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Abstract

The continual shrinking o f CMOS device features raises some problems; one o f the 

most relevant is signal propagation delay estimation. Using the circuit simulator is 

prohibitively time consuming. Faster, yet, accurate delay estimation methods are strongly 

needed. The propagation delay is affected by MOSFET current and capacitance, the applied 

signal slope and the number of serially connected MOSFETs.

This work proposes an extended MOSFET saturation current model for deep sub

micrometer technologies by adding the channel-length modulation effects. Moreover, the 

thesis proposes four classes of MOSFET capacitance models. These classes differ in the 

number of parameters they use to characterize MOSFET capacitances. In addition, the work 

adopts one more MOSFET capacitance class from the literature that recognizes the 

difference between the capacitances associated with a rising transition and those associated 

with falling transition.

Furthermore, the dissertation proposes four delay model levels that are related to the 

MOSFET capacitance classes. Also, two more delay levels are adopted from the literature: 

one that is based on logical effort technique and a more complicated one that is based on 

Shams model. Shams model is modified to give two more delay model levels. One of them 

uses a simpler way of accounting for the effect of serially-connected MOSFETs. The other 

one uses a more complicated expression for the input slope effect. An empirical technique 

to estimate the linear and quadratic effects o f the input signal slope on the delay is also 

proposed.

The study is performed on 0.13 pm and 90 nm CMOS technologies to demonstrate 

how much complexity and details are required for reasonably accurate delay estimation.
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Chapter 1

Introduction

Over the past forty years, Complementary Metal Oxide Semiconductor (CMOS) 

technology has been introduced as a leading contender in VLSI systems. Today, CMOS is 

the dominant technology for microprocessors, memories, application specific integrated 

circuits (ASICs) and even analog circuits. CMOS mature fabrication facilities and its 

immunity against static power dissipation are two reasons among others that help in putting 

CMOS technology in such leading position. Current density increases as channel-length 

decreases and long-channel models no longer evaluate the device current accurately. 

Therefore, it is essential to introduce accurate methods to compute the current in deep sub

micrometer CMOS circuits. The delay has a strong relationship to the current.

The availability o f reliable and precise computer aided design tools and process 

technologies has made possible a still-continuing evolution in circuit size and complexity, 

so that design of high speed digital circuits has become one o f the concentrated areas of 

endeavour in the VLSI industry. The primary means of sustaining this situation has been 

device scaling. VLSI technology has pushed feature sizes down to the deep sub-micrometer 

level, with dimensions of 0.13 pm and 90 nm and smaller. Device dimensions down-scaling 

make some previously-ignorable physical effects to have great influence on the short- 

channel VLSI circuits. Effects like velocity saturation, mobility degradation, and channel- 

length modulation make it quite a challenge to predict CMOS circuit performance.

1.1 Thesis Motivation
In every technology generation, transistor per area unit is approximately doubled. 

Hence, VLSI chips grow in functionality and switching frequency. As a result, millions 

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits l
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Chapter One: Introduction 2

of parasitic capacitances charge and discharge at aggressively increasing rates.

In CMOS digital circuits timing analysis, signal path delay is one of the most critical 

performance parameters. Estimating this delay is essential to evaluate the overall operation 

o f these circuits, since it is an important figure o f merit associated with a circuit’s speed and 

capability.

MOSFET current and parasitic capacitances over the signal path determine how fast 

or slow the signal would pass through. Conventional models that are suitable for describing 

the long-channel technologies are no longer valid when applied to short-channel 

technologies.

The trade-off between accuracy and speed makes existing commercial circuit 

simulators models, such as SPICE, consume too much CPU time. Therefore, computer 

aided design (CAD) tools must include efficient techniques for rapid, yet accurate enough, 

simulation of digital ICs. In contrast to numerical approaches, analytical methods can offer 

faster and fairly accurate delay estimation.

1.2 Thesis Objective
In deep sub-micrometer CMOS digital design, propagation delay is of critical 

importance. Fast and accurate techniques to evaluate this delay are needed for VLSI digital 

designers to verify and optimize their designs. An analytical approach that does not need the 

full details of every single element in the circuits is a common technique that is used in this 

direction. This technique analytically derives timing models for the CMOS circuit from 

various MOSFET models that describe its I-V characteristics and parasitic capacitances.

The signal propagation delay is not only affected by how precise these models are, but 

also by the input signal transition time. This signal slope factor is of remarkable effect on 

the path propagation delay. The number of series connected MOSFETs (SCM) along the 

signal delay path is another factor that affects the propagation delay.

As the feature size decreases, gate delay decreases while interconnect delay increases. 

The overall logic path delay is the sum of path gates delay component and the path wiring 

delay component. In older circuits, the devices were large enough that the gate delay 

component was the dominant one and the interconnect component could be disregarded. 

Now, with the interconnect resistance and capacitance increasing due to smaller cross 
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Chapter One: Introduction 3

sectional area and narrower minimum distance, in addition to larger interconnect trees, the 

interconnect delay component is becoming a significant portion of overall logic path delay.

The objective of this thesis is to investigate and to compare relatively simple CMOS 

delay models for deep sub-micrometer technologies and determine the level of detail 

necessary for reasonable accuracy. Model delay estimation with accuracy of less than 10% 

away from the simulator delay is achieved at some points.

This objective is reached through investigating, adopting, modifying and proposing 

aspects as summarized in Table 1.1 with related chapters and sections:

Table 1.1: Thesis work classification in four categories

Category Work Chapter Section Comment

"5
-w
I

Channel-length 
modulation vs. channel- 

length
2 2.4.3 For NMOS and PMOS in 

five technologies

Delay through serially 
connected MOSFETs vs. 

their number
3 3.5.1 For NMOS series in four 

technologies
fi

Input signal linear and 
quadratic slopes vs. 

technology
3 3.7 For NMOS and PMOS in 

four technologies

'■s
&

MOSFET capacitance 
extraction Class 5

4 and 
Appendix B

4.3.5
andB5 Shams [24]

o Delay model Level 1 5 5.2 Shams [241
< Delay model Level 7 5 5.3 Logical Effort [56]

'S
IS

Delay model Level 6 6 6.1.3 Based on delay model 
Level 7

"Oo
s Delay model Level 8 6 6.1.5 Based on delay model 

Level 7

Extended deep sub-micro 
meter drain saturation 

current model

3 and 
Appendix A

3.1, Al, 
and A2

Takes care of velocity 
saturation, mobility 

degradation, and channel- 
length modulation effects

<u
oa

Empirical technique to 
extract input signal linear 

and quadratic slopes

3 and 
Appendix A

3.7, and 
A5

Based on a chain of three 
inverters

2
Ph MOSFET capacitance 

extraction Classes 1, 2, 3, 
and 4

4 and 
Appendix B

4.3, B2, 
B3, B4, 
and B5

The input signal slope is 
implemented within 

extracted value

Delay model Levels 2, 3, 
4, and 5 6 6.1.2

Based on MOSFET width, 
resistance, and 

capacitances (Class 1-4)
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Chapter One: Introduction 4

The required parameters and factors were extracted as required. The extraction 

procedures were fully explained in the appendices and the resulted values were tabulated in 

the related chapters.

Several applications were used to show how accurate the models calculate the delay 

comparing to the simulated delay using BSIM4 Cadence-Spectre simulator in TSMC 0.13 

pm and TSMC 90 nm technologies.

1.3 Thesis Outline
This thesis is written in seven different chapters. This chapter, Chapter 1, gave 

motivation and objective. Chapter 2 is a literature-based review of MOSFET physical 

structure, basic operation, dimensional scaling, capacitance and delay.

Chapter 3 discussed several MOSFET saturation current models. Differences between 

those applying to long- and short-channel devices are noted. It also introduced an extended 

model that captures the three most important effects on channel current in short-channel 

technologies. An analytical delay model suited to deep sub-micrometer transistors is 

discussed. The factors used in current and delay models are described and extracted. The 2nd 

order effects of the input signal are discussed and 1st and 2nd order slope factors are 

extracted.

In Chapter 4, the nature and origins o f MOSFET capacitances are described in detail, 

with a mathematical model to estimate them in TSCM 0.13 pm and TSMC 90 nm 

technologies being presented. The way in which interconnect capacitances affect the delay 

is described, as well as how the worst-case interconnect capacitance might be estimated in 

both technologies. Four classes o f MOSFET capacitance model are proposed, and a fifth is 

taken from [24]; Chapter 4 offers a detailed procedure to extract the parameters of these five 

capacitance models for use with 0.13 um and 90 nm technologies.

CMOS gate delay modeling is the subject o f Chapter 5. The collapsing technique is 

discussed. The delay of a chain of MOSFETs as described in [24] is presented in a 

mathematical form to be later modified, giving two more levels at which to estimate path 

delay. A further four delay-model levels are proposed, ones based on the four MOSFET 

capacitance models of Chapter 4. Logical effort, which is the basis of the delay model Level 

1, is also discussed in this chapter.
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Chapter One: Introduction 5

In Chapter 6, five different applications are designed. Their critical delay paths are 

identified and the corresponding delays are calculated. The custom layout o f Application 1 

is done in both 0.13 pm and 90 nm technologies. Simulation of this application circuit was 

performed according to schematic and extracted views. All other applications are simulated 

based on the schematic views only. This chapter offers an excellent opportunity to confirm 

the delay model accuracies with respect to the circuit simulator delay measurements.

The five applications delay estimations using the delay model eight levels are 

compared to the simulator in Chapter 7. This compression was done in two directions, speed 

and accuracy. Chapter 8 gave concluding remarks, thesis contribution and possible future 

work.

The references are followed by two appendices, A and B. These two appendices were 

assigned to give detailed procedures of extracting the current, delay and capacitances 

different parameters and values.
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Chapter 2

The MOSFET in Review

The relatively simple manufacturing process, higher density of devices per chip, 

higher yield, and low cost make the Metal Oxide Semiconductor Field Effect Transistor 

(MOSFET) the heart of almost every modem electronic circuit.

With four terminals, the MOSFET device can be thought of as a perfect switch. The 

Applied voltage to the Gate (G) terminal controls if  and how much current is to flow 

between the Source (S) and Drain (D) terminals. The fourth MOSFET terminal is the Body 

(B) or substrate itself. This terminal’s purpose is auxiliary as it is only used to modulate the 

MOSFET parameters [1],

The MOSFET can be one of two types, the n-channel MOSFET (NMOS) in which the 

source and drain are an n+ type doped region implanted in a p-substrate. The other type is 

the p-channel MOSFET (PMOS). In PMOS, the source and the drain are o f p+ type material 

implanted in an n-substrate. Usually, the PMOS is fabricated in an n-well on a p-substrate.

MOSFETs are said to operate in two regions, the “Linear” or “Triode” region and the 

“Saturation’ or “Active” region. Basically, the current flows between the source and drain; 

can be written for these two regions as a function of the applied voltages to the device 

terminals, the device physical dimensions, the mobility of moving carriers in the channel 

and the gate to substrate capacitance value.

Figure 2.1 shows the physical structure of an n-channel MOSFET and the circuit 

symbols o f NMOS and PMOS, devices. The gate (G) is usually implanted using polysilicon. 
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Figure 2.1: MOSFET, NMOS and PMOS
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2.1 Brief History
Historically, the development of MOSFET can be divided into three phases: the 

discovery phase (1928-1958), the technology development and new device structure 

invention phase (1959-1968), and lastly the MOS transistor integration and integrated 

circuit manufacturing phase (1968 -  today) [2].

In the 1926, Edgar Lilienfeld filed a patent proposing the Metal-Semiconductor Field 

Effect Transistor (MESFET) [1]. Lilienfeld filed another patent after two years of 

promoting the idea of depletion mode MOSFET [3]. There is no evidence that he ever built 

and tested any prototype out of these patents. In 1935, Oskar Heil applied for a patent on 

“Improvement in, or relating to electric amplifiers and other control arrangements and 

devices” in which he proposed the “Inversion-Mode MOSFET” [4].

A research group headed by William Shockley and including Walter Brattain and 

John Bardeen discovered the “Point-Contact Transistor” in 1947. The “Bipolar Junction 

Transistor” was proposed by Shockley a year later and the first BJT was made in 1950 

displacing the point-contact transistor and starting the transistor era. In 1956, the three Bell 

Telephone Laboratories researchers, Bardeen, Brattain and Shockley shared the Nobel Prize 

for their researches that led to discover the transistor effect [5].

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits
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Chapter Two: The MOSFET in Review 8

Some surface problems like leakage current and device stability were common with 

the BJTs. In 1956, Bell Labs made Martin Atalla a head o f a group to work on this issue. In 

1960 and over their work, along with that o f Dawon Kahng (a member o f Atalla group) 

invented the metal oxide semiconductor field-effect transistor (MOSFET) [6]. The first two 

commercial MOSFETs saw the light in late 1964 [2] by Fairchild and RCA Companies and 

it was not before 1966 when Bell statrted using MOS technology in its projects [5].

The computer industry and the development of integrated circuits provided the 

MOSFET technology its current importance. The year 2000 Nobel Prize in Physics reciver, 

Jack Kilby succesed in 1958 to fabricate a simple flip-flop circuit on a single chip of 

germanium [7]. Another milestone came in 1971, when Intel began manufacture of its 

2300-transistor 4004 microprocessor [3]. In the early 1980’s, the domination of the 

integrated-circuit industry by MOSFET-based circuits had begun [3],

In 1982, Intel released its 80286 microprocessor. Based on CMOS technology, this 

procssor contained about 134 k transistor and operated from a 5V supply. The internal logic 

‘high’ state was also 5 volts [8]. Using 0.8 pm technology, Intel released the Pentium® 

processor in 1993 with 3.1 M transistor [8], Ten years later, Intel introduced its Pentium® 

M processor with 77 M transistor built in 0.13 pm technology [9], In 2006, Intel released its 

Dual-Core®Itanium®2 processor with 1.7 G transistor built in 0.65 pm technology [10]. 

Figure 2.2 shows the number of transistors and the used technology in Intel processors over 

35 year of developments (plotted depending on data gathered from [2] - [10]).
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Figure 2.2: Intel processors, transistors and technology as a function of year
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Chapter Two: The MOSFET in Review

2.2 MOSFET Basic Operation
In NMOS transistor, when applying a positive voltage to the gate, this attracts the 

electrons to the region underneath the gate forming a channel. For the common operating 

conditions, usually the source and body are grounded. When the gate voltage is smaller than 

the device threshold voltage (Vt), Figure 2.3 (a), it is not strong enough to attract electrons 

to the area under the Si-SiC>2 junction. As the gate voltage increases to be greater than Vt, 

Figure 2.3 (b), enough electrons are attracted to the area under the Si-Si02 junction.

n+ n+

B

(a) F*s< Vt (b) Vgs> Vt
Figure 2.3: NMOS Device with Vgs less and greater than Vt

This will form a channel that provides an electrical path between the drain and source. 

As the potential applied to the gate, Vgs, increases, the channel electron density does so too. 

The electrons charge density, Qn, is given as [11]:

Q n = C ox.(V g s- V t ) ( 2.1)

where V, is the device threshold voltage and Cox is the gate capacitance per unit area:

C =
' - 'O X (2.2 )

where sox is the relative permittivity of Silicon Oxide, and tox is the oxide thickness.

B

Vds11
k 1
Vgs

G

Ids

L-----

Figure 2.4: NMOS Device with Vgs > F,and Vds > V, (small difference) 
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Chapter Two: The MOSFET in Review 10

When a potential difference exists between the source and the drain as in Figure 2.4, a 

current will flow from the drain to the source. For small Vds, Ids is [12]:

U  =  P n Q n  J - r *  = (2 .3 )

Figure 2.5 shows Ids vs. Vds plots, one as obtained from the circuit simulator 

(Cadence-Specter, in 0.13 pm technology for minimum length and W/L = 5) and the other 

as determined from Equation 2.3.

460
As Simulated 
As Calculated400

350

300

250

200

150

100

0.1 0.2 0.3

Vds (V)
0.4 0.5 0.6

Figure 2.5: NMOS, Ids vs. Vds

For a very small Vds values, the two curves match closely, but diverge as Vds increases. 

The reason for this is that increasing Vds is accompanied by decreasing Vgd and a resulting 

decrease in the channel charge density at the drain end. The simulator model takes account 

of this ‘pinching o ff , whereas Equation 2.3 does not.

Vg »  Vtn Vd > 0Vs = 0

Increasing X ^ JL

Qn(0) = Cox.(Vgs - Vtn) Qn(L) = Cox.(Vgd - Vtn) 

Qn(X) = Cox.(Vgs - V(X) - Vtn)

Figure 2.6: n-channel charge density
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Chapter Two: The MOSFET in Review 11

Now, let us consider Figure 2.6. The drop in the voltage with the direction of the 

channel length, dVch, at a certain distance in the channel, dx, can be written in term o f the 

electron mobility, jun, and the channel charge at point x, channel current, Id at x, and the 

channel width as [11]:

Hn.W .QJx).dVch = I d.dx (2.4)

At the distance x from the source in the channel, the charge density is [11]:

Qn( x )  = C0X.(Vgs - V ch( x ) - V t )  (2 .5)

Substituting Qn(x) from Equation 2.5 into Equation 2.4 gives:

Hn.W.C0X.(Vgs -  Vch( x ) ~  Vt).dv = Id .dx (2.6)

The voltage across the channel is changing from 0 to Vds and the distance is changing 

from 0 to 2,. Integrating both sides of Equation 2.6between these limits gives:

Vt \j  în.W.C0X.(Vg s- V ( x ) - V t ).dv = \ l d .dx

ttn .W.C0X [(Vgs -  Vt )V ds -  y = I d .L

Solving Equation 2.8 for Id will give:

0

h  = Hn •C „  • j . f ( V gs -  Vt ).Vds -  - y - 7

(2.7)

( 2.8)

(2.9)

Equation 2.9 is showing that the drain current, Id, is changing with the change of Vds. 

This region o f operation is called the “Triode Region’ or the “Linear Region”.

n+ n+

Figure 2.7: Channel pi nched-off
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Chapter Two: The MOSFET in Review 12

As Vds increases farther, decreases to a point where Vgd = V, At this value, the 

channel is no longer forming a complete path from the source to the drain. The channel is 

“pinched-off’ as shown in Figure 2.7 and the transistor is operating now in the “Active 

Region” or “Saturation Region”. The voltage across the channel then can be estimated by 

setting = Vt:

Vg d = V t =V g s - V ds ( 2 1 0 )

or:

r * = y g. - y t ( 2-n >

By Substituting the Vds value from Equation 2.11 into Equation 2.9, we can write the drain 

current as:

W
2  - r - n - u . LId  = - * n - C 0X. — .(Vgs - V t )  (2.12)

Equation 1.12 is the well-known Shockley Square Law model [13].

2.3 MOSFET Down-Scaling
The industry’s transition from bipolar to CMOS technology triggered a continuous 

and rapid development of MOSFET technology. The most important change in the devices 

has been decreasing channel length, expected to shrink as low as 7 nm by the year 2019 [ 14].
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Figure 2.8: Device length and voltage supply expected scaling down
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Chapter Two: The MOSFET in Review 13

In parallel with channel length reduction, Vdd supply voltages are estimated to 

experience a reduction o f 60% by the year 2016, to 0.4V from the present 1.0V [1]. Figure 

2.8 illustrates recent behavior o f these values and predictions for the future (data source:

[I])-

The ultimately targeted goal of MOSFET down-sizing is one o f smaller devices 

operating at higher speeds [15, 16] to be accompanied by lower power dissipation [17].

This scaling will continue until physical limitations prevent its continuance [18]. 

These limitations are ones imposed not only by Quantum Mechanics, but also by the 

changes in operational characteristics attending changes in device dimensions, and 

fabrication problems which may make further shrinkage impractical [18]. MOSFET scaling 

can be done in one of three ways, namely Full Scaling, Constant-Voltage Scaling, and 

General Scaling.

2.3.1 Full Scaling
In this approach, all device dimensions and potentials are reduced by the same factor. 

If  Sf > 1 is defined as this factor, the dimensional changes shown in Figure 2.9 will occur.

Figure 2.9: Scaling down the main dimensions of typical MOSFET by Sf

As the device length and width decrease by the factor Sf, the device area is reduced by 

Sf 2 resulting in a greater device per chip density. The total delay is the sum of the intrinsic 

delay and the load delay [19]. Scaling down the device sizes will reduce its intrinsic delay 

by \/S f  and hence leading to a faster switching device.

There are disadvantages to this approach: the full scaling technique requires that the 

supply voltage and device terminal voltages be reduced, but for practical reasons this 
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Chapter Two: The MOSFET in Review 14

reduction cannot be applied to all components in a system. For example, the interface 

circuitry may operate on different voltage levels and the multi-voltage supplies needed in 

such a situation would mean a more-complicated overall design. Furthermore, decreasing 

the device threshold voltage will increase the unwanted threshold-dependent leakage current 

by a factor of 12 for each lOOmV decrease in V, [20].

2.3.2 Constant-Voltage Scaling
The supply voltage and the device terminals voltages are kept un-changed while 

device dimensions are reduced by a factor of Sf, as in the full scaling technique.

Scaling down the oxide thickness will increase C ox by the factor Sf. But because the 

terminal voltages remain unchanged, the saturation current after scaling will be increased by 

the scaling factor Sf. An increase in drain current may lead to other problems, such as 

electromigration and oxide breakdown. Also, it may result in severe heating problems and 

more-complicated heat dissipation procedures [21],

2.3.3 General Scaling
General Scaling attempts a compromise between the full and constant-voltage scaling 

techniques. Two different scaling factors are used in this method. The first one applies to all 

device features except the supply and the device terminal voltages, for which the other 

factor is used.

Table 2.1: Summary of scaling techniques

Feature
feature Scaled Bv

Full
Scaling

Fixed-Voltage
Scaling

General
Scaling

Vm 1 ISf 1 l/Uf
vt 1/5/ 1 llUf
Length 1 ISf 1/5, 1/5,
Width 1 /Sf 1/5, 1/5,
Oxide Thickness 1 /sf 1/5, 1/5,
Area 1/5/ 1/5 / 1 /5 /

Intrinsic Delav 1/5/ 1/5, 1/5/
Power 1/5/ sf 1/t/,2
Power Density 1 Sf Sf 2/ t / ,2
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Chapter Two: The MOSFET in Review 15

As in full scaling and constant-voltage scaling, Sf is the down-scaling parameter 

applicable to all of the device’s physical features, and Uf is used for the supply and device 

terminal voltages. The relative magnitudes of the two parameters obeys Sf > Uf > 1.

