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Abstract

Katayoun Pourbahri

Dynamic Power Dissipation of Basic Logic Gates
MASc, Electrical and Computer Engineering
Ryerson University, 2007.

In this thesis, a model is proposed to estimate the dynamic power dissipation of CMQOS logic
gate that is loaded with identical logic gates. The proposed model is based on parasitic
capacitance, input capacitance and input-to-output coupling capacitance of the gate. Also,
model takes into account transistor width and has a second order relation with fanout. Using
0.13uzm CMOS technology and netlist (Cadence), basic logic gates are designed and loaded
by identical basic logic gates. Basic logic gates dynamic power are simulated and compared
with the calculated values of proposed model over a range of transistor sizes and capaci-
tive load condition. The proposed model shows a good agreement with the simulated value
of dynamic power dissipation of basic logic gates that are loaded by identical basic logic gates.

Index Terms- Dynamic Power Dissipation, Basic Logic Gates.
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Chapter 1

Introduction

In 1965, Gordon Moore, a co-founder of Intel, prepared an article for the 35th anniversary of
Electronics Magazine on the future of the semiconductor industry. By tracking the history of
the growing integrated chip over the period 1959-65, he made a prediction about its future.
Moore said that the number of components on a single silicon chip would continue to double
every year. In the 1975 IEEE International Electron Devices meeting. Moore revised his
prediction to the number of transistors on a chip doubling every two years. This prediction
became known as Moore's Law.

In fact in that time, technology development was associated with the increasing of integration
and speed of circuits with taking cost and reliability into account. \While power dissipation,
for the most part, has been ignored since power dissipation in those generations has stayed
within acceptable limits.

As shown in the Figure 1.1 [1], CMOS power dissipation has heen increasing due to the
increase in power density. The power dissipation increased J times every 3 years until the
carly 1990’s, due to a constant voltage scaling. Then, a constant ficld scaling has been
applied to reduce power dissipation, where the power density is increased in proportion to
the 0.7th power of scaling factor, resulting in power increase by 1.1 times every 3 vears. It
is considered that the power dissipation of CMOS chips will steadily increase as a natural
result of device scaling [1]. However, as we move toward sub-micron technologies and multi-

GHz frequencies, the power dissipation exceeds acceptable limits jeopardizing performance
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Figure 1.1: Increase of power dissipation due to device scaling.

and reliability. For example, Toshiba has developed a chip that can read and write 200

megabytes per second. Also, CMOS technology is improved from 0.35um to 65nm node.!

1.1 Motivation of the Thesis

Increasing the power dissipation results in raising the chip temperature, which in turn can
make the chip runs slower. Worst-case scenario: when the amount of power dissipation
exceeds the specification, the chip can be permanently damaged. In order to keep chip
temperature down a cooling device has to be added to system which increases the cost as
well. Power costs money and portable power costs even more and power dissipation shortens
the battery life of portable devices which have to be charged or replaced and all of these cost
money. In order to reduce the power dissipation design engineers have to know where and
why power is dissipated and need to have an accurate estimation model that can work as a
hand tool in addition to simulation tools such as Cadence for power management. Not only
optimization of chip design but also choosing the correct IC package and optimization the

box or board containing the chip will be possible through accurate power dissipation model.

1At the time of writing this thesis
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1.2 Objective of the Thesis

"The power dissipation is composed of dynamic and static components. The primary distin-
guishing factor between these two components is that dynamic power dissipation is frequency
dependent, but static pbwer dissipation is not. Dynamic power dissipation is the maih focus
of this thesis and consists of switching power dissipation, short circuit power dissipation and
overshoot power dissipation. Dynamic power dissipation (P,,,) can be expressed as the sum

of these three components as [2]:

’

den=Psw+Psc+Pov, (11)

where switching power dissipation (P,,) is due to charging and discharging of the capacitive
load that is connected to the output node and short circuit power dissipation (P,.) is caused
by the current that flows from the power supply to the ground through the NMOS and
PMOS transistors that conduct simultaneously during input signal transitions. The over-
shoot power dissipation (P,,) is due to the current that flows from the input to the output
through the input-to-output coupling capacitance [2]. Figure 1.2 illustrates the path of the

currents that are responsible for the dynamic power dissipation of an Inverter.

T
I
Ji
_C{ |
input I?:V > ‘~:—-,:;:~.'~§:YYP output
cM™ 1
I Isc
! —— Cload
i
Y

Figure 1.2: Dynamic power dissipation currents.

The simulation results of dynamic power dissipation of basic logic gates due to actual gate
shows a second-order relation with the fanout. However, the existing dynamic power dis-

sipation model has a first-order relation with the fanout and shows a big discrepancy with



.

the simulation results at high fanout. The objective of this thesis is to modify the existing
model of dynamic power dissipation and get better accuracy at high fanout. This model
gives design engineers a better hand tool to estimate dynamic power dissipation without
using Cadence and decrease dynamic power dissipation. In order to use the proposed model
to optimize circuit delay-power through transistor sizing method in the future works, it is

required that the model represent the dynamic power dissipation relation to transistor size.

1.3 Main Contribution of the Thesis

By taking input-to-output coupling capacitance into account through modifying the over-
shoot power dissipation, the second-order proposed model was developed to estimate the
dynamic power dissipation of basic logic gates. Also, the short circuit power dissipation
model as a part of dynamic power dissipation model was modified to improve the proposed
model accuracy. The proposed model achieved a good accuracy with the simulation results
at low and high fanouts. Since the proposed model of dynamic power dissipation takes into
account transistor width, it can be used to size transistor in order to optirﬁize the dynamic

power dissipation.

1.4 Organization of the Thesis Chapters

The remainder of this thesis is organized as follows: Chapter 2 is about technical background;
Chapter 3 reviews the previous works on dynamic power dissipation and its components, also
presents the theory behind the proposed model; Chapter 4 includes design of basic logic gates
using 0.13um CMOS technology and netlist and simulation to validate the proposed model
of basic CMOS logic gate; Chapter 5 summarizes the conclusions and proposes areas for

future works.




Chapter 2

Survey and Technical Background

2.1 MOS Transistor Theory

The MOS transistor is a majority carrier device, in which the current in a conducting channel
between the source and drain is controlled by the voltage applied to the gate. In an NMOS
transistor, the majority carriers are electrons and in a PMOS transistor the majority carriers
are holes. In a simple MOS structure, the top layer of the structure is a good conductor
called the gate. Early transistors used metal gates, but modern transistors generally use
bolysilicon. The middle layer is a very thin insulating film of sio, called the gate oxide. The
bottom layer is the doped silicon body. The gate oxide is a good insulator and when body
Is grounded and a voltage is applied to the gate almost zero current flows from the gate to
the body. The behavior of MOS transistors could be explained as I-V (current-voltage) and

C-V (capacitance-voltage) characteristics of transistor [3].

2.2 I-V Characteristics of MOS Transistors

According to ideal Shockley current model and considering an NMOS transistor, when the
gate-to-source voltage (V) is less than threshold voltage (V}), there is no channel and almost
1o current, flows from drain to source. When the Vg, exceeds the V;, the gate attracts carriers
(electrons) to form a channel (the vertical electric field). The electrons drift from source to

drain at a rate proportional to the clectric field between these regions (the lateral electric
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field). Thus the currents can be computed by knowing the amount of charge in the channel

and the rate at which it moves. Since the charge on each plate of a capacitor is Q = CV,

the charge in the channel can be expressed as:

Q= Cg(Vgc -V, (2.1)

where Cj is the capacitance of the gate to the channel and (V. — V;) is the amount of voltage
attracting charge to the channel beyond the minimum required to invert from p to n. The
gate voltage is referenced to the channel, which is not grounded. If the source is at V;, and
the drain is at V;, the channel voltage V is equal V; + Vys/2. Therefore, the mean difference

between the gate and channel potentials can be express as V. = Vs — Vis/2, as shown in
Figure 2.1 (3].

source

V - -
sn+..|_channel | n,{_VG.I
\Vds/‘

p-type body
v

Figure 2.1: Average gate to channel voltage

The gate can be modeled as a parallel plate capacitor with capacitance proportional to area
over thickness and expressed as Cy = C,;W L, where C,; is the capacitance per unit area of
the gate oxide, L and W are the length and width of the gate, respectively.

Each carrier in the channel is accelerated to an average velocity proportional to the lateral
electric field (the field between source and drain). The constant of proportionality s is called

the mobility and average velocity of the carrier in the channel can be expressed as:

v=pk, (2.2)

where the clectric field £ (the lateral clectric field) is the voltage difference between drain
and source (Vy,) divided by the channel length as:

Vda . i
o 4 2.3
E 7 (2.3)
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Wwhere the time required for carriers to cross the channel is the channel length divided by the

carrier velocity (L/v). Therefore, the current between source and drain is the total amount

of charge in the channel divided by the time required to cross the channel:

Q
s = T 2.4
la L/v \ (24)
replacing the equivalent values of V, and Cy in Equation (2.1) total energy is given by:
Q = CoaWL(Vpy = Vi = 22),

and by replacing the equivalent values of @ and v in Equation 2.4 the I, can be expressed
as:

w Vs
Lis = pCoz (Vs = Ve = Ve, (2.5)

where Equation (2.5) describes the linear region of operation for V,, > V; and relatively small
Vis. It is called linear because ‘—'gﬂ << Vs — V; and Iy, increases almost linearly with Vg,
Just like an ideal resistor. However, when Vy > Vys — Vi, the channel is no longer inverted
in the nearby of drain and it is pinched off. Beyond this point, it is called drain saturation
voltage and increasing the drain voltage has no further effect on current. By substituting
Vis = (Vys — Vi) into 2.5, an expression can be developed for the saturation current that is
independent of Vj,. This expression is valid for Vg > V; and Vg5 > Ve — V, as:

7

Iy = ﬂcozﬁ(vgs - Vt)2a (26)

also, I4,q; can be defined as the current of a transistor that is fully ON (Vs = Viaa):
4%
2L

Idsat = NCo:c—(Vdd - Vt)2 (27)

In summery, according to ideal Shockley current model, an NMOS transistor has three

regions of operation [3):

o Cutoff region

When Vs < V;, the source and drain have free electrons and the body has free holes
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but no free electrons. The junctions between the body and the source or drain are

reverse-biased, so almost zero currents flows. This mode of operation is called cutoff

as shown in Figure 2.2 [3].

