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Chapterl
Introduction



Since the birth of the integrated circuit (IC) by Jack Kilby in 1958, the development
of semiconductor technology is always attracting the eyes of the world. Nowadays life
is more and more convenient due to the rapid development of very large scale
integrated (VLSI) circuit.

With the scaling of process technology, the number of transistors in one chip is
increased. Meanwhile, the complexity of VLSI circuit is also increased. In the
practical industry, the cost and time are two main metrics for VLSI design and
fabrication. Especially, when the process technology enters nanometer era, the value
of semiconductor factory has reached to ten billion dollars. Therefore, VLSI
verification is becoming one critical step in VLSI process. Designers can use VLSI
verification technology to check the accuracy and performance of the circuit which
will save the cost and time consumption. In fact, over 50% of the resources invested
in developing systems are reportedly spent on verification [1].

VLSI systems include digital design and analog design. Timing analysis is an
important verification method in digital VLSI design. It simply refers to the analysis
of timing issues in the design. There are two main methods for timing analysis: static
timing analysis (STA) and timing simulation. STA is one of the many techniques
available to verify the timing of a digital design [2]. An alternate approach used to
verify the timing is the timing simulation which can verify the functionality as well as
the timing of the design [2].

Digital VLSI system contains a large number of gates and interconnects. Delay is
an important performance in timing analysis research. The delay of digital IC includes
gate delay and interconnect delay. For digital CMOS integrated circuits, models of
gate delay have been proposed in many conventional researches. With the scaling of
CMOS process technology, the overshooting effect is become obvious which cannot
be neglected [3]. Especially, when digital VLSI enters nanometer era, the
overshooting effect is much more obvious and the overshooting time become a
dominant component of gate delay [4]. Therefore, the overshooting effect of CMOS
gates is analyzed in this dissertation and how to calculate overshooting time of
multiple-input gates is also proposed.

The rest of the introduction is composed of three sections. In Sect. 1.1, the
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background of the research is introduced. In Sect. 1.2, the motivation of this research

is proposed. Finally, Sect. 1.3 the rest of the dissertation is given.



1.1 Background

1.1.1 Timing Analysis in VLSI Design

The evolution of CMOS technology allows designs with millions of gates to be
integrated on a single chip. When designers analyze these complicated digital VLSI
systems, timing analysis is widely used to estimate the ability of a VLSI circuit to
operate at the specified frequency. In Fig. 1.1 [2], a typical CMOS digital design flow
is shown. In a CMOS digital design flow, timing analysis can be performed at many
different stages of the implementation [2]. For example, during the logic design,
designers can use timing analysis to calculate the path delay and confirm whether the
longest path delay meets the design criteria. During the physic design, timing analysis
can be used to analyze the influence of interconnect and calculate the interconnect

delay.

Logical design

[ Synthesis }

. ——

h 4

[ Logic optimization }

-

Timing
analysis

Phvsical design

— ] :
[LPlacement ]

r

[ Clock tree synthesis }

r

[ Routing ]

Figure 1.1 CMOS digital design flow.



The crucial work in timing analysis is to calculate the signal propagation delay. The
propagation delay is the length of time which starts when the input to a logic
gate becomes stable and valid, to the time that the output of that logic gate is stable
and valid [2]. Without considering the interconnect affection, the propagation delay
can be regarded as the gate delay. The gate delay of an inverter is shown in Fig. 1.2.
The gate delay is defined as the time difference when the input and the output

voltages are at 50% of supply voltage Vpp [28].
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Figure 1.2 Gate delay of an inverter.

The interconnect resistance comes from the interconnect traces in various metal
layers and vias in the design implementation [2]. The interconnect capacitance
contribution is also from the metal traces and is comprised of grounded capacitance as
well as capacitance between neighboring signal routes [2]. If considering the
interconnect resistance and capacitance, the propagation delay is composed of gate
delay and interconnect delay as shown in Fig. 1.3. In the conventional gate delay

models, some models [5]-[10] focus on the modeling of CMOS gate without
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considering the interconnect and some models [11]-[16] focus on the analysis of the

interconnect influence on the delay.

Gate delay
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Figure 1.3 Propagation delay of an inverter.

1.1.2 Empirical Gate Delay Model

A simple timing model is linear delay model [2], where the delay of CMOS logics
is expressed as a linear function of the two parameters: input signal transition time
and load capacitance. The general expression of the delay tp using the linear delay
model is shown below

tp =tpo +tpy *tin +tp2 ¥ Cp (1.1)
where tpg, tpi, tpy are constant parameters, t;, is the input signal transition time,
and C;, is the load capacitance. However, only considering the input signal transition
time and load capacitance is not accurate enough to reflect the gate delay for CMOS
logics in submicron and nanometer range. Therefore most cell libraries presently use
the more complex models such as the non-linear delay model [2].

The lookup table model, which is widely used as empirical gate delay model in

industry, is referred to as NLDM (Non-Linear Delay Model) and used for delay,
9



output slew, or other timing verification [2]. Lookup table model use a
two-dimensional table which stores the gate delay data considering the variations of
input signal transition times and load capacitances. In Fig. 1.4, the lookup table of an
inverter is given. The horizontal axis is the information of different load capacitances
and the input signal transition times are listed in the vertical axis. Circuit designers
can check the timing information of CMOS logics easily according to the lookup table

date proposed by manufacturers in advance.
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Figure 1.4 Lookup table for gate delay calculation.

With the scaling of CMOS process technology, the effect of interconnect resistance
becomes larger which cannot be neglected in delay calculation. In order to model the
CMOS gate with RC interconnect load, a one-segment RC- 7 model is proposed by

O’ Brien and Savarino in [17] as shown in Fig. 1.5.
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Figure 1.5 RC- 7 model for gate delay calculation.

After using RC-« model, the gate with complicated RC tree can be simplified to
the gate driving only three factors. Although the simplified gate driving RC tree is
simple, it can reflect the influence of interconnect factors. The delay of CMOS gate
using RC- = model is related with four parameters which is shown as

tp = f(t;n, C1, R, Cy) . (1.2)

Lookup table model is widely used in practical industry, while RC- 7 model with
four parameters shown in Eq. (1.2) make it difficult to use the lookup table model.
Therefore, the effective capacitance models [18]-[23] are presented to calculate the
gate delay when RC-x model is used. As shown in Fig. 1.6, an effective
capacitance is used to replace the RC loads of RC-n model. The appearance of
effective capacitance model can make the lookup table model widely used in practical

industry.

_/_4|>2J_,\/\R/\’J_ :> _/_4|>91C
Ieff

¢ T &I

Figure 1.6 Effective capacitance used in RC-7 model.
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1.1.3 Formula-Based Gate Delay Model

Although empirical gate delay model is very convenient in practical industry, the
lookup table needs to be improved according to the improvement of CMOS process
technology. Moreover, what parameters of transistors will affect the gate delay and
how can those parameters affect the gate delay are also not understood easily if only
using the empirical gate delay model.

Therefore, formula-based gate delay models are proposed in [24]-[38]. These
models predict the gate delay through analyzing the electrical characteristics of
transistors. They construct many equations according to analyzing the operations of
transistors. After using reasonable approximation method, these equations can be
solved and the gate delay can be expressed in the form of expressions which include
electrical parameters, input conditions and output conditions. Obviously, the
advantage of formula-based gate delay model is that we can find which parameters

affect the gate delay and how those parameters affect the gate delay.

1.1.4 Overshooting Effect of CMOS Gate

The overshooting effect, caused by the existence of input-to-output coupling
capacitances, is the phenomenon that the output signal of CMOS logics gets out of
power supply at the beginning of transition [3]. A CMOS inverter considering the
input-to-output coupling capacitances is shown in Fig. 1.7.

In Fig. 1.7, Vi, and V,,; are the input and output voltage. C; is the load
capacitance. Cy is the input-to-output coupling capacitance. When a falling signal is
connected to the input of the inverter in Fig. 1.7, the output voltage will be below 0 at
the beginning of transition due to the existence of input-to-output coupling

capacitance as shown in Fig. 1.8.
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Figure 1.7 CMOS inverter considering the input-to-output coupling capacitance.
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Figure 1.8 Output voltage of the inverter.
In Fig. 1.8, the gate delay is expressed as
_ tin
tp = toy * Lrise ==~ (1.3)

2
where t,, is the overshooting time, t,jse is the output voltage rise time which is

defined from t = t,, to the time when the output voltage reach 50% of the supply
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voltage, t;, is the input signal transition time. It can be obtained from Eq. (1.3) that
the overshooting time t,, is a component of gate delay tp.

When the long channel transistors are used conventionally for CMOS gate, the
overshooting effect is not significant for digital circuits and is only important for
analog circuits [40]. Transitional gate delay models [24]-[27] consider the input
transition time, output load capacitance and transistor size while the influence of the
overshooting effect is not taken into account. In submicron range, the overshooting
effect becomes significant and thus begins to be considered in CMOS gate analysis
[28]-[33][41][42]. With the scaling of CMOS process technology to nanometer range,
the overshooting effect is paid much attention in gate delay models. Moreover,
accurate overshooting effect models for CMOS inverter are specially presented in
[2][3]. However, accurate model of the overshooting effect for multiple-input gate is
seldom presented although the overshooting time of multiple-input gate still has

significant influence on the gate delay.
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1.2 Motivation of this Dissertation

Timing analysis is a useful verification method which is widely used in digital
VLSI designs. Gate delay is an important focus in timing analysis research. Accurate
gate delay model is convenient for designers to estimate the delay. Some
formula-based models are also helpful for researchers understand how the parameters
of transistors and load conditions affect the gate delay. Moreover, the nature of
simulation methods for timing analysis is using mathematic equations to predicting
some action or performance of digital circuit. Therefore, an effective and accurate
gate delay model is strongly needed which can be incorporated in simulation tools.

Gate delay models need to be improved frequently due to the improvement of
CMOS process technology. Traditionally, the gate delay models of CMOS logics
[24]-[26] are related to transistors’ sizes, input signal transition times, and output
loads while the overshooting effect is not considered. Since the advent of submicron
range, the second-order effects which include input slope and input-to-output
coupling effects become dominant factors. Then the overshooting effect becomes a
concern factor in order to improve the accuracy while modeling the gate delay or
power consumption for CMOS logics [31][32][41][42]. Along with the further
research, simple expressions describing overshooting times of an inverter are given in
the gate delay model and power consumption model in [33] and [39], respectively.

With the obviousness of the overshooting effect for CMOS gates in the nanometer
regime, more and more attention has been paid to the research about modeling the
overshooting effect for CMOS gates. Recently, accurate overshooting effect models
for CMOS inverter are specially presented in [2][3]. For multiple-input gates, the
overshooting effect is also obvious and has the same influence to gate delay and
power consumption as an inverter. However, less work has been done to develop an
accurate overshooting effect model for multiple-input gates.

Therefore, the overshooting effect of multiple-input gates is considered as the

theme of this dissertation. Two overshooting effect models for multiple-input gates are
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proposed. Firstly, a simple model using proportional coefficient is presented and it can
model the overshooting effect of two-input gate accurately. Secondly, in order to
expand the scope of the overshooting effect model, an effective model of the
overshooting effect for multiple-input gates is proposed. The second model is

formula-based and can be applied to many kinds of multiple-input gate accurately.
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1.3 Dissertation Organization

The dissertation is organized with five chapters as follows:

In Chapter 1, “Introduction”, the background of the research in this dissertation is
presented. Timing analysis is widely used in VLSI verifications. Firstly, the
importance of timing analysis is introduced and the gate delay in timing analysis is
also introduced. Secondly, empirical gate delay models are analyzed where the
look-up table model and RC- 7 is reviewed. Subsequently, the advantage of the
formula-based gate delay models is clarified. Because the overshooting effect is the
main research objective of this dissertation, it is briefly introduced in Chapter 1.
Moreover, motivation of this dissertation is given. At last the organization of this
dissertation is described in this chapter.

In Chapter 2, “Preliminaries”, the phenomenon of the overshooting effect for
CMOS gate and its influence is introduced in detail. Firstly, conventional
overshooting effect model for CMOS inverter is reviewed in Sect. 2.1. Subsequently,
the overshooting effect of CMOS multiple-input gates is analyzed in Sect. 2.2. Then
the influence of the overshooting effect for multiple-input gates is considered in Sect.
2.3. After analyzing the overshooting effect models for CMOS inverter and
multiple-input gates, why modeling the overshooting effect of multiple-input gates is
concluded in Sect. 2.4.

In Chapter 3, “Modeling the Overshooting Effect of 2-Input Gates in Nanometer
Technologies”, a model which can model the overshooting effect of 2-input
multiple-input gates is proposed. In Sect. 3.1, the background and purpose of Chapter
3 are given. Then the overshooting effect of 2-input NOR gate is analyzed briefly in
Sect. 3.2. After that, the proposed model of the overshooting effect for 2-input gates is
introduced in detail. There are two different input conditions for 2-input NOR gate,
the overshooting time expressions and the proportional coefficient method are given
in Sect. 3.3. How to extend the proposed model in Sect. 3.3 to 2-input NAND gate

condition is presented in Sect. 3.4. In order to verify the accuracy of the proposed
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model, simulation results are shown in Sect. 3.5 under many conditions. Finally,
Chapter 3 is concluded in Sect. 3.6.