Table 2.1 gives a summarization o f the three scaling down techniques.

2.4 Scaling Effects on the MOSFET Behavior
When the effective channel length o f a MOSFET is comparable to its source or drain 

junction depth, the device is categorized a short channel device [18]. In long-channel 

devices, the current is assumed to flow on the Silicon surface with the electric field being 

distributed evenly along that plane [22]; this is not the case with short channel device. Short 

channel MOSFETs are subject to performance-influencing effects not seen in their long- 

channel counterparts, three of them being

1 -V elocity Saturation,

2 -  Mobility Degradation, and

3 -  Channel Length Modulation

These have dramatic effects on short channel device characteristics and will therefore be 

incorporated into the extended saturation drain current model proposed in Chapter 3 of this 

work. Items 1, 2 and 3 will be described in following sections.

The reader can refer to [1], [20] and [23] for information on other phenomena such as 

the Hot-Carrier, Punch-Through and Drain-Source Series Resistances effects.

2.4.1 Velocity Saturation
The precise scaling o f the MOSFET requires scaling down both o f device supply and 

terminal voltages. Such scaling cause a decrease in the device noise immunity and reduces 

the input-output compatibilities with the surrounding devices. In General Scaling, section 

2.3.3, two scaling factors are used to scale down the supply and terminal voltages slower 

that the other device features. This attempt increases the electrical fields inside the 

MOSFET and it is no longer represented by the conventional theories [1].

Drain to source voltage, Vds, is higher in short channel device comparing to long- 

channel device. As a result, the lateral electrical field, Ex, increases and the carriers in the 
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Chapter Two: The MOSFET in Review 16

channel have an increased velocity.

Electrons velocity, v, is a function of electrons mobility, fi, and the electric field E. 

When the electrical field is small, n  has an independent relation with E  and is constant. 

Moving electrons in the channel use to collide with Silicon atoms; this is known as 

“Scattering”.

For weak electric field, carriers scattering is a linear process as illustrated in Figure 

2.10 by straight line that has a constant slope. However, under a stronger field, the carriers 

fail to maintain this linear relation. The slope decreases to zero at the “saturation velocity”, 

vsa„ where further increases in fi have no effect on the velocity.

t
J«=^saf

High Eleticai Field 
(Max. Velocity) ^

EXC E iV/mt 

Figure 2.10: Carrier velocity vs. electrical field

The lateral electric field for which the velocity is saturated is called the critical 

electrical field, Exc The velocity saturation causes the drain current to saturate at a lower 

voltage than ( Vgs-Vt). The magnitude of the saturation current deviates from the quadratic 

dependence of the Shockley model (Equation 2.12), which was developed for the long 

channel devices and neglects velocity saturation.

2.4.2 Mobility degradation

The carriers in the channel are subject to longitudinal (Ex) and transverse (Ey) electric 

fields, as shown in Figure 2.11. The corresponding electron mobilities are the horizontal and 

vertical mobilities, /ux and juy

The lateral or horizontal electric field, Ex, is related to the applied voltage to the 

device drain terminal. The horizontal mobility is a function of mobility in the substrate, ju0, 

Vds, effective channel length, and the horizontal critical electric field, Exc.
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|  200

100Vertical electric Field 
(VAim)

p-substrate

(a) Vertical and horizontal fields (b) Mobility vs. Ey
Figure 2.11: Electric fields and mobility

The transverse or vertical electric field, Ey, is related to the device gate terminal 

voltage. When the electrons move across the channel under Ex effects, the vertical electric 

field attracts these electrons to Si-Si02 interface causing them to “Rebound”. The higher the 

field is the grater the rebounding. Because Si-Si02 interface is rough, the carriers will move 

with more difficulties. Electrons vertical mobility, jUy, will include gate voltage rather than 

drain-source voltage.

2.4.3 Channel-Length Modulation
Shockley model in Equation 2.12 does not show the influence of Vds on Ids in the 

saturation region. Practically, increasing V& in the saturation region causes l ds to increase as 

well.

Vs=0 Vgs>Vt Vds=Vgs-Vt Vs=0 Vgs>Vt Vds>Vgs-Vt

p-substrate

n+

p-substrate

n+

(a) Vds = ( Vgs-Vt) (b) Vds > (Vgs-Vt)

Figure 2.12: Channel length modulation

At Vds = (Vgs-Vt), the channel is pinched-off as shown in Figure 2.12 (a). Increasing 

Vds further, Vds > (Vgs- V(), will increase the drain electric field and increase the size of the 

depletion region about the drain connection (Figure 2.12 (b)). The channel’s effective length 
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Chapter Two: The MOSFET in Review 18

is now less by AL  because of the expanded depletion region. We replace L in the Shockley 

Equation with its reduced value (L -  AL) to get:

/  fV . . .  .7
Id  = ~^'^n^ox' j  _  Ar -(Vgs ~ Vf ) (2 .13)

It is clear now that as the channel length decreases due to increasing Vds, the drain 

saturation current, Ids will increase. By means of the binomial theorem, Equation 2.13 can 

be converted to the convenient form [1]:

Id = Id s a r ( l  + W d s )  ( 1 1 4 )

l d has been written in terms o f IdsSab the drain saturation current of the Shockley model 

(Equation 2.12), and X the “channel-length modulation parameter”. X is an empirical and 

technology-dependant parameter that is proportional to the inverse of device length.

The smaller MOSFET size becomes, the more important the channel-length 

modulation effect becomes [1]. Five different technologies were studied in the course of this 

work and values of X for the NMOS and PMOS devices of each were extracted. We moved 

from extremes of 0.8 pm and 90 nm technologies and checked 0.35 pm, 0.18 pm and 0.13 

pm technologies on the way: it was found that X increases as the device length decreases. 

Figure 2.13 gives an illustrated of this finding. In each case, channel length was the 

minimum for that technology and the value of W/L was 5.

0.5

0.4

0.3

0.2

0.1

-t-A-NMOS
- o -f, -pmos

...  ..... ' ! ....xr~

. . . . . . . { ' - - I - _______: •*'

............ /

^  : /
f  V. »

'  / 1

O-
--—---—

/

" —O' " 3^
X  I.'::':'"

O.BOfim 0.35(iin 0.18(jm 0.13(irn O.OSjj/n
Device Length (urn)

Figure 2.13: Lambda, k, as a function of device length

2.5 MOSFET Capacitance Review
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Chapter Two: The MOSFET in Review 19

MOSFET operation is affected by two types o f capacitances, external capacitances 

due to the interconnecting lines and the load, and ones that are device-intrinsic (parasitic 

capacitances). MOSFET parasitic capacitances originate with three sources: MOS structural 

capacitance, channel capacitance and junction capacitances [1].

These parasitic capacitances have differing characteristics; they might be distributed, 

voltage-dependent or nonlinear, and their exact modeling can be a very complicated 

process. Modeling is simplified by assigning constant values, dependant on their origins, to 

them

2.5.1 Gate Capacitance
Figure 2-14 shows the cross-sectional and top views of an n-channel MOSFET. LM is 

the mask gate length. Theoretically, the source and drain diffusion should end exactly at the 

mask borders, but in practice this is not the case.

S G D11_ _ I Cj

8gfii»ffi8

P-substratêAl_
_ny

LM

Figure 2.14: MOSDET cross-sectional and top views

A lateral diffusion occurs when the source and drain regions diffuse underneath the 

gate. This makes the channel length, L, less than the designed mask length:

L = LM -  2.AL (2.15)

The lateral diffusion creates two parasitic capacitances, one between the gate and the 

source and the other between the gate and the drain. They are called “Overlap” capacitances 

and we will give them the symbols CgsoL for gate-source overlap capacitance and CgdoL for 
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gate-drain overlap capacitance. Each one can be represented by the gate oxide capacitance 

per unit area, C ox, and the lateral diffusion area as:

CgsOL = C gdOL= C oxA L W  (2.16)

CgsOL and CgdOL can be joined together in one overlapping related capacitance as:

C&l = CgsOL +  Cgd0L =  2.C0X.AL.W = COL.W (2 .17)

The silicon oxide isolating the gate from the channel serves as a dielectric for three 

gate-channel related capacitances, involving the gate and the source (Cg5), the gate and the 

drain (Cgd), and finally the gate and the body (Cgb). The total gate to channel capacitance, 

Cgc// can then be written as:

CgCH -  Cgs + Cgd + Cgb (2 .18)

For each of the three MOSFET operation regions, CgCH can be described. When the 

MOSFET is off (cut-off region) there is no gate voltage applied to create the channel. 

Therefore, Cgs and Cgd are both equal to zero. The third capacitance, Cgb, is written as [1]:

Cg b = C 0X.L.W (2.19)

In the linear region, there is a continuous channel between source and drain which lies 

between the substrate and the entire gate. In this case, Q* is zero and there will be an almost 

equal sharing o f gate-channel capacitance between the source and drain [1]:

CgS = C g d = ^ . C 0X.L.W (2.20)

Finally, in the saturation region the MOSFET channel will be pinched-off. 

Electrically, the channel still connects the source and drain, and so the gate will again be 

isolated from the substrate and Cgb again be equal to zero. We will have [1]:

Cgs = j . C 0X.L.W (2.21)

All gate related capacitances can be combined in one big gate capacitance, C gate:

^gate = CgOL + CgCH (2 .2 2 )

Table 2.2 gives a summary o f the gate capacitance for the different MOSFET 

operation regions.
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Table 2.2: Gate capacitance for different operation regions

Operation
region Cut-off Linear Saturation

Cgb cox̂ .w 0 0

Cgs 0 —. C X . W
2 ox

—. C . L . W
3

Cgd 0 \ c oxXW 0

CgCH coxi w C0XL.W 2t c.,lw
CgOL Col-W COLW Col-W

Cgate CoxX.W + COLW C0X.L.W + Cql-W j .Cox.L.W + Co l .W

2.5.2 Diffusion Capacitance
This capacitance is also called the “Junction Capacitance”. Two diffusion 

capacitances are associated with the MOSFET, the source to substrate, Csf, and the drain to 

substrate, Cdb- They are due to the reverse-biasing o f the source-substrate and drain- 

substrate pn-junctions.

Silicon Oxide

<©
7 ® / ~

X h a n n e l /S-n+ ®

Source  and  Drain Diffusion Regions

Figure 2.15: MOSFET cross-sectional and top views

Figure 2.15 (re-plotted from [18]) shows a 3D view of NMOS device. The drain n+ 

region, and the source n+ regions are involved in five planes of pn-junctions with the 

surrounding p-substrate of dimensions Y, W  and Xj. Plane 1 is representing the conducting 
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Cd-bottom -  C j . Y . W

channel and will not be considered in computing diffusion capacitance, CDijfrSion. This will 

leave us with four planers (planer 2 to planer 5). Bottom diffusion capacitance, Cd-bottom, is 

due to planer 5 and is given as:

(2 .2 3 )

where Cj is the junction capacitance per unit area, Y  and W  are the bottom dimensions. The 

planers 2, 3 and 4 are responsible for the side-wall diffusion capacitance, Cd-side wail, which 

can be written as:

C d - s i d c a i l  = C s w  -X  j . ( W  + 2.Y)  = C Jgw .(W  + 2 .Y ) (2 .2 4 )

Xj is the junction depth and it is a technology dependent parameter, it is added to the 

technology dependent Csw perimeter capacitance to form a new technology dependent 

capacitance per unit perimeter, Cjsw. The diffusion capacitance now can be written as:

C Diffusion =  C d —bottom + C d - s id e wall =  C j  -Y.W  -F C . ( W  + 2.Y)  (2 .2 5 )

2.6 MOSFET Delay
Figure 2.16 shows an NMOS device connected to a load capacitance, CL. Let us 

assume that Cl is initially charged to Vdd- When the input changes from low (0) to High 

( Vdd), the NMOS device turns on and starts discharging the load capacitance.

initially Vdd 
*- -♦O U T Vdd

0UT Vdd 12

Figure 2.16: NMOS, discharging process

The capacitor current is proportional to the rate at which the voltage across the 

capacitor terminals changes with time, hence, we can write a mathematical relation between 

the applied voltage and the capacitor current as [18]: 

dv
i = Cl .

dt
(2 .2 6 )

This is solved for dt and then integrated:

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter Two: The MOSFET in Review 23

d<=CLA
L Id

12 V2

! * = 7 7 -  bd v i

(2 .27)

(2 .28)
ti

(t2  — t l ) =  ~ ^ . ( V 2 - V 1 )  
Id

(2.29)

For a step voltage input (infinite slope), (t2 - tl)  will be called the “delay time”, the 

time required for C L to lose half o f its charge. If  initially, the load capacitor was charged to 

Vdd and then this capacitor is folly discharged to 0 V, the “step delay” would be:

VddDS = C '
1 d

~) (2 .30)

The same conclusion can be reached when charging the load capacitor from an initial OV to 

a final Vdd/2. Therefore, the step delay to charge or discharge the output capacitance, C l, is 

[24]:

Ds =
C r V d d / 2

(2.31)

Figure 2.17 shows where to measure the delay (D )  for a ramp input signal (a) and for 

an ideal (step) input signal (b).

Vin

VentVo ut

■t

Figure 2.17: Propagation delay, ramp (a) and step (b)

In digital circuits, we either transfer logic 0 through the circuit or we transfer logic 1. 

Shams [24] stated that transferring logic 0 or logic 1 half-way through is taking place in 

saturation region of operation. The same conclusion was reached by [18] who also 

suggested adding a 10% error to the delay estimation.
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2.7 MOSFET Saturation Drain Current
With five parameters, the Shockley model is widely used as drain current model of 

the conventional long-channel MOSFET when the following assumptions are true [25]:

• The vertical electric field due to the gate voltage is the dominant one and 

completely controls the channel charge density.

• Carrier mobility is constant.

This model does not consider any effects of dimensional or voltage scaling, and is not 

adequate for modem short-channel MOSFETs, with substantial deviations between 

predicted and simulated characteristics being observed (Figure 2.18).

NMOS - Ids us. V gs - CMOS90nm

/
Shockley

/ ’
/

■■■■ /  ■■■
. . :: ^  r:

Simulator
/  ^

&

NMOS - Ids v s. Vg s  - CMOSP13

Shock ley-

Sim ulator' /
A  S '

1.5V Vgs 1.5 V

Figure 2.18: NMOS Ids vs. Vgs, simulator and Shockley model

For the minimum device length in each technology with W/L =5 and at Vdd = 1.5V, 

Figure 2.18 shows the Ids- Vgs plot for an NMOS device in two deep sub-micrometer 

technologies, 90 nm and 0.13 pm. It is very obvious that the Shockley model is over 

estimating the drain current compared to the actual readings from the circuit simulator 

(Cadence-Spectre).

Started at the University of California in late 1960s and still under continuous 

development [26], SPICE is a simulation model that widely used for circuit simulation. This 

model, and so are the other professional commercial models like BSIM, employs a lot of 

parameters which complicates the computation and increases the simulation time. For 

example SPICE2 requires about 30 parameters [27] and BSIM3v3 requires over 200 [1].
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This situation inspires researchers to devise efficient models with modest parameterization 

which will be acceptably accurate and sufficiently fast as device physical dimensions keep 

shrinking.

Working on NMOS devices o f length from 1 pm to 3 pm and PMOS devices from 1.3 

pm to 3.3 pm, K. Toh, P. Ko and R. Meyer [28] introduced an engineering model for short- 

channel MOS transistors, one including carrier velocity and mobility effects. Defining the 

drain saturated voltage, Vdsat, as the drain voltage at which the carrier velocity saturates, this 

model defines the linear region o f operation as the region where Vds < Vdsat and the 

saturation operation region is where Vds > Vdsat. These definitions are not quite accurate as 

they implement that for Vds = Vdsat, the device operates in both regions, the linear and 

saturation. The drain saturation current is given as:

value and neff is the effective carrier mobility. This model needs seven parameters to 

compute the drain current in saturation region of operation.

As an extension of Shockley’s square-law model in the saturation region, T. Sakurai 

and R. Newton [29] introduced their a-power law model. This model focuses mainly on 

velocity saturation effects and gives the drain current, Id in the saturation region as:

, where Pc is a technology dependent empirical parameter that includes the effect of the 

carrier mobility (/i) and the gate-oxide capacitance (Cox). a  is an index that varies from 2 

(Square-law) to 1 as the carrier velocity saturation becomes severe; a is called velocity 

saturation index [29]. By taking two points on the Id- Vgs plot as (Vgsl, IdI) and (Vgs2, I&), a 

can be determined as:
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h = o M - ^ f L W . ( V g, - V , - ^ )
*ox

(2 .32)

Vdsat = ( 1 ~
1 ■(vgs-vt) (2 .33)

l + { ( L - A L ) . ^ - } / ( V g s - V t )
Veff

where AL is the depletion width into the channel from the drain, vsat is the saturated velocity

(2 .34)

a  = log( Id l  /  Id2 ) (2 .35)
log((Vg s l - v t ) / (Vgs2- v t ))
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Pc then can be computed as:

Pc =  l l l A   (2.36 )
w.(vgs2-vtr
For 1 pm gate length device operated on 5 V supply, [29] claimed that a  is 1.2 for 

NMOS device and 1.5 for PMOS device. With only four parameters, a-power law model is 

very handy for fast computation. It has been widely use in delay analysis work as a basic 

device current model For example, [30], [31] and [32] based their work on a-power law 

model.

Working on 0.5 pm technology, M. Shams [24] split the index a into two indexes. He 

wrote the drain saturation current as:

I d =K.W.(Vg s- V t )  (2.37)

C is an index sets to capture the velocity saturation while index v is set to capture the

mobility degradation. AT is a technology and effective channel length dependent parameter.

With four parameters, this model needs three points on Ij- Vgs plot to find C, v and K. 

For points (VgsI, Idsl), (Vgs2, Ids2) and (Vgs3, Ids3), £  » and ATcan be computed as:

(X 2 .X 6 -X 1 .X 7 )
*  ( X 4 .X 6 + X 4 .X 7 - X 5 .X 6 - X 3 .X 7 )

o = ( X 1 ^ ( X 3 - X 4 ) )
X 6

k  = ---------------- ^   (2.40 )

W.(Vgs2- V t ) **

where XI to X7 are:

* ll o' era -N V (2.41)
ds2

X 2 = lo g (! f l~ ) (2.42 )
I ds3

X 3  = log(Vgsl - V t ) (2.43)

X 4  = log(Vgs2 —Vt ) (2.44)

X 5 = log(Vgs3- V t ) (2.45)
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V gs I  V gs 2

x 6  = 2 ^ _ 2 £ L
Vgs 2 VgS4

Later, Shams modified this formula so that the mobility 

Vgs and Vt dependent and the index would be unitless [33].

2.8 Summary
Three MOSFET development phases are summarized and brief historical review is 

given with numbers and charts illustrating the rapid evolution of VLSI. MOSFET basic 

operation is covered. Device features shrinking improves operation speed, reduces 

consumption power, and increase device per area ratio.

As the device shrinks, MOSFET traditional models are no longer giving accurate 

results. Physical effects that were ignored in long-channel technologies such as velocity 

saturation, mobility degradation and channel-length modulation become of great influence 

on short-channel technologies performance. These three effects are reviewed. We show that 

as the device channel-length keeps decreasing, the channel-length modulation keeps 

increasing.

The origin and description o f MOSFET parasitic capacitances are overviewed. A brief 

explanation of their nature and effects with the formulas that can be used to express each 

one of these capacitances is given.

An intuitively-appealing introduction to MOSFET delay has been made. This will 

serve as a foundation when the matter of delay is discussed more thoroughly later in this 

work.

The understanding o f MOSFET current modeling has evolved since Shockley 

proposed his “Square Power Law”. Three notable improvements have been discussed 

briefly, those of Koh, To and Meyer, Sakurai and Newton, and Shams, in chronological 

order.

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits
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Chapter 3

MOSFET Current and Delay Modeling

Circuit speed is one of the most important performance parameters in VLSI design. 

The ability to accurately estimate this speed is an essential one when it comes time to 

compare the merits o f one circuit alternative to those of another. However, estimation of 

critical path delay in large VLSI systems using commercial models such as BSIM or SPICE 

is prohibitively time consuming.

For accurate estimation, considering the current flows through the MOSFET is fatal. 

As the device features keep shrinking, using the square-law model for long-channel device is 

no longer giving a trustable results because it over estimating the current in short-channel 

technologies.

Alpha-power law [29] took care of the rising effects of velocity saturation in the 

short-channel devices. In this model, the drain current is p roportional to ( Vgs - Vt ) “, 

where Vgs is the gate to source voltage, Vt is the threshold voltage, and alpha (a) 

is a carrier velocity saturation index. The short-channel device is also suffering from 

the mobility degradation due to the high transverse electric field. Shams included the 

mobility effects as Vgs dependent index in the formula he proposed in [24], Later, he also 

modified the index to be threshold voltage dependent [33],

When choosing a delay estimation method, one must be mindful o f an accuracy-speed 

tradeoff which gets worse as devices are scaled down [34].
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Delay estimation is strongly affected by the input signal type. A ramped input signal 

will be subject to greater delay than that simulated for a step input, with the delay being 

proportional to the slope [35].

The importance of signal slope on the delay o f a simple inverter of minimum length 

and W /W N = 5L/3L driving a capacitance load of 100 fF as in the Figure 3.1 (a) is 

investigated. Figure 3.1 (b) Shows the transient response of the output according to three 

input signals, step, fast ramp and slow ramp signals. Input signal slope could be responsible 

for 30% of the gate delay [36].
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Figure 3.1: Effect of input signal slope on rise and fall delay

Table 3.1 tells that rise and fall delays are proportional to the input signal slope.

