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CHAPTER 1 INTRODUCTION TO CMOS CIRCUITS

1.1 lntroduction

Over the past few years, Complementary Metal Oxide Silicon (CMOS
for short) technologSr has played an increasingly important role in
the world integrated circuit industry. Not that CMOS technology is
that new. In fact the basic principle behind the MOS field effect
transistor was proposed by J. Lilienfeld as earl1, as 1925 and a similar
structure closely resembling a modern MOS transistor was proposed
by O. Heil in 1935. Material problems foiled these early attempts.
Experiments with early field effect transistors led to the invention
of the bipolar transistor. The success of the latter device led to a

decline in interest in the MOS transistor. MOS devices remained
an oddity until the invention of the silicon planar process in the
early 1960s. Material and quality control problems dogged the in-
troduction of the MOS device into commercial uses until around
1967 [Cobb70], Even then, single polarity p-type transistors or n-
transistors were favored. The use of both polarity devices on the
same substrate was initially used for very lou, power applications
such as watches. As the processing technology required in the fab-
rication of CIvIOS circuits was more complex than that for single
polarity transistors, CMOS was sparingly applied to general system
designs. As nMOS production processes became more complicated,
the additional complexity of the basic CMOS process decreased in
importance. Additionally, system designers were being faced with
very large chip sizes and power consumptions. For this, and other
reasons that r,vill become evident during the course of this book,
CMOS technology has increased in its level of importance as a VLSI
technology.

The purpose of this book is to provide the designers of hardware
or softlvare systems with an understanding of CMOS technology,
circuit design, layout, and system design sufficient to feel confident
with the technology. The text deals with the technology down to
the la1,su1 level of detail. thereby providing a bridge from a circuit
to a form that may be processed. At the present time, relatively
automated design approaches can take a logic schematic and au-
tomatically convert these to a chip layout. However, these approaches
do not really capitalize on the fundamental objects available in an
IC - transistors. Hopefully, with texts such as this, software sys-
tems may be constructed that capture an expert's knowledge so that
arbitrarily structured and architected silicon systems of enormous
complexity can be built rapidl5r and accurately.

The book is divided into three main sections. Chapters 1-5
essentially provide a circuit view of CMOS IC design. In the first
chapter, a rather idealized view of CMOS technology ',vill be taken
and some basic forms of logic and memory rvill be introduced. This
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FIGURE 1.1. MOS transistor physical structures

structures for the two types of MOS transistors are shown in Fig.
1.1. For the n-transistor, the structure consists of a section of p-type
silicon separating two diffused areas of n-type silicon. The area
separating the n regions is capped with a sandwich consisting of
an insulator and a conducting electrode called the GATE. Similarly,
for the p-transistor the structure consists of a section of n-type
silicon separating two p-type diffused areas. The p-transistor also
has a gate electrode. For the purpose of introduction. we will assume
that the transistors have two additional connections, which are des-
ignated the DRAIN and the SOURCE, these being formed by the n
(p in the case of a p-device) diffused regions. The gate is a control
input - it affects the flow of electrical current betr,',.een the drain
and source. In fact the drain and source nray be vierved as two
switched terminals. They are physically equivalent and the name
assignment depends on the direction of current flow. For now, we
rvill regard them as interchangeable.
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FIGURE 1.3. A comple-
mentary switch

TABLE 1.1. lnverter
truth
table
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CHAPTER 1 INTRODUCTION TO CMOS CIRCUITS

1 - GOOD1
a-a

O z GOODO
ra

However, the N-SWITCH is an imperfect switch when passing a'1'.
In doing this, the '1' voltage level is reduced a little. fThis is explained
in Section 2.5.) These cases are shown in Fig. 1.2c. The pMOS
switch (P-SWITCH) is shown in Fig. 1.2d. It has different properties
than the N-SWITCH. The P-SWITCH is closed or 'ON' when there
is a '0' on the gate. The switch is open or 'OFF' when there is a

'1'on the gate. Fig. 1.2e depicts these conditions. Notice that the
pMOS and nMOS switches are ON and OFF for complementary
values of the gate signal. We denote this difference for a P-SWITCH
by including the inversion bubble in the notation. A P-SWITCH is
almost perfect for passing'1'signals but is an imperfect switch
when passing '0' signals. This is illustrated in Fig. 1.2f.

