1.  Introduction

L.1 Integrated Circuit Trends

The increased complexity available Irom integrated circuits with passing
time has a significant influence on the design of digital computer Systems,
Integrated circuits (known as chips), where an entire circuit is manufactured
in a single piece of siticon, first appeared around1960. At that time, the chip
size and transistor dimensions were such- that only a few simple gates
offering primitive logic functions such as not, nand, nor etc. could be
accommodated; this level of integration is called small scale integration
{5SI).

‘Improvements in the processing techniques in subsequent years havé
resulted in a steadily increasing chip area and a -progressively reducing
future size. This has allowed a complexity increase of approximately one
hundred every ten years. Thus by 1970, medium scale integrated (MSI)
circuits with about a thousand transistors appeared, while by 1980 large scale
integrated (LSI) circuits of approximately one hundred thousand devices
were possible. At this irate, chips capable of containing around ten million
components should be available 1o the designer by 1990. There is every
confidence that this projection of several.million transistors per chip is-
realistic. This level of integration is very large scale integration (VLSI).

- The capability of integrated circuits has reached the point where an entire
system can be integrated, rather than just some small portion of it. As the
chip content becomes mote complex, the problem of producing a correct
design at the first attempt within an acceptable time scale becomes
increasingly difficult. This is highlighted by Barron's corollary to Moore's
second low which suggests that the design of a million transistors will take
thirty men ten years! With such integrated systems, the complexity and
management of -the design is dominating ali other problem areas.

1.2 Choice of Technology

Although other materials are available for manufacturing integraied circuits,
such as silicon-on-saprphire, gallium arsenide ctc., there is a considerable
cost penalty involved in their use. Thus silicon remains and is likely to stay)
the most economically effective way of implementing VLSI.
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Two distinct types technology are fabricated- in silicon based upon the
bipolar junction transistor and the metal-oxide-semiconductor (MOS)
transistor. Since the processing for these technologies is very different. it is
not practical to mix them within a chip or in a wafer of chips,

MOS logic occupies a much smaller area of silicon than the evavalant
bipolar logic. This is parily due to a smaller device size and partly due to the
fact that MOS structures require fewer components. Thus MOS technalogies
has a much higher potential packing density. '

An MOS logic circuit requires appreciably less current and hence
less-power than its bipolar counterpart. However, bipolar circuit operate
faster than MOS circuits. Even so, the speed-power product for MOS logic
compare favorably with that for bipolar logic; this product is used as a figure
of merit to compare logic families, since greater speed can. usually be
obtained at the expense of increased current consumption and therefore
increased power dissipation. ] : _
Thus, for example. The popular commercially available dipolar logic family,
low-power Schottky transistor- transistor logic (LS-TTL), has a typical seed
(propagation delay) of 10 ns and a quiescent (static) power dissipation of 2
mW for a two-input nand gate, giving a speed-power product of 20 pJ. This
compares with the some function in the commercially available MOS logic
family, complementary metal-oxide-semiconductor (COMS), which has a
typical propagation delay of 40 as and a static power dissipation of 10 nW.
giving 0.0004pJ as the speed-power product.

The structure of an MOS transistor [s much simpler than that for bipolar
devices and this makes its manufacturing process easier. This in turn should
result in fewer faults occurring in fabrication and hence increase the number
of working chips compared with the number obtain in a similar area from
bipolar technology. The greater yield of good chips offered by MOS
technology is of importance,. since a higher proportion of Chips do not
function correctly owing to manufacturing defects.

MOS. technology also offer the advantage of being Able to implemem
dynamic logic, where stases are stored temporarily on capacitance inherent
in the circuit structure; this leads to further reductions in area and power, and
such circuits are obviously important in the cotext of VLSI, Tt is not possible
to impleément dynamic logic in bipolar technology and thus MCS offers a
greater choice of design implementations. '

Thus in terms of area, power dissipated, yield and flexibility, MOS
technology is superior to bipolar technology. Furthermore, of the two
technologies only MOS is capable of realising VLSI. It is therefore the
technology chosen for use in this text, -

Although at present bipolar transistors are faster that MOS devices, this
situation is likely to charge in the future, The speed of an MOS transistor is
depended upon its size. This speed in increasing with time, owing to
fabrication advances which continue to redice the surface future size. The
speed of a bipolar device is dependent upon a vértical dimension (defining
the base width) ‘
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which is near its (quantam) limii for the fastest transistors. As a result, it is
likely that the speed improvement of biploar technology in the future will be
small compared with that achievable in MOS. so by 1990, MOS speeds are
forecast to match those of the fastest biploar technology, and gate delays for
simple function should be better that 500ps.
Within MOS technotogy, them are two main logic families available 10
_the designer and both are described in this book. The NMOS logic family is
based upon n-channgl MOS transistors while COMS requires both n-channel
and p-channel MOS transistors. The NMOS process is simpler than that for
CMOS since only one transistor type is involved. In addition, NMOS logic
structures require fewer devices and occupy (about 60 pet cent) less area
than the equivalent COMS circuit. Despite this, CMOS is likely to be
eventually the design medium for VLSI as it requires much less power than
* NMOS and its circuit speed is superior so that of NMOS. The additional area
required by CMOS is not thought to be a limitation of VLSI realisation. This
is because it is likely that most of the chip area will be required for
interconnections and therefore circuits will occupy a relatively small area.

1.3 Design Approaches

There are three approaches to implementing digital design. The first is to
design with chips which are available 'off the shelf from manufacturers.
Although there is a wide range of SSI, MSI and LSI devices available in
silicon and other technologies, the designer is limited to the integrated
circuits on offer. Often, there is a trade-off between using a few MSI and LSI
chips which do not Include some required features and using many SSi and
MSI devices which exactly perform the task required. In both cases, the
availability of specific functions influences the resulting design. -

The most efficient Implementation of a design from the viewpoint of
functionally, space and power is to Integrate it. Here, the designer has total
control over the chip function including the specification of the content of
each layer manufactured in silicon. Now, the only limitation of the chip
comtent, in principle, is the designer’s imagination! this second design
approach is refereed to as full customs design and. for LSI/VLSI designs,
MOS technology is used.

Full custom design has associated overheads of the design time plus
development and manufacturing costs; these are . considerable, These
overheads are largely avoided by the third approach which is semi-custom
design in the form of the uncommitted logic array (ULA). Here the silicon is
preformed as a set of uncommitted logic cells, each of which can be
configured to petform a variety of simple logic functions. The designer thus
only needs to specify the cell inter- connections and the cell configuration to
. provide a user-specified function. Thus the only significant time and costs
involved are- those associated with the inter- connection layer(s).
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Although this approach clearly dose not yield the same efficiency or flexi-
bility as full custom, it is useful as refatively fast and cheap method of
costuming. ULAs are often used in Preference to incorporating a group of
standard SS1 and MSI chips in designs; this is particularly cost-effective if
many such parts are required. Although bipolar ULAs are available, most
arrays use CMOS Techrology. -

It is full custom design which Offers the potential to realise 2 YL5I circuit
that is totally defined by the designer. It is therefore the different design
phases involved in committing a full custom MOS circuit on to silicon
which forms the subject matter of this book. 1t should be noted that since
MOS semi-custom circuits, with their fixed logic types and placement, can

+ be regarded as a sub-set of full custom design. The text is also applicable to
this form of design. -

1.4 The Design Process

- The design methodology adopted for all digital design is that of a top-down,
hierarchical approach/Here the design is divided into a number of distinct
levels where each level is derived from the information in the level above it.
In this way, a design progresses’ from theiritial system specification to its
-actual implementation) Thus, at each level down in the hierarchy/the design

becomes a progressively more detailed description of how the system

specification is to be implemented. ‘ ’

The different levels in the hierafchy for a full custom design me shown
figure 1.1 System design is performed at the highest level. This‘takes the
system specification and translates it into a block diagram of the architecture,
The diagram shows the system’s functional blocks, such as cache memory,
register arithmetic blocks, logic blocks etc., and their interconnecting data
paths, .

[n 2 complex system, the architecture cannot be directly derived from the
+ system specification and the system design stage itself requires a top-down

design approach. This begins by defining the units and communicating data

paths which comprise the system. Each unit is then taken in tuen partition
into communicating sub-units, which in their turn are expanded. [n this way.
large system is progressively partitioned and defined until the design 1s
sufficiently detailed for the architecture to be drawn.

fAn important feature of a design is the ability to be able 1o test it, in order
to vérify that it operates Comectly providing such a test capability is an
integratpart of any chip design Its inclusion may well involve ad;éitional
circuitry and influence the logical design. For these reasons, the test strategy
should be determined at the highest level in the design hierarchy. Testing is
put of the style, design and should be appended to the design at some lower
in the-hierarchy as an afterthought!

