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Unit 2

BASIC PHYSICAL DESIGN AN OVERVIEW
The VLSI design flow for any IC design is as follew

1.Specification (problem definition)
2.Schematic(gate level design) (equivederheck)
3.Layout (equivalence check)

4.FloorPlanning
5.Routing,Placement
6.0n to Silicon

The preceding lectures have already given yourtf@rmation of the different layers,
their representation (colour,hatching)etc. When tlewices are represented using
these layers, we call it physical design. The desgarried out using the design tool,
which requires to follow certain rules. Physicalusture is required to study the
impact of moving from circuit to layout. When weadr the layout from the
schematic, we are taking the first step towardspthesical design.

Physical design is an important step towards fakina. Layout is representation of a
schematic into layered diagram. This diagram revéa different layers like ndiff,
polysilicon etc that go into formation of the desiic

At every stage of the physical design simulatiorescarried out to verify whether the
design is as per requirement. Soon after the lagiesign the DRC check is used to
verify minimum dimensions and spacing of the lay&dace the layout is done, a
layout versus schematic check carried out beforecqmding further. There are
different tools available for drawing the layoutdasimulating it.

The simplest way to begin a layout representatiada draw the stick diagram. But as
the complexity increases it is not possible to dthevstick diagrams. For beginners it
easy to draw the stick diagram and then proceehl thi layout for the basic digital

gates . We will have a look at some of the thiwgsshould know before starting the
layout.

In the schematic representation lines drawn betwdevice terminals represent
interconnections and any no planar situation caharalled by crossing over. But in
layout designs a little more concern about the jglaysnterconnection of different
layers. By simply drawing one layer above the otitenot possible to make
interconnections, because of the different characteeach layer. Contacts have to be
made whenever such interconnection is required. pbeer and the ground
connections are made using the metal and the congaten connection using the
polysilicon. The metal and the diffusion layers aa@nnected using contacts. The
substrate contacts are made for same source amtratebvoltage. which are not
implied in the schematic. These layouts are gowklyeDRC'’s and have to be atleast
of the minimum size depending on the technologydusgéhe crossing over of layers
is another aspect which is of concern and is adecknext.

1.Poly crossing diffusion makes a transistor
2.Metal of the same kind crossing causes a short.

3.Poly crossing a metal causes no interactionessm contact is made.
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Different design tricks need to be used to avoiknown creations. Like a
combination of metall and metal2 can be used tadasiwort. Usually metat2 is used
for the global vdd and vss lines and metall foal@onnections.

SCHEMATIC AND LAYOUT OF BASIC GATES
1.CMOS INVERTERNOT GATE) SCHEMATIC

_OIEli Ydd

Vin —— —  out

—L

Figure 1 Inverter

TOWARDS THE LAYOUT

VIN . VOUT

Figure2: Stick diagram of inverter

The diagram shown here is the stick diagram forGMOS inverter. It consists of a
Pmos and a Nmos connected to get the inverted bWyhen the input is low, Pmos
(yellow)is on and pulls the output to vdd, hencis italled pull up device. When Vin
=1,Nmos (green)is on it pulls Vout to Vss, hencedsrs a pull down device. The red
lines are the poly silicon lines connecting théegaand the blue lines are the metal
lines for VDD(up) and VSS (down).The layout of ttmos inverter is shown below.
Layout also gives the minimum dimensions of diffgrkayers, along with the logical
connections and main thing about layouts is that lo& simulated and checked for
errors which cannot be done with only stick diagsam
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Substrate contact

nwell

Substrate contact

Figure 3: Layout of an inverter

The layout shown above is that of a CMOS inverteconsists of a pdiff (yellow
colour) forming the pmos at the junction of thefubfon and the polysilicon(red
colour)shown hatched ndiff(green) forming the nfaosa hatched).The different
layers drawn are checked for their dimensions utiegDRC rule check of the tool
used for drawing. Only after the DRC(design ruleak) is passed the design can
proceed further. Further the design undergoes Uaysu Schematic checks and
finally the parasitic can be extracted.
Vs
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NANMD gate — NOR gate

Figure 4:Schematic diagrams of nand and nor gate
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We can seen that the nand gate consists of two pmuesrallel which forms the pull
up logic and two nmos in series forming the pulvddogic.It is the complementary
for the nor gate. We get inverted logic from cmbscures. The series and parallel
connections are for getting the right logic outplihe pull up and the pull down
devices must be placed to get high and low outsph&s required.
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Figure 5: Stick diagram of nand gate

Figure 6: Layout of a nand gate
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Figure 7:Stick diagram of nor gate
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Figure 8: Layout of nor gate

TRANSMISSION GATE

0 i
— — n\;& OUT
i

1 A

Figure 9 :Symbol and schematic of transmission gate

Layout considerations of transmission gate. It @iref drains and the sources of the
P&N devices paralleled. Transmission gate canampthe pass transistors and has
the advantage of giving both a good one and a geaul

Figure 10: Layout of transmissuion gate
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Figure 11:TG with nmos switches
CMOS STANDARD CELL DESIGN

