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ABSTRACT 

Logic Simulators play an important role in the VLSI de

sign verification process. Integrated Injection Logic cir

cuits have a topology which is different from that of other 

bipolar technologies such as TTL or ECL. Traditional logic 

simulators do the simulation at the logic gate level. If 

these simulators are to be used for IIL circuits, the IIL 

circuit will have to be converted to an equivalent "normal" 

form. The proposed work presented here follows a different 

approach: the circuit is simulated at a transistor level. 

For every transition that takes place, the time-delays are 

computed using a simple model. Parasitics and loading ef

fects are included in the time-delay calculation. An exist

ing three-valued simulation algorithm is modified to accom

modate the time-delay calculations and the topology of IIL. 

Finally, the approximations used in the model are evaluated 

using detailed SPICE simulations. 
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CHAPTER I 

INTRODUCTION 

Integrated Injection Logic (IIL) is a bipolar technology 

that is suitable for very large scale integration. Impor

tant features which distinguish IIL from other bipolar and 

MOS technologies are multiple decoupled outputs, constant 

current-source loads, and widely variable delays. 

VLSI circuit design relies heavily on CAD/CAE tools, and 

the logic simulator is an important example of such a tool. 

Logic simulators are used in various phases of the VLSI de

sign process, the chief applications being logic verifica

tion, design verification, performance estimation and test-

generation. The tradeoffs and requirements for each of 

these applications vary. In this thesis, algorithms are de

veloped for logic verification and performance estimation of 

IIL circuits. 

_1.1̂  The VLSI Design Process 

A flow diagram of a typical VLSI design process {1} is 

given in Figure 1. The layout is described either in a 

detailed geometry language or in a specialized language 
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Figure 1: The VLSI design process. 

which can be translated into the geometry language by means 

of a compiler. A graphics editor is often used to design 

the layout. Once the layout is completed, two kinds of 

checks are made: a) The design is checked for proper 



layout. Each technology has its own layout rules. This 

checking is done by the use of design-rule checkers, b) The 

design is checked for electrical correctness. For this pur

pose, the circuit is extracted from the layout and its be

havior is simulated. This simulation can be done at various 

levels of detail. 

If there are errors in either the designed layout or in 

the electrical performance of the circuit, the necessary 

modifications are made and the process is repeated. 

1̂ .2 Need for Simulation 

The normal method of evaluating a discrete circuit design 

was to assemble the circuit on a breadboard and test its 

output signals for various inputs using volt/ammeters and 

oscilloscopes. However, with the advent of integrated cir

cuits, the effects of parasitics could no longer be effec

tively simulated on the breadboard. Making prototype ver

sions of the chip often was very expensive. Moreover, the 

input capacitance of meter and oscilloscope leads distorted 

waveforms. This led to the development of software 

simulators for prediction of performance of the circuit. 



1̂ .2 simulator Categories 

Simulators for VLSI circuits come in various levels of 

detail. Basically simulators can be categorized as follows: 

a) Gate Level Logic Simulators {2, 3}: These simulators 

treat the circuit at the logic gate level. States assigned 

to nodes are 0, 1, X, or others depending on the applica

tion. Delays are generally included, and are generally 

globally assigned. In many technologies, it is difficult to 

extract a gate-level model from the layout description. 

Moreover, gate-level simulators need modifications if they 

are to simulate circuits such as MOS networks containing 

pass transistors. 

b) Switch Level Simulation {1}: Switch level simulators 

describe the transistors as switches and resistors, and it 

is relatively easy to extract a switch-level model from the 

layout. However, timing information is not well handled by 

these. The switch, because of its inherent bidirectional 

nature, models MOS pass transistors well. 

c) Transistor-level Logic Simulators {4, 5}: These 

generally use logic states for nodes and a simple model to 

determine the time delays. The timing estimates determined 

here are better than those determined by assignable-delay 

logic simulators. 
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d) Timing Simulators {3, 6): Here nodal equations for 

the circuit are initially set up. In general these equa

tions are nonlinear algebraic-differential equations. These 

are converted to nonlinear algebraic equations and then 

solved using the Gauss-Seidel method and relaxed convergence 

criteria. Very good accuracy is obtained using these simu

lators, but they are much slower than those in the above 

categories. 

e) Circuit Simulators {7, 8, 9}: While all the above 

categories take advantage of the digital nature of the cir

cuit, circuit simulators do not: they treat the circuit at 

an analog device level. These simulators generally convert 

the nonlinear algebraic-differential equations describing a 

circuit to linear algebraic equations using numerical inte

gration and Newton-Raphson methods. The linear algebraic 

equations are then solved exactly using Gaussian Elimination 

or LU-Decomposition. Circuit simulators give results which 

match actual measurements very closely, but are too slow for 

simulating entire VLSI circuits. Moreover, circuit simula

tors provide so much information that the designer of a 

large system such as a microprocessor will find it very 

difficult to extract the vital information from the output. 

So the approach that is actually followed is to simulate 
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less critical parts of the circuit at a less detailed level 

using logic and timing simulators, and simulate only the po

tentially problematic parts using circuit simulators. This 

process of 'zooming in' on problem areas shows the advantage 

of having all simulators in the same system. Such simula

tors are called Mixed-Mode Simulators {3}. 

The categories given above are not very rigid, and a 

large number of simulators can be classified as being 'in 

between' two of the categories. 

1_._4 Outline of the Thesis 

The objective of this thesis is to develop algorithms for 

an IIL logic simulator that can also give reasonably fast 

and accurate timing estimates. 

The traditional approach to logic simulation is to treat 

the circuit at the logic gate level. Each gate (i.e., AND, 

OR, etc.) is assigned a predetermined delay, from which the 

overall performance is obtained. In an actual circuit, how

ever, the delay of each gate is dependent on factors such as 

parasitic capacitance, fan-outs, and current supplied. In 

effect, the delay of each gate is not only a function of how 

it is built, but also a function of how it is connected in 



the circuit. The assignment of predetermined delays does 

not take this into consideration and is therefore not very 

accurate. Circuit simulation does take into account both 

the gate characteristics and the interconnection to simulate 

the circuit. However, the models are very detailed and 

time-consuming. 

The approach taken in this thesis is a compromise between 

the cumbersome detail of circuit simulation and the oversim

plification of traditional logic simulation. The circuit is 

simulated at a transistor level, but the states of the nodes 

are represented as logic levels. The time-delay for each 

transition is calculated using a simple model. No differen

tial equations are solved in order to estimate the time-

delay: the time-delay calculation reflects the essential 

features of IIL switching. The simulation algorithm used 

retains the important feature of logic-level simulation, 

i.e., the bypassing of inactive gates. 

Gate-level simulators designed for technologies which use 

gates with multiple decoupled inputs and single outputs 

(e.g., TTL, MOS, etc.) cannot be directly applied to IIL 

circuits, which have gates with single inputs and multiple 

decoupled outputs. A conversion of the logic diagram has to 

be done. This conversion makes load-dependent time-delay 
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calculation very difficult. Simulation at the transistor 

level provides a natural solution to this problem. 

Chapter 2 of this thesis presents a survey of the field 

of logic simulation. The survey begins with early compiled-

code simulators and ends with recent MOS logic-with-timing 

simulators. 

Chapter 3 introduces IIL, gives some basic IIL circuit 

examples, and discusses the conversion from IIL topology to 

the "normal" form used in traditional gate level logic simu

lation. A brief discussion of time-delay in IIL circuits is 

also included. 

Chapter 4 describes the model used for the time-delay 

calculation. The time-delay calculation is derived with the 

aid of an explanation of IIL circuit switching action. 

Chapter 5 discusses the simulation algorithm. The algor

ithm is a modification of the standard three-valued simula

tion algorithm where the unknown (X) value is used for ini

tialization purposes only. The modifications are needed to 

accommodate the time-delay calculation and the topology of 

IIL. 



Chapter 6 describes simulation experiments using SPICE 

which were made in order to evaluate the time-delay calcula

tions derived in Chapter 4. 

Finally, Chapter 7 discusses conclusions drawn from the 

above work, and suggests directions for future work. 



CHAPTER II 

LOGIC SIMULATION 

Logic simulation is the process of building and exercis

ing a model of a digital circuit on a digital computer. By 

exercising we mean the evaluation of signal values in the 

modeled circuit as a function of time for some applied input 

sequence {10}. 