At the system design level, the architecture is checked aping the system
specification to ensure that all required hardware features and data paths
have ' ' :

E
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Figure {.1 Top-down design hierarchy for full custom design

been included. It is also usual to check that the required number of input and
output pins can be accommodated around the chip periphery. However, other
feasibility checks of this nature are difficult since the silicon area occupied
by architectural blocks, is not knawn at this stage. Nevertheless, it is usual to
perform a tough block placement. This is checked for feasibility later when
the areas can be estimated from design work at the circuit level.

At the next level down in the hierarchy, the architectural biocks we
expanded into logic dlagram:fﬂgre each item drawn represents a particular
ogic function, such as a gate. Control and timing logic is also included at
“this level. Logic simulation can be used to_ verify that the logic functions
corggg_t]gwand performs the tasks required by the system specification.}These
“test routines ‘can also be used at a later date for performing functional tests
on the fabricated chip.

The next level down is the circuit design. Here the logic is translated into
circuits with dimensions assigned to the transistors. The circuit diagrams are
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often drawn as stick diagram rather than with conventional transistor
symbols. A stick diagram is a pictorial representation of the circuit in terms
of the lines and' connections required at each Iayer of the -silicon. It is thus
more detailed than a transistor circuit and it assists the translation process to
the next level down in the hierarchy.

At the circuit design level, the logic is implemented with simple, regular
transistor sutures wherever possible. Circuit simulation can verify the design
at this level and provide an indication of the power dissipation and speed. By
combining the stick diagram with the-fabrication rules for the geometric
layout, the size of each circuit can be estimated. This allows the designer to
check that the design can be accommodated on the chip and that there is
sufficient area left for circuit interconnections, Unfostunately, it is not until
this level that changes to the system and/or logic may become necessary to
meet a speed or sin (or power) criterion. Clearly, the design process has to be
repeated from the highest level that is modified. :

Once the circuit design is correct, translation to the next level down in the
hierarchy can proceed. The circuits we allocated to positions on the silicon
and geometric shapes are generated for each silicon layer corresponding to
the circuits end their interconnections.{If stick diagram have been used then a
geometric layout can be derived from than by just “fleshing out’ their lines.
The layout. is also checked against the circuit design to gonfirm that circuit -
details have been correctly translated to the lower. level, IThe layout k also
checked for violations of the fabrication process layout rules,

After the layout stage. the design normally passes out of the designer's
hands. The data representation of the geometric layout is normally used to

-produce a (Photographic) mask of each silicon layer. The masks are then
used at the different production stage of the fabrication process to produce
the specified chip.

1.5 Organization and Notation

This book treats the design of a silicon chip in term of the hierarchical
structure of figure 1.1 and aim to give the reader an understanding of the
principles involved at each level of the design hierarchy. However, in -order
10 approach the design of the upper levels of the hierarchy, it is necessary to
appreciate the limitations and design considerations of the lower levels. Thus
the organization of this text is from the bottom upwards rather than the
top-down approach described k the previous section.

Consequently, this book commences at the circuit design Level with a2
description in chapter 2 of the MOS transistor’s operation and fts use in
simple logic circuit. The next level down in the hierarchy is considered in -
chapter 3 where the design rules for do geometric layout of circuits are
preceded by a description of the fabrication process,



Introduction 7

This enables the higher levels of the hierarchy to be discussed. Chapter 4
describes the implementation of logic and storage elements using. Where
possible, simple repetitive circuits. Chapter 5 discusses the system
considerations that are associated with the highest level in the design
hierarchy.

Finally, a design example is described in chapter 6 using a
top-down design approach. It is hoped that this will give the reader a greater
insight into the design principles involved at each Level in the hierarchy and
of the interaction between levels.

Throughout the text, the discussion of logic circuits assumes. Positive logic
that is, the voltage level for a logic '1" is greater than the voltage level for a
logic *O”. Thus a high input/output is a * I', while a low input/output is a *O’,
Similarly, an active or applied input is a *1*. While an inactive input or -an
input which is removed isa '0".

1.6 Further reading

D. J. Kinniment, ‘Component technology - the next [0 years®, State of the

Art Report - Supercomputer Systems Technology, Series 10. No. 6. pp.
317-33, Pergamon, 1982.

LS

W. W. Lattin, J. A. Bayliss, D. L. Budde, J. R. Rauner and W. S
Richardson, ‘A methodology for VLSI chip design’. Lambda (now VLSi
Desigi), No. 2 (1981)pp.34-44.

This book is available here Rainbow Book Mail



2 MOS Devices and Basic Ciréuits -

The purpose of this chapter is 10 describe the operation of the different types of
MOS devices available and then to develop the characteristic equations which
describe theis behaviour. This enables the simple circuits which form the basis
of MOS digital circuit design to be presented. T

2.1 The MOS Structure

An insight into the behaviour of an MOS device can be gained by considering its
structure, and ﬁgu_re 2.1 shows the structure of an n.channel or NMOS transistor.

Gote v,

Source V, ) | _ Drain V,
' Nieial
. Oxidy .

ptype sermiconducton

Substrate V‘

Figure 2.1 NMOS transistor struclure

The basis of the transistor is a metal-oxide-semiconductor structure, hence
the name MOS. The device input is called the *gate”. Originally this was a metal
plate, although nowadays it is usually made of polycrystailine silicon {(commondy
called poly or polysilicon). The oxide is very pure silicon dioxide and i1 separates
the gate from the semiconductor material; i1 acts as an insulator.

The semiconductor is pure silicon which has been doped with relatively small
amounts of an impurity such tha the impurity atoms can easily replace silicon
atoms in the regular, fixed crvstal siructure. Pure silicon is not 2 good conductor
at room’ temperature as there are very few electrons of negative charge which

&
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_ acquige a highenough energy to break away from the silicon atoms. The clectrons
which escape are {ree to move sbout the material sad ate referred to as ‘free
charge carriers”. They leave a vacancy or hole in the parent atom which now has a
net positive charge, Other electrons of lower energy move (o fill these vacancies
and this movement of free camriers is equivalent to the movement of holes of
positive charge.

An n-type smiconductor is obmned by doping pure silicon with an Impurity
possesting one more ¢lectron (in the outermost orbit) than silicon. This electron
is only loosely bound to the impurity gtom and ¢an easily acquire enough energy
1o break away, leaving the fixed impurity atom positively charged, The freed
electrons form the majority of free charge in the material, significantly teducing
its resistivity below that of pure silicon. A few free holes still exist and these are
referred to as the ‘minority charge carrier’. This is depicted in figure 2 3s.

A ptype semiconductor arises when the impurity atoms have one fewer
electron in the outer orbit than does silicon. There is thus a vacancy for an extra
clectron and electrons move to fill these vacancies, causing the fixed impurity
atoms to become negatively charged. This electron extraction is equivalent to
the injection of positive holes, Thus the majority of free charge carriers are holes
gind the minority charge carriers are electrons (see figure 2.2b), '
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Figure 22 Charge within doped semiconductos: (a) 'n-type-. (b) p-type

The semiconducior material of (igure 2.1 consists of a lightly doped p-iype
substrate and heavily doped a-type regions, denoted a* and called the source
and the drain, which are located at each end of the gate. Conventionally. the
drain is t!w device output terminal and the source is the temminal that is common
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10 both the input and output ciscuits. It is therefore usua! to specify the device's
input voliage 3 Vs, meaning ¥, — ¥, and its output voltage as V,,, meaning
Ve— V.~ ' T - - : '

A terminal is connected to the bulk substrate and in NMOS this is always con-
nected 10 the most negative voltage avalilable. This is so that the diodes formed
by the substrate-source and substrate-drain pn junctions are always reverse.
bissed and hence never conduct, oo T :

L
2.2 Conduction : ’

To make the transistor conduct, appropriate vollages have to be applied to the
terminals. Figure 2.3 shows the effect of applying a positive bias to the gate and
drain with the source and bulk substrate tied 10 O V.