Geometric regularity is very important to maintasome common electrical
characteristics between the cells in the libratye Tommon physical limitation is to
fix the height and vary the width according to tequired function. The Wp and Wn
are fixed considering power dissipation, propagatelay, area and noise immunity.
The best thing to do is to fix a required objectivection and then fix Wn and Wp to
obtain the required objective

Usually in CMOS Whn is made equal to Wp . In thegass of designing these gates
techniques may be employed to automatically geedits gates of common size.
Later optimization can be carried out to achiewapecific feature. Gate array layout
and sea of gate layout are constructed using tbgeatechniques. The gate arrays
may be customized by having routing channels inveen array of gates. The gate
array and the sea of gates have some special laposiderationsThe gate arrays
use fixed image of the under layers i.e the diinsand poly are fixed and metal are
programmable. The wiring layers are discretionarg providing the personalization
of the array. The rows of transistors are fixed #r&routing channels are provided
in between them. Hence the design issues invoizes &f transistors, connectivity of
poly and the number of routing channels required.

Sea of gates in this style continuous rows of n @miffusion run across the master
chip and are arranged without regard to the rgutihannel. Finally the routing is
done across unused transistors saving space.

GENERAL LAYOUT GUIDELINES

1.The electrical gate design must be completechiegking the following
a.Right power and ground supplies

b.Noise at the gate input

c.Faulty connections and transistors

d.Improper ratios

c.Incorrect clocking and charge sharing

2.VDD and the VSS lines run at the top and thedootf the design



3.Vertical poysilicon for each gate input

4.0rder polysilicon gate signals for maximal corti@tbetween transistors

5.The connectivity requires to place nmos closé€3& and pmos close to VDD
6.Connection to complete the logic must be madegusoly,metal and even metal2

The design must always proceeds towards optimizatitere optimization is at
transistor level rather then gate level. Since dbasity of transistors is large ,we
could obtain smaller and faster layout by desigriogic blocks of 1000 transistors
instead of considering a single at a time and tpetting them together. Density
improvement can also be made by considering opditioiz of the other factors in the
layout

The factors are

1.Efficient routing space usage. They can be plaser the cells or even in multiple
layers.

2.Source drain connections must be merged better.
3.White (blank) spaces must be minimum
4.The devices must be of optimum sizes.

5.Transperent routing can be provided for cell ¢l mterconnection, this reduces
global wiring problems

LAYOUT OPTIMIZATION FOR PERFORMANCE

1.Vary the size of the transistor according toptsition in series. The transistor
closest to the output is the smallest. The tramsisearest to the VSS line is the
largest. This helps in increasing the performange8® %. A three input nand gate
with the varying size is shown next.

L < A
Figure 12 :Layout optimization with varying difion areas

2. Less optimized gates could occur even in theecof parallel connected
transistors.This is usually seen in parallel inwext nor & nand.When drains are
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connected in parallel ,we must try and reduce thmber of drains in parallel ie
wherever possible we must try and connect drairseiies at least at the output.This
arrangement could reduce the capacitance at tipeitoeihabling good voltage levels.
One example is as shown next.

Figure 13 Layout of nor gate showing series and parallel drains
UNIT 3

CMOS LOGIC STRUCTURES

The various application that require logic struetuhave different optimizations.
Some of the circuit need fast response, some sldwdry precise response, others
may need large functionality in a small space andrs The CMOS logic structures
can be implemented in alternate ways to get speajftimization. These
optimizations are specific because of the tradéefiveen the n number of design
parameters.

CMOS COMPLEMENTARY LOGIC

We have seen the logic CMOS structures of nand & Tioey were ratioed logic i.e
they have fixed ratio of sizes for the n and thgafes. It is possible to have ratioless
logic by varying the ratio of sizes which is useinlgate arrays and sea of gates.
Variable ratios allow us to vary the threshold apeed .If all the gates are of the
same size the circuit is likely to function morareatly. Apart from this the supply
voltage can be increased to get better noise intynufhe increase in voltage must
be done within a safety margin of the source —dpa#ak down. Supply voltage can
be decreased for reduced power dissipation anchad®sd the constraints of the supply
voltage. Some times even power down with low posiissipation is required. For all
these needs an on chip voltage regulator is redjwideich may call for additional
space requirement. A CMOS requires a nblock antlack for completion of the
logic. That is for a n input logic 2n gates areuieed. The variations to this circuit
can include the following techniques reduction oise margins and reducing the
function determining transistors to one polarity.

BICMOS Logic

The CMOS logic structures have low output driveatality. If bipolar transistors are

used at the output the capability can be enharBgmhlar transistors are current
controlled devices and produces larger output attteen the CMOS transistors. This
combined logic is called BICMOS logic. We can héalve bipolar transistors both for
pull up and pull down or only for pull up as shownthe figures below. The figure

next shows a cmos nand gate with NPN transistdstatlevel.
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The N1 & N2 supply current to the base of the NRi&sistor when the out put is
high and hence the it can pull it down with largeeed. When the output is low N3
clamps the base current to NPN2, P1 & P2 supplypése current to NPN1.