Figure 2.2: NMOS transistor cutoff region of operation.

o Linear region
When Vg, < (Vg5 — Vi), an inversion region of electrons (majority carriers) called the
channel connects the source and drain, creating a conductive path. The number of
carriers and the conductivity increases with the gate voltage. The potential difference
between drain and source is Vg = Vs — V4 and if Vs = 0, there is»no electric field
tending to push current from drain to source. As shown in Figure 2.3 [3] when a small
positive potential Vg, is applied to the drain, current J4, flows through the channel from
drain to source. The current increases with both the drain voltage and gate voltage

and this mode of operation is called linear.

AOSTOT = = = == 4
& Joseses]
HOCODOSOODE:
p-type body
b < VgV

Figure 2.3: NMOS transistor linear region of operation.

e Saturation region
When Vi, > (Vs — V;), the channel is no longer inverted near the drain and becomes

pinched off as shown in Figure 2.4 [3]. However, conduction is still brought about by
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the drift of electrons under the influence of the positive drain voltage. As electrons

reach the end of the channel, they are injected into the depletion region near the drain
and accelerated toward the drain. Above this drain voltage the current Iy, is controlled
only by the gate voltage and ceases to be influenced by the drain voltage. This mode

is called saturation.

@ ®

POEOV .
PDOTDOODOOO Vas > VoV
p-lype body
b
v

Figure 2.4: NMOS transistor saturation region of operation.

PMOS transistors behave the same way, but the signs are reversed and I-V characteristics

is in the third quadrant as shown in Figure 2.5 [3].

Ids(uA)

4 Vds (v)

| P 1.2 09 06 03 0
300 -
200 |~

Vgs= 1.2

100 Vgs=10.9
0 Vgs=06 _
0 03 06 09 12 v
Vds (v) lds(uA)
(a) NMOS transistors {b) PMOS transistors

Figure 2.5: I-V characteristics of ideal NMOS and PMOS transistors.

The mobility of holes in silicon is typically lower than that of electrons. This means that
PMOS transistors provide less current than NMOS transistors of comparable size and hence

are slower. Although MOS transistors are symmetrical, by convention we say that majority
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carriers flow from source to drain. Because electrons are negatively charged, the source of

an NMOS transistor is the more negative of the two terminals. Holes are positively charged
so the source of a PMOS transistor is the more positive of two terminals. In complementary

CMOS gates, the source is the terminal closer to the supply rail and drain is the terminal

closer to the output.

2.2.1 Non-ideal I-V Effects

The ideal I-V model of transistors drain current neglects many effects that are important to
modern devices. For example, the saturation current decreases with increasing V. This is
caused by two effects: velocity saturation and mobility degradation. At high electric field
between source and drain (lateral electric field) strengths (Vys/L), carrier velocity ceases to
increase linearly with field strength. This is called velocity saturation and results in lower
I, than expected at high Vg,. At high vertical clectric ficld strengths (Vys/toz), the carriers
scatter more often. This mobility degradation effect also leads to less current than expected
at high V,,. The saturation current of the non-ideal transistor increases slightly with V.
This is caused by channel length modulation, in which higher Vj, increases the size of the
depletion region around the drain and thus effectively shortens the channel.

There are several sources of leakage resulting in current flow in nominally OFF transistors.
When V,, < Vr the current drops off exponentially rather than abruptly becoming zero.
This is called sub-threshold conduction. The threshold voltage itself is influenced by the
voltage difference between the source and body: this is called the body effect. The souree
and drain diffusions are reverse-biased diodes and also experience junction leakage into the
substrate or well. The current into the gate () is ideally zero. However, as the thickness
of gate oxides reduces to only a small number of atomic layers, electrons tunnel through the
gate, causing some gate current.

Both mobility and threshold voltage decrease with rising temperature. The mobility effect is
most important for ON transistors, resulting in lower Iy, at high temperature. The threshold

effect is most important for OFF transistors, resulting in higher leakage current at high
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temperature. Clearly, characteristics degrade with temperature.

2.2.2 Velocity Saturation and Mobility Degradation

According to Equation (2.2) carrier drift velocity and hence current increase linearly with the
lateral electric field Ejq; = Vis/ L between source and drain. This is only true for weak fields;
at high field strength, drift velocity rolls off due to carrier scattering and eventually saturates

at vy as shown in Figure 2.6 [3]. The carrier velocity may be fitted with Equation (2.8)

ooy
sat
Ve/2
_]‘ Slope=pn
O—/E 2E,. 3E

sat sat sat

at
Figure 2.6: Carrier velocity vs. electric field
where E;, is determined empirically. vsq; = jtEsq is in the range of 6 — 10 x 109 cm/s for

electrons and 4 — 8 x 10% cm/s for holes. This corresponds to a saturation field on the order

of 2 x 10* V/cm for NMOS transistors.

Usat '
v= (2.8)
E, )
14 gt
recall that without velocity saturation, the saturation current is:
w
Lis = pCosyr (Vos = Vi)', (2.9)

if the transistor were completely velocity saturated, v = v, and the saturation current

becomes:
Iy = Cax"V (Vgs - Vt) Usat, (210)

where the drain current is quadratically dependent on voltage without velocity saturation
and linearly dependent when fully velocity saturated. For moderate supply voltages, tran-

sistors operate in a region where the velocity no longer increases lincarly with ficld, but also
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is not completely saturated. The a power law model given in Equation (2.11) to Equa-

tion (2.13) provides a simple approximation to capture this behavior. a is called the velocity
saturation index and is determined by curve fitting measured I-V data. Transistors with
| long channels or low V4 display quadratic I-V characteristics in saturation and are modeled
with @ = 2. As transistors become more velocity saturated, increasing V, has less effect on
current and o decreases, reaching 1 for transistors that are completely velocity saturated.
For simplicity, the model uses a straight line in the linear region. Overall, the model is based

on parameters such as @ — 8 — F; and P, that can be determined empirically from a curve
fit of I-V.

Cutoff (Vs < V}):

ILi=0. (2.11)

Linear (Vs < Visar):
Vi | ‘
]d = 1(1.\(1{.—"- (2.12)
‘dml
Saturation (Vs > Visar):
Ill = ‘l-ul- (2.13)
where
Con o
Idsat = 1)«'/’( o f,l “.,- S TI . (214)

Visw = 1 V0 b=,

As channel lengths become shorter, the Lier b neld inercases and transistors become more
velocity saturated (a closer to 1) if the supplv voltage is held constant. For example, a
transistor with a 2um channel length begins to show the effects of velocity saturation at
Via above 4V, while a 0.18um long transistor begins to experience velocity saturation above

0.36V. Figure 3.1 [3] compares Iy, for a velocity-saturated NMOS transistor with that of
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Figure 2.7: I-V characteristics for NMOS transistor with velocity saturation

an ideal transistor and with that predicted by the a—power law. The Shockley model
grossly over-predicts current at high voltage but the a—power fit is reasonably good. As the
transistor becomes severely velocity saturated, there is no performance benefit to raising V.
The low-field mobility of holes is much lower than that of electrons, so PMOS transistors
experience less velocity saturation than NMOS for a given Vj,. This shows up as a larger
value of a for PMOS than for NMOS transistors. Strong vertical clectric fields resulting
from large Vys cause the carriers to scatter against the surface and also reduce the carrier

mobility x with a smaller Hess- The a—power law captures this effect in the parameter a.

2.2.3 Sub-threshold Conduction

Where the ideal transistor I-V model assuie~ current only Hows {rom source to drain when
Vs > Vi. In real transistors, current doces net ahiuptly cut off below threshold, but rather

drops off exponentially as given in Equation 215

Iys = d.s‘()('J';. (215)

N
i
<
I
N———"

Where this conduction is also known as leakaze aued often results in undesired current when

a transistor is nominally OFF and,

"o,
IdsO = /‘('u‘rT"‘.["(‘]‘a- (216)
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where I is the current at threshold and is dependent on process and device geometry, vr

is the thermal voltage and the e'® term was found empirically. n is a process-dependent
term affected by the depletion region characteristics and is typically in the range of 1.4 to
1.5 for CMOS processes. The term (1 — e%’ru) indicates that leakage current is 0 if Vys =0,
but increases to its full value when Vi, is a few multiples of the thermal voltage vr (e.g.,
when V, > 50mV). Conduction through an OFF transistor discharges the capacitor unless
it is periodically refreshed or a trickle of current is available to counter the leakage. Leakage
also contributes to power dissipation in idle circuits. Leakage increascs exponentially as Vi
decreases or as temperature rises, so it is becoming a major problem for chips uéing low
supply and threshold voltages. Sub-threshold conduction is exacerbated by drain-induced
barrier lowering (DIBL) in which a positive Vy, effectively reduces V. This effect is especially

pronounced in short-channel transistors. It can be modeled as (3):
Vi= Vi = nVas, (2.17)

where 7 is the DIBL coefficient, typically in the range of 0.02 to 0.1.

2.3 (C-V Characteristics of MOS Transistors

An MOS transistor can be viewed as a four-terminal device with capacitances between each
terminal pair as shown in Figure 2.8 [3] where these capacitances are noulinear and voltage
dependent (C-V). However, they can be approximated as simple capacitors when their be-
havior is averaged across the switching voltages of a logic gate. An MOS transistor consists
of gate and diffusion capacitances where the gate capacitance includes components to the
body, source and drain, or source alone, depending on operating region [3]. The body is
usually tied to the ground (for NMOS) or to the Vg (for PMOS). However. the body of
PMOS is also drawn to the ground in small-signal models.

The gate capacitance (C,) is necessary to attract charge to invert the channel. so high Cyis
required to obtain high drain to source current. The gate capacitor can be viewed as a paral-

lel plate capacitor with the gate on top and channel on bottoni with the thin oxide dielectric
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Drain

Gste

Figure 2.8: MOS transistor capacitances model

between. The source diffusion capacitance (Cj,) and drain diffusion capacitance (Cjy) arise
from the reverse-biased P-N junctions between the source or drain diffusion and the body.
These diffusion capacitances are not fundamental to operation of the transistors, but impact
circuit performance and hence are called parasitic [3]. The MOS transistor capacitance can

be expressed as:

¢ Gate Capacitance Model:

When the transistor is OFF (cutoff mode and Vg = 0), the channel is not inverted and
charge on the gate is matched with opposite charge from the hody. This is called gate-
to-body capacitance (Cg). As Vg, increases but remains below a threshold, a depletion
region forms at the surface. This effectively moves the bottom plate downward from
the oxide, reducing the capacitance.

When V,, > V; (linear mode) the channel inverts and again serves as a good conductive
bottom plate. However, the channel charge is connected to the source and drain. rather
than the body. At low values of Vj,, the channel charge is ronghly shared between
source and drain, so Cy, = %C’,,xW L. As Vg increases. the region near the drain
becomes less inverted, so a greater fraction of the capacitance is attributed to the
source and a smaller fraction to the drain.