By combining an N-SWITCH and a P-SWITCH in parallel (Fig.
1.3), we obtain a switch in which'0's and'1's are passed in an
acceptable fashion. We term this a complementary switch or C-
SWITCH. In a circuit where only a '0' or '1' has to be passed, the
appropriate sub-switch (N or PJ may be deleted, reverting to a P-
SWITCH or N-SWITCH. Note that a double rail logic is implied for
this switch (the control input and its complement are routed to all
switches where necessary. The control signal is applied to the n-
transistor and the complement to the p-transistor.).

FIGUI
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1.4 CMOS logic

ourPur 1.4.1 The inverter
Table 1.1 outlines the necessary states to implement a logical inverter.
If we examine this table we find that when there is a '0' on the
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12 CHAPTER 1 INTRODUCTION TO CMOS CIRCUITS

TABLE 1.2. NAND gate truth table

A INPUT B INPUT A N-S\,VT|CH B N-SWITCH A P-SWITCH B P.SWITCH OUTPUT

0

0

1

1,

0

1,

0
-t

OFF
OFF
ON
ON

ON
ON
ON
OFF

OFF
ON
OFF
ON

ON
OFF
OFF
OFF

1

1

1,

0

are obtained automatically by the operation of the p-device. The p-
structure is the logical dual of the n-structure. This property is used
in most complementary CMOS logic gates (but not necessarily in
dynamic gates or static gates that dissipate static poner). The truth
table and SWITCH states are shonn in Table 1..2. B-v inspection,
one may see that this implements the NAND function.

Some further points may be noted from this example. Firstly,
note that for all inputs there is alwal,s a path from the'1'or'0'
[Vpp or V5s supplies) to the output and the full suppl-v voltages
appear at the output. The latter feature leads to a "fully restored"
logic family. This simplifies the circuit design considerably. In com-
parison to nMOS, where the load and driver transistors have to be
ratioed, the transistors in the CMOS gate do not have to be ratioed
for the gate to function correctly. Ser;ondly, there is never a path
from the '1' to the '0' supplies for any combination of inputs (again

in contrast to nMOS). As we will learn in subsequent chapters, this
is the basis for the low static power dissipation in CMOS. The circuit
and logic schematics for the 2-input NAND gate are shown in Fig.
1.6b and Fig. 1.6c. Note that larger input NAND gates are constructed
by placing one N-SWITCH in series on the n side and one P-SWITCH
in parallel for each additional input to the gate.

'1.4.4 The NOR gate

A 2-input NOR gate is shown in Fig. 1..7a. II is composed from
sections introduced in Fig. 1.5b and Fig. 1.5c, according to the
Karnaugh map. Note that the N and P switch combinations are the
dual or complement of that for the NAND gate. The truth table is
shown in Table 1.3. This implements a logical NOR operation. The
corresponding schematics are sho',vn in Fig. 1.7b and Fig. 1.7c. In
comparison to the NAND gate, extra inputs are accommodated in
the NOR structure by adding N-SWITCHES in parallel and P-

SWITCHES in series with the corresponding switch structures.

i!!

