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Digital Circuits

arketing hype notwithstanding, we live in an analog world, not

a digital one. Voltages, currents, and other physical quantities

in real circuits take on values that are infinitely variable,

depending on properties of the real devices that comprise the

circuits. Because real values are continuously variable, we
could use a physical quantity such as a signal voltage in a circuit to represent
a real number (e.g., 3.14159265358979 volts represents the mathematica
constanpi to 14 decimal digits of precision).

Unfortunately, stability and accacy inphysical quantities are diffi-
cult to obtain in real circuits. They are affected by nfacturing tolerances,
temperature, power-supply voltage, cosmic rays, and noise created by othel
circuits, among other things. If we used an analog voltage to reppesert
might find that instead of being an absolute mathematical congtamatjed
over a range of 10% or more.

Also, many mathematical and logical operations are difficult or impos-
sible to perform with analog quantities. While it is possible with some
cleverness to build an analog circuit whose output voltage is tiagesopot
of its input voltage, no one has ever built a 100-input, 100-output analog cir-
cuit whose outputs are a set of voltages identical to the set of input voltages,
but sorted arithmetically.

The purpose of this chapter is to give you a solid working knowledge
of the electrical aspects of digital circuits, enough for you to understand and
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digital logic

logic values

binary digit
bit

LOW
HIGH

positive logic
negative logic

buffer amplifier

build real circuits and systems. We’'ll see in later chapters that with modern soft-
ware tools, it's possible to “build” circuits in the abstract, using hardware design
languages to specify their design and simulators to test their operation. Still, to
build real, production-quality circuits, either at the board level or the chip level,
you need to understand most of the material in this chapter. However, if you're
anxious to start designing and simulating abstract circuits, you can just read the
first section of this chapter and come back to the rest of it later.

3.1 Logic Signals and Gates

Digital logic hides the pitfalls of the analog world by mapping the infinite set of
real values for a physical quantity into two subsets corresponding to just two
possible numbers dogic values—0 and 1. As a result, digital logic circuits can

be analyzed and designed functionally, using switching algebra, tables, and
other abstract means to describe the operation of well-behaved Os and 1s in a
circuit.

A logic value, 0 or 1, is often calledbinary digit, or bit. If an application
requires more than two discrete values, additional bits may be used, with a set of
n bits representing™ifferent values.

Examples of the physical phenomena used to represent bits in some mod-
ern (and not-so-modern) digital technologies are given in Table 3-1. With
most phenomena, there is an undefined region between the 0 and 1 states (e.qg.,
voltage = 1.8 V, dim light, capacitor slightly charged, etc.). This undefined
region is needed so that the 0 and 1 states can be unambiguously defined and
reliably detected. Noise can more easily corrupt results if the boundaries sepa-
rating the 0 and 1 states are too close.

When discussing electronic logic circuits such as CMOS and TTL, digital
designers often use the wordsOW” and “HIGH” in place of “0” and “1" to
remind them that thegre deling with real circuits, not abstract quantities:

LOW A signal in the range of algebraically lower voltages, which is interpret-
ed as a logic 0.

HIGH A signalin the range of algebraically higher voltages, which is interpret-
ed as a logic 1.

Note that the assignments of 0 and L@y andHIGH are somewhat arbitrary.
Assigning 0 toLOW and 1 toHIGH seems most natural, and is calfsbitive
logic. The opposite assignment, 1L4OW and 0 taHIGH, is not often used, and
is callednegative logic

Because a wide range of physical values represent the same binary value,
digital logic is highly immune to component and power supply variations and
noise. Furthermorequffer amplifiercircuits can be used to regenerate “weak”
values into “strong” ones, so that digital signals can be transmitted ovearbit
distances without loss of information. For example, a buffer amplifier for CMOS
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Section 3.1  Logic Signals and Gates 77

| Table 3-1 Physical states representing bits in different computer logic and
memory technologies.

State Representing Bit

Technology

0

1

Pneumatic logic
Relay logic

Complementary metal-oxide semi
conductor (CMOS) logic

Transistor-transistor logic (TTL)
Fiber optics

Dynamic memory

Nonvolatile, erasable memory
Bipolar read-only memory
Bubble memory

Magnetic tape or disk

Polymer memory

Read-only compact disc

Fluid at low pressure
Circuit open
0-15V

0-0.8V
Light off
Capacitor discharged
Electrons trapped
Fuse blown
No magnetic bubble
Flux direction “north”
Molecule in state A
No pit

Fluid at high pressure
Circuit closed
3.5-5.0V

2.0-5.0V
Light on
Capacitor charged
Electrons released

Fuse intact

Bubble present
Flux direction “south”
Molecule in state B
Pit

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

logic converts anyIGH 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 digte 0 and 1 values.

Inputs Output Figure 3-1
X ——= L “Black box” representation
y —| [logiccireuit L _ ¢ of a three-input, one-output
yA— logic circuit.
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78 Chapter 3 Digital Circuits

A logic circuit whose outputs depend only on its current inputs is called a
combinational circuit ~ combinational circuit Its operation is fully described bytauth tablethat lists
truth table 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 inpyts, andz and a
single outpuf.

Table 3-2

Truth table for a
combinational logic
circuit.

P P P P O OO Of X
P P O O PFr +r O o<
P OFRr OFr OFr O|N
P P OO OOoOLRkR ol m

A circuit with memory, whose outputs depend on the current npdithe

sequential circuit sequence of past inputs, is calleseguential circuitThe behavior of such a cir-

state table cuit may be described bystate tablethat specifies its output and next state as
functions of its current state and input. Sequential circuits will be introduced in
\chapref{SeqgPrinc}.

As we'll show in Section 4.1, just ke basidogic functions,AND, OR,
andNOT, can be used to build any combinational digital logic circuit. Figure 3-2
shows the truth tables and symbols for logic “gates” tleatopm these func-
tions. The symbols and truth tables AMD andOR may be extended to gates
with any number of inputs. The gates’ functi@me eaily defined in words:

AND gate * An AND gateproduces a 1 output if and only if all of its inputs are 1.
OR gate * An OR gateproduces a 1 if and only if one or more of its inputs are 1.
NOT gate * A NOT gate,usually called aimverter, produces an output value that is the
inverter opposite of its input value.
X X AND Y Xy XORY
@ } ® v ) MERY g X {>c NOT X

—_— — XY X+Y X'
Figure 3-2
Basic logic elements: X Y XANDY X Y XORY X NOTX
(a) AND; (b) OR; o o 0 0 o 0 o 1
(c) NOT(inverter). 0o 1 0 0o 1 1 1 0

10 0 1 0 1

101 1 11 1
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X X
@ v ) X NAND Y 0 X NOR Y
— (XYY X+Yy

X Y XNANDY X Y XNORY - . -
Figure 3-3

0 0 1 0 0 1 Inverting gates:

0 1 1 0 1 0 (a) NAND; (b) NOR.

1 0 1 1 0 0

1 1 0 1 1 0

The circle on the inverter symbol’'s output is calledrasersion bubbleand is inversion bubble
used in this and other gate symbols to denioieetting” behavior.
Notice that in the definitions 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 combinw@T with anAND 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 gateproduces the opposite of anND gate’s output, a O if and NAND gate
only if all of its inputs are 1.

* A NOR gateproduces the opposite of @R gate’s output, a 0 if and onlyNOR gate
if one or more of its inputs are 1.

As with AND andOR gates, the symbols and truth tablesN&WND andNOR
may be extended to gates with any number of inputs.

Figure 3-4 is a logic circuit usingND, OR, andNOT gates that functions
according to the truth table of Table 3-2. In Chapter 4 yoadkth 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 istaming diagramthat shows how the circuit of Figure 3-4iming diagram
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

é DL Figure 3-4
Logic circuit with the
> F truth table of
4[>o— :D— Table 3-2.
X-Y+X-Y-Z

{>C % I_D X-Y-Z
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80 Chapter 3 Digital Circuits

Figure 3-5
Timing diagram for a
logic circuit.

THERE'S HOPE
FOR NON-EE’S

z / -
N . \ N N y

e e e

TIME ——

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.

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 neged it
later, if you ever have to design and build digital systems in the real world.

semiconductor diode

bipolar junction
transistor

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 theemiconductor diodand thebipolar junction tran-
sistor allowed the development of smaller, faster, and more capable computers
in the late 1950s. In the 1960s, the invention of ititegrated circuit (IC)
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allowed multiple diodes, transistors, and other components to be fabricatedimagated circuit (IC)
single chip, and computers got still better.

The 1960s also saw the introduction of the first integrated-circuit logic
families. Alogic familyis a collection of dferent integrated-circuit chips thatlogic family
have similar input, output, and internal circuit characteristics, but that perform
different logic functions. Chips from the same family can beragannected to
perform any desired logic function. On the other hand, chips frderidif fam-
ilies may not be compatible; they may usdeatént power-spply voltages or
may use different input and output conditions to represent logic values.

The most successflipolar logic family(one based on bipolar junctionbipolar logic family
transistors) idransistor-transistor logic (TTL)First introduced in the 1960s transistor-transistor
TTL now is actually a family of logic families that are compatible with eackgic (TTL)
other but differ in speed, power consumption, and cost. Digital systems can mix
components from several different TTL families, according to design goals and
constraints in different parts of the system. Although TTL was largely replaced
by CMOS in the 1990s, you're still likely to encounter TTL components in aca-
demic labs; therefore, we introduce TTL families in Section 3.10.

Ten yeardeforethe bipolar junction transistor was invented, the principles
of operation were patented for another type of transistor, calleddtad-oxide metal-oxide
semiconductor field effect transistor (MOSFE®) simply MOS transistor. ~semiconductor field
However, MOS transistors were difficult to fabricate in the early days, and§fect transistor
wasn't until the 1960s that a wave of developments made MOS-based logic Q\AQSFET)
memory circuits practical. Even then, MOS circuits lagged bipolar circuits cBI®S transistor
siderably in speed, and were attractive only in selected applications because of
theirlower power consumption and higher levels of integration.

Beginning in the mid-1980s, advances in the design of MOS circuits, in
particularcomplementary MOS (CMOSircuits, vastly increased their perforcomplementary MOS
mance and popularity. By far the majority of new large-scale integrated circuitSMOS)
such as microprocessors and memories, use CMOS. Likewise, small- to medi-
um-scale applications, for which TTL was once the Idgiily of choice, are
now likely to use CMOS devices with equivalent functionality but higher speed
andlower power consumption. CMOS circuits now account for the vast majority
of the worldwide IC market.

CMOS logic is both the most capable and the easiest to understand com-
mercial digital logic technology. Beginning in the next section, we describe the
basic structure of CMOS logic circuits and introduce the most commonly used
commercial CMOS logic families.

GREEN STUFF Nowadays, the acronym “MOS” is usually spoken as “moss,” rather than spelled out.
And “CMOS” has always been spoken as “sea moss.”
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As a consequence of the industry’s transition from TTL to CMOS over a
long period of time, many CMOS familieseve 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 circuése 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 O,
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@# andHIGH for 5-volt
CMOS logic are as shown in Figure 3-6. Voltages in the intermediate range
(1.5-3.5 V are not expected to occur exceptidgrsignal 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 isf"p or very low (and the trasistor is

“on”).

50V
Figure 3.6 Logic 1 (HIGH)
Logic levels for typical 35V undefined
CMOS logic circuits. ' logic level
15V
Logic 0 (LOW)
0.0V
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Figure 3-7
Vo O-----S The MOS transistor as
IN
a voltage-controlled
resistance.

There are two types of MOS transistonsgchannel andp-channel; the
names refer to the type of semiconductor material used for the resistance-con-
trolled terminals. The circuit symbol for amchannel MOS (NMOS) transistom-channel MOS
is shown in Figure 3-8. The terminals are caljatie, source,anddrain. (Note  (NMOS) transistor
that the “gate” of a MOS transistor has nothing to do with a “logic gate.”) As yyite
might guess from the orientation of the circuit symbol, the drain is normally abarce

higher voltage than the source. drain
) Voltage-controlled resistance: Figure 3-8
gate drain increase Vgq ==> decrease Ryg Circuit symbol for an
N | n-channel MOS (NMOS)
source H
v Note: normally, Vgg 20 transistor.

The voltage from gate to sourcé,f) in an NMOS transistor is normally
zero or positive. ¥y = 0, then the resistance from drain to souRg) (s very
high, on the order of a megohm f16hms) or more. As we increasfgg (i.e.,
increase the voltage on the gat); decreases to a very low value, 10 ohms or
less in some devices.

The circuit symbol for @-channel MOS (PMOS) transisti shown in p-channel MOS
Figure 3-9. Operation is analogous to that of an NMOS transistor, except that@éOS) transistor
source is normally at a higher voltage than the drain\Vggid normally zero or
negative. IVyis zero, then the resistance from source to dRy# is very high.

As we algebraically decreadgg (i.e., decreasethe voltage on the gatefRys
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 bpsulating 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

V. Voltage-controlled resistance: Figure 3-9
o ® source decrease Vg ==> decrease Ry Circuit symbol for a
gate | drai p-channelMOS (PMOS)
e Note: normally, Vg <O transistor.
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IMPEDANCE VS. Technically, there’s a difference between “impedance” and “resistance,” but electri-
RESISTANCE cal engineers often use the terms interchangeably. So do we in this text.

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
leakage current than one microamperg, 108 A), and is called &akage 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 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,Vpp, 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. V|y is 0.0 V. In this case, the bottomchannel transistd1 is off, since
its Vgsis 0, but the topp-channel transista@2 s on, since itS/gsis a large
negative value-(5.0 V). ThereforeQ2 presents only a small resistance
between the power supply terminghg, +5.0 V) and the output terminal
(MouT), and the output voltage is 5.0 V.

Vpp =+5.0V
Figure 3-10 @ I
CMOS inverter:
(a) circuit diagram; () Viv Q1 Q2 Vour
(b) functional behavior; I: Q2
A (p-channel) 0.0 (L) off on 5.0 (H)
(c) logic symbol.

50(H) on off 0.0 (L)
9 Vour

I
ViN (n-channel)
© IN —| >0—— OuT
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2. Viy is 5.0 V. HereQ1is on, since it¥yis a large positive value (+5.0 V),
but Q2 is off, since itngS 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), tha-channel (bottom) transistor is modeled by a normally-open
switch, and th@-channel (top) transistor by a normally-closed switch. Applying
aHIGH voltage changesach switch to thepposite of its normal state, as shown
in (b).

@ Vpp = +5.0V . Vpp = +5.0V Figure 3-11
Switch model for
CMOS inverter: (a)
LOW input; (b) HIGH
input.

T 1
! 1
1 1
1 1
Vin=L -+ Vour=H Vin=H O--- Vour=L
| :
1 1

The switch model gives rise to a way of drawing CMOS circuits that makes
their logical behavior more readily agmgnt. As shown in Figure 3-12, different
symbols are used for the andn-channel transistors to reflect their logical
behavior. Then-channel transistorl) is switched “on,” and current flows
between source and drain, wherl&H voltage is applied to its gate; this seems
natural enough. Thp-channel transistor@2) has the opposite behavior. It is

Voo 220V Figure 3-12

CMOS inverter logical
operation.

Q2
IZp-channel) - Onwhen

V|y is low

—0 Vour

Q1
Vin lzn—channel) —~— onwhen

V| is high
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WHAT'S INA The “DD” in the nameV¥pp” refers to thedrain terminal of an MOS transistor. This
NAME? may seem strange, since in the CMOS invevgy is actually connected to the
sourceterminal of a PMOS transistor. However, CMOS logic circuits evolved from

NMOS logic circuits, where the supplyasconnected to the drain of an NMOS tran

sistor through a load resistor, and the naMmgy® stuck. Also note that ground is

sometimes referred to a¥sg’ in CMOS and NMOS circuits. Some authors and

most circuit manufacturers us¥:¢” 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 usiny/¢&¢c” in Section 3.4.

“on” when aLOW voltage is applied; the inversion bubble on its gate indicates
thisinverting behavior.

3.3.4 CMOS NAND and NOR Gates

Both NAND andNOR gates can be constructed using CMOSk-iput
gate use& p-channel and n-channel transistors. Figure 3-13 shows a 2-input
CMOS NAND gate. If either input i€OW, the outpuZ has a low-impedance
connection to/pp through the corresponding “op“channel transistor, and the
path to ground is blocked by the correspondirf§f “o-channel transistor. If both
inputs areHIGH, the path td/pp is blocked, and has a low-impedance connec-
tion to ground. Figure 3-14 shows the switch model for RAND gate’s
operation.

Figure 3-15 shows a CMOSOR gate. If both inputs aneOw, the output
Z has a low-impedance connectionugp through the “on"p-channel transis-
tors, and the path to ground is blocked by the “offthannel transistors. If
either input iHIGH, the path t&/pp is blocked, and has a low-impedance con-
nection to ground.

Figure 3-13 @ oo

CMOS 2-input

NAND gate: () A B Q1 Q2 Q3 Q4 Z

(a) circuit diagram; —0| Q2 Q4

(b) function table; ™ ’_0( :: ||:| gg gz g;f g; :

(c) logic symbol. 5 H L on off off on H
H H on off on off L

B o——] [ 03 © '; :} z
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I

NAND VS. NOR CMOSNAND andNOR gates do not have identical performance. For a given silicon
area, am-channel transistor has lower “on” resistance thgachannel transistor.
Therefore, when transistors are put in sekeschannel transistors have lower “on’
resistance than diop-channel ones. As a resultkanput NAND gate is generally
faster than and preferred ovek-inputNOR gate.

(b)

Figure 3-14 Switch model for CMOS 2-input NAND gate: (a) both inputs LOW;
(b) one input HIGH; (c) both inputs HIGH.

(a) VDD

Figure 3-15
CMOS 2-input
NOR gate:

(a) circuit diagram;
(b) function table;
(c) logic symbol.

Ql Q2 Q3 Q4 Z

>
Q
N
z
>
@

off on off on
off on on off

on off off on
on off on off

— | @ L( Qs © ::Do—z
i
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@)

Vop

(b)

>
o]
(@]
N

Ql Q2 Q3 Q4 Q5 Q6

—| | @ ’—0|EI:>4 Q6

off on off on off on
off on off on on off
off on on off off on

off on on off on off

on off off on off on

nZ

fan-in

Figure 3-17
Logic diagram
equivalent to the
internal structure of
an 8-input CMOS
NAND gate.

¢olg!

on off off on on off
on off on off off on
on off on off on off

[

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

I I IIrrrr
I ITIrrrITIIrr
IrIrIrIr
rIIIIIII

(c) A

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 CN¥O® gate.

In principle, you could design a CMO$AND 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 iR gates
and 6 foNAND 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

11 o—
11

20— 12
13 o0— 13

14 0— |4
—) oower =
—_— 15

16 ———
17
18 ———

JO—— ouT

15 0—
16 O——
17 o0—
18 ob——
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Vpp = +5.0V

() A QL Q2 Q3 Q4 Z

L off on on off L Figure 3-18
A Z H on off off on H CMOS noninverting
buffer:

(a) circuit diagram;

(c) A 7 (b) function table;
(c) logic symbol.

the logical structure of an 8-input CMQB\ND gate. The total delay through a
4-inputNAND, a 2-inputNOR, and an inverter is typically less than the delay of
a one-level 8-inputlAND circuit.

3.3.6 Noninverting Gates

In CMOS, and in most other logic families, the simplest gates are inverters, and
the next simplest an¢dAND gates antlOR gates. A logical inversion comes “for
free,” and ittypically is not possible to design a noninverting gate with a smaller
number of transistors than an inverting one.

CMOS noninverting buffers aniiND andOR gates are obtained by con-
necting an inverter to the output of the correspondingrting gate. Combining
Figure 3-15(a) with an inverter yields @R gate. Thus, Figure 3-18 shows a
noninverting buffer and Figure 3-19 shows/AND gate.