At Vg > (Vs — Vi), the transistor saturates and the channel pinches off. At this point,
all the intrinsic capacitance is to the source. Because of pinch off. the capacitance in

saturation reduces to Cg, = %Con L for an ideal transistor. The behavior in these
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three regions can be approximated as shown in Table 2.1.

Operation Mode +  Approximate Value
Linear Cga = 5CozWL Cya = 3Coz WL Cyp =0
Saturation Cga = §CMWL Cya =0 Cyp=0
Cutoff Cos =0 Cya =0 Cyp = Coz WL

Table 2.1: The approximate values of gate capacitance components

The capacitance per unit area of the gate oxide (C,;) can be expressed as:

Coz = It(e", C(2.18)

’ or

where K is the gate oxide dielectric constant, ¢, is the permittivity of free space and
toz is the gate oxide thickness. '

The gate overlaps the source and drain by a small amount in a real device and also
has fringing fields terminating on the source and drain as shown in Figure 2.9 [3] and
this leads to additional overlap capacitances and these capacitances are proportional

to the width of the transistor (3].

Cw-ovariap ..'E_ gate C “-oveﬂap .

=T

) T
| source drain I

Figure 2.9: Overlap capacitance

Gate-source overlap capacitance (Cys—overiap) and gate-drain overlap capacitance (Cya-overiap)

can be expressed as:
Cgs-ovcrlap = C'gsoI/V and ng-ovcrlap = gdo”/v (219)
therefore, the Cy can be expressed as:

C'g = Cgs—ovcrlap + Co + ng—oucrlap- (220)

MOS Diffusion Capacitance Model:

The drain diffusion capacitor (Cjy) depends on both the area and sidewall perimeter
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Figure 2.10: Diffusion region geometry

source

of the drain diffusion region and Figure 2.10 [3] illustrates the drain diffusion region
geometry [3].

The drain diffusion arca (Agrqin) and perimeter (Pyrqin) can be expressed as:
Adrain=WD  and  Pyrgin = 2W + 2D,
and
Cbd = Adrain X Cj + Pirain X Cjsw, (2.21)

where the area junction capacitance (C;) has units of capacitance per area and the
sidewall capacitance (Cjsy) has units of capacitance per length. Since the depletion
region thickness depends on the reverse bias, these parasitics capacitance are nonlin-
ear [3]. The source diffusion has a similar parasitic capacitance dependent on Asgurce

a‘nd PSO‘UTCG'

2.4 Propagation Delay

High performance circuit can be defined as high speed, low power dissipation and area also
the circuit has to be reliable and cost effective. In every designs there are some paths that
are critical and require attention to timing details. When an input changes, the output will
retain its old value for at most the propagation delay period. Propagation delay is the time
interval at which the input and output voltages cross the half-supply voltage.

Although transistors have complex nonlinear current voltage characteristics, they can be
approximated as a switch in series with a resistor, where the effective resistance is chosen to

match the average current delivered by transistor. Moreover, transistor gate and diffusion



nodes have capacitance. The delay of basic logic gates can be modeled as RC product {)8f
the effective dtiver resistance and the load.capacitance. Usually, the gate that charges or
discharges a node is called the driver and the gates being driven is called load and gates use
minimum length devices for least delay, area and power dissipation [3]. Given this, the delay
of a logic gate depends on the widths of the transistors in the gate and the capacitance of
the load that must be driven.

An NMOS transistor with width of one unit has effective resistance R. The unit width PMOS
has a higher resistance that depends on its mobility relative to the NMOS transistor and
PMOS effective resistance is usually assumed 2R. Wider transistors have lower resistance
for example a PMOS transistor of double unit width has effective resistance R. Parallel and
series transistors combine like conventional resistors. When multiple transistors are in par-
allel, the resistance is lower if | they are all ON. In many gates, the worst-case delay occurs
when only one of several parallel transistors is ON. In that case, the effective resistance is
just that of the single transistor.

According to Elmore delay model and as shown in Figure 2.11 [3] ON transistors are con-

- sidered as resistors and a chain of transistors can be represented as a RC ladder.
R1 R2 Rn
W T
Figure 2.11: RC ladder for Elmore delay

The Elmore delay model estimates the delay of an RC ladder as the sum over each node in the

ladder of the resistance R, _; between that node and a supply multiplied by the capacitance

on the node [3] as:

TElmore = z Ri—to-sourceCiy (222)

i=1

for example, the RC delay of the circuit given in the Figure 2.11 is

T = (RI)CI + (Rl + Rg)Cg R (R1 + Ry + .+ Rn)Cn.
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According to linear delay model, the propagation delay of a basic logic gates can be written

as [11]:
Tlinear = gh + P, (2.23)

where g is the complexity of the gate, p is the parasitic delay inherent to the gate when no
load is attached to the driver and A is fanout. If the load is not identical copies of the driver
gate, h can be computed as the capacitance of the external load divided by input capacitance
of driver.

Even though the exact analysis of the delay is quite complex, if the nonlinear characteristic

of a CMOS gate is taken into account, the delay model can be defined as [4]:

;e Cload X Vaa _ Cload X Vg

I pCo(W/2L)(Vaa - Vi)’ (2.24)

Wwhere the model shows that delay drastically increases as V4 approaches the V;. Moreover,
decreasing the size of the transistor due to decreasing its current drive makes the gate slower.

Therefore, sizing the transistors can be used to optimize the delay of the basic logic gates.

2.5 Turn-on and Turn-off Delay

An accurate delay model of gate switching must be input slope dependent and must distin-
guish between falling and rising signals [10]. The output transition time of a CMOS structure
can be obtained from the modeling of the charging or discharging current that flows during
the switching process of the structure and from the amount of charge to be exchanged with

the output node as:
_ Cload-AV

L = , (2.25)
In,ma.t
and
TLH = -——-———Cload'Av, (2.20)
]p.max

Where AV is the output voltage variation, I maz and I, mqz are NMOS and PMOS transistors

Maximum saturation currents, respectively [2].



Chapter 3
Proposed Model

3.1 Switching Power Dissipation

Any CMOS circuit can be represented by its PMOS network, NMOS network, and the

capacitive load connected to its output as shown in Figure 3.1.

Vdd
T

input [ PMOS
network

l output
NMOS

C
network I loac!

$

Figure 3.1: Generic representation of & CMOS logic gate.

The switching power dissipation as a component of dynamic power dissipation arises when
the capacitive load (Cjeea) of a CMOS circuit is charged through PMOS network to make a
voltage transition from 0 to the supply voltage (Vyy). During this charging process, current
flows from the power supply to the Cloas and the total power delivered by the power supply

to Cload per transition can be express as:

lVo " Viad
: =)t = VaaCloaa | dViu
0

o0 oo
Psw = / Vddisw(t)dt = / Vdd(cload
0 0

= Psw = Cloa(lvdzda ’ ' (31)

20
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however, the total power stored in the Cjyqq per transition can be represented as:

0o oo dVout Vad
PC[.,ad = / Voutisw(t)dt = / Vout(Cload )dt = Cload Vout@Vour
0 0. dt 0
1 2
= Potoad = 5CloaaViiay (3.2)

as shown in Equation (3.2) half of the power delivered by the power supply is stored in the
Cloaq and the other half is dissipated as heat in the PMOS network during charging process.
During discharging process, no charge is drawn from the power supply, and the energy stored
in the C),aq is dissipated as heat in the conducting NMOS network 3].

The dynamic power dissipation of basic logic gates can be reduced by lowering the power
Supply voltage. However, since both capacitance and threshold voltage are constant, the
Speed of the basic logic gates will also decrease with this voltage scaling.

If the voltage of Cj,qq switches between V4 and zero at a clock rate (fgx), the power drawn
from the power supply would be fuxCloaaV,y. However, the switching will not occur at the
clock rate, but rather at some reduced rate which is best described as an activity factor (c«v)

times the clock rate [4, 5] and the power drawn from the power supply can be expressed as:
Psw = afclkcloadvdgi' (33)

A clock has an activity factor of one because it rises and falls every cycle. 2-Input NAND
Bate has an activity factor of 0.25 due to 25% probability of occurring logic-1 as output.

Table 3.1 shows the value of a for several basic logic gates.

inverter NAND2 NOR2 NAND3 NOR3

[ 0.5 0.25 - 0.25 0.125 0.125

Table 3.1: The activity factor («) of basic logic gates.

One common technique for reducing power is to reduce the supply voltage. For CMOS
circuits the cost of lower supply voltage is lower performance. Scaling the threshold voltage

¢an limit this performance loss somewhat but results in increased static power dissipation
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3.1.1 Operating Frequency and Voltage

The relation between operating frequency and supply voltage of CMOS circuits can be

represented as [6]:

o< (Vg — Vo)™

f ‘/dd )

(3.4)

where the exponent o is experimentally derived (approximately equals to 1.3 for current
technology) [6). This equation can be used to develop a linear equation relating frequency

and supply voltage as:

Vnorm = ﬁl + ﬂQ-fnorm’ (35)

where (8, = ﬁ’f‘:, B2 = 1 — B1, Vaorm is the operation voltage which is normalized to the
maximum operating voltage (Vimaz), and fnorm is operation frequency which is normali;zed
to the maximum operating frequency (fmaz). As Equation (3.4) indicates, the frequency
drops to zero when supply voltage is reduced to V; and Equation (3.5) shows that f=0
corresponds to Vorm = v_.:,/';? which for today’s technology is approximately 0.3. Reducing the
operating frequency by a par§icular percentage from f,,,, will reduce the operating voltage
by a smaller percentage as Equation(3.5) shows. For instance, assume 8, = 0.3, reducing
the frequency by 50% (fnorm = 0.5) will reduce the operating voltage by 35% (Vaorm =
0.65). Reducing the voltage by half (V,orm = 0.5) will reduce the operating frequency by
more than half (f,orm = 0.3). When the dominant source of power dissipation was switching
power (Pt = afarCloaaV,y;) by halving the supply voltage, the power dissipation will
reduce by a factor of four, while the processor’s maximum operating frequency will decrease
by more than half [6].

In [7], two models have been presented; one to estimate the timing behavior and the other to
estimate the power consumption of digital circuits . These models rely on several cell-based
extracted parameters. It is indicated that delay at output is dependent on transition at the

inputs of a gate and the load capacitance. The delay () was formulated as:

T= Tinh -+ Tpars ’ (36)
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Figure 3.2: Input/output voltage and PMOS/NMOS current of inverter.