In Chapter 4, “An Effective Model of the Overshooting Effect for Multiple-Input
Gates in Nanometer Technologies”, the model which can model the overshooting
effect of many multiple-input gates is proposed. Firstly, the background and the
research purpose are given in Sect. 4.1. Subsequently, the motivation and advantage
of proposing the model are analyzed in detail in Sect. 4.2. Section 4.3 is the main part
of Chapter 4 where the proposed model is introduced comprehensively. In Sect. 4.3.1,
the formula-based overshooting effect model for 2-input gate is given. How to model
the overshooting effect of 3-input gate is presented in Sect. 4.3.2 where three different
input conditions are all considered. After giving the overshooting effect model for
2-input and 3-input gates, the extension method of the proposed model to other
multiple-input gates is presented in Sect. 4.3.3. After giving the model of the
overshooting effect for multiple-input gates, experimental results are shown in Sect.
4.4 which reflect that the proposed model can predict the overshooting time of
multiple-input gates accurately. Section 4.5 clarify the application of the proposed
model, in which, the proposed model is used to improve the accuracy of gate delay
calculation and predicting the output waveform of Thevenin equivalent model.
Chapter 4 is concluded in Sect. 4.5.

Finally, “Conclusions”, contains the conclusions of the dissertation and future work,

is presented in Sect. 5.
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Chapter2
Preliminaries
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With the development of CMOS process technology, gate delay models of timing
analysis need to be improvement frequently. In micron range, the overshooting effect
of CMOS gates is not considered. When entering the submicron range, the
overshooting effect begins to be considered. Recently, the CMOS process technology
has been in the nanometer era, the overshooting effect becomes much more obvious
and cannot be neglected again. Moreover, the overshooting time of CMOS gate will
have a significant influence on gate delay calculation.

The phenomenon and the induction of the overshooting effect for an inverter are
firstly introduced. Subsequently, how can the overshooting time of an inverter affect
the gate delay is also analyzed. Due to the importance of the overshooting effect for
an inverter in nanometer technologies, researchers have already proposed accurate
overshooting effect models for an inverter. The conventional overshooting effect
model for an inverter is reviewed comprehensively because it is useful for further
research.

Although the overshooting effect model for an inverter has been proposed, the
overshooting effect model for multiple-input gates is seldom considered. Therefore,
some multiple-input gates are chosen as the objective to verify whether the
overshooting effect of multiple-input gats is still obvious. The answer is yes and the
phenomenon of the overshooting effect for multiple-input gates is clearly shown. The
influence of the overshooting effect for multiple-input gates is considered in this
section. It can be found that the overshooting time of multiple-input gates still occupy
a large amount of gate delay. Without including the influence of the overshooting
effect, the gate delay calculation for multiple-input gates will induce errors.

Therefore, based on specific clarification, the reason why the dissertation focuses
on the modeling of the overshooting effect for multiple-input gates are presented at

the end of this section.
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2.1 Overview of Conventional Overshooting Effect Model

for CMOS Inverter

As introduced in Chapter 1, the overshooting effect of CMOS gates is important
when the process technology enters nanometer regime. Therefore, some researchers
begin to model the overshooting effect for CMOS inverter specially. In this section, a

conventional overshooting effect model of CMOS inverter in [3] is reviewed.

2.1.1 Introduction of the Overshooting Effect for CMOS Inverter

In micron range, the common value of the gate delay for CMOS gates is more than
10ns. In submicron range, the gate delay for CMOS gates decreases to no more than
10ns. However, the overshooting time in micron and submicron range is very small.
For the gate delay, the overshooting time is a very little component. As shown in Fig.
2.1, when a falling signal is connected to the input of an inverter using 0.18um CMOS
process, the overshooting time is 346ps and the gate delay is about 3.27ns. It can be
clearly found that, compared with the gate delay, the overshooting time is so small
that can be almost neglected. Therefore, the overshooting effect is also not paid much
attention in micron and submicron range.

When the process enters nanometer regime, the high requirement for the speed
means the decrease of input signal transition time. Thus, the gate delay for CMOS
gates also decreases to picoseconds. Meanwhile, the order of the overshooting time is
picoseconds. The overshooting time begins to be an important component for the gate
delay. Therefore, the overshooting effect becomes significant and cannot be ignored
anymore.

A CMOS inverter with the load capacitance Cp is shown in Fig. 2.2, where the

input-to-output coupling capacitance Cy; is considered.
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Figure 2.2 CMOS inverter considering the input-to-output coupling capacitance.

Figure 2.3 shows the output voltage V,y of the CMOS inverter when a falling

The gate delay tp is

input signal applied using CMOS 32nm PTM model [43].

defined as the time interval from Vi, = Vpp/2 to Vyut = Vpp/2. According to the
22



output voltage shown in Fig. 2.3, the gate delay tp can be expressed as

t.
tp = toy + trise — % (2.1)

where t,, is the overshooting time, t. 1s the output voltage rise time which is
defined from the time t = t,, to the time when the output voltage reach half of Vpp,

tin 1s the input signal transition time.
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Figure 2.3 Output voltage of CMOS inverter when a falling input signal applied.

From the equation shown in Eq. (2.1), it can be found that the overshooting time
toy 18 @ component of the gate delay tp. Figure 2.4 shows the overshooting time t,y,
the gate delay tp and the ratio of t,,/tp for an inverter versus different transistor
sizes. The length of the inverter is L, = L, = 40nm, the width of the inverter is
W, = 2W,), the input signal transition time is tj, = 60ps and the load capacitance is

Cp, = 1fF. The width of NMOS W, increases from 80nm to 640nm.
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Figure 2.4 The overshooting time t,,, the gate delay tp and the ratio of t,,/tp

for a CMOS inverter versus different transistor sizes.

It is reflected from Fig. 2.4 that the overshooting time and the gate delay decrease
with the increase of NMOS width. However, the ratio of t,,/tp increases from 84%
to 118% when NMOS width increase from 80nm to 640nm.

Simulation result shown in Fig. 2.4 reflect that the overshooting time account a
large amount of gate delay. It can be also concluded that the overshooting time t,, is
one of the most dominant parts of the gate delay tp. Therefore, the overshooting time
should be calculated accurately when calculating the gate delay of CMOS inverter.
Meanwhile, modeling the overshooting effect of CMOS inverter in nanometer regime

1s inevitable.

2.1.2 Conventional Overshooting Effect Models for CMOS Inverter

Transitionally, the gate delay models for CMOS logics are included with input
signal transition times, transistor sizes and input signal transition times [4]. However,
the overshooting effect is not considered in traditional gate delay models [24]-[27].

With the scaling of process technology, the overshooting time is begun to be

considered.
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In [59], the overshooting time is regarded as a constant shift time while how to get
the value of that time is not given.

In [31]-[32], the input-to-output coupling capacitance is researched and the
expression for the overshooting time is simply presented.

In [24] and [28], a simple model is used to calculate the overshooting time for an
inverter. When a falling signal is applied to the input terminal of an inverter shown in
Fig. 2.2, the PMOS transistor is opened at the time when t = tp, the time tp is
assumed as the overshooting time for the inverter. Similarly, when a rising signal is
connected to the input terminal of the inverter in Fig. 2.2, the NMOS transistor is
opened at the time when t = ty, then the time ty is assumed as the overshooting
time for the inverter.

However, the methods in [24][28][31][32][59] cannot be applied to the model of
overshooting effect for an inverter accurately in nanometer regime.

When the process enters nanometer regime, researchers begin to model the
overshooting effect for an inverter specially.

In [4], an analytical method to calculate the overshooting time of an inverter is
proposed. By using the linear approximation of PMOS drain current, the overshooting
time for an inverter is finally expressed with the input signal transition time and a
normalized time value. The main work in [4] is to obtain the normalized time value
using an analytical method.

In nanometer regime, Huang’s group have spent much effort on the research of
modeling the overshooting effect for an inverter [3][45]-[47]. The proposed models in
this dissertation are also partly based on the conventional research by Huang’s group
in [3]. Therefore, the derivation method of the equations for t,, in [3] is reviewed in
order to make the description later understood easily.

In [3], the differential equation for the inverter in Fig. 2.2 is firstly established
which is shown as

d(Vin _Vout)

dou
CpL =2 = Iy — 1 + Gy =2

= (2.2)

where C; is the load capacitance, Cy; is the input-to-output coupling capacitance,

Vour and Vi, are the output and input signals, respectively. I, and I, are the drain
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currents of PMOS and NMOS, respectively. In [3], the input terminal is connected to
a falling signal while similar expressions can be obtained if a rising signal is used.
The falling signal is expressed as
Vpp:t<0
V., = (1 - i) Vpp: 0 <t <ty | 2.3)
0:t >ty
where t;, is the input signal transition time.
By using the linear approximation of the load capacitance current, the overshooting

time is expressed as

o 2Qq _
ov — ICL(tOV) thln > (2'4)

where Qg is the charge flowing out of the load capacitance Cy, I¢, (toy) is the
current of the load capacitance when t = t,y, tymin 1S the time when the output
voltage is at its minimum value.

In [3], the authors try to find the expressions for Qq, I¢, (toy) and tymin using
many reasonable approximate methods. Finally, by solving the equation (2.4), the

overshooting time expression is shown as

2Q
tov = tymin — ty + \/F: (tin - tTPL) + t]Z( ’ (2.5)

where

Vpptin tin_tTPL)

1
ty =3 (tymin — trpL — CM o o (2.6)

In Egs. (2.5) and (2.6), t, is an intermediate parameter, Ip, is the drain current of

the PMOS when Vg = Vps = Vpp, trpr 1s the time point which is expressed as

\Y . . .
trpL = %tin while Vrp;, is the equivalent threshold voltage.
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2.2 Overshooting Effect of CMOS Multiple-Input Gates

With the scaling of CMOS process technology to nanometer scale, the overshooting
effect of CMOS inverter is analyzed and modeled in [3][4][45]-[47]. However, the
overshooting effect of multiple-input gates is still obvious and the overshooting time
of multiple-input gates also has a significant influence on gate delay.

Fig. 2.5 shows a CMOS 2-input NOR gate. The capacitances Cgqy, Cgdz, Cgass

Cgqs and Cgg, are all input-to-output coupling capacitances.

VDD
Vini MP1
ng3
C:sd _‘
Vin20 +d [ MP2
C s ¢ Vout
C
gdl
i ~— ngz I
— —] | cL
MN1 MN2 I

Figure 2.5 2-input NOR gate considering the coupling capacitances.
When a falling signal is connected to the input Vi, of 2-input NOR gate in Fig.

2.5, the output waveform of the gate in Fig. 2.5 using 32nm PTM model [43] is shown
in Fig. 2.6.
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Figure 2.6 Output waveform of 2-input NOR gate when V;,; switched.

From the output waveform shown in Fig. 2.6, it can be found that the overshooting
effect is very obvious and the overshooting time occupies a large amount of the gate

delay.

If the input number of multiple-input gate is increased, the overshooting effect is

Vout
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w
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e Lo Y

still obvious. For example, a 3-input NOR gate is shown in Fig. 2.7.
Vinl O
Vin2©
VindO

Figure 2.7 CMOS 3-input NOR gate.
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If a falling signal is connected to Vj,,, the output waveform is shown in Fig. 2.8.
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Figure 2.8 Output waveform of 3-input NOR gate when V;,, switched.

It can be found that the overshooting effect of 3-input NOR gate is still obvious which
is similar to the condition of 2-input NOR gate.

The overshooting effect of 2-input and 3-input NOR gate is shown in Figs. 2.6 and
2.8, respectively. For the complex multiple-input gates in nanometer technology, the
overshooting effect is also as obvious as the simple multiple-input gates. An AOI12
gate is shown in Fig. 2.9. When Vj,, is connected to a falling signal, Vinl and Vin3
are connected to the ground, the output waveform is shown in Fig. 2.10. The
overshooting effect for AOI12 gate is similar as NOR gate and is also obvious.

Therefore, when the CMOS process technology enters nanometer regime, the
overshooting effect of multiple-input gates is obvious. The overshooting time of
multiple-input gates also occupy a large amount of gate delay which is similar as the
inverter. Therefore, the overshooting effect of multiple-input gates should also be

considered and paid much more attention.

29



Vint Vin3
[MP1 mP3]
Vin2
[Cmp2
Vout
o
Vin1
Vin MN1_]
[z - CL
MN3
Vin3
b o

Figure 2.9 CMOS AOI12 gate.
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2.3 Considering the Influence of the Overshooting Effect for

Multiple-Input Gates

In Sect. 2.2, the overshooting effect of multiple-input gate is simply shown and
some multiple-input gates are chosen as the research object. How the overshooting
effect or the overshooting time of multiple-input gates will affect the gate delay

calculation will be discussed in this section.

35 -
30
25 -
20 -
15 1

Time(ps)

90nm 65nm 45nm 32nm 22nm
Technology

Figure 2.11 Overshooting time t,, and gate delay tp of CMOS 2-input NOR

gate with various process technologies.

Figure 2.11 shows the overshooting time t,, and the gate delay time tp of the
2-input NOR gate in Fig. 2.5 for various nanometer process technologies from 90-nm
technology to 22-nm technology. The input condition is that Vj,, is connected to a
falling signal and Vj,; is connected to the ground. The transistor length L, and L,
are the minimum feature size. The PMOS width is W, = 10L, and the NMOS width
is Wy = 2ZW,,. The load capacitance is C;, = 0.01pF. The input transition time tj,
of Vin» 1is 60ps. In Fig. 2.11, both the overshooting time t,, and the gate delay time

tp decrease with the scaling of process technology. On the contrary, the ratio value
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tov/tp increases from 134.7% in 90nm to 249.0% in 22nm. Additionally, although
toy/tp will become small with the decrease of t;,, the overshooting time t,, still
occupies a large proportion of delay time tp.

Figure 2.12 shows the ratio of t,,/tsy and t,,/tp for 3-input NOR gate in Fig.
2.7 when Vi, is switched using CMOS 32nm PTM model [43]. The contribution of
toy to tgg is about 25%~40%. The overshooting time t,, gives a greater

contribution to the gate delay tpwhich is about 30%~65%.