Table 3.1: Effect of input signal slope on inverter rise and fall delay

Input Output Input Rise/Fall Time Fall Delay Rise Delay
A X 10.0 ps 52.85 ps 76.42 ps

B Y 250 ps 98.94 ps 129.5 ps

C Z 500 ps 127.4 ps 176.7 ps

The delay estimation through a chain of serially connected MOSFETs (SCM) is 

another factor that complicates the delay modeling, serially connected transistors can be 

found in gates and blocks like NAND, NOR, XOR, PLAs and arithmetic units. Using two 

degradation factors (X  and Y) that count for the Load and internal capacitances due to the 

SCM, Shams [24] found that the Delay of transistors connected in series is proportional to a 

single transistor delay of the same load.
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3.1 Short-Channel MOSFET Extended Saturation Current Model
Taking in to consideration the velocity saturation, mobility degradation, and channel- 

length modulation effects that discussed in chapter 2, we came to propose the following 

model to express the saturation drain current in deep sub-micrometer devices:

I d = K t .W.(Vg s - V t )  . ( l  + X.Vds)  (3 .1 )

Kt is a parameter depending on the technology which is a function of the minimum channel 

length allowed by that technology. W  is the device width, Z is a parameter which 

compensates for velocity saturation effects, and M  one to compensate for mobility 

degradation effects (as a function of the vertical electric field, and in turn the gate voltage 

V^). Finally, X is the channel-length modulation parameter. This formula contains five 

parameters compared to the three parameters Sakurai formula [29] and four parameters 

shams formula [24] as indicated in Table 3.2.

Table 3.2: Sakurai, Shams, and this work saturation current parameters

Feature Sakurai [29] Shams [24] This Work
Technology Dependent Parameter 
(Including the device length at its minimum 
value for [24} and this work)

Pc K Kt

Device Length
Device Width W W W
Velocity Saturation a f Z
Mobility degradation V M
Channel-lensth Modulation X
Total Number o f Parameters 3 4 5

Table 3.3 summarizes Equation 3.1 parameters values {X, Z, M  and Kt)  for 0.13 pm 

and 90 nm technologies as extracted in Appendix A, Section A. 1.

Table 3.3: Parameters for the proposed /*  model

Technology
NM OS PMOS

X Z M Kt X Z M Kt

0.13um 0.163 1.46 -0.15 515 0.370 1.83 -0.27 262

90nm 0.448 1.56 -0.11 735 0.491 1.97 0.30 541
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Figure 3.2 shows plots of Ids vs. Vgs as simulated by the Cadence simulator, the a- 

power law, the Shams law, and the model of this Thesis for NMOS and PMOS devices in 

0.13 pm (a) and 90 nm (b) technologies.

NMOS Simulator 
MOS Alpha 
MOS Shams 
MOS This York 
PMOS Simulator 
MOS Alpha 
MOS Shams 
MOS This Vork

0.13 umSimulator
Alpha
Shams
This Vork

Shams
This vo rk

^ <m n
Vgs 0/)

(a) In 0.13 pm technology
Vgs(V)

(b) In 90 nm technology

Figure 3.2: NMOS and PMOS Ids vs. Kgs

For both of the 0.13 pm and 90 nm technologies, the predictions of the new Ids model 

match closely those of the Cadence simulator. In each technology, the device length is set to 

the minimal length allowed by the technology and W/L = 5.

3.2 Delay Modeling Approaches
Several methods are used in the investigation of propagation delay. Their principal 

characteristics [37-40] are summarized here.

1. Numerical Approach: This approach provides an accurate simulation and 

verification in VLSI designing. An example of such approach is the use of BSIM 

model in Spice. In this approach, every circuit element is characterized by many 

parameters. Therefore, the analysis requires large hardware resources such as 

memory and it takes a lot of CPU computation time. This makes the numerical 

approach suitable to analyse smaller digital circuits.

2. Analytical Approach: The propagation delay is obtained from the transient response 

of the differential equations that describe the devices in the circuit. This approach is 

faster than the numerical approach as a detailed description of every single element 

in the circuit is not needed. It has the advantage that the gate delay can be calculated
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by substitution o f the used technology and the gate parameters. Several analytical 

models have been introduced, among them being the well-known and widely-used 

ones of Hendestema and Jepson [41], and Sakurai and Newton [29, 42].

3. RC Delay: Linearization o f non-linear circuits and approximation by means of RC 

networks are used to produce fair accuracy quickly. As the non-linear properties of 

the devices are neglected here, this approach only gives an average estimation of the 

circuit behavior.

4. Table Lookup Approach: This approach is based on tables o f data that pre

simulated. The data in these tables include propagation delays as a function of 

technology parameters. Any change in the circuit devices parameters needs a re

calculated data. Preparing these tables is a memory and time consuming issue. This 

approach incorporates interpolation errors as well [43].

3.3 Effect of Input Signal Slope on Delay
Propagation delay is not only a technology and topology dependent matter, but it is 

also a function of the input signal slope.

169  -

129

16  109  -

69  ■

49
19 25  0 SOP

Rise/FatI Time (ps )

Figure 3.3: Simulated inverter delay as a function of input signal slope

Table 3.1 data are plotted as in Figure 3.3. When the slope is halved (from 250 ps to 

500 ps), there is about 30% and 36% increase in the fall and rise delay respectively.

3.3.1 Hedenstierna and K. Jeppson Delay Model
Hedenstiema and Jeppson [41] proposed an analytical expression including the effect 

of input slope to compute gate delay. The propagation delay D, the time for the input level 
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of VdJ2  to be transferred to an output level of Vdd!2, is approximated by:

D = Ds + S T.t  (3.2)
where r  is the input signal transition time. Ds and Sx are the step delay and the slope factor 

respectively. They are given as:

Ds = ----------------------- . /  2V' /  Vdd + in!4.(1 - — ) - l l l  (3 .3)
fi.VM . ( l - V , / V dd)  1 - V , / V M vl{
( i+2y,/vu )

Vm

C l is the load capacitance and /? is the transistor gain factor. Hedenstierna and K. Jeppson 

work is valid only when the input signal is three times faster than the output signal [41]. 

Their work is based on Shockley model, therefore the short-channel device effects are not 

taken in consideration.

3.3.2 Sakurai and Newton Delay Model
The a-power law model [29] proposed by Sakurai and Newton is one of the well- 

known MOSFET models. Based on this model, they extended the long-channel delay model 

to include some of the short-channel effects such as velocity saturation. Sakurai and Newton 

gave the rise or fall delay simulated at VdJ2  of an inverter driven by a ramp input signal as:

D  = c Ly dd + ( L _  L ~ v t / v dd ) r  
2 J d 2 1 + a

where Id is the drain current at Vgs -  Vds =  Vdd. Comparison of Equation 3.5 and Equation

3.2 tells that Sx is:

T 2 1 + a  ( }
a in Equation 3.6 can be driven from Equations 3.2, 3.5 and 3.6 as following:

=  ( 3 .7 )
2 1 + a  t

1 —Vt/Vdd 1 D -  Ds
1 + a  2  t

Solving for (1+ a) gives:

(3.8)

( l  + a )  = ( l  + ^ - ) . (  )  (3.9)
Vdd ? - 2 . ( D - D s )
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and then for a  itself:

( l  + a )  = ( l  + £ - ) +  ( ^ - 2’( ^ ~ D s ) )  ( 3 1 0 )
Vdd 2*

V, r - l ( D - D o )
a  = [(1+ - / - ) + ( ------- 4------- ^ - ) 1 - 1 (3.11)

Vdd 2*
After Ds and D  are simulated results for both step and ramp inputs (transition time r), 

a is calculated using Equation 3.11.

3.4 Extending a and the Slope Factor
Equation 3.11 is giving a  as a general value that can be used for both of the devices, 

NMOS and PMOS. Depending on this a value, Equation 3.6 is estimating the slope that is 

required to calculate the delay according to Equation 3.5.

For the gates connected in series as in Figure 3.4, Shams [24] stated that the step 

delay is approximately half of the corresponding transition time r  (r = 2.0$). Gate G, delay 

can be expressed by its step delay and the driving gate Gi-i step delay as:

Di = DSi + S-Dsa-r) (3.12)

S  is the slope factor and equal to 2St.

OUT

Figure 3.4: Cascaded gates

On examining Table 3.1, one sees that the rising delay is higher than the falling delay 

for the three input signals having different slopes. The use of this observation in 

calculations will be possible if  two versions o f the slope factor are defined, namely Sn and 

SP. Doing so will require that two corresponding values for a  are similarly defined -  aN and 

ap and hence the slope factors Sn  and Sp. aN and Sn  are to be used when calculating the fall 

delay through NMOS device and aP and SP are used to calculate the rising delay through 

PMOS device.

Furthermore, we can expand a,v, Sn, ap and Sp to cover the rising and falling delay 

calculation for each device. The new four a and S  values are aRP, SRP, aFP and SFP for 
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PMOS device and am, Sm, a m  and Sfn for NMOS device [24]. The procedure for 

extracting these parameters from measurement data will be described in Appendix A, after 

the inclusion in the delay model o f the chains o f series-connected MOSFETs found in 

complex gates has been studied.

3.5 Series Connected Transistors
The series-connected MOSFET (SCM) structure appears frequently in VLSI designs. 

SCM complicates the delay estimation and needs a careful modeling to handle it. One of the 

methods used to work on the SCMS is to collapse the gate of SCMS into equivalent 

inverters [44, 45].

For N series-connected MOSFETs, Shams [24] found that the delay is proportional to 

the delay that a single transistor shows when loaded by the same load as the SCM. Using 

two degradation factors, A  and Y, he gave the step delay, Ds, of SCM as:

Ds = ^ . ( X . C d .W + Y.Cl ) (3.13)

where v is the MOSFET resistance times unit width, X  is delay degradation factor for load 

capacitance due to series connected MOSFETs, Y  is delay degradation factor for internal 

capacitances due to series connected MOSFETs, Cd is the diffusion capacitance and W  is 

the device width, v, X, and Y are written as:

v  = Ym * L  = ----------------------EW-----------------------  ( 3 J 4 )

2jct . (Vgs- V t )  ^  . ( l  + X V dJ  

X  = 5 . ( N 2 - 1 )  + 1 (3 .15)

Y  = ( x - y X M- ) . ( N  - 1 )  + 1 (3.16)

where S is the MOSFET resistance in linear to its resistance in saturation, x  and y  are 

empirical values that we will extract in Appendix A. When the load capacitance is 

dominating, A  can be set to zero [24] and Equation 3.13 is written as:

Ds * Y . ^ . C l (3 .17 )
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3.5.1 Channel-Length Effects on Delay in SCM Structure
Figure 3.5 (a) shows a test bench that used to study the effect o f channel-length 

shrinking on the delay of serially connected MOSFET (NMOS with WN= 5L  for minimum 

L) in four different technologies (0.35 pm, 0.18 pm, 0.13 pm, and 90 nm).

The worst-case condition is considered when all internal nodes in the chain were pre

charged to Vdd. Eight chains with 1, 2, 3, 4, 5,6, 7, and 8 serially connected MOSFETs were 

investigated. The delay to discharge the load capacitance is simulated in each chain at VdJ2  

when a step input signal is applied. Figure 3.5 (b) shows the discharging time response of 

each serial connected MOSFET chain in 0.35 pm technology.

I n i t ia l l y  v d d 0.35 um technology

mSfc
!IW.•ivM
•i'.'uV. :::
I'iW
jlliP-V

: \V ’- \ \ * V

IN to  a 
III to  b 
III to  c 
IN to d  
IN t o e  
IHtpf 
IN to g  
IN to h

As m easu red
- atVdd/2

0.5
W„ = 5L , L = Min.

(a)

r L T C l
0.75

time (ns)

(b)

-'i"*"..........     i
1.0 1.25 1.50 1.75

Figure 3.5: Serially connected MOSFET test bench (a), and C l  discharging time
response in 0.35 pm technology

The load in each technology has been chosen to represent 5 pm of an M l metal 

interconnect that has a minimum width. The capacitance part of the load is obtained by 

extracting this piece of interconnect while the resistance part is obtained from the 

technology documentation per unit length for minimum width. Table 3.4 shows the 

resistance and the capacitance that used as a load in each technology.
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Table 3.4: Resistance and capacitance loads values used in test bench (Figure 3.5 (a)) 
per pm length of minimum width interconnect in four technologies (M l metal)

Technology Resistance Capacitance
(Q/h) (Q/5um) (fF/pm) (fF/5um)

0.35 fim 0.0750 0.75 0.215 1.08

0.18 um 0.0780 1.70 0.224 1.00

0.13 um 0.0940 2.94 0.129 0.65

90 nm 0.0950 3.96 0.103 0.52

The delay measurements versus the number of MOSFET s in the SCM chain were 

plotted in Figure 3.6 (a). One can observes that for a longer channel technology (0.35 pm), 

there is a non-linear relation between the delay and the devices number in the SCM chain. 

This non-linearity decreases as we move to a shorter length technology as could be 

observed in 90 nm technology.

300

2 5 0 -

1.242 0 0 - 1.62

0.72
5^ 150 -

0.35um 0.18um 0.13um 90nm 
Technology

100 -

5 0 -

1 2 4 5 73 86
Number of Serially Connected MOSFETs

Figure 3.6: The delay through a serially connected transistors chain vs. the number of 
them in the chain in four technologies (a) and quadratic effects vs. technology (b)

To justify this observation, the series delay as a function of its devices number 

connected in series could be written as:

D = A . N 2 + B . N + C  (3 .18)

where A is the quadratic effects, B is linear effects, C is a constant and N  is the number of 

serially connected MOSFETs. A, the quadratic effects, can be calculated as:

. 3 . D 8 - 7 . D 4 + 4 . D 1
A = ---------------------------------  (3 .19)

84 '
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where D8, D4, and D1 are the simulated delay for a chain of 8, 4, and 1 MOSFETs 

respectively. A is plotted vs. technology, Figure 3.6 (b) and we can see that as we move to 

deeper technology, A decreases.

3.6 Delay Parameters Extraction
In sections A. 1.1 and A. 1.2, the parameters of the extended saturation current model 

were extracted from the results o f I d -  Vds and Id -  Vgs simulations. Equation 2.31 gives the 

step delay as a function of In Appendix A, Section A.2 gives the procedures of extracting 

Equation 3.1 parameters based on the delay results from transient response simulation. The 

other delay parameters mentioned in sections 3.4 and 3.5 will be extracted in Appendix A, 

Sections A.3 and A.4.

In Figure 3.7 (a) and (b), NMOS and PMOS devices are connected together in two 

configurations to simulate for the rising and falling step delay. Four delays will be 

simulated, DS.NF, Ds.m , DS.PF, and DS.PF as seen in Figure 3.7 (c) and (d) according to step 

input and according to ramp input.

IN IN

I T  1

IN IN

1  1
^ C L

100TF
CL^=
100fF =F cl

100fF CL=r=
lOOfF

(a) Rising Delay Simulation Configuration

CM0SP1

(b) Falling Delay Simulation Configuration
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1.03

.817

.383 P-F

.167-
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(d) Transient Responce of Ramp Input

Figure 3.7: Delay parameters extraction test bench based on step and ramp signals

A complete summary o f the current-model parameters computed based on delay in 

Section A.2 is presented in Table 3.5.
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Table 3.5: Proposed current parameters as extracted depending on delay readings in
0.13 pm and 90 nm technologies

Technology
and

Transition

NM OS PMOS

X z M Kt V X z M Kt V

0.13 Fall 0.171 1.073 0.154 506 0.0014 0.263 2.067 1.120 63 0.0153
fim Rise 0.209 1.606 1.120 155 0.0064 0.381 1.258 -0.012 166 0.0034

90 Fall 0.465 1.012 0.156 627 0.0010 0.517 1.564 0.649 118 0.0067
nm Rise 0.477 1.526 0.476 275 0.0030 0.503 1.313 -0.028 241 0.0023

Note that negative M  does not have physical interpretation. However, since the 

negative values are small, they are effectively zero. In these cases, the model is actually 

reduced to that of Sakurai’s. Figure 3.8 shows the rise and fall step delay of NMOS and 

PMOS devices as function o f the device width for the nominal Vdd and minimum length in 

0.13 pm technology as simulated and according to the model. A close matching can be 

observed.

CMOSP13 - NMOS - Fall CMOSP13 - NMOS - Rise

2 0 5 4 7

205-09 -
£05-09 -

£65-09 ■
£45-09 -

S £25-09 -
a £05-09
%

005-70 -

§ 6 0 5 4 0  -

4 0 5 4 0  -

2 0 5 4 0  ■
005+00 -

W(am)
CMOSP13 - PMOS - Fall

W f am )

—Sanalator 
Nbdei

W(um )

CMOSP13 - PMOS -

2.0540

1 0 5 4 0

W(um)

Figure 3.8: NMOS and PMOS step rising and falling delay vs. device width in 0.13 pm
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Table 3.6 gives a, S, x, andy  as extracted in Appendix A, section A3 and A.4 from 

delay for NMOS rise and fall, PMOS rise and fall in two technologies, 0.13 pm and 90 nm.

Table 3.6: Extracted slope factors and series-connection parameters based on delay

Technology NMOS PMOS
and Transition a S X y a S X y

0.13 Fall 0.834 0.316 1.879 0.359 1.941 0.558 1.477 0.010
pm Rise 2.415 0.633 1.762 0.107 1.335 0.443 1.706 0.201

90 Fall 0.787 0.309 2.039 0.502 1.504 0.507 1.560 0.063
nm Rise 2.343 0.631 2.428 0.382 1.017 0.388 1.678 0.227

3.7 Input Signal Second Order Slope Effects
Gate delay is approximately linearly dependent on input transition time [1], So far in 

this work, the input signal slope factor has been treated as a 1st order effect, which is a good 

approximation, but one that can be improved upon. In this section we attempt to do just that, 

and develop a 2nd order expression for the slope factor. The obvious starting point is the re

writing of Equation 3.12:

Di = D s r { l  + S L ^ - +  S 2 .( ^ = L ) 2 }  (3 .20)
U S i  U S i

where Du Dsu Dui, SI, and S2 are Gate G, propagation and step delay, Gate G,w propagation 

delay, input signal 1st and 2nd order slope effects. SI and S2 are extracted as in Appendix A, 

Section A.5, The results for 90 nm and 0.13 pm technologies are listed in Table 3.7.

Table 3.7: Extracted 2nd order slope factors in 90 nm and 0.13 pm technologies

Technology 
and Transition

Rising FallHng
S I S2 S I S2

90 nm 0.318 0.0008 0.401 0.0020

0.13 pm 0.250 0.0010 0.368 0.0067

Figure 3.9 shows that as the device channel length shrinks, the first order slope effect 

increases and the second order one decreases.
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Figure 3.9: Input Signal 2 nd order slope factors as a function of technology 

3.8 Summary
An extended saturation current model for deep sub-micrometer technologies, which 

uses only five parameters, has been developed. The model parameters can be extracted in 

two ways, the first one depending on the Ids-Vds and Ids -  Vgs simulation results. The second 

is based on the transient response o f NMOS and PMOS delay simulation according to step 

and ramp input.

The effect of SCMS is taken in consideration when calculating the parameters based 

on delay. Delay through serially connected transistors does not only depend on the number 

of these transistors in the series, but also on the technology used. A linear dependency 

seems to be true as device size shrinks. Input slope factors S  and the associated empirical 

factor a are also calculated from the delay simulation and so are the series-connection 

parameters x, and y.

The model shows very close results comparing to the actual circuit simulator results. 

The slope factor (S) is extended to include the 2nd order effects.
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Chapter 4

MOSFET Capacitance Modeling

Accurate modeling of MOSFET capacitance is as important as the treatment of their 

DC characteristics. Charge in a MOSFET is stored on the gate electrode, the conducting 

channel and in the depletion layers. These structures can be regarded as capacitor 

electrodes.

The MOSFET has different parasitic capacitances that need to be taken into account 

when simulating a circuit, ones which can be classified into extrinsic and intrinsic 

capacitances. Extrinsic capacitance is the result o f overlaps in the physical structure of the 

device and is due to the lateral diffusion which forms the gate-source and gate-drain overlap 

capacitances. Intrinsic capacitances are voltage dependent and are measured between the 

device terminals.

A MOSFET capacitance may be one of several types; it may be of a distributed 

structure, non-linear and may often be dependent on applied voltage. The precise modeling 

of capacitances such as these is a complicated matter, but usually they can be approximated 

by (constant) equivalent capacitances, an approach which is adequate for delay modeling 

and estimation purposes. Since the switching speed of a MOS digital circuit is determined 

by the time required to charge or discharge internal device capacitances, a delay model’s 

accuracy will be dependent upon the accuracy of the MOSFET capacitance model used.

Accurate delay modeling does not depend solely on the accuracy of MOSFET 

capacitance approximations, but also on interconnect capacitances [18], the capacitances of 

the metal traces connecting the various devices, gates and blocks in an integrated circuit. 
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As the technology keeps shrinking, interconnect resistance and coupling capacitance 

increase due to smaller wire width and smaller wire spacing [40]. This leads to higher 

interconnect delay.

4.1 Toward Capacitance Modeling
MOS digital circuit speed is controlled by the time that this circuit needs to charge or 

discharge its internal nodes capacitances. MOSFET capacitances are computed as the 

product o f a capacitance having units of capacitance per unit length (femto-Farad per 

micrometer), with the device’s width (micrometer). It is difficult to measure these 

capacitances directly, and one must trust theory and calculation. In Section 2.5, seven 

important sources of MOS capacitance were described. Figure 4.1 is a detailed diagram of 

the capacitances and their locations in the device.

Gate Oxide— 
Cgs Cgd

III
n+ n+

Cgb

Cdb *
Channel

p - s u b s t r a t e  C s b

(a) at cross section level

D

Cgd Cdb

*BG*
Cgb Csb

S
(b) at symbol level 

Figure 4.1: NFET capacitances; cross-sectional view and symbolic

These capacitances are non-linear and can be classified as following [20]: 
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1 - Cdb, Csb, and Cgd. Non-linear capacitances which are Vdb, Vsb, and Vgb dependent 

respectively.

2 - Cgd, Cgs\ Non-linear capacitances (through the channel) which are Vgs, Vgd and 

Vgb dependent respectively.

3 - CgdOL, Cgs0L: Over-lap capacitances which are voltage-independent.

In Figure 4.2, two identical inverters are connected in series and the delay from IN to 

node X is to be estimated.

Cell Load

•OL'P2

W2
(CB<Iq |)p i  (Cgd)p|

XL XR
I N

■equ
(CB»»>N1| [Cad0L)Ni| (CgH)N1

[N2[n7

Figure 4.2: Two inverters in series

The propagation delay is simulated at Vd/2 .  [24] and [18] stated that transferring logic 

0 or logic 1 half-way through is taking place in saturation region of operation. Under this 

assumption, all Cgb and all Cgd capacitances can be set to zero as indicated in Table 2.2.

The capacitance seen at node X has contributions from the circuitry on either side. 

