z) to (MTC*Z)+(2*Z)-1 inclu-
sive. The MTEL is ordered on the time of occurrence of the
events.

At entry Z+1 of the TQ array, an event kﬁown as the MTEL
update is always scheduled to occur .as the first event ét
that point in time.. The action of this event is as follows:
1. Entries Z2+1 throuéh 2*Z replace entries 1 through Z

in the TQ array.and entries Z+1 through 2*Z are zeroed

out. )
2. MTC is incremented by oﬁe.
3. | PT is set to 1.
4, The MTEL update event is scheduled at z+1.
" 5. ".’ The MTEL is searched to determine if any events

’

scheduled to .occur  between . (MTC*Z)+Z+1 and
'(E¥C*Z)+(2*Z) inclusive. If such events, they are
" removed from the ' MTEL and placed in lists pointed to

by the pointers on the proper entry in the TQ array.
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The scheduling of an event is done by placing the event
on the proper list. If the event is to occur within the
time frame of ﬁhe TQ array, then it is put on a list poinéed
to by a TQ array entry. I1f the eveni is to occur beyond the
current time frame of thé TQ array, then it is inserted in
the MTEL in a manner so as to retain the ordering of the

MTEL.

5.4 Examples

{ﬁ\\ The algorithms described in the previous chapter have

h%sﬁ implemented on the amdahl 470/V8 system as a series of

Pascal program, and a program listing is given in Appendix
[S98
D. A number of NMOS circuits have been simulated by this

program. A few erTples are given below. -

Example 5

The following circuit, with parallel and series driver
transistors, is simulated. Node (2) and (3) are the input
nodes. Node (10) is the output node. The outputy waveform at
node (10) produced by this simulator is shown in.solid line
in Figure 5.10. For comparison purposes the waveform in
dotted line is the ones produced by SPICE simu}ation pro-

gram.
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Figqure 5.10 : Input.and output waveforms for Example 5
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_Examgle 6

Example 6 is an inverter pair coupled by a pass transis-
tor, as shown below. Node (1) is the input node and node (6)
is the output node. The output waveform produced by this
simulator.is shown in solid line in Figure 5.11. For compar-
ison purposes the waveform in dotted line is the ones pro-
duced by SPICE simulation proéram. VThis example is present-
ed to illustrate the ability of this simulator to handle

error condition ( X-state }.

D

Aot ‘l“o.j:;c !"——"fl L""/"F
T i - I
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Figure 5.11 : Input and output waveforms for Example 6
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Chapter VI

CONCLUSIONS

In this thesis, a new multiple delay switch-level simula-
tor for MOS LSI circuits has been pfeé;nted which includes
the following features: table-driven, time queue.with macro
time event list for simulation with multiple rise and fall
delays, selective tﬁacing of active paths, and event s%hed—
uling and rescheduling on the time gueue including spike
detection. '

The delay model wused in this simulator is organized
around a subnetwork, instead of logic gates. The use of
subnetworks permits both logic gates and pass £ransistors to
be handled in a uniform fashion. The delay model takes into
account the effects of not only output loading capacitance
but also the input waveform. The delay model presented here
also helps in‘reméving most of the limitations mentioned im
[461: inability to handle "multiple 1input to output
delays”, - "delay of a gate driving the data input of a-pass
transistor”, "slope of the input waveform”, and "overlapping
transitions”. |

An improved algorithm is described for computing the node
states and delays of a subnetwork. The algorithm is based
on scheduling of subnetworks which are locally evaluated

based on local relaxation method.
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Some MOS circuit designs depend on the relative sizes of
several capacitances for their logical behavior. This is
seen frequently with pre-charge buses, in which a chaftge is
first placed on a bus, and then this bus drives its signal
through a pass transistor onto a dynamic RAM,%ell. In this.
algorithm, the nodes will be set to X (unless they.were pre-
viously in the saﬁe state }, because the simulator does not
know the relative capacitance values. This shortcoming can
‘be circumvented by allowing different kinds of storage.-
nodes, e.g., "Strong" and "Weak" nodes. The previously
described algorithm can - be extended by ranking the node
strengths as: Driver > Pullup > Strong > Weak. There are
other limitations of this multiple delay simulator. First,
the use of X state for representing bdthdthe unknown or ini-
tial stafé and an error state. For more accurate design
verificaéion , the above two cases should be distinguished
by having X for initially unknown state and E for an error
state. Second, the simulator receives information about
transisters and parasitic capacitances of nodes, but not
resistances of interconnects. Thus, propagation delay in

,long wires is ignored.

In this multiple delay simulator, most of the limitations
mentioﬁed in [16] were addressed f It will be interesting
to study the performance of this proposed simulator. The
following areas for ‘future work are prompted from this the-

515: ¢
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1.

The use of more logic .values for more accurate logic

verification.

-

The provision of more accurate delay time estimation

for unknown state.

The inclusion of wiring delaysfin delay time calcula-

tion,
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Appendix A
DERIVATION OF (ISE TIME AND RISE DBLLAY OF AN
‘ HMOS. THVERTER

Hise Time
VDS[\: VDD - VO 2V -V = =V the load

ihen VGS = OV>V G TD

r[lD! [\DS

transistor is in saturation region.

u o

I, = B2t (vg - Upp)”
2 L .

S 2
= - ( —VTD )

o] n JO _‘_1__(_\]- 2

)t.
L TD
dt 2 L1

The time in the saturation regmgion,

Voo * 5

20
t = L " dV
o}

U_C (/) (—VTD)2




dhen VGS = oV >V~I‘D’ VDS = VDD - \Ios _V'L‘D’ the ioad transistor 1s

in linear region,

Ur\Go wl - )
Iy = == 120V sg = Vpp) Vps— Vg

2 L1
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U s {
o 1 2
= 2 ) Uy =V ) = Uy = V)
? L
1
v
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L at
dUD Upco wl' ’ é
o - =2 = (v Ve, - VY = (Ve =)
. ‘ j
1 at » L1 . I'D Db o i o
The time in the li=~nr reglon,
X
* 20 av
t i L . 0
lin - o, 3 5 2
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X2
o 1 1
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U8 o (g )iy /2 Ty =V, 2Agp) = (Vg = V)
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X
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The total

<

Tise time tr is

Rise Delay -

dhen

pl

the load transistor is in saturation region,

Vo ? Y%p
2 CL ]
= 5 uVD
Unco(_vTD) Wl/Ll
A
2C
L
- (Voo o Vo = ¥.)
RERE N L
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“hen the load transistor is in ligg;r region,

. ﬂ ! )
Xe
L 2Cy av
t'D?: = N R } . . 2
Hea ooy . U - -V - =
' Uity /Iy 2V (W = V) = (Vg = V)
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The total rise delay tDLii is
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Appendix B . .
DERIVATION OF FALL TIMG AND FALL DELAY OF AX
NM0S ILKVERTER

Fl

Yo
) ‘__1[[_], 1= Yo = i,
. — Ko, e >0
. Vs l l% h::q ,4:’*/41
/L)_(/-é,(
- -

Fall Time

When V.2V 2V. -V

0% Vs i TE? ioad transistor is in l¥near region and

. el
driver transistor is in saturation reglon.

Unco wl ' 2

IL = ¢ — [2(—V'PD)(VDD - VO) - (VDD - VO) ]
2 L .
1
U (] ‘.'T
n o d 2
Iy = ' (V= Vpg)
- 2 L
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LAV
I = C —
c L dt

av ugec W » _ 5
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X5
&.
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et ¥ = Vo =V _, dV = —aV_

LD o] -
(V. = ~
Vpp= (V3 =Vpg)
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R ? 5
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Yoo
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Whe - vz - b a ss ot i i T3
Then V.l VTEBVq’VDD+ VTD’ both transistors are in linear region,
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no 1. - 2
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Vop * Vpp
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for a = kK, b = _gk(vi -V
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“hen both transistors are in linear region,
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Appendix C
DERIVATION OF TRANSITIOL AKD DBLAY TIMES OF A

PAGS TRALSISTOR

dise Time

Transcistor Tl is in saturation region.
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0680
06A8
06A8

- 06A8

06A8
06A8
06A8

. 06A8

06A8
O6A8
06AB
06a8
06A8
06A8
06a8
06A8
06A8
06A8

- 06A8

06A8
06A8
Oea8
06A8B

06A8

06A8
O6A8
06A8
0ea8
06AB
06A8
06A8
06A8
06A8
0eA8
06A8
06AB
O6A8
06A8
06A8
06A8
0eA8
06A8
06A8
06A8
06A8
06a8

06A8

06A8
06A8
06A8
06A8
06A8
06A8
06A8
06A8
06A8
06AB
06A8

N

AAEC (17FEB82)

PROGRAM simulation {(input,output);
CONST

nodemax = 100 ;
transmax = 100 ;

Z = 50 ;

Z2 = 100 ;

Uc = 2.0E-5 ;

vDbD = 5 ;

VTE = 1 ;

VTD = -4 ;
TYPE

nodenumber = l..nodemax:
transnumber.= 1l..,transmax;
statevalue = 0..2;
strengvalue = 1..3;

ntype 1..2;

ttype 1..3;

inputlink =
inputnode =
RECORD ‘
fptr : inputlink ;
node : integer
END ;

@inputnode ;

pathlink = @pathnode ;
pathnode = T
RECORD
' fptr : pathlink ;
node : integer ;
no : integer

tilink
timing
'RECORD
- fptr, bptr : tilink;
time : integer;
newstate : statevalue;
tsi : real
END;

@timing;

trlink = @transint;
transint =
RECORD :
fptr : trlink;
trans : integer

END;
glink = @gate;
gate =
RECORD "
_snode : integer:~.
— 7 END; ' s

=

slink = @source;

o
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59; 06A8 -- so;;;% = _ o
60" T 06AB -- i RECORD

61 06A8 ~- node : integer
62 06a8 -- END;
63 06A8 --
64 06A8 —- dlink = @drain;
65 06A8 -- drain =
66 06A8 -- RECORD :
67 06A8 —- node : integer
68 06a8 -- "END;
69 06A8 -- :
70 06A8 -- ~ hlink = @headernode ;
71 06A8 —- vheadernode = '
72 06A8 —- RECORD
73 06a8 -- fptr : hlink ;
74 06AB —-- node : integer &
15 06A8 —-- END ;
.76  06A8 --
77 ' 06A8 -- plink = @plist ;
78 06AB —- plist =
79 06A8 —- RECORD !
80 06A8 -- fptr : plink ;
g1 . 06A8 ~- gr : integer
. B2 06A8 -- END ; .
83 06A8 -- :
84 06AB -~ evlink = @evinfo ;
85 06A8 —- evinfo =
B6 06A8 —- RECORD
87 06A8 -- - fptr : evlink ;
-88 06A8 -- - . node : integer ;
893 0eAB —- newsta : statevalue ; .
time : integer ;
tt : real :
END ; e
overlink = @overflow ;
overflow =

RECCORD
: fptr,bptr : overlink ;
node : integer ;
newsta : statevalue ;
time : integer ;
tt : real™
END ;
pendlink = @pend ; _
pend =
RECORD .
fptr : pendlink ;
group.: integer ;
END ;

graph = ARRAY[O..nodemax]'QF hlink ;
gte = ARRAY[0..10} OF statevalue ;
gth = ARRAY[0..10] OF strengvalue ;
list = ARRAY[1..Z2]} OF evlink j

pathline = ARRAY[1..10] OF pathlink ;
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117
118
118
120
121
122

123

124
125
126
127
128
129
130

131

. 132
133
134
135
136
137
138
139
140
141
142
143
144
145

146,

147
148
149
150
151

152

153
154
155

156

157
158
159

160

161

162.