Figure 3-19 CMOS 2-input AND gate: (a) circuit diagram; (b) function table;
(c) logic symbol.
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Figure 3-20 CMOS AND-OR-INVERT gate: (a) circuit diagram; (b) function tak

3.3.7 CMOS AND-OR-INVERT and OR-AND-INVERT Gates

CMOS circuits can performwo levels of logic with just a single “level” of tran-
sistors. For example, the circuit in Figure 3&0is a two-wide, twanput
CMOSAND-OR-INVERT (AOI) gate The function table for this circuit is shown

in (b) and a logic diagram for this function usisigD andNOR gates is shown

in Figure 3-21. Transistors can be added to or removed from this circuit to obtain
anAOIl function with a different number &iNDs or a different number afputs
perAND.

The contents of each of tH@1-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 whetherZ is connected t&pp or ground by “on” transistors for that input
combination. Note tha is never connected tmoth Vpp and ground for any
input combination; in such a case the output would be a non-logic value some-

Figure 3-21 A
Logic diagram for CMOS 5
AND-OR-INVERT gate.
—0— Z
C—o—
D——]
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Figure 3-22 CMOS OR-AND-INVERT gate: (a) circuit diagram; (b) function table.

where betweerLOW and HIGH, and the output structure would consume
excessive power due to the low-impedance connection bewgeend ground.

A circuit can also be designed to performG@R-AND-INVERT function.
For example, Figure 3-22(a) is a two-wide, two-input CMQSAND-INVERT  OR-AND-INVERT
(OAI) gate The function table for this circuit is shown in (b); the values in eacHOl) gate
column are determined just as we did for the CMXO5 gate. A logic diagram
for theOAl function usingOR andNAND gates is shown in Figure 3-23.

The speed and other electrical characteristics of a CKMQ®r OAl gate
are quite comparable to those of a single CMMASID orNOR gate. As a result,
these gates are very appealing because they edorm two levels ofdgic
(AND-OR or OR-AND) with just one level of delay. Most digital designers don’t
bother to us@OIl gates in their discrete designs. However, CMOS VLSI devices
often use these gates internally, since many HDL synthesis tools can automati-
cally convertAND/OR logic intoAOI gates when appropriate.

A Figure 3-23
B ::D_L Logic diagram for CMOS
OR-AND-INVERT gate.

Do—u—z
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engineering design
margins

3.4 Electrical Behavior of CMOS Circuits

The next three sections discuss electrical, not logical, aspects of CMOS circuit
operation. It's important to understand this material when you design real cir-
cuits using CMOS or other logic families. Most of this material is aimed at
providing a framework for ensuring that the “digital abstractiorréaly valid

for a given circuit. In particular, a circuit or system designer must provide in a
number of areas adequate engineering design margins—insurance that the cir-
cuit will work properly even under the worst of conditions.

3.4.1 Overview
The topics that we discuss in Sections 3.5-3.7 include the following:

Logic voltage level€CMOS devices operating under normal conditions are
guaranteed to produce output voltage levels within well-defigad and

HIGH ranges. And they recogniz®W andHIGH input voltage levels over
somewhat wider ranges. CMOS manufacturers specify these ranges and
operating conditions verycarefully to ensure comghility among
different devices in the same family, and to provide a degree of
interoperability (if you're careful) among devices in different families.

DC noise marginsNonnegative DC noise margins ensure that the highest
LOW voltage produced by an output is always lower than the highest volt-
age that an input can reliably interpretL@sv, and that the lowe$tIGH
voltage produced by an output is always higher than the lowest voltage that
an input can reliably interpret &GH. A good understanding of noise
margins is especially important in circuits that use devices from a number
of different fanilies.

Fanout This refers to the number and type opis that are connected to

a given output. If too many inputs are connected to an output, the DC noise
margins of the circuit may be inadequate. Fanout may also affect the speed
at which the output changes from one state to another.

SpeedThe time that it takes a CMOS output to change fromh@Ww state

to theHIGH state, or vice versa, depends on both the internal structure of
the device and the characteristics of the other devices that it drives, even to
the extent of being affected by the wire or printed-circuit-board traces con-
nected to the output. We'll look at two separate components of “speed”—
transition time and propagation delay.

Power consumptiariThe power consumed by a CMOS device depends on

a number of factors, including not only its internal structure, but also the

input signals that it receives, the other devices that it drives, and how often
its output changes betwee®W andHIGH.
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* Noise.The main reason for providing engineering design margins is to
ensure proper circuit operation in the presence of noise. Noise can be gen-
erated by a number of sources; several of them are listed below, from the
least likely to the (perhaps surprisingly) most likely:

Cosmic rays.

Magnetic fields from nearby machinery.
Power-supply disturbances.

The switching action of the logic circuits themselves.

e Electrostatic dischrge. Would you believe that you can destroy a CMOS
device just by touching it?

* Open-drain outputsSome CMOS outputs omit the uspathannel pull-
up transistors. In thiglGH state, such outputse effetively a “no-connec-
tion,” which is useful in some applications.

e Three-state outputSome CMOS devices have an extra “output enable”
control input that can be used to disable botipthbannel pull-up transis-
tors and then-channel pull-down transistors. Many such device outputs
can be tied together toaate a muisource bus, as long as the control logic
is arranged so that at most one output is enabled at a time.

3.4.2 Data Sheets and Specifications

The manufacturers of real-world devices proviti¢a sheetghat specify the data sheet
devices’ logical and electrical characteristics. The electrical specifications por-

tion of a minimal data sheet for a simple CMOS device, the 54/74HC00
guadrupleNAND gate, is shown in Table 3-3. Different manufactutgpically

specify additional parameters, and they may vary in how they specify even the
“standard” parameters shown in the table. Thus, they usually also show the test
circuits and waveforms that they use to define various parameters, for example

as shown in Figure 3-24. Note that this figure contains information for some
parameters in addition to those used with the 54/74HCO00.

Most of the terms in the data sheet and the waveforms in the figure are
probably meaningless to you at this point. However, after reading the next three
sections you should know enough about the electricaiacheristics of CMOS
circuits that you'll be able to understand the salient points of this or any other
data sheet. As a logic designer, you'll need this knowledge to create reliable and
robust real-world circuits and systems.

93

DON'T BE AFRAID Computer science students and other non-EE readers should not have undue
the material in the next three sections. Only a basic understanding of electroni

about the level of Ohm’s law, is required.

fear of
cs, at
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94 Chapter 3 Digital Circuits

| Table 3-3 Manufacturer's data sheet for a typical CMOS device,
the 54/74HCO00 quad NAND gate.

DC ELECTRICAL CHARACTERISTICS OVER OPERATING RANGE
The following conditions apply unless otherwise specified:
CommercialT, = —40°C to +85C, Ve = 5.0V£5%; Military: Ty = -55°C to +125C, V¢ = 5.0V£10%

Sym. Parameter Test Conditions @ Min. | Typ.@ | Max. Unit
Vig | InputHIGH level Guaranteed logitlIGH level 3.15 — — Y
VL | InputLOW level Guaranteed logicOW level — — 1.35 Y
T InputHIGH current | Vo = Max.,V, = Ve — — 1 UA
I InputLOW current | Vec=Max.,V, =0V — — -1 UA
Vi | Clamp diode voltag Vec= Min., Iy =-18 mA — -0.7 -1.2 Y
lios | Short-circuit curren Ve = Max. ) Vo= GND — — -35 mA
Vou | OutputHIGH voltagg Ycc = Min-, lon = ~20pA 44 | 4499 — v

Vin = Vi loy =—4 mA 384 | 43 — v

VoL | OutputLow voltagg ¥cc=Min. lo = 2004 _ oL | ol v

Vin = Vin loL =4 MA 0.17 | 0.33
lcc | Quiescent power | Vo= Max. — 2 10 HA

supply current Vin = GND orVeg, Io=0
SWITCHING CHARACTERISTICS OVER OPERATING RANGE, G 50 pF

Sym. Parameter 4 Test Conditions Min. Typ. Max. Unit
tpp | Propagation delay | AorBtoY — 9 19 ns
C Input capacitance | V=0V — 3 10 pF
Cpa | Power dissipation capacitance per gat§ No load — 22 — pF

NOTES:

1. For conditions shown as Max. or Min., use appropriate value specified under Electrical Characteristics.

2. Typical values are atdé = 5.0 V, +25°C ambient.

3. Not more than one output should be shorted at a time. Duration of short-circuit test should not exceed one second.
4. This parameter is guaranteed but not tested.

WHAT'S IN A Two different prefixes, “74” and “54,” are used in the part numbers of CMOS and
NUMBER? TTL devices. These prefixes simply distinguish between commercial and military
versions. A 74HCO0O0 is the commercial part and the 54HCO0O is the military version.
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TEST CIRCUIT FOR ALL OUTPUTS LOADING
Vee Parameter R. C. S1 S2
tozh 50 pF [ Open | Closed
T ten 1 KW or
thzL 150 pF | Closed | Open
Vin Device t Open | Closed
GEF;]LgrS:mr Under tais PRz 1 KW P

Test toLz Closed | Open

50 pF
R tod — or Open Open

T 150 pF

DEFINITIONS:

SETUP, HOLD, AND RELEASE TIMES

C| = Load capacitance, includes jig and probe capacitance.
Ry = Termination resistance, should equal Z 7 of the Pulse Generator.

Output “
Transition 50% Normally LOW

10%

— Voo —~— Vg
—| ooy |=— — | tpu |[=— —| tozy |=— —e| topz |=—
Opposite-Phase — Vec Output Vou
) —_— —_— 0,
Input Transition 50% Normally HIGH 50% 90%
0.0V — 0.0V

Figure 3-24 Test circuits and waveforms for HC-series logic.

|
Data Z oo
Input ooV
— gy —| W |— PULSE WIDTH
Clock - \5/803 .
Input —0 0:, LOW-HIGH-LOW oH
— Rem |=~— ’ Pulse — 50%
Y] VoL
Asyncronous Control - 58; -—ty ——— v
0 —
Input (PR, CLR, etc.) ooV HIGH-LOW-HIGH 58;
Pulse 0
! ! V, VOL
Syncronous Control - Cé:
Input (CLKEN, etc.) - 300/2/
—tgy —| ty |=—
PROPAGATION DELAY THREE-STATE ENABLE AND DISABLE TIMES
Enable Disable
Vee — Vee
Same-Phase o Control o
Input Transition - (5)00%\’/ Input (SJOOA\J/
—| oy |[=— —| tpu |[=— v v
OH Output - cC

3.5 CMOS Steady-State Electrical Behavior

This section discusses the steady-state behavior of CMOS circuits, that is, the
circuits’ behavior when inputs and outputs are not changing. The next section
discusses dynamic behavior, including speed and power dissipation.

3.5.1 Logic L evels and Noise Margins

The table in Figure 3-10(b) on page 84 defined the CMOS inverter's behavior
only at two discrete input voltages; other input voltages may yielerdift out-

put voltages. The complete input-output transfer characteristic can be described
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Figure 3-25 Vour |
Typical mput-outpgt_ 50 — e
transfer characteristic
of a CMOS inverter. HIGH
3.5
undefined
1.5 -
LOW
0 ViN

LOW undefined HIGH

by a graph such as Figure 3-25. In this graph, the input voltage is varied from 0
to 5V, 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 CMO®%/
input level as any voltage under 2.4 V, andl@H 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 variesagly 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 manufactiiscovered 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 forLOW andHIGH. The conseniive specs for aypical 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:

Voumin The minimum output voltage in thiGH state.
Viumin  The minimum input voltage guaranteed to be recognized&SH
ViLmax The maximum input voltage guaranteed tadmgnized as BOW.
VoLmax The maximum output voltage in th©W 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.
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VCC VOHmin
HIGH A — High—sltate . —
0.7Vec Viimin DC noise margin Figure 3-26
ABNORMAL Logic levels and
0.3Vec Vi max noise margins
LOW - Low-state for the HC-series
0 VoLmax  DC hoise margin CMOS logic family.

All of the parameters in Figure 3-26 are guaranteed by CMOSfactow
ers over a range of temperature and output loading. Parameters are also
guaranteed over a range of power-supply voltgge typically 5.0 V+10%.

The data sheet in Table 3-3 on page 94 specifies values for each of these
parameters for HC-series CMOS. Notice that there are two values specified for
Voumin @Nd Vo max depending on whether the output currdgiy(or 1)) is
large or small. When the device outpat® ©nnected only to other CMOS
inputs, the output current is low (elgy < 20pA), so there’s very little voltage
drop across the output transistors. In the next few subsections, we'll focus on
these “pure” CMOS applications.

The power-supply voltag¥-c and groundare often called th@ower- power-supply rails
supply rails CMOS levels are typically a function of the pawsupply rails:

VoHmin Vec— 0.1V
Viimin 70% 0ofVce
VILmax 30% OfVCC
VoLmax ground + 0.1V

Notice in Table 3-3 tha¥onmin iS Specified as 4.4 V. This is only a 0.1-V drop
from V¢, since the worst-case number is specified wil ¥t its minimum
value of 5.6:10% = 4.5 V.

DC noise margiris a measure of how much noise it takes to corrupD@ noise margin
worst-case opiut voltage into a value that may not be recognized properly by an
input. For HC-series CMOS in th®W state V| max (1-35 V) exceed¥o max
(0.1V) by 1.25 V so theOw-state DC noise margin is 1.25 V. Likewise, there is
DC noise margin of 1.25 V in thelGH state. In general, CMOS outputs have
excellent DC noise margins when driving other CMOS inputs.

Regardless of the voltage applied to the input of a CMOS inverter, the input
consumes very little current, only the leakagerent of the two transistors’
gates. The maximum amount of current that can flow is also specified by the
device manufacturer:

Iy The maximum current that flows into the input in H@Ww state.

l,L The maximum current that flows into the input in HHEH state.
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Ve =+5.0V Ve =+5.0V Thevenin equivalent
(a) (b) of resistive load
CMOS CMOS
inverter inverter
Ry / § 1 kQ Ry /
v v Rrhey = 667Q
o ouT _ VYout
vy O o Vv O o NV
+
R, § 2kQ R,
7 Vipey= 3.33 V <>
resistive ev
load -

resistive load
DC load

Figure 3-27 Resistive model of a CMOS inverter with a resistive load:
(a) showing actual load circuit; (b) using Thévenin equivalent
of load.

The input curent shown in Table 3-3 for the '"HCOO is only #A. Thus, it takes
very little power to maintain a CMOS input in one state or the other. This is in
sharp contrast to bipolar logic circuits like TTL and ECL, whose inputs may
consume significant current (and power) in one or both states.

3.5.2 Circuit Behavior with Resistive Loads

As mentioned previously, CMOS gate inputs have very high impedance and
consume very little current from the circuits that drive them. There are other
devices, however, which require nontrivial amounts of current to operate. When
such a device is connected to a CMOS output, we calkgiative loacbr aDC

load. Here are some examples of resistive loads:

Discrete resistors may be included to provide transmission-line termina-
tion, discussed in Section 12.4.

Discrete resistors may not really be present in the circuit, but the load pre-
sented by one or more TTL or other non-CMOS inputs may be modeled by
a simple resistor network.

The resistors may be part of or may model a current-consuming device
such as a light-emitting diode (LED) or a relay coil.

When the output of a CMOS circuit is connected to a resistive load, the
output behavior is not nearly as ideal as we described previously. In either logic
state, the CMOS output transistor that is “on” has a&zemnrsistance, and a
load connected to the output terminal will cause a voltage drop across this resis-
tance. Thus, in theOW state, the output voltage may be somewhat higher than
0.1V, and in thedIGH state it may be lower than 4.4 V. The easiest way to see
how this happens is look at a resistive model of the CMOS circuit and load.
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Ve =+5.0V Thevenin equivalent
of resistive load
CMOS
inverter
>1 MQ /
Ry, = 667Q
Vout = 043V They = 00
Viy=+5.0V O— u i
(HIGH) (Low) . Figure 3-28
100 Q Resistive model for
VThey= 333V CMOS LOW output
- with resistive load.

Figure 3-27(a) shows the resistive model. Thehannel anch-channel
transistors have resistancRs andR;,, respectively. In normal operation, one

resistance is highe(1 M

Q) and the other is low (perhaps 1Q), depending on

whether the input voltage IGH or LOW. The load in this circuit consists of
two resistors attached to the supply rails; a real circuit may have any resistor val-

ues, or an even more

complex resistive network. In any case, a resistive load,

consisting only of resistors and voltage sources, can always be modeled by a
Thévenin equivalent network, such as the one shown in Figure 3-27(b).

When the CMOS
actual output voltage

inverter has#GH input, the output should he&Ww; the
can be predicted using the resistive model shown in

Figure 3-28. Thep-channel transistor is “off” and has a very high resistance,

high enough to be neg

REMEMBERING
THEVENIN

ligible in the calculations that follow. fFhbannel tran-

Any two-terminal circuit consisting of only voltage sources and resistors car
modeled by &hévenin equivalemonsisting of a single voltage source in series wi
a single resistor. ThEhévenin voltagés the open-circuit voltage of the original cir+
cuit, and thérhévenin resistands the Thévenin voltage divided by the short-circu
current of the original circuit.

In the example of Figure 3-27, the Thévenin voltage of the resistive Ig
including its connection t¥cc, is established by the Jkand 2-K) resistors, which
form a voltage divider:

2 kQ

VThev = m [(b.OV =333V

The short-circuit current is (5.0 V)/(X} =5 mA, so the Thévenin resistance
is (3.33 V)/(5 mA)=667Q. Experienced readers may recognize this as the parg
resistance of the 1¢kand 2Q resistors.

be
th

it

ad,

D

el
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Figure 3-29
Resistive model for
CMOS HIGH output
with resistive load.

sistor is “on” and has a low resistance, which we assume to . {0Be actual

“on” resistance depends on the CMOS family and other characteristics such as
operating temperature and whether or not the device wasfattumed on a

good day.) The “on” transistor and the Thévenin-equivalent redigQy in

Figure 3-28 form a simple voltage divider. The resulting output voltage can be
calculated as follows:

3.33 V] 100/ ( 100+ 66Y]
0.43 V

VOUT

Similarly, when the inverter hasL®W input, the output should B&iGH,
and the actual output voltage can be predicted with the model in Figure 3-29.
We'll assume that th@-channel transistor’'s “on” resistance is 2Q0 Once
again, the “on” transistor and the Thévenin-equivalent resiigyin the figure
form a simple voltage divider, and the resulting output voltage can be calculated
as follows:

Vour = 3.33 V+ (5 V— 3.33 \J [[667/ 200+ 667]
= 461V

In practice, it's seldom necessary to calculate output voltages as in the pre-
ceding examples. In fact, IC manufacturers usually don't specify the equivalent
resistances of the “on” transistors, so you wouldn’t have the necessary informa-
tion to make the calculation anyway. Instead, IC manufacturers specify a
maximum load for the output in each statd@H or LOW), and guarantee a
worst-case opiut voltage for that load. The load is specified in terms of current:

loLmax The maximum current that the output can sink inli@g/ state while
still maintaining an output voltage no greater tNgay

lonmax The maximum current that the output can source intGel state while
still maintaining an output voltage no less théymin-

Ve =+5.0V Thevenin equivalent
of resistive load
CMOS
inverter
200 Q /
R =667Q
Vour =461V Thev
V|N =+0.0V O— 1
(HIGH)

(LOW) .

>1 MQ
Viney= 333V <>

-
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inverter
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>1MQ /
V,
V|N o— o OLmax
R, loLmax
"sinking |
current"” %

CMOS Steady-State Electrical Behavior
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current"”

Figure 3-30 Circuit definitions of (a) o max (0) loHmax
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Vee

CMOS |
inverter

RP / resistive

load
. VOHmin
R, | OHmax
>1 MQ

These definitions are illustrated in Figure 3-30. A device output is saithko sinking current
current when current flows from the power supply, through the load, and

through the device output to ground as in (a). The output is ssdditoe current sourcing current
when current flows from the power supply, out of the device output, and through

the load to ground as in (b).