The capacitance contributions from the right of X (XR) are those associated with the load’s 

gate:

c „  -  (4 .1)

Each o f the devices P2 and N2 makes three contributions to the sum, which can be 

expanded to:
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CxR = ( CgsOL + CgdOL )p2 + ( CgsOL + CgdOL)N2 + ( Cgs )p2 + ( Cgs )n 2 (4 .2 )
Each of the terms on Equation 4.2 is in turn expanded using the formulae summarized in

Table 2.2:

Cm = 2 £ 0L.Wp + 2 £ ol.Wn + 2- £ ox.L.Wp + j  £ 0X.L W N

= (2 £ ol + ~ .C ox.L).(W n +Wp )  (4.3)

Turning to the XL direction, it is seen immediately that all source-related capacitances 

of both the PI and N1 devices can be neglected as their terminals are either all connected to 

Vdd or to ground. Furthermore, PI and N1 operate in either the saturation or cut-off regions 

and so all Cgd and Cgb capacitances of both devices equal to zero. Hence, to the left of node 

X there are but four capacitances that must be taken into account: (CgdoL)pu (CgdOL)m, 

(Cdb)pi, and (Cdb)m- The part of the capacitance seen at Node X that is due to circuitry XL 

direction is:

CxL = (CgdOL)pi+ (CgdOL)Nl+ (C db)p i+ (Cdb)Nl (4 .4 )

In what is called the Miller Effect, the two overlap capacitances (CgdOL)P1 and 

(Cgdoi)m allow a current to flow directly from the input to the output during rising/falling 

transitions. Weste and Eshraghian [35] stated that this effect is hardly ever important in 

digital circuits but of major importance in analog circuits. We will follow Rabaey et al [1] 

in compensating for the Miller Effect by doubling the overlap capacitances between the gate 

and the drain (Cgdoi). Doing this, results in a slight modification to equation 4.4:

Cxl = 2 £ 0l W p +• 2C ol.Wn  +- (C db)P1 + (C db )N1 (4 .5 )

The diffusion capacitance, C*, is given by Equation 2.25 which can in this case be 

simplified to:

C , = Cj.Y.W  + Cjs w .W + 2 £ Js w .Y =  W .(C j .Y + C j ^ )  + I C j ^ J  (4 .6 )

Cd has been written as a sum of two terms. If  the relatively small second one is 

neglected, what remains is a width-dependent formula, and if the further approximation that 

C js w «  Y.Q is made, a formula simple enough for hand calculation results:

Cd = Cj.W  (4 .7 )

Substitution of this into Equation 2.5 gives 
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Cxl = 2Col-(Wp + WN ) + C / W P + WN) = ( l C OL + Cj).(WP + WN) (4 .8 )

Let Cequ now denote the capacitance at node X:

Cequ = C X R  + C X L  = ( 2 .Col + ~J'Cox. L ) . ( W P + WN ) +  ( 1 C 0L +  C j ) . ( W P + W x )

= (W P + WN ).(C j  + 4.Col  + j . C 0X.L) (4 .9 )

After the replacement of all parasitic capacitances to the right and left of X with Cequ, a 

simplified equivalent inverter results (Figure 4.3).

Wp

Wn

equ

Figure 4.3: The cell inverter with the equivalent devices parasitic capacitances

A test of the validity of the approximations leading to Figure 4.3 can be made by 

comparing the rising and falling delays resulting from the Cequ model with the same ones 

computed by simulation. In the case of 0.13 pm technology, C ol and Q  are estimated to be 

0.25fF/pm and 0.80fF/pm respectively and tox is 2.7nm [47]. When WP = 2.5 WN = 5 pm, 

Spectre simulation calculates a falling delay of 13.36 ps. Equation 2.31 is then used to 

compute the falling step delay. The load capacitance CL appearing in this equation can be 

calculated with Equation 4.9 and Id with Equation 3.1, for the parameters shown in Table 

3.3. The final result is a falling step delay o f DSf  = 12.18 ps for an identical device. This 

calculated delay is less than the simulated one by 9.7%, mainly because the interconnect 

capacitances were not included. This is addressed in the next section.

4.2 Interconnect Capacitance
When long-channel devices are used, signal propagation delay is roughly proportional 

to device capacitances, and the interconnection capacitance (Cwire) can be disregarded. But 

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter Four: MOSFET Capacitance Modeling 47

this approximation becomes less and less accurate as device sizes diminish. Cwire comes to 

have significant effects not only on delay, but on reliability and signal integrity as well [20].

The move to deep sub-micrometer technologies is also accompanied by increasing 

interconnection influence. With these processes, Cwire acquires a dependence on geometry in 

the form of interconnect shape, and the separation between signal paths and the substrate 

and neighboring interconnections [1].

Interconnect capacitance in general is three dimensional by nature and the expense of 

precise calculations makes these unsuitable for routine VLSI work [36]. Figure 4.4 is a 

simple 3D illustration of the capacitances that might be associated with one conductor in an 

array of interconnect. Multilevel interconnection arrays are normally used in VLSI design.

Figure 4.4: Interconnect capacitances in simple 3D view

Three capacitances are associated with an interconnection trace [18]. They are:

1 - Ch '. Horizontal capacitance, existing between a conductor and its right and left 

neighbours.

2 - Cv: Vertical capacitances, existing between a conductor and each of the upper 

and lower ground planes.

3 - CF: Fringing capacitance, existing between different edges and surfaces.

We will assume a unit (1 pm) length when computing CV (the electrodes of which are 

M l and the ground plane; the dielectric is the insulation.). The insulator is silicon oxide 

(dielectric constant s0 = 3.9; permittivity sox, = 88.5x10 " 4 fF/pm.). Using a standard 

equation o f electrostatic theory:
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nsu ator

Figure 4.5: Vertical and horizontal capacitance interconnect component

The horizontal capacitance is that of two neighbouring conductors of height T  (at the 

same level) with separation Sx:

T
CH — vS x

The fringing capacitance is ([48]):

(4.11)

CF = ^ ^ . l n ( l +  —  + 2 J — ■+ 1 - j )
F n  H  V H  H

Finally, the total interconnect capacitance is:

W  T  1 2.T T  T
Cwire ~ So'Sox'l „  "F c dn(1 + + 2.-J + .

H  S x  n  H  \ H  h
)]

(4.12)

(4 .13)

The conductor and insulation thicknesses, T  and H  respectively, are fixed when the 

technology is chosen and cannot be altered by the designer. Also fixed by the choice of 

technology is the minimum conductor width, W, and the minimum spacing between them, 

Sx. Their values are designer-adjustable upward from these minimums

Table 4.1 gives the values of these parameters for 0.13 pm and 90 nm technologies 

[49, 50] for Metal 1 (M l) conductors running between ground planes, and Metal 2 (M2) as 

seen in Figure 4.4.

Table 4.1: W, Sx, T, and FT parameters and the worst case interconnect capacitances in
0.13 pm and 90 nm technologies

Technology 0.13jum 90nm
Parameter

(fim)
IFtnin SXmin T H wmi„ SXmin T H
0.160 0.160 0.300 0.600 0.160 0.180 0.26 0.600

Cwire 0.089 fF/nm 0.073 fF/|im

If  Figure 4.2 is re-drawn with Cwire included, one gets Figure 4.6 where CT is the sum 

o f the interconnect capacitance and the inverters total parasitic capacitances at node X. 
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Wp
*  X

Wn

equ VWrel

Figure 4.6: The cell inverter with total parasitic and interconnect capacitances

4.3 MOSFET Capacitance Extraction
In this section, we will extract MOSFET capacitances at five classes of detail. The 

simplest of these is that of Class 1 where a single MOSFET capacitance applies to either 

NMOS or PMOS devices. The most detailed MOSFET capacitance specification is that of 

Class 5. Here each device is separately characterised by four capacitance parameters, for a 

total of eight in all [24]. For each device type (NMOS or PMOS), Class five offers two gate 

and two diffusion capacitances, one for each of the rising and falling transition directions. 

The remaining intermediate classes of capacitance specification are, briefly:

• Class 2: proposes two capacitance parameters, one for each of the device types.

• Class 3: also proposes two capacitance parameters. Here, the subdivision is into 

gate and diffusion parameters, with no distinction between device types being made.

• Class 4: is like Class-3, except that device types are distinguished, doubling the 

number of capacitance parameters to four. Gate and diffusion capacitances are 

considered.

The full procedures of extracting the MOSFET capacitance in each class is fully 

described in Appendix B over five sections. Each section is assigned for specific MOSFET 

capacitance class extraction.

Table 4.2 gives the MOSFET capacitance values (in fF/pm) that were the results of 

the parameter extractions for the five classes o f description. The full extraction procedures 

can be found in Appendix B, Sections B .l to B.5.
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Table 4.2: Class 1 to Class 5 extracted MOSFET capacitances

Class 1 M O SFET Capacitances

Tech.

1.7990 nm

2.590.13 pm

Class 2 M O SFET Capacitances

CP (fF/pm)Tech.

2.9490 nm 1.22

3.360.13 pm 2.20

Class 3 M O SFET Capacitances

Cd (fF/pm)Tech.
1.6290 nm 1.96

3.241.930.13 pm

Class 4 M O SFET Capacitances

PM OS (fF/pm)
Tech.

1.68 1.84 0.6090 nm 2.07

2.90 2.08 2.310.13 pm 2.08

Class 5 M O SFET Capacitances

NM O S (fF/pm) PMOS (fF/pm)
Tech. Transition

Fall 2.86 0.68 1.731.01
90 nm 2.33 0.91 1.72Rise 0.86

Fall 1.31 2.78 0.87 2.89
0.13 pm 3.20 1.24 2.01Rise 0.91

4.5 Summary
Accurate modelling of MOSFET capacitance is essential to delay calculations 

involving these devices. Determinations of the parameters needed by five increasingly 

sophisticated classes of capacitance descriptions have been done. The complexity varied 
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from a simple-minded single parameter model to one recognizing the independent nature of 

gate and diffusion capacitances and the effect of transition direction on capacitance.

A simple but acceptably-accurate mathematical model resulted from the estimations 

o f the magnitudes of various MOSFET parasitic capacitances, and the judicious choice of 

approximations. It was found possible to ‘lump sum’ all of them into a single equivalent 

capacitance.

A general mathematical formula to calculate interconnection capacitance is written, where 

the capacitance is taken to be a sum of three types of capacitances that are associated with 

an interconnect. Using this formula, the worst case interconnect capacitance is calculated 

for each of the technologies being studied, 0.13 pm and 90 nm processes.

Four increasingly elaborate formulations for describing MOSFET capacitance have 

been proposed, leading up to Class 5. In this class, it is recognized that the voltage- 

dependent nature of device capacitances can mean that the direction in which a signal 

transition is occurring (rising, falling) has a strong effect on delay. Since the parameters for 

the first four of the models were extracted from measurements on closed-loop inverter 

chains, the effect of signal slope is implicit in their values. Slope effects must be explicitly 

dealt with in delay calculations involving the fifth class of description.
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Chapter 5

CMOS Gate Delay Modeling

Effective modeling of gate delay in day-to-day circuit design has gone from being 

desirable to being vital as multi-million transistor ICs executed in deep submicron processes 

are becoming commonplace. By ‘effective’ is meant the combination of accuracy and speed 

which will make this possible -  fast enough to enable the designers to identify and quantify 

critical paths, and accurate enough that modeling results are not differ from those of a full- 

scale simulation by more than a few percentage points.

Modeling any aspect of a large circuit at the individual transistor level is prohibitively 

time-consuming and so it will be agreed upon in advance that any new means of computing 

propagation times will be done at the gate level (macro-modeling), wherein the very large 

number of parameters necessary for transistor level modeling is significantly reduced. One 

of the techniques that used to estimate the delay at the gate level is the equivalent inverter 

technique. This technique seeks to replace a complex gate with an inverter that is 

‘equivalent’ (for the purpose of delay determination) [51]. This is done by replacing each 

parallel and series multi-transistor structure with a single “equivalent” MOSFET of the 

appropriate type. A second method considers the effects on one another of nearest neighbors 

in a chain of gates [24], Logical effort technique is another method that can be used to 

estimate the gate delay.

5.1 Equivalent inverter Technique
This technique is a widely used in practice and we are not aware who proposed it first. 
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In [51], Nabavi used this technique to collapse NOR and NAND gates to their 

equivalent inverter. The equivalent series connected transistor width is given as (W n, (P))equ =  

(Wn. (P) /  n), where WNi ^  is the width o f NMOS (PMOS) transistor in the series connected 

transistors chain and n is the number of the transistors in this chain. Beside the condition of 

using a very fast input to validate this estimation, Nabavi [51] does not take in consideration 

the different operation regions that the series connected transistors may work in.

In Figure 5.1 (a), n NMOS transistors are connected in series. Let us assume that all 

transistors will get the same signal in the same time. At t = 0, Vout = Vdd, Vo = Vr = V2  = .... 

= V„.j = 0; these conditions are the worst case conditions [52],

Under such conditions and when applying an input signal o f Vdd, transistor Nn starts 

working in saturation region as Vds >  (Vgs -  Vt) and then works in the linear region. Vds 

across the transistors No to N n-i is zero and no current will flow; they are all working in the 

linear region with out leaving it.

The condition that describes a transistor working in saturation region is vds > (Vgs-Vt). 

For Vgs = Vdd, to have transistors No to Nn-i work in saturation Vds across each one should be 

higher than (Vdd-Vt). In a series connected transistors chain, the parasitic capacitance at each 

drain-source node (Co to Cn-i) is charged by the transistor above it. The maximum Vds that 

can be achieved is (Vdd-V,) which is not enough to have the transistor working in saturation. 

One more thing that impedes the operation in saturation is the body effect. Vt increases as 

we move to higher transistors from the ground.
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In [53] collapsing series-connected transistors is done in two steps. First, all 

transistors that work in the linear region (No to N„-i) are collapsed to one equivalent 

transistor, Figure 5.1 (b).Then this equivalent transistor is collapsed with the transistor that 

connected to the output node (N„) to another one equivalent transistor, Figure 5.1 (c).

WNequi is given as in [51] while WNequ is given as the summation o f WN multiplied by 

saturation capacitance, Cast, and WNequi multiplied by the linear capacitance, Cu„t. Csat is the 

division of (CL . Vdd) by the integration of the current through WN for the time interval

during which WNis working in saturation region. Ctjn is ( / -  Csat)  [54].

The parallel-connected transistors of the same width can be replaced by their 

equivalent single transistor of a width equal to the width of a transistor in the chain

multiplied by the number of the transistors in the chain [54],

Using the collapsing technique, a complex CMOS circuit could be collapsed first to 

its equivalent NOR/NAND gates which then collapsed to their equivalent inverters [55].

5.2 Logical Effort Technique
In the Logical Effort technique, delay is expressed in terms of a basic delay unit (r,„v), 

which is the delay of an inverter, driving another that is identical to itself, but having no 

parasitic capacitances. The absolute gate delay, D c , is then simply defined as the product of 

the normalized delay of the gate (d) and zw  [56]:

D G = r inv.d  = r inv.(g .h  + p )  (5 .1)
where p  is the gate parasitic delay, g  is the gate logical effort that depends on the gate

topology, h is the electrical effort that equals to the ratio of the gate’s output load 

capacitance to its input capacitance. The gate logical effort, g, is given as the gate input 

capacitance divided by the input capacitance of an inverter having Wp/W n  = 2/1. Table 5.1.

Table 5.1: Logical effort of NOT, NAND, NOR, and XOR gates [1, 56]

Gate
Number o f  Inputs

1 2 3 4 n
R P g P R P R P R P

N O T 1 Pinv — Pinv
NAND . . . . . . 4 /3 l“Pinv 5 /3 ^ "Pinr 6 /3 4'Pinv (n+2) / 3 n.pim
NOR . . . . . . 5 /3 I.Pinv 7 /3 3‘P'tnv 9 /3 4..pinv (2n+l) / 3 11 •pinv
XOR . . . . . . 4 *Pinv 12 12*Pinv 32 64 .pinv
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gives the logical efforts and the parasitic delays of the four basic gates as a function o f the 

number o f inputs (n).

5.2.1 Extracting of r inv and Pinv in 0.13 |dm and 90 nm Technologies
Referring to Equation 5.1, [56] stated that “The straight line that connects the points 

will have slope r  and will intercept the h -  0 axis at d  = r P i„ ” . Table 5.2 summarizes these 

values for both of the technologies used in this work.

Therefore, to find r/„v the appropriate plot is required: Let rinv be the delay of an 

inverter which is driving an identical copy of itself free of parasitic capacitances [56]. An 

inverter o f minimum length and Wp/W n  =  10L/5L  is simulated six times, loaded by 1, 2, 3, 

4, 5, and 6 identical inverter (s) successively, and its delay simulated. The delay 

measurements are plotted as a function of electrical effort, h, as in Figure 5.2.

70 ~

10 ' -O -90nm  HKO.fSum

Electrical Effort, ft

Figure 5.2: Inverter delay vs. electrical effort in 0.13 pm and 90 nm technologies

Table 5.2: z im and Pinv as extracted in 0.13 pm and 90 nm technologies

Technology Tinv(ps) Pinv(ps) Pinv/  Zjnv

90 nm 6.15 12.36 2.01

0.13 [im 9.17 17.70 1.93

PimJ'Cinv has been plotted as a function of the technology in Figure 5.3. This figure 

shows that as feature-size decreases, this ratio increases.
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5.3 Shams Delay Model
Figure 5.4 shows a chain of three CMOS gates.

Drive
T

wPD
PD PULL

nPD UP
mPD

"nd PU LL
qHoDOWN

T

Load

WPL

PL PU L L
nPL U P
mPL

nl PULL
D O W N

Figure 5.4: CMOS cell between drive gate and load gate [24]

WPD, WND, WPC, WNC, WPL, and WNL are the pull up and pull down device width of the 

drive, cell, and load gates respectively, hpd, m o, npc, riNC, npL, and hnl are the number of 

devices connected in series in pull up and pull down nets of the drive, cell, and load gates 

respectively, qpo, qm , qpc, qm, qpi, and qm  are the number of branches connected in 
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parallel in pull up and pull down nets of the drive, cell, and load gates respectively. mPD,

kind, mpc, m m , mpL, and m m  are the number o f devices connected in parallel to the same

input in pull up and pull down nets o f the drive, cell, and load gates respectively.

Finally, G/c is gate, diffusion, and interconnect capacitances between drive gate and 

cell gate while C d  is gate, diffusion, and interconnect capacitances between cell gate and 

load gate respectively.

All capacitances at drive gate output excluding the ones related to the cell gate can be 

expressed in two formulae [24]:

C dr = CdcR + 9pd -WpD'C dpR + q nd -Wn d -C<i m  (5-2)

cDF ~ Cdcp + qPD-WPD'Cdpp + qND-fVpfD.CjNF (5.3)

In a similar way, the load capacitances can be given as:

CLr  -  CclR + m PL'WPL'CgpR + m NL -WNL'CgNR (5 .4 )

C l f  = C  cl F +  m  PL’WPL-Cg pp  + m NL'^N L'^gNF ( 5 .5 )

where CdcR, CdcF, Ccir, and Ccif  are written as:

Cdc R = Cwire Cdpp dVpD +C gp^ .W pc (5 .6 )

^ d c  F  =  ^  Wire F  ^ d  N F  ^ N D  F  ^ g  N F  ' ^ N C  (5 .7  )

C c lR  =  ^  Wire +  d P R '^ P C  +  C g p R 'W PL (5 .8 )

Cclp = Cfpire +■ CdNF 3Vnc + CgNF .WXL (5 .9 )

where C w tre  is interconnect capacitance as given in Equation 4.13.

The rise and fall propagation delay from the drive gate input to the cell gate output 

can be written as [24]:

D R  =  23s r —Cell +  ( 1 +  S PR ) 'D  S F —Drive (5 .10 )

D F  = 13S F -C e ll + ( 1  + $ N F  )'1 3 sR -D rive (5 .11)

where the cell rise and fall step delay are:

D sf-c*  =  VNFJ NCF ‘( 9Nc ^ NC'CdNF + qPC.WPC.CdPF + CLF) (5 .12 )
jvc

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter Five: CMOS Gate Delay Modeling 58

•  ( 4 , \ C N R  +  9 P C ^ P C  ' ^ i P R  +  ^ L R  )

, and drive rise and fall step delay are: 

n  = VNF'^NDF ( m  w C
S F -D r iv e  n r  * '  m N C 'r r  N C ’ ^ g  m

SR—Drive

The delay is given as:

D  =  ( D S R - C e l l  "*■ D S F - C e l l  )  ^ P R S F -D r iv e S R -D r iv e

(5.13)

(5.14)

(5.15)

(5 .16)

5.3.1 Basic Gates Delay
In this section, we will describe modeled vs. simulated delay comparisons for the four 

basic gates, the NOT, the 2 -input NOR, the 2-input NAND, and the 2-input XOR. The

have the same flavor as those for the full applications of Chapter-6 (delay model Level 7).

Assuming no off-path branches, there are 64 distinct ways o f connecting the gates in 

chains of three (see Figure 5.4).This situation can be simplified if  only four connections are 

used, where each of the gates will in turn take on the role of cell and will always be 

connected between two NOT gates, one acting as drive, the other acts as load. Therefore, 

the parameters n, m and q o f the pull-up and pull-down nets of all drive and drive gates are 

equal to 1.

No branches will be considered at this point, (see Figures 5.5, 5.8, 5.10 and 5.12). 

Worst case paths only are to be considered (where the path involves connection between 

cell input and the SCM farthest from the output node). The delay is calculated assuming 

static conditions in the drive and load; that is they have been in their initial states for a long 

time before being presented with an input edge. Thus all nodes on the delay path will be 

either fully charged to Vddox else discharged to ground.

The interconnect capacitance, Cwire, is arbitrarily calculated for a 10 pm length.

This simplest of the gate delay calculations is diagrammed in Figure 5.5. There is 

only one transistor in each pull-up and pull-down net in the chain and so the delay

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits
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degradation factor for internal capacitances due to SCMs, 7 = 1  (see Equation 3.33).