163

164 -

165
166
167
168
169
170
171
172
173
174

06A8
06AB
06AB
06A8
06A8
06AB
06AB
06A8

.06A8

06A8
06A8
06AB
06AB
06A8

06A8 °

06A8
06A8

06A8 -

06A8
06A8
OeA8
06A8
06A8
06A8
06A8
06A8
06A8

.25E8
-3588

3F00
3F¥08

14098

40A0
40A8B
40AC
40B8
40BC
40C4
40cC
40D8B
40E0Q

40E8 -

40FC
4100
4104
4108
410C
4118
4140

4140
. 4140

0040
0040
0054
0054
0054

0054
0054

A

VAR

. BEVL

AEC

noge

(17FEB82)

info =

RECORD
S tiptr

~focptr,
trigger,visit,inev
state,
strength
nodetype

capva
fc,ic
W, L

group :

END;

tran
R

sinfo
ECORD
gptr
dptr
sptr

tilink ;

icptr

newsta

trlink :

statevalue’

strengvalue ;
nfype ;

lue : real ;
integer ;

real ;

glink
dlink
slink

e we

integer

-
r
-
14

-
!

trigger : boolean ;

state
trans
W,L

END;

node
tran

n,m

TQ

inpu,

tim
even

MTEL,

evpe

fp.l

ST ,MTC,evnum

t,tm

tt :
i,3
sta
str
unit
pull
g,ii

"path

PROCEDURE search ( VAR first

IR T

type
real

statevalue ;
ttype ;

AY

boolean ;-

-

’

ARRAY[nodenufmber] OF nodeinfo ;

s : ARRAY[transnumber] OF transinfo;

1nteger :

list
inp :

Pt i ot

t 1 ev

r

inputlink ;°

ilink ;
link ;

nd : pendlink

,point

trl

_real

sk, v, W
-+ statevalue

stre
boo

: hlink
ink :

integer

.
r

ngvalue
lean ;

up : boolean

, PN

integer

pathline ;

a
r

v,newev : overlink ;

..
7

)
r

integer ;

.,
r

integer ;

"
L

1 : integer
X0,X%1,%X

(* search for an adjacent node *)

VAR

1

: ‘trlink

.
!

network,subnet,sub,group,supergroup,h : grapg\

hlink ;

-
r -

statevalue 9}
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175
176
177
178
179
180
181
182
.183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

210

211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
- 229
230
' 231
232

0058
005C

0064 -

0000
0012
0032
005C
006E
0080
0080
0098
0114
015C
015C
01A4
01FC
0204
0204

© 0234

0248
0268
0280
0296
02E2
02E6
02EA
0332
038A
0392
0392
03C8
03D6
03F6
040E

- 0424

0470
0474
0474
047E
0490
04AC

‘04AC

0040
0040
0054
0054
0054
0054
0054
0060
0064
0000
0012
003a
004cC
004C

0074 «

0C7E

AAEC (17FEBB2)
-- base. : hlink ;
-= j,k @ integer ;
0- A BEGIN .
- node[i].visit.:= true ;
-- - 1 := nodelil. 1cptr :
- IF 1 <> NIL THEN
- WHILE 1 <> NIL DO
1- BEGIN
-~ : 3 o= 1@, trans ;
-- - IF (trans[j).state
-- OR f{trans[j]. state
2- BEGIN .
-- iF . (trans[]]
-- (nodeltran
-- N THEN
3- BEGIN
-= - k-:= tr
- new(bas
-- base@.f
-- ! base@.n
- first
-- - search(
-3 . END
- ELSE .
-— IF (transl
- {nodelt
-- " THEN
3- BEGIN
- k ==
-= . new(
-= base
- base
—-- ‘ firs
- sear
-3 . END
-2 END ;
-- 1 := 1@.fptr
-1 END -
-0 A END ;
—_—— -
-- A PROCEDURE partltlon { VAR heade
- index
- X0,X1,
-- VAR ~
- start ,delete, hd : hlink ;
-- ' 1 :.integer ;
0- A BEGIN
-= start := headerlindex] ;
-- WHILE start <> NIL DO
1- BEGIN
-- node[start@.node].visi
- start := start@.fptr
-1 END; ' -

- 140 -

X0) OR (trans[jl. state =
XX) THEN

X1)

nu

dotr@.node <> i) AND

slj].dptr@.node].visit = false)

ans[jl. dptr@ node ;
e) ;°
ptr

:= first ;
ode := k :

+= base

first,k,Xx0,X1,XX)

i]. s?tr@.node <> i) AND’

ranslj).sptr@.node].visit = false)

trans[j] sptr@. node=;
base) ;
@.fptr
@.node
t := base ;
ch(first,k, xo X1,XX)

1

first ;
k¢
f

r : grap
H 1nteggm ;
XX : statevalue ) ;

{(* partition an undirected gfaph-intq its connected components *

t := false ;
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A

, 233 0094 -- © start := header[index] ;
234 DO0BC -- m:= 0 ;
235 oocg -- . WHILE start <> NIL DO .
236 00DA 1- BEGIN ‘
237 00DA -- IF nodel[start@.node].visit = false THEN
238 010E 2- : ' BEGIN .
239 010E -- ' m := m+l ;
240 ~ 012C -- "new(hd) ;
241 013a -- ‘ hd@.fptr := NIL ;
242 0l4A —- hd@.node := start@.node ;
243 016C -- ’ ™ i := start@.node ; '
244 0184 -- search{hd,i,X0,X1,XX) ;
245 01D4 -- "~ header[m] := hd :
246 0202 -2 ) END ;
247 Q202 -- start := start@,fptr
248  020C -1 END
249 021E -0 A END;
. 250 023C -- .
251 023C -- A PROCEDURE appendev { x : integer ; '
252 0040 -- nesta : statevalue ;
. 253 0040 -- ' toccur : integer ;
254 0040 -- tsi : real ) ;
255 0058 ~-- .
256 0058 -- - (* adding an event to the TQ array *)
257 0058 --
258 0058 -- VAR -
259 Q058 -- event : evlink ;1 .
260 005C -- ev,newev : overlink ; ab
261 0064 -- j : integer ;
262 0068 --
263 0000 0- A BEGIN
264 0012 -- . j = toccur - ( Z * MIC - 1) ;
. 265 0040 -- iF § <= Z2 THEN
266 . 0052 1- BEGIN
267 . 0052 -- new(event) ;
268 0060 -- . WITH event@ DO
2689 006C 2- BEGIN t
270  006C —- . - fptr := T0[3] ;
271 0086 -- , ' node = 2% ;
272 00Ad - . newsta := nesta ;
273 00B6 -- "time := toccur
274 Qoc4 —- : tt := tsi
275 00Cc4d -2 END ; :
276  00D6 -- N TQ[j] := event
277y, 00E8 -1 END .
278 0100 -- ELSE
279 0104 1- 'BEGIN »
280 © 0104 -- ' new{newev) ;
281 0112 -- WITH newev@ DO
282 011E 2- BEGIN
283 . 0l1lE - node := X :
.284  012Cc -- newsta := nesta ;
"285 013 -- = time :=- toccur
286, 014C -- tt := tsi
287 T44C -2 END :
288 OIEE‘—T ev := MTEL ;
289 0176 y2-- : REPEAT
290 0176 J-- ev := ev@.bptr

- 141 -
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291 * 0180 -2 UNTIL newev@.time >= ev@.time ; -— - -
292 01C0 =-- ' newev@,.fptr := ev@.fptr.; '
293 0lEE -* newev@,bptr := ev ;
294 0202 -- ev@,fptr@.bptr := newev ;
295 0228 —- ev@,fptr := newev
296 0232 -1 END “
297 , 0244 -0 A "END";
298 0260 -- :
299 0260 -- A PROCEDURE spike { i : integer ;
300 0040 -- nesta : statevalue ;
- 301 0040 -- . toc : integer ;.
302 0040 -~ ts : real :
303 0058 -- '
304 0058 -- - (* checking for spike *}
305 0058 --
306 0058 -~ VAR
307 0058 -- pi,tim : tilink ;
308 0060 -- pointer : evlink ;
309 0064 -- ev : overlink ; )
310 0068 -- stop : boolean ; . : - Ve
311 006C -- § : integer ; '
312 0070 —-
313 0000 0- A BEGIN -
314 0012 -- © new(tim) ; .
3156 0020 -- WITH tim@ DO
316 002C 1- BEGIN -
317 002C -- time := toc ;
318 003a ~- ‘ newstate := nesta ;
319 - 004C -- tsi = ts.
320 004C -1 END ; ,
321 QOS5E —-- stop := false ;
322 0064 -- pi := nodelil.tiptr ;
323 00BE 1- REPEAT
324 008E -- pi := pi@.bptr ; -
325 00AA -- : IF ( tim@.time <= pi@.time ) AND ( pi <> pi@.fptr ) THEN
326 .0110 2- BEGIN _ )
327 .. 0110 -- IF tim@.newstate <> pi@.newstate THEN
328 013E 3- BEGIN -
329 013E -- pi@.newstate := tim@.newstate ;
330 0164 —-- tim@.newstate := 2 ;
331 0176 -- . j := pi@.time - ( Z * MTC - 1 )';
332 OlAE -- IF j <= 22 THEN
333 01CO 4- BEGIN .
334 01CO -- pointer := TQI[3j] ;
335 0lEA -- o WHILE pointer <> NIL DO .
336 01FC 5- BEGIN
337 0lFC -- - IF-pointer@.node = i
338 0220 6- . B BEGIN
338 0220 -- ' p01nter@ ewsta := pl@ newstate
340 0246 -- pointer : NIL
341 0246 -6 END
342 024C —-- . ELSE .
343 0250 -- ' pointer := pointer@. fptr
344 025A. -5 ' ' END g
345 026C -4 END ? : ’
346 0270 -- ELSE . : :
347 0274 4- BEGIN o
348 0274 -- ev := MTEL ;