Where 7,,, is the time increment per fanout, A is the fanout, and 7,q, is the delay of no-load [7].

Consequently, the switching power consumption (Py,) of a gate was developed as (7, 8, 9]:
Psw = -th + Ppar’ (37)

Where P, is the power increment per fanout, h is the fanout, and Ppar is the power dissipation

of no-load condition and they can be express as:
Pin = O‘fctkvdzdcin and Ppar = afclkvgzicpar)

Where C;,, is the input capacitance of fanout, and C,,, is the internal capacitance that has

to be charged for the transition. Therefore, Equation (3.7) can be rewritten as:

Psw = a’fclkvd%[(cinh + Cpar-)- (38)

3.2 Overshoot Power Dissipation

From F igure 3.2 [2] it can be observed that in the case of fast input transition from logic-1
to logic-0, the PMOS current is first negative while the output voltage is greater than V.
This phenomenon is known as overshoot due to the current that flows from the input to the

Output through the input-to-output coupling capacitance (Cy;) of the basic logic gate [2].
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Figure 3.3: Three operating regions and inverter models in each region.

Figure 3.3 (2] shows the different operating regions and inverter models in each region

and its associated power dissipation component as:

e I- Overshoot region:

At the beginning of the input transition, the current that passes through the input-
to-output capacitance drives the output voltage beyond the Vg4 Due to a partial
discharge of the output capacitance from the output node toward the power supply,
a negative PMOS transistor current (Ip) will be created. iy, is the time that input
reaches to Vi, and during the time tyn t0 toy both the NMOS and PMOS transistors
are simultaneously conducting. However, no direct short circuit current is flowing
from power supply to ground due to the reversed linear operating mode of the PMOS

transistor.

I1- Short circuit region:

At t,,, which the time necessary to discharge the extra output voltage due to the
input-to-output coupling, the output voltage goes below Vgg. The PMOS recovers the
direct linear operating mode and a direct path occurs between the power supply and

ground, resulting in a direct short circuit current.
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e III- Discharge region:

At t,, +—vp, Which is the time that the input reaches Vg4 — V;p, the PMOS turns off and
the only output load discharge occurs through the NMOS transistor.

During the overshoot part of the transition (Region I), which can be approximated by the
time interval defined betwoen ty, and £,,, the dissipated power is mainly due to the saturated
NMOS transistor. The Vs voltages are indeed equal to Vyy + AV, for the NMOS transistor
and AV, for the PMOS one, with AV,, << Vii. AV, appears here as the extra voltage
value induced at the gate output node by the input-to-output coupling capacitance and

overshoot power dissipation (P,,) can be expressed as [2]:
Py, = O‘fdkcovvdzd, (3.9)

where this model is based on the equivalent overshoot capacitance (C,,) that allows author
.%o write overshoot power dissipation in a similar way as switching power dissipation. The

Coy can be defined as:

1 tow
Cou =1 / In,sat (t)dts (310)
‘/dd tuen

where I, .., is NMOS saturation current.

The influence of input-to-output coupling capacitance on CMOS inverter delay based on the
@-power and n-power law MOS model were presented in [12] and [13], respectively. The
load current in these models is assumed as the combination of linear and exponential during
the overshooting period. The input-to-output coupling capacitance was modeled where the
dynamic behavior of CMOS Inverter was described by a differential equation as [12, 13]:

dvout _ d(vin - Vout)
CloadT = Ip - In + CM dt )

Where V;,, and V,,, are the gate input and output voltages, respectively. Moreover, I, and I,

(3.11)

are the PMOS and NMOS transistor currents, respectively. Hence, the differential equation
Will be solved only for the falling input ramp is expressed as [12]:

Vid t<o0
Vin = (l—th)Vdd OSlStf
0 L> 1ty
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where t; is the input falling time. The value of Cjs, which is strongly voltage dependent,

when the input is high (C}) is computed. considering the overlap capacitances of PMOS
and NMOS drains and the gate to drain overlap capacitance of the NMOS transistor that

operates in the linear region as [12]:

Wn,eff Ln.cff
2

with Wpeps and W, ¢55 are the effective channel width of PMOS and NMOS, respectively.

Cit = Cos( + XppWhers + XpaWness), (3.12)
Lness is the effective channel length of NMOS, while Xp, and Xp, are the gate drain
underdiffusion for the NMOS and PMOS transistors, respectively. For a static input low,
the capacitance C¥; is obtained similarly. Using the a-power-law MOSFET model for short

channel devices, the transistor current is given as shown in Equation (3.13) to Equation (3.15)

as:
when Vis <V, =  I4=0, (3.13)
, Vi -
when Vds < Vo = Iy = —-l— dos (3.14)
Vo
when Vs > V;m = Iy= 1:10- ' .(3.15)
where
‘ ‘:h -\ 0
Tao = Lyl == o (3.16)
‘II!I - ‘I
and
. T
VdO = \III" ) (3-17)
‘.tvl - "

where the parameter o« is velocity saturation index. The Vi is the drain saturation voltage
at Vo = Vyg and Iy is the drain saturation current at V0= V0= 15, [12].

As shown in Figure 3.4 [2] during overshoot peried two time points ({1, and ymin) can be
defined [12). Where t, = %‘;—'tin is the time when the PMOS transistor is off and iy, is the
time when the output voltage is at its mimunnnn

The overshooting period can be divided inte twa parts:
1. When t < tp, PMOS transistor is off aud the voltage of the capacitor Cioaq begins
to decrease from zero due to a partial discharge through input-to-output coupling

capacitance.
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Figure 3.4: CMOS inverter input/output and transistors current for a falling input

2. When t > tp, PMOS transistor begins to conduct and PMOS current charges the load
capacitance Cjoqq. Then the voltage of capacitive load increases. Once the output

voltage goes up to zero, the NMOS current bet¢omes positive.

At the time t = tov » the charge of Cjoyq is zero and the output voltage waveform rises from

zero. Therefore, the Equation (3.12) can be expressed as:

Tioaa = Ip =L, = ey (318)

when ¢ < tp the PMOS is cutoff and the NNOS i~ in lincar mode. Therefore, the Equation

(3.12) can be expressed as:

1 .lll
Vo = Cyy o (3.19)

dVouy i
.- V.-
o dt

(Cload + Chr) i RV

since Vys is also a function of ¢ this equation can not he casily solved. When ¢, <t < tymin
PMOS is on and the expression for output voltaze is even more complicated. When & = Lymin,
the cwrent that flows into capacitive load 1~ zeto Therelore. the Equation (3.12) can be
€Xpressed as [12):

dVi,

]p(tvmin) = In(lruun) - C.\I_dT- (3.20)
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3.3 Short Circuit Power Dissipation i

As the transistors size and threshold voltagé become smaller, short circuit power dissipation
is no longer a negligible factor since the number of transitions increases due to clock speed
up. When the input signal is between V;, and Vyq — |Vip|, where the W4, is the threshold
voltage of NMOS and V4, is the threshold voltage of PMOS, both NMOS and PMOS are
turned on and form a DC path. As a result of the DC path, there will be a short circuit
current flowing from the power supply to the ground. Short circuit current is dependent on

the input transition time, capacitive load, and transistor sizes of the logic gate and it can be

expressed as [14]:
Psc = Imcanvdd' (321)

Also there is a difference in the short circuit dissipation of an inverter without load and that
of an inverter with load. As shown in Figure 3.5 [14] for an inverter without load during the
period of ¢; — ¢5 that short circuit current increases from 0 to /,,,. and the output voltage

will be larger than Vi, — Vi,. As a consequence, the NMOS transistor will be in saturation

Yaax]

Tugan] o/

Figure 3.5: Current behavior of an inverter withom load.

during this period of time. Therefore, /. can be expressed as:

Isc = lsat,nmos = g(v, - Vt)2 f07‘ 0 < I.sr < lmu.r- ’ (3-22)
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assuming that inverter is symmetrical (8, = ,), this current will reach its maximum value

when V;, = -‘-’gi The mean value of short circuit current (/p,.qn,) during one period (T°) can

be written as:

2 [t 4 (28 .
Imcan =2X TA Isc(t)dt = T y E(Vm(t) - Vt) dt, (323)
assuming equal rise and fall times of the input signal and a linear relation between V;, and

time during its transients as:

Vin(t) = -‘%.t, (3.24)

from Figure 3.5 [14] t; and ¢, can be expressed as:

VT T
= —. to = —, 3.25
tl V;id T and 2 ) ' ( )
therefore,
2 [V Vg Vaa
n= - 1 =1). 3.26
]nu?a T o2 ( T t Vt)d( T l) ( )
which has the solution as [14]:
'H 7\ T -
= — - -, 3.2
Imcan 12Vdd (vdd 2‘t) T ( ()

Where 8 =3, = Bpy Vi = Vin = [Vipl, 7 = 7 = 75, & = input [requency. 77 = rising time and
Tr = falling time. From Equation (3.21) and Equation (3.27) the following expression can
be derived for the short circuit dissipation of a CMOS inverter without load [14]:
3 37
=L (Vu-2V)’= 2

Psc 12 (Vdd 2Vt) T (3 8)
a8 7 = f, Equation (3.28) shows that short circuit power dissipation component is propor-
tional to input signal frequency. Since V4 and V; are process-determined. the only design
Parameters that affect short circuit power dissipation are 8. input 7, and 7;. For an inverter
With capacitive load,.the 4’s of the transistors are determined by requirenments on output

rise and fall times. In this case the short circuit dissipation depends only on the duration
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of the input signal edges. The input signal edges should not be too long, especially in the

case of driver circuits that have large 8 value. Figure 3.6 [14] shows the short circuit current
behavior, during a time interval ¢; to ¢3 as a function of load capacitance (CL), for input fall
and rise times of 5 ns. curve(1) shows the behavior of the inverter without load. At any time
this current is the maximum short circuit current that can occur. Curve (4) shows the short
circuit current behavior of the inverter when it is loaded with a characteristic capacitance
Cp of 500fF. In this case the rise and_fall time on the output node are equal to the rise

and fall time on the input. It was also reported in [14] that if the inverter is loaded in a way
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Figure 3.6: Inverter input/output and short circuit current under different capacitive load condi-
tion.

causing output rise- and fall-time that are shorter than input rise- and fall-time, then the
short circuit dissipation will increase. Therefore, to minimize dissipation, an inverter used
as part of a buffer should be designed in such a way that the input rise and fall times are
less than or about equal to the output rise- and fall- time in order to guarantee a small short
circuit dissipation.