2̂.1̂  Design Verification vs. Fault 
Simulation 

There are two main application areas for logic simula

tors: design verification and fault simulation {2}. The 

requirements for these applications vary. Design verifica

tion basically checks the logic output and timing aspects of 

the circuit whereas fault simulation involves the insertion 

of faults in the circuit and observation of the resulting 

output. Fault simulation is used for the generation of di

agnostic tests for circuits. We will not deal with fault 

simulation here. 

10 
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£.£ Compiled-Code Simulators 

Early simulators {10} compiled the circuit description 

into machine code, which was then executed to simulate the 

machine. These simulators used the Huffman model of a se

quential circuit {11} which is shown in Figure 2. 
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Figure 2: The Huffman model of a sequential circuit. 

The Huffman model reduces the sequential circuit to a 

combinational circuit with all delay elements lumped 

together in the feedback path. This causes timing 

inaccuracies. Moreover, it is not a natural way of handling 
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delays. As can be seen, the compiled-code simulators treat 

the entire circuit as a single entity, and execute the code 

for each new set of inputs. Optimizations of this basic 

model have been done, but the basic problem of the lumping 

of delays remains. As such compiled-code simulators are 

nearly extinct today. The very few in use are used only for 

synchronous circuits, where the circuit can be evaluated at 

each clock pulse. 

£.2 Table-Driven Simulators 

In this type of simulator, the circuit description is 

converted to a connectivity table. The connectivity table 

connects fan-outs and fan-ins to each element by means of 

pointers. The circuit is simulated by following the connec

tivity information and at the same time evaluating the logic 

states and the time delay. The use of tables enables the 

simulator to bypass inactive gates. This type of algorithm 

is called a 'selective trace algorithm' and results in a 

large savings of simulation time in most cases {2, 12, 3}. 

(The selective trace algorithm, however, loses its advantag

es if highly parallel machines are simulated. The overhead 

incurred in implementing the selective trace outweighs its 

advantages in such cases). The working of a selective-trace 

algorithm is shown below using Figure 3. 
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C(O-l) 

Figure 3: Selective trace algorithm. 

Initially, B and C are at Level 0. Now if A goes to 1 

then B remains at 0 whereas C goes to 1. At the next step, 

only the fan-outs of C are evaluated, and those of B are ig

nored. 

£.4̂  Time-Delays and Values for 
Simulation 

Early simulators used zero delays for all elements and 

two values for representing the states of each node. Thus 

all nodes had to have a value of either 1 or 0. This caused 

problems with initial values. Moreover, the zero-delay 
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simulator's hazard-prediction capabilities were either nil 

or extremely pessimistic depending on the algorithm used 

{3}. 

Unit-delay simulators used a unit delay for all the 

gates. The performance was better than that of zero-delay 

simulators. Further improvements in delay assignments in

volved user-assignable delays, and load-dependent delays 

{13}. 

The introduction of a third state (X) for initialization 

only solved a large number of the initialization problems 

encountered with the two-valued simulator. Such a simulator 

is described in {12}. Yet some problems with initialization 

of certain feedback circuits remained and were pointed out 

in {14}, which also showed that while the addition of an 

'inverted unknown' state (X') solved some of the initializa

tion problems, it created more serious errors elsewhere. 

More than three states have been used in a number of sim

ulators {10}, but each added state involves greater amount 

of processing. Therefore, three states are still extremely 

popular in spite of the problems mentioned. The problem of 

initialization has not been solved, but with proper user 

initialization, three-valued simulators can be extremely 

useful. 
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Szygenda et al. {12} also introduced the concept of delay 

ambiguity. The basic idea behind delay ambiguity is that 

the exact delay of any gate cannot be calculated because of 

variations in processing. Thus each gate is assigned a min

imum delay and an ambiguity value. The transition waveforms 

for delay ambiguity are shown in Figure 4. 
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Figure 4: Delay ambiguity 

Szygenda et al. {12} used a flag to mark the ambiguity 

region, whereas {15} used the (X) value to mark ambiguity. 

An important point to note here is that all transitions are 
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assumed to be abrupt in most simulators, including those 

which use ambiguity. An exception is described in {5} and 

is discussed later. Though the delay of a collection of 

gates is an ambiguity region, the delay of any given gate is 

a constant. Thus the delay ambiguity model is pessimistic. 

The question of parasitics was not satisfactorily dealt 

with in traditional logic simulators. The most popular sim

ulator which also included parasitic and loading effects is 

RSIM {4}. In RSIM, which is an exclusively MOS simulator, 

each MOS device is represented by a constant resistor. To 

evaluate the state of a node, its Thevenin equivalent is 

computed as shown in Figure 5. The time-delay is calculated 

from the values of Req and Ceq. 

Schaeffer {5} described VTISim, which provides a more de

tailed electrical model than RSIM. In VTISim, each MOS 

transistor is represented by a voltage-dependent resistor. 

Nodes are evaluated at intervals of 0.4V. This is a depar

ture from the use of logic states to describe the nodal 

states. Another novel feature of VTISim is that transitions 

are not modeled as being abrupt: they are modeled as ramps. 

The use of ramps to represent transitions increases the 

computational time, but gives more realistic glitch outputs. 
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It can be seen from the above discussion that there is a 

clear-cut tradeoff between speed and accuracy in the field 

of simulation. 



CHAPTER III 

INTEGRATED INJECTION LOGIC 

Integrated Injection Logic (IIL) or Merged Transistor 

Logic.(MTL) was introduced simultaneously in 1972 by two 

groups of workers {16, 17}. It is a bipolar logic technology 

which features compact implementation and low power opera

tion. The circuit of the basic IIL gate is shown in Figure 

6. 
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Figure 6: Basic IIL Circuit 
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The gate consists of a pnp transistor QP and an npn tran

sistor Q2. Another npn transistor Ql is assumed to be the 

previous stage. The common-base pnp transistor QP is oper

ated in near saturated condition, and acts as a constant 

current source. When Ql is on, all the current from QP 

flows through Ql, and hence the BE junction of Q2 is not 

forward-biased. When Ql is cutoff, the current flows 

through the BE junction of Q2, which is now forward-biased. 

If proper load is provided at the collector of Q2, then the 

transistor Q2 is saturated. It can be seen that the basic 

gate acts as an inverter. Note that Q2 is a multi-collector 

transistor, and each collector will attain a logic state de

pending on the load on it. Thus it is clear that the col

lectors are decoupled in an IIL transistor. 

We shall now see the implementation of an IIL gate. Fig

ure 7 shows the device fabrication details. It can be seen 

that the pnp transistor is merged with the npn transistor, 

which accounts for the name Merged Transistor Logic (MTL). 

The base region of the pnp transistor also serves as the em

itter region of the npn transistor, and the collector region 

of the pnp serves as the base of the npn. But it is to be 

noted that the BE junction of the npn is mainly the 

horizontal junction whereas the BC junction of the pnp is 
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the vertical junction. For this reason, the pnp is called a 

lateral device, whereas the npn is a vertical device. The 

npn is actually a multi-emitter transistor in conventional 

technology which is being used as a multi-collector transis

tor because it is being operated in the inverse mode. Be

cause of the lateral nature of the pnp and the inverse oper

ation of the npn, both current gains are quite low. (The CB 

current gain of the pnp is about 0.5 while the CE current 

gain of the npn is about 25). The use of multi-emitters in 

the inverse mode provides excellent decoupling between the 

outputs of the gate. 

< ^ ? ^ 
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Figure 7: IIL Structure. 
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I'i IIL Circuit Example 

Figure 8 shows an example IIL circuit, which is an OR 

circuit. Here the pnp transistors are replaced by ideal 

i/ 
Ql B 

X 
<J2 

03 

Figure 8: IIL OR circuit. 
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current sources. The three npn transistors Ql, Q2, and Q3 

act as inverters. Note that the collectors of Ql and Q2 are 

wired-ANDed at node C. This type of circuit connection is 

uncommon except in open-collector TTL gates. The wired-AND-

ing of Ql and Q2 acts as a NOR gate, as will be explained 

below. If both A and B are low, both Ql and Q2 are cutoff, 

and all the current from the constant current source flows 

through Q3. The node voltage at C is high which is actually 

Vbe(on) of Q3. This value is approximately 0.7 V and is the 

'high' state of IIL. Now if either A or B or both have a 

value of 'high', Ql or Q2 or both are saturated. In any of 

these cases, the current from the current source flows 

through the corresponding transistor(s), and the voltage at 

C is low, i.e., Vce(sat) of Ql or Q2. Thus we see that if 

any one input is high, the output of the gate at C is low, 

which is the NOR operation. The output at D is the inverse 

of that at C, and thus is an OR operation. We see that the 

main process involved in IIL is current switching. 