Most CMOS devices have two sets of loading specifications. One set is for
“CMOS loads,” where the device output is connected to other CMOS inputs,
which consume very little current. The other set is for “TTL loads,” where the
output is connected to resistive loads such as TTL inputs or other devices that
consume significant current. For example, the specifications for HC-series
CMOS outputs were shown in Table 3-3 and are repeated in Table 3-4.

Notice in the table that the output current in th€H state is shown as a
negative number. By convention, therrent flowmeasured at a device terminaturrent flow
is positive if positive crent flowsinto the device; in théllGH state, current

flows out of the output terminal.

| Table 3-4 Outputloading specifications for HC-series CMOS with a

5-volt supply.
CMOS load TTL load
Parameter Name Value Name Value
Maximum LOW-state output current (MA) lo| maxc 0.02 lOLmaxT 4.0
Maximum LOW-state output voltage (V) Vo maxc 0.1 VoL maxT 0.33
MaximumHIGH-state output current (MA) logmaxc ~ —0.02 loHmaxTt —4.0
Minimum HIGH-state output voltage (V) VoHminc 4.4 VoHminT 3.84
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As the table shows, with CMOS loads, the CMOS gate’s output voltage is
maintained within 0.1 V of the power-supply rail. With TTL loads, the output
voltage may degrade quite a bit. Also notice that for the same output current
(x4 mA) the maximum voltage drop with respect to the power-supply rail
is twice as much in thEIGH state (0.66 V) as in theOW state (0.33 V). This
suggests that thg-channel transistors in HC-series CMOS have a higher “on”
resistance than thechannel transistors do. This is natural, since in any CMOS
circuit, ap-channel transistor has over twice the “on” resistance of@rannel
transistor with the same area. Equal voltage drops in both states could be
obtained by making thp-channel transistors much larger than thehannel
transistors, but for various reasons this was not done.

Ohm'’s law can be used to determine how much current an output sources
or sinks in a given situation. In Figure 3-28 on page 99, the fieatiannel tran-
sistor modeled by a 10Q-resistor has a 0.43-V drop across it; therefore it sinks
(0.43 V)/(100Q) = 4.3 mA of current. Similarly, the “ond-channel transistor in
Figure 3-29 sources (0.39 V)/(200 = 1.95 mA.

The actual “on” resistances of CMOS output transistors usamtytpub-
lished, so it's not always possible to use the exact models of the previous
paragraphs. However, you can estimate “on” resistances using the following
equations, which rely on specifications that are always published:

— VDD _VOHminT
Room = = — 1
| OHmaxT|
R — VOLmaxT
n(on) — |
OLmaxT

These equations use Ohm’s law to compute the “on” resistance as the voltage
drop across the “on” transistor divided by the current through it with a worst-
case resistive load. Using the numbers given for HC-series CMOS in Table 3-4,
we can calculat®, o) = 175Q andR, ) = 82.5Q.

Very goodworst-caseestimates of output current can be made by assuming
that there i0 voltage dropacross the “on” transistor. This assumption simpli-
fies the analysis, and yields a conservative result that is almost always good
enough for practical purposes. For example, Figure 3-31 shows a CMOS
inverter driving the same Thévenin-equivalent load that we've used in previous
examples. The resistive model of the output structure is not shown, because it is
no longer needed; we assume that there is no voltage drop across the “on”
CMOS transistor. In (a), with the outpu®w, the entire 3.33-V Thévenin-
equivalent voltage source appears acRygs,, and the estimated sink current is
(3.33 V)/(667Q) = 5.0 mA. In (b), with the outpIGH and assuming a 5.0-V
supply, the voltage drogcrossRr,e,is 1.67 V, and the estimated source current
is (1.67 V)/(667Q) = 2.5 mA.
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(@ CMOS Thevenin equivalent (b) CMOS Thevenin equivalent
= of resistive load = of resistive load
Vee :5'0 V' inverter ’/ Vee __+5'0 V' inverter ’/
LS e
Rrpey= 667Q Rrpey= 667Q
I Vour=0V Thev Vour=5.0V Thev
Vi =HIGH ANV Vjy =LOW AN

1 1
' (1T =5.0mA N+ L loutl=25mA \ +
1 1
! Vihey=3.33V ! Vihey=3.33V
: - : -
1 1
1 1
1 1

v v

Figure 3-31 Estimating sink and source current: (a) output LOW; (b) output HIGH.

An important feature of the CMOS inverter (or any CMOS circuit) is that
the output structure by itself consumes very little current in either sii&H#, or
LOW. In either state, one of the transistors is in the high-impedance “off” state.
All of the curent flow that we've been talking about occurs when a resistive load
is connected to the CMOS output. If there’s no load, then there'srremtlow,
and the power consumption is zero. With a load, however, current flows through
both the load and the “on” transistor, and power is consumed in both.

THE TRUTH As we've stated elsewhere, an “off” transistor’s resistance is over one megohnj
ABOUT POWER it’s not infinite. Therefore, a very tiny leakage current actually does flow in “o
CONSUMPTION transistors and the CMOS output structure does have a correspondingly tiny but

zero power consumption. In most applications, this power consumption is
enough to ignore. Itis usually significant only in “standby mode” in battery-powe
devices, such as the laptop computer on which this chapter was first prepared.

, but
ff”
non-
tiny
red

3.5.3 Circuit Behavior with Nonideal Inputs

So far, we have assumed that HE&H andLOW inputs to a CMOS circuit are
ideal voltages, very close to the pawsupply rails. However, the behavior of a
real CMOS inverter circuit depends on the input voltage as well as on the char-
acteristics of the load.

If the input voltage is not close to the power-supply rail, then the “on” tran-
sistor may not be fully “on” and its resistance mayr@ase. Likewise, the “off”
transistor may not be fully “off’ and its resistance may be quite a bit less than
one megohm. These tvedfects combine to move theitput voltage away from
the power-supply rail.

Copyright © 1999 by John F. Wakerly Copying Prohibited



104 Chapter 3 Digital Circuits

VCC =+5.0V VCC =+5.0V
(a) | (b) |
wasted wasted
400Q 4 kQ
VIN =15Vv 0O— VOUT =431V VIN =35Vv0O— VOUT =0.24V
251KQ 200Q

Figure 3-32 CMOS inverter with nonideal input voltages: (a) equivalent
circuit with 1.5-V input; (b) equivalent circuit with 3.5-V input.

For example, Figure 3-32(a) shows a CMOS inverter’s possible behavior
with a 1.5-V input. Thep-channel transistor’s resistance has doubled at this
point, and that the-channel transistor is beginning to turn on. (These values are
simply assumed for the purposes of illustration; the actual values depend on the
detailed characteristics of the transistors.)

In the figure, the output at 4.31 V is still well within the valid range for a
HIGH signal, but not quite the ideal of 5.0 V. Similarly, with a 3.5-V input in (b),
the LOW output is 0.24 V, not 0 V. The slight degradation of output voltage is
generally tolerable; what's worse is that the output structure is now consuming a
nontrivial amount of power. The current flow with the 1.5-V input is

I = 5.0 V/400Q +2.5 kQ = 1.72 mA

wasted ~

and the power consumption is
P = 5.0 VO, a5teq = 8.62 MW

wasted ~

The output voltage of a CMOS inverter deteriorates further with a resistive
load. Such a load may exist for any of a varietyeasons discussed previously.
Figure 3-33 shows a CMOS inverter's possible behavior with a resistive load.
With a 1.5-V input, the output at 3.98 V is still within the valid range farGH
signal, but it ifar from the ideal of 5.0 V. Similarly, with a 3.54ikput as shown
in Figure 3-34, th& OW output is 0.93 V, not 0 V.

In “pure” CMOS systems, all of the logic devices in a circuit are CMOS.
Since CMOS inputs have a very high impedance, they present very little resistive
load to the CMOS outputs that drive them. Therefore, the CMOS output levels
all remain very close to the power-supply rails (0 V and 5 V), and none of the
devices waste power in their output structures. On the other hand, if TTL outputs
or other nonideal logic signals are connected to CMOS inputs, then the CMOS
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Ve =+5.0V Thevenin equivalent
of resistive load

CMOS
inverter
400 Q /

Vour=398Y  They= 6670
Vjy = +1.5V O— O o
(Low) 25K0 y Figure 3-33
Vihey= 333V <> CMOS inverter with
- load and nonideal
1.5-V input.
<

outputs use power in the way depicted in this subsection; this is formalized in the
box at the top of page 135. In addition, if TTL inputs or other tigsitoads are
connected to CMOS outputs, then the CMOS outputs use power in the way
depicted in the preceding subsection.

3.5.4 Fanout

Thefanoutof a logic gate is the number of inputs that the gate can drive withaabut
exceeding its worst-case loading specifications. The fanout depends not only on
the characteristics of the output, but also on the inputs that it is driving. Fanout
must be examined for both possible output st&teaiH andLOW.

For example, we showed in Table 3-4 on page 101 that the maximum
LOW-state output currenty maxc for an HC-series CMOS gate driving CMOS
inputs is 0.02 mA (2QA). We also stated previously that the maximum input
currentl;y,ax for an HC-series CMOS input in any statelsuA. Therefore, the
Low-state fanoutfor an HC-series output driving HC-series inputs is 200w-state fanout
Table 3-4 also showed that the maximHi®GH-state output currenfymaxciS

Ve =+5.0V Thevenin equivalent

of resistive load Figure 3-34
CMOS CMOS invert(_ar with
inverter load and nonideal
4KQ S/ 3.5-V input.
Vour = 083V Rrpey= 667Q
Vjy = +3.5V O— O —
(HIGH) (LOW) .

2000
Vipey= 333V ()

4
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HIGH-state fanout

overall fanout

DC fanout

AC fanout

Digital Circuits

—0.02 mA (20 uA) Therefore, theHIGH-state fanoufor an HC-series output
driving HC-series inputs is also 20.

Note that thedIGH-state and. OW-state fanouts of a gate are not necessar-
ily equal. In gemral, theoverall fanoutof a gate is the minimum of it$IGH-
state and.OW-state fanouts, 20 in the foregoing example.

In the fanout example that we just completed, we assumed that we needed
to maintain the gate’s output at CMOS levels, that is, within 0.1 V of the power-
supply rails. If we were willing to live with somewhat degraded, TTL output
levels, then we could u$g ynaxtandloumaxtin the fanout calculation. Accord-
ing to Table 3-4, these specifications are 4.0 mA ah® mA, respectively.
Therefore, the fanout of an HC-series output driving HC-series inputs at TTL
levels is 4000, virtually unlimited, apparently.

Well, not quite. The calculations that we've jestrriedout give theDC
fanout,defined as the number of inputs that an output can diitethe output
in a constant statéHIGH or LOW). Even if the DC fanout specification is met, a
CMOS output driving a large number of inputs may not behave satisfactorily on
transitions LOW-to-HIGH or vice versa.

During transitions, the CMOS output must charge or discharge the stray
capacitance associated with the inputs that it drives. If this capacitance is too
large, the transition fromaOW to HIGH (or vice versa) may be too slow, causing
improper system operation.

The ability of an output to charge and discharge stray capacitance is some-
times calledAC fanoutthough it is seldom calculated as precisely as DC fanout.
As you'll see in Section 3.6.1, it's more a matter of deciding how much speed
degradation you're willing to live with.

3.5.5 Effects of Loa ding
Loading an output beyond its rated fanout has several effects:
* In theLOW state, the output voltag¥{, ) may increase beyordh, yax
* In theHIGH state, the output voltag¥{,;) may fall belowVgymin
* Propagation delay to the output may increase beyond specifications.
e Output rise and fall times maydrease bgond their specifications.
» The operating tengrature of the device may increase, thereby reducing
the reliability of the device and eventually causing device failure.

The first four effects reduce the DC noise margins and timing margins of the cir-
cuit. Thus, a slightly overloaded circuit may work properly in ideal conditions,
but experience says that it will fail once it's out of the friendly environment of
the engineering lab.
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(b) () X

1kQ

logic 1 k logic O

1k Q
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nputs: (a) tied to another input; (b) NAND pulled up;

(c) NOR pulled down.

3.5.6 Unused Inputs
Sometimes not all of th

e inputs of a logic gate are useddal @esign mblem,

you may need an-input gate but have only ar+1-input gate available. Tying
together two inputs of thet+1-input gategives it the fundbnality of ann-input

gate. You can convinc

e yourself of this fact intuitively now, or use switching

algebra to prove it after you've studied Section 4.1. Figure 3-35(a) shows a
NAND gate with its inputs tied together.

You can also tie unused inputs to a constant logic value. An uAtkzdr
NAND input should be tied to logic 1, as in (b), and an unagedr NOR input
should be tied to logic 0, as in (c). In high-speed circuit design, it's usually better
to use method (b) or (c) rather than (a), which increases the capacitive load on
the driving signal and may slow things down. In (b) and (c), a resistor value in
the range 1-10Q is typically used, and a single pull-up or pull-down resistor

can serve multiple unu

sed inputs. It is also possible to tie unused inputs directly

to the appropriate power4gply rail.
Unused CMOS inputs should never be left unconnecteflo@ting. On floating input

one hand, such an inp
will normally show a v
meter. So you might th
because it will act as if

SUBTLE BUGS

ut will behave as if it ha®®w signal applied to it and
alue of 0 V when probed with an oscilloscope or volt-
ink that an unuga®l or NOR input can be left floating,
alogic 0 is applied and not affect the gate’s output. How-

Floating CMOS inputs are often the cause of mysterious circuit behavior, a
unused input erratically changes its effective state based on noise and cond
elsewhere in the circuit. When you’re trying to debug such a problem, the €
capacitance of an oscilloscope probe touched to the floating input is often enou
damp out the noise and make the problem go away. This can be especially ba
if you don’t realize that the input is floating!

S an
itions
xtra

gh to
ffling
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current spikes

decoupling capacitors

filtering capacitors

electrostatic discharge
(ESD)

latch-up

ever, since CMOS inputs have such high impedance, it takes only a small
amount of circuit noise to temporarily make a floating input letkH, creating
some very nasty intermittent circuit failures.

3.5.7 Current Spikes and Decoupling Capacitors

When a CMOS output switches betwdedw andHIGH, current flows from

Ve to ground through the partially-gn andn-channel transistors. These cur-
rents, often calledurrent spikebecause of their brief duration, may show up as
noise on the power-supply and ground connections in a CMOS circuit, especial-
ly when multiple outputs are switched simultaneously.

For this reason, systems that use CMOS circuits regléupling
capacitors betweenVc and ground. These capacitors must be distributed
throughout the circuit, at least one within an inch or so of each chip, to supply
current during transitions. The larfjikering capacitorstypically found in the
power supply itself don't satisfy this requirement, because stray wiring induc-
tance prevents them from supplying the current fast enough, hence the need for a
physically distributegystem of decoupling capacitors.

3.5.8 How to Destroy a CMOS Device

Hit it with a sledge hammer. Or simply walk across a carpet and then touch an
input pin with your finger. Because CMOS device inputs have such high imped-
ance, they are subject to damage fmlgctrostatic discharge (ESD)

ESD occurs when a buildup of charge on one surface arcs through a
dielectric to another surfaseith the opposite charge. In the case of a CMOS
input, the dielectric is the insulation between an input transistor’'s gate and its
source and drain. ESD may damage this insulation, causing a short-circuit
between the device’s input and output.

The input structures of modern CMOS devices use various measures to
reduce their susceptibility to ESD damage, but no device is completely immune.
Therefore, to protect CMOS devices from ESD damage during shipment and
handling, manufacters normfly package their devices in conductive bags,
tubes, or foam. To prevent ESD damage when handling loose CMOS devices,
circuit assemblers and technicians usually wear conductive wrist straps that are
connected by a coil cord to earth ground; this prevents a static charge from build-
ing up on their bodies as they move around the factory or lab.

Once a CMOS device is installed in a system, another possible source of
damage isatch-up The physical input structure of just about any CMOS device
contains parasitic bipolar transistors betw&g and ground configured as a
silicon-controlled rectifier (SCR).” In normal operation, thisafasitic SCR”
has no effect on device operation. However, an input voltage that is less than
ground or more thaW¢ can “trigger” the SCR, creating a virtual short-circuit
betweernVc and ground. Once the SCR is triggered,ahly way to turn it off
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|
ELIMINATE RUDE, Some design engineers consider themselves above such inconveniences, but to be
SHOCKING safe you should follow several ESD precautions in the lab:

BEHAVIOR! . Before handling a CMOS device, touch the grounded metal case of a plugged-
in instrument or another source of earth ground.

» Before transporting a CMOS device, insert it in conductive foam.

* When carrying a circuit board containing CMOS devices, handle the board by
the edges, and touch a ground terminal on the board to earth ground before pok-
ing around with it.

* When handing over a CMOS device to a partner, especially on a dry winter|day,
touch the partner first. He or she will thank you for it.

is to turn off the power supply. Before you have a chance to do this, enough
power may be dissipated to destroy the device (i.e., you may see smoke).

One possible trigger for latch-up is “undershoot” on high-spt#€eh-to-

LOW signal transitions, discussed in Section 12.4. In this situation, the input sig-
nal may go several volts below ground for several nanoseconds before settling
into the normalLOW range. However, modern CMOS logic circuits are fabricat-
ed with special structures that prevent latch-up in this transient case.

Latch-up can also occur when CMOS inputs are driven by the outputs of
another system or subsystem with a separate power supplMIEHainput is
applied to a CMOS gate before power is present, the gate may come up in the
“latched-up” state when power is applied. Again, modern CMOS logic circuits
are fabricated with special structures that prevent this in most cases. However, if
the driving output is capable of sourcing lots of current (e.g., tens of mA), latch-
up is still possible. One solution to this problem is to apply power before hook-
ing up input cables.

3.6 CMOS Dynamic Electrical Behavior

Both the speed and the power consumption of a CMOS device depend to a large
extent on AC or dynamic characteristics of the device and its load, that is, what
happens when the output changes between states. As part of the internal design
of CMOS ASICs, logic designers mustrefully examine the effects of output
loading and redesign where the load is too high. Even in board-level design, the
effects of loading must be considered for clocks, buses, and other signals that
have high fanout or long interconnections.

Speed depends on two characteristics, transition time and propagation
delay, discussed in the next two subsections. Power dissipation is discussed in
the third subsection.
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Figure 3-36
Transition times:

(a) ideal case of
zero-time switching;
(b) a more realistic
approximation;

(c) actual timing,
showing rise and fall
times.
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3.6.1 Transition Time

The amount of time that the output of a logic circuit takes to change from one
state to another is called tlransition time Figure 3-36a) shows how we ight

like outputs to change state—in zero time. However, real outputs cannot change
instantaneously, because they need time to charge the stray capacitance of the
wires and other components that they drive. A more realistic view of a circuit’s
output is shown in (b). An output takes a certain time, calledsbgime(t,), to

change fromL.OW to HIGH, and a possibly &ferent time, called th&all time (§),

to change fronHIGH to LOW.

Even Figure 3-36(b) is not quite accurate, because the rate of change of the
output voltage does not change instantaneously, either. Instead, the beginning
and the end of a transition are smooth, as shown in (c). To avoid difficulties
in defining the endpoints, rise and fall times are normally measured at the
boundaries of the valid logic levels as indicated in the figure.

With the convention in (c), the rise and fall times indicate how long an
output voltage takes to pass through the “undefined” region betw@anand
HIGH. The initial part of a transition is not included in the rise- or fall-time
number. Instead, the initial part of a transition contributes to the “propagation
delay” number discussed in the next subsection.