Tan .
las

e Depletion region

+ channel Ptypa substrate

V=0V
Figure 2,3 Conduction in an NMOS transistor

Although the conductivity of the semiconductor is less than that of the
metal, it can nevertheless be considered to be a conducting materal. Thus in
figure 2.3, the oxide acts as an insulator between two conductors, so the struc-

“ture resenibles thae of a capacitor. ' _

The application of a positive-gzie bias with respect to the source causes a
positive charge to accumulate on the meta! and an equal negative charge, supplied
by the source and the drain, to be induced in the semiconductor surface just
beneath the oxide. This charge is in addition to the existing charge. If the
induced chirge is small then it only causes the surface layer 1o become less
p-type than the bulk. If. however, the charge induced is large encugh then the
surface layer: inverts from p-type to n-type. 2s shown in figure 2.3 These is now
a continuous ele¢tron channel from the drain to the source, and current Nows if

“there is a bias between them. fn figure 2.3, current Aows from the drain to the
sourge as the drain potential is highes than that of the sousce
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A region depleted of free charge carriers separates all p-type regions from
" petype and prevents conduction of teverse biased pn junctions. Hence the device
" conduction path is isolated from the bulk substrate by a depletion region and
this effect is also used to provide isolation berween devices. Note that since
the depletion width is dependent upon the junction reverse voltage, the deple-
tion region it wider around the drain than around the sousce.

The device conduction path is also isolated from the gate by the oxide. Thus
it follows that all the current flowing into the drain flows out of the source; this
current s referred to as Iy,

2.3 Threshold Voliage

The input potential ¥, at which the surface just becomes inverted is called the
threshold voltage V.. Below the threshold voltage an NMOS transistor is off and
no current flows, while above the threshold the inversion channel is established
and the device conducts.

A detailed analysis of the magnitude of the threshold voltage is cornplex and.
beyond the scope of this book. However, the factors determining V' can be
appreciated {rom a consideration of the excess charge within an NMOS device
when the inversion layer is established. This is depicted in figure 2.4

L
—_— F * o+ F
Meta O,

Oxithe .
_ + 4 e Surface statex O,
Inversion -""'.‘- = T - .
G D B 8 ~wf—— Dapletion region O,
Buik
substrate

Figure 24 Ex{éss charge within c-:;nducting NMOS transistor

The surface state charge (0 represents positive charge trapped at the oxide-
semiconductor interface as a result of imperfections at this surface, This, plus
the gate charge 0, must equal the induced charge in the inversion charmel Qe
plus the impurity atom charge @y in the depletion regxon Thus
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Put0y= Qc_— + Qs
thn the surface s just .at the point d!’ inversion, 0, = 0 and

R N Py
V‘ Cl c‘

where Cy is the capacitance across the insulator,

In practice, ¥, has to overcome some in-built potential differences before the
transistor is brought to the edge of conduction. As a result, another two voliage
terms have to be included in the above expression for V,. ¥4y represents the
voltage arising as a result of the difference between the gate and the semicon-
ductor material. Since silicon gates are used nowadays, Vg is small. The other
voltage term, Vi, is the voltage across the depletion region just at the point of
inversion; it is dependent upon the impurly concentration and is wsually less
than 1 volt, Thus

7 .Q\ .
Vi= =2tV - =B Vg : 2.1
s :. K 4t . o | 2.1

The last three terms can be regarded as constani potentials, while Oy is
dependent vpon transisior parameters and the applied voltages. In particular,
{4 is dependent upon the impurity concentration of the semiconductor material
-beneath the oxlde This proﬂdes & mechanism for adjusting the threshold
voltage. E

For an NMOS dcnce the first two terms of equation (2.1) are positive and
the last two negative, allbwmg the threshold to be made either positive or nega-
tive by suitable doping. The threshold is positive {usually 1 V) if the semicon.
ductor surface between the source and the drain is heavily doped with a p-type
impurity; such a device is off when the gate-source voltage is 0 V and is referred
to as an ‘enhancement mode NMOS transistor”,

The threshold can be made negative (typically —4 V) by doping the semi-
conductor surface with an n-type impurity. This has the effect of making the
surface n-type, although the bulk semiconductor remains p-type. Thus even with
Vg =0V, the channel region js inverted and the device is on; an NMOS device
whjch is on when ¥V, is 0 V is called an *NMOS depletion mode transistor’. Here,
it is necessary to apply a negative gate-source voltage in order to repel electrons
from the surface and turn the device off.

_ As well as NMOS devices, there are p-channet or PMOS tzansisiors where the
substrate is n-type and the drain and the source are heavily doped p-type regions.
The substrate is connected to the most positive voltage available so thai the
" drain-substrate and source-substrate pn junctions are always reverse-bidsed. A
negative ga:e—souru ’voltagc causcs holes to bc aitracied 10 and elecirons 1o he

A\
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repencd from the scmiconductor sutface just bencath the oxide. Tl'us sutface
inverts 10 p-type if a sufliciently negative Vg is applicd.

Consideration of the excess charge in 2 PMOS device results in an expression
similar 1o equation (2.1), except that all four temmns are negative. Again, the
thyeshold voltage can be adjusted by altering the impurity doping level in the
surface beneath the oxide. However, logic circuits require only PMOS enhance-
* ment devices. These are fabricated with a negative threshold (normally -1 V)

and arc off when Vi =0V,

" Thresholds are quoted for transistors assumms # source~substrate voltage of
0 V. Changing the substrate voltage causes the threshold to change, and this
effect is known as the ‘body effect’. In NMOS devices, taking the subsirate
voltage negative of the source causes the ‘depletion region sumrounding the con-
duction path to widen and thus increases Qy: As a result, ¥5 has 1o be increased
to bring the transistor to the sdge of conduction. If Vi is defined as the thres.
hold when the source-substrate voltage ¥y, is 0V, then the modified threshold
- ¥ to take into account the body effect is

Vi=Veo +v{Fa)'?

i & constant dependent upon transistor parameters and tends to lic between
0.3 and 0.7 for MOS transistors. It is usual to use a value of 0.5 in calculations.

Similar reasoning for a PMOS transistor shows that increasing the substrate -
voltage above the source potential causes the threshold to become more negative.

2.4 1y, versus ¥, Characteristic for NMOS Devices

Figure 2.5 shows the symbols used in this book to denote MOS transistors. 1t
is assumed that the substrate of NMOS devices is tied to the most negative voltage
available and a PMOS substrate 1o the most positive wailable voltage. Thus this
connection is usually omitted from circuit diagrams. .

Vo Vy . .V.

v—|- ) v—] v—i e

v, v, Vy

{2} : b} (e}

Figure 2.5 Symbols for MOS transistors: (a) enhancement mode NMOS,
{b) depletion mode NMOS, (c) enbancement mode PMOS



7 ' . Design of VLSI Systems

Consider an NMOS device. When Vg <V, the transistor is off, tegardless of
the drain voltage: the device does not conduct and no current flows. The device
conducts when ¥ > ¥, and if a constant ¥, is applied then the resulting /g,
versus ¥y, curve can be split into two regions.’

{a} Resistive Regfbn

Here, Vg, < Vo — V. The voltage dcross the insulator at the source is Vg and
at the drain is Vg (meaning Vg — ¥4). Although the voltage across the insu-
lator is not constant, a voltage in excess of ¥ exists at all points across The
oxide, causing the formation of a continuocus inversion channel between the
drain and the 'source. It will be assumed that the incredse in voltage along the
channel from the drain to the source is linear with distance.

The device structure therefore resembles an infinite number of capacitances
between the drain and source, each one having a differtnt voltage across it and
therefore a different charge from its neighbours. The total charge induced in the
channel is the sum of the charge induced on each of these capacitances.

- Consider one of these capacitances of length dx situated at 2 distance x metres
from the drain, as shown in figure 2.6.

Source

¥

_ Figure 2.6 Elemental capacitor between source and drain

*

The channel width and length are W and L metses respectively. Thus the
capacitance. € farads. of the structure shown in figure 2.6 is
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C= Wedx

D

where € is the permittivity of the insulator in farads/metre and D is the thickness
*of the oxide in metres. The voltage v in excess of ¥, across this capacitor is

vEget TVa- V) = V- Vot TVa= V)

Thuss the charge, ¢ coulombs, induced on this capacitor is

Wedx .
‘D' - Vot Ivd.— v,

q=C, =
The 1otal charge  induced in the channel is

Q- I ——(V “ Vet IV - Vi)dx
A _ L

GWL - V&].
Ve — V)= =2
) [( '); 2
- Now g ='rld.-, where £ is the time in seconds for an electron to move across the
- channetlznd '
. channel length L

electron velocity

Hy, it the Eleclrori velocity per unit electric field (measured in metre 1fvolt-second)
~ and is called the *electron mobility’. Thus the electron vclocu) in the channel is
HnVas/L. Hence the current [y, in amps is

@ f“ll-'n Vé,]
== | - - — 2.2
fa=== 7o [( VilVa- 571 . @ )

For 2 constant ¥, /4, increases with an increase'in Vs, as shown in figure -
2.7. 1t should be noted ihat at drain-sovice voltages which are very small com-
pared with ¥ — ¥y, the equation for the channel current reduces 10

Wy
Iq, = -*133 (Ve - Vt)?‘q.;:

Biving a lincar relationship between fg, and V4, for a constant V.
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lay Plﬂth off
Wy = ¥y, - -V,

“Saturation

V. constant
and >V,

Resistive
region

Van

Figure 2.7 Iy versus P’m for an NMOS transistor

{b) Saturation

In this region Vd, >V~ V. As the drain voltage rises, the voltage across the
insulalor at the drain dmps and st Vg, =V - Viitis Fy. Thxs is the voltage
necessary Lo just support inversion, and this pom[ on the Iy, versus Vg, charac.
teristic is called “pinch-off". At this point, the inversion channe) ends just at the
drain. As ¥y, increases beyond pinch-off, the point at which inversion ceases
moves away from the drain as shown in figure 2 8.

