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Introduction

Voltages, currents, and other physical quantities in real circuits take on
values that are infinitely variable

Stability and accuracy in physical quantities are difficult to obtain, hence
they cannot be used to represent real numbers
Also, many mathematical and logical operations can be difficult or
impossible to perform with analog quantities
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Logic Signals and Gates

Digital logic hides pitfalls of analog world by mapping infinite set of
real values for a physical quantity into two subsets corresponding to
two logic values—0 and 1

A logic value, 0 or 1, is called a binary digit, or bit
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Logic Signals and Gates

Table 1: Physical states representing bits in different logic and memory techs.

In Tab. 1, with most phenomena, there is an undefined region between
0 and 1 states, so that 0 and 1 states can be unambiguously defined
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Logic Signals and Gates

When discussing electronic logic circuits such as CMOS and TTL

LOW: A signal in the range of lower voltages, which is interpreted as a
logic 0
HIGH: A signal in the range of higher voltages, which is interpreted as a
logic 1

Positive logic
Assignment of 0 to LOW and 1 to HIGH

Negative logic
Assignment of 1 to LOW and 0 to HIGH

A wide range of physical values represent the same binary value

Hence, digital logic is immune to component and power-supply
variations and noise
Buffer circuits can also be used to regenerate or amplify weak values
into strong ones

E.g., a buffer for CMOS logic converts any HIGH (LOW) input voltage
into an output very close to 5.0 V (0.0 V)
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Logic Signals and Gates
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logic converts any HIGH input voltage into an output very close to 5.0 V, and any
LOW input voltage into an output very close to 0.0 V.

A logic circuit can be represented with a minimum amount of detail simply
as a “black box” with a certain number of inputs and outputs. For example,
Figure 3-1 shows a logic circuit with three inputs and one output. However, this
representation does not describe how the circuit responds to input signals.

From the point of view of electronic circuit design, it takes a lot of informa-
tion to describe the precise electrical behavior of a circuit. However, since the
inputs of a digital logic circuit can be viewed as taking on only discrete 0 and 1
values, the circuit’s “logical” operation can be described with a table that ignores
electrical behavior and lists only discrete 0 and 1 values.

Ta b le  3 - 1 Physical states representing bits in different computer logic and 
memory technologies.

State Representing Bit

Technology 0 1

Pneumatic logic Fluid at low pressure Fluid at high pressure

Relay logic Circuit open Circuit closed

Complementary metal-oxide semi
conductor (CMOS) logic

 0–1.5 V 3.5–5.0 V

Transistor-transistor logic (TTL) 0–0.8 V 2.0–5.0 V

Fiber optics Light off Light on

Dynamic memory Capacitor discharged Capacitor charged

Nonvolatile, erasable memory Electrons trapped Electrons released

Bipolar read-only memory Fuse blown Fuse intact

Bubble memory No magnetic bubble Bubble present

Magnetic tape or disk Flux direction “north” Flux direction “south”

Polymer memory Molecule in state A Molecule in state B

 Read-only compact disc No pit Pit

Rewriteable compact disc Dye in crystalline state Dye in non-crystalline state

logic circuit
X

Y

Z

F

Inputs Output Figure 3-1
“Black box” representation 
of a three-input, one-output 
logic circuit.

Figure 1: ”Black-box” representation of a 3-input, 1-output logic circuit.

Black-box representation of a logic circuit does not describe how the
circuit responds to input signals

It takes a lot of information to describe electrical behavior of a circuit
But, a circuit’s logical operation can be described with a table
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Logic Signals and Gates

Combinational circuit
A logic circuit whose outputs depend only on its current inputs
Its operation is fully described by a truth table

Truth table lists all combinations of input values and the output value(s)
produced by each one

Table 2: Truth table for a combinational logic circuit with three inputs X, Y,
and Z and a single output F.
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A logic circuit whose outputs depend only on its current inputs is called a
combinational circuit. Its operation is fully described by a truth table that lists
all combinations of input values and the output value(s) produced by each one.
Table 3-2 is the truth table for a logic circuit with three inputs X, Y, and Z and a
single output F.

A circuit with memory, whose outputs depend on the current input and the
sequence of past inputs, is called a sequential circuit. The behavior of such a cir-
cuit may be described by a state table that specifies its output and next state as
functions of its current state and input. Sequential circuits will be introduced in
\chapref{SeqPrinc}.

As we’ll show in Section 4.1, just three basic logic functions, AND, OR,
and NOT, can be used to build any combinational digital logic circuit. Figure 3-2
shows the truth tables and symbols for logic “gates” that perform these func-
tions. The symbols and truth tables for AND and OR may be extended to gates
with any number of inputs. The gates’ functions are easily defined in words: 

• An AND gate produces a 1 output if and only if all of its inputs are 1.

• An OR gate produces a 1 if and only if one or more of its inputs are 1. 

• A NOT gate, usually called an inverter, produces an output value that is the
opposite of its input value. 

Ta b le  3 - 2
Truth table for a 
combinational logic 
circuit.

X Y Z F

0 0 0 0

0 0 1 1

0 1 0 0

0 1 1 0

1 0 0 0

1 0 1 0

1 1 0 1

1 1 1 1

combinational circuit
truth table

sequential circuit
state table

(c)

X NOT X

1

0 1

0

NOT XX(a)

X

0

1

X AND YY

0

1

1

0

1

0

0

0

0

1

X AND Y
X

Y (b)

X

0

1

X OR YY

0

1

1

0

1

0

0

1

1

1

X OR Y

X′X • Y X + Y

X

Y

Figure 3-2
Basic logic elements: 
(a) AND; (b) OR; 
(c) NOT(inverter).

AND gate

OR gate

NOT gate
inverter
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Logic Signals and Gates

Sequential circuit
A circuit with memory, whose outputs depend on current input and
sequence of past inputs
Its behavior may be described by a state table

State table specifies its output and next state as functions of its current
state and input
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Logic Signals and Gates

Three basic logic functions, AND, OR, and NOT can be used to build
any combinational digital logic circuit
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A logic circuit whose outputs depend only on its current inputs is called a
combinational circuit. Its operation is fully described by a truth table that lists
all combinations of input values and the output value(s) produced by each one.
Table 3-2 is the truth table for a logic circuit with three inputs X, Y, and Z and a
single output F.

A circuit with memory, whose outputs depend on the current input and the
sequence of past inputs, is called a sequential circuit. The behavior of such a cir-
cuit may be described by a state table that specifies its output and next state as
functions of its current state and input. Sequential circuits will be introduced in
\chapref{SeqPrinc}.

As we’ll show in Section 4.1, just three basic logic functions, AND, OR,
and NOT, can be used to build any combinational digital logic circuit. Figure 3-2
shows the truth tables and symbols for logic “gates” that perform these func-
tions. The symbols and truth tables for AND and OR may be extended to gates
with any number of inputs. The gates’ functions are easily defined in words: 

• An AND gate produces a 1 output if and only if all of its inputs are 1.

• An OR gate produces a 1 if and only if one or more of its inputs are 1. 

• A NOT gate, usually called an inverter, produces an output value that is the
opposite of its input value. 

Ta b le  3 - 2
Truth table for a 
combinational logic 
circuit.

X Y Z F

0 0 0 0

0 0 1 1

0 1 0 0

0 1 1 0

1 0 0 0

1 0 1 0

1 1 0 1

1 1 1 1

combinational circuit
truth table

sequential circuit
state table

(c)

X NOT X

1

0 1

0

NOT XX(a)

X

0

1

X AND YY

0

1

1

0

1

0

0

0

0

1

X AND Y
X

Y (b)

X

0

1

X OR YY

0

1

1

0

1

0

0

1

1

1

X OR Y

X′X • Y X + Y

X

Y

Figure 2: Basic logic elements: (a) AND; (b) OR; (c) NOT (inverter).

The circle on inverter symbol’s output is called an inversion bubble
Used to denote ”inverting” behavior
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Logic Signals and Gates

Two more logic functions are obtained by combining inversion with an
AND or OR function in a single gate Section 3.1 Logic Signals and Gates 79
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The circle on the inverter symbol’s output is called an inversion bubble, and is
used in this and other gate symbols to denote “inverting” behavior.

Notice that in the definitions of AND and OR functions, we only had to
state the input conditions for which the output is 1, because there is only one pos-
sibility when the output is not 1—it must be 0.

Two more logic functions are obtained by combining NOT with an AND or
OR function in a single gate. Figure 3-3 shows the truth tables and symbols for
these gates; Their functions are also easily described in words:

• A NAND gate produces the opposite of an AND gate’s output, a 0 if and
only if all of its inputs are 1.

• A NOR gate produces the opposite of an OR gate’s output, a 0 if and only
if one or more of its inputs are 1.

As with AND and OR gates, the symbols and truth tables for NAND and NOR
may be extended to gates with any number of inputs.

Figure 3-4 is a logic circuit using AND, OR, and NOT gates that functions
according to the truth table of Table 3-2. In Chapter 4 you’ll learn how to go
from a truth table to a logic circuit, and vice versa, and you’ll also learn about the
switching-algebra notation used in Figures 3-2 through 3-4.