Vg

—~|[

NP
Vout
Vi =
N
Vo I [
NAND gatd = N2 NPINZ

g

N3

Figure 14Nand with two NPN drivers

This design shown previously is basically used $peed enhancing in highly
automated designs like gate arrays. Since thean®apied by the Bipolar transistors
is more and if the aim in the design is to matehpull up and pull down speeds then
we can have a transistor only in the pull up cirtiicause p devices are slower as
shown in the figure next. The usage of Bicmos niestione only after a trade off is
made between the cost, performance etc.

L

NAND gatg

Kt

Figure 14 Nand with one NPN in pull up
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PSEUDO NMOS LOGIC

This logic structure consists of the pull up citciieing replaced by a single pull up
pmos whose gate is permanently grounded. This lhctmeans that pmos is all the
time on and that now for a n input logic we havéyan+1 gates. This technology is
equivalent to the depletion mode type and precdlaedCMOS technology and hence
the name pseudo. The two sections of the devicen@recalled as load and driver.
The RBn/Bp (Rdriver/Bload) has to be selected sathsufficient gain is achieved to
get consistent pull up and pull down levels. Thigoles having ratioed transistor
sizes so that correct operation is obtained. Howigweinimum size drivers are being
used then the gain of the load has to be reducgettadequate noise margin.

There are certain drawbacks of the design whitiigislighted next
1.The gate capacitance of CMOS logic is two uniédrut for
psuedo logic it is only one gate unit.
2.Since number of transistors per input is redured is reduced drastically.

The disadvantage is that since the pmos is alwaystatic power dissipation occurs
whenever the nmos is on. Hence the conclusionaisithorder to use psuedo logic a
trade off between size & load or power dissipatias to be made.

-

A I Vout

Figure 15 Pseudo Nmos
OTHER VARIATIONS OF PSEUDO NMOS
1.Multi drain logic

Oner way of implementing pseudo nmos is to use idralh logic. It represents a
merged transistor kind of implementation. The gates combined in an open drain
manner, which is useful in some automated circtigure 16

al :FTI |

Figure 16 Multidrain logic




2
Learning

GANGED LOGIC

T
L

The inputs are separately connected but the oufputonnected to a common
terminal. The logic depends on the pull up and galn ratio. If pmos is able to over
come nmos it behaves as nandelse nor.

DYNAMIC CMOS LOGIC

il

l— =

o —L ]

Figure 17 Dynamic cmos logic

This logic looks into enhancing the speed of th# pp device by precharging the

output node to vdd. Hence we need to split the igrkf the device into precharge

and evaluate stage for which we need a clock. Hengealled as dynamic logic. The

output node is precharged to vdd by the pmos adscharged conditionally through

the nmos. Alternatively you can also have a p blme# precharge the n transistor to
vss. When the clock is low the precharge phaserscdine path to vss is closed by
the nmos ie the ground switch . The pull up timémgproved because of the active
pmos which is already precharged. But the pull déwre increases because of the
ground switch .

There are a few problems associated with the deklgn
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1.Inputs have to change during the precharge esaag must be stable during the
evaluate. If this condition cannot occur then chamedistribution corrupts the output
node.

2.A simple single dynamic logic cannot be cascadadaing the evaluate phase the
first gate will conditionally discharge but by thime the second gate evaluates, there
is going to be a finite delay. By then the figdte may precharge.
CLOCKED CMOS LOGIC (C2MOS)

Vi

_I

Figure 18 C2mos logic
CMOS DOMINO LOGIC

The disadvantage associated with the dynamic CMO&er come in this logic. In
this we are able to cascade logic blocks with e bf a single clock. The precharge
and the evaluate phases retained as they werechilmge required is to add a buffer
at the end of each stage.

This logic works in the following manner. When tbk&=0,ie during the precharge
stage the output of the dynamic logic is high aredutput of the buffer is low. Since
the subsequent stages are fed from the bufferahell off in the precharge stage.
When the gate is evaluated in the next phase, utubconditionally goes low and
the output of the buffer goes high. The the subsefjgates make a transition from

high to low.
—

T

Figure 19:Cmos domino logic
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Hence in one clock cycle the cascaded logic makBsame transition from 1 to 0 and
buffer makes a transition from 0 to 1.In effect @@ say that the cascaded logic falls
like a line of dominos, and hence the name. Theuaidge is that any number of logic
blocks can be cascaded provided the sequence cawabeated in a single clock
cycle. Single clock can be used to precharge aatliate all the logic in a block. The
limitation is that each stage must be buffered anly non- inverted structures are
possible.

A further fine tuning to the domino logic can alse done. Cascaded logic can now
consist of alternate p and n blocks and avoid timido buffer. When clk=0,ie during
the precharge stage, the first stage (with n logiprecharged high and the second a p
logic is precharged low and the third stage is h§jhce the second stage is low, the n
transistor is off. Hence domino connections cambele.