r
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349  02BC 5-

350 028C --
351 0296 -5
352 02CcC --

353 02E0 -4
354 02F2 -3
355 02F2 -2

356  02F2 --
357  02F6 2-
358  Q2F§ --
359 034C>-
360 ° 0338 -
361  035E --
362  037A --
363 03C8 --

364 03C8 -2
365 03D0 -1
366 03DA -0 A

367" 0408 --
368 0408 -- A
369 0040 --
370 0040 --
371 0040 —-
372 0040 --
373 0040 -~
374 0044 --.
375.  004C --
376 0050 -- .
377 0054 --
378 0058 --
379 0060 --
380 0074 --
381 0078 --
382 007C --
383  00BO --
384° 0084 --
33; 00A0 --
386 0000 g A
387 0012 --
388  00lE --
389 - 0042 ~-
390 . 006E 1-
391  006E --
392 “-0104. --
393 0124 "2-
394 0124 --
395 0138 --
396 0156 --
397  O017E --
398 019C --
399  01DC ~-
400 » 01E4 --
401  0lEC --
402- 'O1FE --
403 0210 --
404 0222 --
405 0230 --
406 023E --

P

AAEC , (17FEB82) .

REPEAT - i

ev := ev@.bptr
UNTIE ev@.node = i ;

ev@.newsta -:= pi@.newstate

END
END -
END ' g .
ELSE . o
BEGIN -

tim@.fptr := plﬂ fptr H
tim@.bptr := pi ;
pi@.fptr@.bptr
pi@.fptr := tim ;
appendev{i,tim@.newstate,toc,ts)
stop := true ’

tim

END
UNTIL stop = true
END ;
PROCEDURE readparameter ; a

(* read simulation parameters *)

AR
/V pil-: tilink ; g .
base,p trlink ; - o
g : glink H

d s dlink ;
s : slink ;
numnode,numtrans integer ;
tc, t1,1 t , num integer ;
sta i statevalue H

str : strengvalue ;

nty : ntype ;
tty : ttype ;
wid, len .cap @

real ;

BEGIN .

network[0] := NIL ; &

readln{numnode, numtrangﬂ

FOR num := 1 TO numnode DO
BEGIN

readln(i,sta,str,nty,cap,tc,ti,wid,len)

WITH nodeli] DO
BEGIN
new(h[0]) ;
h[0]@.node i
hlo]e.f network[0] ;
network[0] h[0] ; N
appendev(i,sta,0,0) ;
state 1= 2 ;
newsta :=
o dtrength
' nodetype
capvalue
. fc 1= tc ;
- ic 1= ti g
W = wid ;

1 nm

H

str ;
nty ;
cap ;

I nm

- 143 -
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407
408
408
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

427 -

. 428
© 429
430
431
432

433,

434
435
436
C 437
438
439
440
441
4472
443
444

44s5.

446
447
448
449

450 -
451 -

452
453
454
455
456
457
458
459
460
461
462
463
464

0250
0262
0268
0276
0292
02AE
02BE
02D0
02F0
0302
0314

0314

031A
0346
0346
0354
0370
038C
038C
03C0
03C0
03D2
03DC
03EE

_03EE

03F4
0420
0420
042E
044
0466
0466
049A
049A
04AC
04B0
04B6
04D8
0504
0504
054A
056A
056A
0572
0578
058A

. 058C

05AE
05BC
05D8
05EA
05F8
0614
0626
0634
0650
0650
0662

AAEC

END

END

.
!

(17FEB82)

L :
inev
new (
pi@.
pi@.
pi@.

= len

.
r

:= false ;

pi) ;
fptr
bptr
time

nnu

. pi
pi
0

pi@.newstate

pie@.
tipt

B

E

tsi
r :=

EGIN
bas

pi
IF fc > 0 THEN

e

FOR t
BEGIN

ND

1= 0 ;

-
I

ne

»
’
.
F

I~
N
-

NIL ;

1 TO tc DO

wip)

read(p@.trans) ;
pa.fptr :
se 1= p

ba

END ;
fcptr

ELSE fcptr
IF ic > 0 THEN

B

E

EGIN
bas

e

FOR t
BEGIN

ND

ne

P
NIL ;

NIL ;

base

1 TO ic .DO

wip)

-
r

read(p@.trans)
p@.fptr

ba

END ;
icptr

ELSE icptr

FOR num:=1 TO numtrans DO

" BEG

END

IN

s5e I

P
NIL

readln(i,tty,wid,len) ;

WITH trans[i] DO

BEG

END

IN

stat
trig
tran
W :=
L :=
new (
read

gptr
new (

e :=
ger
stype
wid
len

2

-
r

Eal
= t

?;@Enode)

= g
d} ;

read(d@.node)

dptr
new (

:=d
s) ;

.
r

read{s@.node)
t= 5

sptr

1‘1;,!;, -

se ;
Ly

.

r

.
¢

-
r

P

base

.
r

.
!

-
r
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465
466

467
468
469
470
471
472
473

474

475
476
477
478
479
480
481
482
483
484
4B5
486
487
488
489
430
491
492
493
494
495
496
297
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522

0662
06A8
06A8B
0040
0040

0040

0lEO
01EQ
01EO

01EOQ .

01ED
01E8
01lEC
01F0
0000
0012
0018
0020
0044
0044
006E

- 0098

0098
00A4
00CE
00CE
00DA
0104
0l10C
0126
0126
01324
0146
0146
0152
016A
017C
0180
01E0
0lES8
0216
022C
0242
0254
026C
0276
0288
0298
02AA

02BA

02CC
0314
0314
0040
0040
0040
0208
0208

-0 A

AAEC {17FEBB2)
END

PROCEDURE state { front : graph ;
ind : integer ; ,
VAR . grstate : statevalue ;
VAR grstrength : strengvalue ) ;

(* compute the state and strength of the group *)

VAR :
k,l : (N:W,p,D) M
y : statevalue ;
i integer ; °
BEGIN
k N .; {(* null strength *)
y 1= 2 ; (* X-state *)
WHITE frontlind] <> NIL DO
BEGIN
1 := front[indl@.ncde ; -
IF node[il.strength = 1 THEN
l := W
ELSE i
IF node[i].strength = 2 THEN
l := P
ELSE
IF node[i].strength = 3 THEN
1 := D ;
I# 1 > k THEN
BEGIN :
ko3
IF

’

1 ;

= p THEN
:= 1

ELS

@G =

:= node[i].state
END
ELSE
IF (1 = k ) AND ( nodel[i]l.state <> y } THEN
y 1= 2 ; -
front[ind] := front{indl@.fptr
END ;
grstate =y ;
IF k = N THEN
writeln(' error in strength value ')
ELSE )
IF k = W THEN grstrength := 1
ELSE -
IF k = P THEN grstrength := 2
ELSE ‘ ‘ ‘ ¢
IF k = D THEN grstrength := 3
ENd

PROCEDURE poison { VAR poilist : plink ;

groups : graph ;
gstr : gth ;
: pm : integer ) ;
(* poilist is expanded to include other poisoned groups *)

- 145 -
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523 0208 --

524 (0208 -- VAR -

525 0208 -- pvector : ARRAY[1..3] OF plink ;
526 0214 -- pl,p2,p3,/pp : plink ; i
527 0224 -- 1l : trlink ; v

528 0228 -- pg : hlink ; ,

529 022C -- i,3,%,9,8,t,v ¢ integer ;

530 0248 -- found : boolean ;

531 0z24C -—-
532 0000 0- A BEGIN

533 0012 -- pp := poilist ;
534 0028 -- pvector[1l] := NIL ;
535 002E -- pvector[2] := NIL ;
536 0034 -- pvector[3] := NIL ;
537 - 003A -- WHILE pp <> NIL DO
538 oo4c 1- BEGIN
539 004C -- IF gstrlpp@.grl = 1 THEN
540 007a 2- BEGIN -
541 007A -—- - new(pl) ;
542 posg -- pl@.gr := pp@.gr 7
- 543 00AA -- pl@.fptr := pvector[l] ;
544 00C6 -- pvector[l] := pl -
545 00Ce -2 END
546 o0D8 -- ELSE )
547  00DC -- IF gstr[pp@.gr] = 2 THEN
548 0l10A 2- { BEGIN
549  010A -- new(p2) ;
550 0118 -- p2@.gr := ppl.gr ;
551 013A -- p2@.fptr := pvectorl[2] ;
552 0156 -~ pvector[2] := p2
553 0156 -2 . END
554 0leg8 -- ELSE
555 0leC 2- BEGIN
556 0l6C --. - new(p3) : :
557 017a -- ' . p3G.gr := pp@.gr ; :
558 019C -- o p3@.fptr := pvector[3] ;
559 01B8 -- pvector[3] := p3
560 01B8 -2 END ;
561 olca -- pp := pp@.fptr
562 01D4 -1 END ;
563 0lEA -- s 1= 1 ;
564 01F2 -- FOR t := 3 DOWNTO s DO
565 021C -- WHILE pvector[t] <> NIL DO
566 0240 1- BEGIN
567 0240 -- v := pvector[t]€.gr ;
568 026A -- pvector[t] := pvector([tl@.fptr ;
569 02AA -- ~ WHILE groups[v? <> NIL DO
570 - 02CE 2- BEGIN . :
571 02CE -~ j := groups[v]@.node ; .
572 02FB -- - 1l := node?j].icptr‘;
573 0322 -- : IF 1 <> NIL THEN
574 0334 -- WHILE 1 <> NIL DO ‘
575 0346 3- BEGIN i .
576 0346 —- i := 1l@.trans ;
577  035E -- IF ( trans[i]l.state = 2 ) THEN ™
578  038E 4- . BEGIN : L
579  03BE -- IF ( trans[i).dptr@.noder = j ) THEN
580 03D0 —- : ? k := trans[i].sptr@.node
e - 146 -
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581  03F8 --
582  040A --
583 0440 --
584  046C 5-
585  046C --
586 0490 —-
587  04A2 6-
588  04A2 --
589  04C6 7-
590  04C6 --
591 0504 8-
592 0504 --
593 0512 --
594 0524 --
595 0544 --
596  055A -
597 0590 --
598  059E --
599  05B0 --
600  05DE --
601  05F0 -8
602 0602 --
603 0606 —-
604  064A —-
605 0644 8-
606 0644 --
607  065A --
608 0660 --
609 0672 9-
610 '0672 --
611 068E 0-
612 068E --
613 0696 —-
614 0696 -0
615  069C --
616  06AD --
617 06AA -9
618  06C0 --
619  06D2 9-
620  06D2 --
621  06E0 --
622  06F2 --
623 0712 --
624 0728 --
625 075E --
626 076C --
627 077E --
628  07AC --