D rive Cell L oad

IN 5*>0-----* ------- ^ > 0 — K----- 1^> 0—»■ OUT

D rive
mH-

IN i

W,PD

t  Cd Cr
f  C d cF 1

[wHD

"■
Cell
tO”

—o K c

" 4

4 f

W„c
1 ,

C c lB

r^G

L oad
is]-

WpL

Me
OUT

W,NL

Figure 5.5: NOT-NOT-NOT chain

Figure 5.6 shows the chain delay (node X to node Z ) as a function o f the cell’s gate 

width WN in the two used technologies, 0.13 pm and 90 nm. A close match is achieved 

between model and simulator results in both technologies

* 10 NOT-NOT-NOT O Model Simulator

£6

C e W  NM O S w tdfk  — Wn (urn)

Figure 5.6: NOT-NOT-NOT chain model and simulator delay vs. W n c  (0.13 pm and
90 nm technologies)

A better feeling for this accuracy can be had by studying the plot o f model vs. 

simulator delay difference percentage in Figure 5.7. This percentage is calculated as:

( Delay Difference )%  =
Model Delay — SimulatorDealy

100 (5 .17)
Simulator Delay

When this delay difference is positive, then the model is over-estimating the delay.
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The negative percentage indicates that the model is under-estimating the delay. The average 

delay percentage is also calculated. It is the sum of absolute values of delay percentage 

percentages divided by their total number. The average percentage was 4.08% (0.13 pm ) 

and 1.81% (90 nm).

NOT-NOT-NOT, 13and 90
2.85

.4.97

M-2

- 2.88
■5.14

-10 
■12

-•-(Model/Simulator)% -13 
-o-(Model/Simulator)% - 90

CM—4
o Q

Celt G a t e  Wn(um)

Figure 5.7: NOT-NOT-NOT chain delay percentage error in 0.13 pm and 90 nm
technologies

5.3.1.2 2-Input NOR Gate
The cell gate is now a 2-input NOR gate (Figure 5.8). It can be seen that two drain 

diffusion capacitances (of M5 and M6) must be considered when computing CdF.

Drive Cell Load

IN

Drive

t  C d c „  - T

f  C d c F ^

C c L ^

Figure 5.8: NOT-NOR-NOT chain
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Transistors M4 and M6 are held at ground potential, and so the pull-up path is 

controlled by M3 and pull-down path by M5. The cell gate pull-up parameters are n p c  = 2, 

m PC = 1 and q PC = 1, the pull-down parameters n NC =  1, m NC=  1, and qNC — 2.

The PMOS width was set at W pc -  4 W nc, and W nc  scanned from 1 pm to 10 pm in 

steps of 0.5 pm. The model and simulator delays (X to Z) are plotted against W„ in Figure 

5.9 (a), and the differences percentages between them in Figure 5.9 (b).

. * 10 NOT-NOR2-NOT O Model Simulator

1.4

1.2

s
Jr *
Q

o.a

0.6

0 .4

l

emo»p13- ■■

V V s
\

;V: L. ^

^  : Wp=3.33*Wn

Wp = 3.33*Wn HOT- NOR2 - NOT, 13 and 90

10

Cell Gate Wn(um)
(a)

-•-(Model /Simulatar)% -13 
(Model/Si mulator)% - 90

•a  Ns to  in  o>
b  o  o  o  b  o  b

Cell Gate Wn(um)
(b)

Figure 5.9: NOT- 2-Input NOR -NOT chain model and simulator delay (a) and delay
difference percentage (b) vs. WNC

Figure 5.9 (b) shows the delay difference as a function of WNC. The average delay 

difference is 2.22% and 5.09% in 0.13 pm  and 90 nm technologies respectively.

5.3.1.3 2-Input NAND Gate
This example is complementary to the previous one in that the SCM is on the cell’s 

pull-up net (Figure 5.10), making m e  = 2. The two branches in the pull-up net makes qPc = 

2 as well.

One gate and one diffusion capacitance, plus Cm™,, are to be considered when 

computing CdcR, CdcP, and CdF. In the case of CdR, one must take into account two drain 

diffusion capacitances, one load gate capacitance, and CWe. Note that transistors M4 and 

M5 are held to Vdd.
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Figure 5.10: NOT-NAND-NOT chain

Figure 5.11 (a) shows the simulator and the model delays as a function of W^c while 

Figure 5.11 (b) shows the delay difference vs. Wnc- The maximum delay difference is 

7.68% and 11.66, and minimum delay difference is 0.09% and 1.20% with average delay 

difference of 5.72% and 9.08% in 0.13 (im and 90 nm technologies respectively.

11 x'l° _Wpr-WA/®2;/yor O M odel-* - Simulator Wp=Wn NOT - NAND2 - NOT, 13 and 90
,11.66

10  -

c m&sm
o O O

(ModeljSimulator)% -13 
-o-(Model^Simulatori% - 90

: WP=Wn: -10

Cel! Gafe Wn(um)
(a)

Cell Gate Wn(um)
(b)

Figure 5.11: NOT- 2-Input NAND -NOT chain model and simulator delay (a) and 
delay difference percentage (b) vs. Wnc

5.3.1.4 2-Input XOR Gate
This gate has two branches in each of the pull-up and pull-down nets, both having two 

devices in series as indicated in Figure 5.12.
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Drive Cell Load

Drive

Drive

WHD -=  = ^ J
^  A w

Figure 5.12: NOT- 2-Input XOR -NOT chain

The pull-up parameters are n p c  = 2, m pc  =  1 and qpc = 2, and those for the pull-down 

net are me = 2, mm = 1 and qm = 2.
Besides CWire, two gate and two diffusion capacitances must be considered when 

computing CcdR and CCdF at node Z, and Ccjr and C cif  at node Y. Because input A is 

connected to Vdd, M6 and M il  are held ON so that the delay path trough these two branches 

is controlled by M5 and M l2.

When IN is high, input B is high too. This switches ON M l2, and pulls node Z to 

ground. The pull-down worst-case delay path is then from IN through M12 and M i l ,  to 

node Z. Changing IN to low will cause input B to be taken low also, resulting in M5’s 

switching ON and connecting node Z to Vdd- The worst-case pull-up delay path is that from 

IN through to M5 and M6, to node Z.

The simulated and calculated delays are plotted against WNC in Figure 5.13 (a). The 90 

nm technology result shows nearly perfect matching between the two. For the larger 0.13 

pm technology, the matching of the curve derivatives is near-perfect, but the model results 

are displaced downward by a small constant amount.

Figure 5.13 (b) shows the delay difference percentages, plotted against WNC. In both 
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used technologies (0.13 pm and 90 nm), the maximum delay differences are -10.24% and - 

10.36%; the minimum ones -4.71% and -0.59%. The averaged delay differences are 

respectively 6.62% and 2.12%.

x1 ° NOT-XOR2-NOT O M odel Simulator HOT • XOR2 ■ HOT, 13 and 900

■0.59-2

-4.71

-100.8
(Model/Simulator)% -1 3  
(Model/Simulator>% - 90-12

0.6
N  I d  4 .  O l O l ~-l 0 9  JO
b o b  b  b  b  b  b

Cell Gate Wn(iim)
10

Figure 5.13: NOT-2- Input XOR -NOT chain model and simulator delays (a) and delay
difference percentage (b) vs. Wnc

5.4 Summary
Delay estimation at transistor level has the advantage of high accuracy. Such accuracy 

is not obtained without price. A tradeoff between the accuracy and speed seems a must. 

Estimation at gate level is accelerating the modeling process and maintaining a good 

accuracy.

The equivalent inverter technique is systematically reducing the complexity of a gate 

to obtain a much simpler ‘equivalent’ structure; an equivalent inverter.

The Logical Effort technique is another micro-modeling technique that can be used to 

estimate the delay of a gate or o f an entire logical path.

The much more elaborate and general method of dividing a gates chain into 3 gates 

‘sliding windows’ involves estimation of the delay from the input of a drive gate to the 

output o f a cell gate in terms o f the size and topology of the drive, cell and load components 

o f the gate triple. The delays of the four basic gates, NOT, 2 -input NOR, 2 -input NAND, 

and 2-input XOR gates were investigated using this method.
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Applications

Addition is one of the basic arithmetic operations. It is not only used to add two 

binary numbers, but it is also the base of some other operations like subtraction, 

multiplication, and division. The Adder can be found in many VLSI circuits such as DSP 

blocks and microprocessors. In these circuits, the adder lies on the critical path that 

evaluates the circuit operation.

Converting an n-bit input to 2n-bit output and for each input combination, the decoder 

offers a single output line that has 1 while all other outputs lines are zero. The decoder is the 

nucleus of applications like memory addressing and decoding CPU instructions. In such 

applications, the decoder has great influence on the signal delay.

The binary comparator is a circuit that compares two binary numbers o f n bit and 

provides 1 or 0 at the output depending on whether these numbers are equal or not. 

Comparators are used in a wide range o f applications such as communication systems, 

encryption devices and microprocessors.

Two adders, 4-bit and 16-bit, are used to investigate the delay from the carry input, 

Cin, to each output of the adders. In the two other applications, 6x64 decoder and 8x256 

decoder, the delay along the longest path is investigated. The fifth application is 8-bit 

comparator. The longest path from input to the output is investigated. The five different 

applications schematics are simulated in two technologies, 90 nm and 0.13 pm. The layout 

o f the 16-bit adder is done. For this application, the delay simulation is performed according 

to the schematic and to the extracted views.
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6.1 Delay Calculation Procedures
With each test application, the delay is calculated in eight levels. The first delay 

calculation is done based on logical effort technique that discussed in Section 5.2. Levels 2 

to 5 calculations based on the four MOSFET capacitances levels discussed in Section 4.3 

and extracted in Sections B1 to B4. Levels 6 to 8 are performed according to the MOSFET 

capacitance extracted in Section B5. Level 7 is based on the set of equations from Equation

5.2 to 5.16 and Equation 3.33. In Level 6, the delay is calculated the same way as in Level 7 

but without including the empirical factors x  and y  in Equation 3.33. Level 8 employs the 

same equations that are used in Level 7 with one modification. Equation 5.16 is modified to 

include the second order effects of the input signal as discussed in Section 3.7.

The results of computation and measurement were compared in all cases and 

interconnect capacitance (Cwire) of 10 pm length was assumed when calculating the delay.

The descriptions of delay calculation in the following five subsections will be made in 

terms o f the arrangement o f Figure 6.1. There may be branches at any node on the path, 

nodes k and n being chosen only for illustration. Gate 5 is working as a load and it is always 

a NOT gate.

INi

Branch Branch
Z

Branch

z
I
1

Branch
A a

: :

Gate Gate V\ Gate \ Gate Gate
1 k 2 m 3 if 4 / 5

'"iJN-k'-'
Drive

"D km 
Cell 
Drive

""D inn-'" 
Load 
Cell 
Drive

iJts-CstJT

Load
Cell

OUT

Load

Figure 6.1: Path delay estimation

6.1.1 Delay Calculation: Level 1
The total path delay is the sum of the individual delays of Gates 1 to 4, as computed 
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with the on Logical Effort technique:

D l E ( I N - O U T )  ~  D L E ( L \ - k )  +  H  L E ( k m )  +  H  L E (m n )  +  D  L E (  n -O U T  )

= { (gi'h, + p , ) + ( g 2.h2 + p 2) + ( g 3.h3 + p 3) + ( g 4.h4 + p 4 )}xinv (6.1)

where gi, g2, g3, g4, pi, p2, P3, and p4 values for a particular gate type are found in Table 5.1. 

The symbols h l5 h2, h3, and I14, are the electrical efforts of Gates 1 to 4, computed as the 

quotient obtained when the gate’s output capacitance is divided by its input capacitance.

6.1.2 Delay Calculation: Levels 2 to 5
For each gate (1 to 4), the delay is:

V W I V  W
B  =  C . f  ^  N  PD }  ( 6  2 J

W . W rr pD .rr  m

Vp and vw are calculated as in Equation 3.31. Their values can be found in Table 3.4. C is the 

capacitance at each node that works as a load o f the gate. When calculating the node 

capacitance, cell gate, drive gate, and gate (s) on any branch connected to the node, and 

interconnect on which this node is located are considered. .The total delay for the path is the 

sum of the individual gate delays:

=  ^  I N - k  +  km +  D mn  +  D n -O UT

=  c  V p W n i + v » W p i ) + c  V p W  N2  V N  P 2  . _j_

wPI.wNI m'{ WP2W N2
v  P.WN3+ v  N.W P3 v  P.WN4 + v  N.W P4
--------------------------- ) + ^ n n r ' ( --------------------------- )  (v .J  )w  w  0UT w wr rp} .rrN3 r rP4.rr N4

6.1.3 Delay Calculation: Level 6
At this level, the gate delay model includes the consequences of cascading gates. 

Cascades of three gates, a drive gate followed in by a cell gate and then a load gate, are 

considered at each step in the calculation. Based on the central gate, the delay is calculated, 

taking into consideration the gates on either side, and then the cascade is moved forward 

one gate position, the roles of the gates reassigned, and the calculation repeated, and so on, 

until the end o f the chain has been reached. The delay for the entire path is the sum of the 

individual delays calculated in this manner.

In Figure 6.1, there are three cascades to be considered. They are (Drive, Cell, Load) 

= (1 2 3), (2 3 4) and (3 4 5). Three delays are computed, one for each cascade:
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► Di:

= (  D1SR-Cell + DlsF-Cell )  + { (! + S PR ) .D lSF_Drive +■ ( 1 + S NF ) .D lsli_Drhe} (6 .4 )

► D2:

D2 =  ( D 2 SRCell +  D 2SF_CeU ) + { ( !  + S PR ).D2 S F -D r ive + ( 1 + S nf ).D2 S R -  Drive f (6 .5 )

► D3:

D5 = (D3sR-CeU + 333SF_Cell )  + { ( l  + S PR ).D3SF_Drive + (1 + S NF )-D3SR_Mve} (6.6)

DsF-Ceih E>SR-Ceib DsF-Dnve, and DSR.Drive are calculated as in Equations 5.12, 5.13, 5.14 and 

5.15. The factor ‘F  in these equations is found with Equation 3.33, but with the part 

containing the empirical parameters x  andy  omitted (Y=N). The total delay is:

D T(m-ouT) = D1 + D 2  + D3 (6 .7 )

6.1.4 Delay Calculation: Level 7
Level 7 delay calculations are done in the same way as for Level 6, except that the 

quantities x and y are this time included in the calculation of Y.

6.1.5 Delay Calculation: Level 8
In section 3.7, the quadratic effects of the input signal were explored. Delay model 

Level 8 extends the slope-effect calculation to second order. Apart from this, the calculation 

proceeds in the same way as for Levels 6 and 7.

► Di:

= (  331 SR_CeU + 331 S F -C e ll  )  ((3  +  S1R +  S 2RJ31SF_DHve)'131 S F -D r iv e  +
(3  +  S3 f  +  S  2 F.D1 SR_Drhe) '331 S R -D rive  } (6.8)

► D2:

331 = (332SRCell +  332SF_Cell)  + {(1 +  S1R + S  2 R.D2 SFDrive ).D2 SFDrive + 
(1  +  S1F +  S 2p.D2SR_Drive) •331 S R -D rive  } (6.9)

► D3:

333 =  (333SRCdl + 333SF_Cell)  +■ {(1  +  S1R + S2R.D3SF_Drive ).333SF_Drtve +

(3 + S1F +  S 2F.D3SR_Drive ).333SR_Drive}  (6.10 )
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6.2 16-Bit Ripple Carry Adder
Figure 6.2 shows how to build a 16-Bit Ripple Carry Adder (RCA) from a 1-Bit RCA. 

Input A is connected high while input B is connected low. Now, as input Cin changes state, 

outputs SO to S I5 alternate the high and low status with output Cout.

BO AO
T J
1-Bit
RCA

Cout Cout SO

- a  Cin 

i Cin

(a)

AOA3 A2

Cini Cin

i Cin Cin

Cout Cout S3Cout Cout S3<-S0

B15*B12 A15.-A12 B11*B8 A11*AS B7*B4 A 7.A 4 B3.B0 A3-.A0

iCin

Cout 515*512

4 - Bit 
RCA

4 - Bit 
RCA

4 - Bit 
RCA

4 - Bit 
RCA

1-Bit
RCA

4 -Bit 
RCA

1-Bit
RCA

1-Bit
RCA

1-Bit
RCA

Figure 6.2: Ripple Carry Adder, 1-Bit schematic and symbol (a), 4-Bit block diagram 
and symbol (b), and 16-Bit block diagram(c)

Delays of signals on paths from the carry-in port (Cin) to the outputs (SO to S15 and 

Cout) are considered. Figure 6.3 is showing the delay paths Cin-SO and Cin-Sl.

^Baa

|Box 1

Toward 
S2

Figure 6.3: Delay Paths from Cin to SO and Cin to SI
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Box 1 is repeated for paths leading to outputs S2 to Si5 as shown in Figure 6.4. The 

final contribution to the delay o f Cout occurs after box-15, where the buffer made o f the 

sequence of Gates 5, 6, 7, and 8 (with 9 acting as a load) has the same general structure as is 

illustrated in Figure-6.3. The delays Dcm-si (i = 2, 3 ... 15) are calculated as the delay over 

the entire preceding part of the path added to the delay from Cin to C0 (DCin_C0). For 

example, Dcin-S3  = (DcmS2  + Dcin-co). The delay over the path from the carry-in to the carry

out ports (Cin-Cout) is the sum of the carry delay at each stage (box), added to the carry 

delay going from box-15 to Cout (Dcl4_cout).

BOXCin
■siCin BOX

BOX
S6

BOX

.SBbox!

»S9

•S10
•S11

BOX

S12
BOX >S13

514
515

BOX10

Boxes 1 to 15 are of identical circutry as in 
box 1 in Figure 6.3

BOX

BOX

BOX WML if**? T?*C .Cout
lo x

Figure 6.4: 16-Bit RCA full delay paths

The propagation delays of the 16-bit RCA, computed with the delay model Level 1 to 

Level 8 delay models are, in summary:

► Levels 1:

^ L E ( C i n - S O )  =  ^ L E ( a b )  ^ L E ( b c )  (6 .7 /)
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^ L E ( C i n - C o )  ~  ^ L E ( a d )  ^ L E ( i e )  ^ L E ( e f  )  ^ L E ( f g )

^ L E ( C i n - S l )  — ^ L E ( C i n - C O )  +  J ^ L E ( g h )  +  D  /j7 (h i )

D L E ( C i n - S 2 )  ~  ^ L E ( C in - C O )  +  ^ L E ( C i n - S l )

(6.12)

(6.13)

(6.14)

4 1  L E (  C in -S  I S )  ~  H L E ( C in - C O )  D <L E ( C in - S  14)

H lE ( C in -C 1 4  )  — H L E ( a d )  +  H l .E ( d c )  +  D L E ( e f  )  +  H l . E (  f - C o u t )  

H L E ( C in - C o u t)  ~  1 ^  ~ D  L E (C in -C 0 )  ^ L E ( C in - C 1 4 )

(6 1 5 )

(6.16)

(6 .17)

► Levels 2-5:

D C in - S O  ~  D a b  D hc

Dcin-co = Dad +  Die + D ef + D f 

Dcin-si = D cin_c0 + Dgh +  Dhi

D C i n - S 2 ~  D C in -C O  D  G n _ s  ,

(6.18)

(6.19)

( 6 2 0 )

( 6.21)

D C in -S  IS  ~ D a n  -C O  D cin_sl4

Don-cu ~ D ad + Dde + Def + D f _Cout

D o n - C o u t  —  1  ̂ . D c i n - c o  D a „ _ c l 4

( 6 2 2 )

(6.23)

(6.24)

► Levels 6-8:

D  Cin—SO  -  D 1

Dan-0, = D 2 + D 3  + D 4

D — D c i n - C O  4- D5 + D f nC in -S  1 ■L'C in - C 0 C in-SO

D C in -S  2 Da„-C0 + D cin_s J

(6.25) 

(6.26 )  

(6.27 )  

(6.28)

D C in -S  15 ~  D a „ -C O  +  D cin_su

D a„-ci4 = D 6  + D7 + D8

Dan-C o u t ~ 45.Da„-co + Dcin_cl4

(6 2 9 )  

(6.30 )  

(6.31)
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6.2.116-Bit RCA Layout
Figure 6.5 shows the fully costumed layout o f the 16-Bit RCA based on 0.13 pm 

technology. The 90 nm technology version is similar.

VDD

V.-**,' VsV,

Figure 6.5: 16-Bit Ripple carry adder (RCA) layout in 0.13 pm technology
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6.2.2 Model versus Simulation Comparison: 16-Bit RCA
Table 6.1 shows delay values for the paths Cin-SO to Cin-S 15 and Cin-Cout resulting 

from schematic- and extracted-view simulation measurements. The same delays, this time 

obtained with models, are also tabulated. These data are relevant to the 90nm 

implementation o f the RCA.

Table 6 .1 :16-Bit RCA delay simulator (from schematic, Sch., and from extracted, 
Ext.) and model readings in 90 nm technology

From
Simulator
Delay(ps)

M odel Delay 

(ps)
To Sch. E x t Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7 Level 8

Cn-SO 75.76 95.53 126.1 81.77 81.92 82.49 67.76 74.46 70.48 69.96

C n-S l 246.5 329.9 271.4 296.2 304.5 301.6 256.1 275.3 268.3 264.4
Cn-S2 398.4 530.9 416.8 444.7 457.8 452.9 385.3 437.3 427.4 420.7
Cn-S3 550.3 732.7 562.1 593.2 611.2 604.3 514.4 599.4 586.4 577.1
Cn-S4 702.1 943.3 707.5 741.7 764.6 755.7 643.6 761.4 745.5 733.4

CnS5 854.0 1140 852.8 890.3 917.9 907.0 772.8 923.4 904.5 889.7

Cn-S6 1006 1342 998.2 1039 1071 1058 902.0 1085 1064 1046
Cn-S7 1158 1544 1144 1187 1225 1210 1031 1248 1223 1202

Cn-S8 1310 1755 1289 1336 1378 1361 1160 1410 1382 1359
Cn-S9 1462 1953 1434 1484 1531 1513 1290 1572 1541 1515
Cn-SlO 1613 2155 1580 1633 1685 1664 1419 1734 1700 1671

C n -S ll 1765 2358 1725 1781 1838 1815 1548 1896 1859 1828
Cn-S12 1917 2569 1870 1930 1992 1967 1677 2058 2018 1984
Cn-S13 2069 2768 2016 2078 2145 2118 1806 2220 2177 2140
CnS14 2221 2970 2161 2227 2298 2269 1935 2382 2336 2297
C n-S l 5 2373 3174 2306 2376 2452 2421 2065 2544 2495 2453
Cn-Cout 2401 3201 2313 2376 2454 2422 2067 2589 2542 2498

Based on Equation 5.17 and Table 6.1, the delay differences are plotted in figure 6.6. 