. ) v ) .
: _ I o Vi D Y — Vo
> S " A

i : : = : L H\'\-\.Daple{ion
Mersion ——-—— . . F
charnnet - - " petype subnviate region
ceases - . — |

. Vb‘_‘ .

Figure 2.8 1Inversion channcl beyond pinch-off
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The voltage difference along the inversion channel from the source to where
it ceasesis Vg — V;, and the excess potential Vg, — Vi + ¥, is dropped berween
the end of the inversion channel and the drain. This creates a high electric field
across this very shott distance and the electzons from the inversion channe] are
quickly swept across this area 1o the drain.

At and above pinch-off the voltage between the source and the end of the
inversion channel is constant at Vg — ¥;. The channel length can aiso be con-
sidered 1o be constant (equal to L). Thus the current flow is constant and the -
device is said to be ‘saturated’. Replacing ¥y by Vi — ¥y in equation .2).
f@ becomes

. €W ’
= zw'*(v,, -y _ (2.3}

The Iy, versus Vg, characteristic for a constant ¥V is shown in figure 2.7. In
- practice, there is 3 skight increase in current with increasing ¥y, above pinch-
off, as 2 result of the reduction in the channel length.

2.5 Charscteristic Equation for PMOS Devices

A PMOS enhancement device is off when ¥V is 0 V. Here it is necessary to take
the gate voliagé negative of the source in order to exceed the negative threshold
and tum the transistor on. It is thus normal 10 connect the source terminal to a
~ positive potential and operate the gate and the drain at vohages equal to or nega-
tive of this potential. Consequently cument, Joy, flows from the source to the

drain in a FMOS device.
A similar analysis to that performed for NMOS devices allows the equations

. for Iy versus Vpq to be obtained for the resistive and saturated regions. I{ the

threshold voltage ¥, for PMOS devices (only) is vedefined to be the podtive
source-gate voltage at which the transistor just tums on, then equations similay
to those for NMOS are obtained. In the resistive region where Voy < Vg — ¥,

€, W - V2 . .
L =-BPL_ [(?n - Vt)km.- —5'!] | . 2.8)

Pinch-off accurs when Vi = Vo — ¥y and for Vg > Ve = ¥, the device is
saturated. A1 and above pinch-off
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W : |
= -—L—‘Z‘LL (V= V) (2.5)

#p 15 the hole velocity per unit electric field and is known as the *hole mobility”.
Itis two to three times less than y,. Since the current flow is proportional 1o the
carrier mobthiy an NMOS3 wransistor will conduct mere current than a PMOS
device of similar size. This can be seen in figure 2.9 which shows tharacteristic
curves for PMOS and NMOS \ransisters if typical values are assumed for the
parameters,

The speed of a circuit is dependent-upon the rate at which ciicuit capacitances
can be charged and discharged. This in turn is dependent upon the current avail
able from devices within the design. The current capability of PMOS devices can
be made equal to that for NMOS devices by increasing their size to compensate
for the difference between hole and eiectron mobility. However, these larger
devices require a greater silicon arez and have an increased circuit capacitance.
For this reason, NMOS devices are used i |n preference 1o PMOS in l'."i[t‘,t.lll design.

2 Prinéiplesof Inverters @,

Now that the characteristics of MOS devices have been established, their use in
some basic circuits can be discussed. The inverier will be considered first as,
although it is the simplest logic funciion that can be implemented. it often forms
the basis of more complex circuits,

Figure 2.10 iflustrates the principles involved in desigding an inverter, lt'

conisists of a digital switch S which is closed if a high input voltage is applied and

is open for a fow inpul voltage. The switch outpul is connected via a load to the
power rail. Thus a high input causes the ocutput to be 0V {iow output) and
current flows through the icad and the switch. A low input leaves the switch

‘open and no current flows-in the circuit. Asa result, no voltage is dropped across

the load and the output is ¥, (high output). /,

“In MOS invétter dcs:gn, an n-channel enhancement transistor is used as the
dlgltal switch. This js cénvenient as it has a positive threshold and ‘a low input
voltage below the device threshold causes the transistor to be off, while a high
input voltage above the threshold causes it Lo be on. _

The load can be implemented.in a number of ways and in particular by the

- use of an MOS device. This results in a range of inverter circuits. each of which

-

illustrates different design principles.
Many designers leam about bipolar junction transistors bcfore being inlro-

- dyced 1o MOS devices and in_that technology the most common’ implenicn.

tation of an inverter uses a resistor as a Joad Thus.a convenient starting pmnt

© for 3 deseription of. \{OS inverters is to :ons:der A vircuis which uses.a reustor
- as 'the load,
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Figure 2.9 MOS transistors — typical characieristics
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r———— V.,

ov

Figure 2.10 lnverter principle

\AT NMOS Inverter with a Resistor Load %

Consider applying a low input of 0V to the ciccuit of figure 2.11. This is below
the transisior’s threshold voltage, ¥,,, and the transistor Is off. No current flows
and Vo, = V. When a high input voltage of ¥, is applied to the circuit, this is
,above the threshold so the transistor is on and current fy, flows. By choosing the
value of the resistance correctly, Vo, can be made much less than ¥y, so that
the output is low and can drive a succeeding stage,

Ve

=

oV

Figure 2.11  NMOS inverter with a resistor load
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“In order to see what value of R is required, it is nectssary 1o take typical
values for the parameters. ¥V will be taken 53 5 V since most MOS and bipolar
" Jogic families operate at t!us voltage. ey /D will be taken as-30pA/VT and ¥,
x5 1 V. An equal gate width and length are assumed, so the width- to- length ratio
of the transistor, known as the “aspect ratio”, is'1/1.

R is calculated to give a low V,,,, of 0.3 ¥y, since this gives » reasonable
noise margin between ¥, and the gate threshold. Thus Vg, of the transistor
is 0.3V and, since Vi, is SV, ¥y, <V, — Vi, and the device is operating in the
resistive region. Equation (2.2) can now be used to find that

rd,sso() [(s- 1)03 - 93'-] =347 A

‘This current also flows through the resistor. Hence

R=YezVou o 5-03V 35410

Tas 34T uA
The siticon area required to implement this resistos is far larger than that for the
transistor (typically by a factor of 300). Thusit is not pmctical to use s resistor
as 1 Joad and so an MOS device is used instead.

2.8 NMOS Inverter with an NMOS Enhancement Transistor Load &)
———— A ~ T

This section considers the use of the same transistor type for both the load and

the digital switch, see figure 2.12. T atis as the switch and is also referred to

as the ‘driver’. T2 is the load and its gate is connected to ¥V, in order to maxi-

mise its Vi, Bo!ll transisiors have the same threshold ¥V, .

e .
——-Itl'l'?
it Vo

-—f

oV

" Figure 2.12 NMOS inverter with NMOS enhancement load
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When Vi, is low, itis less than ¥y so transistor Tl is off, Howewr, some very
small leakage current flows through T1 and this is supplied by T2. Thus T2 is
just brought to the edge of conducuon and Vg, — V¥, for T2 is approximately
0V,s0 . : ' :

Vo= ¥y~ Vg

‘Again, taking ¥, as 5V and Vi, 35 1 V, the high level outpul voltage is 4 v
if the body efféct of T2 is neglected. However, T2's source-substrate voltage is
significant at this magnitude of output voltage and the effect on the threshoid
voltage cannot be ignored. Using the expression for modifying the . Lhreshold'
voltage (given in section 2.3) with a substrate voltagc of 0V

_ I/Ol.ll = Vp - Vte = Vp - lytﬂ t T( Vlb)ml =3 _[] + 0_5(‘/0“()11'_’}
where the body ¢ffect constant y has been taken as D.5. Rearranging yields
Vou)'? = 8= 2Veu

By squaring each side and solving the resuliing quadratic equauoa the high level
Fous is found to be only 3.12 V.