The rise and fall times of a CMOS output depend mainly onfagiors,
the “on” transistor resistance and the load capacitance. A large capacitance
increases transition times; since this is undesirable, it is very rare for a logic
designer to purposely connect a capacitor to a logic circuit’s output. However,
stray capacitancé present in every circuit; it comes from at least three sources:

1. Output circuits, including a gate’s output transistors, internal wiring, and
packaging, have some capacitance associated with them, on the order of
2-10 picofarads (pF) in typical logic families, including CMOS.
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2. The wiring that connects an output to other inputs has capacitance, about
1 pF per inch or more, depending on the wiring technology.

3. Input circuits, including transistors, internal wiring, and packaging, have
capacitance, from 2 to 15 pF per input in typical logic families.

Stray capacitance is sometimes calle@pacitive loador anAC load capacitive load
A CMOS output’s rise and fall times can be analyzed using the equivatehtoad
circuit shown in Figure 3-37. As in the preceding sectionpthbannel anah-
channel transistors are modeled by resistaRgasdR,, respectively. In normal
operation, one resistance is high and the other is low, depending on the output’s
state. The output’s load is modeled by equivalent load circuitwith three equivalent load circuit
components:

R,V These two components represent the DC load and determine the voltag-
es and currents that are present when the output has settled into a stable
HIGH orLOW state. The DC load doesn't have too much effect on tran-
sition times when the output changes states.

C_ This capacitance represents the AC load and determines the voltages
and currents thatre present while theutput is changing, and how long
it takes to change from one state to the other

When a CMOS output drives only CMOS inputs, the DC load is negligible. To
simplify matters, we’ll analyze only this case, wigh = « andV_= 0, in the
remainder of this subsection. The presence of a nonnegligible DC load would
affect the results, but not dramatically (see Exercise 3.69).

We can now analyze the transition times of a CMOS output. For the pur-
poses of this analysis, we’ll assur@g= 100 pF, a moerate capacitive load.
Also, we’ll assume that the “on” resistances of fhehannel anch-channel
transistors are 20Q and 100Q, respectively, as in the prating subsection.

The rise and fall times depend on how long it takes to charge or discharge the
capacitive loacC, .

Ve =+5.0V Equivalent load for

Figure 3-37 transition-time analysis
Equivalent circuit for CMOS
. - inverter
analyzing transition R
times of a CMOS output. P e
Vourt R
v,y O o o
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Vee = +5.0V Vee = +5.0V
(@) (b)
200Q >1 MQ
AC load AC load
Vour =50V Vour
Viy B= Viy = T
loyr=0 |
> 1 MQ 100Q ouT
—— 100 pF —— 100 pF

Figure 3-38 Model of a CMOS HIGH-to-LOW transition: (a) in the HIGH state;

RC time constant

(b) after p-channel transistor turns off and n-channel transistor turns on.

First, we'll look at fall time. Figure 3-38(a) shows the electrical conditions
in the circuit when the output is in a steatlpH state. R andV, are not drawn;
they have no effect, since we assuRye= «.) For the purposes of our analysis,
we’ll assume that when CMOS transistors change between “on” and “off,” they
do so instantaneously. We'll assume that at tim® the CMOS output changes
to theLOW state, resulting in the situation depicted in (b).

Attimet =0, Vyyris still 5.0 V. (A useful electrical engineering maxim is
that the voltage across a capacitor cannot change instantaneously.) t&t time
the capacitor must be fully discharged arfgl,t will be 0 V. In between, the
value ofVo 7 is governed by an exponential law:

_ ~t/R,C
Vour = Vpp LB

5.0 [-t(1000100010"%)

5.0 [-t/(10010°)

The factorR,C; has units of seconds, and is calledRtime constant
The preceding calculation shows that R€ time constant foHIGH-to-LOW
transitions is 10 nanoseconds (ns).

Figure 3-39 plotd/g 1 as a function of time. To calculate fall time, recall
that 1.5V and 3.5V are the defined boundaries.fow andHIGH levels for
CMOS inputs being driven by the CMOS output. To obtain the fall time, we
must solve the preceding equation ¥y, = 3.5 andVg 1 = 1.5, yielding:

Vv oV
t = -RC_On—2T = _10010° On-2UT

Vop 5.0
t35 = 3.57 ns
t;5 = 12.04 ns
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Ro Ry

200Q >1MQ —

>1MQ 100Q

5V
35V
Vout
LoV Figure 3-39
oV Fall time for a HIGH-
(') ‘ time to-LOW transition of

a CMOS output.

The fall timet; is the difference between these two numbers, or about 8.5 ns.
Rise time can be calculated in a similar manner. Figurg(&4bows the

conditions in the circuit when the outputis in a stela@w state. If attimé =0

the CMOS output changes to tHeSH state, the situation depicted in (b) results.

Once againygt cannot change instantly, but at titmeco, the capacitor will be

fully charged and/ ;1 will be 5.0 V. Once again, the value\&f,1 in between

is governed by an exponential law:

Vour = Vpp {1-€"f%)
5.0 [ 1— e1(2000100010%)
5.0 1— et/(200107)) v/

Figure 3-40 Model of a CMOS LOW-to-HIGH transition: (a) in the LOW state;
(b) after n-channel transistor turns off and p-channel transistor

turns on.
Vec =+5.0V Vec =+5.0V
() (b)
> 1 MQ 200Q
AC load AC load

V, =0V V,

_ Vourt i ouT
Vi B ) - Vi B )

loyr=0 |

100Q >1MQ ouT
—— 100 pF —— 100 pF
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Ro Ry

200Q >1MQ

>1MQ 100Q —

Vout

5V
35V
15V Figure 3-41
Rise time for a LOW-
ov { - to-HIGH transition of
0 L_J time a CMOS output.

The RCtime constant in this case is 20 ns. Figure 3-41 Mgts as a function
of time. To obtain the rise time, we must solve the preceding equation for
Vout = 1.5 andVgyt = 3.5, yielding

V
_RC[n-22_-0out
DD

t

5 5.0-V
—2010° On2——-9ut
5.0

7.13 ns
24.08 ns

tis

t35

The rise timd, is the difference between these two numbers, or about 17 ns.

The foregoing example assumes thattolannel transistor has twice the
resistance of tha-channel one, and as a result the rise time is twice as long as
the fall time. It takes longer for the “wea*channel transistor to pull the output
up than it does for the “strongi-channel transistor to pull it down; the output’s
drive capability is “asymmetric.” High-speed CMOS devieegs sometimes
fabricated with largep-channel transistors to make the transition times more
nearly equal and output drive more symmetric.

Regardless of the transistors’ characteristics, an increase in the load capac-
itance cause an increase in BRE time constant, and a corresponding increase
in the transition times of the output. Thus, it is a goal of high-speed circuit
designers to minimize load capacitance, especially on the most timing-critical
signals. This can be done by minimizing the number of inputs driven by the
signal, by creating multiple copies of the signal, and bgfaaphysical layout
of the circuit.
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When working with real digital circuits, it's often useful to estimate transi-
tion times, without going through a detailed analysis. A useful rule of thumb is
that the transition time approximately equalsRt&time constant of the charg-
ing or discharging circuit. For example, estimates of 10 and 20 ns for fall and rise
time in the preceding example would have been pretty much on target, especially
considering that most assumptions about load capacitance and transistor “on”
resistances are approximate to begin with.

Manufacturers of commercial CMOS circuits typically do not specify tran-
sistor “on” resistances on their data sheets. If you search carefully, you might
find this information published in the mdaaturers’ application notes. In any
case, you can estimate an “on” resistance as the voltage drop across the “on”
transistor divided by the ctent through it with a worst-case resistive load, as we
showed in Section 3.5.2:

— VDD _VOHminT
Room = —p—
||OHmaxT|
V
Rn(on) — OLmaxT
||OLmaxT|
|

THERE'S A Calculated transition times are actually quite sensitive to the choice of logic leyels.
CATCH! In the examples in this subsection, if we used 2.0 V and 3.0 V instead of 1.5 V| and
3.5V as the thresholds faiOw andHIGH, we would calculate shorter transition
times. On the other hand, if we used 0.0 and 5.0 V, the calculated transition times

would be infinity! You should also be aware that in some logic families (most nota-

bly TTL), the thresholds are not symmetric around the voltage midpoint. Still, |t is

the author’'s experience that the “time-constant-equals-transition-time” rule of
thumb usually works for practical circuits.

3.6.2 Propagation Delay

Rise and fall times only partially describe the dynamic behavior of a logic

element; we need additional parameters to relate output timing to input timing.

A signal pathis the electrical path from a particular input signal to a particutégnal path

output signal of a logic element. Theopagation delay, of a signal path is the propagation delay
amount of time that it takes for a change in the input signal to produce a change

in the output signal.

A complex logic element with multiple inputs and outputs may specify a
different value ot, for each different signal path. Also, different values may be
specified for a particular signal path, depending on the direction of the output
change. Ignoring rise and fall times, Figure 3-42(a) shows tviereift propa-

Copyright © 1999 by John F. Wakerly Copying Prohibited



116 Chapter 3 Digital Circuits

@)
ViN
Vour
Figure 3-42 (b)
: Vin
Propagation delays
for a CMOS inverter:
(a) ignoring rise and v
fall times; (b) measured at out
midpoints of transitions. _» - - _»
LoHL Lo

gation delays for the input-to-output signal path of a CMOS inverter, depending
on the direction of the output change:

toHL ton The time between an input change and tireesponding output change
when the output is changing fromGH to LOW.
toLH toon The time between an input change and tireesponding output change

when the output is changing framw to HIGH.

Several factors lead to nonzero propagatelays. In a CMOS device, the
rate at which transistors change state is influenced both by the semiconductor
physics of the device and by the circuit environment, including input-signal tran-
sition rate, input capacitance, and output loading. Multistage devices such as
noninverting gates or more complex logic functions may require several internal
transistors to change state before the output can change state. And even when the
output begins to change state, with pexo rise and fall times it takgsite some
time to cross the region between states, as we showed in the preceding subsec-
tion. All of thesefactors are included in propagation delay.

To factor out the effect of rise and fall times, manufemsiusubly specify
propagation delays at the midpoints of input and output transitions, as shown in
Figure 3-42(b). However, sometimes the delays are specified at the logic-level
boundary points, especially if the device’s operation may be adversely affected
by slow rise and fall times. For example, Figure 3-43 shows how the minimum
input pulse width for aBR latch (discussed in Section 7.2.1) might be specified.

Figure 3-43 ngH

Worst-case timing SorR

specified using logic- Low / \
level boundary points. f ~— to(min) ——
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In addition, a manufacturer may specify absolute maximum input rise and
fall times that must be satisfied to agantee proper operation. High-speed
CMOS circuits may consume excessiverent or oscillate if their input transi-
tionsare too slow.

3.6.3 Power Consumption

The power consumption of a CMOS circuit whose output is not changing is

called static power dissipatioror quiescent power dissipatiorfThe words static power dissipation

consumptioranddissipationare used pretty much interchangeably when dis-

cussing how much power a device uses.) Most CMOS circuits have verydolwscent power

static power dissipation. This is what makes them so attractive for laptop cofigsipation

puters and other low-power applications—when computation pauses, very little

power is consumed. A CMOS circuit consumes significant power only during

transitions; this is calledynamic power dissipation. dynamic power
One source of dynamic power dissipation is the partial short-circuiting @fssipation

the CMOS output structure. When the input voltage is not close to one of the

power supply rails (0 V o¥c¢), both thep-channel anah-channel output tran-

sistors may be patrtially “on,” creating a series resistance of6ffdess. In this

case, current flows through the transistors fidgg to ground. The amount of

power consumed in this way depends on both the val@8and the rate at

which output transitions occur, according to the formula

2
Pr = Cpp WVee
The following variables are used in the formula:

P+ The circuit’s internal power dissipation due to output transitions.

Vec The power supply voltage. As all electrical engineers know, power dis-
sipation across a resistive load (the partially-on transistors) is
proportional to thesquareof the voltage.

f Thetransition frequencyf the output signal. This specifies the numbemnsition frequency
of power-onsuming output transitions per second. (But note that fre-
guency is defined as the number of transitions divided by 2.)

Cpp The power dissipation capacitancdhis constant, normally specifiedpower dissipation
by the device manufacturer, completes the form@Jg, turns out to capacitance
have units of capacitance, but does not represent an actual output capac-
itance. Rather, it embodies the dynamics of current flow through the
changing output-transistor resistances during a single pair of output
transitions,HIGH-to-LOW and LOW-to-HIGH. For exampleCpp for
HC-series CMOS gates is typically 20-24 pF, even though the actual
output capacitance is much less.

The Py formula is valid only if input transitions are fast enough, leading to
fast output transitions. If the input transitions are too slow, then the output
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CV4 power

transistors stay partially on for a longer time, and power consumption increases.
Device manufacturers usually recommend a maximum input rise and fall time,
below which the value specified f@p is valid.

A second, and often more significant, source of CMOS power consump-
tion is the capacitive load( ) on the output. During BOW-to-HIGH transition,
current flows through @-channel transistor to char@g . Likewise, during a
HIGH-to-LOW transition, current flows through amchannel transistor to dis-
chargeC,. In each case, power is dissipated in the “on” resistance of the
transistor. We'll us®, to denote the total amount of power dissipated by charg-
ing and dischargin@, .

The units ofP, are power, or energy usage per unit time. The energy for
one transition could be determined by calculating the current through the charg-
ing transistor as a function of time (using tRE time constant as in
Section 3.6.1), squaring this function, multiplying by the “on” resistance of the
charging transistor, and integrating over time. An easier way is described below.

During a transition, the voltage across the load capacit@gnchanges by
V. According to the definition of capacitance, the total amount of charge that
must flow to make a voltage change\Gfc acrossC,_ is C; W.¢. The total
amount of energy used in one transition is charge times the average voltage
change. The first little bit of charge makes a voltage chandf @fwhile the
last bit of charge makes a vanishingly small voltage change, hence the average
change i8/cc/2. The total energy per transition is theref@rLeD\/éC [2.1f there
are Z transitions per second, the total power dissipated due to thetoapked
is

PL

C, V&, 12) [of
=Cc ¢ O

The total dynamic power dissipation of a CMOS circuit is the sufof
andP:

Pp

P+ P,
Cpp V& O+ CL IV T
(Cpp+Cp) Véc [

Based on this formula, dynamic power dissipation is often c&\&fipower In

most applications of CMOS circuit§ 4 power is by far the major contributor

to total power dissipation. Note th@\V?f power is also consumed by bipolar
logic circuits like TTL and ECL, but at low to moderate frequencies it is insig-
nificant compared to the static (DC or quiescent) power dissipation of bipolar
circuits.
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/EN
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normally A B Figure 3-44
complementary CMOS transmission gate.

e T

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 andh-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 transmission gate
A transmission gate is operated so that its input sigaidland/EN are
always at opposite levels. Wh&N is HIGH and EN is LOW, there is a low-
impedance connection (as low as Z2pbetween pointa andB. WhenEN is
LOW and EN isHIGH, pointsA andB are disconnected.
Once a transmission gate is enabled, the propagation delayfioBi(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.” V8HiehOW, the X
“input” is connected to th2 “output”; whenS isHIGH, Y is connected td.

Vee ———
5 Figure 3-45
Two-input multiplexer using
S CMOS transmission gates.
X o
Y o
s o -

<
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Schmitt-trigger input

hysteresis

Figure 3-46

A Schmitt-trigger
inverter: (a) input-
output transfer
characteristic;

(b) logic symbol.

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 paxhar 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 inputés shown in Figure 3-4@). A Schnitt trigger is a special
circuit that uses feedback internally to shift the switching threshold depending
on whether the input is changing frar®@Ww to HIGH or fromHIGH to LOW.

For example, suppose the input of a Schmitt-trigger inverter is initially at
0V, a solidLOw. Then the output idIGH, close to 5.0 V. If the input voltage is
increased, the output will not g@W until the input voltage reaches about 2.9
V. However, once the outputli®©W, it will not goHIGH again until the input is
decreased to about 2.1 V. Thus, the switching threshold for positive-going input
changes, denotedy,, is about 2.9V, and for negative-going input changes,
denotedV+_, is about 2.1 V. The difference between the two thresholds is called
hysteresisThe 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; = 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.

Vout

(@) A Vo v, (b)

>

0.0 I T - VIN
21 29 5.0

Copyright © 1999 by John F. Wakerly Copying Prohibited



Section 3.7  Other CMOS Input and Output Structures 121

(@) 5.0

Vr,=29 ANy
V=25 A "\ /\ / \/\ A
T N NV VA

Vr=21

Vout

®) HIGH

LOW

Vout
(c)

HIGH

LOW

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 Schmitt-trigger inputs have better noise immunity than ordinary gate inputs for|sig-
TRANSMISSION 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.
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@

EN o

high impedance state
Hi-Z state

floating state
three-state output
tri-state output

three-state bus

three-state buffer

LEGAL NOTICE

Vee
(b)
T ENA B CD Ql Q20UT
c LLHHL off of H-z
Q2 LHHHL off of H-Z
HLLHH on off L
ouT HHLLTL off on H
D
B Q1 © EN

1 -

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

3.7.3 Three-State Outputs

Logic outputs have two normal state§W andHIGH, corresponding to logic
values 0 and 1. However, some outputs have a third electrical state that is not a
logic state at all, called thdgh impedanceili-Z, or floating stateln 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—Iogic 0, logic 1, and Hi-Z.

An output with three possible states is called (suepria three-state
outputor, sometimes, &i-state output Three-state devices have an extgui,
usually called “output enable” or “output disable,” for placing the device’s
output(s) in the high-impedance state.

A three-state buss 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 andLOW) on the bus. Examples of three-state bus design are
given in Section 5.6.

A circuit diagram for a CMOSthree-state bufferis shown in
Figure 3-48(a). To simplify the diagram, the interNAIND, 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 enableEQ) input isLOW, both output transistors are off, and the out-
put is in the Hi-Z state. Otherwise, the outputli€H or LOW as controlled by

“TRI-STATE” is a trademark of National Semiconductor Corporation. Their lawyer
thought you’d like to know.
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the “data” inputA. Logic symbols for three-state lfeifs and gates are normally
drawn with the enable input coming into the top, as shown in (c).

In practice, the three-state control circuit may béediit from what we
have shown, in order to provide proper dynamic behavior of the output transis-
tors during transitions to and from the Hi-Z state. In particular, devices with
three-state outputs are normally designed so that the output-enable delay (Hi-Z
to LOW or HIGH) is somewhat longer than the output-disable del@w or
HIGH to Hi-Z). Thus, if a control circuit activates one device’s output-enable
input at the same time that it deactivates a second’s, the second device is guaran-
teed to enter the Hi-Z state before the first placegG or LOW level on the
bus.

If two three-state outputs on the same bus are enabled at the same time and
try to maintain opposite states, the situation is similar to tying standard active-
pull-up outputs together as in Figure 3-56 on page 129—a nonlogic voltage is
produced on the bus. If fighting is only momentary, the devices probably will not
be damaged, but the large current drain through the tied outputs can produce
noise pulses that affect circuit behavior elsewhere in the system.

There is a leakage current of up to/® associated with a CMOS three-
state output in its Hi-Z state. This current, as well as the input currents of
receving gates, must be taken into account when calculating the maximum
number of devices that can be placed on a three-state bus. That i4,OWtoe
HIGH state, an enabled three-state output must be capable of sinking or sourcing
up to 10uA of leakage current for every other three-state output on the bus, as
well as handling the current required by every input on the bus. As with standard
CMOS logic, separateOW-state andIGH-state calculations must be made to
ensure that the fanout requirements of a particular circuit configuration are met.

*3.7.4 Open-Drain Outputs
The p-channel transistors in CMOS output structures are said to prawite
pull-up, since they actively pull up the output voltage droav-to-HIGH tran- active pull-up

sition. These transistors are omitted in gates agpn-drain outputssuch as the open-drain output

NAND gate in Figure 3-49(a). The drain of the topmmshannel transistor is

left unconnected internally, so if the output is bOW it is “open,” as indicated

in (b). The underscored diamond in the symbol in (c) is sometimes used to indi-
cate an open-drain output. A similar structure, called an “open-collector output,”
is provided in TTL logic families as described in Section 3.10.5.