W tov/t50 W tov/tD

40 60 80 100 120 140 10 180 200

Input signal transition time (ps)

Figure 2.12 The ratio of t,,/tso and t,,/tp for 3-input NOR gate.

From the histograms shown in Figs. 2.11 and 2.12, it can be concluded that the
overshooting time t,, has a significant influence on gate delay tp for
multiple-input gates in nanometer technologies. Therefore, the overshooting effect
model for multiple-input gates should be researched carefully. Meanwhile an accurate
overshooting effect model for multiple-input gates can improve the accuracy of gate

delay model.
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2.4 Purpose of Modeling the Overshooting Effect for

Multiple-Input Gates

Timing analysis is commonly applied during the verification of digital VLSI
designs. Gate delay is an important verification performance when doing timing
analysis. Many gate delay models are proposed to predict the delay of digital circuits
well. The gate delay model is often improved because the scaling of CMOS process
technology.

In micron range for CMOS process technology, gate delay models [24]-[27] do not
consider the influence of overshooting effect. Since the advent of submicron range,
the second-order effects which include input slope and input-to-output coupling
effects become dominant factors. Then the overshooting effect becomes a concern
factor in order to improve the accuracy while modeling the gate delay. Nowadays,
nanometer technology is so common for digital VLSI, because of which, overshooting
effect is specially researched in order to maintain the accuracy of gate delay models.
Especially, the overshooting effect of CMOS inverter attracts the concern of
researchers. And some overshooting effect models for CMOS inverter [3][4] are
proposed with high accuracy.

However, in spite of the significant influence of overshooting time on the gate
delay of multiple-input gates, overshooting effect models for multiple-input gates are
seldom proposed. In traditional gate delay and power consumption models for
multiple-input gates, the method of simplifying the multiple-input gate to an inverter
is commonly used. Unfortunately, these simple reduction methods will cause large
error while modeling the overshooting effect of multiple-input gates. Furthermore, the
conventional overshooting effect models for an inverter [3][4] are not easily extended
to calculate the overshooting time of multiple-input gates.

Therefore, modeling the overshooting effect of multiple-input gates is chosen as the
research topic in this dissertation which should be helpful for improving the accuracy

of gate delay models if considering the overshooting effect.
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Chapter3

Modeling the Overshooting Effect
of 2-Input Gates in Nanometer
Technologies
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When the CMOS process technology enters nanometer regime, the overshooting
effect of multi-input gate is important for gate delay calculation. However, the model
to predict the overshooting effect of multi-input gate is seldom. In this chapter, a
overshooting effect model for 2-input gates is proposed.

Firstly, 2-input NOR gate is chosen to be researched. There are two different input
conditions for a 2-input NOR gate. Under the first input condition, the overshooting
time equations is proposed based on the overshooting effect model for an inverter in
[3]. For the second input condition, the proportional coefficient method is used to
model the overshooting effect. Moreover, the proposed model for 2-input NOR gate
can also be extended to 2-input NAND gate condition. In this chapter, how to extend
the overshooting effect model of 2-input NOR gate to 2-input NAND gate is briefly
presented.

In order to verify the accuracy of the proposed model, a number of simulations are
given. The overshooting times of 2-input NOR gate and 2-input NAND gate are
obtained from the proposed model and SPICE simulations using CMOS 32nm PTM
model [43]. The error of the results from the proposed model is no more than 3.6%
compared with the results from SPICE simulations. Therefore, the proposed model is

useful when modeling the overshooting effect for 2-input gates.
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3.1 Introduction

With digital integrated circuits entering nanometer age, the overshooting effect
which is induced by input-to-output coupling capacitance strongly affects CMOS gate
delay analysis, especially the static timing analysis. For traditional long channel
transistors, the overshooting time is generally ignored because the coupling
capacitance is small and the overshooting effect can usually be neglected [40].
However, with the scaling of gate feature sizes, the overshooting time is becoming
equal to gate delay or even larger than that [46]. Therefore, the overshooting effect
should be especially considered during the analysis of gate delay, otherwise the
expression of gate delay would be inaccurate.

Traditional models of gate delay have been widely studied [24]-[27][48][52][54].
Alpha-power law MOSFET model is applied to derive closed-form equation for
evaluating the propagation delay in [25]. An extension to the delay expression of
[25] is presented in [26] to deal with the case of very lightly loaded inverter and/or
slow input signals. However, neither [25] nor [26] takes consideration of the
overshooting effect when analyzing gate delay. In the submicron range, the
second-order effect which includes input slope and input-to-output coupling effect
becomes the dominant factor. Although the overshooting effect which is induced by
the input-to-output coupling effect is taken into account in the form of constant value
or very simple expression in [31]-[33][41][42], there still have been few researchers
focusing on the analysis of the overshooting effect in the level of nanometer
technologies.

A detailed expression of the overshooting time for an inverter in nanometer
technology is obtained by complete calculation and reasonable approximation in [3].
However, the overshooting effect of multi-input gate is still not considered too much.
Therefore, that effect is analyzed specifically in this chapter. A basic two-input CMOS
NOR gate is chosen as the research object and a practical model of CMOS NOR gate
considering the overshooting effect is proposed. The specific expression of the
overshooting time for the CMOS NOR gate is obtained from some reasonable
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calculation and approximation. Moreover, the proposed model is verified by
comparing with SPICE simulation results using CMOS 32-nm PTM model [43]. The
simulation results turn out that the accuracy of the proposed model is within 3.6%
error. Furthermore, the proposed model can be easily extended to CMOS NAND gate
according to the same principles.

In this chapter, modeling the overshooting effect of multi-input gates is researched.
The rest of this chapter is composed of five sections. First, the overshooting effect of
2-input NOR gate is clarified in Sect. 3.2. Then the model of the overshooting effect
for 2-input NOR gate is proposed specifically in Sect. 3.3. After that, the extension
method of the proposed model to 2-input NAND gate is presented in Sect. 3.4.
Moreover, the simulation results of the proposed model are shown in Sect. 3.5. At last

this chapter is concluded in Sect. 3.6.
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3.2 Preliminaries

The overshooting time t,, is now a key component of multi-input gate delay in
nanometer regime with the scaling of CMOS process technology. Figure 3.1 shows a
2-input CMOS NOR gate taking into account gate-to-drain coupling capacitances and

gate-to-source coupling capacitances.
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— [ M3 Vin1
Coas L— Vout
gsd I
o [ M4 Vin2 G
Vin1 C
c gda $— Vout
gd1 c— o
iy |
o—o—| M1 M2 T <

A

Figure 3.1 CMOS NOR gate considering parasitical coupling capacitance.

Figure 3.2 shows the output voltage V,,: of the 2-input NOR gate in the case that
Vinz 1s connected to a falling signal and Vj,; is directly connected to the ground by
using CMOS 32nm PTM model [43]. In Fig. 3.2, tp is the gate delay time defined as
the time elapses from Vj,, = 0.5Vpp to Vot = 0.5Vpp, toy is the overshooting
time which is time period when the output voltage is below zero, t, is the output
voltage rise time from t=t,, to the time when V,,; = 0.5Vpp, tj, is the input

signal transition time of Vj,,. Thus, the delay time tp can be expressed as

tp = toy + tr — 22, 3.1)
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Figure 3.2 Output voltage of CMOS NOR gate.

As introduced in Chapter 2, the overshooting effect of multi-input gates has a

significant influence on gate delay calculation. Therefore, modeling the overshooting

effect of 2-input gates is proposed in subsequent sections.
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3.3 Proposed Model

In this section, the model of calculating the overshooting time for 2-input NOR 1is
proposed. In order to simplify the analysis of modeling the overshooting effect of
2-input NOR gate in Fig. 3.1, we discuss two different input conditions separately.
The first input condition is that a falling signal is applied to V;,; and Vj,, is
connected to the ground. The second input condition is that V;,; = 0 and the falling
signal is connected to Vj,,. Similar expressions can be obtained if the falling signals

are changed to rising signals. In this chapter, the falling signal is defined as

VDD:tS 0
t
vV, = (1 _E) Vpp: 0 < t <t . (3.2)

0:t>t,

Moreover, in this research, the condition when two inputs switch together will be not
considered because the 2-input NOR gate can be simplified to an inverter after
merging the transistors with the same inputs when the two inputs switch

simultaneously.

3.3.1 When V;,,; switched

Firstly, the analysis is given to the case as shown in Fig. 3.3, where the transistor
MI1 is not considered because the voltage of its four terminals are almost zero during
the overshooting period. At the same time, M3 operates almost in the triode region,
and is regarded as an active resistance during the overshooting period. The coupling
capacitance Cgqs is not considered because the voltage between two nodes of the
capacitance is almost constant during the overshooting period. Thus, the analysis for

the 2-input NOR gate is similar to that for an inverter.
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Figure 3.3 CMOS NOR gate under the condition Vj,;: High-Low Vj,,: GND.

For the simplified 2-input NOR gate as shown in Fig. 3.3, the «-power MOSFET
model [25] is applied to calculate the current of the PMOS transistor. In order to
simplify the numerical procedures, the drain current Ip of M4 is expressed with

linear approximation as shown below:

Veg|—|V
IM4—(t0V) = Ipo (M): (3.3)

Vpp—IVrpLl
where Ipg is the drain current of a PMOS in saturation at Vgg = Vpg = Vpp(Vgs and
Vpg are the gate-source and drain-source voltages of the PMOS, respectively), Vppy,
is the equivalent threshold voltage whose value is shown in Fig. 3.4. Actually it is
shown in Fig 3.4 that the linear approximation of the drain current for M4 is almost
identical as SPICE simulation results. Thus, the linear approximation equation in Eq.

(3.3) can be used to reflect the drain current of M4.
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Figure 3.4 The linear approximation for PMOS transistor drain current.

Therefore, the expressions of the overshooting time t,, for the simplified circuit
in Fig. 3.3 can be obtained using the method in [3]. Firstly, an initial expression of the
overshooting time t,, is calculated using the linear approximation of drain current

for M4. The initial t,, is expressed as

2Q
tovi = tymin — &y F \/Kol (tin — trpr) + t\z( ) (3.4)
where

Vbp tin—tTPL] (3.5)

1
t =—[t in — trp — CM—
Y 2 | "Vmin TPL M tin Ipo

In Egs. (3.4) and (3.5), tymin 1S the time when the output voltage is at its minimum.
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\ . ) .
trpL = %tin. Also, Q; is the charge flowing out of the load capacitance C; and

Cgq1. In this section, the values of tyyin, and Q; is obtained using the method
similar to [3]. Moreover, Cy is the coupling capacitance and in this section Cy; is

expressed as
Cy = ngz + ng4. (3.6)

The value of Cgq; will be constant because the transistor M1 is always off. The
value of Cgqy is also almost constant because the transistor M4 will work in the cut
off region or the saturation region during the overshooting period. However, the
transistor M2 will change from linear region to the cut off region during the
overshooting period. Therefore, the value of Cgq, will be not always constant.
According to many verifications, we find the change of Cgq, is not very large. We
use the average capacitance value of Cgq, at Viyqy = Vpp and Vi = 1/2Vpp. In the
proposed model, the values of coupling capacitances are obtained from the SPICE
simulation results.

The initial value of the overshooting time in the expression (3.4) is not accurate
enough. Therefore, the initial t,y; is substituted into the « -power MOSFET
model to get a new drain current of M4 Ip(t,y). Then the final overshooting time for

the first input condition when Vinl switched is expressed as

2Qq
tvmin - 3.7
CMVt]_)_D‘HP(tov) Vmin (3.7)
n

tovi =

3.3.2 When V;,,, Switched

For the second input condition as shown in Fig. 3.5, the analysis becomes more
complicated because the influence of the coupling capacitance Cgq4 should also be
considered. However, from t=t,, to t =1t,, M4 operates almost in the triode
region, and is regarded as an active resistance. Then the 2-input NOR gate in Fig. 3.5

is simplified as shown in Fig. 3.6.
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Figure 3.5 CMOS NOR gate under the condition Vj,{: GND V;,,: High-Low.
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Figure 3.6 Simplified CMOS NOR gate under the condition V;,;: GND Vj,;5:
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Through various simulation verification works under different conditions, we find

that the overshooting time t,y; of the simplified NOR gate in Fig. 3.6 is
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approximately proportional to the overshooting time t,,; of the simplified circuit in

Fig. 3.3 as shown in Fig. 3.7.
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Figure 3.7 The linear approximation for the overshooting time.

In Fig. 3.7, the overshooting time of 2-input NOR gate in Fig. 3.3 obtained from the
SPICE simulations is shown by the lower line. The upper line shows the overshooting
time of 2-input NOR gate in Fig. 3.6 whose value is obtained from the SPICE
simulations. The triangle in Fig. 3.7 shows the overshooting time of the 2-input NOR
gate in Fig. 3.6 using the proportional coefficient method. We can find the triangles
almost overlap the upper line. That means the proportional coefficient method can
predict the overshooting time of the 2-input NOR gate in Fig. 3.6. Therefore, we can
obtain t,,, referring to the value of t,,; as shown below:

tova = Atoys - (3.8)

Figures 3.8-3.10 are the simulation verifications of the Eq. (3.8) under different
input signal transition times, transistor sizes and load capacitances. All these results
are obtained from SPICE simulations. The length of NMOS and PMOS are
Ly = Lp = 40nm.

Figure 3.8 shows the ratio of t,y; to tyy; under different input signal transition

times. The load capacitance is C;, = 0.01pF and the transistor size is Wp = Wy =
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0.8um/0.4um. It can be seen that the ratio has little change with the increase of input

signal transition times.
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Figure 3.8 t,,2/t,y1 versus different input signal transition time.