The output from & gate is normally used to drive the input of other gates.
Hence the high level input voltage for a gate is 3.12 V. When Vi, is high at this
level, it exceeds T1's threshold so T is on and conducts current. This current
is supplied by T2 which is also on. The circuit output is required to be low for 2
high input and this can be obtained by selecting suitable widths and lengths for
the gates of the driver and the load transistors. Again, it is appropriate 1o choose
the gate sizes so that the low level output is 0.3 V.

Consider T1 with a2 Vi, of 312V and & ¥, of 0.3 V. Since T1's source is
at OV, its Vg is 3.12V and its Va.lst)}\" Thus Vg < Vg — Vi and 30 T1
operates in the resistive region. App]ymg equation (2.2) with an e /D of
30puA/v?

0.3* w.)
1 I'Tl=30 312—103-—--—-— = |7.73] =1 HA
- (L.)[( ) 2] .(L #

where (W /L) is the aspect ratio of transisior T1.

T2 is on and ¥y, = V. Hence the inequality Vg, > Vg, — Ve is true and T2
is saturated. The gate-source voitage of T2 is Vp = Vou and since ¥y is low,
‘the body effect can be neglegted Applying equauon (I witha ¥V of 47V
yields -
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Iy of T2= 2 (E‘-) (4.7 — 1) =205.4 (.’t’z) A
2 AL, L

where (Wa/L3) is the aspect ratio of T2, fyy of Tt and T2 are cquated to obtain
an inverter fatio k for the circuit

WL o6
WifL:)

E is wsual 1o split the inverter ratio obtained between transistors T1 and T2
in order to prevent T{ from occupying a much larger area than T2. Thus 2 ratio
of 11.6 would be taken as I 2 for convenience and could be split as (W/L,) = 3/1
,and (WyfL1) = 1/4.

The main drawback of an NMOS enhancement load, apart from the loss of
voltage for high outputs, is the speed of the rising edge of the gate. This can be
appreciated by considering that there is some capacitance Coyy on ¥oy, and
Vout is 2t 0.3V comresponding to a Vi, of 3.12 V. I ¥),, now switchesto 0.3 V,
T1 tums off and ¥, starts to rise. Initially, Vi, of T2 is 4.7 V but as Vg, rises,
Vg of T2 decreases and T2's threshold rises (because of the body effect) 0 that
less current Aows in T2. This progressively slows down the rate of charging up
Cout. and a8 Vo, approaches 3.12 V, T2 tends to tum off and very little current
flows to finish the charging of Cyye. For this reason, n- channel depletion devices
are preferred as a lgad.

2.9 NMOS Inverter with an NMOS Depletion Transistor Load @

Referring to figure 2.13, the NMOS depletion tr forms the circuit

load. The depletion threshold Vg of T2 is negative and smce the pte-source
voltage of T2 is zero, T2 is always on.

When F, is low, it is less than the enhancermént threshold ¥, of T1, and T
is off. T2 is on and supplies the very small leakage current of T1. Since fy, of
T2 is negligible, the drain-souzce voltage of T2 is very small, Yeading to 8 Vo
of ¥, Thus there is no high level output voltage loss as with the NMOS enhance-
menr load. _

The high level input voltage 10 a gate is thegefore V. This exceeds 'l‘l s )
threshald voltage and hence Ti and T2 are both on. Aga.m it is necessary 1o
choose the gate dimensions of the transistors in order to obtain the desired low
fevel Vou. Taking Vou 25 0.3V, and ¥, as 5V again, Tl's Vg is SV and its
Vas sT3V. Thus Vg < Vg — ¥,, and Tl is operating’in l.hc resistive region.
Equation (2.2} is applied 10 rxpress [y, of T1 in rerms of its aspect 52+ K
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VD .
mall £
V..-—”: T Y, =1V
ov

Figure 2.13 NMOS inverter with NMOS depletion load

0.3’] (w) .

= 34.65 -

2 L, uh

) T2 isonwitha V,ofﬂVa.nda Vd,ofl/ Vour =47V . Thus ¥y, >V~ Viy
and T2 is saturated. Equation (2. 3) is applied to find T2's f4,

e of Tt =30 ﬁ){(s -

.’d,of'l‘z- -2-5-(-—) 10— (- 4)}==2oo ""),m o,

2

F’é/ [ ] C
Note that €u,/D for a depletion transistor is typically 25 uA/V? compared with
30 pA/V? for an’ NMOS enhancement device (owing 10 the fact that a depletion
transistor requires additional impurity doping to definé » Ihreshold ol' 4 V).
Equating the current in T1 and T2 yie!ds ' : .
( Wy /L ;)
{Wzﬂ-z}

For convenience, this inverter ratio would be laken asband sphl as(W, /L) = 3.-’1
and (WyfL,)=1/2. '

It is possible to reduce the inverter ratio and thus the nhcon area occupied by
T1 and T2 at the expense of a.reduced noise margin. The lower limit for k is
3encrally acccpted to be 4 and this allows 0.5 V between the low level Vo,
angd the enhancement threshold. However, the author recommends that a value
_ofk = § or greater be adopted for practical designs.
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2.10 Edge Times for NMOS Inverter with a Depletion Load

The circuit of figure 2.13 represents 2 practical inverter that can be implemented
in NMOS technology. 1t is thus worth examining the edge time response of the
gats, as this will indicate the maximum speed of operation and the factors upon
which the speed is dependent. .

In the circuit of figure 2.13 the maximum current capability of T1 and T2
is different. This can be seen by considering the saturation currents of the
devices, and it has already been shown that this current for T2 is 200(W: /L, ) uA.
The -maximum current through Ti occurs when the gate-source voltage is a
maximum {5 V) and the device is saturated. Using equation (2.3)

maximum f4, of T1 = E;E(h) G- 1) =240 (&)M
2\ Ly

Thus

maximum [y, of T1 _ 6(W,/L,) - 5%

Let the total capacitance on the output be Cyyy, as shown in figure 2.14.
Cow arises because of the capacitance of the gate of T2, the source of T2 and
the drain of T1. #n addition, Coy, includes the capacitance of the connections
between Vo, and these transistor terminals. Thus Coy, is proportional to the
silicon area necessary to implement these features, If the minimum length or
width allowable is 6 um. then a typical value of €, for this circuit is 0.1 pF.

Consider that the input is high and that the output has settled to its low level
value of 0.3 V. If the input now changes instantaneocusly from high to low, then
T1 tumns of€. T2 remains on and supplies current to charge the load capacitance’
(see figure 2.14). This causes the outpu to gradually rise to 5 V. The cument
f; in the capacitor is related to the change in voltage ¢V, across it with respect
to time 4t by . '

Fe = Cou 8V ou

The rise time is dependent upon the rate at which the capacitance can be charged
during this pesiod. This in turn depends upon the current available from T2.
When the input changes instantaneously from low to high, T1 turns en. Both
T1 and T2 are on and during the fafl time. T1 accepis cucrrem from T2 and from
Cout a3 it discharges (see figure 2.14). Since the current in T2 is small compared
with that o T1. the current TH can 3ecept deterrnines the rate ar which the
- capacitor dischatges and hence the fall time ’
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1t can therefore be expected that the falling and rising edge times will differ
by 2 factor equal to the ratio of the currént capability of T1 and T2. On this
basis, the rising edge time will be 6&(’5 tmes that of the falling edge time. This is
iflustzated in figure 2.15.

Consider in detail the rising edge at ¥ou. The current supplied by T2 causes
the output 1o tise from 0.3 V 10 5 V, as shown in figure 2.16a. It is usual 10 cal-’
culate edge times from the 10 per cent 10 90 per cent points on the output wave-
form, as many edges arc exponential in shape and take & disproportionately long
time 1o settle to their final value. Applying this to the depletion load inverter,
the rise time is the time for the cutput to sise from 0.8 Vto 4.5V,

Ve

i

Figure 2.14 Current flow during edge times: ¢ rising edge current flow,
4 cusrent fNlow during falling edge

oV

5V

v,

03v . ..