Real logic circuits also function in another analog dimension—time. For
example, Figure 3-5 is a timing diagram that shows how the circuit of Figure 3-4
might respond to a time-varying pattern of input signals. The timing diagram
shows that the logic signals do not change between 0 and 1 instantaneously, and
also that there is a lag between an input change and the corresponding output

inversion bubble

(a)

X

0

1

X NAND YY

0

1

1

0

1

0

1

1

1

0

X NAND Y
X

Y (b)

X

0

1

X NOR YY

0

1

1

0

1

0

1

0

0

0

X NOR Y

(X • Y)′ (X + Y)′

X

Y

Figure 3-3
Inverting gates: 
(a) NAND; (b) NOR.

NAND gate

NOR gate

X

Y

Z

F

X • Y

X′ • Y • Z 

X′

Y′
X • Y + X′ • Y′ • Z 

Figure 3-4
Logic circuit with the 
truth table of 
Table 3-2.

timing diagram

Figure 3: Inverting gates: (a) NAND; (b) NOR.

Symbols and truth tables for AND, OR, NAND, and NOR may be
extended to gates with any number of inputs
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The circle on the inverter symbol’s output is called an inversion bubble, and is
used in this and other gate symbols to denote “inverting” behavior.

Notice that in the definitions of AND and OR functions, we only had to
state the input conditions for which the output is 1, because there is only one pos-
sibility when the output is not 1—it must be 0.

Two more logic functions are obtained by combining NOT with an AND or
OR function in a single gate. Figure 3-3 shows the truth tables and symbols for
these gates; Their functions are also easily described in words:

• A NAND gate produces the opposite of an AND gate’s output, a 0 if and
only if all of its inputs are 1.

• A NOR gate produces the opposite of an OR gate’s output, a 0 if and only
if one or more of its inputs are 1.

As with AND and OR gates, the symbols and truth tables for NAND and NOR
may be extended to gates with any number of inputs.

Figure 3-4 is a logic circuit using AND, OR, and NOT gates that functions
according to the truth table of Table 3-2. In Chapter 4 you’ll learn how to go
from a truth table to a logic circuit, and vice versa, and you’ll also learn about the
switching-algebra notation used in Figures 3-2 through 3-4.

Real logic circuits also function in another analog dimension—time. For
example, Figure 3-5 is a timing diagram that shows how the circuit of Figure 3-4
might respond to a time-varying pattern of input signals. The timing diagram
shows that the logic signals do not change between 0 and 1 instantaneously, and
also that there is a lag between an input change and the corresponding output

inversion bubble
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Figure 3-3
Inverting gates: 
(a) NAND; (b) NOR.
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Figure 3-4
Logic circuit with the 
truth table of 
Table 3-2.

timing diagram

Figure 4: Logic circuit with the truth table of Tab. 2.
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change. Later in this chapter, you’ll learn some of the reasons for this timing
behavior, and how it is specified and handled in real circuits. And once again,
you’ll learn in a later chapter how this analog timing behavior can be generally
ignored in most sequential circuits, and instead the circuit can be viewed as mov-
ing between discrete states at precise intervals defined by a clock signal.

Thus, even if you know nothing about analog electronics, you should be
able to understand the logical behavior of digital circuits. However, there comes
a time in design and debugging when every digital logic designer must tempo-
rarily throw out “the digital abstraction” and consider the analog phenomena
that limit or disrupt digital performance. The rest of this chapter prepares you for
that day by discussing the electrical characteristics of digital logic circuits. 

3.2 Logic Families
There are many, many ways to design an electronic logic circuit. The first elec-
trically controlled logic circuits, developed at Bell Laboratories in 1930s, were
based on relays. In the mid-1940s, the first electronic digital computer, the Eni-
ac, used logic circuits based on vacuum tubes. The Eniac had about 18,000 tubes
and a similar number of logic gates, not a lot by today’s standards of micropro-
cessor chips with tens of millions of transistors. However, the Eniac could hurt
you a lot more than a chip could if it fell on you—it was 100 feet long, 10 feet
high, 3 feet deep, and consumed 140,000 watts of power!

The inventions of the semiconductor diode and the bipolar junction tran-
sistor allowed the development of smaller, faster, and more capable computers
in the late 1950s. In the 1960s, the invention of the integrated circuit (IC)

X

Y

Z

F

TIME

Figure 3-5
Timing diagram for a 
logic circuit.

THERE’S HOPE
FOR NON-EE’S

If all of this electrical “stuff” bothers you, don’t worry, at least for now. The rest of
this book is written to be as independent of this stuff as possible. But you’ll need it
later, if you ever have to design and build digital systems in the real world.

semiconductor diode
bipolar junction 

transistor

Figure 5: Timing diagram for the logic circuit shown in Fig. 4.
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Logic Families

Electronic logic circuit development

In 1930s, the first electronically controlled logic circuits, developed at
Bell Laboratories, were based on relays
In mid-1940s, the first electronic digital computer, Eniac, used logic
circuits based on vacuum tubes
In late 1950s, semiconductor diode and bipolar junction transistor
were invented

Allowed development of smaller, faster, and more capable computers

In 1960s, integrated circuit (IC) was invented

Allowed multiple diodes, transistors, and other components to be
fabricated on a single chip

In 1960s, the first IC logic families were also introduced

A logic family is a collection of different IC chips that have similar
input, output, and internal circuit characteristics, but that perform
different logic functions
Chips from same family can be interconnected
Chips from different families may not be compatible
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Logic Families

Transistor-transistor logic (TTL)
The most successful bipolar logic family

Based on bipolar junction transistors

First introduced in 1960s
TTL evolved into a family of logic families that were compatible with
each other but differed in speed, power consumption, and cost

Metal-oxide semiconductor field-effect transistor (MOSFET) or
simply MOS transistor

Its principles were introduced ten years before bipolar junction transistor
Difficult to fabricate in early days until 1960s
Even in 1960s, MOS circuits were slower than bipolar ones, but
attractive in a few applications because of their lower power
consumption and higher levels of integration
Beginning in mid-1980s, advances in design of MOS circuits, in
particular complementary MOS (CMOS) circuits, tremendously
increased their performance and popularity
Almost all new SSI, MSI, and LSI ICs use CMOS with equivalent
functionality or better than TTL, higher speed and lower power
consumption
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CMOS Logic: CMOS Logic Levels

A typical CMOS logic circuit operates from a 5-volt power supply

Any voltage in range 0–1.5 V −→ logic 0
Any voltage in range 3.5–5.0 V −→ logic 1
Voltages in intermediate range (1.5–3.5 V) are not expected to occur
except during signal transitions

They yield undefined logic values
A circuit may interpret them as either 0 or 1

82 Chapter 3 Digital Circuits
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As a consequence of the industry’s transition from TTL to CMOS over a
long period of time, many CMOS families were designed to be somewhat com-
patible with TTL. In Section 3.12, we show how TTL and CMOS families can
be mixed within a single system.

3.3 CMOS Logic
The functional behavior of a CMOS logic circuit is fairly easy to understand,
even if your knowledge of analog electronics is not particularly deep. The basic
(and typically only) building blocks in CMOS logic circuits are MOS transis-
tors, described shortly. Before introducing MOS transistors and CMOS logic
circuits, we must talk about logic levels.

3.3.1 CMOS Logic L evels
Abstract logic elements process binary digits, 0 and 1. However, real logic cir-
cuits process electrical signals such as voltage levels. In any logic circuit, there
is a range of voltages (or other circuit conditions) that is interpreted as a logic 0,
and another, nonoverlapping range that is interpreted as a logic 1. 

A typical CMOS logic circuit operates from a 5-volt power supply. Such a
circuit may interpret any voltage in the range 0–1.5 V as a logic 0, and in the
range 3.5–5.0 V as a logic 1. Thus, the definitions of LOW and HIGH for 5-volt
CMOS logic are as shown in Figure 3-6. Voltages in the intermediate range

 are not expected to occur except during signal transitions, and yield
undefined logic values (i.e., a circuit may interpret them as either 0 or 1). CMOS
circuits using other power supply voltages, such as 3.3 or 2.7 volts, partition the
voltage range similarly.

3.3.2 MOS Transistors
A MOS transistor can be modeled as a 3-terminal device that acts like a voltage-
controlled resistance. As suggested by Figure 3-7, an input voltage applied to
one terminal controls the resistance between the remaining two terminals. In
digital logic applications, a MOS transistor is operated so its resistance is always
either very high (and the transistor is “off”) or very low (and the transistor is
“on”).

5.0 V

3.5 V

1.5 V

0.0 V

Logic 1 (HIGH)

Logic 0 (LOW)

undefined
logic level

Figure 3-6
Logic levels for typical 
CMOS logic circuits.

(1.5–3.5 V)

Figure 6: Logic levels for typical CMOS logic circuits.
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CMOS Logic: MOS Transistors

A MOS transistor can be modeled as a 3-terminal device that acts like
a voltage-controlled resistance

An input voltage applied to one terminal controls resistance between
remaining two terminals

Off transistor
Its resistance is very high

On transistor
Its resistance is very low

Section 3.3 CMOS Logic 83
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There are two types of MOS transistors, n-channel and p-channel; the
names refer to the type of semiconductor material used for the resistance-con-
trolled terminals. The circuit symbol for an n-channel MOS (NMOS) transistor
is shown in Figure 3-8. The terminals are called gate, source, and drain. (Note
that the “gate” of a MOS transistor has nothing to do with a “logic gate.”) As you
might guess from the orientation of the circuit symbol, the drain is normally at a
higher voltage than the source.