The advantages are we can use smaller gates, adhigher speed and get a smooth
operation. Care must be taken to ensure

design is correct.
NP DOMINO LOGIC (ZIPPER CMOS)

FL .Eaﬂ'_:tu "~ ex. Mergrie

‘i"ﬂlg% ——OIL

Figure 20: NP domino logic

CASCADED VOLTAGE SWITCH LOGIC

It is a differential kind of logic giving both truend complementary signal outputs.
The switch logic is used to connect a combinatidagic block to a high or a low
output. There are static and dynamic variants dyreamic variants use a clock. The
static version (all the figures to shown next) lewer because the pull up devices
have to over come the pull down devices. Henceliheked versions with a latching
sense amplifier came up. These switch logic aled¢abmple set differential logic
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STATIC CVSL

il
X
h

Figure 21 Static CVSL

DYNAMIC CVSL

—
——— |

Figure 22:Dynamic CVSL
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DYNAMIC SSDL CVSL
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Figure 23:Dynamic SSDLCVSL

PASS TRANSISTOR LOGIC

Switches and switch logic can be formed from simpler p transistors and from the
complementary switch ie the transmission gate. ddmaplex transmission gate came
into picture because of the undesirable threshifdatts of the simple pass transistors.
Transmission gate gives good non degraded log&ldeut this good package came
at the cost of larger area and complementary sgegjuired to drive the gates
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Figure 24: Some properties of pass transistor
CMOS Technology Logic Circuit Structures

Many different logic circuits utilizing CMOS techlogy have been invented and used
in various applications. These can be divided ihtee types or families of circuits:

1.Complementary Logic

Standard CMOS

Clocked CMOS (C2MOS)

BICMOS (CMOS logic with Bipolar driver)
2.Ratio Circuit Logic

Pseudo-NMOS

Saturated NMOS Load

Saturated PMOS Load

Depletion NMOS Load (E/D)

Source Follower Pull-up Logic (SFPL)
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3.Dynamic Logic:

CMOS Domino Logic

NP Domino Logic (also called Zipper CMOS)
NOR A Logic

Cascade voltage Switch Logic (CVSL)
Sample-Set Differential Logic (SSDL)
Pass-Transistor Logic

The large number of implementations shown so far lmad to a confusion as to what
to use where. Here are some inputs

1.Complementary CMOS

The best option,because of the less dc power dissip noise immuned and fast.The
logic is highly automated. Avoid in large fan owts it leads to excessive levels of
logic.

2.BICMOS

It can be used in high speed applications withdaamnout. The economics must be
justified.

PSUEDO -NMOS

Mostly useful in large fan in NOR gates like ROMESAPand CLA adders.The DC
power can be reduced to O in case of power dowatsins

Clocked CMOS
Useful in hot electron susceptible processes.
CMOS domino logic

Used mostly in high speed low power application.reCanust take of charge
redistribution. Precharge robs the speed advantage.

CVSL

This is basically useful in fast cascaded logice. T8ize, design complexity and
reduced noise immunity make the design not so popul

Hybrid designs are also being tried for getting theanaximum advantage of each
of them into one.
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UNIT 4

BASIC CIRCUIT DESIGN CONCEPTS
INTRODUCTION

We have already seen that MOS structures are folwgdtie super imposition of a

number conducting ,insulating and transistor fognmaterial. Now each of these
layers have their own characteristics like capacia and resistances. These
fundamental components are required to estimatepérormance of the system.

These layers also have inductance characterisiédsate important for 1/0O behaviour

but are usually neglected for on chip devices.

The issues of prominence are

1.Resistance, capacitance and inductance calauwsatio

2.Delay estimations

3.Determination of conductor size for power anctkldistribution
4.Power consumption

5.Charge sharing

6.Design margin

7.Reliabiltiy

8.Effects and extent of scaling

RESISTANCE ESTIMATION

The concept of sheet resistance is being used dw khe resistive behavior of the
layers that go into formation of the MOS devicet Le consider a uniform slab of
conducting material of the following characteristic

Resistivity-
Width - w
Thickness - t

Length between faces — L as shown next

/\

Figure 24:A slab of semiconductor
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We know that the resistance is given by RABEA . The area of the slab
considered above is given by A=Wt. There fore RABZWt . If the slab is
considered as a square then L=W. therefore RABwhich is called as sheet
resistance represented by Rs.The unit of sheettaese isohm per square.lt is to

be noted that Rs is independent of the area ofldi® Hence we can conclude that a
lum per side square has the same resistancetasf them per side square of the
same material.

The resistance of the different materials that g imaking of the MOS device
depend on the resistivity and the thickness ofntlagerial. For a diffusion layer the
depth defines the thickness and the impurity defthe resistivity. The table of values
for a 5u technology is listed below.5u technologgams minimum line width is 5u
and = 2.5u.The diffusion mentioned in the table is fiugion, p diffusion values are
2.5 times of that of n. The table of standard shesistance value follows.

Layer Rs per square

Metal 0.03

Diffusion n(for 2.5 timel0 to 50

the n)

Silicide 2t04
Polysilicon 15 to 100
N transistor gai 10

P transistor gate 2.5x 10

SHEET RESISTANCE OF MOS TRANSISTORS

L
|2 |

22

Figure 25 Min sized inverter
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The N transistor above is formed by awdde poly and n diffusion. The L/W ratio is

1. Hence the transistor is a square, thereforegdbistance R is 1sgxRs ohm/sq i.e.
R=1x104. If L/W ratio is 4 then R = 4x10if it is a P transistor then for L/W =1,the

value of R is 2.5x1D

l__|_Lpu:"'.-"'ufpu=4:1
AL opu—s Ren—d0k
Lpd:\Wpd=1:1

| Zpel=1,Rsn=10k

Figure 26 Mmos depletion inverter

Pull up to pull down ratio = 4.In this case wher timos is on, both the devices are
on simultaneously, Hence there is an on resist&&me = 40+10 =50k. It is this
resistance that leads the static power consumptiooh is the disadvantage of nmos
depletion mode devices