Figure 3.9 show the ratio of t,y, to tyyq under different NMOS widths. The

PMOS' width is two times of NMOS' width. The input signal transition time is

tin, = 100ps and the load capacitance is C; = 0.02pF. When the transistor size

changes, the ratio almost remains a constant value.
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Figure 3.9 t,,2/t,y1 versus different gate sizes.
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Figure 3.10 shows the ratio of t,,, to t,,; under different load capacitances. The
input signal transition time is t;, = 140ps and the transistor size is Wp = Wy =

2.4um/1.2um. When the load capacitances change, the ratio varies little.
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Figure 3.10 t,,,/t,y1 versus different capacitive loads.

Through the verification results as shown in Figs.3.8-3.10, we can find that the
ratio is almost constant and the value is approximately equal to 1.14. Therefore A is
about 1.14 for the 32nm PTM model [43]. Based on other numerous simulation
verification works under various conditions, it is demonstrated that A makes little
change with the variation of input signal transition times, transistor sizes and load
capacitances. Additionally, A for different process technology can be obtained in the

similar way.
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3.4 Extension to 2-input NAND Gate

The proposed model in Sect. 3.3 can also be extended to 2-input NAND gate. In
this section, the overshooting effect model for 2-input NAND gate is briefly
presented.

A CMOS 2-input NAND gate considering the coupling capacitances are shown in
Fig. 3.11.
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Figure 3.11 2-input NAND gate considering the coupling capacitances

Cod1> Cgdz» Cgaz, Cgas and Cgy are coupling capacitances. Cy is the load
capacitance. In order to simplify the analysis, two different input conditions are
considered. The first condition is Vj,; connected to a falling signal and Vj,, is
connected to Vpp. The second condition is Vi,; = Vpp and Vj,, is connected to a
falling signal.

Under the first input condition, the 2-input NAND gate can be simplified to the

circuit as shown in Fig. 3.12. Because M2 is always cut off, it is not considered.
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Meanwhile, the transistor M4 works in the linear region during the overshooting

period, it can be regarded as a resistor.

After the simplification, the circuit in Fig. 3.12 is similar as the circuit in Fig. 3.3.

The principle in Sect. 3.3.1 is verified still useful to calculate the overshooting time of

the circuit in Fig. 3.12. The overshooting time of the circuit in Fig. 3.12 can be

expressed as

tovi = tymin —ty + \/%Q: (tin — trpr) + t\z( )
where
ty = %[thin — CrpL — (ngl + ng3) %%} .
VDD
T
_4 M1 T ng2
Cor Vout
¢ O
\_ Coaz ¢—
Vint o0————{ [ M3
—‘Ilj Cgs1
[] R, —
h 4 v

Figure 3.12 2-input NAND gate when V;,; switched.

(3.9)

(3.10)

Although the structure of Egs. (3.9) and (3.10) are same as Egs. (3.4) and (3.5), the

parameters Q; and tni, are different. In Eqgs. (3.4) and (3.5), Q; and typj, are

same as the parameters for the inverter model of [3] which is shown in Egs.

(2.12), (2.13) and (2.18). However, for the circuit in Fig. 3.12, the parameter

Vout(ttp) which is the component of Q; has the different expression:
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(Coda+Coqs)in Bn(Vbp=[VTP|-VTN) tin|VTP|
g g dt 1 —e ng1+ng2+ng3+CL VbDp ) (311)
Bn(Vop—IVTp|-VTN)

Vout(tTP) =

The parameter tyni, in Egs. (3.9) and (3.10) is expressed as

1
Bn(VDD—|VTP|-VTN) tin|VTP| ]
(Cgd1+Cgd3)VDD _7C_4 +Coq,+CoqatCL  V
— . d d d3tCL Vpp
tvmln —tTp‘I‘(tln tTP) Ipoty @ ~gdi’-gdz7gd3
1n

(3.12)

After these calculations, the second time calculation for the overshooting time used

in Sect. 3.3.1 is also applied to obtain the final accurate overshooting time of the
circuit in Fig. 3.12.

Under the second input condition when Vj,, is switched, the 2-input NAND gate

is simplified to the circuit as shown in Fig. 3.13. The transistor M1 is not considered

because it is always cut off. The transistor M3 is replaced with a resistor.

VDD

Il
1]
(P

— [ M2
+—

ng2

[] e

Vin2 O0—————{ [ M4 :

v
Figure 3.13 2-input NAND gate when Vj,; switched

For this condition, the proportional coefficient method used in Sect. 3.3.2 is still

useful for the circuit in Fig. 3.13. Then the overshooting time of the 2-input NAND
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gate in Fig. 3.13 can be expressed as
tovz = A'toyy - (3.13)
According to various verification works, A’ is approximately equal to 0.94 for

CMOS 32nm PTM model.
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3.5 Simulation Results

The overshooting effect model of 2-input NOR gate is proposed in Sect. 3.3. The
proposed model can also be extended to 2-input NAND gate which is simply
presented in Sect. 3.4. In order to verify the accuracy of the proposed model, some
simulation works are done. The overshooting time of the gates obtained from the
proposed model and SPICE simulations using 32nm PTM model is shown in this
section. Firstly, the simulation results for 2-input NOR gate is given. Then the

condition of the 2-input NAND gate will be considered.

3.5.1 t,, for 2-input NOR Gate

Figures 3.14-3.16 show the overshooting time obtained from the proposed model
and SPICE simulations for the 2-input NOR gate in Fig. 3.3 with respect to various
input signal transition times, transistor sizes and load capacitances using 32nm PTM
model [43].

In Fig. 3.14, the overshooting time of 2-input NOR gate when V;,; switched
obtained from the proposed model in Sect. 3.3.1 and SPICE simulations are shown.
The input signal transition time t;, varies from 40 to 120ps. The length of MOS
transistors is L, = L, = 40nm. Three kinds of width and load capacitances are
considered. It can be seen from the simulation results that the overshooting time will
increase with the increase of input signal transition time. Meanwhile, the error of the
overshooting time obtained from the proposed model is no more than 3.5% compared

with SPICE simulation results.
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Figure 3.14 The overshooting time obtained from the proposed model and SPICE
for CMOS NOR gate (Fig. 3.3) versus different input signal transition times.

Figure 3.15 shows the overshooting times of 2-input NOR gate in Fig. 3.3 obtained
from the proposed model and SPICE simulations. There are three kinds of input signal
transition times and load capacitances considered which is versus different CMOS
sizes. The length of MOS transistors is L, = L, = 40nm and the width of MOS
transistors is W, = 2W,,. The error of the proposed model is less than 3.1%. From the
results shown in Fig. 3.15, it can be concluded that the overshooting time will

decrease with the increase of the ratio W/L.
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Figure 3.15 The overshooting time obtained from the proposed model and SPICE
for CMOS NOR gate (Fig. 3.3) versus different transistors’ sizes.

The overshooting time obtained from the proposed model in Sect. 3.3.1 and SPICE
simulations versus different load capacitances are shown in Fig. 3.16. During these
results, different input signal transition times and transistor sizes are considered. The
error of the proposed model under this condition is below 2.5%. We can also find the

overshooting time will increase with the increase of load capacitances.
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Figure 3.16 The overshooting time of the proposed model and SPICE simulations

for CMOS NOR gate (Fig. 3.3) with respect to various load capacitances.
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When V;,, of 2-input NOR gate in Fig. 3.1 is switched, the overshooting effect
model is proposed in Sect. 3.3.2. Figures 3.17-3.19 show the overshooting time
obtained from the proposed model in Sect. 3.3.2 and SPICE simulations using 32nm
PTM model [43].

Figure 3.17 shows the overshooting time obtained from the proposed model in Sect.
3.3.2 and SPICE simulations versus different input signal transition times. The error is

no more than 3.22%
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Figure 3.17 The overshooting time obtained from the proposed model and SPICE
for CMOS NOR gate (Fig. 3.6) versus different input signal transition times.

The overshooting time obtained from the proposed model in Sect. 3.3.2 and SPICE

simulations versus different transistor sizes are shown in Fig. 3.18. The error of the

proposed model is less than 2.8%.
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Figure 3.18 The overshooting time of the proposed model and SPICE simulations
for CMOS NOR gate (Fig. 3.6) with respect to various transistors’ sizes.

In Fig. 3.19, we consider the overshooting time obtained from the proposed model
in Sect. 3.3.2 and SPICE simulations versus different load capacitances. The error is
below 2.9%.
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Figure 3.19 The overshooting time of the proposed model and SPICE simulations
for CMOS NOR gate (Fig. 3.6) with respect to various load capacitances.
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3.5.2 t,, for 2-Input NAND Gate

In Sect. 3.3, the overshooting effect model for 2-input NOR gate is proposed.
Based on the principles of the model in Sect. 3.3, the extension method to 2-input
NAND gate is presented in Sect. 3.4. Therefore, verification works of Sect. 3.4 is
given below.

Figures 3.20-3.22 shows the overshooting time of 2-input NAND gate in Fig. 3.11
under the condition when Vj,; is switched. The overshooting time of the gate in Fig.
3.12 versus different input signal transition times, transistors’ sizes and load
capacitances are considered. The simulation conditions in Figs. 3.20-3.22 are same as

the condition for the 2-input NOR gate in Sect. 3.5.1.
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Figure 3.20 The overshooting time obtained from the proposed model and SPICE
for CMOS NAND gate (Fig. 3.12) versus different input signal transition times.
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Figure 3.21 The overshooting time obtained from the proposed model and SPICE

for CMOS NAND gate (Fig. 3.12) versus different transistors’ sizes.
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Figure 3.22 The overshooting time obtained from the proposed model and SPICE

for CMOS NAND gate (Fig. 3.12) versus different load capacitances.
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The maximum error of the proposed model in Figs. 3.20-3.22 is 2.64%, 1.41% and
2.14%, respectively.

The proportional coefficient method in Sect. 3.3.2 is also available when applied to
2-input NAND gate when V;,, switched as shown in Fig. 3.13. Verification of this
condition is shown in Figs. 3.21 and 3.22.

Figures 3.23-3.25 shows the overshooting time obtained from the proposed model
and SPICE simulations for the 2-input NAND gate in Fig. 3.13. Different input signal
transition time, transistors’ sizes and load capacitances are considered in Fig.
3.23-3.25. Meanwhile, the simulation conditions are absolutely same as the simulation
for 2-input NOR gate in Sect. 3.5.1
The maximum error of the proposed model in Figs. 3.23-3.25 is 2.71%, 2.46% and
3.24%, respectively.
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Figure 3.23 The overshooting time obtained from the proposed model and SPICE
for CMOS NAND gate (Fig. 3.13) versus different input signal transition times.
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Figure 3.25 The overshooting time obtained from the proposed model and SPICE
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for CMOS NAND gate (Fig. 3.13) versus different load capacitances.

The simulation results in Sect. 5 shows that the overshooting time of 2-input NOR
gate and 2-input NAND gate obtained from the proposed model is accurate compared

with the results obtained from SPICE simulations. That means, the proposed model

can accurately model the overshooting effect of multi-input gates.
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3.6 Conclusions

When the CMOS process enters nanometer regime, the overshooting effect of
multi-input gates is obvious and has a significant influence on gate delay calculation,
modeling the overshooting effect of 2-input gates is researched in this Chapter.

Based on the overshooting effect model [3] for an inverter, the overshooting effect
model for 2-input NOR gate when Vj,; switched is presented. Subsequently, the
proportional coefficient method is found useful to model the overshooting effect of
2-input NOR gate when Vj,, switched. After proposing the overshooting effect
model for 2-input NOR gate, it is extended to 2-input NAND gate. The overshooting
effect model for 2-input NOR gate is found still available when applied to 2-input
NAND gate.

In order to verify the accuracy of the proposed overshooting effect model,
verification works are done. The overshooting time of 2-input NOR gate and 2-input
NAND obtained from the proposed model and SPICE simulations are compared.
When doing verification works, different input signal transition time, transistors’ sizes
and load capacitances are considered. The comparison results reflect that the
overshooting time obtained from the proposed model is within 3.6% error. That means,
the proposed overshooting effect model can predict the overshooting time of

multi-input gates accurately.
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Chapter4

An Effective Model of the
Overshooting Effect for
Multiple-Input Gates in
Nanometer Technologies
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In Chapter 3, the overshooting effect model for 2-input gates is proposed which can
model the overshooting effect of 2-input NOR gates. The proposed model in Chapter
3 can also be extended to 2-input NAND gate. However, the model in Chapter 3 is not
available if applied to multiple-input gates with more than two inputs. Moreover,
when the CMOS process technology enters nanometer range, the overshooting effect
of multiple-input gates is still obvious and the overshooting time of multiple-input
gates also has an important influence on gate delay calculation. Therefore, an
effective model of the overshooting effect for multiple-input gates is proposed in this
Chapter.

In this Chapter, the formula-based overshooting effect model for 2-input gate is
presented firstly. Based on the formula-based model, the method to calculate the
overshooting time of 3-input gate is proposed. These proposed models can be easily
extended to other multiple-input gates.

The verification work of the proposed model is also paid much attention in order to
make sure the accuracy of the proposed model. Meanwhile, the application of the

proposed overshooting effect model for multiple-input gates is also introduced.
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4.1 Introduction

The overshooting effect, caused by the existence of input to-output coupling
capacitances, is the phenomenon that the output signal of CMOS logics gets out of
power supply at the beginning of transition [47]. When CMOS technology decreases
to nanometer scale, the overshooting effect is much more obvious and the
overshooting time becomes equal to gate delay or even larger than that. Therefore, it
is necessary to develop an effective model of the overshooting effect for CMOS
gates in order to avoid inaccuracies in estimating the gate delay and short circuit
energy dissipation [3][4][47][55]. Traditionally, the gate delay models of CMOS
logics [24]-[27][48] are related to transistors’ sizes, input signal transition times, and
output loads while the overshooting effect is not considered. Since the advent of
submicron range, the second-order effects which include input slope and
input-to-output coupling effects become dominant factors. Then the overshooting
effect becomes a concern factor in order to improve the accuracy while modeling the
gate delay or power consumption for CMOS logics [31][32][41][42]. Along with the
further research, simple expressions describing the overshooting times of an inverter
are given in the gate delay model and power consumption model in [33] and [39],
respectively.