From the above, it might be appear that the NOR cell is 

the basic cell for IIL. But in practice, the NAND cell is 

also widely used {18}. The relationship between the NAND 

and the NOR cells in IIL is depicted in Figure 9. 
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Figure 9: NAND and NOR cells. 

3.2 Conversion of liL Topology to 
"Normal" Form 

The IIL gate has one input and multiple decoupled out

puts, whereas other bipolar technologies have single outputs 

and multiple decoupled inputs. By use of the NAND cell 

discussed above, we can convert the IIL technology to 

"normal" form. An example is shown in Figure 10. 
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Figure 10: Topology Conversion 
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I'l Time-Delay Jji m i Circuits 

Like all bipolar circuits, IIL has two types of delay: 

intrinsic and extrinsic {16, 19}. Intrinsic delay in IIL is 

due to the time taken to store active charge in the base, 

and is a function of the IIL device parameters, base drive 

and the current supplied. Extrinsic delay in IIL is the 

time taken to charge the junction and parasitic capacitanc

es. Intrinsic time-delay is sometimes represented by the 

diffusion capacitance. To a good approximation, the diffu

sion capacitance is directly proportional to the current, 

whereas the junction and transition capacitances are inde

pendent of it. Therefore the intrinsic time-delay is inde

pendent of current, while the extrinsic time-delay decreases 

with increase in current. Thus, intrinsic time delay domi

nates at high currents, while extrinsic time-delay dominates 

at low currents. The intrinsic time-delay thus sets a fun

damental limit to the switching speed of IIL as shown in 

Figure 11. To a first approximation, it has been suggested 

{19} that the total time-delay of IIL is the linear sum of 

the two, and this property will be used in the calculation 

of delays. 
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Figure 11: Time-delay in IIL circuits. 



CHAPTER IV 

TIME-DELAY MODEL AND CALCULATIONS 

The Bipolar Junction Transistor (BJT) is a nonlinear de

vice. Accurate modeling of the behavior of the BJT requires 

a large number of model parameters, as in SPICE {7}. Such 

detail is necessary in some applications, but is a disadvan

tage in logic simulation, where computing speed is impor

tant. In this chapter, a model is developed which concen

trates on the major phenomena which affect IIL switching. 

By ignoring all secondary effects, it is possible to obtain 

a good approximation to the time-delay. The approach fol

lowed is similar to that in Elmasry {20}. The important 

difference is that here we have the additional constraint of 

having to consider computing efficiency. One way to look at 

the approximations made in this chapter is to view them as a 

systematization of the rules of thumb used by designers. 

1*1 IIL Switching: A Qualitative 
Discussion 

As mentioned in Section 3.3, all BJT circuits have two 

delay components, i.e., extrinsic and intrinsic. The 

intrinsic delay is due to charge-storage in the device and 

the extrinsic delay is due to junction and parasitic 

capacitances. 

27 
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4.1.1 Intrinsic Delay 

The BJT works on the principle of diffusion of charge-

carriers. (There are BJTs that work on the principle of 

drift of charge-carriers due to an electric field, called 

"Drift Transistors", but they are not relevant here, and 

will not be discussed). The word "diffusion" here has a 

slightly different connotation from that which it has in the 

context of a "diffusion process." For example, the diffu

sion capacitance of a MOS transistor is the capacitance of 

the layer formed using a diffusion process, whereas the dif

fusion capacitance in a BJT is the capacitance due to diffu

sion of current carriers into the base. 

One important property of charge-carriers (electrons and 

holes) in a semiconductor is that they tend to diffuse from 

regions where they have higher density to regions of lower 

density. This diffusion is a purely statistical phenomenon 

akin to the diffusion of gases in a volume, and is not due 

to mutual repulsion of similarly-charged particles. Consid

er the npn transistor shown in Figure 12. When the base-

emitter (BE) junction is forward-biased, the electrons from 

the emitter diffuse across the junction into the base, 

establishing an excess minority charge. The current that 

flows is called a diffusion current. Some of these charges 
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which enter the base recombine with the holes in the base, 

and the rest are swept past the base-collector (CB) junc

tion. Thus the collector current is some fraction of the 

emitter current, and is proportional to the slope of the mi

nority charge distribution in the base, as shown in Figure 

13. A finite time is required to establish the requisite 

minority charge distribution in the base, and this is the 

cause of the intrinsic delay. 
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Figure 12: Intrinsic delay. 
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Figure 13: Stored charge in the base. 

I'l'l'l. Saturation Delay 

Referring to Figure 13 we see that if the base charge 

increases beyond that required to establish the collector 

current supplied, the current does not increase, but the 

stored charge does. When the device is being turned off, 

this stored charge will have to be removed before the 

collector current starts reducing. The time taken to remove 

this excess stored charge is called saturation delay. 
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4.1.2 Extrinsic Delay 

When p and n type materials are joined together in a pn-

junction, as shown in Figure 14, a region depleted of charg

es is formed by the crossing-over of charge carriers across 

PZPLZTIDH 

BZCIDH 
K ^ 

H 

JUMC73DH 

Figure 14: Depletion region 

the junction. This is called the depletion region. A capa

citance is associated with the region, called the junction 

(or depletion or transition) capacitance. This capacitance 

exists because there are opposite charges on either side of 
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the junction. The effect is similar to that in a parallel 

plate capacitor. The junction capacitance is not linear: 

it depends on the voltage across the junction. This voltage 

dependence is due to the fact that the width of the deple

tion region is dependent on the voltage. Apart from the 

junction capacitances, parasitic capacitances exist in the 

device. One of the objectives of the designer would be to 

reduce these capacitances, but it is not possible to elimi

nate them completely. Characterisation of these capacitanc

es is not as easy as that for junction capacitances, since 

these can occur due to various nonideal conditions during 

manufacture. They are generally represented by a lumped ca

pacitance at each node. 

i«l IIL Switching Model and 
Calculations 

We split the derivation of quantitative expressions for 

IIL switching into two parts: derivation for intrinsic de

lay and derivation for extrinsic delay. In a practical IIL 

circuit, both the effects influence the delay of the device, 

but here we shall derive expressions separately, and finally 

obtain a resultant expression. The approach followed is to 

assume that no extrinsic effects exist while calculating the 

intrinsic delay and vice versa. 



33 

Figure 15 shows a series of three IIL inverters from 

which most of the derivations can be made. The following 

symbols refer to the transistor Qi: 

Cpi 

Ni 

Cjei 

Cjci 

Caxi 

Bi 

TFi 

Tsi 

Parasitic Capacitance at output node. 

No. of collectors. 

Emitter junction transition capacitance. 

Collector junction transition capacitance 

Average emitter or collector capacitance, 

depending on x. 

Effective forward current gain. 

Forward time constant. 

Saturation time constant. 

Other symbols will be defined as and when they are used. 

The term "effective forward current gain" which is repre

sented by Bi needs more explanation. The "effective forward 

current gain" is defined here as the ratio of the average of 

the current in each collector to the current injected into 

the base, when the transistor is placed in the active re

gion. Clearly, for a given transistor, Bi is a function of 

Ni. If Bui were the forward beta of transistor Qi, then in 

an ideal case, Bi= Bui*Ni should be the relation governing 

Bi and Ni. More details on Bi are given in Chapter 6. 

Referring to Figure 15 it is clear that the supply current 
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at the collector of a given transistor (isi) should be 

limited by the inequality: 

Isi <= Bi*Isp, 
(4.1) 

where Isp is the current source connected to the base of 

that transistor. 

Figure 15: Chain of inverters. 

4.2.1 Assumptions 

The following are the assumptions made for all the deri 

vations: 
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1. All pnp current sources act as constant current 

sources and can be replaced as such. 

2. The forward time constant TFi of any transistor Qi is 

independent of the current. 

3. The average transition capacitances Caxi of any tran

sistor Qi are independent of the voltage across them. 

4. For a given transistor Qi, the parasitic capacitance 

Cpi is constant. 

All assumptions which need further discussion are dis

cussed in Chapter 6. 

4.2.2 Intrinsic Delay Calculations 

For calculating the intrinsic delay, we ignore all para

sitic and junction capacitances. Figure 15 is redrawn in 

Figure 16, with transistor Q2 being depicted as a multi-

collector transistor. In order to turn transistor Q2 just 

on, the base of Q2 will have to be supplied with sufficient 

charge to establish the required (i.e., supply) current in 

each collector. 