5V

D3V

N Agure 2.15 Output response to an input, step
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Figure 2.16 Rise time behaviour: (2) ristng edgez (b) circuit approximation

r

During the output -rise, T2 is saturated until the output feaches 1V and
thereafter is in the resistive mode. Thus the rise time can be split into two
regions: ¢, is the time for the output to rise from 0.8V 10 1 V where T2 is in
the saturated mode, and £, is the time for the output torise from F Vo435V
where T2 operates in the esistive mode. I will be appreciated, from figure
2.16a, that since the initial part of the rise at Vou Is fast in comparison with - -
the jatier parts and since the oulput voltage change during ¢, is small in com-
parison with the voltage change dunng t1, the rise tirne is ei’fecmely dzteun!ned-
by r; #nd ¢, can be neglected. ¥

The calculation of ¢; is most easily approached by replacing 1’2 with a eon-
stant gesistance R which is used to represent the transistor’s behaviour in the
resistive region of the characteristic. The resistance’s characteristic is shown as »

. dotted Gine on figure 2.17. It has been obtained by drawing a straight line
between the origin and the pinch.off point. Using this approximation to tran-
sistor behaviour, a value of R {applicable to any NMOS transistor) can be
obtained.

R= pinch-off voltage _ Va-V)
pinch-off current  eu, (W
L (G ve-ny

(e
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Conadeung transistor T2 and substituting for Vg, Vig and £l fD, the
-resastance .can be exprmed in terms of T2’s :spect ratio

CRe e r - MR 20 o

o 3; I

ThuISI the equivalent circuit 'dunni time £ simplifies to an RC network, as
_shown in figure 2.16b. The oulput voltage Voy across such a network, where
the. mstial vpltage across the capacitos is V; and the final wvoltage is Vy, is given
by - Qs : .

Vow Yy = 1) expl-IRCo]
The umc l'o; the om;)ul 1w reach 45V with an init!al output of 1 Vis
45=5 (5 - l)ewl-r: i(RCo.,.)l
81"'"18
2 = 2.08RCon

I C‘om is in pu:o!'atads and R in kilohms, thcn r, is'given n nancnseconds Sub.
stituting for T2's value of R, the rise time is_
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From previous considerations conceming, the cunem d'nve capablhty of Y
_ relative to T2, the fall time #; is

; ,_&,,‘5(“’3/5:)42(-'“1 .
6k “wlﬂ-l)(“’:ﬂ-:) . _

by B5Cou o L -
("‘.’lﬂ’ ) '

The expression for the fall time ;agrees well with results obtained by simu.
lating the inverter circuit. However, the expression for the rise time is not 50
accurate as the body effect is significant {or T2, As the output rises, the threshold
of T2 rises, reducing the current in T2. This increases the time necessary to
charge the output capacitance. Simulation results for the inverter show that

1= $0Com_ ns

{Wa/Ly}
is more appropriate for the rise t.lme

In a fabrication process where the minimum allowable gate width or length
is 6 um, an inverter having T1 and T2 aspect ratios of 3/1 and 1/2 respectively
will have a typical input capacitance of 0.05 pF and an output capacitance of
0.1 pF. Thus the circuit exhibits a rise time of {2 ns and a fall time of 1.2 ns. .

The speed at which the circuit operates is dominated by the load capacitance.
In practice, the output of a circuit drives other inputs and each input catses an
increase in the load capacitance and hence the edge times. The absolute maxi-
mum [requency (in hertz) at which a circuit can operate is 1/(2, + 1) so, taking
the capacitance figures of the last example, an inverter driving a similar inverter
has 2 total load capacitance of 0.15 pF and an upper frequency limit of 50 MHz.

2.11 Ratioed and Ratioless Design

It is clear that for NMOS inverters with an NMOS depletion or enhancement
load. it is necessary to choose suirable gate 'geometry ratios for both the load
and drive transistors in order to obtain the desired low Ievwel output. Such
designs are therefore called *ratioed’ circuits.
It should be noted that the width-to-leagth ratio of 2 transistor is an important
design characteristic of MOS carcuns 'l‘hJs ratio deterrnines the circuit speed, as
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edge times are inversely proportional to aspect ratios. The bowet dissipation is
also determined by ihe gate geometry, since the current flow through 3 device is
proportional to its aspect ratio.

Ratioless designs are cbtained by 1mphmenun; the invertet load of figure
2, 10 with a digital switch where the Joad switch and the driver switch are never
. simultaneously closed, Consider that the load and driver switches dperate in
antiphase, as shown in figure 2.18. A high input causes the driver switch to
close and the load switch to remain open, V., is connected 100 V. A low input
closes the load switch and opens the driver switch, ¥, is connected to ¥,

-_ ’ ---'-.V.

Load switch

V,.-—-—-——' . e sl Voul

oV

F"'rgure_ 2. 18 Ratioless ‘imrener design
Smcc only one switch is nolma.lly clmed -at a Ume, no cumnt flows betwéen
vy ind 0V, Thus there is no static power dissipation. Howeves, note that when
t.he circuit changes state, both swuches may beoome closed, causing 2 transient
current 1o flow.
~ The switches are lmplemcmed with MOS transistors and, because tbe load
and driver transistors are never on simultancously, the correct output levels are
cbtained. regardless of the transistor aspect ratios. For this reason, such circuits-
are described as ‘ratioless’. ' ’

2.12 The CMOS Invertes . N & ’ .
The ;omplemematy-chmnel MOS o1 CMOS inverter is shown in figure 2.19. it
has, an n-glwmcl enhzncemcm tsansistor as the .driver switch and a p-channel
: enhancement device at: lhe load switch. lt :s zssumed that the substme of Tl is
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connected to 0V and T2's substrate to l’;,. The threshold of T, ¥y, is the
minimum gate-source voltage at .which T1 conducts, while T2's threshold,
V(ep . i3 the minimum source-gate voltage st which it tums on.

V=56V
—
G 3
P T2 Vg =1V
. ] ’
v, ———a * r——-—-— Viur
G D
) T Vo=tV
s L
ov

Figure 219 CMO3 inverter

A low input voltage of 0V causes T1 to be off since the input is less than
T1%s threshold. T2 is on as its source-gate voltage is § V, which exceeds its
1 V threshold. The current flowing through T2 is the leakage cutrent of T1
which is very small. Thus Vg of T2 isOVand Vo is 5V; T2 is in the resistive
mode. - -

For a high input voltage of S V, T1 is on since the input exceeds its threshold
voltage. T2 is off since its source-gate voltage is O V, which is below its 1V
threshold. Again, the only current flowing is a very small leakage current (of
T2), $0 Vg of T1 and hence Voo, equal O V; T1 is in the resistive mode,

If the current capability of T1 and T2 during switching is the same, then the
rising and falling ege times are approximately equal. When ¥y, changes from 2
tow to a high level instantaneously, T1 tumns on and T2 tums off. The load
capacitance on the output discharges from $V to OV via T1. T) is seturated
until the cutput falls to 4 V and thereafter js in the resistive region. Its ¥ is
§ V throughout the fall time. o a

Similarly, when Vi, changes from high to low instantaneously, T1 tums off
and T2 tums on. The load capacitance on the output charges from 0 VsV
via T2. During the rise, T2 is saturated until the outpet seaches 1V and there-
after is in the resistive mode. ¥y of T2 is 5 V:throughout the ouiput rise.

Equations (2.3) and (2.5) are used ta find the saturalion current of the tran- -
sistors and equating these currents yields T
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- ) - g (::)1_5.—-'?)*?"'

giving

W/Ly) | e e
(Wi/L:) m

Since the mobility of holes is only approximately half that of electrons, it is
necessary to make the aspect ratio of T2 twice thatof T1 to obtain equal edge
times. It will be assumed throughout the rest of this section that T1's aspect ratio
is 1/l and T2's aspectratiois 2/1. It is clearly adv,mtageous in terms of the silicon
arez occupled 10 use minimum. s;zed translstqrs ‘where possible and T1 can have
mintmum dimensions. —

T1 and T2 both act as drivers and accept or supply current to charge the load
capacitance when the gate switches. Edge times in CMOS approximate to the
falling edge time for an NMOS inverter with 2 depletion load. This

35Cogt o iy
oLy

where C,,, is the output load capacitance in pF.

- To understand the gate behaviowr during switching, it is.helpful to examine
thc gate transfer chanctemﬁ; (Vm versus Vh) and the variation of circun
current with input. voltage. The eangst vyay of dcterminmg these features is
graphically. This Is done by | first plomqg Th's Iy, versus Vg, curves for different
values of ¥, ‘above the threshold. Effectively, this i3 a graph of the circuit
turgent: I yersus Koy for various values of Vig. The resulting curves are shown
. With broken lines in.figure 2.20. It-will be noted that the. behaviour below pinch-
** off it 43ken 10 be Jinear. This assumption has a ne;l:gble effect upon, the transfer
and current chmcudsuc: to be obtained and greatly mmp{tﬁes,lhe preparation
and ploiuing of the l’umiy of curves for tj;e teansistars. Table 2.1 illustratés the
simpie calculations from wh.ich the cums for T1 have been drawn in ﬁgute 2.20.