With the obviousness of the overshooting effect for CMOS gates in a nanometer
regime, more and more attention has been paid to the research about modeling the
overshooting effect for CMOS gates. Recently, accurate overshooting effect models
for CMOS inverter are specially presented in [3][4][47]. For multiple-input gates, the
overshooting effect is also obvious and has the same influence to gate delay and
power consumption as an inverter. However, less work has been done to develop an
effective overshooting effect model for multiple-input gates until now.

Therefore, modeling the overshooting effect for multiple-input gates in nanometer

technologies is proposed in this paper. Firstly, specific expressions of the overshooting
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time for 2-input NOR gate are given. Subsequently, the method to model the
overshooting effect of 3-input NOR gate is proposed. Meanwhile how to extend the
proposed model to other multiple-input gates is analyzed in detail. Finally, the
overshooting times of different multiple-input gates calculated from the proposed
model are verified within 3.4% error compared with SPICE simulation results using
CMOS32nm PTM model [43].

The rest of this chapter is composed of five sections as follows. In Sect. 4.2, the
background and advantage of the proposed model are analyzed. Section 4.3 presents
the model of the overshooting effect for multiple-input gates. The experimental results
are shown in Sect. 4.4. The application of the proposed model is discussed in Sect. 5.

Finally, this chapter is concluded in Sect. 4.6
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4.2 Preliminaries

Delay is a main performance metric for digital LSI. Predicting gate delay of CMOS
logics is vitally important for Static Timing Analysis (STA). An accurate gate delay
model will be very helpful for further analysis of digital LSI systems. Therefore,
accuracy is an important criteria for gate delay models. Before submicron range, gate
delay models of CMOS logics are still accurate enough without considering the
overshooting effect. After entering the submicron range, the overshooting effect

cannot be neglected again in order to obtain an accurate delay model.

VDD
Vin1 O d [ MmP1
Vin20 4 [ MP2
Vin30 4 [ mP3

Vout

MM1 MN2 MN3

L] L
|

- v

Figure 4.1 3-input NOR gate.

With the popularity of nanometer technologies in digital LSI, the overshooting
effect is much more obvious and researchers begin to model this effect in detail. In
recent research publications [3][4][47], only the overshooting effect of an inverter is
analyzed. However, the overshooting effect of multiple-input gates is still obvious and
has great influence to gate delay as an inverter. For example, a 3-input NOR gate is
shown in Fig. 4.1 and a falling signal is connected to one of the three inputs. The
falling signal is defined as
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VDD: t< 0
t
Vin = (1 — t_—) Vpp: 0 <t < tj, (1)
m
0:t > ty,
where Vpp is the supply voltage and tin is the input signal transition time. The output

waveform is shown in Fig. 4.2 and the gate delay is expressed as

t.
tp = tsp — = 4.2)

where tgq is the time period for the output voltage to reach 50% of the supply
voltage. The time period tsq is composed of two parts and expressed as

tso = Tov T trise (4.3)
where t,, is the overshooting time and t,is. is the time period for the output voltage

to reach 50% of the supply voltage from t = t,.
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Figure 4.2 Output waveform of 3-input gate.

In a nanometer regime, the overshooting time of multiple-input gates becomes a
great component of the gate delay. As shown in Sect. 2.2, the overshooting time
contributes greatly to the gate delay of multiple-input gates. Thus, modeling the
overshooting effect of multiple-input gates accurately will be helpful for the analysis

of gate delay.

In traditional gate delay and power consumption models for multiple-input gates,
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the method of simplifying the multiple-input gate to an inverter is commonly used
[56]-[58]. However, these simple reduction methods will cause large error while
modeling the overshooting effect of multiple-input gates. Furthermore, the
conventional models of the overshooting effect for an inverter [3][4][47] are not easily
extended to calculate the overshooting time of multiple-input gates.

In our previous research [55], a simple method with a proportional coefficient is
proposed to calculate the overshooting time of 2-input NOR gate, which is based on
the model in [3]. However, limitations still exist in [55]. Firstly, the proportional
coefficient needs to be extracted every time when process technology varies which is
not convenient for practical application. Secondly, the accuracy will decrease much
when the input signal transition time decreases for 2-input gates. Thirdly, the error
will increase further for the multiple-input gates with more than two inputs. As
discussed in Section 4, the error can be 18.15% for the 3-input gate and 24.75% for
4-input gate when the method in [55] is used to estimate the overshooting time.
Meanwhile, the errors of the proposed model are only 2.38% and 1.98%, respectively.

Table 4.1 shows the proportional coefficient of t,,;/tyyz for different input
conditions. t,y¢ is the overshooting time of 3-input NOR gate in Fig. 4.1 when the
input Vj,; is switched, and t,y3 is the overshooting time when Vj,5 is switched. It
is demonstrated from Table 4.1 that the proportional coefficient of 3-input NOR gate
for different input conditions varies significantly. Thus, the method using a constant
proportional coefficient in [55] is not available for modeling the overshooting effect
for multiple-input gates with more than two inputs.

Based on the descriptions before, it can be concluded that the overshooting effect of
multiple-input gates should be specially modeled in a nanometer regime. In this paper,
an effective model of the overshooting effect for multiple-input gates in nanometer
technologies is proposed. The main contributions of the proposed model in this

chapter are shown as:
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Table 4.1 The ratio of t,,1/t,y,z for 3-input NOR gate.

L, = L, = 40nm L, = L, = 40nm
W, /W, = 0.16um/0.08um W, /W, = 1.2um/0.6um

Cp = 1fF Cp = 0.1fF

tin (PS) tovi/tovs tovi/tov3
20 1.33 1.35
40 1.36 1.47
60 1.39 1.49
80 1.41 1.50
100 1.42 1.48
120 1.43 1.46

1. An formula-based model is proposed for 2-input CMOS gates, which is useful
for further analysis of the overshooting time and gate delay.

2. The extension methods are proposed to calculate the overshooting time of other
multiple-input gates in this paper.

3. The proposed models are verified within 3.4% error compared with SPICE
simulation results using CMOS 32nm PTM model [43].

4. The application of the proposed model is discussed to predicting the CMOS

delay and improve the Thevenin model for the CMOS gate driving interconnect loads.
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4.3 Proposed model

In this section, the expressions of the overshooting time for 2-input NOR gate is
presented firstly. Based on the proposed model for 2-input NOR gate, the method to
calculate the overshooting time of 3-input NOR gate is given subsequently.
Meanwhile, we also analyzed how to extend the proposed model to other

multiple-input gates.

4.3.1 Modeling the Overshooting Effect of 2-input NOR Gate

The 2-input gate is one of the most simple multiple-input gates. In this subsection,
expressions of the overshooting time for 2-input NOR gate shown in Fig. 4.3 is
proposed. In Fig. 4.3, the gates of MN1 and MP1 are connected to the input terminal
Vin1, while the gates of MN2 and MP2 are connected to the other input terminal Vjj,,.
Similarly, each transistor of other multiple-input gates is denoted MNi or MPi whose
gate is connected to the i-th input terminal in this paper. In order to simplify the
analysis of modeling the overshooting effect for 2-input NOR gate in Fig. 4.3, two
different input conditions are considered. One input condition is that a falling signal in
Eq. (4.1) is applied to Vi,; and Vj,, is directly connected to the ground. The other
input condition is that the same falling signal is connected to V;,, and Vi, = 0.
Meanwhile, the similar expressions can be obtained if the falling signal is replaced by
a rising signal. In Fig. 4.3, the capacitances Cgd1, Cgd2, Cgd3, Cgd4 and Cgs4 are all
input-to-output coupling capacitances.

The expression of the overshooting time for an inverter has been proposed in [2]

which is expressed as

2Q
tov = tymin — ty + \/Kol (tin — trpL) + t\Z( (4.4)

where typin 18 the time when the output voltage is at its minimum, t, is an
intermediate parameter which is given later, Q; is the charge flowing out of load
capacitance, Ip, is the drain current in saturation at Vgg = Vpg = Vpp for the
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PMOS, trp, = WVT—Pthin and Vppp, is the equivalent threshold voltage which is
DD

extracted from a-power approximation [25] for PMOS transistor drain current.
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Vin20 ¢+ [ MP2
Cus Vout
C
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—L cL
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Figure 4.3 2-input NOR gate considering input-to-output coupling

capacitances

The equation (4.4) is verified still being effective to calculate the overshooting time
of 2-input NOR gate in Fig. 4.3. When V;,,, = 0 and V;,; is connected to the falling
signal, the transistor MN2 is cut off and 2-input NOR gate is simplified as shown in
Fig. 4.4

71



VDD

Vint [ MP1

oo Vi1

Cgs4 ‘

MP2
ng4
Vout
ng1
i

_{ IMN" C¢d2 I CL
Figure 4.4 2-input NOR gate when V;,; is switched.

The intermediate parameter in this condition is expressed as

1 Vpp tin—t
tyl = 5 [tvmin — trpL — (ngl + O-SCgs4 + 1-5ng3) ﬁ&]'

tin
(4.5)
Since the derivation of parameters in Eqgs. (4.4) and (4.5) is very long, it is shown in
the Appendix A. In Fig. 4.4, the node between MP1 and MP2 is identified as V.
Compared with an inverter, the value of V; as well as the coupling capacitances will
be specially considered in the Appendix A.

When V;,; = 0 and Vj,, is connected to the falling signal, MN1 always cuts off
and MP1 operates almost in the triode region during the overshooting period.
Therefore, the drain current of MN1 is almost zero and MP1 can be regarded as a
resistance. Thus, the 2-input NOR gate in Fig. 4.3 can be simplified as shown in Fig.
4.5 which is almost similar as an inverter. The derivation method in the Appendix A is

still useful for this condition and the intermediate parameter can be expressed as
1

Vpp tin—t
tyz = 2 [tvmin — trpL — (ngz + ng4) ﬁanTPL]- (4.6)
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Figure 4.5 2-input NOR gate when V;,, is switched.

After obtaining the expressions of intermediate parameters for 2-input NOR gate
under two input conditions, the initial overshooting times can be calculated using Eq.
(4.4). However, the second step calculation is needed to improve the accuracy as

explained in [3].
4.3.2 Modeling the Overshooting Effect of 3-Input NOR Gate

Modeling the overshooting effect of 3-input NOR gate is more complicated than
2-input NOR gate. In this subsection, the method to model the overshooting effect of
3-input NOR gate is proposed. The analysis is composed of three parts according to

three different input conditions.
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Figure 4.6 Simplified 3-input NOR gate when V;,; is switched.

A) Vinl Switching

When V;,; is switched and connected to a falling signal, V;,, and Vj,; are
connected to the ground simultaneously. Then MN2 and MN3 are always cut off
which are merged to an equivalent transistor MNe. The size of MNe is Lyne =
Lynz = Lunz and Wyne = 2Wunz = 2Wyn3. The 3-input NOR gate is transferred
to a circuit as shown in Fig. 4.6 (a). In order to simplify the circuit in Fig. 4.6 (a)
further, MP2 and MP3 are also merged to an equivalent transistor MPe. The size of
MPe is assumed as Lype = 2Lppz = 2Lymps; and Wype = Wypy = Wyps . After
merging transistors with the same inputs simply, the 3-input NOR gate in Fig. 6 (a) is
transferred to a 2-input NOR gate as shown in Fig. 4.6 (b). The capacitances Cgdl,
Cgd2, Cgd3, Cgd4 and Cgs4 are all input-to-output coupling capacitances in Fig. 4.6
(b).

Figure 4.7 shows the overshooting times of the 3-input NOR gate and simplified
3-input NOR gate when Vj,; is switched. Here, t,, and t,ye are the overshooting
times of 3-input NOR gate in Fig. 4.6 (a) and the simplified circuit in Fig. 4.6 (b),
respectively. It can be seen that t,, increases almost linearly with t,ye rises. Thus,

it can be expressed as
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Figure 4.7 The overshooting times of the 3-input NOR gate and simplified
3-input NOR gate when V;,{ is switched.

Through a number of verification works under different conditions, it is
demonstrated that the overshooting time of 3-input NOR gate in Fig. 4.6 (a) can be

empirically expressed as

t
tOV ~ tOVE X = H (48)

tymine
where tymine 1S the minimum output voltage of the simplified circuit in Fig. 7 (b).
Table 2 shows the verification results for Eq. (4.8) with different conditions. The
maximum error of the simulation results in Table 2 is 2.1%. Therefore, the
overshooting time of 3-input NOR gate when V;,; switched can be obtained using
Eq. (4.8). Besides, the parameters t,ye and tymine for the simplified circuit in Fig. 7
(b) can be obtained using the expressions for 2-input NOR gate of Fig. 4.4 proposed
in Sect. 3.1 easily. However, the values of the coupling capacitances in Fig. 4.6 (b) are

different from the 2-inputNOR gate in Fig. 4.4 due to transistor merging.
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Table 2 Verification works of the equation (4.8).