The voltage from gate to source (Vgs) in an NMOS transistor is normally
zero or positive. If Vgs = 0, then the resistance from drain to source (Rds) is very
high, on the order of a megohm (106 ohms) or more. As we increase Vgs (i.e.,
increase the voltage on the gate), Rds decreases to a very low value, 10 ohms or
less in some devices.

The circuit symbol for a p-channel MOS (PMOS) transistor is shown in
Figure 3-9. Operation is analogous to that of an NMOS transistor, except that the
source is normally at a higher voltage than the drain, and Vgs is normally zero or
negative. If Vgs is zero, then the resistance from source to drain (Rds) is very high.
As we algebraically decrease Vgs (i.e., decrease the voltage on the gate), Rds
decreases to a very low value.

The gate of a MOS transistor has a very high impedance. That is, the gate
is separated from the source and the drain by an insulating material with a very
high resistance. However, the gate voltage creates an electric field that enhances
or retards the flow of current between source and drain. This is the “field effect”
in the “MOSFET” name.

Regardless of gate voltage, almost no current flows from the gate to source,
or from the gate to drain for that matter. The resistance between the gate and the

VIN

Figure 3-7
The MOS transistor as 
a voltage-controlled 
resistance.

n-channel MOS 
(NMOS) transistor

gate
source

gate
drain

source

Voltage-controlled resistance:
increase Vgs ==> decrease Rds

Note: normally, Vgs ≥0Vgs

+

−

Figure 3-8
Circuit symbol for an 
n-channel MOS (NMOS) 
transistor.

drain

p-channel MOS 
(PMOS) transistor

gate drain

source

Voltage-controlled resistance:
decrease Vgs ==> decrease Rds

Note: normally, Vgs ≤ 0

Vgs
+

−
Figure 3-9
Circuit symbol for a 
p-channel MOS (PMOS) 
transistor.

Figure 7: The MOS transistor as a voltage-controlled resistance.
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CMOS Logic: MOS Transistors

Two types of MOS transistors

n-channel
p-channel

n-channel MOS (NMOS) transistor
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There are two types of MOS transistors, n-channel and p-channel; the
names refer to the type of semiconductor material used for the resistance-con-
trolled terminals. The circuit symbol for an n-channel MOS (NMOS) transistor
is shown in Figure 3-8. The terminals are called gate, source, and drain. (Note
that the “gate” of a MOS transistor has nothing to do with a “logic gate.”) As you
might guess from the orientation of the circuit symbol, the drain is normally at a
higher voltage than the source.

The voltage from gate to source (Vgs) in an NMOS transistor is normally
zero or positive. If Vgs = 0, then the resistance from drain to source (Rds) is very
high, on the order of a megohm (106 ohms) or more. As we increase Vgs (i.e.,
increase the voltage on the gate), Rds decreases to a very low value, 10 ohms or
less in some devices.

The circuit symbol for a p-channel MOS (PMOS) transistor is shown in
Figure 3-9. Operation is analogous to that of an NMOS transistor, except that the
source is normally at a higher voltage than the drain, and Vgs is normally zero or
negative. If Vgs is zero, then the resistance from source to drain (Rds) is very high.
As we algebraically decrease Vgs (i.e., decrease the voltage on the gate), Rds
decreases to a very low value.

The gate of a MOS transistor has a very high impedance. That is, the gate
is separated from the source and the drain by an insulating material with a very
high resistance. However, the gate voltage creates an electric field that enhances
or retards the flow of current between source and drain. This is the “field effect”
in the “MOSFET” name.

Regardless of gate voltage, almost no current flows from the gate to source,
or from the gate to drain for that matter. The resistance between the gate and the

VIN

Figure 3-7
The MOS transistor as 
a voltage-controlled 
resistance.

n-channel MOS 
(NMOS) transistor

gate
source

gate
drain

source

Voltage-controlled resistance:
increase Vgs ==> decrease Rds

Note: normally, Vgs ≥0Vgs

+

−

Figure 3-8
Circuit symbol for an 
n-channel MOS (NMOS) 
transistor.

drain

p-channel MOS 
(PMOS) transistor

gate drain

source

Voltage-controlled resistance:
decrease Vgs ==> decrease Rds

Note: normally, Vgs ≤ 0

Vgs
+

−
Figure 3-9
Circuit symbol for a 
p-channel MOS (PMOS) 
transistor.

Figure 8: Circuit symbol for an n-channel MOS (NMOS) transistor.

In Fig. 8

Orientation shows that drain is normally at a higher voltage than source
Vgs = 0 −→ Rds is very high
As we increase Vgs , Rds decreases to a very low value
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p-channel MOS (PMOS) transistor
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There are two types of MOS transistors, n-channel and p-channel; the
names refer to the type of semiconductor material used for the resistance-con-
trolled terminals. The circuit symbol for an n-channel MOS (NMOS) transistor
is shown in Figure 3-8. The terminals are called gate, source, and drain. (Note
that the “gate” of a MOS transistor has nothing to do with a “logic gate.”) As you
might guess from the orientation of the circuit symbol, the drain is normally at a
higher voltage than the source.

The voltage from gate to source (Vgs) in an NMOS transistor is normally
zero or positive. If Vgs = 0, then the resistance from drain to source (Rds) is very
high, on the order of a megohm (106 ohms) or more. As we increase Vgs (i.e.,
increase the voltage on the gate), Rds decreases to a very low value, 10 ohms or
less in some devices.

The circuit symbol for a p-channel MOS (PMOS) transistor is shown in
Figure 3-9. Operation is analogous to that of an NMOS transistor, except that the
source is normally at a higher voltage than the drain, and Vgs is normally zero or
negative. If Vgs is zero, then the resistance from source to drain (Rds) is very high.
As we algebraically decrease Vgs (i.e., decrease the voltage on the gate), Rds
decreases to a very low value.

The gate of a MOS transistor has a very high impedance. That is, the gate
is separated from the source and the drain by an insulating material with a very
high resistance. However, the gate voltage creates an electric field that enhances
or retards the flow of current between source and drain. This is the “field effect”
in the “MOSFET” name.

Regardless of gate voltage, almost no current flows from the gate to source,
or from the gate to drain for that matter. The resistance between the gate and the

VIN

Figure 3-7
The MOS transistor as 
a voltage-controlled 
resistance.

n-channel MOS 
(NMOS) transistor

gate
source

gate
drain

source

Voltage-controlled resistance:
increase Vgs ==> decrease Rds

Note: normally, Vgs ≥0Vgs

+

−

Figure 3-8
Circuit symbol for an 
n-channel MOS (NMOS) 
transistor.

drain

p-channel MOS 
(PMOS) transistor

gate drain

source

Voltage-controlled resistance:
decrease Vgs ==> decrease Rds

Note: normally, Vgs ≤ 0

Vgs
+

−
Figure 3-9
Circuit symbol for a 
p-channel MOS (PMOS) 
transistor.

Figure 9: Circuit symbol for a p-channel MOS (PMOS) transistor.

In Fig. 9

Orientation shows that source is normally at a higher voltage than drain
Vgs = 0 −→ Rds is very high
As we decrease Vgs , Rds decreases to a very low value
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CMOS Logic: MOS Transistors

Gate of a MOS transistor
Gate is capacitively coupled to source and drain

Power needed to charge and discharge this capacitance on each
input-signal transition accounts for a nontrivial portion of a circuit’s
power consumption

Gate is separated from source and drain by an insulating material with a
very high resistance

Almost no current flows from gate to source, or from gate to drain
Small amount of current that flows across this resistance is very small,
less than one µA, and is called a leakage current

Gate voltage creates an electric field that enhances or retards flow of
current between source and drain

This is ”field effect” in ”MOSFET” name
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CMOS Logic: Basic CMOS Inverter Circuit

NMOS and PMOS transistors are used together in a complementary
way to form CMOS logic
Logic inverter

The simplest CMOS circuit
Requires only one of each type of transistor
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other terminals of the device is extremely high, well over a megohm. The small
amount of current that flows across this resistance is very small, typically less
than one microampere (µA, 10−6 A), and is called a leakage current.

The MOS transistor symbol itself reminds us that there is no connection
between the gate and the other two terminals of the device. However, the gate of
a MOS transistor is capacitively coupled to the source and drain, as the symbol
might suggest. In high-speed circuits, the power needed to charge and discharge
this capacitance on each input-signal transition accounts for a nontrivial portion
of a circuit’s power consumption.

3.3.3 Basic CMOS Inverter Circuit
NMOS and PMOS transistors are used together in a complementary way to form
CMOS logic. The simplest CMOS circuit, a logic inverter, requires only one of
each type of transistor, connected as shown in Figure 3-10(a). The power supply
voltage, VDD, typically may be in the range 2–6 V, and is most often set at 5.0 V
for compatibility with TTL circuits.

Ideally, the functional behavior of the CMOS inverter circuit can be char-
acterized by just two cases tabulated in Figure 3-10(b):

1. VIN is 0.0 V. In this case, the bottom, n-channel transistor Q1 is off, since
its Vgs is 0, but the top, p-channel transistor Q2 is on, since its Vgs is a large
negative value (−5.0 V). Therefore, Q2 presents only a small resistance
between the power supply terminal (VDD, +5.0 V) and the output terminal
(VOUT), and the output voltage is 5.0 V.