Levels 6, 7, and 8 are giving the most stable differences between all the eight levels with 

minimum delay difference of -1.72% and maximum delay difference of 11.68% with an 

average delay difference of 6.01%.

Levels 2 to 5 overestimate the delay o f very short paths, but tend to become more 

accurate as the path length increases and actually begin to give superior results by the time 

the paths have become moderately-long. With all paths being considered, Levels 2 - 5  
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exhibit relative deviations of 23.51% to -13.92% with an average of 6.92%.

25

20

£ 1 5  
Q
&10 <DQ
£  5 €<1
g 0
4) 

o

-10

-15

Figure 6.6: Delay vs. the 16-Bit RCA paths in 90 nm technology

Level 1, built around the Logical Effort technique, highly overestimates the very 

shortest path delay (Cin-SO). The 66.45% relative deviation cannot be seen on the plot -  but 

the situation rapidly improves, the model producing competitive and superior results for all 

but the two shortest paths. Level 1 gives an average difference over all the paths at 6.37%. 

Averages are taken over absolute (unsigned) values.

Table 6.2 and Figure 6.7 convey information analogous to that of Table 6.1 and 

Figure 6.6, the difference being that they apply to the 0.13 pm process.

There are some interesting differences between Figures 6.6 and 6.7. A summary of 

approximate changes in accuracy on going from 90 nm to 0.13 pm can be made on studying 

the Figures:

• Level 1: Much worsened overall

•  Level 2, Level-3, Level-4: Little change

• Level 5: Small improvement

• Level 6, Level-7, Level-8: Much improved overall

The qualitative features of the 90 nm plots are still evident in the 0.13 pm ones (for 

example, Level-8 is better than Level-7 in both). The severe worsening o f performance at 

Level 1 and the substantial improvements at levels 6, 7 and 8 should be noted.
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Table 6.2: 16-Bit RCA delay simulator (from schematic, Sch., and from extracted, 
Ext.) and model readings in 0.13 pm technologies

From Simu
Dela

lator
V(ps)

Model 
Delay (ps)10 Sch. Ext. Levell Level2 Level3 Level4 LevelS Level6 Level7 Level8

Cn-SO 147.3 192.0 189.0 159.0 158.8 154.9 139.5 134.4 133.4 133.3
Cn-Sl 470.0 566.6 405.9 574.4 580.7 545.3 501.2 492.6 489.2 483.8
Cn-S2 755.4 884.5 622.8 862.2 872.3 817.8 752.3 781.8 776.0 766.7
Cn-S3 1041 1221 839.7 1150 1164 1090 1003 1071 1063 1050
Cn-S4 1326 1530 1057 1438 1456 1363 1255 1360 1350 1333
CnSS 1612 1844 1274 1726 1747 1635 1506 1650 1636 1616
Cn-S6 1897 2162 1491 2014 2039 1908 1757 1939 1923 1898
CnS7 2183 2499 1708 2301 2330 2180 2008 2228 2210 2181
Cn-S8 2468 2835 1924 2589 2622 2453 2259 2517 2497 2464
Cn-S9 2754 3126 2141 2877 2914 2725 2510 2807 2783 2747

Cn-Sl 0 3039 3429 2358 3165 3205 2998 2761 3096 3070 3030
Cn-Sll 3324 3733 2575 3453 3497 3270 3012 3385 3357 3313
CnS12 3610 4094 2792 3740 3789 3543 3264 3674 3644 3596
Cn-S13 3895 4385 3009 4028 4080 3815 3515 3963 3931 3879
CnS14 4180 4688 3226 4316 4372 4088 3766 4253 4217 4162
Cn-Sl 5 4466 4994 3443 4604 4663 4360 4017 4542 4504 4445
Cn-Cout 4517 5011 3453 4605 4666 4360 4018 4622 4583 4521

(L1/Schem.)%
(L3/Schem.)%

(L7/Schem.)%,

-+ - (L 2/Sc hem.)%
— (L4/Schem.)% 

(L6/Schem.)% 
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/ L1-L8=Mot)el Level Delay 
Schern. -Simulator-

Schem atic Delay

0.13um Techno/ogy

,c c .c
0  0  0

From/To

Figure 6.7: Delay Differences vs. the 16-Bit RCA paths in 0.13 pm

As one might expect, the predicted delays resulting from extracted view simulations 

are larger than those coming from schematic view simulations and higher still than those 

produced by all eight models (true in both 90 nm and 0.13 pm cases). In Figure 6.8 are
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plotted the delay differences between Level 7 calculations and simulator (extracted) 

measurements for all paths. The figure shows that the differences increase on going from 

0.13 pm to 90 nm technology. The model-to-extracted-differences percent relative 

deviations lie between -26.22% and -18.67% with an average o f -21.08% (90 nm), to be 

compared with minimum=-30.53%, maximum= -8.55%, average= -12.25% (0.13 pm).

O'

-5- 

8-70-O
|.7S-
€3  -20-

|-25-
Q <J0- 

•35-

Figure 6.8: Level 7 model to extracted delay differences vs. the 16-Bit RCA paths in 90
nm and 0.13 pm Technologies

6.3 6x64 NAND Decoder
Figure 6.9 shows the evolution of a 2x4 NAND decoder design into a 6x64 device. 

After correct operation had been verified, the delay along the path from A0 to F0 was 

simulated and estimated with the delay models. This delay is calculated as:

► Level 1:

^IE(AO-FO) = ^  LE(ab ) +  ^LE(bc) +  ^LE(cd) +  ^LE(de) +  ^LE(ef) +  ^  LE( fg) + ^LE(gh) ( 6 .3 2 )

► Level 2, Level 3, Level 4, and Level 5:

D ao- f 0 = D ttb + D bc + D cd + D de + D  ej. + D fg + D gh ( 6 .3 3 )

► Level 6, Level 7, and Level 8:

D ao-fo = D 1  + D 2  + D 3  + D 4  + D 5  + D 6  ( 6 3 4 )
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FOf F li F2* F3i F60* F61* F62* F63* (c)

Figure 6.9: 6x64 decoder (c) as built from 4x16 decoder (b), and 2x4 decoder (a)

Figure 6.10: 6x64 decoder, AO to F0 delay path
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The results obtained by simulation and modeling are presented in Table 6.3 

Table 6.3: 6x64 NAND decoder: delay along the AO-FO Path by various

Technology
Simulator
Delay(ps)

Model 
Delay (ps)

Schematic Levell Levell Level3 Level4 LevelS Level6 Level7 Levels

90nm 349.90 328.52 404.15 456.44 424.65 394.87 362.22 361.87 355.85
0.13fim 598.20 489.88 784.67 830.44 676.97 665.34 635.66 645.93 622.04

The usual models vs. simulation relative errors are plotted in Figure 6.11 as a function 

of model level. Its is very obvious that levels 6, 7 and 8 provide the best match to simulator 

results in both technologies, with average differences of 2.88% (90 nm) and 6.08% ( 0.13 

pm). Level 1 shows a close matching to the simulator in 90 nm technology with -6.11% 

delay difference percentage. Levels 2, 3, 4 and 5 formulae over-estimate the delay (the 

average relative deviation, taken over these four levels is 20.04% (90 nm) and 23.60% (0.13 

pm).)
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Figure 6.11: 6x64 NAND decoder delay differences vs. model eight

6.4 8x256 NAND Decoder
As with the 6x64 decoder, an 8x256 one can be built up from simpler ones (Figure 6.11 

(a)). The delay along the path from A o  to Fo (Figure 6.12 (b)) will be studied.
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Figure 6.12: 8x256 decoder (a) and the delay path from AO to FO (b)

The signal path o f interest is longer in this decoder than in the previous one, and a 

larger number o f off-path (branching) gates are present, in particular there is an additional 

branch having 63 gates, which should make the path delay larger than in the case of the 

6x64 decoder. Simulation and model results are in Table 6.4.

Table 6.4: 8x256 NAND decoder delay simulator measurements and model readings in
90 nm and 0.13 pm technologies

Technology
Simulator
Delay(ps)

Model 
Delay (ps)

Schematic Levell Level2 LeveU Level4 LevelS Level6 Level7 Level8

90nm 900.10 778.73 1184.4 1359.1 1272.9 1231.4 813.61 810.86 799.33
0.13/im 1556.0 1161.1 2300.5 2453.9 1837.8 1894.8 1461.0 1477.1 1430.0

The delay along the path from Ao to Fo was simulated and estimated with the delay 

models:

► Level 1:
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D l E ( A O - F O )  —  D L E ( a b  )  +  D L E ( b c )  +  ^ L E ( c d )  +  ^ L E ( d e )  +  ^ L E ( e f )  + ^ L E ( f g )  +  

^ L E ( g h  )  +  ^ L E ( h i )  +  ^ L E ( i j  ) (6.35)

► Level 2, Level 3, Level 4, and Level 5:

D AO -FO — D,h + Dhc + D,d 4- Dd, + D + D  + D„h + D h, t  D„ (6.36)

► Level 6, Level 7, and Level 8:

Dao-fo ~ ^  +132 + D3 + D4  + D5 + D6 + D7 + D8 (6 .37)

Levels 6, 7 and 8 provide the best match to simulator results in both technologies, 

with average differences of 10.24% (90 nm) and 6.43% (0.13 pm). The Level 1 formula 

underestimates the delay by 13.48% (90 nm) and 2.54% in (0.13 pm). The Level 2, Level 3, 

Level 4 and Level 5 formulae over-estimate it, the differences ranging between highs of 

50.99% (90 nm) and 57.71% (0.13 pm), and lows of 18.11% (90 nm) and 31.59% (0.13 

pm).

70
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Figure 6.13: 8x256 NAND decoder: model vs. simulator delay differences

6.5 8-Bit Comparator
The general method of the adder and decoder designs is applied to the 8-bit 

comparator design. An evolutionary process proceeding from a 2 -bit starting point is used 

(Figure 6.14 (b)). The design method is implicit in its architecture (Figure 6.14 (a)). Two
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inverters having a Wn/Wp ratio of 5 pm/3 pm were connected to the comparator outputs (X 

and Y) to act as a load.

The comparator outputs encode the relationship between the magnitudes o f the 8-bit 

inputs:

(A = B) => (X=0, Y=0) (A > B) => (1, 0) (A < B )= > (0 , 1)

Figure 6.14 (c) shows the longest path in each stage of (a). It is seen that the longest 

path through the whole comparator will be three times this.
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A2 ■ 
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B 2. 
B 3.

A4 ■ 
AS. 
B4. 
B 5.
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™UY
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A7ABASA4A3A2A1A0 < B7B6B5B4B3B2B1B0 - X=0.Y= 1
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A1 m -
BOb -
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A1 A0 >  B1B0 X ■* 1 , V = 0 
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d ;4<-

Toward
Stage 2

Ode Oef ■

Figure 6.14: 8-Bit Comparator (a) , 2-Bit Comparator Circuitry and Symbol (b), and
the Single-Stage Longest Path (c)

Simulation and model results are in Table 6.5. Relative prediction errors are plotted in 

Figure 6.15.

Table 6.5: 8-Bit comparator: delay along longest signal path by various means

Technology
Simulator
Delayfps)

Model 
Delay (ps)

Schematic Levell Level2 Level3 LeveU Levels Level6 Level7 Level8

90 nm 670.00 526.04 493.42 489.07 495.06 401.34 698.43 694.16 685.39

0.13 jum 1151.0 785.18 954.99 949.00 944.65 843.53 1229.2 1223.3 1200.9

Delay estimates computed by model:
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► Level 1:

DLE(A0-F0) =  3 ‘[I>LE(ab)+ D LE(bc) + DLE(cd) +  D  LE(de) +  DLE(ef)l  (6.38)

► Level 2, Level 3, Level 4, and Level 5:

D a O-FO  =  3  . [ D ab +  Ac + Arf +  A c  +  A/7 (6.39)

► Level 6, Level 7, and Level 8:

d ao- FO = 3 . [ D 1  + D 2  + D 3  + D 4 ]  (6.40)

Investigation o f Figure 6.15 tells that levels 6 to 8 are still giving a stable and close 

match to the simulator measurements. For the 90 nm process, the relative differences come 

between a high of 4.24% and a low of 2.30%, with an average o f 3.38%. On going to the 

0.13pm technology, these values become 6.79%, 4.34% and 5.80% respectively. Model 

levels 2 to 5 underestimate the delay by an average of 29.89% (90 nm) and 19.81% (0.13 

pm). Model Level-1 also underestimates by 21.49% (90 nm) and 31.78% (0.13pm).

6-79
4-34

- 15 - -17-55

- 25 -

/  =Zfi-3fi j2 i jy |

-31-78
LI - L8 = Model Levels Readings 
Sch = Schematic M easurm ents

-26-71
8-Bit Comparator 

9071771 
-O- 0.73(7771

-35-

-45

Defay D iftience L eve f

Figure 6.15: 8-Bit comparator: model vs. simulator delay differences

6.6 4-Bit NAND Adder
In the previous four applications, the highest number of series-connected transistors in 

any delay path is two. In this fifth and last application, a 4 -Bit adder built from 2-, 3-, and 4- 

input NAND gates, which respectively contain two, three and four series-connected 
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transistors. This adder will thus provide a ‘test bed’ which will be used to study how the 

behaviours of our delay models are affected by changes in this parameter. It will be found 

that the delay models can be quite sensitive in this respect.

Figure 6.16 (a) shows, for reference, a 1-Bit adder constructed with multi-input 

NAND gates. To appreciate the nature of the tests, one need only know about the paths over 

which the carry-in signal reaches the four output bits. These are shown in Figure 6.2 (b).

Figure 6.16: 1-Bit NAND adder built from 2, 3 and 4 Input Gates (a), Cin-Si and Cin- 
Cout Paths of the 4-Bit NAND Adder (b)
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The delays along the Cin-Si and Cin-Co paths are calculated as follows:

► Levels 1:

^ L E ( C i n - S O )  ~  ^ L E ( a b )  +  ^ L E ( b c )  ^ L E ( c d ) (6.41)

^ L E ( C i n - S l )  =  ^ L E ( C i n - S O )  ^ ^ L E ( e f )  ^ L E ( f a )  (6.42)

41 LE(Cin—S2) ~ ^LEf Cin-Sl) + 4)LE(ef) 4)LE(fa) (6 4 3 )

41],E(Cin—S3) ~ 41 EE(Cin-Sl) + 4) LE(ef  ) + D LE(fa) (6.44 )

41le( cm-co) = ^.D LE(ef)  F 4.DLE(fa) + DLE<lm) (6.45)

► Level 2, Level 3, Level 4, and Level 5:

41 Cin-S 0 = 41 ab 41 bc + D cd (6.46)

41 Cin-Sl = 41cin-S0 + + 4) fa ( 6 4 7 )

41Cin-S 2 = 41 Cin-SI F -®£/ F D (6.48)

41lCin-S3 = 41 Cin-S2 + 4)LEef F D ^ ( 6 4 9 )

41cin-oo ~ 4.Def + 3.D/a + D im ( 65 0)

► Level 6, Level 7, and Level 8:

41 Cin-SO = 4)1 + D 2 (6.51)

41 Cin-Sl = 41 Cin-so F 4)3 + D4 ( 6 5 2 )

41 Cin—S 2 = 41 Cin—SI F 4)3 + D4 ( 6 53 )

41 Cin—S 3 = 41 Cin—S 2 + 4)3 + D 4 (6.54)

DCin. Co = 3.D3 + 3.D 4+ D 5 (6.55)

The simulations were done twice, once for the carry-in signal being connected to the 

transistor closest to the output node in the SCM, and then for the carry-in connected to the 

farthest transistor (worst-case delay). These two connections are shown in Figure 6.17 for 4- 

input NAND gate.

As in Application 1 (16-Bit RCA), Input A is connected high while input B is 

connected low and the outputs will completely depend on the status o f input Cin.
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Closest ▼ Farthest ★

Figure 6.17: Cin as connected to closest and farthest transistors in the SCM.

The results of measurements and calculations are listed in table 6.6.

Table 6.6: 4-Bit NAND Adder: Delay from Cin to Nearest and Farthest Devices in
SCM Chain.

Te
ch

no
lo

gy

From
To

Schematic
Delay(ps)

Model 
Delay (ps)

Closest Farthest Level
1

Level
2

Level
3

Level
4

Level
5

Level
6

Level
7

Level
8

Cn-SO 169.60 176.20 222.92 155.16 198.63 162.92 151.81 184.69 157.25 154.66

§ Cn-Sl 298.30 314.70 356.70 295.41 375.03 313.96 296.25 356.28 306.30 301.20
I Cn-S2 427.30 453.30 490.48 435.65 551.44 465.00 440.69 527.86 455.35 447.74
Os Cn-S3 556.70 592.20 624.25 575.90 727.85 616.04 585.12 699.45 604.40 594.26

Cn-Co 482.10 507.50 516.65 526.34 661.68 566.22 538.59 600.00 521.33 512.56

Cn-SO 296.80 333.50 329.50 301.80 344.69 288.40 274.52 322.83 303.83 259.90

5 Cn-Sl 542.10 608.00 528.07 574.78 653.97 532.26 512.46 626.24 591.40 578.82
3L

Cn-S2 786.90 882.30 726.64 847.75 963.26 776.12 750.41 929.66 878.96 855.74
Cn-S3 1032.0 1157.0 925.21 1120.7 1272.5 1020.0 988.35 1233.1 1166.5 1135.7
Cn-Co 905.40 1005.0 766.77 1024.3 1161.2 925.07 899.87 1061.0 1005.7 979.19

Delay differences figures were calculated for the two sets of measurements, and were 

used to make the bar plots Figure 6.18. Discussion starts with the 90 nm data (Figure 6.18a 

and 6.18c):

Level 1 consistently overestimates the delay, often severely, the results for case 

closest being the worst. In both closest and farthest cases, the estimation accuracy improves 

with increasing path length, to the point of being negligible for the Cin-Cout path (farthest). 

The simple Level 2 gives reasonably good performance, tending to underestimate delay for 

short paths and overestimate them for longer paths (closest and farthest). Level 3 makes 

poor predictions overall (closest and farthest).Level 4 shows strong path-length dependence, 

underestimating at first, and then overestimating with errors getting worse as the path length 

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter Six: Applications 86

U U

TBEBZmi

& &

Sfifififlrz

O tt

vivVZZTZ
uwt -I «<*» rrj

%{ asiiaiQuui (7 Aeranr)

96 \WZ&Z22ZZZ

8r::: 5*01

vK&zzzzzazzzszzzzi

m
JH& SSSJi

«j (flP4 O V, g
%( vot/sua/fia tepa)'

s  m.
S5 S? £k £“
i  tS5 sj

£  1 tu  i

a

S'S
o’ a

“ 1 ** iCT- *« £

- = 4

z'6ijniiiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

wR b 'z -

7Z’0-
WNr.1'

r z i  miliiiiiiiinimiiHHM

]VZV" ■■Hu'otr :

— F~"'- 

voNccdsw

j-ZlliillilllllHlllllllllll

1'Vl-■ ■ ■ P i’ov- 

• -.Ibsv- ..

1 ■ 1 1 p — - r — — t - '  " —|L _ _ .  r I " - J

&
■ao I 

•S fi

«N (S
■5 Io iF

N C M N  M N M I S f f S i n O s  ff) <n CSI M K' h ■ • •
%( sousjama tepa)

a«s' o uj o «> o us o'" «s mdpi n  n  n b  k  • >- v-
%( 33U3J3ff<(j Ae/a(j)

Figure 6.18: 4-Bit adder delay differences percentages according to closest and 
farthest connections in 90 nm (a) and (c) and 0.13 pm (b) and (d) respectively
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increases (closest and farthest).Level 6 model consistently overestimates path delay, but 

with the degree of error seeming to stabilize as path length increases, settling down to about 

25% (closest) and 18% (farthest). Levels 7 and 8 underestimate the delay of short 

(farthest) and very short (closest) path lengths, and then overestimate it somewhat, with the 

error settling down to about 8% and 7% respectively (closest) and 3% and 1% (farthest).

In case of 0.13 pm technology (Figure 6.18b and 6.18d), The Logical Effort-based 

method o f Level 1 seriously underestimates propagation delay except for the shortest paths, 

with the situation getting steadily worse as path length increases. The farthest situation is 

worse than the closest one, but both are bad enough to make the method unusable. Level 2 

model performs poorly in the closest case, and very well in the farthest case. Level 3 model 

continues to perform poorly overall. The path-length dependence of Level 4 it produces 

very good results in the closest case. In the farthest case, delays are moderately

underestimated, but consistently so. Delay differences (underestimation) arising through the

use of the Level 5 model would probably make it unusable in farthest situations, but they 

are small and decrease with path length in the closest case. The Level 6 model has the same 

difficulties noted in the 90 nm plots, but to a somewhat lesser extent. The difference 

attending the use of Levels 7 and 8 are consistent and small (closest), and very small 

(farthest).

The dependence of relative error on path length for models Levels 6, 7 and 8, for 

closest and farthest connections, is summarized in Figures 6.19 (90 nm) and 6.20 (0.13 pm).

— 90nm (Lfi/Sch. C)% -* -9 0 n m  (L7/Sch. C)% - * - 90nm (L8/Sch. C)%
- 4 — 90nm (L6/Sch. F)% —4-90nm  (L7/Sch. F)% - 4 -  90nm (L8/Sch. F)%

L 6. L7 and L8 = Model Levels 6.7. and 8
Tvchnoioav1 C = Ciositst Connection \

F  = Farth&st Connection I

Cin-S0 Cin-S1 Cin-S2 Cin-S3 Cin-Co 
From/To

Figure 6.19: 4-Bit Adder: Delay differences using model Levels 6, 7, 8 in closest and 
farthest connection cases. (90 nm technology)
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— 0.13um (L6/Sch. CJ% -*-0.13um (L7/Sch. q% - •  -0.13um (LB/Sch. Q% 
-*-0.13um (LS/Sch. F)% -*.-0.13um (L7/Sch. F)% - A . - 0.13um (L8/Sch. F)%

0.13um TechnologyC = C losest Connection

F = Farthest Connection

Cin-SO Cin-S1 Cin-S2 Cin-S3 Cin-C o
From/To

Figure 6.20: 4-Bit Adder: Delay differences using model Levels 6, 7, 8 in closest and 
farthest connection cases. (0.13 pm technology)

Of the three, Level 7 is the one giving the minimum average delay difference of 

5.82% (90 nm process) and 2.58% (0.13 pm).