W, /Wy, (um) tov(PS) tave/tymine (PS)
0.2/0.1 51.4 50.7
Ly = L, = 40nm 0.4/0.2 51.5 50.4
ti, = 60ps 0.8/0.4 51.5 50.7
Cp = 0.1fF 1.6/0.8 51.2 50.3
3.2/1.6 50.8 50.2
tin(PS) tov(ps) tave/tvmine (PS)
40 40.1 41.2
L, = L, = 40nm 80 62.9 62
W, /Wy, = 0.8um/0.4um 120 82.3 82.4
Cp = 0.5fF 160 99.4 101.2
200 115.9 117.3
CL(fF) tov(PS) téve/tvmine (PS)
0.1 62.1 61
L, = L, = 40nm 0.3 62.3 61.4
Wp/Wy = 1.2um/0.6um 0.5 62.5 61.7
tin = 80ps 0.7 62.7 61.9
0.9 62.9 62.3

B) Vin2 Switching

When Vj,, is connected to a falling signal, Vj,; and Vj,3 are connected to the
ground. Because MN1 and MN3 are always cut off, they can be merged to an
equivalent transistor MNe. The transistor size is Lyne = LmMni = Lmnz and
Wune = 2Wun1 = 2Wpns. Then the 3-input NOR gate can be simplified to a circuit
as shown in Fig. 4.8 (a). The node between MP1 and MP2 is identified as 1. During
the overshooting period, MP1 always works on the triode region. There is a small
voltage drop away from Vpp innode 1.

Without considering the effect of MP1, the 3-input NOR gate in Fig. 4.8 (a) can be
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simplified to a simple 2-input NOR gate as shown in Fig. 4.8 (b). The capacitances
Cga1> Cgdz> Cgas» Cgas and Cgg, are all input-to-output coupling capacitances. Due
to the existence of voltage drop in node 1, the overshooting time of 2-input NOR gate
in Fig. 4.8 (b) is a little away from the overshooting time of 3-input NOR gate in Fig.
4.8 (a). Therefore, a method with three steps is proposed to obtain the accurate

overshooting time of 3-input NOR gate in Fig. 4.8 (a).

vDD VDDe

‘L—-| MP1 A |;|_
Vin2O 4 [ MP2

s ! Coss L1—4
Vin2 O—p——— [ MP2 C,o 11
t+—d [_mP3
——1

l—-| MP3 C .1
- Vout
szl
i i pren
— l—i cL — CL
(b)

Figure 4.8 Simplified 3-input NOR gate when V;,,, is switched.

Step 1: Calculate the overshooting time of 2-input NOR gate in Fig. 4.8 (b) with the
condition Vppe = Vpp and the result is marked as tqyq.

Step 2: Obtain the voltage of node 1 V;(t,yo) at t = tyyo for 3-input NOR gate in
Fig. 4.8 (a).

Step 3: Calculate the overshooting time of 2-input NOR gate in Fig. 4.8 (b) again
with the condition Vppe = V;(tyy) and the result is marked as t,y.

Through these three steps, the final result tov is almost the same as the
overshooting time of 3-input NOR gate in Fig. 4.8 (a). In Steps 1 and 3, the
overshooting time calculation for 2-input NOR gate in Fig. 4.8 (b) is same as the
proposed method for 2-input NOR gate in Fig. 3.4. Due to transistor merging, the

coupling capacitances in Fig. 4.8 (b) are different from 2-input NOR gate in Fig. 4.4
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which needs to be extracted. Moreover, the parameter V;(t,yg) in Step 2 should be
considered specially. The voltage waveform of the node 1 for the 3-input NOR gate in
Fig. 4.8 (a) is shown in Fig. 4.9.

S20 Ln=Lp=40nm Wp/Wn=1.2/0.6um tin=60ps CL=0.5fF

The Volta of Node 1 (mV)

Time (ps)

Figure 4.9 The voltage of node 1 versus different input signal transition times.

From the time t = trp to the time t = t;;,, the voltage of node 1 will decrease almost
linearly. trp is the time when MP2 is switched on and typ =~ ti,|Vinpl/Vbp, Where
Vinp 1s the threshold voltage of MP2. In Fig. 10, the voltage of the node 1 at t = tqp
is defined as Vj,,x and the voltage of node 1 at t=t;, is defined as Vinin.

Therefore, the value of V;(t,y) can be approximately expressed as

_ Vlmin_Vlmax Vlmin_vlmax
Vl (tovo) - - tovO + (Vlmin - _ ] ) . (4-9)
tin—trp 1 tTP/tln

For a specific CMOS technology, the parameters Viin and Vi, almost remain
constant with the change of transistor sizes and load capacitances. The value of Vimin
and Vjpa.x Will become a little larger with the increase of input signal transition time.
Through various verifications, we find that Vi.,;, and Vi, can be regarded as
constant value approximately and this approximation will not affect the accuracy of
further calculation. In Table 3, the value of Vi, and Vigmax versus different
transistor sizes, load capacitances and input signal transition times are shown using
CMOS 32nm PTM model. Except the results shown in Table 3, other verifications are

done and the values of Vjpin and Vipax for CMOS 32nm PTM model are finally
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determined. In the proposed model, V;nin equals to 0.78V and V;,.x 1S assumed as

0.88V for CMOS 32nm PTM model.

Table 3 Vinin and Vi, under different conditions

W, /W (um) Vimin(V) Vimax (V)
0.2/0.1 0.777 0.884
Lp = L, = 40nm 0.4/0.2 0.777 0.884
tin = 60ps 0.8/0.4 0.777 0.884
CL = 0.5(F 1.6/0.8 0.777 0.884
3.2/1.6 0.777 0.884

tin(PS) Vimin(V) Vimax(V)
40 0.762 0.878
Ly = L, = 40nm 60 0.777 0.884
Wp/Wy = 1.2um/0.6um 80 0.787 0.887
CL = 1fF 100 0.794 0.889
120 0.796 0.890

CL(fF) Vimin(V) Vimax(V)
0.1 0.778 0.884
L, = L, = 40nm 0.3 0.777 0.884
Wp/Wh = 2.4um/1.2um 0.5 0.777 0.884
tin = 60ps 0.7 0.777 0.884
0.9 0.777 0.884

To sum up, when Vj,, of 3-input NOR gate is switched, the overshooting time is
calculated through three steps based on the proposed model for 2-input NOR gate as
shown in Fig. 3.4 of Sect. 3.1.

C) Vin3 Switching

In this part, the situation when Vj,; switched is analyzed. The input Vj,3 in Fig.
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4.1 is connected to the falling signal and the other two inputs are connected to the
ground. Then MP1 and MP2 work in the triode region during the overshooting period.
MN1 and MN2 always cut off. Therefore, MP1 and MP2 can be merged to an
equivalent PMOS transistor MPe. The width of MPe is the same as MP1 and MP2.
The length of MPe is two times of MP1 and MP2 [56]. MN1 and MN2 can also be
merged to an equivalent NMOS transistor MNe. The length of MNe is the same as
MN1 and MN2, while the width of MNe is two times of MN1 and MN2. Thus, the
3-input NOR gate is simplified as shown in Fig. 3.10 where the capacitances Cgq1,
Cgaz and Cgqy are all input-to-output coupling capacitances. The calculation of this
condition is absolutely same as the 2-input NOR gate when Vj,, switched which is
shown in Fig. 4.5. The only difference is the values of coupling capacitances due to
transistor merging. Therefore, the model in Sect. 3.1 can be used to calculate the

overshooting time directly.

VDD

- l—a| MPe

Vin3 O—¢ I 4 [ MP3
Cud4 Vout

gd2 ©
._”j ‘[D ng1
MNe

— ——cL

MN3

4

Figure 4.10 Simplified 3-input NOR gate when Vj,3 is switched.

In conclusion, the overshooting time of 3-input NOR gate is calculated using three
different methods according to the switching conditions of inputs. When Vj,q is
switched, the overshooting time of 3-input NOR gate can be calculated using the

parameters of 2-input NOR gate shown in Fig. 4.4 of Sect. 4.3.1. WhenVj,, is
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switched, the supply voltage Vpp is changed to obtain final accurate value where the
proposed model for 2-input NOR gate in Fig. 3.4 of Sect. 4.3.1 is also used. When
Vinz 1s switched, the 3-input NOR gate is simplified to 2-input NOR gate and the
calculation method is absolutely same as the overshooting time calculation method for

2-input NOR gate in Fig. 4.5 of Sect. 4.3.1.

4.3.3 Extension to Other Multiple-Input Gates

In Sect. 4.3.1, expressions of the overshooting time for 2-input NOR gate is
proposed. Based on the 2-input NOR gate model, the overshooting time of 3-input
NOR gate is calculated in detail in Sect. 4.3.2. These proposed models can also be
extended to many other multiple-input gates.

For 2-input NAND gate as shown in Fig. 4.11, the overshooting time can be
obtained using the similar method as 2-input NOR gate. In Fig. 4.11, the capacitances
Cga1> Cgd2> Cgas» Cgasa and Cgeq are all input-to-output coupling capacitances. The
Equation (3.4) can still be used to calculate the overshooting time of 2-input NAND
gate. Meanwhile, the derivation method explained in the Appendix A to obtain the

parameters of Eq. (3.4) is also useful for 2-input NAND gate.
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O?q —1C. Vout
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Vin2 O -—| MN2
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Figure 4.11 2-input NAND gate considering input-to-output coupling
81



capacitances.

After obtaining the overshooting time expressions for 2-input NAND gate, 3-input

NAND gate shown in Fig. 4.12 is tried to be simplified.
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LMFI—* MPZ—*[JMPE

WVout
4 o
Vinl O—4 | [ MN1
—CL
Vin2© | [ MN2
Vin30 {[Cmns
o

Figure 4.12 3-input NAND gate.

When only V;,; is switched, Vj,; is connected to a falling signal, Vj,, and Vj,3
are connected to Vpp. MP2 and MP3 are always cut off which are merged to an
equivalent transistor with the size Lype = Lypz = Lmpz and Wype = 2Wyp, =
2Wpps. MN2 and MN3 are merged to an equivalent transistor with the size
Lyne = 2Lmnz = 2Lynz and Wyne = Wynz = Wyns - The simplified circuit is
shown in Fig. 13 (a). In Fig. 13 (a), the capacitances Cgq1, Cgaz, Cgas, Cgas and
Cgs1 are all input-to-output coupling capacitances. In this way, the simplified circuit
is almost same as a 2-input NAND gate and expressions of the overshooting time for
primitive 2-input NAND gate in Fig. 4.11 can be applied directly. However, only the
value of input-to-output coupling capacitances in Fig. 13 (a) needs to be extracted due

to transistor size change compared with primitive 2-input NAND gate in Fig. 4.11.
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Figure 4.13 3-input NAND gate under different switching conditions.

When Vj,, is switched, the transistors with the same inputs are merged to an
equivalent transistor and the transistor MN3 is omitted in order to simplify the gate.
Then, the 3input NAND gate is transferred to a 2-input NAND gate as shown in Fig.
13 (b) where the coupling capacitances are considered. According to various
verifications, it is found that the simplified circuit in Fig. 13 (b) can accurately
represent the overshooting time of 3-input NAND gate when Vj,, is switched.
Similarly, when V;,; is switched, the 3-input NAND gate can also be simplified to a
2-input NAND gate as shown in Fig. 4.13 (c) after merging the transistors with the

same inputs. After the merge operations, the overshooting times of NAND gates in
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Fig. 4.13 (b) and Fig. 4.13 (c) can be calculated using the overshooting time
expressions for 2-input NAND gates conveniently and only the values of coupling
capacitances need to be changed due to the merge operations.

Although 2-input and 3-input gate is analyzed in the proposed models,
multiple-input gates with more than three inputs can still use the proposed model. For
example, the calculation methods to obtain the overshooting time of 4-input NOR
gate can be easily presented, based on the proposed models. In Fig. 4.14, a 4-input
NOR gate is shown.
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Vinl O—g———q | MP1

Vin20 4 [ mP2
Vin3o 4 [ MP3
Vind O 1 4 [ MP4

e L b Y
MN

MN1 2 MN3 MN4 I

- w

Figure 4.14 4-input NOR gate.

When Vj,; is switched, MP2, MP3 and MP4 are merged to an equivalent transistor
MPe, whereas MN2, MN3 and MN4 are merged to an equivalent transistor MNe. The
transistor size of MPe is Lype = 3Lyp2z = 3Lmps = 3Lmps and Wype = Wyp, =
Wypz = Wumps. The size of MNe is Lyne = Lmnz = Lvnz = Lung and Wyne =
3Wunz = 3Wunz = 3Wyns. After the merge operation, the 4-input NOR gate is
transferred to a similar 2-input NOR gate as shown in Fig. 4.15 (a) where the coupling
capacitances are considered. And then the overshooting time calculation is absolutely
same as the proposed method in Sect. 3.2.1 where Eq. (4.8) is used to obtain the final
overshooting time. When the equation (4.8) is applied to this condition, t,,. and

tymine are the parameters of 2-input NOR gate in Fig. 4.15 (a) which need to be
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extracted. The values of these two parameters can be calculated using the proposed

model for 2-input NOR gate in Fig. 4.4 of Sect. 4.3.1.
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Figure 4.15 4-input NOR gate under different switching conditions.