An open-drain output requires an extermaill-up resistorto provide pull-up resistor
passive pull-upo theHIGH level. For example, Figure 3-50 shows an opepassive pull-up
drain CMOSNAND gate, with its pull-up resistor, driving a load.

For the highest possible speed, an open-drain output's pull-up resistor
should be as small as possible; this minimizes@éme constant foOW-to-

* Throughout this book, optional sections are marked with an asterisk.
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Figure 3-49
Open-drain CMOS
NAND gate: (a) circuit
diagram; (b) function

table; (c) logic symbol.

ooze

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

Chapter 3 Digital Circuits

(@) Vee (b)
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L H off on open
H L on off open
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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 auent, I nax FOr example, in HC- and HCT-series
CMOS, | maxis 4 mA, and the pull-up resistor can be no less than 5.0 V/4 mA,
or 1.25 K2. Since this is an order of magnitude greater than the “on” resistance
of thep-channel transistors in a standard CMOS gatel, @W-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 15 &nd 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.OW state is about 8Q, Thus, theRC time constant for a
HIGH-to-LOW transition is about 8Q 1100 pF= 8 ns, and the output’s fall time
is about 8 ns. However, tHRC time constant for aOW-to-HIGH transition is
about 1.5 K 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 transitiongze

+5V
pull-up

resistor
T § R=15K

sl —DC

open-drain }
output b
) o
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Figure 3-51 Rising and falling transitions of an open-drain CMOS output.

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-channel transistor is off and the LED is off.
WhenA andB are bottHIGH, both transistorare on, the wtputZ is LOW, and

the LED is on. The value of the pull-up resisiis 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.

Vee
| Figure 3-52
ILep =10 MA R Driving an LED with an
open-drain output.
u] LED
z

VoLmax= 037V

Ao—]| Q1
Bo—| Q2
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RESISTOR
VALUES

Three pieces of information are needed to calculate the proper value of the
pull-up resistoR;

1. The LED current, gp needed for the desired brightness, 10 mA for typical
LEDs.

2. The voltage drop/, gp across the LED in the “on” condition, about 1.6 V
for typical LEDs.

3. The output voltagd/y, of the open-drain output that sinks the LED cur-
rent. In the 74AC and 74ACT CMOS famili€ég nay IS 0.37 V. If an
output can sink gp and maintain a lower voltage, say 0.2 V, then the cal-
culation below yields a resistor value that is a little too low, but normally
with no harm done. A little more current thipp will flow and the LED
will be just a little brighter than expected.

Using the above information, we can write the following equation:

VoLt Viep +(ILep FR) = Ve
AssumingVqc = 5.0 V and the other typical values above, we can solve for the
required value oR:

R = Yec=VoL~Vieo

ILED
(5.0— 0.37— 1.6) V/10 mA = 303Q

Note that you don't have to use an open-drain output to drive an LED.
Figure 3-53(a) shows an LED driven by ordinary an CM@8ID-gate output
with active pull-up. If both inputareHIGH, the bottom if-channel) transistors
pull the outputLOW as in the open-drain version. If either input®w, the
output isHIGH; although one or both of the top-¢hannel) transistors is on, no
current flows through the LED.

With some CMOS families, you can turn an LED “on” when the output is
in theHIGH state, as shown in Figure 3-53(b). This is possible if the output can
source enough current to satisfy the LED’s requirements. However, method (b)
isn’t used as often as method (a), because most CMOS and TTL outputs cannot
source as much current in tH&GH state as they can sink in thew state.

In most applications, the precise value of LED series resistors is unimportant, as long
as groups of nearby LEDs have similar drivers and resistors to give equal apparent
brightness. In the example in this subsection, one might use an off-the-shelf resistor
value of 270, 300, or 330 ohms, whatever is readily available.
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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.

*3.7.6 Multisource Buses
Open-drain outputs can be tied together to allow several devices, one at adjjae;drain bus
to put information on a common bus. At any time all but one of the outputs on
the bus are in thelIGH (open) state. The remaining output either stays in the
HIGH state or pulls the busOw, 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-di#ND-gate outputs
drive a common bus. The top input of eathND gate is a data bit, and the

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

Vee
R
DATAQOUT
Datal — ¢ Data3 — e Data5 — ¢ Data7 —— e
Enablel —] Enable3 —] Enable5 —] Enable7 —
Data2 — ¢ Data4 —— e Data6 —— e Data8 — e
Enable2 —] Enable4 —] Enable6 —] Enable8 —
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wired logic

wired AND

fighting

Ao—]| Q1

2-input ‘ _—

open-drain
NAND gates — ™

Vee
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Vee
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R
Bo—]| Q2 Co—| & ,
Do—| Q2

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

bottom input of each is a control bit. At most one control bit@H 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.pier 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, thenvired logicis performed. (That'wired, notweird!) An AND func-
tion is obtained, since the wired outputi§H if and only if all of the individual
gate outputs areliIGH (actually, open); any output goingdW is sufficient to
pull the wired output OW. For example, a three-inputired AND function is
shown in Figure 3-55. If any of the individual 2-inpWwAND gates has both
inputs HIGH, it pulls the wired outputOW; otherwise, the pull-up resist&
pulls the wired outputliGH.

Note that wired logic cannot begormed 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 cafigliting. The exact output volt-
age depends on the i@ “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 daraadé burn your fingers!
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trying to pull HIGH

q | 2 ’—o( Q4
o z
HIGH o I [ 01
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9| Q2 ’—o( Q4
HIGH o | o Figure 3-56
] Two CMOS outputs
| = trying to maintain
HIGH o———] [ 3 trying to pull LOW opposite logic values
E on the same line.

*3.7.8 Pull-Up Resistors
A proper choice of value for the pull-up resiskomust be made in open-drairpull-up resistor
applications. Two calculations are made to bracket the allowable val&es of calculation

Minimum The sum of the current throudhin the LOW state and theOW-
state input currents of the gates driven by the wired outputs must not
exceed the. OW-state driving capability of the fiee ouput, 4 mA
for HC and HCT, 24 mA for AC and ACT.

Maximum The voltage dropcrossRin theHIGH state must not reduce the out-
put voltage below 2.4 V, which Vi, fOr typical driven gates plus
a 400-mV noise margin. This drop is produced byHheH-state
output leakage current of the wired outputs andHii@-state input
currents of the driven gates.
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Figure 3-57
Four open-drain
outputs driving two
inputs in the LOW
state.

Figure 3-58
Four open-drain
outputs driving two
inputs in the HIGH
state.
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For example, suppose that four HCT open-drain outputs are wired together
and drive two LS-TTL inputs (Section 3.11) as shown in Figure 3-570%W
output must sink 0.4 mA from each LS-TTL input as well as sink the current
through the pull-up resistét. For the total current to stay within the HG ax
spec of 4 mA, the current througmay be no more than

lrmax = 4-(200.4 = 3.2 mA
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Assuming thaW, of the open-drain output is 0.0 V, the minimum valu® &
Rmin = (5.0— 0.0/lg(max) = 1562.5Q

In theHIGH state, typical open-drain outputs have a maximum leakage cur-
rent of 5uA, and typical LS-TTL inputs require 207 of source current. Hence,
theHIGH-state current requirement as shown in Figure 3-58 is

IR(eak) = (4 1D) +(2R0) = 60 A

This curent produces a voltage drop acréssand must not lower the output
voltage belowgymin = 2.4 V; thus the maximum value Bfis

Riax = (5.0~ 2.4/l gea = 43.3Q

Hence, any value &® between 1562.8 and 43.3 K may be used. Higher val-
ues reduce power consumption and improvelthi@-state noise margin, while
lower values increase powerrsumption but improve both thelGH-state
noise margin and the speedLafw-to-HIGH output transitions.

OPEN-DRAIN In our open-drain resistor calculations, we assume that the output voltage can|be as
ASSUMPTION low as 0.0 V rather than 0.4 W§, nay In Order to obtain a worst-case result. That
is, even if the open-drain output is so strong that it can pull the output voltage all the
way down to 0.0 V (it’s only required to pull down to 0.4 V), we’ll nevéowlit to
sink more than 4 mA, so it doesn’t get overstressed. Some designers prefer to use 0.4
V in this calculation, figuring that if the output is so good that it canlpwkr than

0.4V, a little bit of excess sink current beyond 4 mA won't hurt it.

3.8 CMOS Logic Families

The first commercially successful CMOS family wd600-series CMOS 4000-series CMOS
Although 4000-series circuits offered the benefit of low power dissipation, they

were fairly slow and were not easy toerfacewith the most popular logic fam-

ily of the time, bipolar TTL. Thus, the 4000 series was supplanted in most

applications by the more capable CMOS families discussed in this section.

All of the CMOS devices that we discuss have part numbers of the form
“T4FAMnNN,” where “FAM” is an alphabetic family mnemonic amh is a
numeric function designator. Devices in different families with the same value of
nn perform the same function. For example, the 74HC30, 74HCT30, 74AC30,
74ACT30, and 74AHC30 are all 8-inphNAND gates.

The prefix “74" is simply a number that was used by an early, popular sup-
plier of TTL devices, Texas Instruments. The prefix “54” is used for identical
parts that are specified for operation over a wider range of temperature and
power-supply voltage, for use in military applications. Such parts are usually
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HC Logic Levels

HCT Logic Levels

Ve =5.0V Ve =5.0V
cc T cc
VoHmin = 3-84V VoHminT = 3-84V
Vigmin =3-5V HIGH
ABNORMAL
ViHmin = 2.0V
Viimax =15V ABNORMAL
Low _ LOW ViLmax = ?'8 \4
0.0V VoLmaxt =033 V 00V VoLmaxr= 0-33 V
@ (b)
Figure 3-59 Input and output levels for CMOS devices using a 5-V supply:

HC (High-speed
CMOS)

HCT (High-speed
CMOS, TTL
compatible)

(a) HC; (b) HCT.

fabricated in the same way as their 74-series counterparts, except that they are
tested, screened, and marked differently, a lot of extra paperwork is generated,
and a higher price is charged, of course.

3.8.1 HC and HCT

The first two 74-series CMOS families af€ (High-speed CMOSINndHCT
(High-speed CMOS, TTL compatibl€ompared with the original 4000 family,
HC and HCT both have higher speed and betterenti sinking and sourcing
capability. The HCT family uses a power supply volt&ge of 5V and can be
intermixed with TTL devices, which also use a 5-V supply.

The HC family is optimized for use in systems that use CMOS logic exclu-
sively, and can use any power supply voltage between 2 and 6 V. A higher
voltage is used for higher speed, and a lower voltage for lower power dissipation.
Lowering the supply voltage is especially effee, since most CMOS power
dissipation is proportional to the square of the volt@)é&f{ power).

Even when used with a 5-V supply, HC devices are not quite compatible
with TTL. In particular, HC circuits are designed to recognize CMOS input lev-
els. Assuming a supply voltage of 5.0 V, Figure 3-59(a) shows the input and
output levels of HC devices. The output levels produced by TTL devices do not
guite match this range, so HCT devices use the different input levels shown in
(b). These levels are established in the falidogtrocess by making transistors
with different switching thresholds, producing the different timnsharacteris-
tics shown in Figure 3-60.

e & VOUT‘
Figure 3-60 5.0
Transfer characteristics of HCT
HC and HCT circuits under
typical conditions.

0 ™ Vin
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We'll have more to say about CMOS/TTL interfacing in Section 3.12. For
now, it is useful simply to note that HC and HCT are essentially identical in their
output specifications; only their input levels differ.

3.8.2 VHC and VHCT
Several new CMOS families were introduced in the 1980s and the 1990s. iM® (Very High-speed
of the most recent and probably the most versatil&/&€ (Very High-Speed CMOS)
CMOS)andVHCT (Very High-Speed CMOS, TTL compatiblé)ese families VHCT (Very High-
are about twice as fast as HC/HCT while maintaining backwards compatibiliigeed CMOS, TTL
with their predecessors. Like HC and HCT, the VHC and VHCT familiégsrdi compatible)
from each other only in the input levels that they recognize; their output charac-
teristics are the same.

Also like HC/HCT, VHC/VHCT outputs haveymmetric output drive symmetric output drive
That is, an output can sink or soa equal amunts of current; the output is just
as “strong” in both states. Other logic families, including the FCT and TTL fam-
ilies introduced later, havasymmetric output drivethey can sink much moreasymmetric output drive
current in theeOW state than they can source in H&H state.

3.8.3 HC, HCT, VHC, and VHCT Electrical Characteristics
Electrical characteristics of the HC, HCT, VHC, and VHCT families are sum-
marized in this subsection. The specifications assume that the devices are used
with a nominal 5-V power supply, although (derated) operation is possible with
any supply voltage in the range 2-5.5 V (up to 6 V for HC/HCT). We'll take a
closer look at low-voltage and mixed-voltage operation in Section 3.13.
Commercial (74-series) parts are intended to be operated at temperatures
between 0C and 70C, while military (54-series) parts are cheterized for
operation between-55°C and 128C. The specs in Table 3-5 assume an
operating temperature of 25. A full manufacturer’s data sheet provides addi-
tional specifications for device operation over the entire temperature range.
Most devices within a given logic family have the same electrical specifi-
cations for inputs and outputs, typicallyffdiing only in power consumption
and propagation delay. Table 3-5 includes specifications for a 74x00 two-input
NAND gate and a 74x138 3-to-8 decoder in the HC, HCT, VHC, and VHCT fam-
ilies. The 'OONAND gate is included as the smallest logic-design building block
in each family, while the '138 is a “medium-scale” part containing the equivalent
of about 15NAND gates. (The '138 spec is included to allow comparison with

VERY=ADVANCED, The VHC and VHCT logic families are manufactured by several companijes,
SORT OF including Motorola, Fairchild, and Toshiba. Compatible families with similar Qut

not identical specifications are manufactured by Texas Instruments and Phijlips;

they are called AHC and AHCT, where the “A” stands for “Advanced.”
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l Table 3-5 Speed and power characteristics of CMOS families operating at 5 V

Family
Description Part  Symbol Condition HC HCT VHC  VHCT

Typical propagation delay (ns) ‘00 tpp 9 10 5.2 55
'138 18 20 7.2 8.1

Quiescent power-supply '00 lcc Vin =0 0rVee 2.5 2.5 5.0 5.0
current (1A) '138 Vin =0 0rVee 40 40 40 402
Quiescent power dissipation  '00 Vi,=0o0rVec 0.0125 0.0125 0.025 0.025
(mwW) '138 Vi, =0 orVee 0.2 0.2 0.2 0.2
Power dissipation capacitance '00 Cep 22 15 19 17
(pF) '138 Cep 55 51 34 49
Dynamic power dissipation ‘00 0.55 0.38 0.48 0.43
(mW/MHZz) '138 1.38 1.28 0.85 1.23
Total power dissipation (mW) '00 f=100 kHz 0.068 0.050 0.073 0.068
'00 f=1MHz 0.56 0.39 0.50 0.45

'00 f=10 MHz 5.5 3.8 4.8 4.3

'138 f=100 kHz 0.338 0.328 0.285 0.323

'138 f=1MHz 1.58 1.48 1.05 1.43

'138 f=10 MHz 14.0 13.0 8.7 12.5

Speed-power product (pJ) '00 f=100 kHz 0.61 0.50 0.38 0.37
'00 f=1MHz 5.1 3.9 2.6 25

'00 f=10 MHz 50 38 25 24

'138 f=100 kHz 6.08 6.55 205 261

'138 f=1MHz 28.4 29.5 7.56 11.5

'138 f=10 MHz 251 259 63 101

the faster FCT family in Section 3.8.4; '00 gates are not faatwred in the
FCT family.)

The first row of Table 3-5 specifies propagation delay. As discussed in
Section 3.6.2, two numberg,; andt,  may be used to specify delay; the
number in the table is the worst-case of the two. Skipping ahead to Table 3-11 on
page 163, you can see that HC and HCT are about the same speed as LS TTL,
and that VHC and VHCT are almost as fast as ALS TTL. The propagation delay

NOTE ON The “X” in the notation“74x00” takes the place of a family designator such as HC,
NOTATION HCT, VHC, VHCT, FCT, LS, ALS, AS, or F. We may also refer to such a generic
part simply as a “'00” and leave off the “74x.”
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QUIETLY GETTING HCT and VHCT circuits can also be driven by TTL devices, which may produce
MORE DISS’ED HIGH output levels as low as 2.4 V. As we explained in Section 3.5.3, a CMOS
output may draw additional current from the power supply if any of the inputs|are

nonideal. In the case of an HCT or VHCT inverter withi@H input of 2.4 V, the

bottom, n-channel output transistor is fully “on.” However, the tgpchannel

transistor is also partially “on.” This allows the additional quiescent current flow,

specified afdlcc or It In the data sheet, which can be as much as 2-3 mA |per

nonideal input in HCT and VHCT devices.

for the '138 is somewhat longer than for the '00, since signals must travel
through thee or four levels of gates internally.

The second and third rows of the table show that the quiescent power dissi-
pation of these CMOS devices is practically nil, well under a milliwatt (mW) if
the inputs have CMOS levels—O0 V iodW andVfor HIGH. (Note that in the
table, the quiescent power dissipation numiggrsen for the '00are per gate,
while for the '138 they apply to the entire MSI device.)

As we discussed in Section 3.6.3, the dynamic power dissipation of a
CMOS gate depends on the voltage swing of the output (us&d)ythe output
transition frequencyf], and the capacitance that is being charged and dis-
charged on transitions, according to the formula

Pp = (C_+Cpp) V&, [

Here, Cpp is the power dissipation capacitance of the device Gnds the
capacitance of the load attached to the CMOS output in a given application. The
table lists botlCpp and an equivalent dynamic power dissipation factor in units
of milliwatts per megahertz, assuming tkat= 0. Using this factor, the total
power dissipation is computed at various frequencies as the sum of the dynamic
power dissipation at that frequency and the quiescent power dissipation.

Shown next in the table, tlepeed-power produds simply the product of speed-power product
the propagation delay and power consumption of a typical gate; the result is
measured in picojoules (pJ). Recall from physics that the joule is a unit of ener-
gy, so the speed-power product measures a sort of efficiency—how much energy
a logic gate uses to switch its output. In this day and age, it's obvious that the
lower the energy usage, the better.

SAVING ENERGY There are practical as well as geopolitical reasons for saving energy in digital| sys-
tems. Lower energy consumption means lower cost of power supplies and cooling
systems. Also, a digital system’s reliability is improved more by running it cooler
than by any other single reliability improvement strategy.
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| Table 3-6 Input specifications for CMOS families with V¢
between 4.5 and 5.5 V.

Family
Description Symbol Condition HC HCT VHC VHCT
Input leakage currenuf) limax Vi,=any £1 +1 +1 +1
Maximum input capacitance (PF)Cinmax 10 10 10 10
LOW-level input voltage (V) Vil max 135 0.8 135 038
HIGH-level input voltage (V) Viumin 3.85 20 385 20

Table 3-6 gives the input specs of typical CMOS devices in each of the
families. Some of the specs assume that the 5-V supply4i3¥amargin; that
iS, Vcc can be anywhere between 4.5 and 5.5 V. These parameters were dis-
cussed in previous sections, but foference pysoses their meanings are
summarized here:

Iimax The maximum input current for any value of input voltage. This spec
states that the current flowing into or out of a CMOS input ig\lor
less for any value of input voltage. In other words, CMOS inputs create
almost no DC load on the circuits that drive them.

Cinmax The maximum capacitance of an input. This number can be used when
figuring the AC load on an output that drives this and other inputs. Most
manufacturers also specify a lower, typical input capacitance of about
5 pF, which gives a good estimate of AC load if you're not unlucky.