Next; the. cueves for T2 are seperimposed on lhose for T1. Here, ¥, of 12
I5 5=V, Vg of T2 i8 5 — Vguy and the, current £y is the circuit cumm I
Thys the T2 curws.can be.expressed: in terms of Vo versus [ for differenr
‘values of V. These are shown in figore 2.20 as solid. lipey;: and table 2.1 shows in
detail the calculations necessary to graw the curves. A;am the behavlour below
“pinch-off is:assumed to be linear. -,
2By reading values, off the, :uperimpouq chauctetisﬂc plots ?or Tlvand T2,

Vour versus ¥g-and 1 versus Vi -can-be l’qund For examp]c. when V=2V
figure °2.20 shows that. the T curve for this value of input, intetsects the T2
curve for ¥y, = 2V at 3 Vg, of 4.5 V and 3 circuit curggnt of 15 pA. It can ako
be sten that at. !hu operating poml Tt is saturated and T2 is resistive,

e

ty=i=

e -
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Table 2.1 Cusrent and yolﬁge calculations for CMOS ipverter -

Tmn:f::or 1!

(WfLy) = UL, eunfD = 30 )AVE Ve of TE=1V
Saturation Jg, = 15(Vy — 1) pA .

Pinch-off occurs when Vay = Vg — | ) f-"

l'}in = va th = Vda"':’ds _f;

Ve Pinch-off Vy, Saturation !

V) M wA) ;

2 .1 N T

25 1.5 338

3 2 60 .

4 3 135 .

s 1 240 &

Transistor T2

(WifL3)= 2], ep,[D- 15 uA/VE, V,,p of T2 =1V

Saturation fyg = 15(Vyg — 1) A I .

Pinch-off occurs when Va=Vg—-1 . :

Vo=S- Vg Vm_-s-v,,: I

Ve Pinchoff Ve Saturationly Vi Vouft
S pinch-off

V) ) (uA) M vy

2 1 .15 3 4

2.5 1.3 338 2.5 k- S

k] 2 - 60 2 -3 T

4 3 135 1~ 2

5 4

240 0 |

Figure 2.21, a and b, show the resulting th versus V., and I versus Vi
curves obtained from figure 2.20. It can be secn from the transfer characteristic
that there is a very sharp transitionin Foy, at Vi = VPIZ During this transition,
both T1 and T2 are saturated and the curreny [ rises 1o 33.8 pA. The frequency

" of switching therefore determines the overall power dissipation. The power
dissipated is also dependent upon the value of V. A greater value for ¥y in-
creases the current capability, reducing the swltchmg sime at the expede of an
increased power disspation. Nowadays, it is cnmmon prm.ucc 10 operate CMOS5
togic from 35V supply: - et : :
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Va=QV . . Ma=5V¥
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- f‘;gpre 2.20 '_'f"vetsu_s Vaur curves for Tl and T2
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Figure 2.21 Charactcri_stic.cunrcs for. the CMOS inverter: {a) transfer charac-
St Aeristic, {b) current versus Vi,
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2.13 NMOS Pass Transistors - o v

Another important and fundamental MOS circuit is that of the pass transistor.
Here the device acts as s voltage.controlled switch, allowing the device's input to
be selectively transmitted to its output. Figure 2.22 shows an NMOS pass tran-
sistor; it congists of 2 minimum geometry n-channel enhancement device, It is
usual not 1o labe) the input and output terminals, as both can act 33 the drain or
sotirce, depending on the applied and exmmg voltages. The load ¢tapacitance
Cout it the capacitance inhereat in the circuit and will inctude the capacitance of
any gates driven from Vg, it should be emphaﬁsed that Cw, is not a discrete
capacitor.

w1t
Veolv

oV

Figure 2.22 NMOS pass transistor

Assume, as before, that 3 low lopc level 50V and a high level is V. The
state of the swilch is controlled by the Jevel of . Hf 9 is low then lranslstor Tis
ofl, segardless of the logic levels existing at V', or Four. Since there is no con-

. nection between Viy and Vo, Voue remains at its existing voltage. This output
level is maintained as charge on C,, and, since the Jeakage current from this
point is very small, the voltage wili decay 1owards O V at # slow rate,

Whea P goes high io V,, the transistor T tumns on and the action now depends
on the value of Vi, and the initial value of Vm,, Thcn: are four cases.

(@) Vg, =0V, inital Vw;-OV

No current flows through the device as its Vd, is0V. Hen—:c ¥out remains at
ov.

(d) V=¥, initiat ¥, =0V

Current flows (rom ¥, 1o ¥, causing I'fw. to rise:as C,,,, is charged. Here the
input acis as the drain and the output as the source. Initially V is ¥ but as the
output rises, the gate-source voltage drops and the rise at V out 15 halted when
Voo —Vie =0V, The rise is:exactly analogous to the high level output from an
NMOS mvener with an NMOS enhancement’ 10ad.: Thios, av ¥,,, rises, the
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thrésKold vollascmscs beciuse of the body effect (section 2.3) and comequcntly
Vour only rises 10 312 Vif V s 5 V..

(€} V™V, initial ¥4 = V - ¥

No current flows as Vg, - V., is OV, ¥y remains at V - Vi

{(#) V=0V, initial Vo.n =Vp— Vi

Current flows from Vyy 10 V.. causing Vm, to'discharge to 0 V Here the out-

pul acts as the drain and, the input as the source. Since Vg is constant'at ¥,

during the discharge timie, the fall time at V,,u, is coasldcnbly faster than the

rise time encountered in case (b)

The pass transistor or tmnsrmmou gate can be regarded as pmng afy input
value to the output under the control of the input P. Such gates perform the and
function during the application of §. Pass tramsistors allow the designer to
implement this function in @ much smaller silicon asea than other designs allow,
This arises because the pass {ransistor can be of minimum grometry whereas
the conventional NMOS implementation is a ratioed design of three devices
requiring imerconnections between the different layers of the transistor struc-
tre; the saving in area is by approximately a factor of 18. However, it should
be noted that the pass transistor is a dynamic circuit and once the transistor is
off, the output state is held as charge on the capacitor Cyy,. This state is only
temporary since there is a small amount of Jeakage current through the tran-
sistor, causing s high level output fo slowly decay 10 0 V. Dynamic logic circuits
therefore have a minimum frequency of operation (typically 5 KHx) in order to
avoid a significant deterioration of the output signal.

Pass transistors can be connected to other pass transistors in a chain, as shown
in figure 2.23. As the input passes down the chain, the delay gets progressively
longer because of the capacitance of each device outpui, ‘At the end of the
chain, the logic level is normally restored by an NMOS invertes with a depletion
load. With a ¥, of 3.12 V, an inverter ratic of 11.3 is necessary to produoe a
low leve! outpnt 0f 0.3 V from the restoring inverter.

Figure 223 A chain of pass transistors



33 ' Design of VLSI Systems

The reader should be aware of one funther effect of using pass teansistons.
Conzider figure 2.22 with the control input at ¥y, and the cutput at ¥, — ¥y,.
Thers is a small capacitance, Cy,, between the ple and the output a3 uemll of
a slight overlap of these features in the transistor structure, Thus, removing the .
signal P is equivalent 10 applying a negative sicp of voltage to two capudlon
Cg W4 C oy In 3crics, a3 shown in figure 2.24,

‘l‘his causes Voy to faliby Vo [Cu/(Co + Com)]. Cou for s mlnlrmun geometry
device where L = W= 6 um is typically 0.0025 pF and Cog is of the order of
0.1 pF if Vo drives a restoring inverter. Thus 2 5 V fall in P causes 2 drop of
0.12 V st Vo, teducing the high level ¥y, to sbout 3 volts. '

— i —e
- -
oo Conr
B
av

Figure 2.24 Effect of removing the control input in a pass transistor

2. u Ratioless NMOS Inverter .

An example demonstrating NM(B pass transistor features is the mmless NMOS
inverter (see figure 2.25). Refemring o figures 2.18 and 2.25, the load switch
consists of transistor T3 while the series combination of transistors T1 and T2
form the driver switch. The operation relies on the use of phased clocks which
ensure that the load and driver switches are not closed simultancously. Only one
of §1 and 92 is high at any time, so T3 is off if T2 is on ang vice versa. Thus the
design is ratioless. and all transistors can be minimum gcom:try NMOS enhmce
‘'ment devices.

Taking $1 high turns T3 on. T2 is ot’l’bccau&e 92 is low md hence, regardleas -
of the level st Vi, there is no conduction path between Vo, and 0 V. Thus the
capacitance inherent in the circuit a1 ¥,y is charged via pass transistor T3 to
¥y — Vi Again, because of the body effect, Vo, only rises to 3.12V; ihe
autput is always pre-charged high dusing i. Once @1 is removed, T3 turns off.
In the period before P2 goes high, both $1 and P2 are low and all transistors
connected to the outpul are ofl. The output state is indwated by the charge
stored on Cgyy,. . .