INYERTER RESIST AMCE CALCULATICN

—t Lpu:Wpu=1:1 ,Zpu=1
Zrepast — “ R=1.Rsp=1x25k=25k
—] Lpd:Wpd=1:1,Zpd=1

R=1xRsn=1x10k=10k

Figure 27: Cmos inverter
Since both the devices are not on simultaneousiietls no static power dissipation

The resistance of non rectangular shapes isla fé@tlious to estimate. Hence it is
easier to convert the irregular shape into reg@etangular or square blocks and then
estimate the resistance. For example

W

w2 w1l wl

f
¥

Ratio=w1/w2 Ratio =w1/w?2

Figure 28:Irregular rectangular shapes
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CONTACT AND VIA RESISTANCE

The contacts and the vias also have resistanceddpand on the contacted materials
and the area of contact. As the contact sizeseaheced for scaling ,the associated
resistance increases. The resistances are redyesadking ohmic contacts which are

also called loss less contacts. Currently the watieesistances vary from .250hms to
a few tens of ohms.

SILICIDES

The connecting lines that run from one circuithie tther have to be optimized. For
this reason the width is reduced considerably. Whth reduction is width the sheet
resistance increases, increasing the RC delay coampoWith poly silicon the sheet
resistance values vary from 15 to 100 ohm. Thisallst effects the extent of scaling
down process. Polysilicon is being replaced witlicidie. Silicide is obtained by
depositing metal on polysilicon and then sinteiitngilicides give a sheet resistance
of 2 to 4 ohm. The reduced sheet resistance maikegles a very attractive
replacement for poly silicon. But the extra proaegssteps is an offset to the
advantage.

A Problem

A patrticular layer of MOS circuit has a resistivity of 1 ohm —cm. The section is
55um long,5um wide and 1 um thick. Calculate tlsstance and also find Rs

R= RsxL/W, Rs=/t
Rs=1x10-2/1x10-6=1®hm

R= 104x55x10-6/5x106=110k
CAPACITANCE ESTIMATION

Parasitics capacitances are associated with the 8®i8e due to different layers that
go into its formation. Interconnection capacitawe® also be formed by the metal,
diffusion and polysilicon (these are often callesl ranners) in addition with the
transistor and conductor resistance. All these dtgaces actually define the
switching speed of the MOS device.

Understanding the source of parasitics and theiatran becomes a very essential
part of the design specially when system perforraascmeasured in terms of the
speed. The various capacitances that are assowdtethe CMOS device are

1.Gate capacitance - due to other inputs connectedtput of the device
2.Diffusion capacitance - Drain regions connectethé output
3.Routing capacitance- due to connections betwaguband other inputs

The fabrication process illustrates that the cotidgdayers are apparently seperated
from the substrate and other layers by the insw\gdtiyer leading to the formation of

parallel capacitors. Since the silicon dioxidehis insulator knowing its thickness we

can calculate the capacitance

C=0 insA farad
D
0= permittivity of free space-8.854x1014f/cm
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ins= relative permitivity of sio2=4.0
D= thickness of the dioxide in cm
A = area of the plate in cm2

The gate to channel capacitance formed due to it separation is the most
profound of the mentioned three types. It is dlyecbnnected to the input and the
output. The other capacitance like the metal, pmdy be evaluated against the
substrate. The gate capacitance is therefore stéindd so as to enable to move from
one technology to the other conveniently.

The standard unit is denoted b€g. It represents the capacitance between gate to
channel with W=L=min feature size. Here is a figushowing the different
capacitances that add up to give the total gatacitzmce

Cgd, Cgs = gate to channel capacitance lumpecadhrce and drain
Csb, Cdb = source and drain diffusion capacitancibstrate

Cgb = gate to bulk capacitance

Total gate capacitance Cg = Cgd+Cgs+Cgb

Since the standard gate capacitance has been dietime other capacitances like
polysilicon, metal, diffusion can be expressedeimis of the same standard units so
that the total capacitance can be obtained by giading all the values. In order to
express in standard values the following steps imeisbllowed

1. Calculate the areas of area under consideradilative to that of standard gate
i.e.4? (standard gate varies according to the techndlogy

2. Multiply the obtained area by relative capaci@malues
tabulated .

3. This gives the value of the capacitance in tardard unit of
capacitanceCg.

Table 1:Relative value of Cg

layer Relative value forg
technology

Gate to channel 1

Diffusion 0.25

Poly to sub 0.1

M1 to sub 0.075

M2 to sub 0.05

M2 to M1 0.1

M2 to poly 0.075
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For a 5u technology the area of the minimum sizadsistor is 5uX5u=25um?2 ie
=2.5u, hence,area of minimum sized transistornmbida is 2X 2 =4 2.Therefore
for 2u or 1.2u or any other technology the area ahinimum sized transistor in
lambda is 42. Lets solve a few problems to get to know thadhibetter.