629 07BE -9
630 07D0 -8
631 07D0 -7
632 07D0 --
633 07DA -6 °
634 07BEC -5
635 Q7F0 -4

636 0812 --
637 08lc -3
638 0832 --

AAEC

(17FEBB2)

ELSE
k := trans{i]).dptr@.node ;
FOR g := 1 TO pm DO
BEGIN '
pg := groupslal ;
WHILE pg <> NIL DO
BEGIN
IF k = pg@.node THEN
BEGIN
IF ( gstrlgl] < gstr[v] ) THEN
BEGIN
new(pp) ;
pp@.gr =g ;
pp@.fptr := poilist ;
poilist := pp ;
gstr(ql := gstrlv] ;
new{pp) ;
ppl.gr := q ;
pp@.fptr := pvector([t] ;
pvector[t] :=pp '¥
END
ELSE
IF ( gstrlg] = gstriv] )
THEN &
BEGIN T
pp := poilist ;
found := false ;
WHILE pp <> NIL DO
BEGIN
IF g = pp@.gr THEN
- BEGIN
found := true’;
pp := NIL
END
ELSE :
pp := pplR.fptr
N END :
IF found = false THEN
BEGIN
new(pp) ;

- : pp@.gr :=q ;
pp@.fptr := poilist ;
pollist := pp ;
gstrlgl := gstrlv] ;
new{pp) ; -
pp€.gr i= q ;
pp@.fptr := pvector(t]
pvector{t] := pp

. END 7
END :
END :
pq := pge.fptr
END
END
END;
1 := 1@.fptr
END ;
groups[v] := groupsl[v]@.fptr
T



’ASCAL 8000/2.0B

639 0860
640 0872
. 641 0876
642  08BC
643 _,.D8BC
644~ 0040
645  01D8
646  01D8
647  01DS8
648 01D8
649" 01D8
. 650  01DC
651 0lE4
652 0210
653  023C
654 0244
655 0000
656 0012
657  004A
658 0062
659  007A
660  00AC
661 . 00C4
662  00C4
663  00CA
664  OODE
665  OOFO
666  0OFO
667 0128
668 0152
669 017C
670  01A8
671  01A8
672 01B6
673  01CE
674  OlEA
675  O1lEA
676  O01FC
677 0206
678 0212
679  024A
680  025C
681  025C
682 0280
683  028A
684 02A0
685  02D2
» 686  02F6
687  02F6
688 0320
685  033E
690 0368
691  03AC
692  03AC
693  03ES
694 0400
695 - 0408
696  040C

-2
-1
-0 A

-- A

AAEC (17FEB82)

END
END
END ;

PROCEDURE nodestate ( head : graph ;
inx : integer ) ;

(* compute the node states of the subnetwork *)

VAR
ptr : hlink ;
p,pptr : plink ;
gstate : gte ;’
gstrength : gth ;
i,r : integer ;

BEGIN .
state(head ,inx ,sta,str) ;
gstate[0] := sta ;
gstrength{0] := str ;
partition{head,inx,1,1,1) ; o
IF m > 1 THEN , F
BEGIN . '
pptr := NIL 3
r :=m ;
WHILE r > 0 DO
BEGIN .
state(head ,r,sta,str)
gstatel[r] := sta ;
gstrength[r] := str ;
IF gstatelr] <> gstate[0] THEN
BEGIN
new(p) ;
pe.gr = r ;
p@.fptr := pptr ;
pptr := p
END ;
r ;= r -1
END ; T -
poison{pptr,head ,gstrength,m) ;
WHILE pptr <> NIL DO
BEGIN '
gstate[pptr@.gr] :
pptr := pptr@.fptr
., END ;
.FOR r =1 TO m DO
WHILE head[r] <> NIL DO
BEGIN i
i := headirl@.node ;
node{il.trigger := false ;
IF ( nodel[i].strength <> 3 ) THEN
IF ( qﬁdéTi].state <> gstate[r] ) THEN
¥

-
1]

=-2 :

BEGI .
node[i].newsta := gstatel[r] ;
node[i].trigger := true

- END
ELSE -

"IF { node[il.newsta <> gstate[r] ) THEN
- 148 -
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697 0450 3- . . . BEGIN _

698 0450 -- : * " nodefi].newsta := gstatelr] ;
699 048C -- node{il.trigger := true
700 04Aa4 -3 END ;

701 04AC -- head{r] := head[r]@.fptr

702 04DA -2 END

703 04EC -1 END

704 0512 -- ELSE )

705 - 0516 ~-- WHILE head[inx] <> NIL DO

706  053a 1- BEGIN -

707 053A -~ . i := head[inx]@.node ;

708 0564 -- node{i].trigger := false ;

709 0582 -- IF ( nodeli].strength <> 3 ) THEN

710  05AC -~ IF ( nodelil}.state <> gstate[0] ) THEN
711 O05DE 2- . BEGIN ‘

712 0SDE -- 5 . nodel[i].newsta := gstatel0] ;
713 0608 -- node(il.trigger := true,

714 0620 -2 END

715 0e28 -- ELSE v

716 062C -- s IF (/Mode(il.newsta <> gstate([0] ) THEN
717 065E 2- o GIN

718 065E -- - node[i).newsta := gstate[0] ;
718 0688 -- node[i].trigger := true

720 06A0 -2 END ;

721 06A8 -- head[inx] := head[inx]@.fptr

722 06D6 -1 END .

723  06E8 -0 A END ; o # : LN\
724 - 0718 -- ‘

725 0718 -- A PROCEDURE append ( VAR addl : hlink ;

726 0040 -- VAR list : graph ;

727 0040 -- X : integer ) ;

728  004C -- :
729  B04c -- (* adding an activated group to the.list EVL *)
730 004cC -- :
731 004cCc -- VAR

732 oo4ac -- ad : hlink ;

733 0050 -- revpen :. pendlink ;

734 0054 -- found : boolean ;

735 0058 --

736 0000 0- A BEGIN

737 0012 -- found := false :

738 05%% - evpen := evpend ;

739 0830 -- WHILE evpen, <> NIL DO

740 ° 0042 -~ IF evpenl.group = x THEN

741 0066 1- ' BEGIN

742 0066 -- found := true ;.

743 006E -- evpen := NIL.

744 006E -1 ) END -

745 0074 -- ELSE

746 0078 —-- evpen := evpen@.fptr ;

747 0098 -- IF found = false THEN'

748 00AA 1- BEGIN

749 00AA -- new(evpen) ;

750 00B8 -- evpen@.group := x ; -
751 00D0 -- evpen@.fptr := evpend ;

752 00F2 -- evpend := evpen ;

753 010A -- ad := list[x? :

754 0l3z -- : WHILE ad@.fptr <> NIL DO

- 149 -
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755
756
757
758
759
760
761
762
763
764
765
766
767
768

796
797
798
799
800
801
802
803
804
BOS
806
807
808
809
810
811
812

01l4E
0l6E
018E
01BA
clcc
01D6

. 01E8

01EB
0c44
0044
0044
0044
0044
0048
0000
0012
0028
0028
003E
0062
0072

0072

6084

0084

0040
0040
004cC
004C
004cC
004cC
004cC
004cC
0050
0058
005C
0068
0000
0012
0032
005C
0086
0086
0094
0o0ccC
00D2
0116
0116
012E
0164
01E6
01E6
0222

0236

025A

-0282

0282
0240
0314

A ]
. AAEC (17FEBS82)

ad := ad@.fptr ;
ade.fptr := addl ; .
addl := listix] ;
list[x] := NIL
END

END ; ’ ‘B‘

PROCEDURE delete (.VAR del : hlink ) ;

" (* delete tHose used storage area *)

VAR )
dele : hlink ;

BEGIN - *
WHILE del <> NIL DO
BEGIN ‘ S
dele := del ;-
del := del@.fptr ; °
dispose(dele)
END
END ; *

PROCEDURE searchpath ( VAR path : pathline ;
VAR q : inte?er ;
m : integer

.
T

(* search for direct'?aths between the input and
the output nodes * ) '

VAR~ :
1 : trlink ;.
tem,base : pathlink ;
pass : boolean ;
i,j,k : integer ;

BEGIN

node[m].visit := true ;

1 := node[m].icptr ;

IF node[m}.ic »= 2 THEN
BEGIN

new{tem) ;
tem@ := path[gl@ ;

pass := false ; - . ‘
FOR i := 1 TO ( nodelm].ic ) DO
BEGIN T )

:= l@.trans ;
IF (trans[jl.trigger = true) AND )
(node[trans[j).gptr@.nodel).tiptr@.fptr@.time

\ BEGIN |
ii := trans[jl.gptr@.node :
new{inp) ; -

inp@.node :=.1ii ;
inp@.fptr := inpu ;
inpu := inp
- END ; .o
IF (trans[j].state = 2} OR {(trans[jl.state =
BEGIN -