-
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_’. i Vo
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;Cut .

v

H

ov

Eigure 2.25 - NMOS ratioless inverter

When 2 is applicd, T2 tums on. T3 is off since PI is Jow, 3o there is no
conduction path between Vo, and V. The circuit action now depends on the
level at ¥V, during £2. If V, is low, Tl is off 50 there Is no conduction path
between Foy and O V; Poyy temains high, However, if ¥V}, is high both Tt and
T2 are on and G discharges via the séries pass transistor chain T1 and T2 to

When 72 it removed, both T2 and T3 are off so that the output state is again
indicated by the charge on Coyy. Thus 9t and P2 have to be regularly applied to
avoid a loss of state at the output as 3 resull of charge leakage. it should be
noted that the application and removal of the phased clocks will cause small
variations in the output voltage, owing 1o capacitive coupling between them

and Voqq. Clearly, the output is valid — that is, it is-the inverse of the input - -

only between the application of §2 and #1. Bevween the application of #1 and
92, the output is always high. Pre-charging via a single transistor is of particular
use in CMOS circuits as it eliminates the need for a complex pul-up circuit.

2.15 CMOS Pass Gate

Figure 2.26 shows 3 CMOS transmission gale consisting of an NMOS device with
a V,, threshold and a PMOS device with a ¥y, threshold connected in parallel.
When  is low, both transistors are off and the output leve] remains constant,

When @ is taken high, bolh devices tum on. Again there are four casés to
consider,

e
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) ' T Vou

Cieure 226 CMOS : te

@) Vi =0V, initial ¥ =0V .

The drain and source potentials of each crice ar R el

Vous :emams A0V, a

(6) Vin = ¥y, initiagVou = ¥,

Agam the “drairt and source pé'tcntials of Tl and T2 are equa.l 50 no cusrent
flows and Vo remains at V.

©) V= l"p. initial Fout ™ OV

Here Vi, acts as the dnain of T and the source of T2. Currerit flows from Vin
10 Vouy, causing Vo w0 rise asthe capagitaice Coyy on the outfut charges up.
Ve 0f T2 is ¥y, throughout this rise, while ¥ of T1 is initially ¥, but decreases

as Vom rises, At Vou = Vy ~ Vig, the NMOS transisior ttrms off and Voo

contifues to rise td V via 1‘2 -

(d) V=0V, imt:a]l'wtli' " '
Vi acts as the source of 71 ané the drain of'r‘z Current flows from V. to
Via, causing ¥, to fall as C,,, dischasges. V. of T1 is constant at ¥ dunng
the fall, while ¥V, of T2 is initially 15, but decreuesas Voo falle. At Voo
Viep. the PMOS dm-::e turns off and V.g,.. continues tofalltoOV via T1.

2.16 Buffer Circuits

Some gate outputs in a design, for examplc clock stgnals need 10 be connected
to a Jarge number of gates and thus dave 2 large capacitive load. The effect of an
output driving many inputs directly én be sten from the edge time results
obtained in section 2.10. Here it was found that.

-
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C,
ed tu-neu:-—ﬂ
gt WIL

whe re W/L is the pull-down transmor aspect ratio.

Thus the edge time increases in proportion 10 the capacitance driven, and
soon becomes unacceptably slow. This speed loss can be avoided by suitably
increasing the width-to-length zatic of all transistors in the driving gate; this
increases its current capability. Unfortunately, this increase in the dimensions
of the driver gate causes its input capacitance to rise, This in tum increases the
loading on its preceding gate, causing an unageeptable loss of speed here,

L /%

ntw/L) i

WL

N N A
n\ o 2 pan a
L

>

Figure 2.27 Buffer gate chain

For these reasons, a large capacitive load cannot be directly driven from a
standard gate cutput. Instead, a buffer chain is used, as shown in figure 2.27.
The aspect ratio of each gate in the chain is larger by 3 factor n than those of the
preceding gate. This increase in dimensions causes the input and output capaci-
tance of a gate to be n times that of the preceding gate, These are indicated cn
figure 227 relative to the input and output capacitance, C, and Cy, ¢, of gate i.
If the number of stages in the chain, m, is chosen so that the capacitance €y to
be driven by gate »t is A times this gate's input capacitance, then the load capa
citance on each cutput increases by a factor of nat each stage and

C‘ = ™M Can
giving

- 108 (CafC)
log.n



2 S Design of VLSI Systems

The effect of this cascade arrangement upon the edge times can be estimated
from the aspect ratio and load capacitance of each gate in the chain. The load
capacitance of gate # is A? (Cous + nCy) 20d its sspect rztio jsni-? (W]L) So

. " ' . :
edge time of gate i & __"‘Ml -
A= (wiL)
“'- Cou tnC - ) .
WiL :

This expression is independent of the gate’s position in the chain and thus the
edge time is the same for each buffer gate. This is to be expected since, although
the capacitance increases by a factor of n at each stage, the current capability
at cach stage increases by the same factor.

The edge time can be regarded as a measure of the delay through a gate and
sc the delay 74 through the chainis .

t, (Cout +”Cin)“
W/L

Substituiing in loge (Co/CyYlog, n for m gives

Cout * 1Cin} 108 (Cq/Cin)
(W/L)Ylog,n

. Coum{Cm + 1

log,. n

fd“(

Differentiating this expression with réspect to i yields

rg . 10ge 1 = (Com/Can + M)l -
dn "~ (logen)’

Taking Coyg a5 0.1 pF and C, as 0.05 pF and ‘then equatmg d!,fdn to zero to
obtain g value for n which minimises the delay, the optimum value formis 4.3
If this is adopted, the number of stages is log, (Cy/Cy )/ 1.46. Thus 275 pF load .
representing 1300 driven gates requires a five-stage chain. In practice, the silicon
area occupied by such 2 chain soon becomes significant and it is necessary to
accept an increased delay in-order to reduce the area and the aumber of stages
required.

In NMOS, lhe rise and fall nmes are unequal. it is therefore usual to imple-
ment buffer gates with superbuffer circuits which have approximately equal rise
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and fall times. In the non-inverting supeebuffer of figure 2.28, T and T2 form
an NMOS invertos. Hence Vi, is applied to T3's gate and Vi, to T4's gate. Thus
for a high and low level input, Vo, = Vi, and Vg, of T4 is approximately O V.
An inverting superbufler is obtained by exchanging the connections from T1 and
T2 to T3 and T4,

T4
172

VOMI

T3
n

oV

Figure 2.28 NMOS non-inverting superbu{fer

The advantage of the supeibuffer lies in its action when i1 switches state. in
figure 228, when ¥y, is taken high, ¥, falls rapidly to 0.3 V, tuming T3 off.
T4 is on and supplies current to the load capacitance on ¥, . causing Vo, to
rse. Initially, the gate-source vollage of T4 rises to § V and thus T4 can supply
more currenl than the conventiona) depietion load such as T2 where-the gate is
connected 1o the source. Comparing the ratio of the maxkmum current that can
be supplied by T2 and T4 at the commencement of an output voltage rise (scc
figure 2.29)

16 (T8) _ [(Vp— Vi)V — ViJ2) for T4
Iy (T2) (Y — VaY 2 for T2

L5 4s-2812 4
162 !

Ciearly, (3« ratio decreases as the source voltage rises, The improved current
capability of T4 compared with a conventional depletion load leads 10 a reduction
in the rise iime and simulation shows that the edge times for the superbuffer
circuit of figus.. 2.28 are approximately equal.
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5y 5v

T2 : T4
—‘ Wallam 102 5 V-—I Wolly » 112
" Vw -y .v;c "4y

Vot OV =5 Y Vo OV =5V

Saturated Resiglive

Figure 2.29 Comparing a superbufter load current with a conventional Joad
: current

Other buffer circuits réquired in a design are the circuits necessary 10 inter-
face a design 1o cireuitry extemal to the chip. Here a power and ground pad plus
input and outpur drivers are required. These are nomhally available as part ofa
standard library of-user functions, Input pads normally consist, of a circuit which
limits the voltage and current that can be applied to the gate of 2 transistor.
Such protection circuits prevent the breakdown of input transistors arising from
large voltages generated by electrostatic charge. Output pads need 10 drive .
extemnal circuitry and hence have to be capable of driving a large capacitive oad.
Thus their circuitry consists of a buffer gate chain, such as that described in

this section,
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