Considering the fact that short circuit power dissipation is delivered by the voltage supply,
short circuit power dissipation was been modeled in [15] as:

P, = of s Vi / iOdt, © (3.29)
T
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where T is the switching period and isc(t) is short circuit current.
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Figure 3.7: Short circuit current

Figure 3.7 [15] shows the short circuit current on PMOS device of an inverter that is driven
by a rising ramp input. Assuming the input signal begins to rise at origin, the short circuit
Current starts to flow at t; when the NMOS transistor turns on, and ends at ¢; when the
PMOS transistor turns off. During this time interval, the PMOS moves from linear to
Saturation region. Based on the ramp input signal with a rise time of 7., ¢y and ¢; can be

€Xpressed as:

Vin

Via = Vi
to = and t; =T, ——F 3.30
the average short circuit power Py of the inverter can be specified as:
ge(t)dt
Psc = 1/dd/ ZSC( ) y (331)
o t1—to

When the input rise and fall times are much larger than the output rise and fall times then
the short, circuit path will be active for a longer period of time and as a result the short
circuit current (2sc) is significant. To minimize the short circuit current, it is desirable to
have equal input and output rise and fall times. Also, if the supply is lowered to be below the
Sum of NMOS and PMOS transistors threshold (Viag < Vin + |Vip|) the short circuit current

¢an be eliminated because both devices will not be on at the same time for any value of
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input voltage [4]. The short circuit power dissipation also decreases as capacitive load at

output increases because with large loads. the output switches a small amount during the
input transition [14]. The short circuit power dissipation has been modeled same as the

switching power dissipation using an equivalent capacitance concept [2, 16, 17):

Psc = afclkcscvfda (332)
and
2 Tr/2
Csc = Id’sat(t)dt, (3-33)
Vaa Jo

where 7. is the input rise time. The factor 2 and the integration over 0 to 7,/2 is because
the short circuit current is considered symmetric with respect to its maximum value. The
14 sa: €quation of the Klaassen’s model is (16]:

LE,

E,
1+ 2

Id,sat = IB[Vg - Vt - avd.sat] y (334)

where L is the effective length, Ej, is the value of ficld where the gate loses control over the

channel and E, is the field characterizing velocity saturation.

3.4 Dynamic Power Dissipation Proposed Model

Since dynamic power dissipation that is simulated at output node has a second degree relation
with fanout and it is equal sum of switching power dissipation and short circuit power
dissipation. Based on Cj; second order effect on basic logic gates delay [12] and dynamic
power dissipation simulation results it can be concluded that Py, has a second degree relation

with fanout and modeled as:

Pov = a/clkvdzdcl\lhz- (335)

Considering the fact that P, value is maximum at load zero and decreases by increasing the

load, it can be modeled as:

Psc = O’fclk‘/fd(cpar,sc - Cin,sch)9 . (336)
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where Cp,, .. is the short circuit equivalent capacitance due to zero load condition and Cin.sc

is the short circuit equivalent capacitance due to each fanout. Assuming Cinsc << Char,sc
the value of short circuit power is maximum at load zero and is zero at Cpqp,sc = 0.

The dynamic power dissipation due to lumped capacitance was modeled in [2, 5] as:
den = afclkvdeilcload + Cov + Csc]a (337)

however substituting (3.8), (3.9) and (3.32) into (1.1), the existing model of dynamic power

dissipation can be defined as:
den = afclkvdzdlcinh + CVpar + Cov + Csc], (338)

the existing dynamic power dissipation model does not consider Cj; effects and has a first
order relation with fanout. However by substituting (3.8), (3.35) and (3.36) into (1.1), the
dynamic power dissipation of basic logic gates that are loaded with actual gate can be defined
as:

den = afclkvdzd[Cvl\lh'2 + (Cin - Cin.sc)h + (Cpar + Cpar,sc)]a (339)

Considering the capacitances that are responsible for power increment per fanout as Cin,gate

and parasitic power as Cpar gates the dynamic power dissipation can be written as:
den = afclkded[(cli\lh2 + Cin,gatch + Cpar.gatc)], (340)

in 3] it is indicated that capacitance of a circuit is proportional to transistor size, knowing
that all the devices have the same length, then dynamic power dissipation is proportional to

transistor width (W) and Z can be defined as:

= Woae 3.41
Z= "Vmin’ ( )

Where, Wate is the gates transistor width and W, is the minimumn transistor width. The

fina) expression of the dynamic power dissipation model can be written as:

Pd;/n = CYgatcfclkVd2dz(cltlh2 + Cin.gatch + Cpar.gatc)' (342)
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Considering the fact that proposed model. has a second-order relation with fanout shows
that there is a great difference between using actual gate and equivalent lump capacitance
as load. Since dynamic power dissipation caused by actual gates has a second-order relation
with fanout and dynamic power dissipation caused by equivalent lumped capacitance has a
first-order relation with fanout. It is not practical to use lumped capacitance instead basic

logic gate as a load.



Chapter 4
Model Validation

Using 0.13um CMOS technology and netlist (Cadence) to validate the proposed model,

different basic logic gates have been considered, such as inverter, 2-, 3-input NAND and 2-,

3-input NOR gates as illustrated in the Figure 4.1.

N
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Figure 4.1: Transistor level circuits of basic logic gates

Transistors of the basic logic gates were sized as shown in Table 4.1.

inverter NAND2 NOR2 NAND3 NORS

Wpatos  0.52um  0.52um 1.04pm 0.52um 1.56um
Wnartos  0.26pm  0.52pun 0.26pm  0.78um 0.26pn

Table 4.1: Transistor width of minimum size basic logic gates (L=0.13um)

Then a 5-stage inverter ring oscillator with minimum size transistors (Wpajos = 0.52 pm

and Wya0s = 0.26 um) was designed to reach the highest frequency that 0.13-um CMOS

35
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technology can support. The oscillation frequency was measured to be 2 GHz. .

Since the 3-input NOR gate with fan-out-of-10, which has the highest delay, failed to perform
at this frequency a pulse signal with frequency of about 0.3 GHz, duty cycle of 50%, rise and
fall time of 320 ps (10% of the signal period) was generated. Then the pulse was applied to

_input (A) of the gates which are the input of the closest transistor to the output of the gates

as shown in the Figure 4.1. The other inputs of 2- and 3-input NAND gates were connected
to the V3. With respect to 2- and 3-input NOR gates, the other inputs were connected to
the ground. Therefore, these transistors were ON and operating in the linear region during

the output transitions.

4.1 Dynamic Power Dissipation Due to Actual Gate

In the first part of the simulation, actual gates were used as load (load gate) by connecting
identical basic logic gates tc; the output node of the gate under test (driver gate). For
each of the considered gates, the load condition was increased from fanout—of-O to fanout-
of-10 by one. For one charging and discharging period, the output and transistor power
dissipation were simulated. Since the P, and P,. currents pass through the basic logic
gates transistor, the simulated power dissipation at transistor is equal to (Ps, + Ps) and
the simulated power at output node is equal to Py,. The basic logic gates input/output
voltage, output/transistor power dissipation waveform are shown in Figure 4.2 to Figure 4.6.
Output voltage delay and output/transistor power dissipation of basic logic gates increase
with the fanout and complexity of the basic logic gates. The output power dissipation of
basic logic gates are much greater than transistor po“}er dissipation as a result of over-shoot
power dissipation.

Transistor power dissipation of nand gates were simulated at PMOS and power dissipation
of nor gates were simulated at NMOS. The transistor power of nand gates are dissipated
during rising process and the transistor power of nor gates are dissipated during falling

process. Other than these periods, the transistor power dissipations are alinost zero.
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Figure 4.2: Inverter input/output voltage and output/transistor power dissipation due to actual
gate (Wppos = 0.52um and Wiaos = 0.26pum).

Figure 4.2 illustrates the inverter output voltage and transistor/output power dissipation
waveform of fanout-of-0 to fanout-of-10. As shown in this figure the transistor/output power
dissipation maximum value and duration of power dissipation increase with increasing fanout.
Also their waveforms increase from zero to maximum value during charging and discharging
period of output capacitive load. Power is also dissipated for longer period of time during
charging than discharging period. The output power dissipation of inverter with minimum
Size transistor is in the rang of uW and has almost equal maximum values at charging and
discharging. The maximum value of output power dissipation of inverter is much greater
than its transistor power dissipation as a result of over-shoot power dissipation. The output
voltage waveform shoyvs the over-shoot effect by exceeding Vj, at the beginning of transition

(for rising input) and same for falling input the output waveform goes below zero.
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Figure 4.3: Nand2 input/output voltage and output/transistor power dissipation due to actual
gate (Wpamos = 0.52um and Wyaos = 0.52um).

Figure 4.3 illustrates the 2-input nand gate output voltage and transistor/output power
dissipation waveform of fanout-of-0 to fanout-of-10. As shown in this ﬁgure the transis-
tor/output power dissipation maximum value and duration of power dissipation increase
with increasing fanout. Power is also dissipated for longer period of time during charging
than discharging period of capacitive load that is connected to output. The output power
dissipation of 2-input nand gate with minimum size transistor is in the rang of pW. The
maximum value of output power dissipation of 2-input nand gate is much greater than its
transistor power dissipation as a result of over-shoot power dissipation. The output voltage
waveform shows the over-shoot effect by exceeding Vyq at the beginning of transition (for

rising input) and same for falling input the output waveform goes below zero.
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Figure 4.4: Nor2 input/output voltage and output/transistor power dissipation due to actual gate
Wepos = 1.04um and Wy aros = 0.26um).

Figure 4.4 illustrates the 2-input nor gate output voltage and transistor/output power
dissipation waveform of fanout-of-0 to fanout-of-10. As shown in this figure the transis-
t01‘/vout;put power dissipation maximum value and duration of power dissipation increase
With increasing fanout. Also their waveforms increase from zero to maximum value during
charging and discharging period of output capacitive load. The output power dissipation of
2-input nor gate with minimum size transistor is in the rang of uW. The maximum value
of output power dissipation of 2-input nor gate is much greater than its transistor power
dissipation as a result of over-shoot power dissipation. The output voltage waveform shows
the over-shoot effect by exceeding Vyy at the beginning of transition (for rising input) and

same for falling input the output waveform goes below zero.
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Figure 4.5: Nand3 input/output voltage and output/transistor power dissipation due to actual

gate (Wppos = 0.52um and Wyaos = 0.78um).