When Vj,, is switched, the 4-input NOR gate is transferred to a simple circuit
after merging the NMOS transistor with the same inputs as shown in Fig. 4.15 (b).
According to various verifications, the proposed model in Sect. 4.3.2 B) as well as the
model in Sect. 4.3.2 A) can be used together to calculate the overshooting time of Fig.
4.15 (b). In Sect. 4.3.2 B), the gate in Fig. 4.8 (a) can be regarded as the primitive gate
and the gate in Fig. 4.8 (b) can be regarded as the simplified gate. For the condition

when V;,, of 4-input NOR gate is switched, the gate in Fig. 4.15 (b) is regarded as
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the primitive gate and the gate in Fig. 4.15 (b) after omitting MP1 is regarded as the
simplified gate. Then three steps proposed in Sect. 4.3.2 B) can be applied similarly to
calculate the overshooting time of the gate in Fig. 4.15 (b). The only difference is
about calculating the overshooting time for the simplified gate in Step 1 and Step 3. In
Sect. 4.3.2 B), the simplified gate shown in Fig. 4.8 (b) is similar as a 2-input NOR
gate while the simplified gate of Fig. 4.15 (b) is similar as a 3-input NOR gate which
is same as the gate shown in Fig. 4.6 (a). Therefore, when calculating the
overshooting time of the simplified gate of Fig. 4.15 (b), the proposed model in S Sect.
4.3.2 A) will be directly used. Finally, when calculating the overshooting time of the
gate in Fig. 4.15 (b), the parameters which need to be extracted are same as the
parameters used in Sect. 4.3.2 A) and Sect. 4.3.2 B) except changing some values of
coupling capacitances due to merge operations.

When V;,; is switched, the 4-input NOR gate can be transferred to the circuit
shown in Fig. 4.15 (c). In this condition whenVin3 is switched for 4-input NOR gate,
the gate in Fig. 4.15 (c) can be regarded as the primitive gate which is similar as the
gate in Fig. 9 (a) and the gate in Fig. 16 (c) after omitting the transistors MP1 and
MP2 can be regarded as the simplified gate which is same as the gate in Fig. 4.8 (b).
Then the proposed model in Sect. 4.3.2 B) is verified to be able to calculate the
overshooting time of the gate in Fig. 4.15 (c) accurately. The parameters need to be
extracted are also same as the parameters used in Sect. 4.3.2 B) and the value of some
coupling capacitances used in Sect. 4.3.2 B) need to be changed because of the merge
operation in Fig. 4.15 (¢).

When Vj,, is switched, the 4-input NOR gate is simplified to the circuit as shown
in Fig. 4.15 (d) after merging the transistors with the same inputs. The calculation
method is the same as the proposed model in Sect. 4.3.2 C) and the parameters need
to be used are also same as the model in Sect. 4.3.2 C) while the value of some
coupling capacitances need to be changed due to merge operation.

The proposed models in Sects. 4.3.1 and 4.3.2 are effective not only for NOR and
NAND gate, they are still useful when applied to some other complex multiple-input
gates. For example, the AOI12 gate [60] shown in Fig. 4.16 still has overshooting

effect and needs a model to calculate the overshooting time.
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Figure 4.16 AOI12 gate.

When Vj,, is connected to the falling signal, Vj,; and V;,; are connected to the
ground, the AOI12 can be simplified to a circuit as shown in Fig. 4.17 (a) after
merging transistors with same inputs where the coupling capacitances are considered.
The simplified circuit in Fig. 4.17 (a) is almost same as a 2-input NOR gate. Therefore,
the proposed model for 2-input NOR gate in Fig. 4.5 of Sect. 4.3.1 can be directly
used to calculate the overshooting time of the circuit in Fig. 4.16 (a).

When Vj,, is connected to the falling signal, Vj,; is connected to the ground and
Vinz 1s connected to Vpp, MP3 and MNI1 are always cut off. The AOI12 gate is
simplified to the circuit as shown in Fig. 4.17 (b). This simplified circuit is also almost
same as 2-input NOR gate shown in Fig. 4.5. Thus, the final overshooting time can be

obtained using the method in Sect. 4.3.1.
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In summary, the proposed model in Sects. 4.3.1 and 4.3.2 can be applied to
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Figure 4.17 AOI12 gate under different switching conditions.
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calculate the overshooting time of multiple-input gates effectively and conveniently.

When extending the proposed models to other multiple-input gates, the basic principle

is similar to the method proposed in Sects. 4.3.1 and 4.3.2. Firstly, the overshooting

time expressions for 2-input gate is obtained using the method proposed in Sect. 4.3.1.

Secondly, for the multiple-input gate with more than two inputs, it is simplified to the

circuit with less inputs. The main idea of simplifying the gate is to merge inactive
transistors in serial/parallel connection to generate more simple circuit whose
overshooting time can be calculated using the proposed formula-based model for

2-input gate in Sect. 4.3.1 or the model in Sect. 4.3.2. The only difference is that the

coupling capacitances need to be changed due to some merge operations.
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4.4 Experimental Results

In this section, simulation results of different multiple-input gates obtained from the
proposed model will be shown. In order to verify the accuracy of the proposed model
completely, the simulations will include the consideration of different input signal
transition times, transistor sizes and load capacitances using CMOS 32nm PTM
model [43].

Firstly, the simulation results of the overshooting time for 2-input NOR gate versus
different input signal transition times are shown in Fig. 4.18. Two switching
conditions are all considered and the input signal transition time covers a wide range
which is from 40ps to 200ps. Compared with SPICE simulation results, the error of

the overshooting time obtained from the proposed model is no more than 2.83%.

100
an Ln=Lp=40nm Wp/Wn=0.4um/0.2um CL=0.5fF
&0
70
&0
50
40

30
20 Vin2: Switching —SPICE

Vini: Switching

Overshooting Time (ps)

10 © Proposed Model
0

40 60 80 100 120 140 160 180 200
Input Signal Transition Time (ps)

Figure 4.18 Simulation results of 2-input NOR gate.

An approximate method is proposed to model the overshooting effect of 2-input
NOR gate in [55]. However, it will be not accurate when the input signal transition
time is small. For example, when the input Vinl is switched for 2-input NOR gate as
shown in Fig. 4.4, the overshooting times versus different small input signal transition
times are shown in Table 4. The transistor size is L, = L, = 40nm and W, =

2W, = 0.4um. The load capacitance is C;, = 0.5fF. The results in Table 4 are
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obtained from the SPICE simulations, the proposed model and the model in [3],
respectively. Through comparisons, the overshooting time obtained from the proposed
model is found at most 3.31% away from the SPICE simulation results. While the
error of the overshooting time obtained from the model in [55] is from 6.36% to

9.62%.

Table 4 Overshooting time of 2-input NOR gate when V;,, is switched.

tin(ps) Overshooting Time (ps) Error (%)
SPICE [55] Proposed [55] Proposed
15 15.6 17.1 16.1 9.62 3.21
20 18.6 20.1 19.2 8.06 3.23
25 21.1 22.6 21.8 7.11 3.31
30 23.6 25.1 242 6.36 2.54

The model in [55] will result in large error if applied to the gate with more than two
inputs. Meanwhile, the existing method to simplify multiple-input gates to inverters is
also not useful when extended to model the overshooting effect for multiple-input
gates. Figure 20 shows four different results of the overshooting time for 3-input NOR
gate when Vinl is switched. The four results are obtained from SPICE simulations,
the proposed model, the model in [55] and the simplification method in [56]. From the
results shown in Fig. 4.19, it is demonstrated that the proposed model is the most
accurate within 2.58% error, while the error of the model in [55] is from 5.23% to

9.31%, and the error of [56] is more than 17.7%.
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Figure 4.19 Simulation results of 3-input NOR gate when Vj,,; switched.

Table 5 shows the experimental results when applying the proposed model and the
model of [55] into multiple-input gates.

Table 5 Overshooting time of multiple-input gates.

NOR Gate Overshooting Time (ps) Error (%)
SPICE [55] Proposed [55] Proposed
2-input (Conditionl) 15.0 17.2 15.5 14.67 3.34
3-input (Condition2) 33.6 39.7 34.4 18.15 2.38
4-input (Condition3) 50.5 63.0 49.5 24.75 1.98

In Table 5, the overshooting times are obtained for 2-input NOR gate, 3-input NOR
gate and 4-input NOR gate when Vj,; is switched. Conditionl is L, = L, = 40nm,
W, = 2W,, = 0.2um, t;, = 15ps, C;, = 0.05fF. Condition2 is L, = L, = 40nm,
W, = 2W,, = 0.2um, t;; = 30ps, €, = 0.5fF. Condition3 is L, =L, = 40nm,
W, = 2W,, = 1.2um, t;, = 40ps, C, = 1fF. According to experimental results
shown in Table 5, the error of the overshooting time when applying the model of
[55] to 2-input NOR gate is 14.67% while the error using the proposed model is only
3.34%. When the input terminal increases, the error of [55] will increase further. As
shown in Table 5, the error when the model of [55] is used for 3-input NOR gate and

4-input NOR gate will be 18.15% and 24.75%, respectively. However, if using the
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proposed model to calculate the overshooting time for 3-input and 4input NOR gate,
the errors are only 2.38% and 1.98%, respectively. Therefore, the method of [55] is
not available if applied to model the overshooting effect of multiple-input gates.

The overshooting times of 3-input NOR gate obtained from the proposed model
and SPICE simulation are shown in Fig. 4.20 under different load capacitances. The
overshooting times, which include three different switching conditions, are calculated
using the method in Sect. 4.3.2. Compared with SPICE simulation results, the error of
the overshooting times calculated using the proposed model is below 2.48%. It is

demonstrated that the proposed model can predict the overshooting time of 3-input

NOR gate accurately.
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Figure 4.20 Simulation results of 3-input NOR gate.

Although the 2-input and 3-input NOR gates are chosen as an example in this paper,
the proposed model can also be extended to other multiple-input gates. Figure 4.21
shows the overshooting time of 3-input NAND gate obtained from the proposed
model and SPICE simulations versus different input signal transition times. The error
of the results calculated using the proposed model does not exceed 2.32% compared

with SPICE simulation results.
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Figure 4.21 Simulation results of 3-input NAND gate.

Furthermore, the proposed model is found still useful when extended to the CMOS
gates with more than three inputs according to many other verifications. The
overshooting times of 4-input NOR gate obtained from the proposed model and
SPICE simulations are shown in Fig. 4.22. The input signal transition time changes
from 40ps to 200ps. It is represented from Fig. 4.22 that the error of the proposed
model is no more than 2.31% compared with SPICE simulations. Therefore, the
proposed model can be regarded as an accurate analytical overshooting effect model

for multiple-input gates in nanometer technologies.
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Figure 4.22 Simulation results of 4-input NOR gate.
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The proposed model is not only useful for NOR and NAND gate, it is still accurate
when applied to other complicated multiple-input gates. The overshooting times of
AOI12 gate in Fig. 4.16 obtained from the proposed model and the SPICE simulations
are shown in Fig. 4.23. Two different switching conditions are considered and the

result obtained from the prosed model is no more than 1.62% compared with SPICE

simulation results.
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Figure 4.23 Simulation results of AOI12 gate.

It is demonstrated from the simulation results that the proposed model can be
applied to model the overshooting effect of multiple-input gate and the overshooting

times obtained from the proposed model are accurate compared with SPICE

simulation results.
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4.5 Application of the Proposed Model

Section 4.3 presents the model of the overshooting effect for multiple-input gates
and the accuracy of the proposed model is verified in Sect. 4.4. In this section, the

application of the proposed model is discussed.

4.5.1 Gate Delay Calculation

The application of the proposed model in the field of delay analysis of CMOS
digital circuits is firstly considered. Static timing analysis (STA) is one of the main
technique to verify the timing of a digital design [2]. It usually uses timing libraries
with delay (or current) table data which already include the overshooting effect. The
calculation from table data needs interpolation between data points. And effect of each
parameter on delay is not understood easily. Meanwhile, the proposed model in this
paper is formula-based approach which is convenient to easily obtain the
overshooting time in evaluating the characteristic of the circuit.

As shown in Egs. (4.2) and (4.3), delay is related with the input signal transition
times t;,, the overshooting time t,, and the output voltage rise time tis.. The
parameter t;, can be easily obtained and the parameter rise is directly extracted from
the SPICE simulation results. The parameter t,, can be obtained from overshooting
effect models. In [24] and [28], the authors assumed the output waveform of an
inverter rises/falls at the time t = tp/t = ty, where tp and ty are the time when
PMOS and NMOS turn on respectively. In this paper, the simple method in [24] and
[28] is assumed as a simple model to reflect the overshooting time. Thus, in the
assumed simple model, the overshooting time of 3-input NOR gate is the time when
the switched PMOS turns on.

For 3-input NOR gate, gate delay can be calculated using Eqgs. (4.2) and (4.3). The
overshooting time t,, can be obtained from the proposed model in this paper and the
simple model. Gate delay obtained from SPICE simulations, the proposed model and

the simple model is shown in Table 6 for 3-input NOR gate when Vj,; is switched.
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The transistor size is L, =L, =40nm and W, =2W, = 0.8um. The load
capacitance is C;, = 0.5fF. As shown in Table 6, when using Eqgs. (4.2) and (4.3) to
calculate the gate delay, obtaining t,, from the proposed model is much more

accurate than t,, from the simple model.

Table 6 Gate delay of 3-input NOR gate obtained from Eqs. (4.2) and (4.3).

tin (PS) Gate Delay (ps) Error (%)
SPICE Proposed Simple Proposed Simple
30 41 40 20.2 2.44 50.7
50 45.9 44.8 20.1 24 56.2
70 50.5 49.8 21.4 1.39 57.6
90 54.8 53.8 232 1.82 57.7
110 58.9 57.7 25.7 2.04 56.4

4.5.2 Improvement of Thevenin Equivalent Model

Figure 4.24 (a) shows a 3-input NOR gate driving a RC interconnect load.
Traditionally, the Thevenin equivalent model is used widely in delay analysis of the
gate with interconnect load [59]. As shown in Fig. 25 (b), the 3-input NOR gate is
replaced by an equivalent voltage source Vi,ty in series connection with an
equivalent resistance Ryy. With some value for Ry, it is necessary to search for the
Thevenin voltage Vi,ty which will produce an accurate gate-output waveform and
delay as the actual gate [59]. Therefore, an additional time period is added to the
Thevenin equivalent voltage source due to the obviousness of the overshooting effect
in nananometer regime. As shown in Fig. 4.24 (b), the equivalent voltage source
Vintg Will holds in zero from the beginning to t = t,,. Figure 4.25 shows the output
waveforms of the 3-input NOR gate in Fig. 4.24 (a) and the Thevenin equivalent
model in Fig. 4.24 (b), where L, = L, = 40nm, W, = 2W,, = 1.2um, t;, = 40ps,
C1 = 0.2fF, R1 = 2000, C1 = 0.5fF. Also, the overshooting time tov is obtained

from the proposed model.
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It is clearly demonstrated from Fig. 4.25 that the output waveform of the improved
Thevenin equivalent circuit is close to the actual gate with interconnect loads very
much. That means, the proposed overshooting effect model is useful for improving
the accuracy of Thevenin equivalent model.