For each collector of Q2, the charge needed is given by 

the product of the forward time constant TF2 and the supply 

current Is2j. Hence, for N2 collectors, the total charge 
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-T- Cj3 

Figure 16: Multi-collector connection. 

needed (QF2) is given by summing this product over all col

lectors, leading to the following expression: 

N2 
QF2 = Z TF2 * Is2j, (4.2) 

which reduces to: 

N2 
QF2 = TF2 * ^ Is2j. 

j = l 
(4.3) 

This amount of charge should be stored by the base 

current input to Q2, Isi. Thus the time taken to store this 

much charge is given by: 
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tfalll = (TF2 * IS2J) / (isi). (4.4) 

The time tfalll represents the time taken to store charge 

just sufficient to bring the transistor into the active re

gion. The time trise, for a transistor collector to rise 

from near zero to maximum, is the same as tfalll. But a 

transistor whose node voltage is falling has to remove 

charges stored in the base of the succeeding transistor 

(i.e., the saturation charge), which is the cause of the 

saturation delay discussed next. 

i*l*l«i Saturation Delay Calcula
tion 

As discussed in Section 4.1.1, the saturation delay oc

curs due to the necessity of removing excess charge carriers 

from the base. Before we discuss the removal of excess 

charges, a brief digression into the currents involved in 

turning the transistor on is necessary. 

Consider Figure 16, when the transistor Ql is given an 

abrupt base drive, Ibl. The waveforms are shown in Figure 

17. Though the maximum current supplied at the collector of 



38 

Ql is Isl, the transient collector current is much greater. 

By definition, maximum current attained is given by Bl*Ibl. 

The reason for this phenomenon is that the transistor Ql 

discharges the junction and parasitic capacitances, and also 

removes excess charge from the base of Q2. Of the maximum 

current, Bl*Ibl, Isl is supplied by the collector supply of 

Ql, and the rest is supplied by the charges being removed. 

Thus we get the discharging Id current to be: 

Id = Bl*Ibl - Isl. (4.5) 

Zbl 

Zel 

UJM 

B«Zkl 

V b l 
1 
a 
T 

tiac 

Figure 17: Current waveforms at falling node 
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Now if we ignore junction and parasitic capacitances, 

this is the current that removes the excess charge from the 

base of Q2. The excess charge is proportional to the excess 

base current, which is the current in excess of that which 

is required to drive the transistor Q2 to the edge of satu

ration. In the case of a multi-collector transistor, the 

base current required to just saturate the jth collector 

would be given by (Isj/ (N2 * B2)). Note that the denomi

nator is multiplied by N2 because of the way B2 is defined. 

The total minimum base current required to just saturate the 

transistor is given by the summation of this expression for 

j ranging from 1 to N2. The constant of proportionality be

tween excess base current and excess base charge is the sat

uration time constant, Ts2. Thus the expression for the ex

cess charge in Q2, namely, Qe2, is: 

N2 
Qe2 = (Isl - I (Isj) / (N2 *B2) ) * Ts2. (4.6) 

Thus, the time taken to remove this charge, tsat, is: 

tsat = Qe2/Id, ^̂ -"̂ ^ 

which expands to: 

N2 
tsat = (isl- L (Isj)/(N2*B2))*Ts2 / (Bl*lbl-lsl). (4.8) 
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The total time for the collector of Ql to fall is then 

given by: 

tfall = tfalll + tsat, (4.9) 

where tfalll is the fall time calculated from Equation 4.4 

for Ql. 

4.2.3 Extrinsic Delay Calculations 

Figure 18 shows the switching waveforms for Figure 15 

when a square wave is applied to the base of Ql. An impor

tant observation to be made is that when the voltage at the 

collector of Ql (i.e., node A) falls, the voltage at Q2 ris

es almost simultaneously, whereas node A has to rise fully 

for node B to start falling. Thus the effective fall time 

is only a fraction of the full fall time value. The rise 

time is the decisive factor in deciding the overall response 

of the gate. 

^'I'l'l Fall Time Calculation 

Consider the case where the voltage at node B is just 

falling. In order for the voltage to fall, the following 

events have to take place: 
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Figure 18: Switching waveforms for inverter chain 

a) The capacitance Cac2 will have to be charged by the 

base drive of Q2, i.e., by Isl. This accounts for the first 

component of the fall time, tfl, given by: 

tfl = Vs * Cac2 * N2 / Isl. (4.10) 

Here Vs refers to the logic voltage swing of the node B. 

Note the factor N2 multiplying the average capacitance to 

give the total capacitance. 

b) The capacitances Cae3 and Cac3 of the transistor Q3, 

and the parasitic capacitance Cp2 will have to be 

discharged. The discharging current will be Id as discussed 
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in Section 4.3.1, but this will be the Id for transistor Q2. 

It is to be noted that there are N3 of each type of junction 

capacitance. While the capacitance Cae3 will experience a 

voltage swing of Vs, the capacitance Cac3 will experience a 

voltage swing of 2*Vs. This is because the voltage at node 

C starts rising almost as soon as that at node B starts 

falling. These results are applied to obtain the value tf2 

as follows: 

tf2 = (Cae3*N3 + 2*Cac3*N3 + Cp2)*Vs/(B2*Isl - Is2). (4.11) 

The above two events occur more or less simultaneously, 

and we neglect the first event to simplify calculations. 

Hence, 

tfall = tfl + tf2. (4.12) 

tfall = tf2. (4.13) 

i'2'1'1 Rise Time Calculation 

When the voltage at node B is rising, the following 

events take place: 

a) The charging of Cac2 by Is2. Note that if the voltage 

at node B is rising, its input node. A, is simultaneously 

falling, resulting in a drop of 2*Vs across Cae2. Thus the 

rise time contribution due to this, trl, is given by: 

trl = 2*Vs *Cac2/Is2 (4.13) 
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b) The charging of*N3 Cac3, N3*Cae3, and Cp2 by the 

current source Is2. Since the voltage swing across both 

these is Vs, the delay, tr2, can be calculated as: 

tr2 = Vs*(N3*Cac3 + N3*Cae3 + Cp2) / Is2 (4.14) 

The total extrinsic rise time is then given by: 

trise = Vs*(2*Cac2 + N3*Cac3 + N3*Cae3 + Cp2)/ Is2 (4.15) 

£.2 Resultant Expression 

Except in the two extreme cases of low currents and high 

currents, where one of them is negligible, both intrinsic 

and extrinsic delays influence the total delay of the cir

cuit. The effects are overlapping, and their interaction is 

complex. Berger {19}, however, has suggested a simple ap

proximation to find the total delay, and we shall use that 

result. The total delay is obtained by the linear sum of 

the extrinsic and intrinsic delays. A linear sum is likely 

to give slightly pessimistic delay estimates since the ef

fects are overlaping rather than sequential. The following 

is the resultant expression: 

tfall = kf * (tfall_intrinsic + tfall_extrinsic). (4.16) 

trise = trise_intrinsic + trise_extrinsic. (4.17) 

The factor kf is required because the effective fall 

time is a fraction of the calculated full fall time. The 

fraction should be user-assignable. 
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4.4 Summary of tjie Model 

The model has the following features: 

1. The pnp current sources are modeled as ideal constant 

current sources. 

2. The npn transistor has six model parameters: B - the 

effective current gain, TF - the forward time con

stant, Ts - the saturation time constant, N - the 

number of collectors, Cac - average collector junc

tion capacitance, and Cae - average emitter junction 

capacitance. 

3. Parasitic capacitances are lumped into a single con

stant nodal capacitor. 

In order to obtain good results, the values of the cur

rent sources as well as those of B and Cax have to be care

fully chosen, and this is further discussed in Chapter 6. 

The above model models the BJT as a current-dependent 

current sink with an intrinsic delay. The current sink, 

which is quantified by B, along with the junction and para

sitic capacitances, models the extrinsic delay, while the 

parameters TF and Ts model the intrinsic delay. Note that 

it is not these parameters alone that are used to calculate 

the delay, but a combination of these parameters and the 
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circuit currents. This satisfies our earlier observation 

that the delay of a gate depends both on its geometry and on 

its environment in the circuit. 



CHAPTER V 

THE SIMULATION ALGORITHM 

This chapter consists of four sections. In the first 

section, the time-delay calculations of Chapter 4 are modi

fied slightly for use with our simulation algorithm. The 

second section discusses the three-valued simulation algor

ithm described in Szygenda et al. {12} and in Newton {3}. 