Viimax The maximum voltage that an input isaganteed to recognize BOW.
Note that the values are different for HC/VHC versus HCT/VHCT. The
“CMOS” value, 1.35V, is 30% of the minimum pewsupply voltage,
while the “TTL" value is 0.8 V for compatibility with TTL families.

CMOS VS. TTL At high transition frequencie$)( CMOS families actually use more power than
POWER TTL. For example, compare HCT CMOS in Table 3-5atl0 MHz with LS TTL
DISSIPATION in Table 3-11; a CMOS gate uses three times as much power as a TTL gate at this
frequency. Both HCT and LS may be used in systems with maximum “clock” fre-
quencies of up to about 20 MHz, so you might think that CMOS is not so good for
high-speed systems. However, the transition frequencies of most outputs in typical
systems are much less than the maximum frequency present in the system (e.g., see
Exercise 3.76). Thus, typical CMOS systems have a lower total power dissipation
than they would have if they were built with TTL.
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| Table 3-7 Output specifications for CMOS families operating with V¢
between 4.5 and 5.5 V.

Family
Description Symbol Condition HC HCT VHC VHCT
LOW-level output current (MA) I maxc CMOS load 0.02 0.02 0.05 0.05
loLmaxT TTL load 4.0 4.0 8.0 8.0
LOW-level output voltage (V) VoL maxc loutS loLmaxc 0.1 0.1 0.1 0.1
I R 0.33 0.33 044 044
HIGH-level output current (MA)  lgymaxc CMOS load -0.02 -0.02 -0.05 -0.05
| oHmaxT TTL load -4.0 -4.0 -8.0 -8.0
HIGH-level output voltage (V) VoHminc out I=NloHmaxd 4.4 4.4 4.4 4.4
VouminT out = orma 3.84 384 3.80 3.80

Viumin  The minimum voltage that an input is guaranteed to recognizesis
The “CMOS” value, 3.85V, is 70% of the maximum power-supply
voltage, while the “TTL” value is 2.0 V for compatibility with TTL
families. (Unlike CMOS levels, TTL input levels are not symmetric
with respect to the power-supply rails.)

The specifications for TTL-compatible CMOS outputs usually have two
sets of output parameters; one set or the other is used depending on how an out-
put is loaded. ACMOS loadis one that requires the output to sink and sourc&IOS load
very little DC current, 2QuA for HC/HCT and 5QA for VHC/VHCT. This is,
of course, the case when the CMOS outputs drive only CMOS inputs. With
CMOS loads, CMOS outputs maintain an output voltage within 0.1V of the
supply rails, 0 an®¥/c. (A worst-case/cc = 4.5 V is used for the table entries;
henceVouminc=4.4 V.)

A TTL loadcan consume much more sink and source current, up to 4 TiA load
from and HC/HCT output and 8 mA from a VHC/VHCT output. In this case, a
higher voltage drop occuecross the “on” transistors in the output circuit, but
the output voltage is still guaranteed to be within the normal range of TTL output
levels.

Table 3-7 lists CMOS output specifications for both CMOS and TTL
loads. These parameters have the following meanings:

loLmaxc The maximum current that an output can supply inlOgv state
while driving a CMOS load. Since this is a g value, current
flows into the output pin.

loLmaxt The maximum current that an output can supply inLiBg/ state
while driving a TTL load.
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FCT (Fast CMOS, TTL
compatible)

VoLmaxc The maximum voltage that l2OW output is guaranteed to produce
while driving a CMOS load, that is, as longd gsyaxciS not exceeded.

VoLmaxt The maximum voltage that l2OW output is guaranteed to produce
while driving a TTL load, that is, as long Iag maxTiS NOt exceeded.

lonmaxc The maximum current that an output can supply inHh&H state
while driving a CMOS load. Since this is a negative value, positive
current flows out of the output pin.

lonmaxt The maximum current that an output can supply inHheH state
while driving a TTL load.

Vouminc The minimum voltage that HIGH output is garanteed to produce
while driving a CMOS load, that is, as lond 8§maxciS not exceeded.

Voumint The minimum voltage that IGH output is garanteed to produce
while driving a TTL load, that is, as long lagmaxtiS NOt exceeded.

The voltage parameters above determine DC noise margind.OWe
state DC noise margin is the difference betw®g@p,ax and V| max- This
depends on the characteristics of both the driving output and the driven inputs.
For example, the LOW-state DC noise margin of a HCT driving a few HCT
inputs (a CMOS load) is 0:80.1 = 0.7 V. With a TTL load, the noise margin for
the HCT inputs drops to 0-:80.33=0.47 V. Similarly, thedIGH-state DC noise
margin is the difference betwe®gymin @ndVigmin- In general, when different
families are interconnected, you have to compare the approptatey and
Voumin Of the driving gate witl;| 2« andV ymin Of all the driven gates to deter-
mine the worst-case noise margins.

Thelg max @ndlgpmaxParameters in the table determine fanout capability,
and are especially important when an output drives inputs in one or more differ-
ent families. Two calculations must be performed to determine whether an
output is operating within its rated fanout capability:

HIGH-state fanoutThelymax Values for all of the driven inputs are added. The
sum must be less th&gynay Of the driving output.

LOW-state fanout Thel, nax Values for all of the driven inputs are added. The
sum must be less th&g, ,,ax Of the driving output

Note that the input and output characteristics of specific components may vary
from the representative values given in Table 3-7, so you must always consult
the manufacturers’ data sheets when analyzing a real design.

*3.8.4 FCT and FCT-T

In the early 1990s, yet another CMOS family was launched. The key benefit of
the FCT (Fast CMOS, TTL compatiblamily was its ability to meet or exceed
the speed and the output drive capability of the best TTL families while reducing
power consumption and maintaining full compatibility with TTL.
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The original FCT family had the drawback of producing a full 5-V CMOS
Vou, Creating enormouV2f power dissipation and circuit noise as its outputs
swung from 0 V to almost 5 V in high-speed (25 MHz+) applications. A varia-

tion of the family,FCT-T (Fast CMOS, TTL compatible with TV), was FCT-T (Fast CMOS,

139

quickly introduced with circuit innovations to reduce tHesH-level output TTL compatible with

voltage, thereby reducing both power consumption and switching noise whilg
maintaining the same high operating speed as the original FCT. A suffix of “T”
is used on part numbers to denote the FCT-T output structure, for example,
74FCT138T versus 74FCT138.

The FCT-T family remains very popular today. A key application of FCT-T
is driving buses and other heavy loads. Compared with other CMOS families, it
can source or sink gobs of current, up to 64 mA irLthe/ state.

*3.8.5 FCT-T Electrical Characteristics

Electrical characteristics of the 5-V FCT-T family are summarized in Table 3-8.
The family is specifically designed to be intermixed with TTL devices, so its
operation is only specified with a nominal 5-V supply and TTL logic levels.
Some manufacturers are beginning to sell parts with similar capabilities using a
3.3-V supply, and using the FCT designation. However, they are different devic-
es with different part numbers.

Individual logic gates are not maaatured in the FCT family. Perhaps the
simplest FCT logic element is a 74FCT138T decoder, which has six inputs, eight
outputs, and contains the equivalent of about a dozen 4-input gates internally.
(This function is described later, in Section 5.4.4.) Comparing its propagation
delay and power consumption in Table 3-8 with the corresponding HCT and
VHCT numbers in Table 3-5 on page 134, you can see that the FCT-T family is
superior in both speed and power dissipation. When comparing, note that FCT-T
manufacturers specify only maximum, not typical propagation delays.

Unlike other CMOS families, FCT-T does not hav€m, specification.
Instead, it has alxcp specification:

lccp Dynamic power supply current, in units of mA/MHz. This is the amount
of additional power supply current that flows when one input is chang-
ing at the rate of 1 MHz.

L Vo

worry, some FCT-T outputs have built-in bseries resistors.

EXTREME Device outputs in the FCT and FCT-T families have very low impedance and
SWITCHING consequence extremely fast rise and fall times. In fact, they are so fast that the
often a major source of “analog” problems, including switching noise and “gro

bounce,” so extra care must be taken in the analog and physical design of pri

circuit boards using these and other extremely high-speed parts. To reduc

effects of transmission-line reflections (Section 12.4.3), another high-speed de

as a
2y are
und

nted-
e the
2Sign
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l Table 3-8 Specifications for a 74FCT138T decoder in the FCT-T logic family.

Description Symbol Condition Value

Maximum propagation delay (ns) tpp 5.8

Quiescent power-supply curremtX) lce Vin =0 or Ve 200

Quiescent power dissipation (mW) Vin =0 or Ve 1.0

Dynamic power supply current (MA/MHz)  lccp Outputs open, 0.12
one input changing

Quiescent power supply current Alcc Vi, =3.4V 2.0

per TTL input (mA)

Total power dissipation (mW) f=100 kHz 0.60

f=1MHz 1.06

f=10 MHz 1.6

Speed-power product (pJ) f=100 kHz 6.15

f=1MHz 9.3

f=10 MHz 41

Input leakage currenuf) Mtz Vi, = any 5

Typical input capacitance (pF) Cintyp 5

LOW-level input voltage (V) VL max 0.8

HIGH-level input voltage (V) ViHmin 2.0

LOW-level output current (mA) | oL max 64

LOW-level output voltage (V) VoL max lout < loLmax 0.55

HIGH-level output current (mA) | OHmax -15

HIGH-level output voltage (V) VoHmin [loutl £ NoHmax 2.4

VOthp “outl LS ||OHmax| 3.3

Thelcp specificatiorgives the same informan asCpp, but in a different
way. The circuit's internal power dissipation due to transitions at a given fre-
guencyf can be calculated by the formula

Pr = VecUeep
Thus, lccp/Vcc is algebraically equivalent to th@sp specification of other
CMOS families (see Exercise 3.83). FCT-T also hAk-a specification for the

extra quiescent current that is consumed with nonidezH inputs (see box at
the top of page 135).
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3.9 Bipolar Logic

Bipolar logic families use semiconductor diodes and bipolar junction transistors
as the basic building blocks of logic circuits. The simplest bipolar logic elements
use diodes and resistors to perfoogit operations; this is called diode logicdiode logic
Most TTL logic gates use diode logic internally and boost their output drive
capability using transistor circuits. Some TTL gates use parallel configurations
of transistors to perform logic functions. ECL gates, described in Section 3.14,
use transistors as current switches to achieve very high speed.

This section covers the basic operation of bipolar logic circuits made from
diodes and transistors, and the next section covers TTL circuits in detail.
Although TTL is the most commonly used bipolar logic family, it has been
largely supplanted by the CMOS families that we studied in previous sections.

Still, it is useful to study basic TTL operation for the occasional applica-
tion that requires TTL/CMOS interfacing, discussed in Section 3.12. Also, an
understanding of TTL may give you insight into the fortuitous similarity of logic
levels that allowed the industry to migrate smoothly from TTL to 5-V CMOS
logic, and now to lowr-voltage, lgher-performance 3.3-V CMO%dic, as
described in Section 3.13. If you're not interested in all the gory details of TTL,
you can skip to Section 3.11 for an overview of Tfamilies.

3.9.1 Diodes

141

A semiconductor diodis fabricated from two types of semiconductor materialemiconductor diode

calledp-type andh-type, that are brought into contact with each other as shqwtype material
in Figure 3-61(a). This is basically the same material that is usgdhannel n-type material
andn-channel MOS transistors. The point of contact betweep &meln mate-
rials is called gn junction.(Actually, a diode is normally fabricated from gn junction
single monolithic crystal of semiconductor material in which the two halves are
“doped” with different impurities to give thepitype andn-type properties.)

The physical properties offnjunction are such that positive current can
easily flow from thep-type material to the-type. Thus, if we build the circuit
shown in Figure 3-61(b), then junction acts almost like a short circuit. How-
ever, the physical properties also make it very difficult for positive current to

Figure 3-61 Semiconductor diodes: (a) the pnjunction; (b) forward-biased
junction allowing current flow; (c) reverse-biased junction block-
ing current flow.

(@) (b) NV ©) NV

pn —_— —_—

—| |— vV — | P vV — | 0
T 1 0VvIR n T 1 0o p
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Figure 3-62 Diodes: (a) symbol; (b) transfer characteristic of an ideal diode;
(c) transfer characteristic of a real diode.

flow in the opposite direction, fromto p. Thus, in the circuit of Figure 3-61(c),
thepnjunction behaves almost like an open circuit. This is callede action

Although it’s possible to build vacuum tubes and other devices that exhibit
diode action, modern systems ysgunctions—semiconductor diodes—which
we’ll henceforth call simplgliodes Figure 3-62(a) shows the schematic symbol
for a diode. As we've shown, in normal operation significant amounts of current
can flow only in the direction indicated by the two arrows, franodeto
cathode In effect, the diode acts like a short circuit as long as the voltage across
the anode-to-cathode junction is nonnegative. If the anode-to-cathode voltage is
negative, the diode acts like an open circuit and no current flows.

The transfer characistic of an ideal diode shown in Figure 3-62(b) fur-
ther illustrates this principle. If the anode-to-cathode voltslgis, negative, the
diode is said to beeverse biasednd the currentthrough the diode is zero.\W
is nonnegative, the diode is said tofbavard biasedandl can be an arbitrarily
large positive value. lfact, V can never get larger than zero, because an ideal
diode acts like a zero-resistance short circuit when forward biased.

A nonideal, real diode has a resistance that is less than infinity when
reverse biased, and greater than zero when forward biased, so the transfer char-
acteristic looks like Figure 3-62(c). When forward biased, the diode acts like a

... In Figure 3-62(a). The second arrow is built into the diode symbol to help lyou
remember the direction of current flow. Once you know this, there are many ways to
remember which end is called the anode and which is the cathode. Aficionadps of
vacuum-tube hi-fi amplifiers may remember that electrons travel from the hot gath-
ode to the anode, and therefore positive current flow is from anode to cathode. Those
of us who were still watching “Sesame Street” when most vacuum tubes went gut of
style might like to think in terms of the alphabet—current flows alphabetically from
Ato C.
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@ (b) ) '

anode cathode anode cathode i
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1 L1 Slope
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Figure 3-63 Model of a real diode: (a) reverse biased; (b) forward biased:;
(c) transfer characteristic of forward-biased diode.

small nonlirear resistance; its voltage drop increases as current increases, but
not strictly proportionally. When the diode is reverse biased, a small amount of
negativeleakage currenflows. If the voltage is made too negative, the diodeakage current
breaks downand large amounts of neage current can flow; in st applica- diode breakdown
tions, this type of operation is avoided.
A real diode can be modeled very simply as shown in Figurg&-&8d
(b). When the diode is reverse biased, it acts like an open circuit; we ignore leak-
age current. When the diode is forward biased, it acts like a small resi®ance,
in series withvy, a small voltage sourcks is called thdorward resistancef the forward resistance
diode, and/ is called aiode-drop. diode-drop
Careful choice of values fdt; andV, yields a reasonable piecewise-linear
approximation to the real diode transfer characteristic, as in Figure 3-63(c). In a
typical small-signal diode such as a 1N914, the forward resistriseabout
25 Q and the diode-droyy is about 0.6 V.
In order to get a feel for diodes, you should remember that a real diode does
not actually contain the 0.6-V source that appears in the model. It’s just that, due
to the nonlinearity of the real diode’s trégrscharacteristic, gnificant amounts
of current do not begin to flow until the diode’s forward volt&geas reached
about 0.6 V. Also note that in typical applications, the2¥6rward resistance
of the diode is small compared to other resistances in the circuit, so that very
little additional voltage drop occurs across the forward-biased diodevamae
reached 0.6 VThus, for practical purposes, a forward-biased diode may be
considered to have a fixed drop of 0.6 V or so .

ZENER DIODES Zener diodesake advantage of diode breakdown, in particular the steepness of the

V-l slope in the breakdown region. A Zener diode can function as a voltage regu

lator

when used with a resistor to limit the breakdown current. A wide variety of Zeners

with different breakdown voltages are produced for voltage-regulator applicatid
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LOW
HIGH

diode AND gate

Figure 3-64

Diode AND gate:

(a) electrical circuit;
(b) both inputs HIGH,;
(c) one input HIGH,
one LOW; (d) function
table; (e) truth table.

Ta b le 3- 9_ Signal Level Designation Binary Logic Value
Logic levels in a

simple diode logic 0-2 volts LOW 0
system. 2-3 volts noise margin undefined

3-5 volts HIGH 1

3.9.2 Diode Logic

Diode action can be exploited to perform logical operations. Consider a logic
system with a 5-V power supply and the characteristics shown in Table 3-9.
Within the 5-volt range, signal voltages are partitioned into two rang»/,
andHIGH, with a 1-volt noise margin between. A voltage in LoV range is
considered to be a logic 0, and a voltage inHh&H range is a logic 1.

With these definitions, diode AND gatecan be constructed as shown in
Figure 3-64(a). In this circuit, suppose that both inpuasidY are connected to
HIGH voltage sources, say 4V, so tha andVY are both 4 V as in (b). Then
both diodes are forward biased, and the output volt&fyes one diode-drop
above 4V, or about 4.6 V. A small amount of current, determined by the value of
R, flows from the 5-V supply through the two diodes and into the 4-V sources.
The colored arrows in the figure show the path of this current flow.

(@) +5V () +5V
R R
D1 D1
Xnim—iuz Vx oV, =46V
4v Ip1
D2 D2
v W Vy
4V
D2
Y
+5V
(©) (d) (e
R Ve VgV XY Z
- D1 low low low 00O
X gVz =16V low high low 010
1v b1 high low low 100
D2 high high high 111

Vy
v K
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1 + \ 7 c
10— 0
DD
+5V +5V
() R1 R2 V.o
o=
D1 D3
V>< V, = 4.6V 1.6V
l_—u—|< I 0 u—|< I aoc
4v lieak - e W W
D2 D4 | Figure 3-65
Vy Vs Two AND gates:
4 \Ll_—n—|<]— 1v —u—|<]— oS
hl (a) logic diagram;
T ' T 1 (b) electrical circuit.
<

Now suppose thatX drops to 1 V as in Figure 3-64(c). In the digdeD
gate, the output voltage equals the lower of the two input voltages plus a diode-
drop. ThusVZdropsto 1.6 V, and diod®?2 is reverse biased (the anode is at 1.6
V and the cathode is still at 4 V). The singt@w input “pulls down” the output
of the diodeAND gate to 4 OW value. Obviously, twaOW inputs ceate & OW
output as well. This functional operation is summarized in (d) and is repeated in
terms of binary logic values in (e); clearly, this istaND gate.

Figure 3-65(a) shows a logic circuit with tweND gates connected
together; Figure 3-65(b) shows the equivalent electrical circuit with a particular
set of input values. This example shows theassity of diodes in th&ND cir-
cuit: D3 allows the outpu of the firstAND gate to remaimIGH while the
outputC of the secondND gate is being pulledOW by inputB throughD4.

When diode logic gates are cascaded as in Figure 3-65, the voltage levels
of the logic signals move away from the power-supply rails and towards the
undefined region. Thus, in practice, a digkleD gate normally must be fol-
lowed by a transistor amplifier to restore the logic levels; this is the scheme used
in TTL NAND gates, described in Section 3.10.1. However, logic designers are
occasionally tempted to use discrete diodes to perform logic under special
circumstances; for example, see Exercise 3.94.

3.9.3 Bipolar Junction Transistors

A bipolar junction transistolis a three-terminal device that, in most logic citipolar junction
cuits, acts like a current-controlled switch. If we put a small current into one t#nsistor

the terminals, called thbase then the switch is “on"—current may flowbase
between the other two terminals, called &meitter and thecollector If no cur- emitter

rent is put into the base, then the switch is “off"—no current flows betweendbié&ctor
emitter and the collector.
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(@) C

npn transistor

pnp transistor

amplifier

active region

common-emitter
configuration

(b) C () C (d) C
o X
p
collector
B B B base
N emitter
He
n 1 Ie = Ib + IC

E E E

ST S

Figure 3-66 Development of an npn transistor: (a) back-to-back diodes;
(b) equivalent pn junctions; (c) structure of an npn transistor;
(d) npn transistor symbol.