IMPEDANCE VS.
RESISTANCE

Technically, there’s a difference between “impedance” and “resistance,” but electri-
cal engineers often use the terms interchangeably. So do we in this text.

leakage current

CMOS logic

VIN

VDD = +5.0 V

VOUT

Q2
(p-channel)

Q1
(n-channel)

 

0.0
5.0

 VIN 

(L)
(H)

 

(H)
(L)

  Q1

off
on

  Q2

on
off

 

5.0
0.0

 VOUT(b)

(c)

(a)

IN OUT

Figure 3-10
CMOS inverter: 
(a) circuit diagram; 
(b) functional behavior;
(c) logic symbol.

Figure 10: CMOS inverter: (a) circuit diagram; (b) functional behavior; (c)
logic symbol.
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2. VIN is 5.0 V. Here, Q1 is on, since its Vgs is a large positive value (+5.0 V),
but Q2 is off, since its Vgs is 0. Thus, Q1 presents a small resistance
between the output terminal and ground, and the output voltage is 0 V.

With the foregoing functional behavior, the circuit clearly behaves as a logical
inverter, since a 0-volt input produces a 5-volt output, and vice versa

Another way to visualize CMOS operation uses switches. As shown in
Figure 3-11(a), the n-channel (bottom) transistor is modeled by a normally-open
switch, and the p-channel (top) transistor by a normally-closed switch. Applying
a HIGH voltage changes each switch to the opposite of its normal state, as shown
in (b).

The switch model gives rise to a way of drawing CMOS circuits that makes
their logical behavior more readily apparent. As shown in Figure 3-12, different
symbols are used for the p- and n-channel transistors to reflect their logical
behavior. The n-channel transistor (Q1) is switched “on,” and current flows
between source and drain, when a HIGH voltage is applied to its gate; this seems
natural enough. The p-channel transistor (Q2) has the opposite behavior. It is

VDD = +5.0 V

VOUT = HVIN = L

(a)
VDD = +5.0 V

VOUT = LVIN = H

(b) Figure 3-11
Switch model for 
CMOS inverter: (a) 
LOW input; (b) HIGH 
input.

Q2
(p-channel)

VIN

VDD = +5.0 V

VOUT

Q1
(n-channel)

on when
VIN  is low

on when
VIN  is high

Figure 3-12
CMOS inverter logical 
operation.

Figure 11: Switch model for CMOS inverter: (a) LOW input; (b) HIGH input.
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CMOS Logic: Basic CMOS Inverter Circuit

Another way of drawing CMOS circuits is shown in Fig. 12
Different symbols are used for p- and n-channel transistors to reflect
their logical behavior
Inversion bubble on p-channel indicates its inverting behavior (compared
to n-channel)
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2. VIN is 5.0 V. Here, Q1 is on, since its Vgs is a large positive value (+5.0 V),
but Q2 is off, since its Vgs is 0. Thus, Q1 presents a small resistance
between the output terminal and ground, and the output voltage is 0 V.

With the foregoing functional behavior, the circuit clearly behaves as a logical
inverter, since a 0-volt input produces a 5-volt output, and vice versa

Another way to visualize CMOS operation uses switches. As shown in
Figure 3-11(a), the n-channel (bottom) transistor is modeled by a normally-open
switch, and the p-channel (top) transistor by a normally-closed switch. Applying
a HIGH voltage changes each switch to the opposite of its normal state, as shown
in (b).

The switch model gives rise to a way of drawing CMOS circuits that makes
their logical behavior more readily apparent. As shown in Figure 3-12, different
symbols are used for the p- and n-channel transistors to reflect their logical
behavior. The n-channel transistor (Q1) is switched “on,” and current flows
between source and drain, when a HIGH voltage is applied to its gate; this seems
natural enough. The p-channel transistor (Q2) has the opposite behavior. It is

VDD = +5.0 V

VOUT = HVIN = L

(a)
VDD = +5.0 V

VOUT = LVIN = H

(b) Figure 3-11
Switch model for 
CMOS inverter: (a) 
LOW input; (b) HIGH 
input.

Q2
(p-channel)

VIN

VDD = +5.0 V

VOUT

Q1
(n-channel)

on when
VIN  is low

on when
VIN  is high

Figure 3-12
CMOS inverter logical 
operation.

Figure 12: CMOS inverter logical operation.
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CMOS Logic: CMOS NAND and NOR Gates

A k-input NAND or NOR gate uses k p-channel and k n-channel
transistors
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“on” when a LOW voltage is applied; the inversion bubble on its gate indicates
this inverting behavior.

3.3.4 CMOS NAND and NOR Gates
Both NAND and NOR gates can be constructed using CMOS. A k-input

gate uses k p-channel and k n-channel transistors. Figure 3-13 shows a 2-input
CMOS NAND gate. If either input is LOW, the output Z has a low-impedance
connection to VDD through the corresponding “on” p-channel transistor, and the
path to ground is blocked by the corresponding “off” n-channel transistor. If both
inputs are HIGH, the path to VDD is blocked, and Z has a low-impedance connec-
tion to ground. Figure 3-14 shows the switch model for the NAND gate’s
operation.

Figure 3-15 shows a CMOS NOR gate. If both inputs are LOW, the output
Z has a low-impedance connection to VDD through the “on” p-channel transis-
tors, and the path to ground is blocked by the “off” n-channel transistors. If
either input is HIGH, the path to VDD is blocked, and Z has a low-impedance con-
nection to ground.

WHAT’S IN A
NAME?

The “DD” in the name “VDD” refers to the drain terminal of an MOS transistor. This
may seem strange, since in the CMOS inverter VDD is actually connected to the
source terminal of a PMOS transistor. However, CMOS logic circuits evolved from
NMOS logic circuits, where the supply was connected to the drain of an NMOS tran-
sistor through a load resistor, and the name “VDD” stuck. Also note that ground is
sometimes referred to as “VSS” in CMOS and NMOS circuits. Some authors and
most circuit manufacturers use “VCC” as the symbol for the CMOS supply voltage,
since this name is used in TTL circuits, which historically preceded CMOS. To get
you used to both, we’ll start using “VCC” in Section 3.4.

VDD

A

B

Z

Q1

Q3

Q2 Q4
A

L
L
H
H

B

L
H
L
H

 Q1

off
off
on
on

 Q2

on
on
off
off

 Q3

off
on
off
on

 Q4

on
off
on
off

Z

H
H
H
L

A

B
Z

(a)

(b)

(c)

Figure 3-13
CMOS 2-input 
NAND gate: 
(a) circuit diagram; 
(b) function table;
(c) logic symbol.

Figure 13: CMOS 2-input NAND gate: (a) circuit diagram; (b) function table;
(c) logic symbol.
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NAND VS. NOR CMOS NAND and NOR gates do not have identical performance. For a given silicon
area, an n-channel transistor has lower “on” resistance than a p-channel transistor.
Therefore, when transistors are put in series, k n-channel transistors have lower “on”
resistance than do k p-channel ones. As a result, a k-input NAND gate is generally
faster than and preferred over a k-input NOR gate.

VDD

A = L

Z = H

(a)

B = L

VDD

A = H

Z = H

(b)

B = L

VDD

A = H

Z = L

(c)

B = H

Figure 3-14 Switch model for CMOS 2-input NAND gate: (a) both inputs LOW; 
(b) one input HIGH; (c) both inputs HIGH.
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Figure 3-15
CMOS 2-input 
NOR gate: 
(a) circuit diagram; 
(b) function table;
(c) logic symbol. 

Figure 14: Switch model for CMOS 2-input NAND gate: (a) both inputs LOW;
(b) one input HIGH; (c) both inputs HIGH.
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NAND VS. NOR CMOS NAND and NOR gates do not have identical performance. For a given silicon
area, an n-channel transistor has lower “on” resistance than a p-channel transistor.
Therefore, when transistors are put in series, k n-channel transistors have lower “on”
resistance than do k p-channel ones. As a result, a k-input NAND gate is generally
faster than and preferred over a k-input NOR gate.

VDD

A = L

Z = H

(a)

B = L

VDD

A = H

Z = H

(b)

B = L

VDD

A = H

Z = L

(c)

B = H

Figure 3-14 Switch model for CMOS 2-input NAND gate: (a) both inputs LOW; 
(b) one input HIGH; (c) both inputs HIGH.
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Figure 3-15
CMOS 2-input 
NOR gate: 
(a) circuit diagram; 
(b) function table;
(c) logic symbol. 

Figure 15: CMOS 2-input NOR gate: (a) circuit diagram; (b) function table; (c)
logic symbol.
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CMOS Logic: CMOS NAND and NOR Gates

NAND vs. NOR

An n-channel transistor has lower ”on” resistance than a p-channel
When transistors are put in series, k n-channel transistors have lower
”on” resistance than do k p-channel ones
As a result, a k-input NAND gate is faster than a k-input NOR gate
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CMOS Logic: Fan-In

Logic family’s fan-in
Number of inputs that a gate can have in a particular logic family

An n-input gate has n series and n parallel transistors
88 Chapter 3 Digital Circuits
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3.3.5 Fan-In
The number of inputs that a gate can have in a particular logic family is called
the logic family’s fan-in. CMOS gates with more than two inputs can be
obtained by extending series-parallel designs on Figures 3-13 and 3-15 in the
obvious manner. For example, Figure 3-16 shows a 3-input CMOS NAND gate.