E4'

r



---a rndJ_no I
\_\_ _

eleS uoN souuc v 'z't functJ
(c)

'sarn]l r

-d puP Ia
ur p3]Ppo:
ul rlI;r
aqJ'uor;P.
sr aiqP] q:
arll aJP sur
aq] 01 ;u:
rrroJj pas'l

H3II.\\S.C
po]lnrlsu:
'3rg ur u.','.

lrnlJrl aqj
slr{l'sra}i
UrEEE) sln{
qled e Ja-1

paorleJ ac.

eq ol a-\?u
-r.uof uJ .':

,,paJolsa:
sa8Ello-\ -i

,0, ro .I. ,

'.{1tsr1J 'al

'uorlradsu (B)
qlnr] aql
ur.iirress;
pasn sr .i:-
-d aq1 a:

dVY\ HENVNUVY

0

L

L

L

JOdJtO

uoN J.ndNt - u

rui
--{
_:-)

t

I

0

(8.

lt\0/(r)
I0

v
lndlno

J.ndinolndlno

,-dl
0

oon

rndrno

;
t_
I

et3t301 sot/\lc n'l

,r_
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TABLE 1.3. NOR gate truth table

A INPUT B INPUT A N-SWITCH B N-SWITCH A P-SWITCH B P-SWITCH OUTPUT

1,

0
0

0

ON
OFF
ON
OFF

0
1,

0
1,

0

0

1,

1,

OFF
OFF
ON
ON

OFF
ON
OFF
ON

ON
ON
OFF
OFF

1.4.5 Compound gates

A compound gate is formed bv using a combination of series and
parallel switch structures. For example, the derivation of the switch
connection diagram for the function n : 61a n) + 6q1 is shown
in Fig. 1.8. The decomposition of this function and generation of
the diagram may [s approached as follou,s. For the n-side take the
uninverted expression ((A.B) + (C.D.)). The AND expressions (A.Bl
and (C.DJ may be implemented bv series connections of switches
as shown in Fig. 1.8a. Now taking these as subentities and ORing
the result requires the parallel connection of these trvo structures.
This is shown in Fig. 1.8b. For the p-side we invert the expression
used for the n-expansion, yieldinC ((A + Bl (C + D)l.This suggests
two OR structures, which are subsequently connected in series. This
progression is evident in Fig. 1,8c. The final step requires connecting
one end of the p-structure to'1'(Vrr) and the other to the output.
One side of the n-structure is connected to'0'(Vrr) and the other
to the output in common with the p-structure. This yields the final
connection diagram (Fig, r.8d). The schematic icon is shown in Fig.
1.8e, rvhich shor,vs that this gate may be used in a 2-input multiplexer.
If C : B. then F : A if B is true, u'hile F : D if B is false.

The Karnaugh map for a second function F : {lA - BL C) '

DJ is shown in Fig. 1.9a on page 16. The sub-function (A + B +
CJ is implemented as three parallel switches. This structure is then
placed ilrrL"r rvith a switch rvith D on the input. The p-function
is (D + A.B.C). This requires three switches in series connected in
turn in parallel r'vith a switch rvith D on the input, The completed
gate is shown in Fig. 1.9b on page 16. In general, CMOS gates may
be implemented by analyzing the relevant Karnaugh map for both
n- and p-logic structures and subsequently generating the reqr.rired
series and parallel combinations of transistors.

1.4.6 Multiplexers
Complementarv sr,vitches may be used to select betr,veen a nurnber
of inputs, thus forming a multiplexer function. Fig. 1.10a on page

17 shor,vs a connection diagram for a 2-input multiplexer. As the m
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KARNAUGH MAP

C.D+B.D+A.D

I
+B+C)

D+A.E.d
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switches have to pass '0's and '1's equally well, complementary
switches with n- and p-transistors are used. The truth table for the
structure in Fig. 1.10 is shown in Table 1.4. The complementary
switch is also called a transmission gate or pass gate (complementary).
A commonly used circuit symbol for the transmission gate is shown
in Fig. 1.10b. The multiplexer connection in terms of this symbol
and transistor symbols is shown in Fig. 1.10c.