To study the operation of a transistor, we first consider the operation of a
pair of diodes connected as shown in Figure @ganthis circuit, curent can
flow from nodeB to nodeC or nodeE, when the appropriate diode is forward
biased. However, no current can flow frarto E, or vice versa, since for any
choice of voltages on nod@®s C, andE, one or both diodes will be reverse
biased. Thenjunctions of the two diodes in this circuit are shown in (b).

Now suppose that we fabricate the back-to-back diodes so that treyash
commonp-type region, as shown in Figure 3-66(c). The resulting structure is
called annpn transistorand has an amazing property. (At least, the physicists
working on transistors back in the 1950s thought it was amazing!) If we put cur-
rent across the base-to-emitperjunction, then current is also enabled to flow
across the collector-to-bas® junction (which is normally impossible) and
from there to the emitter.

The circuit symbol for thenpn transistor is shown in Figure 3-66(d).
Notice that the symbol contains a subtle arrow in the direction of positive current
flow. This also reminds us that the base-to-emitter junctiompisjanction, the
same as a diode whose symbol has an arrow pointing in the same direction.

It is also possible to fabricatepap transistor,as shown in Figure 3-67.
However,pnptransistorare sédom used in digital circuits, so we won’t discuss
them any further.

The current, flowing out of the emitter of anpntransistor is the sum of
the currents,, andl flowing into the base and the collector. A transistor is often
used as a signamplifier, because over a certain operating range dtiive
region) the collector current is equal to a fixed constant times the base current
(I.=B0,). However, in digital circuits, we normally use a transistor as a simple
switch that's always fully “on” or fully “off,” as explained next.

Figure 3-68 shows theommon-emitter configuratioof annpntransistor,
which is most often used in digital switching applications. This configuration
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@ E (b) E
e
emitter
B p B base |[*
n —_—
P I collector e
Figure 3-67
l le=lp+le A pnp transistor:
(a) structure; (b) symbol.
c c

uses two discrete resistoR]l andR2 in addition to a singlapntransistor. In

this circuit, if V|y is 0 or negative, then the base-to-emitter diode junction is

reverse biased, and no base currgytdan flow. If no base current flows, then

no collector currentl{) can flow, and the transistor is said tocoe¢ off (OFF). cut off (OFF)
Since the base-to-emitter junction iseal diode, as opposed to an ideal

one,V|y must reach at leas0.6 V (one diode-drop) before any base current can

flow. Once this happens, Ohm’s law tells us that

I, = (V,y—0.6) /R1

(We ignore the forward resistané® of the forward-biased base-to-emitter
junction, which is usually small compared to the base redktdiWhen base
current flows, then collector current can flow in an amount proportionig| to
that is,

Ic = IBDb
The constant of proportionalityfs, is called thegain of the transistor, and is in3
the range of 10 to 100 for typical transistors. gain
Vee = =
Figure 3-68
R2 Common-emitter
configuration of an
l | npn transistor.
Cc
R1 -
ik —AAN >VcE
I N/
VBE
l le=lp+Ilg
v
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saturateoh@djon

saturation resistance

transistor simulation

Figure 3-69
Transistor inverter:
(a) logic symbol,
(b) circuit diagram;

(c) transfer characteristic.

IN DC ouT

@)

Although the base curreiy controls the collector etent flow I, it also
indirectly controls the voltag¥.g across the collector-to-emitter junction, since
Ve s just the supply voltagé--minus the voltage drop across resig@r

However, in an ideal transistvgg can never be less than zero (the transis-
tor cannot justreate a nediwe potential), and in a real tréstr Vg can never
be less thalWcgsay @ transistor parameter that is typically about 0.2 V.

If the values oWy, B, R1, andR2are such that the above equation predicts
a value olV¢gthat is less thaWcg(say then the transistor cannot be operating in
the active rgion and the equation does not apply. Instead, the transistor is
operating in thesaturation regionand is said to bsaturated ON). No matter
how much current, we put into the bas&/cg cannot drop belowcgsay and
the collector current, is determined mainly by the load resisR#

Ic = (VCC_VCE(satQ/(RZ"' I:‘)CE(s,a&

Here,Rcg(sanis thesaturation resistancef the transistor. Typicall\Reg(sanis
50 Q or less and is insignificant compared WRE

Computer scientists might like to imaginergntransistor as a device that
continuously looks at its environment and executes the prograabla 3-10.

3.9.4 Transistor Logic Inverter
Figure 3-69 shows that we can make a lagierter from ampn transistor in
the common-emitter configuration. When the input voltageOi/, the output
voltage isHIGH, and vice versa.

In digital switching applications, bipolar transistors are often operated so
they are always either cut off or saturated. That is, digital circuits such as the

Vee

Vout
A
R2 VCC_

Vout
R1

Viy B NV Q1

VCE(sat) —

= Viy

[ [
LOW undefined HIGH

(b) (©
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| Table 3-10 A C program that simulates the function of an npn
transistor in the common-emitter configuration.

/* Transistor parameters */
#define DIODEDROP 0.6 /* volts */
#define BETA 10;

#define VCE_SAT 0.2  /* volts */
#define RCE_SAT 50 /* ohms */

main()

{
float Vcc, Vin, R1, R2; /* circuit parameters */
float Ib, Ic, Vce; /* circuit conditions */

if (Vin < DIODEDROP) { /* cut off =/

Ib = 0.0;
Ic =0.0;
Vce = Vcc;
}
else { /* active or saturated */
Ib = (Vin - DIODEDROP) / R1;
if ((Vcc - ((BETA * Ib) * R2)) >= VCE_SAT) { /* active */
Ic = BETA * Ib;
Vce = Vcc - (Ic * R2);
}
else { /* saturated */
Vce = VCE_SAT;
Ic = (Vcc - Vce) / (R2 + RCE_SAT);
}
}

Figure 3-70 Normal states of an npn transistor in a digital switching circuit:
(a) transistor symbol and currents; (b) equivalent circuit for a cut-off
(OFF) transistor; (c) equivalent circuit for a saturated (ON) transistor.

@ c (b) c (© C

J Ie J =0 J Ic>0

B B B

v—|< ~————— FaCE(sat)
| +\|b:0 +\|b>0

VCE(sat)
=02V

Jle=lb+lc Ve <0.6 V Jle=0 Ve =0.6V J'e:|b+|c

\\\\;: £ \\\\\_: £
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storage time

Schottky diode

Schottky-clamped
transistor

Schottky transistor

Vee=+5V

Vout

Vin B——--7
‘L Switch is closed
when V,, is HIGH.
Figure 3-71 <s0a
Switch model for a l

i _ V(iEsat
transistor inverter. ao02v

inverter in Figure 3-6%re dsigned so that their transistors are always (well,
almost always) in one of the states depicted in Figure 3-70. When the input volt-
ageV,y is LOW, it is low enough thal, is zero and the transistor is cut off; the
collector-emittefjunction looks like an open circuit. Whafjy is HIGH, it is
high enough (anR1is low enough ang is high enough) that the transistor will
be saturated for any reasonable valuBR2®fthe collector-emittejunction looks
almost like a short circuit. Input voltages in the undefined region beti@en
andHIGH are not allowed, except during transitions. This undefined region cor-
responds to the noise margin that we discussed in conjunction with Table 3-1.
Another way to visualize the operation of a transistor inverter is shown in
Figure 3-71. WherV,y is HIGH, the transistor switch is closed, and the output
terminal is connected to ground, definitely@w voltage. WherV,y is LOW,
the transistor switch is open and the output terminal is pulled ¥through a
resistor; the output voltage BIGH unless the output terminal is too heavily
loaded (i.e., improperly connected through a low impedance to ground).

3.9.5 Schottky Transistors
When the input of a saturated transistor is changed, the output does not change
immediately; it takes extra time, callstbrage timeto come out of saturation.
In fact, storage time aoants for a significant portion of the propagation delay
in the original TTL logic family.

Storage time can be eliminated and propagation delay can be reduced by
ensuring that transistors do not saturate in normal operation. CormramnpdL
logic families do this by placing&chottky diodéetween the base and collector
of each transistor that might saturate, as shown in Figure 3-72. The resulting
transistors, which do not saturate, are cabetiottky-adamped transistorer
Schottky transistorfor short.
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Figure 3-72
Schottky-clamped
transistor: (a) circuit;
(b) symbol.

Bipolar Logic

When forward biased, a Schottky diode’s voltage drop is much less than a
standard diode’s, 0.25 V vs. 0.6 V. In a standard saturated transistor, the base-to-
collector voltage is 0.4V, as shown in Figure 3aj31n a Schttky transistor,
the Schottky diode shunts current from the base into the collector before the
transistor goes into saturation, as shown in (b). Figure 3-74 is the circuit diagram
of a simple inverter using a Schottky transistor.

(b)

+

0.25V -

NI

L

IC
Vgc = 0.25 y
N

—
Vge I:bo.s ;KH _

> V=035V

Figure 3-73 Operation of a transistor with large base current: (a) standard
saturated transistor; (b) transistor with Schottky diode to
prevent saturation.

R1

Vin &

VvV

Vee

Q1

R2
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diode AND gate
clamp diode

phase splitter

WHERE IN THE
WORLD IS Q1?

3.10 Transistor-Transistor Logic

The most commonly used bipolar logic family is transistor-transistor logic.
Actually, there are many different TTL families, with a range of speed, power
consumption, and other characteristics. The circuit examples in this section are
based on a representative TTL family, Low-power Schottky (LS or LS-TTL).

TTL families use basically the same logic levels as the TTL-compatible
CMOS families in previous sections. We'll use the following definitions@i
andHIGH in our discussions of TTL circuit behavior:

LOW 0-0.8 volts.
HIGH 2.0-5.0 volts.

3.10.1 Basic TTL NAND Gate

The circuit diagram for a two-input LS-TTUAND gate, part number 74LS00,

is shown in Figure 3-75. Th¢AND function is obtained by combining a diode
AND gate with an inverting buffer amplifier. The circuit's operation is best
understood by dividing it into the three parts that are shown in the figure and
discussed in the next three paragraphs:

» Diode AND gate and input protection.
* Phase splitter.
» Output stage.

DiodesD1X andD1Y and resistoR1 in Figure 3-75 form aliode AND
gate,as in Section 3.9.2lamp diodesdD2X and D2Y do nothing in normal
operation, but limit undesirable negative excursions on the inputs to a single
diode drop. Such negative excursions may occli@m-to-LOW input transi-
tions as a result of transmission-line effects, discussed in Section 12.4.

TransistorQ2 and the surrounding resistors formphase splitterthat
controls the output stage. Depending on whether the dib@egate produces
a “low” or a “high” voltage awv/,, Q2is either cut off or turned on.

Notice that there is no transistQr in Figure 3-75, Vee
but the other transistors are named in a way that’s t

ditional; some TTL devices do in fact have i =
transistor name@®1. Instead of diodes likB1X and 2.8 1Q
D1Y, these devices use a multiple-emitter transist

Q1 to perform logic. This transistor has one emitte C

-
per logic input, as shown in the figure to the righ X / Va
Pulling any one of the emitter®W is sufficient to
turn the transistodN and thus pull/, LOW.
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Vee=+5V
R1 R2
20 kQ 8 kQ
D1X
Xo 1
N
D1Y
Yo 1
IN Va
D2X_ | D2Y R3
VAIVAR 12k
R4
1.5 kQ
Figure 3-75
Q6 Circuit diagram of
two-input LS-TTL
i NAND gate.
Diode AND gate
and input protection Phase splitter Output stage

Theoutput stagdas two transistor§4 andQ5, only one of which is on at output stage
any time. The TTL output stage is sometimes calléatem-poleor push-pull totem-pole output
output Similar to thep-channel andi-channel transistors in CMO84 andQ5 push-pull output
provide active pull-up and pull-down to théGH andLOW states, respectively.

The functional opration of the TTLNAND gate is summarized in
Figure 3-76(a). The gate does indeed performNweD function, with the truth
table and logic symbol shown in (b) and (c). TNAND gates can be designed
with any desired number of inputs simply by changing the number of diodes in

(@) X Y VAo Q2 Q3 Q4 Q5 Q6 VvV, Z Figure 3-76
L L <105 off on on off off 27 H Functional operation
L H <105 off on on off off 27 H of a TTL two-input
H L <1.05 off on on off off 2.7 H NAND gate:
H H 1.2 on off off on on <0.35 L (a) function table:
(b) truth table;
(c) logic symbol.
(b) X Y z (©)
0 0 1 X
0o 1 1 z
1 0 1 Y
1 1 0
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sinking current

sourcing current

CURRENT SPIKES
AGAIN

the diodeAND gate in the figure. Commercially available TNAND gates have
as many as 13 inputs. A TTL inverter is designed as a 1-NiD gate, omit-
ting diodesD1YandD2Yin Figure 3-75.

Since the output transista@! andQ5 are normally complementary—one
ON and the othebFF—you might question the purpose of the I2@esistorR5
in the output stage. A value of would give even better driving capability in
the HIGH state. This igertanly true from a DC point of view. However, when
the TTL output is changing fromdIGH to LOW or vice versa, there is a short
time when both transistors may be on. The purpo$tbdf to limit the amount
of current that flows fronvCC to ground during this time. Even with a 120
resistor in the TTL output stage, higher-than-normal currents called current
spikes flow when TTL outputs are switched. These are similar to the current
spikes that occur when high-speed CMOS outputs switch.

So far we have shown thaput signals to a TTL gate as ideal voltage
sources. Figure 3-77 shows the situation when a TTL input is drt@@nby the
output of another TTL gate. Transist@bAin the driving gate i©N, and there-
by provides a path to ground for the current flowing out of the diddd€&Bin the
driven gate. When current flovisto a TTL output in theeOW state, as in this
case, the output is said to &ieking current

Figure 3-78 shows the same circuit withli&H output. In this cas€4A
in the driving gate is turned on enough to supply the small amount of leakage
current flowing through reverse-biased dio@sxB andD2XB in the driven
gate. When current flows out of a TTL output in t&H state, the output is
said to besourcing current

3.10.2 Logic Levels and Noise Margins

At the beginning of this section, we indicated that we would consider TTL
signals between 0 and 0.8 V tolb®@W, and signals between 2.0 and 5.0 V to be
HIGH. Actually, we can be more precise by defining TTL input and output levels
in the same way as we did for CMOS:

Voumin The minimum output voltage in theIGH state, 2.7 V for most TTL
families.

Viumin  The minimum input voltage guaranteed to be recognized HIS 4,
2.0V for all TTL families.

Current spikes can show up as noise on the power-supply and ground connectipns in
TTL and CMOS circuits, especially when multiple outputs are switched simulta-
neously. For this reason, reliable circuits require decoupling capacitors bafweer
and ground, distributed throughout the circuit so that there is a capacitor within an
inch or so of each chip. Decoupling capacitors supply the instantaneous current need-
ed during transitions.
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Figure 3-77 A TTL output driving a TTL input LOW.
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Figure 3-78 A TTL output driving a TTL input HIGH.
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Vee=5V
: HIGH

Figure 3-79 ¢ Voumin= 2.7V High-state

Noise margins for Vi, . =20V 7 DC noise margin

popular TTL logic ABNORMAL i

families (74LS, 74S, Vimax = 08V O argin

74ALS, T4AS, 74F). o Low VoLmax=0-5V ’

Viimax The maximum input voltage guanteed to be recognized as@W,
0.8 V for most TTL families.

VoLmax The maximum output voltage in th®W state, 0.5 V for most families.

These noise margins are illustrated in Figure 3-79.
In theHIGH state, the/gumin Specification of most TTL families exceeds

DC noise margin Vibmin bY 0.7 V, so TTL has BC noise margirof 0.7 V in theHIGH state. That

is, it takes at least 0.7 V of noise to corrupt a worst-g&Gél output into a volt-

age that is not guaranteed to be recognizable##SH input. In theLOW state,

however,V| nax €xceeds/o max by only 0.3V, so the DC noise margin in the

LOW state is only 0.3 V. In general, TTL and TTL-compatible circuits tend to be

more sensitive to noise in thOW state than in thHIGH state.

3.10.3 Fanout

fanout As we defined it previously in Section 3.5fdnoutis a measure of the number
of gate inputs that are connected to (and driven by) a single gate output. As we
showed in that section, the DC fanout of CMOS outputs driving CMOS inputs
is virtually unlimited, because CMOS inputs require almost meeatiin either
state HIGH or LOW. This is not the case with TTL inputs. As a result, there are
very definite limits on the fanout of TTL or CMOS outputs driving TTL inputs,
as you'll learn in the paragraphs that follow.

current flow As in CMOS, thecurrent flowin a TTL input or output lead is defined to be
postive if the curent actually flowsnto the lead, and negative if current flows
out of the lead. As a result, when an output is connected to one or more inputs,
the algebraic sum of all the input and output currents is 0.

The amount of current required by a TTL input depends on whether the

input isHIGH or LOW, and is specified by two parameters:

liLmax The maximum current that an input requires to pulbiwv. Recall from
the discussion of Figure 3-77 that positive current is actually flowing
from V¢, throughR1B through diodeD1XB, out of the input lead,
through the driving output transist@5A and into ground.

Since current flows out of a TTL input in th©Ww state,l| nax has a
negative value. Most LS-TTL inputs halgnax = —0.4 mA, which is
LOW-state unit load sometimes called BOW-state unit loador LS-TTL.
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llumax The maximum current that an input requires to puil@H. As shown
in Figure 3-78 on page 155, positive current flows fridgg, through
R5A and Q4A of the driving gate, andhto the driven input, where it
leaks to ground through reversed-biased di®E$BandD2XB.

Since current flowgto a TTL input in theHIGH state ] ymax has a pos-
itive value. Most LS-TTL inputs havéyn.x = 20 UA, which is
sometimes called H/IGH-state unit loador LS-TTL. HIGH-state unit load
Like CMOS outputs, TTL outputs can soa orsink a certain amount of
current depending on the statdGH or LOW:

loLmax The maximum current an output can sink in tklgV state while main-
taining an output voltage no more théf .. Since current flows into
the output] o, max as a positive value, 8 mA for most LS-TTL outputs.

lonmax The maximum current an output can source inHh@H state while
maintaining an output voltage no less théymin- Since current flows
out of the output|oymay has a negative value400 pA for most LS-
TTL outputs.

Notice that the value dfy nay for typical LS-TTL outputs is exactly 20
times the absolute value bf 4. As a result, LS-TTL is said to have.@W-
state fanoubf 20, because an output can drive up to 20 inputs ibQké state. LOW~state fanout
Similarly, the absolute value t§pymayis exactly 20 time§yaw SO LS-TTL is
said to have &/GH-state fanoubf 20 also. Theverall fanou is the lesser of the HIGH-state fanout
LOW- andHIGH-state fanouts. overall fanout
Loading a TTL output with more than its rated fanout has the same delete-
rious efects that were described for CMOS devices in Section 3.5.5 on
page 106. That is, DC noiseargins may be reduced or eliminated, titaors
times and delays may increase, and the device may overheat.

TTL OUTPUT  Although LS-TTL’s numerical fanouts for HIGH and LOW states are equal, LS-T[TL

ASYMMETRY and other TTL families have a definite asymmetry in current driving capability—-an
LS-TTL output can sink 8 mA in the LOW state, but can source only40d the
HIGH state.