Figure 4.5 illustrates the 3-input nand gate output voltage and transistor/output power

dissipation waveform of fanout-of-0 to fanout-of-10. As shown in this figure the transis-

tor/output power dissipation maximum value and duration of power dissipation increase

with increasing fanout. Power is also dissipated for longer period of time during charging

than discharging period of capacitive load that is connected to output. The maximum value

of output power dissipation of 3-input nand gate is much greater than its transistor power

dissipation as a result of over-shoot power dissipation. The output voltage waveform shows

the over-shoot effect by exceeding Vg at the beginning of transition (for rising input) and

same for falling input the output waveform goes below zero.
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Figure 4.6: Nor3 input/output voltage and output/transistor power dissipation due to actual gate
(Wenos = 1.56um and Wyaos = 0.26um).

Figure 4.6 illustrates the 3-input nor gate output voltage and transistor/output power
dissipation waveform of fanout-of-0 to fanout-of-10. As shown in this figure the transis-
tor/output power dissipation maximum value and duration of power dissipation increase
with increasing fanout. Power is also dissipated for longer period of time during charging
than discharging period of capacitive load that is connected to output. The maximum value
of output power dissipation of 3-input nor gate is much greater than its transistor power
dissipation as a result of over-shoot power dissipation. The output voltage waveform shows
the over-shoot effect by exceeding V4 at the beginning of transition (for rising input) and

same for falling input the output waveform goes below zero.
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The average power dissipation of basic logic gates were obtained from the simulation plots.

For example the simulation plots of average and dynamic power dissipation of inverter with

no-load are shown in the Figure 4.7.
30u .
Dynamic ._
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20u L Dissipation

average powel
l dissipation

2.9 L.“. RTINS }...1". . [ |
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Figure 4.7: Average and dynamic power dissipation of inverter with no-load.

The value of Cps, Cyate,in and Cyate por Of minimum size basic logic gates were extracted from
simulation results as shown in Table 4.2.

inverter NAND2 NOR2 NAND3 . NOR3

Cm UF) 0.10 0.14 0.21 0.20 0.33
Cyate,in (fF) 2.45 3.52 3.87 4.54 5.34
Coatepar (fF) 211 3.22 3.49 4.32 4.78

Table 4.2: Basic logic gates Car, Cyate,in 8nd Cyate,par-

The power dissipation of minimum size basic logic gates loaded with actual gate (Pact) were
simulated and compared with the proposed model (Py,o4e) under different loading conditions
as shown in Table 4.3 and Figure 4.8. As illustrated in this table and figure, fanout is
increased from zero to ten and the basic logic gates power dissipation is simulated. The
basic logic gates power dissipation are in the range of uW and increase with fanout and the
complexity of gate. The highest error between basic logic gates P,.; and P4 happen at

fanout-of-zero. The reason of high discrepancy at fanout-of-zero is that the output of basic
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lf'igure 4.8: Comparison of proposed model (Ppoder) and basic logic gates dynamic power dissipa-
tion due to actual gate (P,ct) simulation results under different loading conditions.
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logic gates is floating and it makes estimating of Cyatepar difficult. The error at fanout-of-

zero increase with the complexity of basic logic gates. The basic logic gates Py have a

second-order relation with fanout and P,,.4. show a high agreement with the basic logic

gates P, with maximum error of 3.20% and average error of —0.28%. As it is shown in the

Table 4.3 The model sometimes under estimate the value of dynamic power dissipation and

when the graph of dynamic power dissipation cross the model the value of error is minimum.

The minimum value of errors usually happens at fanout-of-4 where the delay for a process

(in picoseconds) is 1/3 to 1/2 of the channel length (in nanometers) [3].

g

Inverter NAND2 NOR2 NAND3 NOR3
fanout  Poce Prodet E% Pact Prrodet E% Poct Prnodet E% Pact Prodet E% Pact Prnodet L%‘
0 0.98 0.95 3.20 1.46 1.45 0.60 1.46 1.57 -7.42  1.80 1.95 -8.08 1.94 2.15 -108
1 2,07 2.09 -1.20 3.08 3.10 -0.70 3.40 3.40 -0.07 410 4.08 0.58 4.75 4.70 04
2 3.30 3.33 -0.94 4.88 4.88 -0.04 5.50 5.42 143  6.50 6.39 1.7 7.70 7.56 1_§6
3 4.64 4.66 -0.38 6.80 6.79 0.11  7.72 7.63 122 9.00 8.87 1.39 109 10.7 1-:b
4 6.09 6.07 026 8.86 8.83 031 101 10.0 093 11.6 11.5 0.50 143 14.2 0.7
5 7.62 7.58 0.51 11.0 . 11.0 -0.03 126 12.6 0.07 144 144 0.08 179 17.9 .08
6 9.20 9.18 0.24 13.3 13.3 -0.02 153 15.4 -0.34 17.3 174 -0.65 21.8 22.0 -0'72
7 10.9 10.9 -0.14 15.7 15.7 -0.21 182 18.3 -0.53  20.5 20.6 -0.57 261 26.3 -0-79
8 12.6 12.6 -0.02 183 18.3 0.03 21.3 21.4 -0.60  23.9 24.0 -0.41 309 31.0 -0
9 14.5 14.5 -0.35 21.0 21.0 0.08 24.7 24.7 -0.18 276 27.6 0.15 35.9 35.9 0-0z~
10 16.5 16.5 019 238 23.8 -0.02 284 28.2 054 314 31.3 032 413 41.1 0.3

Maximum E%  3.20

Average E%  -0.28 -

Table 4.3: Comparison of proposed model ( Ppyode1) and basic logic gates dynamic power dissipation
simulation results due to actual gate (P, ) under different loading conditions (power values are in
pW and E% = LostoBuatel ¢ 100).



. . 4 |
4.2 Dynamic Power Dissipation Due to Equivalent Lurr51ped
Capacitance

Equivalent lumped capacitance of each basic logic gates were estimated using simulation

results as shown in Table 4.4.

inverter NAND2 NOR2 NAND3 NOR3

Equivalent
Lumped 2.85 fF 4.09 fF 457 fF 530 fF 6.38 fF

Capacitance

Table 4.4: The value of equivalent lumped capacitance of basic logic gates.

Basic logic gates input/output voltage and output/transistor power dissipation simulation
results due to lumped capacitance are shown in Figure 4.9 to Figure 4.13.

As illustrated in these Figures, the output power dissipation of basic logic gates is in rang of
W and increase with increasing the fanout and they have a first-order relation with fanout.
The maximum value of power dissipation and duration of power dissipation increase with
fanout and complexity of basic logic gates. The output power dissipation of basic logic gates
are also twice of transistor power dissipation since the output power dissipation are equal
the sum of PMOS and NMOS transistors power dissipations. Moreover, power dissipation
of basic logic gates increase with complexity of gates and 3-input nor gate has the highest
Power dissipation for each fanout. The delay of basic logic gates increase with the fanout
and complexity of basic logic gates.

Comparison of simulation results show that transistor power dissipation of basic logic gates
that are loaded by actual gates are less than transistor power dissipation of basic logic
gates that are loaded by lumped capacitance. Also, the delay of basic logic gates that are
loaded by actual gates are less than the delay of basic logic gates that are loaded by lumped

Capacitance.
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Figure 4.9: Inverter input/output voltage and transistor/output power dissipation due to lumped
capacitance.

Figure 4.9 illustrates the inverter gate output voltage and transistor/output power dissi-
pation waveform of fanout-of-0 to fanout-of-10. As shown in this figure the transistor/output
power dissipation maximum value and duration of power dissipation increase with increasing
fanout. The maximum value of output power dissipation of inverter gate is almost same as
its transistor power dissipation. The output voltage waveform shows the over-shoot effect
by exceeding Vy; at the beginning of transition (for rising input) and same for falling input

the output waveform goes below zero.
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Figure 4.10: Nand?2 input/output voltage and output/transistor power dissipation due to lumped
Capacitance (Wpp0s = 0.52um and Wyaros = 0.52um).

Figure 4.10 illustrates the 2-input nand gate output voltage and transistor/output power
dissipation waveform of fanout-of-0 to fanout-of-10. As shown in this figure the transis-
tor/output power dissipation maximum value and duration of power dissipation increase
With increasing fanout. The maximum value of output power dissipation of 2-input nand
gate is almost same as its transistor power dissipation. The output voltage waveform shows
the over-shoot effect by exceeding Vyy at the beginning of transition (for rising input) and

Same for falling input the output waveform goes below zero.
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Figure 4.11: Nor2 input/output voltage and output/transistor power dissipation due to lumped
capacitance(Wppros = 1.04um and Waros = 0.26pm).

Figure 4.11 illustrates the 2-input nor gate output voltage and transistor/output power
dissipation waveform of fanout-of-0 to fanout-of-10. As shown in this figure the transis-
tor/output power dissipation maximum value and duration of power dissipation increase
with increasing fanout. The maximum value of output power dissipation of 2-input nor gate
is almost same as its transistor power dissipation. The output voltage waveform shows the
over-shoot effect by exceeding Vg at the beginning of transition (for rising input) and same

for falling input the output waveform goces below zero.
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Figure 4.12: Nand3 input/output voltage and output/transistor power dissipation due to lumped
Capacitance (Wppr0s = 0.52um and Wyaros = 0.78um).

Figure 4.12 illustrates the 3-input nand gate output voltage and transistor/output power
dissipation waveform of fanout-of-0 to fanout-of-10. As shown in this figure the transis-
tor/output power dissipation maximum value and duration of power dissipation increase
with increasing fanout. The maximum value of output power dissipation of 3-input nand
8ate is almost same as its transistor power dissipation. The output voltage waveform shows
the over-shoot effect by exceeding Vyq at the beginning of transition (for rising input) and

Same for falling input the output waveform goes below zero.
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Figure 4.13: Nor3 input/output voltage and output/transistor power dissipation due to lumped
capacitance (Wpapos = 1.56pum and Wypos = 0.26p0m).

Figure 4.13 illustrates the 3-input nor gate output voltage and transistor/output power
dissipation waveform of fanout-of-0 to fanout-of-10. As shown in this figure the transis-
tor/output power dissipation maximum value and duration of power dissipation increase
with increasing fanout. The maximum value of output power dissipation of 2-input nor gate
is almost same as its transistor power dissipation. The output voltage waveform shows the
over-shoot effect by exceeding Vg at the beginning of transition (for rising input) and same

for falling input the output waveform goes below zero.
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The power dissipation of the minimum size basic logic gates due to equivalent lump

Capacitance (Ppap) were simulated and compared with P, of basic logic gates under different
loading conditions and shown in Table 4.5 and Figure 4.14. As illustrated in this table and
figure, power dissipation of minimum size basic logic gates are in the range of ul¥ and
_increase with increasing of fanout. The basic logic gates P, have a second-order relation
with fanout but P, have a first-order relation with fanout. The value of Py and P,y are
close at low fanout while differences between those increase with increasing the fanout. The

FPeap is lower than P, at low fanout and is higher than P, at high fanout because P, has

a first order relation with fanout while P, has a second order relation with fanout.