- 150 -
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813 0314 -- : 1F (trans[jl.dptr@.ncde <> m) AND
814 035C -- o : (node{trans[j].dptr@.node).visit = false) THEN
815 03BC 4- ' i . BEGIN )
816 03BC —- ) | IF pass = true THEN
817 03CE -- B g =g+ 1 _ ‘-
818 o3ng -- ' : ELSE '
819  03EC -- ' pass :=_true ;
820 03F4 ~- . . new{path[g])
B21 0420 —- path?q]@ 1= tem@ -
“822 0458 -% ‘ k := trans[jl.dptr@. node
823  048E -- new(base) ;- )
824 049C -- : base@.fptr := paf%[q] ;
825 04D6 -- ] base@.node := k ;° ' -
826  (04EE -- pathfg] := base ; .
827  051E -- searchpath(path a,k)
828 . 053C -4 : _ END
B29 0540 -- _ ELSE ‘ '
830 ' 0544 -- IF (trans{j),sptr@.node <> m) AND
831 058C -- (nodeltrans[jl.sptr@.nodel].visit = false) -THEN
B32 05EC 4- BEGIN .
833 05EC -- ) I'F pass = true THEN
834  O5FE -- ‘ g := g+ 1
835 060C -- : ELSE
836 06lC -- ’ pass := true ; -
837 0624 -- , new(pathf{ql) : :
B38 0650 -- ' . pathfq]@ := tem@ ; "
839 ~ 0688 -- := trans[j].sptr@.node ; : (
840 06BE -- new(base) : : s
841 gecc -- base@.fptr = path[q] :
B42 0706 —- base@.node := ;
843 071E -- ‘ pathig] := base ; '
B44 074E -- . searchpath(path,q,k)
845 076C -4 END
846 0770 -3 : END_; Py
847 0770 -- 1 := 1@.fptr
848 077a -2 END
843  078C -1 END,
850 O7AE -0 A END -
851 07D8 -- . .
852 07D8 -- A PROCEDURE paths ( head : hlink )} ;
853 0044 ~-
854 0044 -- {* searching for all the direct paths *)
855 0044 -= .. ,
856 0044 -+ VAR
857 0044 -- base : pathlink ; 2
858 0048 -- point : hlink ;
859 004C -- 1 : trlink ; - i .
860 0050 -- i,j,k : integer ; , ~ .
861 005C ~- - - .
862 0000 0- A BEGIN -
863. 0012 -- peint := head ; '
864 0024 -- pullup := false ;
865 0030 -- WHILE point <> NIL DO
B66 0042 1~ BEGIN
867 0042 —- i := point@.node ;
B68 005A -- IF node([i].strength = 2 THEN
869 0084 2- BEGIN
870 ° 0084 -- pn := 1 ;
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871 0098 —-- pullup := true ;

872 00A6 —- point := NIL

873 00A6 -2 END @

874 00AC —-- - ELSE ' ’ ) .

875 00BO -- - point :=-point@.fptr A o oY
876 00BA -1 END ; , ' '

877  00DO- —- IF pullup = false THEN ' _ S
878 00E8 1- R BEGIN : . ' -
879 O00E8 -- point := head ; “
880 00FA --  WHILE point <> NIL DO P

881  010C 2- -+ "BEGIN N

882 010C -- .1 a= p01nt@ node ; -

883 0124 -- . IF nodelil. strength = 3 THEN :

884  014E 3- ) BEGIN ¥ Co - ’

885  014E -- : ~pn := i ;

886 0162 —- IF node[i].inev = true THEN

887  018C ¥* BEGIN

888 018C -- - ' ii 1= 1 ; :

8g9  01a0 -- ¢ new(inp) ; -

890 01B4 -- inp@.node := ii 4 ’

891 01D8 -- . , 1np@ fptr := inpu ;

892 0200 - , : inpu = 1np

893 0200 -4 ‘ T END ; c L
894 , '021E -~ : - point := NIL , ) 1
895 021E -3 END - '

896 0224 —- ELSE )

1897 0228 -- ‘ point := point@.fptr

898 0232 -2 END o o

899 0244 -1 END ;

900 0248 -- point := head ;

301 025A -~ WHILE point <> NIL DO ‘

902 026C 1- BEGIN )

903 026C -- -, node[point@, nodel.visit := false ;

804 0294 -- ' point := point@.fptr )

905 029E -1 END ; _ o

906 02B4 -- g :=0 ; : - wd

907 02Cco -- ' node[pn] visit := true ; :

908 02E6 -- IF (node[pn] trigger = true) AND

909  031C -- . (nodelpn]. nodetype = 2) THEN

910 ' 035A 1- BEGIN

911  035A -- : : ]

912 0378 -- - new( ath[q]) ;

913 03A4 —- pathlgl@.fptr := NIL ;

914 03p2 -- path{g]e. node := pn ; ]

915 040E -- . pathlqgle. no. = 0 : , )

916 0436 -1 END ; ’ ) -

917  043C -- 1 := nodelpnl]. 1cptr ; - .
918 -~ 046C —-,v’“\LE?R i :=1TO node[pn].lcwno

919 04B6 1- BEGIN ‘

920 04B6 -- j := l@.trans ;

921 04CE -- IF (trans{j].trigger = true) AND '
922 0504 -- (node[trans[j).gptr@.nodel.tiptr@. fptr@ time = ST) THEN .
923 0586 2- . BEGIN ,

923 0586 -- ii = trans[j].gptr@.nodeA; ,

ggs 05C2 —-- B new(inp) ; , .-\js

05D6 -- inp@.node :=-ii ; : ) ~
927 05FA -- - inp€. fptr := inpu ; '
928 0622 -- inpu := inp .

- 152 -



. .
>ASCAL 8000/2.0B AAEC (17FEB82)}
929 0622.-2 . END ;
930 0640 -- . IF trans[j]l.state <> 0 THEN
931 0670 2- BEGIN
932 0670 —- g := H
933 |, 068E -- new ( h[q]) H
934 06B . path q @.fptr := NIL ;
935 OEE%Fft\‘\ _ . path[gl@.node := pn ; . '
936 0724 -- W IF. (trans[j]. dptr@ node <> pn) AND .
937 0772 -- o " (nodeftrans[jl. dptr@ node].visit = false ) THEN
938  07D2 3- L \ BEGIN -
939 07D2 ~-- \ - k := trans[;].dptr@.node ;
. 940 0808 -- ney(base) ;
941 0816 -- base@.fptr := pathlql ;
842 0850 -- ‘base@.node := k ;
943 0868 ~- : o pathl[gl := base :
944 0898 -- ‘ *  searchpath(path,qg,k}
945 08BA -3 . END
946 0BBE -- ELSE
947 08C2 -- IF (trans[j].sptr@.node <> pn} AND
948  0910° -- ~ (nodel[trans[j].sptr@.node].visit = false) THEN
949 0970 3- * BEGIN
950 0970 -- k := trans[jl.sptr@.node ;
951 09A6 -- _ , new{base) ;.
- 952 0984 -- 4 base@.fptr := path[g] ;
953 0%EE -- - g «base@.node := k ;- -
954 0AQ6 -- _ pathl[g)] := base ; ‘
955  0A36. ~- ‘ searchpath(path,q, k)
956 0AS8 -3 'END .
957  OA5C -2 ~ END ;
858 . O0A5SC -- 1 := l@.fptr_ -
959  0A66 -1 ‘END : ’ '
960 0A78 -0 A END ; .
961y 0ACC --
962 ° OACC -- A PROCEDURE delays ( head k hlink ) ;
963 0044 --
964 0044 -- (* computing the delay for each output node which has
965 0044 --° changed state *)
966 0044 -- .
967 0044 -- VAR
968 0044 -- pi : t111nk *
969 0048 -- stdrage, base pa, pp : pathlink ; /
- 970 0058 -- -  .first,point : hiink H :
971 0060 -- R O] trlink ; _ _
972 - 0064 -- i,j,k,r,di,beta,delay : integer ; . {
973 0080 -- totcap tot tstp,t51s t1n ratio,dratio,tdel : real ;
974 0oco -- . . occur boolean : .
975 00C4 -- '
976 0000 0- A BEGIN
977 . 0012 —- first := head ;
978 0024 - . . WHILE first <> NIL DO
979 0036 1- BEGIN .
980 0036 -- IF (nodel{first@.nodel.trigger = true) AND
981 0070 -- (node[first@.node].nodetype = 2) THEN ,
982 00B2-2- .begin v
983 00B2 -- ‘ IF (node[first@.nodel.newsta = 2} THEN
-984  00E6 3« BEGIN (* if the new state is X *) o
985 0OE6 -- delay. := 1 ; S -
986 OOEE -- . tm := ST + delay ;
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587 0114 -- _ tt := 0 ; :
988 0130 -- spike(first@.node,node[first@}node].newsta,tm,tt)
989 01a8 -3 : END .
990 01AC -- ELSE - ' ,
991  01BO -- 1F (nodelfirst@.node].newsta = 1) THEN
992 01E4 3- BEGIN (* if the new state is 1 *)
993 0l1E4 -= paths(head) ; '
994 Q1lFA -- . r 1= 0 ;
995 0200 -- o ' FOR i := 1 TO g DO _
996 0232 -- 1F (node[path{i]@.node].strength =3 ) OR
997 0284 -- * (( node[pakh[i]@.node].strength = 1 ) AND
998 02D6 -- (node{path[i]@.node].nodetype <> 2 )) THEN
g99 . 0332 -- . path[i] := NIL
1000 0344 —- ' ELSE ‘
1001 0354 4- BEGIN ~
1002 0354 -- r t=r + 13
1003 0366 -- ' pathlr]l := pathli] ;
1004 03A8 —- : 1F path[rl@.node = first@.node THEN
1005 03EE —- di = r .
1006 03EE -4 . END ;
1007 041E -- FOR i := 1 TO r DO
1008 044K 4- BEGIN . '
1009  044A -- j 1= 0 ;
1010 0450 -- - pa := path[i] ; X i
1011  047A —— '~ WHILE pa@.fptr <> NIL DO
4%%2 0496 5- . BEGIN
10913 0496 -- j =3 13
1014 04A8 -- ) pa := pa@.fptr
1015 04B2 -5 END ;
1016  04CB -- pa := pathlil ;
1017 04F2 —-- ) WHILE pa <> NIL DO
1018 0504 5- BEGIN :
1019 0504 -- = . pa@.no :3 j
1020 051C -~ Ji=3 -1 ;
1021 052E -- pa := pa@.fptr
1022 0538 -5 - END
1023. 054A -4 END ; ,
1024 0570 -- IF pullup = true THEN
1025 0588 4- BEGIN
1026 0588 -- totcap := 0 ;
1027 059E —- storage := NIL ;
1028 05A4 —- FOR i :=-1 TO r DO /\f”
1029 05D0 5- BEGIN
1030  05D0 -- : /% pa := path[il ;
1031 O05FA —- . ‘ WHILE pa <> NIL DO
1032 060C 6- ' , BEGIN.
1033 060C -- pp := :storage ;
1034 - 061E -- occur := false ;
103 0624 =- , WHILE pp <> NIL DO
102% 0636 —- IF pa@.node <> pp@.node THEN
1037 0664 —- pp := pp@.fptr
1038 0B6E -- ELSE, -
1039 0§84 7- : . BEGIN |
1040 0684 —- ' occur := true ;
1041 068C -- pp := NIL .
1042 068C -7 | . END ;
1043 0696 -- IF occur = false THEN
1044 06A8 7- BEGIN