6.7 Summary
The performances of eight delay models when computing delays along twenty five 

different signal paths in five test applications were evaluated. In each case, the performance 

was expressed in terms of a normalized delay difference to a circuit simulator’s result for 

the same delay ((Model delay -  Simulator delay)/Simulator delay); the simulator result was 

accepted as absolutely accurate.

Test applications were designed to investigate model performance in terms of path 

length, architecture, process technology and SCM length, as independently as possible.

Application-1 was a 16-bit ripple-carry adder, built from NOT, NAND, NOR, and 

XOR gates and having critical path SCM lengths no more than 2. Paths starting at Cin and 

ending with SO, S I... S15 and Cout were studied (17 paths in all).

Applications 2 and 3 were a 6x64 and a 8x256 NAND decoders, respectively. In each 

application, the same signal path was studied in all tests. Off-path structures (branching 

paths) having 1, 3, 15, and 63 gates were attached to the path under study. Acceptably 

accurate results could be obtained for both decoders. Two longest-delay paths were 

investigated, one for each decoder. SCM length = 2.
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Application-4 was an 8-bit comparator whose paths of study were made o f both NOT, 

NAND and NOR gates. SCM length = 2.

Application-5 differed from the first four in that the paths incorporated devices having 

SCM lengths o f 2, 3 and 4. This one allowed the study of the effects of having the path pass 

through the SCMs at different places. In particular, calculations were done for two extreme 

cases, one in which Cin was always connected to the SCM transistor nearest the gate output 

node, and the other in which it was connected to the farthest one.
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Chapter 7

Results and Discussion

Compared to the simulator, the different delay model levels that applied on the 

applications in Chapter 6 show a range of matching from relatively far to very close 

matching of less than 10% differences.

In this Chapter, these results will be compared to the corresponding simulator 

readings in two directions, speed and accuracy.

7.1 Model versus Simulation Speed Comparison
The elapsed time for simulating and calculating the delay for each application are 

listed in Table 7.1. The elapsed time is obtained from simulating and calculating in a UNIX 

environment on spare Sun-Blade-155 machine.

In both used technologies, the investigation o f simulator elapsed time tells that 

Application-1, the 16-bit ripple-carry adder, took the most simulation time, to be expected 

since the delay time on all 17 paths from the carry-in to each of the outputs was computed. 

(The length o f the paths increased from the Cin to SO minimum to a maximum with the Cin- 

S15 and Cin-Co paths.)

Applications 3 and 5 took the next largest simulation time. In Application-3, there 

were 82 branching gate, while Application-5 involved propagation delays along a total of 

five paths of differing length. Applications 2 and 4 required the least time -  these were 

relatively simple cases with 8 gates with 19 branching gates (Application 2), and a simple 

path of 16 gates (Application 4).
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While the times associated with model-based delay calculation are much smaller than 

the ones obtained by simulation, their magnitudes not unexpectedly follow the same 

sequence. The important thing is that the models are faster than the simulator by orders of 

magnitude. In terms of delay estimation speed, model delay Level 1 which employs five 

parameters only (see Table 7.1) is the recommended model.

Table 7.1: Elapsed times for five application circuits according to the simulator and 
delay models for 90 nm and 0.13 pm Technologies

Application
Elapsed Time (s)

16- Bit 
RCA

6x64
Decoder

8x256
Decoder

8-Bit
Comparator

4-Bit 
NAND Adder

90 
nm 

Te
ch

no
lo

gy

Simulator 74.2400 4.0300 13.5100 4.6600 10.2900

M
od

el

Level 1 0.1650 0.0516 0.0787 0.0362 0.0685
Level 2 0.3848 0.1468 0.1978 0.1155 0.1793
Level 3 0.2834 0.1996 0.1660 0.1576 0.1663
Level 4 0.2875 0.1111 0.1882 0.0944 0.1167
Level 5 0.2764 0.1187 0.2217 0.1175 0.1679
Level 6 0.3075 0.1957 0.2033 0.1882 0.1531
Level 7 0.3447 0.1384 0.2091 0.2082 0.1895
Level 8 0.3730 0.1639 0.2273 0.1672 0.1991
Average 0.3028 0.1282 0.1865 0.1356 0.1551

0.1
3 

pm 
Te

ch
no

lo
gy

Simulator 128.3100 4.9100 15.5700 5.9500 16.7600

M
od

el

Level 1 0.1844 0.0469 0.0869 0.0616 0.1086
Level 2 0.4093 0.1602 0.2149 0.1249 0.1678
Level 3 0.2901 0.1653 0.1845 0.1779 0.2264
Level 4 0.3041 0.1732 0.1632 0.1054 0.1565
Level 5 0.2872 0.1746 0.2216 0.1258 0.1807
Level 6 0.3128 0.1551 0.1621 0.1736 0.1615
Level 7 0.3474 0.1708 0.1758 0.2038 0.1822
Level 8 0.3893 0.1543 0.1743 0.1868 0.1944
Average 0.3156 0.1501 0.1729 0.1450 0.1723

7.2 Model versus Simulation Accuracy Comparison
Based on Tables 6.1 to 6.6, the delay differences with these of simulations in each 

application is calculated and plotted in Figure 7.1 for 90 nm technology and Figure 7.2 for 

0.13 pm. The delay differences in 16-Bit RCA and 4-Bit NAND adders are calculated from 

Carry-in, Cin, input signal to Carry-out, Co. This path is the longest in each adder. For the 

4-Bit NAND adder, the delay difference is plotted according to the closest and farthest 
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connection of the Cin signal to the output node in series-connected transistors along the 

Cin-Co path.

—o — 16-B RCA-Cin-Co 6K64Decoder
L1 - L8 = Model Levels 1 to  8 - o -  4-B NAND Adder - Cin-Co - Closest —Q— 8x256 Decode 
Sch. = Schem atic Simulation —o — 4-B NAND Adder - Cin-Co - Farthest —a — 8-B Comparator 

SO
SO

40

£  30 
o'S 20c

&-10 
"5
a -20

-30 

-40 

-50

(Model /  Schematic) Level 90nm Technology

Figure 7.1: Model to simulator delay error of the five applications in 90 nm technology 
considering the longest path in adders’ applications

I

Levels 2 - 5____;
S i

Levels 6 - 8

Ll/Sch. L2/Sch. L3/SCH L4/Sct>. LS/Sch. L&Sctl. L 7/Sch. LS/Sch.

—O— 16-B RCA-Cin-Co 6x64Decoder
L1 - L8 = Model Levels 1 to 8 _ o -  4-B NAND Adder - Cin-Co - Closest 8X256Decode
Sch. -  Schem atic Simulation —o — 4-B NAND Adder - Cin-Co - Farthest —is— 8-B Conwarator

70

£  40

P - 1 0 -

Leue Is 6 - 8Levels /  - 5
L1/Sch. L2/Sch. L3/Sch. L4/SCft. L 5/S Ch. L&'Sch. L 7/Sch. LS/Sch.

(Model /  Schematic) Level 0.13um Tedmoiogy

Figure 7.2: Model to simulator delay error of the five applications in 0.13 pm 
technology considering the longest path in adders’ applications

Each plot is divided into three groups. The first for model Level-1, based on the 

logical effort technique, the second is assigned to model Levels 2 to 5, and the third to 

model Levels 6, 7 and 8.
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It is seen that the most favourable results for all five applications implemented in both 

technologies appears in Group 3. Technology-influenced differences are seen in Groups 1 

and 2: 90 nm technology gives better results in Group 1 than in Group 2, a situation that is 

reversed for the 0.13 pm process.

A numerical view o f the plots illustrated by Figures 7.3 and 7.4 is given in Table 7.2 

where the minimum, maximum, and average delay differences (model vs. simulation) are 

listed by group and technology.

Table 7.2: Maximum, minimum, and average delay difference in the three groups in 
0.13 pm technology considering the longest path in adders’ applications

Tech
nology

Delay Difference 
Group 1

Delay Difference 
Group 2

Delay Difference 
Group 3

Max. Min. Ave. Max. Min. Ave. Max. Min. Ave.

90 nm -21.5% 1.8% 9.0% 51.0% 0.9% 21.1% 24.5% 1.0% 7.1%

0.13 fim -31.8% -15.3% 23.0% 57.7% -0.6% 17.5% 17.2% 0.1% 5.7%

As mentioned, figure 7.1 and 7.2 consider the longest paths in the adders’ 

applications. Figures 7.3 (90 nm technology) and 7.4 (0.13 pm technology) consider the 

shortest paths in the adders’ applications. In each adder, the shortest path is from Cin to SO.

— o — 1 6 B i tR C A  — 0— 6 x 6 4  D e c o d e r  8 x 2 5 6  D e c o d e r

— S Bi t  C o m p a r a t o r  —* v - 4 B i t  N A N D  A d d e r  C l o s e s t  — * — 4 B i t  N A N D  A d d e r  F a r t h e s t

L1 t o  Sim L2 t o  Sim L3 to Sim L4 to Sim LS to Sim L6 to Sim L7 to Sim L8 to Sim
90nm Technology d ea ly  M odel L e v e l to  S im ula tor

Figure 7.3: Model to simulator delay error of the five applications in 90 nm technology 
considering the shortest path in adders’ applications
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Figure 7.4: Model to simulator delay error of the five applications in 0.13 pm 
technology considering the shortest path in adders’ applications

In both used technologies, considering the shortest path in adders’ applications still 

keeps Group 3 as the group of the lowest delay error (the closest to the simulator). This 

leading is followed by Group 2 while Group 1 gives the largest delay error.

Again, a numerical view of the plots illustrated by Figures 7.3 and 7.4 is given in 

Table 7.3 where the minimum, maximum, and average delay differences (model vs. 

simulation) are listed by group and technology.

Table 7.3: Maximum, minimum, and average delay difference in the three groups in 
0.13 pm technology considering the shortest path in adders’ applications

Tech
nology

Delay Difference 
Group 1

Delay Difference 
Group 2

Delay Difference 
Group 3

Max. Min. Ave. Max. Min. Ave. Max. Min. Ave.

90 nm 66.5% -6.1% 36.6% 51.0% -3.9% 16.1% -12.2% 1.7% 6.6%

0.13 jum 47.9% 1.7% 27.4% 57.7% -2.8% 17.4% -22.1% 2.4% 7.8%

7.3 Discussion
For both technologies, the average errors o f each group that shown in Table 7.3 and

7.4 are plotted in Figure 7.5. Figure 7.5 (a) is considering the longest delay path in the 
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adders’ applications while Figure 7.5 (b) is considering the shortest delay path in the 

adders’ applications.

25
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Figure 7.5: Delay error vs. Group considering the longest delay path in the adders’ 
applications (a) and the shortest delay path in the adders’ applications (b)

It can be seen that 0.13 pm technology succeeded to maintain the same sequence of 

delay error from the lowest (strongly matches the simulator) to the highest (weekly matches 

the simulator) for the longest and shortest delay path in the adders’ applications. The delay 

error sequence from highest to lowest is Group 1 followed by Group 2 and lastly Group 3.

90 nm technology keeps Group 3 as the group of the lowest delay error and switches 

Group 2 and 3. For the longest delay path in the adders’ applications, Group 1 is the second 

lowest delay error and Group 2 is giving the highest error. For the shortest delay path in the 

adders’ applications, Group 2 is giving the second lowest error followed by Group 1.

One of the reasons that delay model Level 1 (in few occasions) is giving relatively 

close estimation compared to the simulator is that in all applications, the PMOS to NMOS 

size ratio is based on their 2/1 equivalent inverter. This centers the gates to give 

approximately equal rise and fall delay.

In Figure 7.6 (a), we showed a delay path that the gates on are sized based on three 

Wp/W n  ratio, 1/2, 1/1, and 2/1. Figure 7.7 (b) showed that logical effort technique is 

sensitive to this ratio and as we go from 1/2 ratio to 2/1 ratio, the difference between the 

simulator measurements and model calculations is improved.
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Figure 7.6: A delay path with gates Wp/WN values in each ratio level (a) and delay 
difference vs. Wp/WN ratio in both used technologies

It seems that increasing the level of input signal slope complexity from delay model 

Level 7 (linear) to Level 8 (quadratic and quadratic) does not provide a significant delay 

error improvement. This can be observed in Figure 7.7. This observation strengthens the 

result that we got in Section 3.7, Figure 3.9; there, we stated that as the device channel 

length shrinks, the 1st order slope increases and the 2nd order input slope decreases.

L6 to Sim. L7 to Sim. L9 to Sim. 
Delay M odel L eve l to Sim ulator

AJ».07

ZJU

-A e.95

6.07

L6to Sitti. L7toSim . LSto Sim. 
Delay M odelL evei to Simulator

Figure 7.7: Delay error vs. delay model Levels 6 to 8 with respect to simulator 
considering the longest delay path in the adders’ applications (a) and the shortest 

delay path in the adders’ applications (b)
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Chapter 8

Conclusions

Operation speed is one of the most important goals when designing VLSI. The issue 

of speed is to a very large extent one of delay along signal paths, the accurate modeling is 

therefore a crucially important part of the design process. Although commercial simulators 

like SPICE produce accurate and detailed information, they do so very slowly and a need 

for fast and acceptably accurate methods of path delay estimation is becoming ever more 

pressing as circuit sophistication increases

In this dissertation, seven delay models were investigated and compared with 

increasing level of details. These, and the already established method of Logical Effort were 

applied to five illustrative applications; the outcomes as to reliability and accuracy always 

compared with ones obtained by detailed simulations involving two important deep sub

micrometer technologies -  90 nm and 0.13 pm.

The extent of agreement varied from one level to another, and showed some 

dependence upon the nature o f the application. The closest correspondences to simulator 

results were observed with the Level 6, 7, and 8 models

Beside schematic simulations, for the first application, a 16-Bit Ripple Carry adder, 

the simulation was performed on the fully custom layouts in 90 nm and 0.13 pm 

technologies.

8.1 Overview
In this section, the thesis is reviewed in four subsections on MOSFET current, 

MOSFET and wire capacitances, delay modeling, and applications.
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8.1.1 MOSFET Saturation Current
Based on [24] and [29], This work proposed an extended MOSFET saturation current 

model which takes care of three effects that strongly affect the operation of deep sub

micrometer MOSFETs.

r.(v„-v,) - .(1+3..VJ,)
where W  is the effective width of the device, Kt is a process and device length dependent 

parameter. Z is the velocity saturation effect parameter, and M is the mobility degradation 

effect parameter. Finally, X is the channel-length modulation parameter.

8.1.2 MOSFET and Wire Capacitances
MOSFET capacitances are extracted in five different classes. The first four are ones 

proposed in this work, and the fifth is extracted based on [24]. At Class 1, a single general 

capacitance is used to calculate all MOSFET capacitances, PMOS and NMOS. At Class 2, 

the single capacitance of Class 1 is replaced by two, one for n-channel transistors and the 

other for p-channel devices. Further subdivision is done at Class 3. This time, types of 

capacitances are distinguished, gate capacitance and diffusion capacitance. Continuing in 

the same vein, Class 4 extraction is based on the recognition o f four MOSFET capacitance 

types, a gate capacitance and a diffusion capacitance for each of the two transistor types. 

The fifth class, developed earlier by Shams [24], doubles the number of capacitance types in 

Class 4 (to a total of eight), this time according to transition direction, rising or falling.

Interconnect capacitances must also be dealt with, and in this work is proposed a 

simple model to compute them. The worst-case interconnect capacitances per unit length in 

90 nm and 0.13 pm technologies are calculated to be 0.073 fF and 0.089 fF/pm 

respectively. In all applications, an interconnect capacitance o f 10 pm length metal 1 of 

minimum width wire is assumed.

8.1.3 Delay Modeling
Eight different levels of delay model are used to estimate the signal path delay. Level 

1 delay model, the first of eight, is based on the method of Logical Effort [56].

Table 8.1 give a summary of these models and the captured effects with each model. 
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Level 2 to Level 5 constructs developed in this work are based on MOSFET width, 

resistance and capacitance.The delay in these four levels is estimated based on single logic 

gate. The level of detail in the capacitance models used in developing them increases with 

the level of the delay calculation (see Table 8.1).

Delays in Level 6 , 7, and 8  are caculated based on three cascaded gates technique

[24], Level 6  version of the three models uses only the simplest approximation for the effect 

of series-connected transistors in the path. It consideres the actual number of transistors in

Table 8.1: The eight delay models summary with the captured effects for each.

Delay
Model Capacitance Input

Slope
Serial MOS 
Connection

# o f
Parameters Comments

Level 1 None None Linear 4
Based on Logical 
Effort Technique 

[561

Level 2
One general 
MOSFET 

capacitance
None Linear 5

The input Slope is 
implemented 

within the 
capacitance value

Level 3
One PMOS and one 
NMOS capacitance

None Linear 6

The input Slope is 
implemented 

within the 
capacitance value

Level 4
One gate and one 

diffusion capacitance 
for both NMOS and 

PMOS

None Linear 6
The input Slope is 

implemented 
within the 

capacitance value

Level 5

One gate and one 
diffusion capacitance 

for each of NMOS 
and PMOS

None Linear 8

The input Slope is 
implemented 

within the 
capacitance value

Level 6

One gate and one 
diffusion capacitance 

for each of NMOS 
and PMOS in each 

input signal transion

Linear Linear 24 Based on Shams 
Model [24]

Level 7

One gate and one 
diffusion capacitance 

for each of NMOS 
and PMOS in each 

input signal transion

Linear Empirical
Linear 32 Shams Model [24]

Level 8

One gate and one 
diffusion capacitance 

for each of NMOS 
and PMOS in each 

input signal transion

Linear
and

Quad
ratic

Empirical
Linear

34 Modified from 
Shams Model [24]
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the series and multiplies that by the channel resistance of a single MOSFET to obtain the 

overall effective resistance. Level 7 does consider some empirical factors when calculating 

the delay in a path containing serially connected transistors. The model is based on 

Elmore’s approximation [24], Level 8  estimates the delay the same way as in Level 7. The 

difference is when handling the input signal slope effect. Level 8  assumes a second-order 

quadratic expression while Level 7 assumes a first-order linear model for the delay 

including input slope effect. Level 8  is an extention o f level 7 [24] that is proposed in this 

work.

8.1.4 Applications
A comparison with reality of the methods described herein, the verification of the 

original proposals and of the adaptations and modifications to existing concepts and 

techniques, was done by studying five mainstream applications. The application circuits 

were chosen to determine the predictive accuracy to be expected when using the new 

method in everyday work.

Four of these applications have a maximum of two series connected transistors in 

their signal paths. The fifth was designed to have a variable number of SCMs (two, three 

and four) in the path under investigation.

It is a rare signal path that does not have other, non-path, circuitry branching off from 

it, and two of the applications were designed with the study of the effects of branching 

circuitry in mind.

While three of these applications involve delays along the longest single path only, 

the other two compute the delays along a number of paths preparatory to comparison of 

path-to-path delay differences between the simulator and different delay model levels.

In addition to allowing a general appreciation o f model and simulation differences, 

the applications provided an environment for evaluating the different delay models against 

one another.

8.2 Thesis Contributions
1 - An extended MOSFET saturation current model has been proposed and

investigated.
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•  It has been approved that as the technology shrinks, the value o f channel-length 

modulation factor, X, increases either for PMOS or NMOS.

2 - Several CMOS delay models have been presented and studied. The models, labeled

Level 1 to 8 , gradually use more capacitances.

• Some delay models are from the literature and some are introduced in this work as 

modified or diluted versions o f literature models. Modifications include second- 

order input slope effect.

•  The delay models such as Shams’s were applied to the older 0.5 pm technology 

before. We have made sure that the models are still valid and applicable to the more 

advanced technologies through our work here.

• The models are different in including the details regarding MOSFET capacitances, 

effect of input slope and effect of serially connected MOSFETs.

2 - For each delay model, the corresponding parameters are extracted for a couple of 

deep sub-micrometer CMOS technologies, 90 and 130 nm.

3 - Five different application circuits are designed to compare the accuracy of the 

models with each other and with a circuit simulator.

4 - Based on the work presented in this thesis, we can conclude the following

important points:

• Including the channel-length modulation effect in estimating the saturation current 

for MOSFETs improves the accuracy only marginally.

• The accuracy o f the model is generally improved by considering more capacitance 

parameters. Gradual improvement is illustrated between levels 2, 3, 4, 5, and 6 .

• Group 3 delay model levels (Level 6 , 7, and 8 ) seem to be giving fairly accurate

results compared to simulation, while they do not impose the computational

complexity of the simulators.

• As we move deeper into sub-micrometer CMOS region, the delay of serially 

connected MOSFETs seems to show more linear (rather than quadratic) dependence 

to the number of devices.

• As the CMOS device features keep shrinking, the dependence of the delay on input 

slope demonstrates a more linear relation. This is the difference between Level 7 and 

Level 8 .
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8.3 Future Work
This work may be extended in many ways, some of which are listed:

• Considering an application that includes extreme and exaggerated cases concerning 

the input slope and the number o f serially connected MOSFETs.

• Extending the study to more advanced CMOS technologies to confirm or perhaps 

disapprove the calculations made here.

• Investigating the intuitive and physical reasons behind our conclusions, e.g., 

regarding the effect of serially connected MOSFETs and the input slope effect.

• Building a CAD tool based on the results of this work.

• Incorporating some non-ideal behaviors that are currently ignored in the presented 

models. These include the internal nodes capacitances and body effect.

We are not yet completely sure why the more complicated models sometimes give less 

accurate results compared to the simpler models. This could be because of the internal 

nodes capacitance. Perhaps the advantages o f the more complicated models become 

more evident with more examples and considering some extreme scenarios.
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Appendix A

Current and Delay Parameters Extraction

This appendix shows how to extract the extended drain saturation current model 

(Equation 3.1) parameters X, Z, M, and Kt based on the DC analysis simulation in Section A. 1 

and based on AC analysis simulation in Section A.2. Section A.3 shows how the input 

signal slope and related parameters can be extracted. Series-connected parameters were 

extracted in Section A.4. Finally, input signal quadratic and linear slopes were extracted in 

Section A.5.