In principle, you could design a CMOS NAND or NOR gate with a very
large number of inputs. In practice, however, the additive “on” resistance of
series transistors limits the fan-in of CMOS gates, typically to 4 for NOR gates
and 6 for NAND gates.

As the number of inputs is increased, CMOS gate designers may compen-
sate by increasing the size of the series transistors to reduce their resistance and
the corresponding switching delay. However, at some point this becomes ineffi-
cient or impractical. Gates with a large number of inputs can be made faster and
smaller by cascading gates with fewer inputs. For example, Figure 3-17 shows

fan-in
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Figure 3-16 CMOS 3-input NAND gate: (a) circuit diagram; 
(b) function table; (c) logic symbol. 
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Logic diagram 
equivalent to the 
internal structure of 
an 8-input CMOS 
NAND gate.

Figure 16: CMOS 3-input NAND gate: (a) circuit diagram; (b) function
table; (c) logic symbol.
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CMOS Logic: Fan-In

Additive ”on” resistance of series transistors limits fan-in of CMOS
gates, typically to 4 for NOR gates and 6 for NAND gates

As number of inputs is increased, designers may compensate by
increasing the size of series transistors to reduce their resistance and
corresponding switching delay

At some point, this becomes inefficient

Gates with a large number of inputs can be made faster and smaller by
cascading gates with fewer inputs
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3.3.5 Fan-In
The number of inputs that a gate can have in a particular logic family is called
the logic family’s fan-in. CMOS gates with more than two inputs can be
obtained by extending series-parallel designs on Figures 3-13 and 3-15 in the
obvious manner. For example, Figure 3-16 shows a 3-input CMOS NAND gate.

In principle, you could design a CMOS NAND or NOR gate with a very
large number of inputs. In practice, however, the additive “on” resistance of
series transistors limits the fan-in of CMOS gates, typically to 4 for NOR gates
and 6 for NAND gates.

As the number of inputs is increased, CMOS gate designers may compen-
sate by increasing the size of the series transistors to reduce their resistance and
the corresponding switching delay. However, at some point this becomes ineffi-
cient or impractical. Gates with a large number of inputs can be made faster and
smaller by cascading gates with fewer inputs. For example, Figure 3-17 shows
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Figure 3-16 CMOS 3-input NAND gate: (a) circuit diagram; 
(b) function table; (c) logic symbol. 
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Figure 3-17
Logic diagram 
equivalent to the 
internal structure of 
an 8-input CMOS 
NAND gate.

Figure 17: Logic diagram equivalent to the internal structure of an 8-input
CMOS NAND gate; (total delay through a 4-input NAND, a 2-input NOR,
an inverter) < (delay of a one-level 8-input NAND).
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CMOS Logic: Noninverting Gates

In CMOS, the simplest gates are inverters, and then NAND and NOR
Inversion comes for free
Not possible to design a noninverting gate with a smaller number of
transistors than an inverting one

CMOS noninverting buffer, AND, and OR gates are obtained by
connecting an inverter to output of corresponding inverting gate
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the logical structure of an 8-input CMOS NAND gate. The total delay through a
4-input NAND, a 2-input NOR, and an inverter is typically less than the delay of
a one-level 8-input NAND circuit.

3.3.6 Noninverting Gates
In CMOS, and in most other logic families, the simplest gates are inverters, and
the next simplest are NAND gates and NOR gates. A logical inversion comes “for
free,” and it typically is not possible to design a noninverting gate with a smaller
number of transistors than an inverting one.

CMOS noninverting buffers and AND and OR gates are obtained by con-
necting an inverter to the output of the corresponding inverting gate. Combining
Figure 3-15(a) with an inverter yields an OR gate. Thus, Figure 3-18 shows a
noninverting buffer and Figure 3-19 shows an AND gate.

A Z

A

L
H

 Q1

off
on

 Q4

off
on

 Q2

on
off

 Q3

on
off

Z

L
H

A Z

(a)

(b)

(c)

Q2

VDD = +5.0 V

Q1

Q4

Q3

Figure 3-18
CMOS noninverting 
buffer: 
(a) circuit diagram;
(b) function table;
(c) logic symbol.
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Figure 3-19 CMOS 2-input AND gate: (a) circuit diagram; (b) function table;
(c) logic symbol. 

Figure 18: CMOS noninverting buffer: (a) circuit diagram; (b) function table;
(c) logic symbol.
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the logical structure of an 8-input CMOS NAND gate. The total delay through a
4-input NAND, a 2-input NOR, and an inverter is typically less than the delay of
a one-level 8-input NAND circuit.

3.3.6 Noninverting Gates
In CMOS, and in most other logic families, the simplest gates are inverters, and
the next simplest are NAND gates and NOR gates. A logical inversion comes “for
free,” and it typically is not possible to design a noninverting gate with a smaller
number of transistors than an inverting one.

CMOS noninverting buffers and AND and OR gates are obtained by con-
necting an inverter to the output of the corresponding inverting gate. Combining
Figure 3-15(a) with an inverter yields an OR gate. Thus, Figure 3-18 shows a
noninverting buffer and Figure 3-19 shows an AND gate.
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CMOS noninverting 
buffer: 
(a) circuit diagram;
(b) function table;
(c) logic symbol.
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Figure 3-19 CMOS 2-input AND gate: (a) circuit diagram; (b) function table;
(c) logic symbol. 

Figure 19: CMOS 2-input AND gate: (a) circuit diagram; (b) function table;
(c) logic symbol.
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3.3.7 CMOS AND-OR-INVERT and OR-AND-INVERT Gates
CMOS circuits can perform two levels of logic with just a single “level” of tran-
sistors. For example, the circuit in Figure 3-20(a) is a two-wide, two-input
CMOS AND-OR-INVERT (AOI) gate. The function table for this circuit is shown
in (b) and a logic diagram for this function using AND and NOR gates is shown
in Figure 3-21. Transistors can be added to or removed from this circuit to obtain
an AOI function with a different number of ANDs or a different number of inputs
per AND.

The contents of each of the Q1–Q8 columns in Figure 3-20(b) depends
only on the input signal connected to the corresponding transistor’s gate. The
last column is constructed by examining each input combination and determin-
ing whether Z is connected to VDD or ground by “on” transistors for that input
combination. Note that Z is never connected to both VDD and ground for any
input combination; in such a case the output would be a non-logic value some-
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Figure 3-20 CMOS AND-OR-INVERT gate: (a) circuit diagram; (b) function tab
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Figure 3-21
Logic diagram for CMOS 
AND-OR-INVERT gate.

Figure 20: CMOS AND-OR-INVERT (AOI) gate: (a) circuit diagram; (b)
function table.
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CMOS circuits can perform two levels of logic with just a single ”level”
of transistors
Fig. 20

A 2-wide, 2-input CMOS AND-OR-INVERT (AOI) gate
Transistors can be added to or removed from this circuit to obtain an
AOI function with a different number of ANDs or inputs per AND
Q1–Q8 depend only on input signal connected to the corresponding
transistor’s gate
Z never connected to both VDD and ground for any input combination

Otherwise output would be a nonlogic value somewhere between LOW
and HIGH, and output structure would consume excessive power due to
low-impedance connection between VDD and ground
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3.3.7 CMOS AND-OR-INVERT and OR-AND-INVERT Gates
CMOS circuits can perform two levels of logic with just a single “level” of tran-
sistors. For example, the circuit in Figure 3-20(a) is a two-wide, two-input
CMOS AND-OR-INVERT (AOI) gate. The function table for this circuit is shown
in (b) and a logic diagram for this function using AND and NOR gates is shown
in Figure 3-21. Transistors can be added to or removed from this circuit to obtain
an AOI function with a different number of ANDs or a different number of inputs
per AND.

The contents of each of the Q1–Q8 columns in Figure 3-20(b) depends
only on the input signal connected to the corresponding transistor’s gate. The
last column is constructed by examining each input combination and determin-
ing whether Z is connected to VDD or ground by “on” transistors for that input
combination. Note that Z is never connected to both VDD and ground for any
input combination; in such a case the output would be a non-logic value some-
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Figure 3-20 CMOS AND-OR-INVERT gate: (a) circuit diagram; (b) function tab
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Figure 3-21
Logic diagram for CMOS 
AND-OR-INVERT gate.

Figure 21: Logic diagram for CMOS AOI gate shown in Fig. 20.
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where between LOW and HIGH, and the output structure would consume
excessive power due to the low-impedance connection between VDD and ground.

A circuit can also be designed to perform an OR-AND-INVERT function.
For example, Figure 3-22(a) is a two-wide, two-input CMOS OR-AND-INVERT
(OAI) gate. The function table for this circuit is shown in (b); the values in each
column are determined just as we did for the CMOS AOI gate. A logic diagram
for the OAI function using OR and NAND gates is shown in Figure 3-23.