? : - ' -
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1045  06A8 -- .
1046 06B6 -~ new(base) ;
1047 06D8 -- , base@.node := pa@.node ; ¥ v
1048 06FA -- base@.no := pa@.no ; :
1049 0716 -- - . base@. fptr := storage ;
1050 0728 -~ sgdrage := base ; :
1051 076E -- _ otcap := ( 1 / sqrt{pa@.no + 1) ) :
1052  07A0 -7 . " node[pa@.node].capvalue + totcap
1053 07B4 -- . . ﬁD H 3
1054 07BE -6 : pa := pa@.fptr
%855 07D0 -5 - o BND _ |
56 07F6 - * : ] L § .
1057 0854 —-— ratio := nodelpn].W / nodelpn].L ; :
1058 0856 - tS%plzi 3.5?76)**( 1/ (UC *vDpD ) )} *
1059 . 08 - LY ratio * totcap ;
1060 oagg 5- T~ gl := node[ii].tiptry
1061  0BFO -~ EPEAT
1062 08FA -5 Pl1 := pi@.bptr
1063 0936 -- UNTIL pi@.time = ST ;
1064 0966 -- ) IF pi@.tsi <> 0 THEN ‘
1065 09BC -- tsis= (1 + 0.3 * (pi@.tsi / tstp) ** 1.5 ) >
1066  09BC -- ' ELEE tstp
iggg 09p4 -- . N
09E6 -~ - 3= tstp— A |
1069 . OOFA -- o tdel : rt flsqr(2.9) + 0.15 * '
1070  0A48 -4 END . value / totcap) )
1072  0A52 4- : i BEGIN
1073  0A52 —- S iy
1074 0AB82 5- gé := node[iid.ti
1075 0AB2 -- PEAT |
1076 OA8C -5 Pl := pi€.bptr
1077  0AC8 -- UNTIL pi@.time = ST ;
1078 tsis := pi@.tsi ; -
1079 . tdel := 0 . "
1080 D i :
1081 ‘ path{dil@.no = 0 THEN .
1083 tm := ST‘+ round{tdel * 1.0E9) ;
> 1085 E;glke(flrst@,node,HOGe[first@.node].newsta,tmﬁtt)
1086 . ELSE '
'1087 . I BEGI]
1088 QClE -- oy
1089 C34 -- .totcap := 0 ; |
1090 C46 -- . - tin := tsis ;
1091  0C70 -- pa := path[di] ;
1092 . 0CB2 5- WHILE pa <> NIL DO
1093  0CB2 -~ . » BEGIN
1094  0CSE -- IF pa@.no <> 0 THEN _
10985 OCDA -- . . totcap := totcap + sqgrt{pa@.no) %
1096 0Dl12 -- o node[pa@.node].capvalue ; ,
1097  0DIC -5 D2 pa@. fptr .
1098 0D32, —-- . FOR i '
1099  ops5f -- i t= 1 TO r DO
1100 0D70 5- IF 1 <> di THEN
1101  0D70 -- . BEEég b &\\
0p8e - , pa := path[i] ;>
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1103 ODBO -- , WHILE pa <> NIL DO

1104 0DC2 6- : BEGIN

1105 0DC2 -- : - pp := pathldil ; \
. 1106 . ODEC -- ° occur := false-;

1107 ODF2 -- _ _ WHILE pp <> NIL DO : .

1108 0E04 -- - IF pa@.node <> pp@.node THEN

1109 0E32 -~ ' o pp := pp€.fptr -

1110 0E3C -- . ELSE :

1111 0QE’2 7- . ' BEGIN

1112 0B52 -7 { occur := true ;

1113 0E5A -- pp := NIL

1114 OESA -7 ‘. END; -

1115 0E64 -- i IF occur = false THEN

1116 OE76 7- ' BEGIN , :

1117 0E76 —-- = ' tot := nodelpa@.node].capvalue *

1118 OEAE -- tot ; . :

1119 OEBA -- pa := pa@.fptr

1120 0EC4 -7 , END -

1121 0ED6 -- : ELSE //.

1122 OEDA 7- S BEGIN ,

1123 0EDA -- - totcap := sqrt{pa@.md) * tot +

1124 0Fle —- T . totcap ;

1125 OF2A -- pa := NIL

1126 0F2A -7 END '

1127 OF30 -6 . F o END

1128 OF30 -5 END ;

1129 0F56 -— . pa := pathldi] ;

1130 OF80 -- ' ' 1 := nodelpa@.nodel.icptr ; .

1131 0OFB4 -- ratio := trans(l@.trans].W / trans[l@.trans}.L ;

1132 1026 -- tstp := 17.978 * ( 1/( uc * { VDD - VTE ) ) ) *

1133 105C -~ - .7 sqrt{pathl[dil@.no) * ( 1 / ratio ) *
. 1134 10C8 -- » ' totcap ; '

1135 10DC -- ‘ IF tin <> 0 THEN ‘

1136 1102 -- tsis = (1 + 0.3 * ( tin / tstp ) ** 1.5 ) *

1137 114E -- tstp :

1138 114E -- Co - ELSE '

1139 1166 -- . tsis := tstp ;

1140 1178 -~ tdel := tsis / 8.9 ; '

1141 118E —- tm := ST + round(tdel * 1.0E9) ;

1142 11E6 —- tt := tsis ; Lt

1143 11FE -- - i := first@.node ; :

1144 1216 -- T spike(i,ndde[i].newsta,tm;tt)

1145 1273 -4 END

1146 1278 -3 END

1147 127E -- , ELSE ,

1148 - 1282 3- o BEGIN (* if the new state is 0 *)

1149 1282 -- _ paths(head). ; '

1150 1298 -- : ' r :=.0 ;

1151 129 -= : dratio := 0 ; - .

1152 12B4 -- FOR i := 1 TO g DO .

.1153 2B6 4- BEGIN

1154 . ¥3E6 - ’ ratio := 0 ;

1155  12FC -- IF (nodelpathl[il@.nodel.strength = 3) THEN

1156 1348 5- BEGIN

1157 (1348 —- , - ‘ pa := pathfil ;

1158 1372 -——- . © WHILE pa <> NIL DO

1159 1384 6- BEGIN ' .

1160 1384 -- , IF pa@.node <> pn THEN
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1161 13AE 7- BEGIN -

1162 13AE -- 1 = node[paéT;;;;j.icptr ;

1163 1382 -- §%<\\ ' ‘ WHILE 1 <> NIL DO

1164 13F4 B- BEGIN .
1165 13F4 -- : - : IF (trans[l@.trans).dptr@.node
1166, 1426 -- - . : = pa@.fptr@.node) OR

1167 *145A -- (trans[l@.trans].sptr@.node
1168 148C -- , ‘ = pa@.fptr@.node) THEN
1169 l14c8 -- ratio :={( trans{l@.trans].L /
1170  14FE -- - A trans[l@.trans].W )
01171 ° 1536 -- ‘ + ratio ;
1172 154A -- 1 .:= 1@, fptr

1173 1554 -8 . . END . —~
1174 1566 -7 . END ; r
1175 156A -- ‘ pa := pa@.fptr
1176 1574 -6 ‘ END :
1177 158A —-— dratio := ( dratio + ( 1 / ratio }.) ;
1178 15C2 -- ' - path[i] := NIL
1179  15D4 -5 ) : END
1180 1580 -- ELSE
1181 15E4 5- - T - pegin - o
1182 15E4 -- 'IF (node[pathlil@.node].strength = 1} AND
1183 1636 -- . ‘(node[path[iJ@.nodel.nodetype <> 2) THEN
1184 1690 -~ ) path[i]l := NIL
1185 16a2 —-- ELSE
1186 16B2 6- i - BEGIN :
1187 16B2" -- r := ¢ + 1 ; .