The third section discusses our algorithm which incorporates 

the time-delay calculation and the IIL topology. The final 

section gives some examples and points out some of the 

tradeoffs which are implicit in the algorithm. 

^.1^ Propagation Delay Calculations 

The time-delay calculations derived in the last chapter 

give expressions for the rise and fall times for the IIL 

gate transition. But since the propagation delay is a more 

commonly used parameter in digital circuits, it is more use

ful to consider the propagation delay of each transistor 

{21}. The propagation delay is the difference between the 

time at which the input signal reaches half its swing and 

that at which the corresponding output signal reaches half 

its swing. We shall define two propagation delay times. 

46 
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tpOl and tplO, respectively for rising and falling 

transitions. From Figure 19, we see that 

Voltig« 

It A. 

1-

t ^ l tylO 

Figure 19: Propagation delay. 

tpOl = (tfallA + triseB)/2, (5.1) 

and, 

tplO = (triseA + tfallB)/2. (5.2) 

Note that the value of tfall used is the effective value 

found in Chapter 4. These delay values will be used by the 

algorithm of Section 5.3 for scheduling events. 
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^.^ Basic Three-valued Simulation 
Algorithm 

Here we describe a simple three-valued simulation algor

ithm {12} with values {0, 1, X} being the states, and the X 

value representing the unknown initial state only. By this 

we mean that the X value is not used to mark transitions or 

ambiguity regions, as in Chappell et al. {15}. 

The simulation algorithm is closely related to the data 

structure used to represent the circuit, and hence we shall 

discuss the data structure first. The input to the simula

tor would be a description of the circuit interconnection in 

a language similar to the SPICE input language {22}. The 

input also includes details of the element characteristics, 

for example, each AND gate has a 0-1 propagation delay of 

20ns. The input description is translated into a connectiv

ity graph or table as shown in Figure 20, by means of an in

put processor. Each element has one entry in the Circuit 

Description Table (CDT). The entry contains pointers to el

ements which are fan-ins and fan-outs to that element, one 

pointer to a Function Description Table (FDT), and space to 

store the signal values. The FDT contains details about the 

element, e.g., number of inputs and outputs, propagation 

delay, etc. The entries in the CDT, along with the fan-in 

and fan-out pointers, form the connectivity graph. 
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Figure 20: Connectivity tables. 

The simulation algorithm basically works as follows: For 

each element scheduled, it obtains the present output and 

input signal values. It then calculates the new output on 

the basis of the present inputs. If the new output is the 

same as the present output, nothing is done. Otherwise, 

scheduling of fan-outs and spike analysis are done. The al

gorithm can be written formally as follows, from Newton {3}: 

/* Basic 3-Valued Simulation Algorithm. 

/* Gj : Gate scheduled. 

* / 

* / 

* / 

* / 
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/ * 

/ * 

/ * 

/ * 

/ * 

/ * 

/ * 

• • 

ID 

o j -

oj + 

Fj 

t sn 

t s o 

Input states of gate Gj. 

Present output state of Gj. 

New output state of Gj. 

Fan-outs of Gj. 

New time to schedule fan-outs. 

Time at which fan-outs are presently 

scheduled. 

* / 

* / 

*/ 

* / 

* / 

* / 

/' 

1 for (each unit of time) { 

2 for (each gate scheduled Gj) { 

3 obtain input states ij; 

4 obtain output state oj-; 

5 compute the new output oj+; 

6 if (oj- = oj+) next; 

7 compute new time to schedule fan-outs, Fj, tsn; 

8 if (Fj are not currently scheduled) { 

9 schedule Fj at tsn; 

10 update oj; 

11 } 

12 else { 

13 obtain current scheduled time tso; 

14 if (tso >= tsn) { 

15 unschedule Fj; 

16 schedule Fj at tsn; 
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17 } 

18 update oj; 

19 issue spike report; 

20 } 

21 } 

22 } 

The above algorithm is for single-output gates. For 

multi-output gates, steps 4 to 20 will have to be repeated 

for each output. The new outputs are simply a function of 

the new inputs. In an assignable time-delay simulator, the 

scheduled time would be simply the user-assigned time-delay 

for that gate, as stored in the FDT. Note that the new out

put value is immediately assigned to the output, whereas the 

fan-outs are scheduled after a time- delay. This does not 

affect the propagation of signals or the spike analysis, but 

is not as accurate a description of circuit action as is 

possible. 

.̂_3 The IIL Simulation Algorithm 

5.3.1 Data Structures for Circuit 
Description 

The simulation algorithm assumes a data structure similar 

to the one in Figure 20. The function description table 
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(FDT) for each npn transistor would have the six parameters 

mentioned in Section 4.4. The entry for each element in the 

CDT would have a pointer to the corresponding FDT entry, 

pointers to the current source values at the base, to the 

parasitic capacitance value at the output, to fan-ins and 

fan-outs of the gate, and space for signal values, and num

ber of inputs and outputs. In IIL .circuits, unlike in other 

circuits, the wired-AND connection is a common circuit con

struct. Because of this, the output of a transistor is not 

merely a function of its input but also depends upon the 

states of other transistor outputs connected to it. In tra

ditional logic simulators, this problem is dealt with by the 

topology conversion. Here we introduce a new element called 

the W_AND which has zero delay, and which simulates the ef

fects of the wired-AND connection. In a sense, this is a 

pseudo-element, since it has no FDT entry. It has pointers 

to all transistors that are connected to its inputs and out

puts (i.e., fan-ins and fan-outs), and to the current sup

plied, as well as to the parasitic capacitance at that node. 

Note that for those transistor outputs which are connected 

to wired-AND nodes, there is no need to give pointers to 

parasitic capacitances at the output, since the parasitic 

capacitance is a single effective value at that node. The 

output states of the transistor outputs connected to the 
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wired-AND node have a common value, i.e., the AND of the 

inverse of the input states at each of the corresponding 

transistors. It is useful to store the inverse state of the 

input of each transistor whose output is connected to the 

wired-AND in the W_AND element. We shall call these states 

the "pseudo-outputs" of the individual transistor outputs. 

5.3.2 Main Loop of the Simulation 
Algorithm 

The simulation algorithm is event-driven. There are two 

kinds of events that can occur: 

1. A change-of-value event (CV). 

2. An output evaluation event (OE). 

A change-of-value event is one in which the value of a 

particular node is changed. This type of event needs no 

further processing. 

An output evaluation event indicates that the outputs of 

the scheduled transistor have to be evaluated. Each output 

is evaluated in sequence, and if the evaluated output value 

is different from the current output value, the time-delay 

is calculated, and, 

1. The output is scheduled to change state after the 

calculated time-delay. This is a CV event. 
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2. The fan-outs of the transistor are scheduled to be 

evaluated after the same time-delay. This is an OE 

event. 

Spike analysis is also done at this stage. The main loop of 

the algorithm SIMULATE is shown below: 

/* Main Loop of Algorithm SIMULATE */ 

for (each unit of time) { 

for (each transistor scheduled Tj) { 

if (CV event) 

update output; 

else { /* OE Event */ 

obtain input states ij; 

for (each output ojk) { 

obtain present output state ojk-; 

compute new output ojk+; 

if (ojk is already scheduled) 

do spike analysis; 

else 

if (ojk+ is not equal to ojk-) { 

calculate time-delay; 

schedule ojk for CV event; 

schedule fanouts Fjk for OE event; 
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} 

} 

} 

} 

The chief differences between this main loop and that 

presented in Section 5.2 at this level of detail are the 

scheduling of CV and OE events, and the point at which spike 

analysis is done. The more significant difference, however, 

lies in the computation of the new outputs and the time-

delay. 

5.3.3 Computation of New Outputs 

In computing the new output state, each transistor is 

considered to be an inverter. Transistor outputs are divid

ed into two types: 

1. Simple output connection: Here the output under con

sideration is the only one connected to the next 

stages. No wired-ANDing exists at the output. 

2. Wired-AND output connection: Here other outputs are 

directly connected to the output under consideration, 

and the resulting common node is connected to the 

next stages. In the data structure, this common node 

is represented by the W_AND element discussed 

earlier. 
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In the case of the simple output, the new output value is 

just the inverse of the input. This computation is similar 

to the way a traditional logic simulator would compute new 

outputs. 