4

N 00

Figure 29 Multilayered structure

The figure above shows the dimensions and theaddtien of different layers, for
evaluating the total capacitance resulting so.

Three capacitance to be evaluated metal Cm,palgsilCp and gate capacitance Cg
Area of metal = 100x3=30R

Relative area = 300/4=75

Cm=75Xrelative cap=75X0.075=5.625¢

Polysilicon capacitance Cp

Area of poly=(4x4+1x2+2X2)=22

Relative area = 22/4 2=5.5

Cp=5.5Xrelative cap=5.5x.1=0.5%g

Gate capacitance Cg=Qg because it is a min size gate
Ct=Cm+Cp+Cg=5.625+0.55+1=7.Z¢g

| i

N
R
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e
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Figure 29:Mos structure
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The input capacitance is made of three componemslntapacitance Cm, poly
capacitance Cp, gate capacitance Cg i.e Cin= Cm&pg+

Relative area of metal =(50x3)X2/4=300/4=75
Cm=75x0.075=5.62%Cg

Relative area of poly = (4x4+2x1+2x2)/4 =22/4 =5.5
Cp=5.5X0.1=0.55 Cg

Cg=1 Cg

Cin=7.175 Cg

Cout = Cd+Cperi. Assuming Cperi to be negligible.
Cout = Cd.

Relative area of diffusion=51x2/4=102/4=25.5
Cd=25.5x0.25=6.25Cg.

The relative values are for the 5um technology

DELAY The concept of sheet resistance and standard apaicdéance can be used to
calculate the delay. If we consider that a oneureasize poly is charged by one
feature size diffusion then the delay is Time canstl = Rs (n/p channel)x g
secs. This can be evaluated for any technology. Vithee of Cg will vary with
different technologies because of the variatiothexminimum feature size.

5u using n diffusion=104X0.01=0.1ns safe delay30sec

2um = 104x0.0032=0.064 nsecs safe delay 0.02nsec

1.2u= 104x0.0023 = 0.046nsecs safe delay =0.1nsec

These safe figures are essential in order to gatieithe output at the right time
INVERTER DELAYS

We have seen that the inverter is associated withup and pull down resistance
values. Specially in nmos inverters. Hence theydatsociated with the inverter will
depend on whether it is being turned off or orwdf consider two inverters cascaded
then the total delay will remain constant irrespectof the transitions. Nmos and
Cmos inverter delays are shown next

NMOS INVERTER

Figure 30: Cascaded nmos inverters



Let us consider the input to be high and hencditsieinverter will pull it down. The
pull down inverter is of minimum size nmos. Hetice delay is 1. Second inverter
will pull it up and it is 4 times larger, hence iglay is 4 .The total delay is 1
+4 =5 . Hence for nmos the delay can be generalized é&s+Fpu/Zpd)

CMOS INVERTER

Figure 30 : Cascaded Cmos inverter

Let us consider the input to be high and hencditsieinverter will pull it down. The
nmos transistor has Rs = 10k and the capacitar@@gsHence the delay is 2 Now

the second inverter will pull it up, job done bethmos. Pmos has sheet resistance of
25k i.e 2.5 times more, everything else remainsesand hence delay is 5 Total
delay is 2 +5 =7 . The capacitance here is double because the isput
connected to the common poly, putting both the gatecitance in parallel. The only
factor to be considered is the resistance of thatp which is increasing the delay. If
want to reduce delay, we must reduce resistanceelfincrease the width of p
channel, resistance can be reduced but it increheesapacitance. Hence some trade
off must be made to get the appropriate values.

FORMAL ESTIMATION OF DELAY

The inverter either charges or discharges the kahcitance CL. We could also
estimate the delay by estimating the rise timefahdime theoritically.

Rise time estimation

Assuming that the p device is in saturation we Haeecurrent given by the equation
Idsp=Rp(Vgs-|Vtp|)2/2

Figure 31 :Rise time estimation



The above current charges the capacitance and iail@nstant value therefore the
model can be written as shown in figure above. dugput is the drop across the
capacitance, given by

Vout =Ildsp x t/CL

Substituting for Idsp we have Vout=Rp(Vgs-|VtpR&L. Therefore the equation for
t=2CLVout/Bp(Vgs-|Vtp|).Let t=r and Vout=Vdd, therefore we haver
2VddCL/Bp(Vgs-|Vtp|)2. If consider Vtp=0.2Vdd andths=Vdd we have r
3CL/RpVdd

On similar basis the fall time can be also be emiths f = 3CL/BnVdd whose model
can be written as shown next

Figure 32 :Fall time estimation

DRIVING LARGE CAPACITIVE LOAD

The problem of driving large capacitive loads aisghen signals must travel outside
the chip. Usually it so happens that the capaoc#tangside the chip are higher. To
reduce the delay these loads must be driven byrasistance. If we are using a
cascade of inverter as drivers the pull and pulroesistances must be reduced.
Low résistance means low L:W ratio. To reduce #i@my W must be increased. Since
L cannot be reduced to lesser than minimum we gmchaving a device which
occupies a larger area. Larger area means the a@paicitance increases and slows
down the process more. The solution to this isaeehN cascaded inverters with their
sizes increasing, having the largest to drive diael Icapacitance. Therefore if we have
3 inverters,1st is smallest and third is biggesttasvn next.