1188 16C4 -- : path[r] := path[i] ; '
1189 1706 -- % IF path[r]l@.node = first@.node THEN
1190 174C -- } : di :=r '

+1191 174C -6 END ’
1192 1758 -5 : ' end
1193 1754 -4 : END

' 1194 177Cr5- FOR 1 := 1 TO r DO
1195 17A3S§;\ BEGIN '
1196 17A8 == j = 0 ;
1197 17AE -- pa := pathl[i] ;

1198 " -17D8 -- WHILE pa@.fptr <> NIL DO
1199 17F4 5- ) BEGIN .
1200 17F4 -- joi= 3+ 1 ;
1201 1806 -- pa := pa@.fptr
1202 1810 -5 © END ; -

1203 1826 -~ pa := path[i] ;

.1204 1850 -- WHILE pa <> NIL DO -
1205 1862 5- '~ ' BEGIN

1206 1862 -- - pa@.no := j ;
1207  187A -~ joi= 3 - 17 ; N

1208  188C -- pa := pa@.fptr =

1209 1896 -5 END -

1210 :18a8 -4 END ; - )

© 1211 - 1BCE -- , If pullup = true THEN

1212- 18E6 4- BEGIN
1213 18E6 -~ . : totcap := 0 ;
1214 18FC -- : storage := NIL ;
1215 1902 -- : FOR i := 1 TO r DO
1216 , 192E 5- BEGIN A
1217 ‘*192E -- pa := path[i] ;
1218 1958 -- ' WHILE pa <> NIL DG

N
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1219 196A 6-
1220 186A --

. 1221 197C --
1222 1982 --
1223  19%4 --
1224  19C2 --
1225 19cC --°
T226 19E2 7--
@27 1982 --
1228 19EA --
1229  19EA -7
1230 19F4 --
1231  1A06 7-
1232  1A06 --
1233  1Al4 --
1234  1A36 --
1235  1A58 --
1236  1A74 --
1237  1AB6 --
1238  1lacC --
1239  1AFE --
1240  1AFE -7
1241 ° 1B12 --
1242 1B1C -6
1243 1B2E -5
1244  1B54 --
1245 1BB2 --
1246 1BFE --
1247  1C36 =-
1248  1C68 --
1249  1C8E --
1250 1CA6 --
1251  1CDE --
1252 1D10 --
31253 © 1D36 --
1254 1D4E --
1255  1D%96 --
1256  1DC6 5-
1257  1DCé --
1258 -1DD0 -5
1259 1E0C --
1260 1E3C --
1261 1E92 --
1262 1E92 --
1263  1EAA --
1264  1EBC --
1265 1EDO --
1266 1F1E -4
1267 1F24 --
1268  1F28 4-
1269  1F28 --
1270 1F58 5-
1271  1FS58 --
1272  1F62 -5
1273  1F9E --
1274  1FBA --
1275 1FBA -4
1276 1FB0 --

AAEC

-

(17FEB82)

BEGIN
pp := storage ;
occur 4= false ;
WHILE pp <> NIL DO
IF pa@.node <> pp@.node THEN
pp := ppe.fptr

ELSE-
BEGIN ‘
occur :=.true ;
pp := NIL
END;
IF occur = false THEN
BEGIN
new({base) ; . - .
base@.node := pal@.node ;
. base@.no := pa@.no ;
base@.fptr := storage ;

storage := base ;

totcap := ( 1 / sgrt(pa@.no + 1) ) *

node[pa@.node).capvalue
totcap
END ;
pa := pa@.fptr
END
END ;
ratio := nodelpnl.Ww / nodelpnl.L ;
beta := round(dratio / ratio) ;
IF ( ( beta >= 2 ).AND ( beta < 6 ) ) THEN
tstp := 4.0624 * (1 / ( UC * VDD ) ) *
( 1 / dratio } * totcap
ELSE
tF ( ( beta >= 6 ) AND ( beta < 10 ) ) THEN
tstp := 3.8758 * ( 1 / ( UC * VDD ) ) *
{ 1 / dratio } * totcap
ELSE
writeln(' beta =
pi := node[itHtiptr ;
REPEAT ‘
pi := pi@.bptr
UNTIL pi@.time = ST ;
IF-pi@.tsi <> 0 THEN

' ,beta,' error ') ;

+

£sis i= (1 + 0.25 * (pi@.tsi / tstp)} ** 1.1 )
* tstp : :
ELSE
tsis := tstp ;
tdel := tsis / sgrt{ sqr(l1.9) + 0.06 * .
sqr(node?ii].capvalue / totcap) )
END - . :
ELSE
. BEGIN _
pi := nodeliil].tiptr ;
REPEAT

pi := pi@.bptr
UNTIL pi@.time = ST ;

tsis := pi@.tsi ; .
tdel := 0 '
END ;

IF path[dil@.no = 0 THEN
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1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1250
1291
1292
1293
1294
1285
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334

2004 4-
2004 --
205C --
2074 --
20EC -4
20F0 --
20F4 4-
20F4 --
210A --
211C -~
2146 --
2158 5-
2158 --
2174 ~-
21B0 --
21E8 --
21F2 -5 .
2208 -~
2234 -—
2246 5-
2246 --
225C -- -
2286 -=
2298 £~ .
2298 /-~
22c2{——
22CB¢ --
22DA -~
2308 --
2312 --
2328 7-
2328 --
2330 --
2330 -7
233A --
234C 7-
234C --
237C --
2390 --
239A -7
23AC --
23B0 7-
23B0 --
23EC --
2400 --

.2400 -7

2406 -6
2406 -5
242C --
2456 --
24BA -~
24FC --
2532 --
259E --
25B2 --
25D8 --
2620 --
2620 --

.

| , . 5
AAEC (17FEBB2) o . ;

BEGIN N
tm := ST + round{tdel * 1,0E9) ;
tt := tsis ;
spike(first@.node,node[first@.node].newsta,tm,tt)‘

END
ELSE
BEGIN
totcap := 0 : ¢
tin := tsis ;

pa := path[di] ;
WHILE pa <> NIL DO
BEGIN _
. IF pa@.no <> 0 THEN o
totcap := totcap + sqrt(pa@.no) *
node[pa@.node).capvalue ;
pa := Pa@.fptr

FOR i := 1 TO r DO i
IF i <> di THEN ;
BEGIN g

pa := pathli] ; : g

WHILE pa <> NIL DO }

!

|

BEGIN .
pp := pathl[dil ;
occur := false ;

WHILE pp <> NIL DO .
IF pa@.node <> pp@.nocde THEN !
pp := ppe.fptr i

ELSE . 1
BEGIN . - i
occur := true ; i
pp := NIL. . {
END ; - ?
IF occur = false THEN 1
BEGIN . |
tot := nodel[pa@.node).capvalue + !
tot ; }
pa := pa@.fptr :
END

ELSE c 3
BEGIN T ‘

totcap := sgrt{pa@.no) * tot +
totcap ; ;
b pa := NIL - ;
END :

END
END ;
. pa := path[di] ;
1 := nodelpa@.nodel.icptr ;

ratio := transfl@.transl.Ww / trans[l@.transl.L ;

tetp := 2.7436 * ( 1/( uCc * (VDD - VTE )} ) ) * .
sqrt(path[dil@.no) * ( 1 / ratio ) *
totcap /i -

IF tin <> 0 THEN -

tsis := { 1 + ( tin / tstp )} ** 0.7 ) *
tstp .
ELSE
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1335 263C -- ' ‘ , tsis := tstp ; >
1336 -264E -- tdel := tsis / 2.5 ; .
1337 2664 —- tm := ST + round{tdel * 1.0E9) ;
1338 26BC -- T tt :=-tsis ;
1339 26D4 -- i := first@.node ;
1340 26EC — ' spike(i,node[i].newst%)tm,tt)
1341 2750 -4, ' END
1342 2754 -3 . END \ .
1343 2754 -2 end ; L
1344 2754 -- first := first@.fptr’
1345 275E -1 END
1346 2770 -0 A END ;
1347 286C —-
1348 286C --
1349 286C --
1350 286C -- A PROCEDURE simulate
1351 0040 -- - | f//
1352 - 0040 -- (* perform the simulation process *) 3
1353 0040 -- . N\,
1354 0040 -- VAR - 1
<3 355 0040 -- TQempty,stop,optev,share : boolean //" '
1356 0050 -- i,k,delay : ipteger ; : ’
1357 005C —- , y
1358 0000 0- A BEGIN
1359 0012 1- REPEAT :
1360 0012 -- evpend := NIL ; i
1361 001lE -- EVL := NIL ;
1362 002A —- ST := 2 * MTC + t -1
1363 0064 -- IF TQ[t] <> NIL THEN
1364 0094 2- BEGIN '
1365 0094 -- - WHILE TQlt] <> NIL DO
1366  00C4 3- BEGIN \
1367 ~00C4 -- ’ i := Tolt)@.nhode ;
1368 Q0FA -- 1F ( node[il.state <> TQ[t]@.newsta ) THEN °
1369 0154 4- . BEGIN
1370 0154 —- node[i].state := TO[t1@.newsta ;
1371 -01A6 -- ' IF ( node[i].strength = 3 ) AND ( nodel[il.ic > 0 )
1372 0206 -- THEN, .
1373 020E 5-. . BEGIN, o
1374 020E —- n node[il.inev := true ;
1375 022E -- j := nodeli].group ;
1376 025A -- - append(EVL,subnet,j)
1377 0282 -5 END ;: -
1378 0286 -- . fp := modelil].fcptr ;
1379 02B6 -- . WHILE fp <> NIL DO
1380 ° 02CE 5- ' S . BEGIN o :
1381 02CE -- IF ( trans{fp@.trans).transtype = 1 ) THEN
1382 030E 6- BEGIN - : i .
1383 030E -- _ trans[fp@.trans).trigger := true ;
1384 0344 -- : trans[fp@.trans]).state := nodel[i].state
1385 0384 -6 .. END :
1386 039C -- ELSE  ° _
1387 03A0 -- . . IF { trans[fp@.trans].transtype = 2 } THEN
1388 O03E0 6- BEGIN -
1389  03E0 -- : . trans[fp@.transl.trigger := true ;
1390 0416 -- IF { node[il.state = 0 ) THEN
1391 0440 -- ' . trans[fp@.trans].state :=1
1392 0468 -- - ELSE
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1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425

1426 -

1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440

1441

1442
1443
1444
1445
1446
1447
1448

1449 |

1450

047A
04a4
04CC
04DC

0504 -

0512
0516
0516
054C
0574
0582
05CE
061A
0670
06B0
06B8
06B8
06FC
073C
0740
0750
0768
076C
07AC
07¢C8
07E6
0812
0820
082C
085E
085E
087C
08C4
08FA
0912
0912
0930
095C

096C

0988
09B4
09EA
09F0
O0A0S
0AQ08
O0A26
OAS50
OATA

OAAA -

OACO
OADS8
OADS
OAEQ

-0BO6

0B22
0B86
0BBA
0B8E

o
AAEC (17FEBB2)