The new output in the case of a wired-ANDed output is 

calculated as follows: the input of the transistor under 

consideration is inverted to give its present pseudo-output 

state (as discussed in Section 5.3.1), and the result is 

ANDed with the pseudo-output states of the other outputs 

connected to the node to give the new output value. More 

formally. 

/ * * / 

/ * * / 

/* Algorithm NEW_OUT: Computes new output state. */ 

/* Ij : - Input of jth transistor. */ 

/* Oj : - Output of jth transistor connected to */ 

/* output under consideration. */ 

/* m : - Transistor under consideration. */ 

/* n : - Total number of transistors whose */ 

/* outputs are connected to Om. */ 

/* P_Oj : - Pseudo-output state of Oj. */ 

/ * * / 

/ 
*. / 
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if (simple output) 

new__output of Om = (Im)'; 

else { /* wired-AND */ 

P_Om = (Im)'; 

new_output of Om = (P_01.P_02...P_On); 

} 

Note that the AND here is a three-valued (0,1,X) AND with 

truth table as given in {12}. 

5.3.4 Data Structures for Scheduling 

The data structures used for scheduling are closely re

lated to the time-delay and spike analyses, and hence are 

discussed before those. It has been found in practice that 

the most efficient method of storing and manipulating events 

for scheduling is the Time Queue approach {2, 3}. The basic 

structure is shown in Figure 21. It consists of an array of 

pointers, each pointer being the head of a queue of nodes. 

Each queue represents events that are to occur at a particu

lar time. The time interval between the times represented 

by two successive queues is the unit of time in the 

simulator, and is called the minimum resolvable time (MRT). 

In an assignable-delay simulator, each element is assigned a 

delay which is an integral multiple of the MRT. In our 
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simulation algorithm, the calculated delay has to be rounded 

off to a multiple of the MRT. The main loop of the simula

tion algorithm discussed in Section 5.3.2 is clearer in this 

context. It goes through the array of pointers, stopping at 

each queue, processing all events in that queue. Each OE 

event that it processes is likely to generate more events 

which are scheduled at future times. Thus the algorithm 

proceeds until there are no more events to process. 

TO 
Tl 

T^-l 

TMZ QUZXIZ 

MACSO TmZ ZVZHT LIST (UTZl) 

* ——* 
< • 

Figure 2 1 : Time queue 
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How big an array of pointers is to be used? Clearly, the 

likelihood of the array being unwieldy or impracticable is 

high. The solution {2} is to use a "timing wheel", i.e., 

the array is treated as a circular list. If N is the size 

of the array, and PT is the present time being processed, a 

new event which is generated at PT with a time delay TD will 

have to be inserted in a queue (PT+TD) mod N units away from 

the queue representing PT. If the time delay TD overshoots 

the length of the array, the event is inserted in an exter

nal list called the Macro Time Event List (MTEL). This is a 

list of events ordered by time. The simulation algorithm 

checks the MTEL for events each time it processes a queue in 

the Time Queue structure. 

5.3.5 Time-Delay Algorithm 

The calculation of rise and fall times according to ex

pressions derived in Chapter 4 is quite straightforward giv

en the data structures described in Section 5.3.1. However, 

the calculation of propagation delay according to the equa

tions in Section 5.1. poses a problem, since the propaga

tion delay of a transistor is the mean of a transition time 

of the previous stage and its own transition time. For 

example, in Figure 22, if B goes from 0 to 1, causing C to 

fall, the propagation delay of Q2 is given by (5.2) as: 



Propagation Delay of Q2 = (triseB + tfallC)/2 

Figure 22: Time-delay calculation. 
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Let us assume that we have processed Ql. As a result, node 

B is scheduled for a CV event, and transistor Q2 for an OE 

event, both at the same time. When the simulation algorithm 

reaches that time, it processes the CV event first; this is 

quite simple. Next it has to process transistor Q2 for an 

OE event, i.e., the propagation delay of Q2 has to be found. 

For this, we need the rise time of the input signal, i.e., 

the signal at B. One way to obtain this would be to 

recalculate it. This is an expensive method: a faster 
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method would be to save the rise time for B in a table, and 

store a pointer to the table entry in the node corresponding 

to the OE event for Q2. Thus, when the OE event for Q2 is 

processed, first its fall time is calculated, then the 

stored value of the rise time of B is added to it, and fi

nally the result is divided by two to give the propagation 

delay of Q2. The same is true for transitions in the other 

direction. 

In the case of transitions involving the X value, the 

following rules are followed: 

1. For transitions from 0 or 1 to X, the time-delay is 

assumed to be zero. 

2. For transitions from X to 0 and 1, the time-delay is 

calculated assuming that X is 1 and 0 respecively. 

It is clear that this gives pessimistic values for tran

sitions involving X. 

5.3.6 Spike Analysis 

Referring to the main loop of algorithm SIMULATE in Sec

tion 5.3.2, spike analysis is done only when the output is 

already scheduled. The spike analysis proceeds as follows: 

/* Algorithm SPIKE_ANALYSIS */ 
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if (ojk+ = ojk-) { /* Spike */ 

unschedule CV event of ojk; 

unschedule fanouts Fjk for OE events; 

report spike; 

} 

Note that if ojk+ is not equal to ojk-, the new transition 

is in the same direction as the old one, and the only effect 

would be to speed up the transition. However, this algor

ithm chooses not to recalculate the times, since the accura

cy gained is little, and the recalculation is quite time-

consuming. It is to be noted that unscheduling is a 

difficult task since one has to search the Time Queue for 

events to unschedule. Lastly, it has been reported {4,5} 

that spike reports are not the most popular feature of a 

simulator, and so, the actual reporting of a spike could be 

dispensed with, though the rest of the spike analysis is es

sential for the correct functioning of the simulator. 

^.£ Examples and Tradeoffs 

5.4.1 Simple Outputs without Spikes 

The first example we shall consider consists of transis

tors with simple output connections, and pertains to Figure 

23. Let us assume the following initial state: A=l, B=0, C 
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Figure 23: Simple outputs without spikes. 

= D = 1 , E = 0 . We further assume that A has been scheduled 

to go to 0 at time tl, and that Ql has been scheduled for an 

OE event at the same time. Then the following sequence of 

events occurs: 

Event #1: CV Event for node A. The value of node A is 

changed from 1 to 0. 

Event #2: OE Event for transistor Ql. The 

pseudo-output of Ql is A', which is 1, while the present 

value of B is 0. Hence, a transition is to be 

scheduled. The rise time of B is calculated from the 
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circuit details, and the propagation delay of Ql is 

calculated by finding the mean of this rise time and the 

fall time of A which is stored. The rise time of B is 

stored for use by the next stage. Let us assume that 

the propagation delay thus calculated is tdl. Then 

three events are scheduled at t2 = tl + tdl : 

1. A CV event for node B, changing its value from 0 

to 1. 

2. An OE event for transistor Q2, which is a fan-out 

of Ql. 

3. An OE event for transistor Q3, which is also a 

fan-out of Ql. 

Event #3: At time t2, the CV event for B is processed, 

resulting in the value of B being changed from 0 to 1. 

Event #4: The OE event for Q2 is processed. The pseu

do-output for Q2 is B' which is 0. Since the present 

value of C is 1, a transition will take place. The 

time-delays are calculated as before, and a CV event for 

C is scheduled at that time, say, t3, along with OE 

events for the fan-outs of C. 

Event #5: The OE event for Q3 is processed in a fashion 

similar to that for Event #4. Now, node D is scheduled 
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for a CV event and transistor Q4 for an OE event, at the 

time-delay calculated, say, t4. 

5.4.2 Simple Outputs with Spikes 

Let us consider a situation where the initial state is 

the same as in the previous example, and the Events #1 and 

#2 have been processed, i.e., at time t2, a CV event for B, 

and OE events for Q2 and Q3 have been scheduled. Now, if A 

goes from 0 to 1 before time t2, say at time tla. Then the 

following two events are scheduled before the events at t2: 

1. A CV event for node A, changing its value from 0 to 

1. 

2. An OE event for transistor Ql. 

The processing now proceeds as follows: 

Event #3: At tla, the CV event for A is processed. The 

value of A is changed from 0 back to 1. 

Event #4: Also at tla, the OE event for Ql is pro

cessed. The output B is already scheduled, so spike 

analysis has to be done. The pseudo-output value of Ql 

is A' which is 0. This is the current value of B, and 

hence a spike exists. The three events scheduled for 

time t2 are deleted from the time queue, and no further 
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events occur. Thus, it is clear that the spike is not 

propagated, a desirable feature for any simulator. The 

next example we shall consider is illustrated in Figure 

24. 