A.1 Based on DC Analysis Simulation
Here, the extraction is based on Ids vs. Vgs simulation.

A.1.1 k Parameter Extraction
This parameter may be extracted from measurements as following:

• At Vgs =  Vdd (NMOS) or Vgs = 0 (PMOS) and on Ids -  Vds plot, take two points as

(Vdsi, Ids I) at Vds i =  Vdd and (Vds2, Ids2) at 90% of Vdd

• Write Equation 1.3 for these two points as:

► Step 1:

(A.2)

(A.1)

► Step 2:

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits 1Q8
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Appendix A: Current and Delay Parameters Extraction 109

• Division yields:

l* L L = l l : x y d°i (Am3)
Ids 2 1 + ^ d s 2

► Step 3:

• Then solve for X\

X = ------- 1* * ' ! * * --------  (A .4 )
^  ds I  • I  ds l  y  ds I  * I d s  2

A.1.2 Z, M, and k, Parameters Extraction
By setting Vds = Vdd, step 4 to step 7 are used to extract Z (velocity saturation index),

M  (Mobility degradation index), and technology dependent parameter (k?):

► Step 4:

• Select three points on an Ids -  Vgs plot: (Vgsj, Idsi), (VgS2, Ids2), and (VgS3, Ids3)

• Write Equation 3.1 for each of them:

M
( Z + - )

Idsi = ^-W.(VgSl- V t ) . ( l + X V dd)  (A.5)

M

I  ds2 = KfW-(VgS2 - V t )  .(1+  X.Vdd)  (A.6)

I ds3=Kt .W.(VgS3- V t ) Vgs3 .(1 + X.vdd)  (A .7 )

► Step 5:

• Divide Equation 3.6 by Equation 3.7 and Equation 3.7 by Equation 3.8 and take 

logarithms:

+v
id s , < y & iv *) 8Sl

l o g f T ^ J - I o g r — ° ---------- j t )  (A.8)
ds2 Z + f ~

(Vgs2- Vt>

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits
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Appendix A: Current and Delay Parameters Extraction 110

z + M-
i ds2 (Vgs2-Vt )  VgS2

logf 7 ^  = \ o g (  — ) (A .9 )
ds 3 Z+------

► Step 6:

• Solving for Zand M will give:

Y I .V 4 -Y 4 .y 2
Y 3 .Y 5 -Y 6 .Y 2  

. .  Y1.Y6 — Y4.Y3M  = --------------------  (  A . l l )
Y 2 .Y 6 -Y 5 .Y 3

where:

Y l  = \ o g ( ^ - )  (A .1 2 )
*ds 2

n . W ' . ' - v . i W . r V . )
V  Vg*l r gs2

Y 3  = lo g f E ^  -  Vt )  -  \og(VgS2 - V t )  (A .1 4 )

Y 4  = lM2_ (A .1 5 )
1 ds3

Y 6 =  log(VgS2- V t ) - lo g ( V gS3 - V t )  (A .1 6 )

► Step 7:

• Kt can be found by:

*< = -------------------- ^ ------------------  (A .1 7 )
z + ^ ~

W .(V gs2 - V t )  VgS2. ( l  + X V dd)

A.2 Based on AC Analysis Simulation
Here, the extraction is based on delay simulation according to step and ramp input 

signal (Figure 3.7).

A.2.1 X, Z, M  and /^Parameters Extraction

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits
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► Step 1:

• Measure sets o f step delays (D s .NF, D s .nr> Ds.pf, D s-pf) as D Si for i = 1 -  4, at four 

different supply voltage Vi, V2, Vj, and V4 . Sets numbered 3 and 4 are simulated 

with the MOSFETs fully ON, and their values used to compute the 4 values of A:

A = D S4'V3 ~ D S 3 '^4  
V3.V4J )s3 -V 3 .V 4 .D S4

(A .18)

► Step 2:

M  =

Calculate M and Z as: 

bl.a2 — al.b2

Z  =

where:

b l.c l -  c.b2 

a 2 - M .c 2
b2

a l  = log ( D °>y - (1  + X 'V l)  
D S2.V1.(1  + X V 2)

b l = [ \o g (V 2 -V t ) ~  log ( V I  -  Vt )]

log(V2 - V t )  lo g r V j - V J
c l  =

a2 = \og(

V2 Vj

D S2.V3.(1  + X.V2 )
D S3.V2.(1 + X .V 3)  

b2 = log(V3 - V t ) - lo g ( V 2 - V t )  

log(V3 - V t )  log (V2 - V t )c2 =

(A .1 9 )

(A .2 0 )

(A .21)

( A 2 2 )

( A 2 3 )

(A .2 4 )  

(A .25  )  

(A .26  )

► Step 3:

Calculate Kt as:

« t  =
c Ly 2

(Z J L )
2J)S2.(V 2 - V t ) Z+V2 .(1+  X.V2 )

(A .27  )

► Step 4:

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits
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• Calculate v according to Equation 3.31.

A.3 Input Slope Factor and Related Parameters Extraction

► Step 1:

• At V2 , use a ramp input signal of r  transition time (1 ns in this work) and measure 

the delay (D). Calculate a as:

a  = [ ( l  + ± L )  + ( T - 2- ( » Z » S2 ) j j  _  !  (A .2 8 )
Vdd 2*

► Step 2:

• Calculate the slope factor S  as:

S  = l f - - 1 ~ V t/V dd  J (A .29)
2 1 + a

A.4 Series-Connection Parameters Extraction

► Step 3:

• Double the number of transistors connected in Figure 3.7, replacing each NMOS 

and PMOS with two in series.

► Step 4:

• Measure the step delay Dsiseries and Ds2Series at Vi and V2  respectively. Calculate 

x  andy  as:

y  = (A . 30 )
b - d

x  = a - 1 4- y A  ( A .31)

where:

a = RsiSeries_ ( A.32)
D S 1

Vi
b = ~  <A-33>

v  t

c =  ^ I S e ries ( A 3 4 )
DS 2

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits
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b = —
Vt

(A .3 5 )

A.5 Input Signal Linear and Quadratic Slopes (SI and S2) Extraction

• Connect two identical inverters of minimum L  and W p / W n =  6/3 as in Figure A.1

• Apply a step input signal and measure the step rising and falling delay across G, as 

D S R j and D S h i

•■ O U T

Figure A.1: Two cascaded identical inverters of minimal size

Modify Figure A. 1 as in Figure A.2

•  OUT

S 2  =

S I  =

where:

I N » — Sr

Figure A.2: Three cascaded identical inverters of minimal size

As changing the input signal transition (for both rising and falling) from ~ 0 s to 3

ns, measure Dm, Dm-i, Dpi and Dfu

Plot Dm as a function of Dm-1 and D fi as a function of D ffi

Take two points on each plot, (Dim, D1Ri-i) at small transition time and (D2m, D2m.

;) at large transition time. Similarly, assign (D1Fi, Dm .i) and (D2Fi D2Ft-i)

SI, S2 are calculated according to: 

a — b

a2 - 1  — S 2  .b22

(A .3 6 )  

(A .37  )

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits
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a = a- ^ -  (A .3 8 )
b2

6 = ^ — ^ (A .3 9 )
h

c = b2 -  bt (A .4 0 )

Dnai = - f -  (A .4 1 )
D Si

D 2-
a2 = - f -  (A .4 2 )

D Si

Dn ib1 = - ± L  (A .4 3 )
D s f

D2; i
( A .4 4 )

USi

• Using (Dim, Dmi-i) and (D2Ri, Dm-i) in Equations 3.54 to 3.61 give SIr and S2r

• Using (D ifi, D ifi-i) and {Dm, D2Fi-i) in Equations 3.54 to 3.61 give SIf and S2f

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits
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Appendix B

MOSFET Capacitance Extraction

This appendix is assigned to give the full procedures o f extracting the MOSFET 

capacitances over five different sections. Each section is assigned for specific class of 

extraction.

B .l MOSFET Capacitance Extraction: Class 1

PD 'PC 'PL

NC ML'HD

Figure B .l: Closed-loop chain of three inverters

A closed-loop chain of three inverters (Figure B .l) is used to extract the single 

capacitance parameters of Class 1. The extraction o f Cmosjet takes place in the following 

steps:

► Step 1:

• Set all transistors length to L = minimum length set by used technology

• Set WPD = WP = Wpl =  Wi -p  = 102,

• Set WND = WN = WNL = Wj.N = 5L

• Measure the loop frequency as F1

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits 115
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► Step 2:

• C a l c u l a t e a n d / / . j v  and//., as:

(B . l )

Id l—N ~ Kt-N 'W l-N  ~ Vt - N )
( Z N  +

.(1  + XN V ds) (B.2)

ld l -T  ~  ^ d l-p  +  ^ dl-N (B.3)

where Kt-p, Zp, Mp, Ip , Km, Z n, M u  and An  are as indicated in Table 3.3 for PMOS and 

NMOS respectively in both of used technologies, 0.13 pm and 90 nm.

► Step 3:

• Compute CmoSfet as:

< W ,  -  (B .4)J 3.Vdd .Fj .Idl_T .30.L

B.2 MOSFET Capacitance Extraction: Class 2
In this Class, one parameter each is used to describe the capacitances of NMOS and 

PMOS transistors, Cp for PMOS, and Cn  for NMOS. The following steps are taken:

► Step 1:

• Measure Fi and calculate Idi-p,Idi-n , and l di-r as in step 1 and 2 in section B.l.

► Step 2:

• Keep all transistors length to L = minimum length set by used technology

• Set WPD = WP = WPL = W2.P 15L

• Set WND -  WN = Wnl = W2-n  = 5L

• Measure the loop frequency as F2

► Step 3:

• Calculate I2.P and I2_N and I2_T as:

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits
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(z P+f
^ d 2 - P  ~ K t - P ^ 2 - P ' ( V g s  V f - p )  gS - ( 1 + A . p . V d s )

(  z N+1r f L)
^ d 2 —N  ~  K t - N " W 2 - N  ' ( V g s  — V t -  N  )  gs . ( 1  +  X N  . V j s )

3 d 2—T  ~  ^ ^ 2 - p  ■*" ^ d 2 —N

(B.5)

(B.6)

(B.7)

► Step 4:

• Compute Cp and Cn  as:

CP -  X 2 -  X I  

CN = X 1 - 2 .C P

where X I  andX2 are given as:

( 3 3 d l - P ' ^ d l - N  )X I  =

X  2 =

3 .V dd • F i  -3d  i - j  -1 0 J L

( 3 3 d 2 - P  ’^ d 2 —N  ̂

3Vdd .F2-3d2-T'3^'3

(B .8)

(B.9)

(B.10)

( B . l l )

B.3 MOSFET Capacitance Extraction: Class 3
This class, Class 3, proposes two capacitances; a gate capacitance, Cg, and diffusion 

capacitance, Q , are set for either NMOS or PMOS.

► Step 1:

• Measure F j  and calculate Id i-p , Idi-N, and Id i-r  as in step 1 and 2 in section B. 1.

PB 'PBPB

MBrNB 'HB

'PD 'PL'PC

'ML'HC'HD

Figure B.2: Closed-loop chain of three inverters with branches
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► Step 2:

• Load each inverter in Figure B. 1 by one inverter as in Figure B.2.

• Keep all transistors length to L  = minimum length set by used technology

• Set WPD = WP = WPL = WPB = W3.P 10L

• Set WND =W N = WNL = WNB = W3.N = 5L

• Measure F3

► Step 3:

• Calculate I3,P and I3,N and I3_t as:

(ZP+Mj‘)
h 3-P = Kt - p w 3- P .(v gs - v t_p )  v*  . ( i  + X p y ds)

(ZN+~tL)
I d3-N = K t-N W 3- N .(V gs- V t_N )  - ( i + x N y ds)ld3-N

I d3-T  = I d 3- P  +  I d3- N

(B .1 2 )

(B .13 )  

(B .1 4 )

► Step 4:

•  Compute Cg and Q  as: 

Cg = X 4 - X 3  

Cd — X 3  -  Cg 

where X3 andX4 are given as: 

(2 -Idj_p ' I d3-N  )
X 3  =

X 4  =

3'Vdd 'Fi'Id i-j'  15*L 
( 2 J d 3_p .I d 3_N ) 

3 y dd -F3-I(i 3- t -15-L

(B .15  )  

(B .1 6 )

(B .1 7 )  

(B .18  )

B.4 MOSFET Capacitance Extraction: Class 4
At this class, four MOSFET capacitance parameters are introduced, one set of two for 

each device type. These are denoted Cpg, Cpy, Cjvg, and CnJ, their extraction is done in the 

following steps:

► Step 1:

• Measure Fj and calculate Id  up, M un, and Idur as in step 1 and 2 in section B 1. 

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits
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► Step 2:

• Repeat step 2 in section B .2.

► Step 3:

• Calculate I2.p and I 2.n  and I2.pas> in step 3, section B .2.

► Step 4:

• Keep all transistors length to L  = minimum length set by used technology

• Set WPD = WP = WPL = W4.P = 10L

• Set Wm  = WN = WNL = W±N = 10L

• Measure the loop frequency as F4 according to Figure B.l.

► Step 5:

• Calculate I4.P and I4.N and I4.T as:

► Step 6:

• Measure F3 and calculate Id3.P, Id3.N, and Id3.T as in step 2 in section B .3.

► Step 7:

• Keep all transistors length to L = minimum length set by used technology

• Set Wpd = WP = Wpl = Ws-p = 10L, and WPB = 15L

• Set WND = WN = WNL = W5.N = 5L, and WNB = 5L

• Measure F5.

► Step 8:

• Calculate I5.P and IS.N and I5_T as:

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits

I d4 -N ~ Kt-N 'W4-N '(Vgs Vt_ N )  ' (1  + y ds ) (B .20 )

(B .21)^d4—t ~ Id4-P  + ^d4-N

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix B: MOSFET Capacitance Extraction 120

(ZP+ ^ J
I d 5- p  = K t - p W s - P ' ( V g S ~ V t- p  )  gs . (1 +  X p . v d s )

( z N+ ^ )
Id S-N = K t-N 'W5-N • (  Vgs ~ Vf- js/ )  gS • (1  +  A  jy  .Vds )

Id S-T = Id 5 -P + Id5-N

► Step 9:

• Keep all transistors length to L = minimum length set by used technology

• Set WPD = WP = WPL = W5.P = 10L, and WPB = 10L

• Set WND = WN = WNL = Ws-n  = 5L, and WNB = 10L

• Measure F6.

► Step 10:

• Calculate h-p and h-N and h-r  as:

(ZP+^-E~)

id6~p =ict-pi^6-P'(Vgs ~Vf-P ) ss - a + i p y * )

I d 6 - N = « t - N W 6_N -(VgS- V t - N )  ^  -(1 + *N-Vds)

I d  6—T =  Id  6—P +  I d 6 - N

► Step 11:

• Compute Cpg and C.vg as:

C P g = X 9 - X 8

C Ng = X 1 0  — X 8

• Compute Cpd and Caw as:

C Pd = ( X 6 - X 5 ) - C Pg 

C Nd = ( X 7 - X 5 ) - C Ng

where X5, X, X7X8, X9, and X10 as:

_ (2 'Id l-P 'Id l-N  )
I' Vdd. Fj .1 d j_j  . 5.L

Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits

(B.22)

(B.23 ) 

(B.24)

(B.25)

(B.26)  

(B.27 )

(B.28 ) 

(B.29)

( B.30)  

(B.31)

( B.32)
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X 6  =

X 7  =

X 8  =

X 9  =

X 1 0  =

( 2 J d2. P '^d2—N )

3»Vdd *^d2—T
( 2-1 d3_p J d3_ N  )

^ d d ' ^ 3  Jd3—T • ^

(2-1d4-P '^d 4—N )  

^ d d ' ^ 4  Jd4-T

(2-1 d5_p J d5_N )

3-Vdd '^5 Jd S -T "

( 2-Id6_P -Id6_N )  

3-Vdd -^6 ‘̂ d 6-T *

(B .33)  

(B .34  )  

( B . 3 5 )  

( B .3 6 )  

(B .3 7 )

B.5 MOSFET Capacitance Extraction: Class 5
This is the most detailed o f the MOSFET capacitance parameter subdivisions being 

considered. A chain of inverters (Figure B.3 [24]) provides the circuit model used to extract 

gate and diffusion parameters o f PFETs and NFETs specialized to rising and falling 

transition directions.

Drive Cell
J

WP„ — C|

Wt(D

W,PC H

Load
J

W,N C

w,PL

■H>°i
r .

Figure B.3: CMOS inverters chain [24]

The falling propagation delay, Dp-Ceii, and rising propagation delay, DR-ceii, of the cell 

gate shown in Figure 4.9 are [24]:

D F -C e ll = D S F -C e ll + $ F N  SR -D rive  (B .3 8 )

D lt-C e ll ~  ^ S i t - C e l l  +  $  P R -D  SF -D rive  (B .39)

where:

V N FDS F —Cell
WNC

’(WpL-Cgpp  +  PFjyl-Cg + Wpc-CdpF +  WftC’C d N F  ) ( B .4 0 )
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DSR-Cell = '(WPL-CgpR + WNL'CgNR + WPC ‘CdPR + WNC 'Cd NR )  (B .41)

DSF-Drive = -(WPC 'C g PF + WNC'CgNF + WPD'C dPF + WND'CdNF )  (B .42)

BSR—Drive = ^  -(Wpc -CgpR + WNC 'CgNR + WPD ‘C d p R  + WND'^d NR )  (B .43)
"ND

The subscripts D, C, and L  distinguish the drive, cell, and load gates in the chain. The 

subscripts P  and N  indicate the device type. A subscript of R indicates relevance to rising 

transitions, and one of F  relevance to falling transitions.

The capacitance parameters, named CgPR, CgNR, CgPF, and CgNF (gate parameters) and 

CdPR, CdNR CdPF, and CdNF (diffusion parameters), are extracted using the following steps:

► Step 1:

• Set Wpd  =  Wpc = Wpl = Wpi and Wnd =  Wnc  =  Wnl =  Wnj

• Measure the cell gate rising and falling delay as DR1 = DR.Ceu and DF1 = DF_CeU

► Step 2:

• Set WPL=Wp2  and measure the cell gate rising and falling delay as DR2 = DRjCen and 

DF2 = DF-Cell

• Calculate:

CRP. = — -Z R 1~ t R2 <B -44)VpR ' W „ - W p l

W N 1  B F 1  ~  D F 2 (B .55  )
8 N F  V n f  Wp l - W p2

► Step 3:

• Reset the widths to step 1.

• Set WNL = WN3
• Measure the cell gate rising and falling delay as DR 3 = DR-ceii and DF 3  = DF-ceii.

• Calculate:

C (B.56)Sm vm wN,-ir!ls
Current and Delay Estimation in Deep Sub-micrometer CMOS Logic Circuits
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C * „ * = — ■D f ' ~ D f 1  ( B . S 7 )
8NF Vnf  WN 1 - W N3

► Step 4:

• Reset the widths to step 1.

• Set Wpc = Wp4

• Measure the cell gate falling delay as DF4 = D FCeii-

• Calculate:

C , „  =  * U L .( Dn - D"  - 5  . r £ S - .c  ) ( B.SS)
v Nf  W p i - W P4 NF WP1 gPRJ ' '

► Step 5:

• Reset the widths to step 1

• Set Wnc = Wns

• Measure the cell gate falling delay as DR5 = D RrCe-a

• Calculate:

™  ypR W m - W n s  n w m  *«<■'

► Step 6:

• Reset the widths to step 1.

• Set Wpd — Wpc — Wpl = Wp6

• Measure the cell gate rising and falling delay as DR6 = DR_CeU and DF6 = DF_Cen.

• Calculate:

c d N F = ^  <B-M>

Q  pg = b + C.Q jyy ( B. 61)

where:„ D K, . y 6 - D n * l  ( B 6 2 j

V P R ’ ( D F6 N F - D r I . )  

b =  D R6 - y l - D F l - x 6 ( B 6 3 )

V  PR  • ( d f i  ~  S N f - D r 6 . )

c =  V n f -(1>R6 - S p r Df l )  ( b  64)
V PR  • ( d f i  -  SNF .Dr& )
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^  _  v N F '(DR1 ~ S PRD F6.) 
v PR •(DF6 -  Sf fF *DRL )

x I  = % 3L- ( w ” -C*pr + + » W < W +
SpI t^ W pi -CgpF + WrtI.Cg m  + WPI.CipF)

” N1

xft = ^ R- .< WP(, .Cg pl{ + K' Vft -Cg yft + If' .Vrt -F il \ p   ̂+

S p p - ^ - ( W r6 .C + WN6 .C + WP6.CJPF )
”  N6

y l = ^ ' < w p,'cgr<F + W m 'c *«” + Wp‘ c i p F  >+

S " F‘- W ^ - <Wp' c * ™ + W m  + W m  £ d ™ }

y6 = 'Lm- . ( Wp6 ,c SNF + WN6.CSNF + wPt .c„ PF)+  

s ^ - ^ R~-<w p ^ c bpr +Wm -C*NR + w ™-c *m >
"  P6

Table B .l gives the widths to be used in steps 1 to 6 in the case of 0.13 pm 

technology, while Table B.2 gives them for the 90 nm case.

Table B .l: NMOS and PMOS widths to Cg and C/in 0.13 pm technology

Step WPD (pm) Wpc(pm) WPL (pm) WND(pm) WNC(pm) WNL (pm)
1 9.00 9.00 9.00 3.00 3.00 3.00
2 9.00 9.00 12.00 3.00 3.00 3.00

3 9.00 9.00 9.00 3.00 3.00 6.33

4 9.00 12.00 9.00 3.00 3.00 3.00

5 9.00 9.00 9.00 3.00 6.00 3.00

6 6.00 6.00 6.00 3.00 3.00 3.00

Table B.2: NMOS and PMOS widths to Cg and Cd\n 90 nm technology

Step Wpd (pm ) Wpc  (p m ) Wpl (pm ) Wnd (pm ) Wn c (p m ) Wnl (p m )

1 2.70 2.70 2.70 0.90 0.90 0.90

2 2.70 2.70 3.60 0.90 0.90 0.90

3 2.70 2.70 2.70 0.90 0.90 1.80
4 2.70 3.60 2.70 0.90 0.90 0.90

5 2.70 2.70 2.70 0.90 1.80 0.90

6 1.80 1.80 1.80 0.90 0.90 0.90
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