The speed and other electrical characteristics of a CMOS AOI or OAI gate
are quite comparable to those of a single CMOS NAND or NOR gate. As a result,
these gates are very appealing because they can perform two levels of logic
(AND-OR or OR-AND) with just one level of delay. Most digital designers don’t
bother to use AOI gates in their discrete designs. However, CMOS VLSI devices
often use these gates internally, since many HDL synthesis tools can automati-
cally convert AND/OR logic into AOI gates when appropriate. 
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Figure 3-22 CMOS OR-AND-INVERT gate: (a) circuit diagram; (b) function table. 
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Figure 3-23
Logic diagram for CMOS 
OR-AND-INVERT gate.

Figure 22: CMOS OR-AND-INVERT (OAI) gate: (a) circuit diagram; (b)
function table.
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where between LOW and HIGH, and the output structure would consume
excessive power due to the low-impedance connection between VDD and ground.

A circuit can also be designed to perform an OR-AND-INVERT function.
For example, Figure 3-22(a) is a two-wide, two-input CMOS OR-AND-INVERT
(OAI) gate. The function table for this circuit is shown in (b); the values in each
column are determined just as we did for the CMOS AOI gate. A logic diagram
for the OAI function using OR and NAND gates is shown in Figure 3-23.

The speed and other electrical characteristics of a CMOS AOI or OAI gate
are quite comparable to those of a single CMOS NAND or NOR gate. As a result,
these gates are very appealing because they can perform two levels of logic
(AND-OR or OR-AND) with just one level of delay. Most digital designers don’t
bother to use AOI gates in their discrete designs. However, CMOS VLSI devices
often use these gates internally, since many HDL synthesis tools can automati-
cally convert AND/OR logic into AOI gates when appropriate. 
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Figure 3-22 CMOS OR-AND-INVERT gate: (a) circuit diagram; (b) function table. 
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Figure 3-23
Logic diagram for CMOS 
OR-AND-INVERT gate.

Figure 23: Logic diagram for CMOS OAI gate shown in Fig. 22.

CMOS AOI and OAI gates are very appealing

They perform two levels of logic with one level of delay
HDL synthesis tools can automatically convert AND/OR logic into AOI
gates when appropriate
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CMOS transmission gate
A p-channel and n-channel transistor pair connected together to form a
logic-controlled switch
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3.7 Other CMOS Input and Output Structures
Circuit designers have modified the basic CMOS circuit in many ways to pro-
duce gates that are tailored for specific applications. This section describes some
of the more common variations in CMOS input and output structures.

3.7.1 Transmission Gates
A p-channel and n-channel transistor pair can be connected together to form a
logic-controlled switch. Shown in Figure 3-44(a), this circuit is called a CMOS
transmission gate.

A transmission gate is operated so that its input signals EN and /EN are
always at opposite levels. When EN is HIGH and /EN is LOW, there is a low-
impedance connection (as low as 2–5 Ω) between points A and B. When EN is
LOW and /EN is HIGH, points A and B are disconnected.

Once a transmission gate is enabled, the propagation delay from A to B (or
vice versa) is very short. Because of their short delays and conceptual simplicity,
transmission gates are often used internally in larger-scale CMOS devices such
as multiplexers and flip-flops. For example, Figure 3-45 shows how transmis-
sion gates can be used to create a “2-input multiplexer.” When S is LOW, the X
“input” is connected to the Z “output”; when S is HIGH, Y is connected to Z.

transmission gate

/EN

EN

A Bnormally
complementary

Figure 3-44
CMOS transmission gate.

X

Y

S

VCC

Z

Figure 3-45
Two-input multiplexer using 
CMOS transmission gates.

Figure 24: CMOS transmission gate.

In Fig. 24

Input signals EN and EN L are always at opposite levels
Once the gate is enabled, propagation delay from A to B (or vice versa)
is very short
Because of their short delays and simplicity, these gates are often used
internally in larger-scale CMOS devices such as multiplexers and
flip-flops
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3.7 Other CMOS Input and Output Structures
Circuit designers have modified the basic CMOS circuit in many ways to pro-
duce gates that are tailored for specific applications. This section describes some
of the more common variations in CMOS input and output structures.

3.7.1 Transmission Gates
A p-channel and n-channel transistor pair can be connected together to form a
logic-controlled switch. Shown in Figure 3-44(a), this circuit is called a CMOS
transmission gate.

A transmission gate is operated so that its input signals EN and /EN are
always at opposite levels. When EN is HIGH and /EN is LOW, there is a low-
impedance connection (as low as 2–5 Ω) between points A and B. When EN is
LOW and /EN is HIGH, points A and B are disconnected.

Once a transmission gate is enabled, the propagation delay from A to B (or
vice versa) is very short. Because of their short delays and conceptual simplicity,
transmission gates are often used internally in larger-scale CMOS devices such
as multiplexers and flip-flops. For example, Figure 3-45 shows how transmis-
sion gates can be used to create a “2-input multiplexer.” When S is LOW, the X
“input” is connected to the Z “output”; when S is HIGH, Y is connected to Z.

transmission gate

/EN

EN

A Bnormally
complementary

Figure 3-44
CMOS transmission gate.

X

Y

S

VCC

Z

Figure 3-45
Two-input multiplexer using 
CMOS transmission gates.

Figure 25: Two-input multiplexer using CMOS transmission gates.

In Fig. 25
When S is LOW, X input is connected to Z output
When S is HIGH, Y is connected to Z
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In transmission gate

An ”on” p-channel cannot conduct a LOW voltage between A and B
very well
An ”on” n-channel cannot conduct a HIGH voltage between A and B
very well
But parallel transistors cover entire voltage range fine
Hence two transistors are used Section 3.7 Other CMOS Input and Output Structures 119
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3.7 Other CMOS Input and Output Structures
Circuit designers have modified the basic CMOS circuit in many ways to pro-
duce gates that are tailored for specific applications. This section describes some
of the more common variations in CMOS input and output structures.

3.7.1 Transmission Gates
A p-channel and n-channel transistor pair can be connected together to form a
logic-controlled switch. Shown in Figure 3-44(a), this circuit is called a CMOS
transmission gate.

A transmission gate is operated so that its input signals EN and /EN are
always at opposite levels. When EN is HIGH and /EN is LOW, there is a low-
impedance connection (as low as 2–5 Ω) between points A and B. When EN is
LOW and /EN is HIGH, points A and B are disconnected.

Once a transmission gate is enabled, the propagation delay from A to B (or
vice versa) is very short. Because of their short delays and conceptual simplicity,
transmission gates are often used internally in larger-scale CMOS devices such
as multiplexers and flip-flops. For example, Figure 3-45 shows how transmis-
sion gates can be used to create a “2-input multiplexer.” When S is LOW, the X
“input” is connected to the Z “output”; when S is HIGH, Y is connected to Z.

transmission gate

/EN

EN

A Bnormally
complementary

Figure 3-44
CMOS transmission gate.

X

Y

S

VCC

Z

Figure 3-45
Two-input multiplexer using 
CMOS transmission gates.
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by a graph such as Figure 3-25. In this graph, the input voltage is varied from 0
to 5 V, as shown on the X axis; the Y axis plots the output voltage.

If we believed the curve in Figure 3-25, we could define a CMOS LOW
input level as any voltage under 2.4 V, and a HIGH input level as anything over
2.6 V. Only when the input is between 2.4 and 2.6 V does the inverter produce a
nonlogic output voltage under this definition.

Unfortunately, the typical transfer characteristic shown in Figure 3-25 is
just that—typical, but not guaranteed. It varies greatly under different conditions
of power supply voltage, temperature, and output loading. The transfer charac-
teristic may even vary depending on when the device was fabricated. For
example, after months of trying to figure out why gates made on some days were
good and on other days were bad, one manufacturer discovered that the bad
gates were victims of airborne contamination by a particularly noxious perfume
worn by one of its production-line workers!

Sound engineering practice dictates that we use more conservative specifi-
cations for LOW and HIGH. The conservative specs for a typical CMOS logic
family (HC-series) are depicted in Figure 3-26. These parameters are specified
by CMOS device manufacturers in data sheets like Table 3-3, and are defined as
follows:

VOHmin The minimum output voltage in the HIGH state. 

VIHmin The minimum input voltage guaranteed to be recognized as a HIGH.

VILmax The maximum input voltage guaranteed to be recognized as a LOW.

VOLmax The maximum output voltage in the LOW state.

The input voltages are determined mainly by switching thresholds of the two
transistors, while the output voltages are determined mainly by the “on”
resistance of the transistors.

VIN

VOUT

undefinedLOW HIGH

0

1.5

3.5

5.0

0 1.5 3.5 5.0

HIGH

undefined

LOW

Figure 3-25
Typical input-output 
transfer characteristic 
of a CMOS inverter.

Figure 26: Typical input-output transfer characteristic of a CMOS inverter.
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A Schmitt trigger is a circuit that uses feedback internally to shift
switching threshold depending on whether input is changing from
LOW to HIGH or from HIGH to LOW
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At least one commercial manufacturer (Quality Semiconductor) makes a
variety of logic functions based on transmission gates. In their multiplexer
devices, it takes several nanoseconds for a change in the “select” inputs (such as
in Figure 3-45) to affect the input-output path (X or Y to Z). Once a path is set up,
however, the propagation delay from input to output is specified to be at most
0.25 ns; this is the fastest discrete CMOS multiplexer you can buy. 