FIGURE 1.9. Construction
of function
F=(A+B+C).D)
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FIGURE 1.11. Connection
of components for a sim-
ple CMOS flip-flop
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When LD : '1.', Q is set to D and Q is set to D (Fig. 1.11b). \,Vhen
LD is switched to '0', a feedback path around the inverter pair is
established [Fig, 1.11cJ. This causes the current state of Q to be
stored. While LD : 'O' the input D is ignored.

1.5 Alternate circuit representations

In this section we will examine some alternate representations for
the circuits developed so far. Generally, a design can be expressed
in terms of behavioral, structural, and physical properties.
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Trans istor-type
N fet

FIGURE 1.12. Graphical
versions of structural de-
scriptions for a CMOS
NAND gate (schematics)

The first line declares a part called 1nv followed by a list of inputs,
in this case in. The outputs appear on the other side of the symbol
->, in this case out. Following this is a list of transistors with their
type and connections in the form

\ote that
code irasr
In the \lC
descriptio
sizine tha'
be added
result and
erpanded

Here the c

the p-tranr
size parar
subsequei
iormance r

ensures ti
reference i
The struc:
that aJfec:
a circuit c

The specl

. s:rBCiil
Yli:- I _

y:i= o::
:?- o;:
:?= o;:
:; i;S
:B B ;:
]C:] C-
. Elils

,.. lhis cies

-apacila:lc
specitieci.
:f:ra Io;':

drain-conn gate-conn source-conn
out 1n vss

Thus the first statement describes an n-transistor with drain =
out, gate = iDr source = vss. The second statement describes
a p-transistor with drain = outr gate - j-Dr source = vclcl.

The description for a 2-input NAND gate would be

Signal i1
Nfet i1 a vss
Nfet out b i1
Pfet out a vdd.
Pfet out b vdd

End

In this description the internal signal il, is declared by the keyword
Signal. A diagram of this appears in Fig. 1.12a.I1is worthwhile
to compare this description with a possible behavioral description.

out = _(a&b)

out=(not(andab))

(a)
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Defining a transmission gate in MODEL, we have

Nfetacb
Pfet a cb b

End

We can now define the flip-flop (also called a D latch) as follows
[a signal appended with "bar" is a complemented signal):

Part flipflop (in, Id, Idbar, q, qbar)
Slgnal a

tg (in, ld, ldbar) -> a

inv (qbar) -> q

End

Now we can use the flip-flop and other similarly constructed parts
to hierarchically build larger and larger circuits.

A more familiar type of structural description is the schematic
diagram shown in Fig. L.13. Here we have the graphical hierarch5'

cetc)
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FIGURE 1.13. Schematic
representation of CMOS
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REPRESENTS GATE

ELECTROOE

j+1

j

j-1

;[:

:f\

:I
N.TRANSISTOR

P-TRANSISTOR

symbol is used for the p-transistor, as shown in Fig. 1.14b and in
color in Plate 1. Here, a "horizontal" transistor is shown. These
symbols are overlaid on a grid. The transistor symbol occupies three
grid points. The center grid point is the connection point for the
gate of the transistor. The grid point to the right (or above] is the
drain and the grid point to the left (or below) is the source. These

two terminals are interchangeable. The schematic symbols are also

shown for the n- and p-transistors in terms of grid connection points.
A symbolic layout for an inverter may be constructed using

these symbols. It is substantially the same as the schematic but we
have had to be careful about the layers in which connections have
been made. We have "wires" on four lavers. The interaction of these

(a)

FIGURE 1.14. Physical
symbols for transistors
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TABLE 1.5. I interactions

n-DIFFUSION p-DIFFUSION POLYSILICON ALUMINUM

n-diffusion
p-diffusion
polysilicorr

OK
x

Transistor

x
OK

Transistor

Transistor
Translstor

OK

oK (c)
oK (c)
oK (c)

OKaluminum OK (C) OK (C) OK (C)