—

Inverter NAND2 NOR2 NAND3 NOR3
wc‘" Pcnp Pnc¢ E% Pcnp PaCt E% Pcnp Pact E% Pcnp Pacf E% Pcap Pnct E%
0 0.98 0.98 -0.01 1.58 146 <822 166 146 -13.70 200 1.80 -11.11 220 194 -13.40
1 2.07 2.07 -0.01 328 308 -649 3.60 340 -588 4.15 4.10 -1.22 4.82 4.75 -1.47
2 3.33 3.30 -091 490 4.8 -041 556 550 -1.13 6.58 650 -1.30 7.78 7.70 -1.07
3 4.57 4.64 1.51 6.78 6.80 029 776 7.72 -0.47 9.12  9.00 -1.30 107 109 1.74
4 5.87 6.09 361 ,859 886 305 080 1.01 2.20 11.5 116 0.45 13.7 143 3.94
S 7.12 7.62 6.56 104 11.0 5.64 121 126 4.36 140 144 2.92 16,6 179 7.12
6 8.40 9.20 8.70 12,1 133 9.02 142 153 7.10 16,5 17.3 4.56 196 218 1017
7 9.70 10.9 10.60 13.9 157 1146 164 18.2 10.2 18.9 205 7.59 22,5  26.1 13.79
8 11.0 12.6 12.66 158 183 13.66 185 21.3 1296 21.5 239 10.14 254 309 17.81
9 12.3 14.5 1494 177 21.0 1571 206 247 1660 239 27.6 13.38 284 359 21.01
10 13.6 16.5 17.58 195 23.8 18.07 228 284 1985 263 314 1612 312 41.3 2443
Maximum E%  32.3
—_— Average E% 9.2

Table 4.5: Comparison of basic logic gates power dissipation due to actual gate (Phe) and

“Quivalent lump capacitance (Peap) under different load conditions (power values are in I and

E% = __P"C;)‘Pcal; x 100)
act
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Figure 4.14: Comparison of basic logic gates power dissipation due to actual gate
equivalent lump capacitance (Peap) under different load conditions .

(Pyet) and
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4.3 Dynamic Power Dissipation and Transistor Widtil

The simulation was repeated while the transistor width of the basic logic gates under the
test were increased 2, 3, 5, 10, 15 and 30 times the minimum width. Table 4.6 to 4.10 and
Figure 4.15 to 4.19 show comparison of proposed model (Proder) and basic logic gates Py
with different transistor width under different loading condition. The highest error between
basic logic gates Pae and Proder happen at fanout-of-zero. The reason of high discrepancy
at fanout-of-zero is that the output of basic logic gates is floating and it makes estimating
of Cyate par difficult. As illustrated in these figures, Pmodet have a good agreement with Py

of basic logic gates for all different transistor sizes.
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Z=rl =2 =3 ==t
fanout I)m‘ﬁ Pm,mtcl £% I)m;t [Jm.mlcl, E% [)n,rt. l)'m.ml(:l, 1% I)m*l, I’rn,(wl(‘l E%
0 0.98 0.95 3.20 0.21 0.2 5.14 0.32 0.3 6.53 0.55 0.52 6.12
1 0.21 0.21 -1.20 0.41 0.4.1 -1.25 0.62 0.62 -1.28 10.36 10.51 -1.45
2 3.30 3.33 -0.94 6.40 6.47 -1.14 9.57 9.75 -1.86 16.02 16.32 -1.87
3 4.64 4.66 -0.38 8.90 9.01 -1.25 13.40 13.60 -1.12"  '22.44 22.63 -0.84
1 6.09 6.07 0.26 11.76 11.70 0.22 17.60 17.60 -0.19  29.40 29.44 -0.13
5 7.62 7.58 0.51 14.70 14.60 0.38 22.00 22.00 0.01 36.86 36.75 0.30
6 9.200 9.18 0.24 17.80 17.70 0.34 27.00 26.60 1.30 44.83 44.56 0.60
10.85 10.90 -0.14 21.07 21.00 0.24 31.60 31.60 0.07 53.05 52.87 0.34
8 12.64 12.60 -0.02 24.418 24.50 -0.03 36.70 36.80 -0.25 61.54 61.68 -0.23
9 14.46 14.50 -0.35 28.09 28.10 -0.17 42.30 42.30 -0.03 71.02 70.99 0.04
10 16.50 16.50 0.19 31.97 32.00 -0.02 48.00 48.10 -0.13  80.69 80.80 -0.14
Z=a10) IZ5=315 =30
fanout Pact I),,,(,,t,:l 2% Pact I)‘m,ml(rl, E% Poct I’,,,,(,,l,,[, E%
0 11.50 10.71 6.87 16.30 17.40 6.58 35.30 32.86 6.90

1 20.90 21.26 -1.73 32.10 31.70 -1.38 63.70 64.50 -1.25
2 32.20 32.85 -2.03 49.60 48.40 -2.44 97.00 99.33 -2.40
3 45.00 45.48 -1.06 68.60 68.30 -0.42  136.00 137.40  -0.99
1 59.10 59.14 -0.07 89.10 88.80 -0.39  178.00 178.60  -0.32
5 74.10 73.84 0.35 111.00 112.00 0.20 223.60 223.00 0.27
6 90.00 89.58 0.47 135.00 136.00 0.47 27240  270.60 0.65
f 106.80 106.40 0.42 160.00 161.00 0.49  323.00 321.40 0.48
8 124.10 124.20  -0.05  187.00 I87.00 +-0.010/%:375:50 " :875:50 0.01
9 143.00 143.00 -0.01  215.00 215.00 0.01 432.20 432.70 -0.11
10 162.60 162.90 -0.19 245.00 245.00 -0.22 492.20 493.10 -0.18

Maximum F£E% 6.9
Average F% 1!

Table 4.6: Comparison of proposed model (P,,,4) and inverter P, with respect to transistor
width under different load conditions (power values are in pW).
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Figure 4.15: Comparison of proposed model (P,,,40) and inverter P, with respect to transistor
width under different load conditions.
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Z=s Zi="2 Z=3 =5
fanout I)(LpL I’nunl(:l E% l).w/, I)m,mt(-l I,l‘ﬂ/(') I’u.('l l)y,,“,l,(;L E% l)u,('t [)nn)rl,rl E%
0 1.46 1.45 0.6 2.96 3.03 2.3 4.53 4.52 0.3 7.70 7.32 4.9
1 3.08 3.10 0.7 6.07 6.17 1.6 9.16 9.20 0.5 1.53 1.53 0.4
2 4.88 4.88 0.0 9.80 9.58 2.2 14.30 14.30 0.0 23.83 24.01 0.8
3 6.800 6.79 0.1 13.30 13.30 0.2 19.80 19.80 0.1 33.05 33.34 0.9
4 8.860 8.83 0.3 17.30 17.20 0.4 25.80 25.70 0.2 43.09 43.34 0.6
5 11.00 11.00 0.0 21.40 21.50 0.3 32.15 32.10 0.2 53.72 54.00 0.5
6 13.30 13.30 0.0 26.00 26.00 0.1 38.80 38.80 0.1 64.80 65.32 0.8
if 15.70 15.70 0.2 30.60 30.80 0.5 46.00 46.00 0.0 79.62 77.30 2.9
8 18.30 18.30 0.0 35.60 35.80 0.6 53.40 53.60 0.3 89.26 89.94 0.8
9 21.00 21.00 0.1 41.40 41.10 0.7 61.60 61.60 0.1 102.9 103.2 0.3
10 23.80 23.80 0.0 46.70 46.70 0.1 70.00 70.00 0.1 117.1 117.2 0.1
Zi=0 Z =15 Z =30
fanout Pact el E% Pact Prodet E% Poct Emodel E%
0 14.92 14.72 1.4 23.30 23.70 1.8 47.80 47.300 i)

1 29.18 29.48 1.0 16.60 46.20 0.9 92.70 93.680 1.1
2 45.44 45.60 0.4 72.10 71.80 0.4 144.00 144.40 0.3
3 63.12 63.07 0.1 99.70 99.30 0.4 200.00 199.50 0.2
1 82.04 81.89 0.2 129.00 130.00 0.2  259.50 259.00 0.2
5 102.30 102.10 0.2 161.00 162.00 0.1 323.40  322.80 0.2

6 123.80 123.60 0.2 195.00 195.00 0.1 391.20  391.00 0.1
7 146.50 146.50 0.0 231.00 232.00 0.3 463.40  463.50 0.0
8 170.30 170.70 0.2  270.00  270.00 0.1 539.10  540.40 0.2
9 195.90 196.30 0.2 310.00  309.00 0.5 621.10 621.70 0.1

10 223.60 223.20 0.2 353.00 354.00 0.2 708.30 707.30 0.1
Maximum [£% 4.9
Average E% 0.5

Table 4.7: Comparison of proposed model (Ppnoder) and 2-input nand Pyt with respect to transistor
width under different load conditions (power values are in uW).

dynamic power dissipation (W)

fanout

Flgm'e 4.16: Comparison of proposed model (Ppodet) and 2-input nand P,~ with respect to
transistor width under different load conditions.




o6
=1 Z =2 Zr=13 Z=5

fanout Pact I,nmd(:l, E% Pact I)nm:t(:l, E% Pact I)nu)rl,(:l E% Pact I’nm:l,cl, 2%
0 1.46 1.57 7.4 3.01 3.14 4.5 4.60 4.73 25 7.91 8.12 2.6
1 3.40 3.40 0.1 6.67 6.69 0.4 10.00 10.10 0.7 16.75 16.89 0.8
2 5.50 5.42 1.4 10.70 10.6 0.7 16.10 16.00 0.6  26.77 26.67 0.4
3 7.72 7.63 1.2 15.10 14.90 1.0 22.60 22.50 0.4 37.86 37.46 1L
4 10.11 10.00 0.9 19.80 19.70 0.7 29.80 29.60 0.7 49.64 19.26 0.8
5 12.60 12.60 0.1 24.80 24.70 0.2 37.50 37.20 0.7 62.13 62.08 0.1
6 15.30 15.40 0.3 30.12 30.20 0.3 45.20 45.50 0.6  75.66 75.91 0.3
1 18.20 18.30 0.5 36.00 36.10 0.2 54.00 54.30 0.5 90.36 90.75 0.4
8 21.30 21.40 0.6 42.00 42.30 0.7 63.50 63.70 0.3 10.62 10.66 0.4
9 24.70 24.70 0.2 48.90 48.90 0.1 73.60 73.60 0.0 123.6 123.5 (OF
10 28.40 28.20 0.5 56.20 56.00 0.4 84.40 84.20 0.3 141.6 141.3 0.2