5.4.3 Wired-ANDed Outputs 

— . . Q2 

Figure 24: Wired-ANDed outputs. 

It consists of four transistors, of which the outputs of 

Ql and Q2 are wired-ANDed at node C. The transistors Q3 and 

Q4 are the fan-outs of the node C. 
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Let us assume the initial states of A and B to be 1 and 0 

respectively. The pseudo-outputs of Ql and Q2 at node C are 

therefore 0 and 1 respectively. The value at C is 

P0_1.P0_2, which is 0. The values at D and E are 1. Now, 

if B goes from 0 to 1, the following two events are sched

uled, say, at time tl: 

1. A CV event for B, changing its value from 0 to 1. 

2. An OE event for Q2. 

At time tl, then, the following events are processed: 

Event #1: CV event for B, changing its value from 0 to 

1. 

Event #2: OE event for Q2. The pseudo-output for Q2 is 

B' which is 0. Thus the output C does not change, and 

hence no further events are scheduled. Note that even 

though no events are scheduled, there is a redistribu

tion of currents at the node C. Previously, the only 

transistor on was Ql, and hence, all the current from 

the current source at C flowed through it. Now this 

current will have to be shared between Ql and Q2. The 

redistribution is not instantaneous, but that is the 

implicit assumption made by the algorithm. At this 

point, however, this assumption does not contribute any 

inaccuracy, since the final state is the same. 
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NOW, let A go from 1 to 0 at t2. The events processed 

are: 

Event #3: CV event for A, changing its value from 1 to 

0. 

Event #4: OE event for Ql. The pseudo-output for Ql is 

1, but since the pseudo-output for Q2 is 0, the value at 

node C is still 0. Again redistribution of current 

takes place. 

If we now let B go from 1 to 0, the two events are: 

Event #5: CV event for B, changing its value from 1 to 

0. 

Event #6: OE event for Q2. The pseudo-output for both 

Ql and Q2 are 1, and so a transition is scheduled for C, 

and the time-delay is calculated. If the Event #6 is so 

close to Event #4 that redistribution is still taking 

place, the time-delay calculations are likely to be in

accurate. But considering the objectives of this simu

lator, and the other approximations made in Chapter 4, 

this is not significant. 

A more important inaccuracy occurs if both Event #4 and 

Event #6 occur at the same time. In this case, the time 

delay is to be calculated by considering both transistors. 

But in practice, what happens is that Event #4 is scheduled 
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before Event #6 in the time queue, though both are scheduled 

at the same time. Thus, when we process Event #4, no events 

are scheduled. It is only when we process Event #6 that a 

transition occurs, but only the transistor Q2 is used to 

calculate the time-delay, and Ql is ignored. There exists a 

tradeoff between simplicity and accuracy, and in this case, 

the algorithm favors simplicity. 

A last important case occurs when both A and B are 0. 

Then C is 1, and D and E are 0. If A goes to 1, the follow

ing events occur: 

Event #1: CV event for A, changing its value from 0 to 

1. 

Event #2: OE event for Ql. The pseudo-output for Ql is 

0, and hence, C has to be scheduled for a falling tran

sition. A CV event for C and OE events for Q3 and Q4 

are scheduled at the calculated time-delay, say, tA. 

Now, if B also goes to 1, before tA, the following events 

take place: 

Event #3: CV event for B, changing its value from 0 to 

1. 

Event #4: OE event for Q2. The pseudo-output for Q2 is 

0. The present value of C is 1, and the new output 
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value is 0, but C is already scheduled for a transition 

in that direction. The turning-on of Q2 will hasten 

this transition. There are two options open now: 

1. Recalculate the time-delay. An accurate recalcu

lation requires that we remember when C started 

changing, and also to what extent C has already 

changed at this time. This in turn requires that 

we make some sort of assumption about the nature 

of C's change, for example, it changes linearly 

or exponentially. This is the approach followed 

by VTISim {5} for CMOS gates. 

2. Ignore the contribution of the second change. 

This is the approach chosen by our algorithm. 

The approach of VTISim is consistent with its use 

of a detailed (and hence time-consuming) electri

cal model. Our approach is justified for IIL 

circuits, since the effective fall time is about 

15% the rise time, and hence the effect of the 

second change will be insignificant. This case 

does not occur for a 0-1 transition because a 0-1 

transition occurs only when either all 

pseudo-outputs connected to the wired-AND node go 

to 1 together or when all but one of 

pseudo-outputs are at 1 and the one which is not 

1 is in a 0-1 transition. 
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Thus, the node C and its fan-outs are still scheduled at 

their old time-slot, i.e., tA. 



CHAPTER VI 

EVALUATION AND PRACTICAL 
CONSIDERATIONS 

In this chapter, the assumptions of Chapter 4 are dis

cussed first. Next, simulation experiments which were per

formed using SPICE are described. A comparison of the time-

delays calculated using SPICE and those calculated using the 

approximations of Chapter 4 is made. 

6̂.1, Discussion of Assumptions 

The first assumption made in Chapter 4 is that all pnp 

current sources act as constant current sources. From the 

simulation using SPICE, it is found that each pnp current 

source behaves as a constant current source having three 

different approximately constant values which depend on the 

context, instead of a single value. The three values are 

defined as follows, for the ith current source: 

1. Isi(rise): The average value of current supplied 

when the output of Qi is rising. 

2. Isi(fall): The average value of current supplied 

when the output of Qi is falling. 

3. Isi(drive): The average value of current supplied 

when the output of the succeeding stage is rising or 

falling. 

72 



73 

This effect is significant enough for us to represent each 

pnp current source as a current source having three possible 

constant values. 

The second assumption is that the forward time constant 

TF of any transistor is independent of the current. This is 

true for lower current supplies, but when current supply in

creases beyond a limit, TF increases significantly, as shown 

in Figure 25. The relation between TF and collector current 

is given in Getreu {24} as: 

TF(lc) = TF(0)*(1 + (Le/W)**2 * ((Ic/Ico)-l)**2), (6.1) 

where TF(0) is the low current value of the time constant, 

Le is the smallest width of the emitter, W is the basewidth, 

and Ico is the current at which TF starts rising. Thus the 

accuracy of the calculations will decrease as current starts 

increasing. 

The third assumption is that the average transition capa

citances Cax of any transistor are independent of the volt

age across them. This is true by definition since the aver

age transition capacitance is that constant capacitance that 

transfers the same charge as the nonlinear capacitance of 

the junction. This average transition capacitance is 

calculated using the following formula derived in Elmasry 

{20}: 

Cax = Cjxo/((l-Mx)*(l+R)**Mx), (6.2) 
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T l >, 

TI(0) 

le(0) 

Figure 25: Variation of TF with current. 

where x is c or e, Cjxo is the transition capacitance at 

zero bias, Mx is the grading coefficient of the junction, 

and R is the "swing factor". If Vb is the built-in 

potential of the junction, R*Vb gives the maximum forward 

bias and -R*Vb the maximum reverse bias. 
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§•1 Simulation using SPICE 

6.2.1 Model of IIL Gate 

The SPICE model of the IIL gate is that developed by 

Boyle in {21}, and the values used are the same. The model 

is given in Figure 26, in this case for a three-collector 

device. 
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Figure 26: SPICE model for IIL gate. 

The model input values for the transistors and diodes are 

as follows: 

NPN Transistor: IS 1.782E-16 BF 28.65 BR 136.2 IK 

1.568E-3 IKR 1.462E-2 VA 9.0 TF 4.71NS TR .32NS C4 200 

CJE .277PF PE .6 ME .34 CJC .309PF MC .35 PC .7 
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PNP Transistor: IS 1.161E-17 BF 1.246 VA 160 IK 3.252E-4 

C2 500 TF 37.0NS CJE .350PF ME .34 PE .6 BR 5.9 VB 160 IK 

3.252E-4 C4 500 TR 19.6NS CJC .095PF MC .34 PC .6 

Diode Dl: IS 7.702E-18 TT 121.3NS CJO .277PF M .34 

Diode D2: IS 2.8E-18 CJO .IPF M .34 

The symbols have their standard meanings and units as de

fined in Vladimirescu et al. {22}. 

6.2.2 Circuit for Evaluation 

The circuit used for evaluation of the model is a chain 

of inverters shown in Figure 27. All transistors of a given 

type (npn or pnp) are assumed to be identical. The average 

junction capacitance Cax is calculated using equation 6.2. 