. . : %

IF ( node[i).state = 1 ) THEN.
trans[fp@.trans].state := 0

\ ELSE

trans[fp@.trans].state := 2

n

END
ELSE
BEGIN : 0
trans[fp@.trans].trigger :=
- . trans[fp@.trans]).state := 1
N E%ID; '
v := trans[fp@.trans].dptr@.node ;
. w := trans[fp@.trans].sptr@.node ;
IF .( nodelv].group = node[w].grou? ) THEN
append(EVL, subnet ,nodebv].group
ELSE
BEGIN 4
append (EVL, subnet,node[v].group) ;
append{EVL, subnet,node[w].group)
END ;
fp := fp@.fptr
END
END ;
T™lt] := TQ[tle@.fptr : .
END ; : :
sub{0] := EVL ;
partition(sub,0,1,1,2) ;
“delete(subl0]) ;
inpu := NIL ;
FOR k := 1 to m DO
BEGIN
n:=n+1; '
subnet[n] := subf{k] ;
point := subnetin] ;
WHILE point <> NIL DO
BEGIN
i := point@.node ;
nodelil.group := n ;
point := point@.fptr
END ; -
nodestate (subnet,n) ;
point := subnet[n] ;
outev := false ;
WHILE point <> NIL DO
BEGIN
i := point@.node ; )
IF { nodel{il.trigger.=-true ) THEN
IF ( node[i).nodetype = 1 ) THEN
node[i].state := nodel[i].newsta

true ;

ELSE ]
IF unit = true THEN
BEGIN
delay := 1 ; .
tm := ST + delay ;
tt = 0 ; .
appendev{i,nodel[i].newsgta,tm,tt)
END .
ELSE
outev := true ;
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1451 0B96 -- : point := point@.fptr
1452 0BAG -4 .END ; .
1453 . 0BC2 -- share := true ;
1454  OBCA =-- IF { outev = true )} THEN
1455 0BDC 4- BEGIN
1456 0BDC -- : point := subnet[n] ;
1457 0Cl2 -- WHILE point <> NIL DO
1458 0C2A 5- - BEGIN -
1459 0c2a -- IF (node[point@.nodel.strength = 2) OR
1460 0C6A ~-- (nodel[point@.node).strength = 3) THEN
l4a6l 0CB2 6- BEGIN
1462 0cB2 -- share := false ;
.1463 0CcB8 -- point := NIL
1464. 0CBB8 -6 END .
1465 0ccs -- ELSE .
1466 ocecs -- : point := point@.fptr
1467 oCcng8 -5 : END :
1468 QCF4 -- . 1F share = true THEN
1469 0D06 5- BEGIN
. 1470 0D06 —- point := subnetln] ;
1471  0D3C -- WHILE point <> NIL DO
1472 . 0D54 6~ BEGIN
1473 0D54 -- IF node[point@.node].nodetype = 2 THEN
1474  ODBE 7- ) _ BEGIN
1475 0DBE -- i := point@.node ;
1476 ODAC -- tm := ST + 1 ;
1477 0DCA -- spike(i,nodel[i].newsta,tm;0)
1478 0E2C -7 END ; :
1479 0E30 -- , point := point@.fptr .
‘1480 OE40',-6° END :
1481 OQE5B -5 END
1482 0ESC -- ELSE
1483  O0E60 -- . delays(subnet[n]) :
1484 OES90 -4 i END
1485 »-0E94 -3 END ; .
1486 0EB6 -- WHILE inpu <> NIL DO
1487 QECE 3- BEGIN
1488 " QECE -- i r=—3inpul.node ;
1489 OEEC -- IF nodeli].inev = true THEN
1490 oFle —- ‘nodefil.inev := false ;
1491 0F34 -- . . pi := nodeli].tiptr@.fptr ;
1492 OF6E —- IF pi@.time = ST THEN )
1493 OF9E 4- ., BEGIN .
1494 QF9E -- node[i].tiptr@.fptr := pi@.fptr ;
1495 OFE2 -- C pi@.fptr@.bptr := nodelij.tiptr
1496 1014 -4 END ; _
1497 1026 -- . inpu := inpu@.fptr
1498 1036 -3 END ; o :
1499 -1052 —- : FOR k := 1 TO m DO
1500 1084 3- v BEGIN .
1501 1084 -- point := sublk] ;
1502 10B4 -- WHILE point <> NIL DO
1503 10CC 4- BEGIN :
1504 10¢CC -- 1 := nodel[point@.node].icptr ;
1505 110C -- . WHILE 1 <> NIL DO
1506 1124 5- BEGIN -
1507 1124 -- ' IF trans[l@.trans].trigger = true THEN
1508 1164 -- trans[1@.trans].trigger := false ;
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1509 1198 -- l := 1@.fptr
1510 11a8 -5 . + END ;
1511 .11C4 -- point := point@.fptr
1512 11D4 -4 END .
1513 11EC -3 - END
1514 11F0. -2 . END ; »
1515 1212%-- IF unit = false THEN
1516 122A 2- BEGIN ‘ : :
1517 122A -- _write(' time ',ST,' node 1 ',nodell].state) ; .
1518 128A —- writeln(' node 5 ',node[5].state,' node 6 ',node{6].state)
1519 12E4 -2 END ; :
1520 12EA --. t := £ + 1 ; o
1521 1308 ~-- IF t = Z + 1 THEN S
1522 1326 2- BEGIN
1523 1326 -~ FOR i := 1 TO 2 DO
1524 1344 3- BEGIN
1525 1344 -- T0{i] := TQ[Z+i] ;
1526 138A -- N TQ[2+1i]_:= NIL
1527 13A0 -3 END ; - '
1528 13CE -- MTC := MTC + 1 ; -
1529  13EC -- t =1 ; ‘
1530 13FA -~ WHILE ( MTEL@. fptr@.time <= ( Z * MTC + Z2 - 1 ) ) AND
1531 144C -- ( MTEL <> MTEL@.fptr ) DO ’
1532 148A 3- BEGIN
1533 - 148A -- j := MTEL@.fptr@. time - ( Z * MTC — 1 ) ;
1534 14D8 --- new(event) ;
1535  14EC --- - WITH event@ DO ‘ -
1536 14FE 4- . : BEGIN B
1537 14FE -- fptr := TQ[3] ;
1538 152E. -~ node := MTELG.f{ptr@.node ;
1539 1556 -- i’ newsta := MTEL@.fptr@.newsta ; ‘
1540 1582 -- ' time := MTEL@.fptr@.time ; 4{
1541  15AA -~ 7 WJtt := MTEL@.fptr@.tt h
1542 15C4 -4 END ; ’
1543 15D6 =~ - TQ[j] := event ; >
1544 160C -- . ev := MTELG.fptr ; -
1545 1634 -- MTEL@.fptr := ev@.fptr ;
1546 1666 -- ' ev@. fptr@ bptr := MTEL
1547 1680 -3 .END -
1548 1698 -2 END ;
1549  169C, -- i 1= 1 g \
1550 l6a4 -~ TQempty := true ;
1551  16AC -- WHILE 1 <= Z2 DO
1552 16BE —- IF TQ{.i.) =.NIL THEN -
1553 16E8 -- 1 =1+ 1 :
1554 16F2 -~ ELSE
1555 16FE 2- BEGIN
1556 16FE -+ i = 22 + 1 ;
1557 170A -- TQempty := false _
1558 170A -2 END ; :
1559  ¥714 -= IF ( TQempty = true ) AND ( MTEL = MTEL@.fptr ) THEN
1560 176A -- stop := true )
1561 176A -- ELSE .
1562 1776 -- stop := false
1563 1776 -1 UNTIL stop = true
1564 1786 -0 A END ; ' . .
1565 17FC -- '
1566 17FC --
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1567 17FC —- (* start.of the main program .¥)
1568 17FC -- ' |
1569 0000 O- BEGIN .
1570 0066 -- n =0 ; !
1571 0072 -- MTC := 0 ;
1572 007E -- t :=1; *
1573 008C -- new (MTEL) ; (* create an empty overflow event list *)
1574 00A0 -- WITH MTEL@ DO '
. 1575 00B2 1- BEGIN
. 1876 00B2 -- fptr := MTEL ;
1577 00CA -- . bptr := MTEL ;
1578 00E2 ~-- node := 0 ;
1579 00ES8 -Z; o newsta := 0 ;
1580 O0OEE < time«:= 0 ;
1581  09r4 -1 END ; _ ‘
1582 '00F4 -- FOR i := 1 TC Z2 DO (* create an empty TQ array *)
1583 0llE -- TQ[i] := NIL ; ‘ ’
1584 0176 —— = readparameter ; :
1585 Ql7A -- sub[0] := network[0] ;. .
1586 0198 -- partition(sub,0,1,1,2) ;
1587 °© 01C4 -- delete(sub[0]) ; *
1588 01p2 -- FOR i :=.1 TO m DO
1589  021C 1- BEGIN _
1590 021C -- n :=n+ 17
1591 023A -- subnet[n] := subli] ;
1592 0288 -- point := subnet[n] ;
1593 02BE -- WHILE point <> NIL DO
1594 02D6 2- BEGIN %
1595 02D6 -- j := point@.node ;
1596  02FA -- ' node[jl.group := n.; )
1597 . 032C -- _ point := point@.fptr
1598 033C -2 END :
1589 0354 -1 END ; :
1600 . 0392 -- ' unit := true ; _ - -
1601 03A0 -- simulate ;
1602 03a4 -- read(evnum) ;
1603  03BC -- FOR j := 1 TO evnum DO
1604 - 04 1- - BEGIN , ‘
1605 04 -— read{(i,sta,tm,tt) ; '
1606  D45A -- new(tim) ; |
1607 - 046E -- WITH tim@ DO
-1608 0480 2- BEGIN
1609 0480 -- ~ time := tm ;
1610 0494 -- : newstate := sta ;
lell Q4AC —-- tsi := tt -
1612 04aC -2 - END ;
1613  04C4 -- pi := nodelil.tigdr ;
1614 04FA 2- . REPEAT - \
1615 . 04FA -- pi := pi@.bpty .
1616 050a -2 UNTIL tim@.time = pi@.time ;
1617  055C -- tim@.fptr := pi@Nptr ; :
1618 058E -- tim@.bptr u= pi ; |
1619 05B6 -- " pi@.fptr@.bptr := tim ;
1620 05EB -- pi@.fptr := tim ;
1621 0610 -- X appendev(i,sta,tm,tt)
1622 0668 -1 END ;
1623 06A6 —— | MTC := 0 ; )
1624 06B2 -- t ot= e
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>ASCAL 8000/2.0B AAEC (17FEB82)

1625 06C0 -- unit := false ;
. 1626 gecc -- ) simulate

1627 06CC -0 END. (* end of main program *

*KAAEC PASCAL 2.0B CQMPILATION CONCLUDED¥*

*NO' ERRORS DETECTED IN PASCAL PROGRAM*