Z="10 Z=15 Z =30

fanout [)tu't, I)"l()lll!l E% I’ll,(:l, I)'m.ull(,'l E% Pact [)m,ml(:l 1%
0 15.74 16.03 1.8 24.70 24.30 1.5 49.03 49.830 1.6
1 33.03 33.26 (a7 51.00 50.50 0.9 101.30 102.10 0.8
2 52.63 52.48 0.3 80.00 80.60 0.2 161.60 160.70 0.5
3 74.19 73.70 0.7 113.00 114.00 1.0 226.70 225.60 0.5
4 97.51 96.90 0.6 148.00 149.00 0.4 298.00  296.90 0.4
5 122.30 122.1 0.2 187.00 187.00 0.1 375.00 374.40 0.2
6 149.00 149.3 0.2 229.00 228.00 0.3 457.50 458.30 0.2
7 177.90 178.5 0.3 274.00  273.00 . 549.60  548.40 0.2
8 641.10  644.90 0.6

0.3

208.90 209.6 0.3 321.00  321.00 0.1

9 242.80 242.8 0.0 372.00 372.00 0.1 745.90 747.70 0.2

10 278.50 277.9 0.2 426.00  427.00 0.2 860.00  856.80 0.4
Maximum E% 7.4
Average E% 0.7

Table 4.8: Comparison of proposed model (Ppnoder) and 2-input nor P with respect to transistor
width under different load conditions (power values are in uW).

dynamic power dissipation (W)

fanout

Figure 4.17: Comparison of proposed model (Pyode1) and 2-input nor P, with respect to tran-
sistor width under different load conditions.
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Z="1 =2 Zi==3 Z'=75
fanout Pact I)m,ml,(:l E% Pact ,)m.ml,(zl 1% Pact [)mmlrrl, E% Pact I)rnr)rl,lzl E%
0 1.80 1.95 8.1 3.75 3.87 3.1 5.70 5.83 2.3 9.61 9.85 2i5
1 4.10 1.08 0.6 8.00 8.02 0.2 12.02 12.00 0.1 20.05 20.09 0.2
2 6.50 6.39 1.8 12.60 12.50 0.7 18.80 18.80 0.3 31.44 31.24 0.6
3 9.00 8.87 1.4 17.50 17.40 0.8 26.20 26.00 0.7 43.54 43.29 0.6
4 11.60 11.50 0.5 22.70 22.60 0.6 33.90 33.8 0.3 56.42 56.24 0.3
5 14.40 14.40 0.1 28.10 28.10 0.1 42.10 42.10 0.0 70.26 70.09 0.2
6 17.30 17.40 0.7 33.90 34.00 0.4 50.80 50.90 0.3 84.61 84.84 0.3

if 20.50 20.60 0.6 40.20 40.30 0.2 60.20 60.30 0.1 100.0 100.5 0.5
8 23.90 24.00 0.4 46.80 46.90 0.2 70.00 70.20 0.3 117.0 117.0 0.0
9 27.60 27.6 0.1 53.80 53.80 0.1 80.60 80.6 0.0 13.45 13.45 0.0
10 31.4 31.3 0.3 61.30 61.20 0.2 91.70 91.50 0.2 15.31 15.29 0.2

=310 Z =15 Z =30
fanout I)u,vt. I)nuul(:l E% I)tl.('l, I)m,ml(:l E% l)u,('l, I)m,m[‘-[ E%

0 19.11 19.55 2.3 29.90 29.40 [e7 59.00 60.44 2.4
1 39.40 39.55 0.4 60.50 60.40 0.2 121.40 121.50 0.1
2 61.74 61.36 0.6 93.90 94.00 0.1 188.60 188.10 0.2
3 85.55 84.97 0.7 130.00 131.00 0.6 262.40 260.40 0.8
4 110.8 110.4 0.4 169.00 170.00 0.4 340.00 338.30 0.5
5 137.7 137.6 0.1 211.00 211.00 0.1 422.60 421.80 0.2
6 166.1 166.6 0.3 255.00 255.00 0.2 509.00 510.90 0.4
7 197.0 197.4 0.2 302.00 302.00 0.3 603.70 605.70 0.3
8 229.5 230.1 0.2 352.00 352.00 0.2 704.10 706.00 0.3
9 264.6 264.5 0.0 405.00 405.00 0.0 813.30 812.00 0.2
10 301.3 300.7 0.2 461.00 461.00 0.2 924.80 923.60 0.1
Maximum E% 8.1
Average E% 0.6

Table 4.9: Comparison of proposed model (Proder) and 3-input nand P, with respect to transistor
width under different load conditions (power values are in uW).

dynamic power dissipation (W)

fanout

Flgure 4.18: Comparison of proposed model (Ppoder) and 3-input nand P,y with respect to
transistor width under different load conditions.
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Z="1 iz =32 =13 =5
fanout I)ll,(,‘t I)rn,t)dcl E% Poct I)nmdcl E% Pact I)m.mlcl, E% Pact [)m.o(l(:t E%
0 1.94 2.15 10.9 3.95 4.38 10.8 6.03 6.61 9.6 1.02 1.10 8.3
1 4.75 4.70 1.0 9.33 9.29 0.5 14.00 13.90 0.4 23.31 23.27 0.2
2 7.70 7.56 1.9 15.20 14.80 2.4 22.70 22.30 2.0 37.85 37.15 1.9
3 10.90 10.70 1.8 21.30 21.0 1.3 32.10 31.5 |37 53751 52.66 1.6
4 14.26 14.2 0.7 28.10 27.80 0.9 42.10 41.80 0.7 70.14 69.81 0.5
5 17.90 17.90 0.0 35.30 35.30 0.0 53.00 53.10 0.1 88.50 88.59 0.1
6 21.80 22.00 0.7 43.20 43.40 0.5 65.00 65.30 0.4 108.7 109.0 0.3
i 26.10 26.3 0.8 51.80 52.10 0.6 77090 78.50 0.7 130.2 131.1 0.7
8 30.90 31.00 0.2 61.10 61.50 0.7 92.20 92.70 0.5 154.4 154.7 0.2
9 35.90 35.90 0.0 71.50 71.50 0.0 108.0 108.0 0.2 179.6 180.1 0.3
10 41.30 41.10 0.4 82.60 82.20 0.5 124.4 124.0 0.4 208.0 207.0 0.5
Zi=310 Z =15 Z =30
fanout I)m:l, I)nwdal E% I)lu: t I)nmrlcl E% I)(LCI. l)'nl,()lllll 2%

0 20.19 21.64 7.2 33.40 31.10 7.6 62.40 67.68 8.5
45.67 45.64 0.1 69.90 70.10 0.2 140.2 140.00 0.2

1

2 74.09 72.88 1.6 112.00  114.00 1.8 226.5 222.60 1.7,
3 104.90 103.4 1.4 158.00  161.00 1.6 320.30  315.50 1.5
4 137.80 137.1 0.5 210.00  211.00 0.4 421.3 418.70 0.6
5 173.90 174.10 0.1 266.00  265.00 0.4 534.10  532.20 0.4
6 213.40  214.30 0.4 328.00  327.00 0.3 653.60  656.00 0.4
7 256.30  257.70 0.6 395.00  393.00 0.3 784.40  790.10 0.7
8 304.00  304.40 0.1 466.00  465.00 0.4 928.10  934.50 0.7

9 353.60  354.30 0.2 543.00  543.00 0.0 109.00  108.90 0.1
10 409.20  407.50 0.4 625.00  627.00 0.3 126.00 125.40 0.5

Maximum E% 10.9
Average E% 1.4

Table 4.10: Comparison of proposed model (Py,54¢;) and 3-input nor P, with respect to transistor
width under different load conditions (power values are in uW).

dynamic power dissipation (W)

fanout

Figure 4.19: Comparison of proposed model (Py,,4¢) and 3-input nor P, with respect to tran-
sistor width under different load conditions.



Chapter 5

Conclusions and Future Works

With the growing use of portable and wireless electronic systems, reduction in power dissi-
Pation has become an important topic in today’s VLSI circuit and system designs. In order
to investigate the power dissipation, all the components which are contributing in the total
Power dissipation must be considered. In this thesis project, the source of dynamic power
dissipation is studied. Previous works on modeling dynamic power dissipation components
inCluding switching, overshoot and short circuit power dissipation are reviewed. A model
Is proposed to estimate overshoot power dissipation P,, which has a second-second degree
relation with fanout. Also the existing model of short circuit power dissipation that is based
on equivalent short circuit capacitance was modified in order to increase the accuracy of the
Model. Therefore, the existing dynamic power dissipation proposed model is modified in
order to increase its accuracy. Using these two proposed model a model was proposed to
accurately estimate dynamic power dissipation. The proposed model of dynamic power dis-
Sipation gives design engineers an accurate model of dynamic power dissipation. Therefore,
design engineers do not have to refer to Cadence to estimate dynamic power dissipation.
This model which is based on input capacitance (Cyate,in), parasitic capacitance (Cyqte,par)
and input-to-output coupling capacitance (Ca) of basic logic gate has a second degree rela-
tion with fanout. The value of Cyate,ins Cyatepar and Cyy are extracted from minimum size
basic logic gates simulation results. Moreover dynamic power dissipation result of actual

gate and lumped cdpacitance are not same and it is not practical to replace actual gate
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with lumped capacitance. Also, the proposed model takes into account transistor width.
Using 0.13um ‘CMOS technology and netlist (Cadence) the proposed model is validated by
comparing with dynamic power dissipation simulation results. The model exhibits good ac-
curacy when compared with Cadence created simulation results of basic logic gates loaded
with identical basic logic gates. The Proposed model of inverter and Cadence simulated
power dissipation have a maximum error of 3.20% and an average error of 0.13%. Model
was extended for nand and nor gates as well and it exhibited maximum error of 3.20% and
an average error of —0.28%.

Since the dynamic power dissipation is proportional to the basic logic gates capacitances, it
is possible to reduce the dynamic power dissipation by decreasing basic logié gates transistors
size. However, decreasing the size of the transistors also decreases their current drive, and
thus makes the gates slower. This trade off between power and delay can be used to siée

transistors in a way to optimize the dynamic power dissipation and delay in future works.
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