3.7.2 Schmitt-Trigger Inputs
The input-output transfer characteristic for a typical CMOS gate was shown in
Figure 3-25 on page 96. The corresponding transfer characteristic for a gate with
Schmitt-trigger inputs is shown in Figure 3-46(a). A Schmitt trigger is a special
circuit that uses feedback internally to shift the switching threshold depending
on whether the input is changing from LOW to HIGH or from HIGH to LOW.

For example, suppose the input of a Schmitt-trigger inverter is initially at
0 V, a solid LOW. Then the output is HIGH, close to 5.0 V. If the input voltage is
increased, the output will not go LOW until the input voltage reaches about 2.9
V. However, once the output is LOW, it will not go HIGH again until the input is
decreased to about 2.1 V. Thus, the switching threshold for positive-going input
changes, denoted VT+, is about 2.9 V, and for negative-going input changes,
denoted VT−, is about 2.1 V. The difference between the two thresholds is called
hysteresis. The Schmitt-trigger inverter provides about 0.8 V of hysteresis.

To demonstrate the usefulness of hysteresis, Figure 3-47(a) shows an input
signal with long rise and fall times and about 0.5 V of noise on it. An ordinary
inverter, without hysteresis, has the same switching threshold for both positive-
going and negative-going transitions, VT ≈ 2.5 V. Thus, the ordinary inverter
responds to the noise as shown in (b), producing multiple output changes each
time the noisy input voltage crosses the switching threshold. However, as shown
in (c), a Schmitt-trigger inverter does not respond to the noise, because its hys-
teresis is greater than the noise amplitude.

Schmitt-trigger input

5.0

0.0
2.1 2.9

VOUT

VT− VT+

VIN

(b)(a)

5.0

Figure 3-46
A Schmitt-trigger 
inverter: (a) input-
output transfer 
characteristic;
(b) logic symbol.

hysteresis

Figure 27: A Schmitt-trigger inverter: (a) input-output transfer characteristic;
(b) logic symbol.
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In Fig. 27

Switching threshold for positive-going input changes (VT+) is 2.9 V,
and for negative-going input changes (VT−) is 2.1 V
Difference between the two thresholds is called hysteresis
Schmitt-trigger inverter provides about 0.8 V of hysteresis
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Figure 3-47 Device operation with slowly changing inputs: (a) a noisy, slowly
changing input; (b) output produced by an ordinary inverter;
(c) output produced by an inverter with 0.8 V of hysteresis.

FIXING YOUR
TRANSMISSION

Schmitt-trigger inputs have better noise immunity than ordinary gate inputs for sig-
nals that contain transmission-line reflections, discussed in Section 12.4, or that have
long rise and fall times. Such signals typically occur in physically long connections,
such as input-output buses and computer interface cables. Noise immunity is impor-
tant in these applications because long signal lines are more likely to have reflections
or to pick up noise from adjacent signal lines, circuits, and appliances.

Figure 28: Device operation with slowly changing inputs: (a) a noisy, slowly
changing input; (b) output produced by an ordinary inverter; (c) output
produced by an inverter with 0.8 V of hysteresis.
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In Fig. 28

(a) shows an input signal with long rise and fall times and about 0.5 V
of noise on it
An ordinary inverter, without hysteresis, has same switching threshold
for both positive-going and negative-going transitions, VT ≈ 2.5 V
Ordinary inverter responds to noise, producing multiple output changes
each time noisy input voltage crosses switching threshold
A Schmitt-trigger inverter does not respond to noise, because its
hysteresis is greater than noise amplitude

Schmitt-trigger inputs have better noise immunity than ordinary gate
inputs for signals with transmission-line reflections or long rise and fall
times

Such signals occur in physically long connections, such as input-output
buses and computer interface cables
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CMOS Logic: Three-State Outputs

Logic outputs have two normal states, LOW (0) and HIGH (1)

Some outputs have a third electrical state that is not a logic state,
called high-impedance, Hi-Z, or floating state

In this state, output behaves as if it is not connected to circuit
An output with three possible states is called a three-state output or a
tri-state output
Three-state devices have an extra input, called ”output enable” or
”output disable,” for placing device’s output(s) in high-impedance state
A three-state bus is created by wiring several three-state outputs
together

At most one output should be enabled at any time
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The most basic three-state device is three-state buffer (= three-state
driver)
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3.7.3 Three-State Outputs
Logic outputs have two normal states, LOW and HIGH, corresponding to logic
values 0 and 1. However, some outputs have a third electrical state that is not a
logic state at all, called the high impedance, Hi-Z, or floating state. In this state,
the output behaves as if it isn’t even connected to the circuit, except for a small
leakage current that may flow into or out of the output pin. Thus, an output can
have one of three states—logic 0, logic 1, and Hi-Z.

An output with three possible states is called (surprise!) a three-state
outputor, sometimes, a tri-state output. Three-state devices have an extra input,
usually called “output enable” or “output disable,” for placing the device’s
output(s) in the high-impedance state.

A three-state bus is created by wiring several three-state outputs together.
Control circuitry for the “output enables” must ensure that at most one output is
enabled (not in its Hi-Z state) at any time. The single enabled device can transmit
logic levels (HIGH and LOW) on the bus. Examples of three-state bus design are
given in Section 5.6.

A circuit diagram for a CMOS three-state buffer is shown in
Figure 3-48(a). To simplify the diagram, the internal NAND, NOR, and inverter
functions are shown in functional rather than transistor form; they actually use a
total of 10 transistors (see Exercise 3.79). As shown in the function table (b),
when the enable (EN) input is LOW, both output transistors are off, and the out-
put is in the Hi-Z state. Otherwise, the output is HIGH or LOW as controlled by

high impedance state
Hi-Z state
floating state

three-state output
tri-state output

LEGAL NOTICE “TRI-STATE” is a trademark of National Semiconductor Corporation. Their lawyer
thought you’d like to know. 

three-state bus

three-state buffer

VCC
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EN

L
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H
H
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L
H
L
H

B

H
H
L
L

C
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H
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L

D
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L

 Q1
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 Q2

off
off
off
on
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L
H
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(a) (b)

(c)B

C

D

Figure 3-48 CMOS three-state buffer: (a) circuit diagram; (b) function table;
(c) logic symbol.

Figure 29: CMOS three-state buffer: (a) circuit diagram; (b) function table; (c)
logic symbol.

Moslem Amiri, Václav Přenosil Design of Digital Systems II October, 2012 43 / 53



CMOS Logic: Three-State Outputs

Devices with three-state outputs are designed so that output-enable
delay (Hi-Z to LOW or HIGH) is somewhat longer than output-disable
delay (LOW or HIGH to Hi-Z)

Thus, if a control circuit activates one device’s output-enable input and
simultaneously deactivates a second’s, the second device is guaranteed
to enter Hi-Z state before the first places a HIGH or LOW level on bus

If two three-state outputs on the same bus are enabled at the same
time and try to maintain opposite states, a nonlogic voltage is
produced on bus

If fighting is only momentary, devices probably will not be damaged
But large current drain through tied outputs can produce noise pulses
that affect circuit behavior elsewhere in system
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CMOS Logic: Open-Drain Outputs

p-channel transistors in CMOS output structures provide active
pull-up

They actively pull up output voltage on a LOW-to-HIGH transition
These transistors are omitted in gates with open-drain outputs
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HIGH transitions (rise time). However, the pull-up resistance cannot be
arbitrarily small; the minimum resistance is determined by the open-drain
output’s maximum sink current, IOLmax. For example, in HC- and HCT-series
CMOS, IOLmax is 4 mA, and the pull-up resistor can be no less than 5.0 V/4 mA,
or 1.25 kΩ. Since this is an order of magnitude greater than the “on” resistance
of the p-channel transistors in a standard CMOS gate, the LOW-to-HIGH output
transitions are much slower for an open-drain gate than for standard gate with
active pull-up.

As an example, let us assume that the open-drain gate in Figure 3-50 is
HC-series CMOS, the pull-up resistance is 1.5 kΩ, and the load capacitance is
100 pF. We showed in Section 3.5.2 that the “on” resistance of an HC-series
CMOS output in the LOW state is about 80 Ω, Thus, the RC time constant for a
HIGH-to-LOW transition is about 80 Ω ⋅ 100 pF = 8 ns, and the output’s fall time
is about 8 ns. However, the RC time constant for a LOW-to-HIGH transition is
about 1.5 kΩ ⋅100 pF = 150 ns, and the rise time is about 150 ns. This relatively
slow rise time is contrasted with the much faster fall time in Figure 3-51. A
friend of the author calls such slow rising transitions ooze.

VCC

A

B

Z

Q1

Q2

A

L
L
H
H

B

L
H
L
H

 Q1

off
off
on
on

 Q2

off
on
off
on

Z

open
open
open

L

A

B
Z

(a) (b)

(c)

Figure 3-49
Open-drain CMOS 
NAND gate: (a) circuit 
diagram; (b) function 
table; (c) logic symbol. 
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Z C

D

E

R = 1.5 kΩ

+5 V
pull-up
resistor

open-drain
output

Figure 3-50
Open-drain CMOS 
NAND gate driving 
a load.

ooze

Figure 30: Open-drain CMOS NAND gate: (a) circuit diagram; (b) function
table; (c) logic symbol.