Fig. 1.1ad. Color versions of these are found in Plate 1. This may
also be expressed in the form of a language description. The following
represents the transmission gate in the ICDL ianguage (see Chapter
7):

begin tg
t1: device n (P,1) or=east
tP: device p (?,5) or=east

wire alum (0,0) (1tO)
wire al_um (0,t) (1,L)
wlre poly (?,-L ) ( E, I )wire poly (?,?
wlre alum
wlre afum
wire alum
wlre alum
contact md
contact md
contact md
contact md

end

It consists of transistor, contact, and r,r,ire statements with type
qualifiers and grid coordinates. Note that although this is an abridged
form of tl-re mask information needed to fabricate the transmission
gate, it is substantially larger than the corresponding MODEL structural
description. Using a number of such structures, \,ve carl construct
a physi66l sub-assembly that constitutes a flip-flop according to Fig.
1.15. Fig. 1.15a shorvs a simple pirysical abutment of tl're two trans-
mission gate cells and turo inverter cells. The Vr"^ and \/,r, supplies
have been arranged to feed across the bottom and top of the cells.
A feedback line in metal connects the Q output to one side of the
input multiplexer. In Fig. 1.15b. the internal circuit details of the
cells are displayed in the form of schematic circuit symbols. Finally,
Fig, 1.15c shor,vs the symbolic layout representation, which is identical
in topology to that shorvn in Fig. 1.15b. Plate 2 illustrates this
example in color.

To a large extent, rnost CMOS IC design involves the steps
illustrated in the preceding sections. Once a behavior is defined,
the logic corresponding to that behavior is designed. That leads to

L,\
3,L
0rf
lrJ

(P,5)
(1,r5)
(3,5)
(1,1)
(1,))
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\,L
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\,5
lr5
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1.6 CMOS-nMOS comparison

Many designers may have
nMOS design. In order to

been introduced to
illustrate the salient

VLSI design through
features of CMOS, a

"quick sur
stressed t]
var\, rvide
Iogic str-le
not valid
main poin
fullr.resto:
is at '1' or
for a fullr

1.7 sTABLE 1.6. CMOS-nMOS quick summary

CMOS nMOS

(i) Logic Levels
. Fully restored logic, i.e., output settles at Vpp or

vss [GND).
(ii) Transition Times
. Rise and fall times are of the same order.

(iiil Transmission Gates
. Transmission gate passes both logic levels well.

The output of transmission gate can be used
to drive the input of other transmission gates.

(iv) Power Dissipation
. Almost zero static power dissipation. However

power is dissipated during logic transition.

(v) Precharging Characteristics
. Both n-type and p-type devices are available for

precharging a bus to Vpp and V55. Nodes can
be charged fully to Vpp or alternatively to Vsg

in a short time.

(vi) Power Supply
. Voltage required to switch a gate is a fixed per-

centage of Vpp.
. Variable range 1.5 to 15 volts.
(vii) Packing Density
. Require 2N devices for N inputs for comple-

mentary static gates, Less for dynamic gates.

(viii) Pull-up to Pull-down Ratio
. Load-to-driver device ratio is typically 1:1 or

2:1,.

(ix) Layout
. CMOS encourages regular layout styles.

. Output does not settie at Vss (GND) 
- hence de-

graded noise margin.*

. Rise times are inherentlv slower than Fall
times. *

. Pass transistor transfers logic '0' well but logic
'f is degraded. Pass transistor cannot drive
the gate of a second pass transistor.

. With output of a given gate : '0' power is dis-
sipated in the circuit in addition to power
dissipated during logic transitions.*

. With enhancement mode transistor the best one
can do (with normal clocking) is to charge a
bus to (Vpp - I/,). Generallv use of bootstrap-
ping or hot clocking is needed to precharge to
Voo.

. Someu.hat dependent on suppll, voltage.

. Fixed.

. Require (N + 1) devices for N inputs.

. Load-to-enhancement-drir,er ratio is typically 4:1

to optimize the logic '0' output level and min-
imize current consumption.

. Depletion load and different driver transistor
sizes inhibit layout regularitl,.
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