The TF value of the transistor is the one given in the SPICE 

model above. It is difficult to obtain a single value of Ts 

and Beff throughout the current range which is simulated. 

Hence, we calculate the values at different currents. Thus 

for the same transistor, the user will have to calculate 

different values of Beff and Ts for different current 

drives. This is not a serious disadvange, since in typical 

IIL circuits, the number of different current values used 

for supply is not very large. The inverter is the basic IIL 
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circuit, and hence simulation of the inverter is a good 

indicator of the accuracy of the model. 

Vi&j 

'M "111 ^m "# 

«» ^ 4«»' jc*̂  x«.' J . ' 

Vc« 

7 V l ^ ^ ^ ^ 4 ^ > ^ ? 3 * ^ 

Figure 27: Circuit for evaluation. 

6.2.3 Calculation of Ts 

In order to calculate the saturation time constant Ts, we 

refer to Figure 28. The npn transistor Ql for which we wish 

to find the Ts is driven by an RC base circuit and has a re

sistive load. A pulse V1-V2 is applied at the base such 

that VI saturates Ql, and V2 is that voltage at which the 

transistor Q2 is just active. The value of C is adjusted 

such that no spike at the output appears (Figure 28). Then 
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Figure 28: Calculation of Ts. 
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Ts = R*C. This experiment is described by Millman and Taub 

{23}. The values of Ts obtained are given in Table 1. 

TABLE 1 

CALCULATION OF Ts 

+ 
RL(K) VKV) V2(V) C(pF) Ts(ns) I 

I 
\ 

5 1.2 0.78 5.60 27.5 I 
I 

50 1.1 0.69 1.30 65.0 I 
I 

100 0.9 0.69 0.78 78.0 I 
I 

500 0.9 0.65 0.22 110.0 I 

Clearly, Ts varies widely with current. In fact, the Ts 

values at higher currents are more important, since at lower 

currents, extrinsic effects dominate. 

6.2.4 Calculation of Beff 

We use the symbol Beff for the B defined in Chapter 4 to 

avoid confusion with SPICE parameters BF and BR. 
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In order to calculate Beff, the chain of inverters of 

Figure 27 is simulated for various values of injector volt

age, at zero parasitic capacitance. The Beff for Q3 is 

measured here. Note that Q3 falls in voltage. Hence the 

collector current of Q3 would rise to a higher "plateau" 

when it discharges the succeeding stage and the capacitanc

es, and then fall. The Ic3(av) is the average collector 

current in this plateau, as shown in Figure 17. The cur

rents measured and the values of Beff obtained are shown in 

Table 2. The value off Beff is calculated using the formula 

1 
T 

1_ 
t 

Vinj 

.6 

.7 

.8 

.9 

Vs 

.57 

.67 

.75 

.78 

TABLE 

CALCULATION 

Is2 

(rise) 

1.2E-7 

5.7E-6 

7.3E-5 

2.1E-4 

Is2 

(drive) 

.95E-7 

4.2E-6 

6.6E-5 

1.7E-4 

2 

OF Beff 

Is3 

(fall) 

1.5E-7 

6.8E-6 

l.OE-4 

2.9E-4 

Ic3 

(av) 

4.4E-7 

1.4E-5 

1.7E-4 

4.4E-4 

Beff 

• 

4.7 

3.4 

2.6 

2.6 

+ 

+ 
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Beff = Ic3(av)/Is2(drive). 

6.2.5 Time-delay Estimation 

Using the above values of Beff and Ts, the time-delay for 

rise of Q2 and fall of Q3 is calculated. The calculations 

are then compared with values obtained from SPICE outputs. 

Is2(fall) is the same as Is3(fall) since the stages are 

identical. The average capacitances are calculated to be: 

Cae = 0.42pF 

Cac = 0.475pF 

The values obtained are tabulated in Tables 3, 4, 5, and 6 

for various values of injector voltage. Note that the tfall 

value obtained here is the full fall time value and not the 

effective value. 

The accuracy is seen to be within 20% of SPICE for a wide 

range of supply currents and capacitances. The large error 

in predicted value at Vinj = 0.9V is due to the fact that 

the increase of TF with current has not been taken into ac

count. The error decreases significantly in this case when 

the parasitic capacitance increases. 
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+ • 

TABLE 3 

RISE AND FALL TIMES AT VINJ = 0.6V 

4 

+• 

C tfall tfall Error trise trise Error 

pF Calc. SPICE % Calc. SPICE % . 

0.0 2.7E-6 2.9E-6 -7 8.8E-6 7.9E-6 11 

I 0.4 3.4E-6 3.9E-6 -13 10.7E-5 9.6E-5 11 
I 
I 1.0 4.5E-6 4.3E-6 5 1.4E-5 1.2E-5 17 
I 
I 5.0 1.2E-5 l.lE-5 9 3.2E-5 2.7E-5 19 
I 

TABLE 4 

RISE AND FALL TIMES AT VINJ = 0.7V 

+ + 
C tfall tfall Error trise trise Error 

pF Calc. SPICE % Calc. SPICE % . 

I + 
0.0 1.5E-7 1.6E-7 -6 2.2E-7 2.1E-7 5 

0.4 2.0E-7 1.8E-7 11 2.7E-7 2.4E-7 13 

1.0 2.5E-7 2.2E-7 14 3.4E-7 3.0E-7 13 

5.0 6.2E-7 5.5E-7 13 8.2E-7 7.5E-7 9 
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I TABLE 5 
I 
I 
I RISE AND FALL TIMES AT VINJ = 0-8V 

I ^ 
I C tfall tfall Error trise trise Error 
I 
I pF Calc. SPICE % Calc. SPICE % . 
I 
+ ^ 
I 0.0 41E-9 45E-9 -9 26E-9 30E-9 13 
I 
I 0 .4 45E-9 54E-9 -17 30E-9 33E-9 -9 
I 
I 1.0 51E-9 57E-9 -11 36E-9 39E-9 -8 
I 
I 5.0 91E-9 81E-9 12 77E-9 72E-9 7 
I 

c 

pF 

0.0 

0.4 

1.0 

5.0 

RISE 

tfall 

Calc. 

32E-9 

33E-9 

37E-9 

59E-9 

TABLE 6 

AND FALL TIMES AT VINJ 

tfall Error 

SPICE % 

42E-9 -24 

45E-9 -27 

51E-9 -27 

72E-9 -18 

trise 

Calc. 

15E-9 

16E-9 

19E-9 

34E-9 

= 0.9V 

trise 

SPICE 

21E-9 

22E-9 

27E-9 

36E-9 

Error 

% . 

-29 

-27 

-30 

- 6 



CHAPTER VII 

CONCLUSIONS AND SUGGESTIONS FOR 
FUTURE WORK 

2«1 Conclusions 

In this thesis, algorithms have been developed for the 

logic simulation of Integrated Injection Logic circuits. 

The simulation algorithm described here is different from 

most others because it treats the circuit at a transistor 

level, rather that at the logic gate level. As a result of 

the transistor-level approach, it is possible to use a sim

ple model to calculate approximately the time-delays in the 

circuit, rather than use an assigned delay which is the 

method used by conventional simulators. Such a model has 

been developed, ignoring all secondary effects and concen

trating on the important phenomena that govern IIL switch

ing. Finally, some fundamental circuits have been simulated 

using detailed SPICE models, and the results have been com

pared with those obtained using the simple model developed 

here. The simple model is found to give predictions within 

20% of the SPICE predictions for most current ranges. The 

model becomes less accurate at higher currents because of 

the assumption that TF is constant. The simulation results 
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will also be less accurate for wired-AND circuits where more 

than one input changes at the same time, or within a very 

short period. This inaccuracy is not due to the model, but 

due to the tradeoffs in the scheduling algorithm. 

]_,2 Future Work 

Further research work could proceed in the following di

rections: 

1. Speed-up: It can be seen that the delay calculated 

for transistors with no wired-AND connection at their 

output will never change. As a result, if the delay 

is stored, it need not be recalculated. Such storage 

will naturally take up large quantities of memory 

space, and some tradeoffs will have to be investigat

ed. 

2. Preprocessing: A preprocessor which would automati

cally estimate Beff, Ts, TF and the equivalent capa

citances could be developed. 

3. Evaluation: Only a limited evaluation has been done 

here. Further evaluation needs to be done, including 

actual computation speed of the algorithm, and 

simulation of very large circuits. 
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