Except for the application in the field of delay analysis, the overshooting time is
also an important parameter in the short-circuit energy dissipation estimation [4].
Therefore, in order to improve the accuracy of modeling the CMOS gate delay and
short-circuit energy dissipation, it is meaningful to develop an accurate and effective
model for the overshooting effect of multiple-input gates.

From the discussion in this section, it can be known that the proposed overshooting

effect model for multiple-input gate is meaningful and helpful for digital LSI.
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4.6 Conclusions

With CMOS technology entering into nanometer regime, the overshooting effect of
multiple-input gates cannot be neglected while considering the gate delay and power
consumption. The overshooting effect models for an inverter which have been
proposed cannot be extended to model the overshooting effect for multiple-input gates.
Moreover, the simplification methods using in conventional gate delay models are
also not available to simplify the multiple-input gates when model the overshooting
effect. Therefore, an effective model of the overshooting effect for multiple-input
gates is proposed in this chapter.

In this chapter, the overshooting time expressions for 2-input NOR gate is firstly
proposed. It is formula-based overshooting effect model. Based on the overshooting
effect model for 2-input NOR gate, the method to model the overshooting effect for
3-input NOR gate is presented. The proposed model is not only available for 2-input
and 3-input conditions, it can be also extended to many other multiple-input gates.
Therefore, how to extend the proposed model to multiple-input gates is introduced in
this chapter.

The overshooting time of multiple-input gates obtained from the proposed model
and SPICE simulations are given in the verification works. Experimental results show
that the proposed model can calculate the overshooting time of multiple-input gates
accurately. And the accuracy is also higher than the model in Sect. 3 when applied to
2-input gate under some conditions.

The application of the proposed model is also researched. The proposed
overshooting effect model can be used to increase the accuracy of gate delay model

and improve the accuracy of Thevenin equivalent model.
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Appendix A: Calculation of t,, for 2-Input NOR Gate

In the Appendix, the calculation method to obtain the overshooting time of 2-input
NOR gate is explicitly presented. When V;,; is switched, the condition is more
complicated than the condition when V;,, is switched. Therefore, the analysis in the
Appendix focuses on the condition when V;,; is switched. For the condition when
Vino 1s switched, the analysis method is almost the same.

Modeling the overshooting effect for an inverter has been researched in [3] where
the overshooting time expressions are proposed. For a 2-input NOR gate, the
overshooting time expressions are similar to an inverter which has been already given
in Eq. (4.4). However, the parameters in Eq. (4.4) have some differences for 2-input
NOR gate compared with an inverter. Compared with [3], the different parts of the
2-input NOR gate in Fig. 4.4 are the point of V; due to the appearance of MP2 and
the coupling capacitances. Therefore, the aim of the Appendix is to handle the node
voltage V; in Fig. 4.4 and add the influence of input-to-output coupling capacitances
in Fig. 4.4 to the overshooting time expressions explicitly. Moreover, the method in
the Appendix is also true when analyzing the 2-input NOR gate in Fig. 4.5.

Applying KCL at the output node, the differential equation for the NOR gate in Fig.
4.4 can be expressed as

d(Vin1—Vout) dVou
Impz = Imn1 + Cgat 1d—t0t = (ngz + Cgas + CL) d—ott, (A.1)

where Iyy; and Iyp, are the drain currents of transistors MN1 and MP2
respectively. Cgqq, Cgaz and Cgqq are all coupling capacitances whose values are
obtained directly from SPICE simulation results in this proposed model. C; is the
load capacitance.

The overshooting time tov can be expressed as [3]

2Q4

o + tymin » (A.2)

ov

where Q; is the charge flowing out of Ci, I (tyy) is the current of load

capacitance at the time t = t,,. From Eq. (A.2), we can find the overshooting time
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tov is determined by Q, I¢p(toy) and tymin. In the followings, the calculation of

these three items will be described in detail.

A) Calculation of Q;

When t < trp, the PMOS transistor MP2 is cut off, then the drain current of MP2
is almost 0. Since the drain-to-source voltage Vpg and the gate-to-source voltage Vgg
of MNI1 have the relationship that Vpg << Vg when t < tpp, the drain current of
MNI can be simply expressed as [3]

Imn: = Ba(Ves — Vin) Vps (A.3)
where B, =K'W/L , K’ is the transconductance parameter, Vg is the
gate-to-source voltage, Vpg is the drain-to-source voltage and Vpy is the threshold

voltage of MN1. Then Eq. (A.3) can be expressed as

(ng1 + Cgaz + Cgas + CL) d\;(')cut + Bn(Vgs — Vo) Vour = Cga1 %'
(A.4)
The solution of Eq. (A.4) at the time t = trp is given as
T T
Vout(tTP) = e (Voo— Vel —Vir) X |1 —e “sdiThgd2TtgdsTL VDD |
(A.5)

where Vpp is the threshold voltage of MP1.
Because the output voltages at the time t = ty,, and t=trp have the

relationship V.t (tymin) = Vout(ttp) [3], the charge Q; can be expressed as

Qq = CLVout(trp). (A.6)

B) Calculation of tyy;,

) . .. dv
When t = tynin, the output voltage is at its minimum and d—"t“t = 0. Then Eq.

(A.1) can be expressed as
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dVin
IMn1 (Eymin) = Imp2 (Eymin) + ngl dt - (A.7)

Meanwhile, the valueof Iyp, can also be expressed as

d(Vin1—V1) d(Vin2—Vy)
Imp2 = Imp1 + Cgas # + Cgsa # , (A.8)

where Iyp; 1s the drain current of MPI1, Cgq3 and Cgg are the coupling

capacitances, V; is the voltage of the node between MP1 and MP2 as shown in Fig.

avy

Vini
dt

4.4. When t = typin, dt

« is established according to various verifications

results under different conditions. Therefore, % can be regarded as 0 and Eq. (A.7)

1s transferred to

dVin
IMNl(tvmin) = IMPl(tvmin) + (ngl + ngS) dt -, (A.9)

Since Vout(tvmin) ~ Vout(tTP): IMNl(tvmin) ~ IMNl(tTP) is established. At the

time t = tymin, the drain-to-source voltage of MN1 Vpg is equal to the output

voltage V. Then substituting (A.5) into (A.3), we obtain

Bn(VDD=|VTP|-VTN) tin|VTP]
—e ng1+cgd2+cgd4+CL Vpp . (A.IO)

dV 1
IMNl(tvmin):ngl dltn x |1

As shown in Fig. 4.4, the approximate drain currents of PMOS MP1 obtained using
a-power MOSFET model are very close to the results simulated from SPICE BSIM3
model. Thus, the a-power MOSFET model [25] is used to calculate Iypq(tymin) and
the drain current of MP1 when t = t,,;, is expressed as

|VGS(tvmin)|_|VTP|)(x

IMP1(tvmin) = IDO( ’ (A.11)

Vpp—IVrpl
where Ipg is the drain current of MP1 in the saturation region when Vg = Vpg =

Vpp, o is the velocity saturation index and |Vgs(tymin)| = Vbptvmin/tin-
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After substituting Eqs. (A.10) and (A.11) into Eq. (A.9), the equation can be
obtained as

Bn(Vpp—|VTP|-VTN) tin|VTP

—Vbbp Cod1+Coda+CadatCL V _ tymin—tTP\ o
ngl " 1— e *~gd1¥-gd2"-gd4™-L DD — IDO(T) +
in in— ‘TP
—Vpp
(Cear + Coas) 722 (A.12)
. . . . . \
where trp is the time when PMOS transistor MP1 is switched on and trp = lePltin.
DD

Through solving the equation (A.12), we obtain the expression for tymin

Bn(VDD—|VTP|=VTN) tin|VTP]

_ Vpp Cod1+Codqr+CoqatCi  V
tymin = trp + (tin — tp) X Tootin Cgqr€ 8417 78d27rgde™™L TDD -
1
o
ng3 . (A.13)

C) Calculation of I¢y(tyy)

When t=t,,, the output voltage is 0 so that Iyy; = 0. Meanwhile since

dVout
dt

dVout
> dt

av; .
| _— can be regarded as 0. Thus, the current of load capacitance

dt

>>|

can be obtained through simplifying Eq. (A.1)
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dVin1

ICL(tov) = Imp2 (tov) + ngl T (A.14)
avy| _ 1]dVig| . :
When t = t,y, the approximate expression 1 =3 |T is established due to

numerous simulations under different input conditions, transistor sizes and load
capacitances. Thus, Iyps(toy) can be expressed

del

IMPZ (tov) - IMPl(tov) + (1 5ng3 + 0. 5Cgs4)

Therefore, in order to simplify the calculation process the value of o in a-power

(A.15)

MOSFET model is set as 1, then the linear transistor drain current model for MP1 as
shown in Fig. 4.4 is used. The drain current of MP1 when t = t,, is approximately

described as

[Vgs(toy)|=IVrpl
Ingps (toy) = 1 ( )

where Vqppp is the equivalent threshold voltage obtained from the intersection of the

(A.16)

dotted line and horizontal axis in Fig. 4.4.

D) Calculation of t,,

After substituting (A.14) into (A.2), we obtain an expression for tg,

2Q,
tov = oyt + tymi (A.17)
TPL vmin 1
tcl):—tTpL DO+(ng1+05CgS4+15ng3)
v . L .
where trp. = % in. Then by solving (A.17), we can get the initial solution of t,,

which is expressed as

2Q
tov = tymin —ty1 t \/Kﬂl (tin — trpr) + t\2/1 ’ (A.18)
where

1 Vpp tin—t
ty1 =3 |tumin = treL = (Car + 0.5Cgss + 1.5Cqq3) TRATE| - (4 19)

1n
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Chapter5
Conclusions
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5.1 Dissertation Conclusions

Timing analysis is a useful verification method in modern VLSI design. It can be
used to verify the timing characteristics of complicated digital VLSI systems. Gate
delay is an important performance parameter in timing analysis.

The overshooting effect, which will affect the gate delay calculation, is much more
obvious with the scaling of CMOS process technology. Especially, when CMOS
process technology enters nanometer regime, the overshooting effect cannot be
neglected again. Researchers have already given the overshooting effect models for an
inverter. However, the overshooting effect model for multiple-input gates is seldom
presented. Simplification method is used in conventional gate delay models of
multiple-input gates whose principle is simplifying the multiple-input gates to an
inverter. This simplification method will cause large error if used to model the
overshooting effect of multiple-input gates. And the conventional overshooting effect
model of an inverter cannot be extended to multiple-input gates directly. Therefore,
modeling the overshooting effect of multiple-input gates is researched in this
dissertation. There are two overshooting effect model for multiple-input gates are
proposed. The first model is simple and accurate when calculating the overshooting
time of 2-input gates. The second model is formula-based and can be extended to
many multiple-input gates.

In the first chapter of this dissertation, the background and motivation of this
dissertation is given. Subsequently, the overshooting effect of an inverter and
multiple-input gates are introduced in Chapter 2, where the phenomenon and
influence of overshooting effect are analyzed. The main part of this dissertation is
about the proposed model in Chapter 3 and Chapter 4. In Chapter 3, the overshooting
effect model which can be applied to 2-input gate is presented. There are two different
input conditions for 2-input gate. The proposed model can be used to calculate the
overshooting time of 2-input gate using equations and proportional coefficient method.

Simulation results in Chapter 3 reflect that the proposed model can model the
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overshooting effect of 2-input gate within 3.6% error. In Chapter 4, the proposed
overshooting effect model can predict the overshooting time of many multiple-input
gates. Formula-based overshooting effect model for 2-input gate and overshooting
effect model for 3-input gate is proposed in Chapter 4. Meanwhile, how to extend the
proposed model to the condition of other multiple-input gates is also analyzed. Many
verification works represent that the proposed model is accurate whose maximum
error is only 3.4%. Moreover, the application of the proposed overshooting effect
model is talked about in Chapter 4.

Finally, the conclusions and future work are given in Chapter 5.
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5.2 Future Work

When CMOS process enters nanometer regime, the overshooting effect is
important and cannot be neglected when calculate the gate delay. In this dissertation,
the overshooting effect models of multiple-input gates are proposed. The proposed
model can predict the overshooting time of multiple-input gates accurately.

In the future, how to extend the proposed model to other multiple-input gates will
be verified verified. Meanwhile, giving a common rule to calculate the overshooting
time of multiple-input gates is also meaningful.

The overshooting time is an important component for gate delay in nanometer
technologies. As we know, process variation will affect the gate delay. However, in
this dissertation, we just give a method to calculate the overshooting time. How the
overshooting time of multiple-input gates varies due to the variations of electrical
parameters induced by process variation is not considered. Therefore, the
overshooting effect will be researched again considering about the process variation.

Moreover, the proposed overshooting effect model is a little complicated. Empirical
gate delay models are widely used in industry due to its convenience. We will also
focus on the improvement of the overshooting effect model to give a more simple

overshooting effect model with high efficiency.
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