Figure 33:Cascaded inverters with varying widths



We see that the width is increasing by a factdrtofvards the last stage. Now both f
and N can be complementary. If f for each staglnge the number of stages N
reduces but delay per stage increases. Therefbezdmes essential to optimize. Fix
N and find the minimum value of f. For nmos investd the input transitions from 0
to 1 the delay is f and if it transitions from 1 to O the delay is 4.fThe delay for a
nmos pair is 5 f. For a cmos pair it will be 7f

optimum value of f.

Assume y=CL/ Cg = fN, therefore choice of values of N and f enterdependent.
We find the value of f to minimize the delay, frotne equation of y we have
In(y)=NIn(f) i.e N=In(y)/In(f). If delay per stagés 5f for nmos, then for even
number of stages the total delay is N/2 52.5f . For cmos total delay is N/2 7f=
3.5f

Hence delay Nft=In(y)/In(f)ft. Delay can be minimized if chogbe value of f to be
equal to e which is the base of natural logarithinsieans that each stage is 2.7wider
than its predecessor. If f=e then N= In(y).Theltd&day is then given by

1.For N=even
td=2.5Ne for nmos, td=3.5Ne for cmos

2.For N=odd
transition from O to 1 transition frond.Q
td=[2.5(N-1)+1]e nmos td=[2.5(N-1)+4]e
td=[3.59N-1)+2]e cmos td=[3.5(N-1)+5]e
for example

For N=5 which is odd we can calculate the delayviro=1 as td=[2.5(5-1)+1]e
=1le

i.e. 1 +4+1+4+1 = 11e
For vin =0, td=[2.5(5-1)+4]e = 14e
4+1+4+1+4 = 14e

SUPER BUFFER

The asymmetry of the inverters used to solve dplfaplems is clearly undesirable,
this also leads to more delay problems, super baffe a better solution. We have a
inverting and non inverting variants of the supeffér. Such arrangements when
used for 5u technology showed that they were capaibdiriving 2pf capacitance with

2nsec rise time.The figure shown next is the inngrvariant.



Figure 34:Inverterting buffer

Figure 34:Nonlinverteing variant

BICMOS DRIVERS

The availability of bipolar devices enables us &e uhese as the output stage of
inverter or any logic. Bipolar devices have higlaiicon--ductance and they are able
switch large currents with smaller input voltagargys. The time required to change
the out by an amount equal to the input is givgn b=CL/gm, Where gm is the
device trans conductancet will be a very small value because of the high gime
transistor delay consists of two components Tin @hd Tin the time required to
charge the base of the transistor which is larde. i smaller because the time take
to charge capacitor is less by hfe which is thedistor gain a comparative graph
shown below.



Figure 35

The collector resistance is another parameterabatributes to the delay.The graph
shown below shows that for smaller load capacitatieedelay is manageable but for
large capacitance, as Rc increases the delay sedrastically.

Figure 36

By taking certain care during fabrication reasopadpbod bipolar devices can be
produced with large hfe, gm ,3 and small Rc. Theeetbipolar devices used in
buffers and logic circuits give the designers a dbtscpoe and freedom .This is
coming without having to do any changes with th@smircuit.

PROPAGATION DELAY



This is delay introduced when the logic signalsenty pass through a chain of pass
transistors. The transistors could pose a RC ptodigtay and this increases
drastically as the number of pass transistor iiesencreases.As seen from the figure
the response at node V2 is given by CdV2/dt=(V1{V2}V3)/R For a long network
we can write RCdv/dt =dv2/dx2, i.e delayk2,

Figure 38

Lump all the R and C we have Rtotal=nrRs and C&ucwhere and hence delay
=n’c . The increases by the square of the number, hersteict the number of
stages to maximum 4 and for longer ones introduéets in between.

DESIGN OF LONG POLYSILICONS
The following points must be considered before gamfor long wire.

1.The designer is also discouraged from desigrong Wdiffusion lines also because
the capacitance is much larger

2.When it inevitable and long poly lines have tedishe best way to reduce delay is
use buffers in between. Buffers also reduce theensensitivity

OTHER SOURCES OF CAPACITANCE
Wiring capacitance

1.Fringing field

2.Interlayer capacitance



3.Peripheral capacitance

The capacitances together add upto as much capeeitess coming from the gate to
source and hence the design must consider pointsdiece them.The major of the
wiring capacitance is coming from fringing fielffexts. Fringing capacitances is due
to parallel fine metal lines running across thepclior power conection.The
capacitance depends on the length |, thickness ttan distance d between the wire
and the substrate. The accurate prediction is meduifor performance
estimation.Hence Cw=Carea+Cff.

Interlayer capacitance is seen when different layers cross each and hénise
neglected for simole calculations. Such capacitaacebe easily estimated for regular
structures and helps in modeling the circuit better

Peripheral capacitanceis seen at the junction of two devices. The soanoe the
drain n regions form junctions with the pwell (stbge) and p diffusion form with
adjacent nwells leading to these side wall (peraheapacitance

The capacitances are profound when the deviceshaimk in sizes and hence must
be considered. Now the total diffusion capacitaec€total = Carea + Cperi

In order to reduce the side wall effects, the desig consider to use isolation regions
of alternate impurity.