In Fig. 30, drain of topmost n-channel is left unconnected internally
If output is not LOW, it is ”open”
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CMOS Logic: Open-Drain Outputs

An open-drain output requires an external pull-up resistor to provide
passive pull-up to HIGH level
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HIGH transitions (rise time). However, the pull-up resistance cannot be
arbitrarily small; the minimum resistance is determined by the open-drain
output’s maximum sink current, IOLmax. For example, in HC- and HCT-series
CMOS, IOLmax is 4 mA, and the pull-up resistor can be no less than 5.0 V/4 mA,
or 1.25 kΩ. Since this is an order of magnitude greater than the “on” resistance
of the p-channel transistors in a standard CMOS gate, the LOW-to-HIGH output
transitions are much slower for an open-drain gate than for standard gate with
active pull-up.

As an example, let us assume that the open-drain gate in Figure 3-50 is
HC-series CMOS, the pull-up resistance is 1.5 kΩ, and the load capacitance is
100 pF. We showed in Section 3.5.2 that the “on” resistance of an HC-series
CMOS output in the LOW state is about 80 Ω, Thus, the RC time constant for a
HIGH-to-LOW transition is about 80 Ω ⋅ 100 pF = 8 ns, and the output’s fall time
is about 8 ns. However, the RC time constant for a LOW-to-HIGH transition is
about 1.5 kΩ ⋅100 pF = 150 ns, and the rise time is about 150 ns. This relatively
slow rise time is contrasted with the much faster fall time in Figure 3-51. A
friend of the author calls such slow rising transitions ooze.
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Figure 3-49
Open-drain CMOS 
NAND gate: (a) circuit 
diagram; (b) function 
table; (c) logic symbol. 
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Figure 31: Open-drain CMOS NAND gate driving a load.
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CMOS Logic: Open-Drain Outputs

For the highest possible speed, an open-drain output’s pull-up resistor
should be as small as possible

This minimizes RC time constant for LOW-to-HIGH transitions (rise
time)
The minimum resistance is determined by open-drain output’s maximum
sink current, IOLmax

E.g., in HC- and HCT-series CMOS

IOLmax = 4 mA −→ pull-up resistormin =
5.0 V

4 mA
= 1.25 kΩ

Since this is an order of magnitude greater than ”on” resistance of
p-channel transistors, LOW-to-HIGH output transitions are much slower
for an open-drain gate than for standard gate with active pull-up
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CMOS Logic: Open-Drain Outputs

Example: in Fig. 31
Open-drain gate is HC-series CMOS −→ ”on” resistance of output in
LOW state = 80 Ω
Pull-up resistance = 1.5 kΩ
Load capacitance = 100 pF

RC time constant for a HIGH-to-LOW transition = output’s fall time

= 80 Ω× 100 pF = 8 ns

RC time constant for a LOW-to-HIGH transition = output’s rise time

= 1.5 kΩ× 100 pF = 150 nsSection 3.7 Other CMOS Input and Output Structures 125
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So why use open-drain outputs? Despite slow rise times, they can be useful
in at least three applications: driving light-emitting diodes (LEDs) and other
devices; performing wired logic; and driving multisource buses.

*3.7.5 Driving LEDs
An open-drain output can drive an LED as shown in Figure 3-52. If either input
A or B is LOW, the corresponding n-channel transistor is off and the LED is off.
When A and B are both HIGH, both transistors are on, the output Z is LOW, and
the LED is on. The value of the pull-up resistor R is chosen so that the proper
amount of current flows through the LED in the “on” state.

Typical LEDs require 10 mA for normal brightness. HC- and HCT-series
CMOS outputs are only specified to sink or source 4 mA and are not normally
used to drive LEDs. However, the outputs in advanced CMOS families such as
74AC and 74ACT can sink 24 mA or more, and can be used quite effectively to
drive LEDs.

tr

VOUT

5 V

3.5 V

1.5 V

0 V
0 50 100 150 200 250 300 time

tf

Figure 3-51 Rising and falling transitions of an open-drain CMOS output.

VCC
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B

Z

Q1

Q2

R

LED

VOLmax = 0.37 V

ILED = 10 mA
Figure 3-52
Driving an LED with an 
open-drain output.

Figure 32: Rising and falling transitions of an open-drain CMOS output.
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CMOS Logic: Multisource Buses

Open-drain outputs can be tied together to allow several devices, one
at a time, to put information on a common bus

At any time all but one of outputs are in their HIGH (open) state
Control circuitry selects particular device that is allowed to drive the bus
at any time

In Fig. 33
At most one control bit is HIGH at any time, enabling complement of
corresponding data bit to be passed through bus
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*3.7.6 Multisource Buses
Open-drain outputs can be tied together to allow several devices, one at a time,
to put information on a common bus. At any time all but one of the outputs on
the bus are in their HIGH (open) state. The remaining output either stays in the
HIGH state or pulls the bus LOW, depending on whether it wants to transmit a
logical 1 or a logical 0 on the bus. Control circuitry selects the particular device
that is allowed to drive the bus at any time.

For example, in Figure 3-54, eight 2-input open-drain NAND-gate outputs
drive a common bus. The top input of each NAND gate is a data bit, and the
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B

Z

Q1

Q3

Q2 Q4

R

LED

(a)

VCC

A

B

Z

Q1

Q3

Q2 Q4

R

LED

(b)

Figure 3-53 Driving an LED with an ordinary CMOS output: (a) sinking current, 
“on” in the LOW state; (b) sourcing current, “on” in the HIGH state.
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Data1
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Data2

Enable2

Data3

Enable3
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R
DATAOUT

Data5

Enable5

Data6

Enable6

Figure 3-54 Eight open-drain outputs driving a bus.

Figure 33: Eight open-drain outputs driving a bus.
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CMOS Logic: Wired Logic

If outputs of several open-drain gates are tied together with a single
pull-up resistor, wired logic is performed
An AND function is obtained, since wired output is HIGH iff all of
individual gate outputs are HIGH (open)

Any output going LOW is sufficient to pull wired output LOW
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bottom input of each is a control bit. At most one control bit is HIGH at any time,
enabling the corresponding data bit to be passed through to the bus. (Actually,
the complement of the data bit is placed on the bus.) The other gate outputs are
HIGH, that is, “open,” so the data input of the enabled gate determines the value
on the bus.

*3.7.7 Wired Logic
If the outputs of several open-drain gates are tied together with a single pull-up
resistor, then wired logic is performed. (That’s wired, not weird!) An AND func-
tion is obtained, since the wired output is HIGH if and only if all of the individual
gate outputs are HIGH (actually, open); any output going LOW is sufficient to
pull the wired output LOW. For example, a three-input wired AND function is
shown in Figure 3-55. If any of the individual 2-input NAND gates has both
inputs HIGH, it pulls the wired output LOW; otherwise, the pull-up resistor R
pulls the wired output HIGH.

Note that wired logic cannot be performed using gates with active pull-up.
Two such outputs wired together and trying to maintain opposite logic values
result in a very high current flow and an abnormal output voltage. Figure 3-56
shows this situation, which is sometimes called fighting. The exact output volt-
age depends on the relative “strengths” of the fighting transistors, but with 5-V
CMOS devices it is typically about 1–2 V, almost always a nonlogic voltage.
Worse, if outputs are left fighting continuously for more than a few seconds, the
chips can get hot enough to sustain internal damage and to burn your fingers!

wired logic

wired AND

VCC

VCC
A

B
Z

Q1

Q2

2-input
open-drain

NAND gates

VCC

C

D

Q1

Q2

VCC

E

F

Q1

Q2

R

Figure 3-55 Wired-AND function on three open-drain NAND-gate outputs.

fighting

Figure 34: Wired-AND function on three open-drain NAND-gate outputs.
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CMOS Logic: Wired Logic

In Fig. 34

If any of individual 2-input NAND gates has both inputs HIGH, it pulls
wired output LOW
Otherwise, pull-up resistor R pulls wired output HIGH

Wired logic cannot be performed using gates with active pull-up

Fighting: Two such outputs wired together and trying to maintain
opposite logic values result in a very high current flow and an abnormal
output voltage
Exact output voltage depends on relative strengths of fighting transistors
If outputs fight continuously for more than a few seconds, chips can get
hot enough to sustain internal damage
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*3.7.8 Pull-Up Resistors
A proper choice of value for the pull-up resistor R must be made in open-drain
applications. Two calculations are made to bracket the allowable values of R:

Minimum The sum of the current through R in the LOW state and the LOW-
state input currents of the gates driven by the wired outputs must not
exceed the LOW-state driving capability of the active output, 4 mA
for HC and HCT, 24 mA for AC and ACT.

Maximum The voltage drop across R in the HIGH state must not reduce the out-
put voltage below 2.4 V, which is VIHmin for typical driven gates plus
a 400-mV noise margin. This drop is produced by the HIGH-state
output leakage current of the wired outputs and the HIGH-state input
currents of the driven gates.

≈

trying to pull LOW

trying to pull HIGH

VCC

HIGH

LOW

Z

Q1

Q3

Q2 Q4

VCC

HIGH

HIGH
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Q2 Q4

20I ≈
5 V

Rp(on) + Rn(on)
mA

(HC or HCT)

Figure 3-56
Two CMOS outputs 
trying to maintain 
opposite logic values 
on the same line.

pull-up resistor 
calculation

Figure 35: Two outputs trying to maintain opposite logic values on the same line
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