CHOICE OF LAYERS
1.Vdd and Vss lines must be distributed on metediexcept for some exception

2.Long lengths of poly must be avoided because ki@ large Rs,it is not suitable
for routing Vdd or Vss lines.

3.Since the resistance effects of the transist@sraich larger, hence wiring effects
due to voltage dividers are not that profound

Capacitance must be accurately calculated for dagtal lines usually those using
high Rs material. Diffusion areas must be carefhfiydled because they have larger
capacitance to substrate.

With all the above inputs it is better to model egiras small capacitors which will
give electrical guidelines for communication citsui

PROBLEMS

1.A particular section of the layout includes an8de metal path which crosses a 2
polysilicon path at right angles. Assuming that lwyers are seperated by a 0.5 thick
sio2,find the capacitance between the two.

Capacitance =0 ins A/D

Let the technology be S5uns2.5um.
Area = 7.5umX5um=37.5um
C=4X8.854X10-12 x37.5/ 0.5 =2656pF
The value of C in standard units is
Relative area 62 /4 2 =1.5

C =1.5x0.075=0.112%g

2 nd part of the problem



The polysilicon turns across a diffusion layer, find the gate to channel capawta
Area=2x4 =8 2 Relative area=8 /4 2 =2

Relative capacitance for 5u=1

Total gate capacitance =Qg

Gate to channel capacitance>metal

2. The two nmos transistors are cascaded to drikea capacitance of 16g as
shown in figure ,Calculate the pair delay. What #e ratios of each transistors. f
stray and wiring capacitance is to be consideresh teach inverter will have an
additional capacitance at the output of@g .Find the delay.

Figure 40

Lpu=16 Wpu=2 Zpu=8

Lpd=2 Wpd=2 Zpd=1

Ratio of inverter 1 = 8:1

Lpu=2 Wpu=2 Zpu=1

Lpd =2 Wpd =8 Zpd=1/4

Ratio of inverter 2 = 1/1/4=4

Delay without strays

1 =Rsx1 Cg

Let the input transition from 1 to 0

Delay 1 = 8RsXCg=8 Delay 2=4Rs(Cg +16 Cg)=68 Total delay = 76
Delay with strays

Delay 1 = 8RsX(Cg+ 4 Cg) = 40 Delay 2= 4RsX(Cg+ 4 Cg +16 Cg)=84
Total delay = 40+84=124

If = 0.1ns for 5u ie the delays are 7.6ns and 12.4ns

SCALING OF MOS DEVICES



The VLSI technology is in the process of evolutieading to reduction of the feature
size and line widths. This process is called sgatlown. The reduction in sizes has
generally lead to better performance of the devithsre are certain limits on scaling
and it becomes important to study the effect ofisgaThe effect of scaling must be
studied for certain parameters that effect thegoernce.

The parameters are as stated below
1.Minimum feature size

2.Number of gates on one chip

3.Power dissipation

4 Maximum operational frequency

5.Die size

6.Production cost .

These are also called as figures of merit

Many of the mentioned factors can be improved bynkng the sizes of transistors,
interconnects, separation between devices and lalsadjusting the voltage and
doping levels. Therefore it becomes essentiatiferdesigners to implement scaling
and understand its effects on the performance

There are three types of scaling models used
1.Constant electric field scaling model
2.Constant voltage scaling model
3.Combined voltage and field model

The three models make use of two scaling factdésabd 1/ . 1/f3 is chosen as the
scaling factor for Vdd, gate oxide thickness D. 1$ chosen as the scaling factor for
all the linear dimensions like length, width etee figure next shows the dimensions
and their scaling factors

The following are some simple derivations for sugldown the device parameters
1.Gate area Ag

Ag=L x W. Since L & W are scaled down by 1/Ag is scaled down by 17
2.Gate capacitance per unit area

Co= 0o/D, permittivity of sio2 cannot be scaled, hen@eca@n be scaled 1/1/3=13
3.Gate capacitance Cg

Cg=CoxA=CoxLxW. Therefore Cg can be scaled by Bx1/ =R/ 2

4 Parasitic capacitance

Cx=Ax/d, where Ax is the area of the depletionuait the drain or source. d is the
depletion width .Ax is scaled down by 2 and d is scaled by 1/Hence Cx is
scaled by

1/ %2/ =1/



5.Carrier density in the channel Qon

Qon=Co.Vgs

Co is scaled by 3 and Vgs is scaled by 1/ 3,hencis caled by Rx1/} =1.
Channel resistance Ro

Ron = L/Wx1/Qox, is mobility of charge carriers . Ro is scaled byl/ x1=1
Gate delay Td

Td is proportional to Ro and Cg

Td is scaled by 1x RF = R/ 2

Maximum operating frequency fo

fo=1/td,therefore it is scaled by 1/ RE %R

Saturation current

ldss= CoW(Vgs-Vt)/2L, Co scale by 3 and

voltages by 1/ B, Idss is scaled by f&=/R/R3

Current Density

J=Idss/A hence J is scaled by 1/B21/ = %/}