This asymmetry is no problem when TTL outputs drive other TTL inputs,
because it is matched by a corresponding asymmetry in TTL input current require-
ments [ max IS large, whild,ymax is small). However, it is a limitation when TTL is
used to drive LEDs, relays, solenoids, or other devices requiring large amounts of
current, often tens of milliamperes. Circuits using these devices must be designed so
that current flows (and the driven device is “on”) when the TTL output is inGae
state, and so little or no current flows in thSH state. Special TTL buffer/driver
gates are made that can sink up to 60 mA in@w state, but that still have a rather
puny current sourcing capability in thRéGH state (2.4 mA).
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BURNED FINGERS

If a TTL or CMOS output is forced to sink a lot more thgp,a. the device may be
damaged, especially if high current is allowed to flow for more than a second qr so.
For example, suppose that a TTL output inltlaV state is short-circuited directly
to the 5V supply. Th®N resistancelRcg sy Of the saturate@5 transistor in a typ-

ical TTL output stage is less than @0 Thus,Q5 must dissipate about/A0 or 2.5

watts. Don’t try this yourself unless you're prepared to deal with the consequences!
That's enough heat to destroy the device (and burn your finger) in a very short time.

In general, two calculations must be carried out to confirm that an output is
not being overloaded:

HIGH state The | ;ymnax Values for all of the driven inputs are added. This sum
must be less than or equal to the absolute valuggf,, for the
driving output.

LOW state Thel, yax Values for all of the driven inputs are added. The abso-
lute value of this sum must be less than or equitg.y for the
driving output.

For example, suppose you designed a system in whielntain LS-TTL
output drives ten LS-TTL and three S-TTL gate inputs. IrHilgH state, a total
of 1020 + 3[B0 uA = 350 LA is required. This is within an LS-TTL output’s
HIGH-state current-sourcing capability of 408. But in theLOW state, a total
of 10(D.4 + 3[2.0 mA = 10.0 mA is required. This is more than an LS-TTL out-
put's LOW-state current-sinking capability of 8 mA, so the output is overloaded.

3.10.4 Unused Inputs

Unused inputs of TTL gates can be handled in the same way as we described for
CMOS gates in Section 3.5.6 on page 107. That is, unused inputs may be tied to
used ones, or unused inputs may be puEEH or LOW as is appropriate for

the logic function.

The resistance value of a pull-up or pull-down resistor is more critical with
TTL gates than CMOS gates, because TTL inputs draw significantly more cur-
rent, especially in theOW state. If the resistance is too large, the voltage drop
across the resistor may result in a gate input voltage beyond the hawiair
HIGH range.

For example, consider the pull-down resistor shown in Figure 3-80. The
pull-down resistor must sink 0.4 mA of current from each of the unused LS-TTL
inputs that it drives. Yet the voltage drop across the resistor must be no more than
0.5V in order to have a LOW input voltage no worse than that produced by a
normal gate output. If the resistor drivesS-TTL inputs, then we must have

n[0.4 mALR;<0.5V
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INPUTS floating) behave as if they havetiGH voltage applied—they are pullétiGH by

should be tied to a stattiGH or LOW voltage source.

FLOATING TTL Analysis of the TTL input structure shows that unused inputs left unconnectec

base resistaR1 in Figure 3-75 on page 153. HowevBRd's pull-up is much weaker
than that of a TTL output driving the input. As a result, a small amount of circuit ng
such as that produced by other gates when they switch, can make a floating inpu
riously behave like it 6 OW. Therefore, for the sake of reliability, unused TTL inpu

] (or

ise,
t spu-

V. <05V IILma><

n = ————

sink current from DO* i>07 Figure 3-80
LOW inputs Rpd —r\‘

— TTL inputs.

Thus, if the resistor must pull 10 LS-TTL inpwidW, then we must havep52<
0.5/ (104 11073), orRyy < 125Q.

Similarly, consider the pull-up resistor shown in Figure 3-81. It must
source 2QUA of current to each unused input while producimj@H voltage no
worse than that produced by a normal gate output, 2.7 V. Therefore, the voltage
drop across the resistor must be no more than 2.3\LH-TTL input are driv-
en, we must have

n[20 pALR,, <23V

Thus, if 10 LS-TTL inputs are pulled up, th&y, < 2.3 / (10020010°9), or
Rou<11.5KQ.

+5V

— Figure 3-81
— — Pull-up resistor for
source current R ——_—

to HIGH inputs TTL inputs.
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I
WHY USE A You might be asking yourself, “Why use a pull-up or pull-down resistor, when a

RESISTOR?

direct connection to ground or the 5-V power supply should be a perfectly good
source olLOW or HIGH?”
Well, for aHIGH source, a direct connection to the 5V power supply is not
recommended, since an input transient of over 5.5 V can damage some TTL deVices,
ones that use a multi-emitter transistor in the input stage. The pull-up resistor limits
current and prevents damage in this case.
For aLOW source, a direct connection to ground without the pull-down
resistor is actually OK in most cases. You'll see many examples of this sort of con-
nection throughout this book. However, as explained in Section 12.2.2 on page 803,
the pull-down resistor is still desirable in some cases so that the “conis@wt”
signal it produces can be overridden and dridé@H for system-testing purposes.

3.10.5 Additional TTL Gate Types
Although theNAND gate is the “workhorse” of the TTL family, other types of
gates can be built with the same geat ciraiit structure.

The circuit diagram for an LS-TTNOR gate is shown in Figure 3-82. If
either inputX or Y is HIGH, the corresponding phase-splitter transiQai or
Q2Yis turned on, which turns o3 andQ4 while turning onQ5 andQ6, and
the output i£.OW. If both inputs ar&OW, then both phase-splitter transistors are
off, and the output is forcedIGH. This functional operation is summarized in
Figure 3-83.

The LS-TTLNOR gate’s input circuits, phase splitter, and output stage are
almost identical to those of an LS-TNAND gate. The difference is that an LS-
TTL NAND gate uses diodes to perform theD function, while an LS-TTL
NOR gate uses parallel transistors in the phase splitter to perforr®Rhe
function.

The speed, input, and output cheteristics of #TL NOR gate are compa-
rable to those of a TTINAND. However, ann-input NOR gate uses more
transistors and resistors and is thus more expensive in silicon area than an
input NAND. Also, internal leakage current limits the numbe@aftransistors
that can be placed in parallel, SOR gates have poor fan-in. (The largest dis-
crete TTLNOR gate has only 5 inputs, compared with a 13-ilZyAKID.) As a
result,NOR gates are less commonly used tN&ND gates in TTL designs.

The most “natural” TTL gates are inverting gates IN&ND andNOR.
Noninverting TTL gates include an extra inverting stage, typically between the
input stage and the phase splitter. As a result, noninverting TTL gates are typi-
cally larger and slower than the inverting gates on which they are based.

Like CMOS, TTL gates can be designed with three-state outputs. Such
gates have an “output-enable” or “output-disable” input that allows the output to
be placed in a high-impedance state where neither output transistor is turned on.
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Section 3.10
Vec=+5V
R1X R2
20 kQ 8 kQ
D1X Y |
XE rl/l : AX [ sz |
AN
R1Y § RSXJ\
20 kQ
Dl-'/l\l( 10 kQ
Yo
N Vay KQZY
D2X D2Y R3Y
"Z§ N 10 kQ
R4 R7
1.5kQ 3 kQ
Q6

Diode inputs and
input protection

OR function and phase splitter

T

Output stage

Figure 3-82 Circuit diagram of a two-input LS-TTL NOR gate.

(@) X Y  Vay Q2X Vay Q2Y Q3 Q4 Q5 Q6 Z
L L <1.05 off <1.05 off on on off off >27 H
L H <105 off 1.2 on off off on on <035 L
H L 1.2 on <1.05 off off off on on <0.35 L
H H 1.2 on 1.2 on off off on on <035 L
(b) X Y z (c)

0 o 1 X

0 1 o0 v z

1 0 0

1 1 0

Figure 3-83

Two-input LS-TTL
NOR gate:

(a) function table;
(b) truth table;

(c) logic symbol.

Some TTL gates are also available witfen-collector outputsSuch gates open-collector output
omit the entire upper half of the output stage in Figure 3-75, so that only passive
pull-up to theHIGH state is provided by an external resistor. The applications
and required calculations for TTL open-collector gates are similar to those for
CMOS gates with open-drain outputs.
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74-series TTL
74H (High-speed TTL)

74L (Low-power TTL)

74S (Schottky TTL)

74LS (Low-power
Schottky TTL)

74AS (Advanced
Schottky TTL)

3.11 TTL Families

TTL families have evolved over the years in response to the demands of digital
designers for bettermpformance. As a seilt, three TTL families have come and
gone, and today's designers have five surviving families from which to choose.
All of the TTL familiesare comp#tble in that they use the same power supply
voltage and logic levels, but each family has its own advantages in terms of
speed, power consumption, and cost.

3.11.1 Early TTL Families

The original TTL family of logic gates was introduced by Sylvania in 1963. It
was popularized by Texas Instruments, whose “7400-series” part numbers for
gates and other TTL components quickly became an industry standard.

As in 7400-series CMOS, devices imgi@en TTL family have part num-
bers of the form 74FAMN, where “FAM” is an alphabetic family mnemonic and
nnis a numeric function designator. Devices in different families with the same
value ofnnperform the same function. In the original TfEmily, “FAM” is null
and the family is calle@4-series TTL.

Resistor values in the original TTL circuit were changed to obtain two
more TTL families with dferent performance characteristics. TiH (High-
speed TTLjamily used lower resistor values to reduce propagation delay at the
expense of increased power consumption. Thie (Low-power TTLYamily
used higher resistor values to reduce power consumption at the expense of prop-
agation delay.

The availability of three TTL families allowed digital designers in the
1970s to make a choice between high speed and low power consumption for
their circuits. However, like many people in the 1970s, they wanted to “have it
all, now.” The development of Schottky transistors provided this opportunity,
and made 74, 74H, and 74L TTL obsolete. The characteristics of better-
performing, contemporary TTL families are discussed in the rest of this section.

3.11.2 Schottky TTL Families
Historically, the first family to make use of Schottky transistors W (Schot-
tky TTL) With Schottky transistors and low resistor values, this family has much
higher speed, but higher power consumption, than the original 74-series TTL.
Perhaps the most widely used and certainly the least expensive TTL family
is 74LS (Low-power Schottky TTlintroduced shortly after 74S. By combining
Schottky transistors with higher resistor values, 74LS TTL matches the speed of
74-series TTL but has aboutesfifth of its power onsumption. Thus, 74LS is a
preferred logic family for new TTL designs.
Subsequent IC processing and circuit innovations gave rise to two more
Schottky logic families. The74AS (Advanced Schottky TTigmily offers
speeds approximately twice as fast as 74S with approximately the same power
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l Table 3-11 Characteristics of gates in TTL families.

Family
Description Symbol 74S 74LS 74AS 74ALS 74F

Maximum propagation delay (ns) 3 9 1.7 4 3
Power consumption per gate (mW) 19 2 8 1.2 4
Speed-power product (pJ) 57 18 13.6 4.8 12
LOW-level input voltage (V) Vi max 0.8 0.8 0.8 0.8 0.8
LOW-level output voltage (V) VoL max 0.5 0.5 0.5 0.5 0.5
HIGH-level input voltage (V) Vidmin 2.0 2.0 2.0 2.0 2.0
HIGH-level output voltage (V) VoHmin 2.7 2.7 2.7 2.7 2.7
LOW-level input current (mA) I\ max -20 -04 -05 -0.2 -0.6
LOW-level output current (mA) | oL max 20 8 20 8 20
HIGH-level input currenty(A) l\Hmax 50 20 20 20 20
HIGH-level output currentyA) | OHmax -1000 -400 -2000 -400 -1000

consumption. Th&4ALS (Advanced Low-power Schottky TTadrily offers 74ALS (Advanced Low-
both lower power and higher speeds than 74LS, and rivals 74LS in popularity fewer Schottky TTL)
general-purpose requirements in new TTL designs.78ke(Fast TTL)family

is positioned between 74AS and 74ALS in the speed/power tradeoff, andis(Fast TTL)
probably the most popular choice for high-speed requirements in new TTL

designs.

3.11.3 Characteristics of TTL Families
The important characteristics of contermgry TTL families are summarized in
Table 3-11. The first two rows of the table list the propagation delay (in nano-
seconds) and the power consumption (in milliwatts) of a typical 2-iRAND
gate in each family.

One figure of merit of a logic family is ispeed-power produtisted in the
third row of the table. As discussed previously, this is simply the product of the
propagation delay and power consumption of a typical gate. The speed-power
product measures a sort of efficiency—how much energy a logic gate uses to
switch its output.

The remaining rows in Table 3-11 describe the input and output parameters
of typical TTL gates in each of tfamilies. Using this information, you can
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recommended
operating conditions

electrical
characteristics

switching
characteristics

absolute maximum
ratings

analyze the external behavior of TTL gates without knowing the details of the
internal TTL circuit design. These parametemravdefined and disssed in
Sections 3.10.2 and 3.10.3. As always, the input and output characteristics of
specific components may vary from the representative values given in
Table 3-11, so you must always consult the manufacturer's data book when
analyzing a real design.

3.11.4 A TTL Data Sheet

Table 3-12 shows the part of a typical manufacturer’s data sheet for the 74LS00.
The 54LS00 listed in the data sheet is identical to the 74LS00, except that it is
specified to operate over the full “military” temperature and voltage range, and
it costs more. Most TTL parts havermsponding 54-series (military) versions.
Three sections of the data sheet are shown in the table:

« Recommended operating conditiaspecify power-supply voltage, input-
voltage ranges, DC output loading, and temperature values under which
the device is normally operated.

» Electrical characteristicspecify additional DC voltages andrents that
are observed at the device inputs and output when itisatgunder the
recommended conditions:

[, Maximum input current for a very highiGH input voltage.
los Output current wittHIGH output shorted to ground.

lccy Power-supply current when all outputs (on fOMMND gates) are
HIGH. (The number given is for the entire package, which contains
four NAND gates, so the current per gate is one-fourth of the spec-
ified amount.)

lcc. Power-supply current when all outputs (on foI4ND gates) are
LOW.

e Switching characteristicgive maximum andypical propagation delays
under “typical” operating conditions &-c=5 V andT, = 25°C. A con-
servative dagner must increase these delays by 5%-10% to account for
different power-supply voltages and temperatures, and even more under
heavy loading conditions.

A fourth section is also included in the manufacturer’s data book:

» Absolute maximum ratingsdicate the worst-case conditions for operating
or storing the device without damage.

A complete data book also shows test circuits #rat used to measure the
parameters when the device is manufactured, and graphs that show how the typ-
ical parameters vary with operating conditions such as power-supply voltage
(Vco), ambient temperaturd), and load R, C,).
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Table 3-12 Typical manufacturer's data sheet for the 74LS00.

RECOMMENDED OPERATING CONDITIONS

SN54L.S00 SN74LS00
Parameter Description Min.  Nom.  Max. Min.  Nom. Max.  Unit

Vee Supply voltage 4.5 5.0 5.5 4.75 5.0 5.25 \%
ViH High-level input voltage 2.0 2.0 \%
Vi Low-level input voltage 0.7 0.8 Vv
loH High-level output current -0.4 -0.4 mA
loL Low-level output current 4 4 mA
Ta Operating free-air temperature -55 125 0 70 °C

ELECTRICAL CHARACTERISTICS OVER RECOMMENDED FREE-AIR TEMPERATURE RANGE

SN54LS00 SN74LS00
Parameter Test Conditions ¥ Min. Typ.® Max. Min. Typ.® Max. Unit
Vi Vee=Min, Iy=-18 mA -1.5 -15 V
Vou  Vec=Min,V, =Max.,loy=-04mA 25 3.4 2.7 34 Vv
Vo, Vee=Min., Vi =2.0 V1o, =4 mA 025 0.4 025 04 V
Vee=Min., Vi =2.0 V1o, = 8 mA 0.35
I Vee=Max.,V, = 7.0 V 0.1 01 mA
I Vee=Max. VvV, =2.7V 20 20 UA
L Vec=Max.V, =04V -0.4 -0.4 mA
los®  Vee=Max. -20 -100 -20 -100 mA
lecch  Vee=Max.,V, =0V 08 16 08 16 mA
lccl  Vec=Max.,V,=4.5V 24 44 24 44  mA

SWITCHING CHARACTERISTICSYV = 5.0 V, T, = 25°Cl
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stantial current, especially compared to HC and HCT output capabilities. For
example, an HC or HCT output can drive 10 LS or only two S-TTL inputs.

The last factor is capacitive loading. We've seen that load capacitance
increases both the delay and the power dissipation of logic circuits. Increases in
delay are especially noticeable with HC and HCT outputs, whose transition
times increase about 1 ns for each 5 pF of load capacitance. The transistors in
FCT outputs have very low “on” resistances, so their transition times increase
only about 0.1 ns for each 5 pF of load capacitance.

For a given load capacitance, power-supply voltage, and application, all of
the CMOS families have similar dynamic power dissipation, since each variable
in theC\V?f equation is the same. On the other hand, TTL outputs have somewhat
lower dynamic power dissipation, since the voltage swing betweerHIGH
andLOW levels is smaller.

*3.13 Low-Voltage CMOS Logic and Interfacing

Two important factors have led the IC industry to move towards lower power-
supply voltages in CMOS devices:

* In most applications, CMOS output voltages swing from rail to rail, so the
V in theCV?f equation is the power-supply voltage. Cutting power-supply
voltage reduces dynamic power dissipation more than proportionally.

e As the industry moves towards ever-smaller transistor geometries, the
oxide insulation between a CMOS transistor’s gate and its source and drain
is getting ever thinner, and thus incapable of insulating voltage potentials
as “high”as 5 V.

As aresult, JEDEC, an IC industry standards group, selected 3.3V 0.3V,
2.5V 0.2V, and 1.8V +0.15V as the next “standard” logic power-supply volt-
ages. JEDEC standards specify the input and output logic voltage levels for
devices operating with these power-supply voltages.

The migration to lower voltages has occurred in stages, and will continue
to do so. For discrete logic families, the trend has been to produce parts that
operate and produce outputs at the lower voltage, but that can also tolerate inputs
at the higher voltage. This approach has allowed 3.3-V CMOS families to oper-
ate with 5-V CMOS and TTL families, as we’ll see in the next section.

Many ASICs and microprocessors have followed a similar approach, but
another approach is often used as well. These devices are large enough that it can
make sense to provide them with two power-supply voltages. A low voltage,
such as 2.5V, is supplied to operate the chip’s internal gatesr@iogic A core logic
higher voltage, such as 3.3V, is supplied terage the external input andtput
circuits, orpad ring for compatibility with older-generation devices in thead ring
system. Special buffer circuits are used internally to translate safely and quickly
between the core-logic and the pad-ring logic voltages.
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LVCMOS (low-voltage
CMOS)

LVTTL (low-voltage
TTL)

@

50V —— Vec
444V —— Vou
35V —— Vi
25V —— Vp
15V —— V|
05V —— Vo
5.0v —— GND

5-V CMOS Families

Chapter 3 Digital Circuits

*3.13.1 3.3-V LVTTL and LVCMOS Logic

The relationships among signal levels for standard TTL and low-voltage CMOS
devices operating at their nominal power-supply voltages are illustrated nicely
in Figure 3-85, adapted from a Texas Instruments application note. The original,
symmetric signal levels for pure 5-V CMOS families such as HC and VHC are
shown in (&) TTL-compatible CMOS families such as HCT, VHCT, and FCT
shift the voltage levels downwards for compatibility with TTL as shown in (b).

The first step in the progression of lower CMOS power-supply voltages
was 3.3 V. The JEDEC standard for 3.3-V logic actually defines two sets of
levels.LVCMOS (low-voltage CMOSgvels are used in pure CMOS applica-
tions where outputs have light DC loads (less thanu#)0soVp, andVgoy are
maintained within 0.2 V of the power-supply rail&/TTL (low-voltage TTL)
levels, shown in (c), are used in applications where outputs have significant DC
loads, sd/g, can be as high as 0.4 V avig,, can be as low as 2.4 V.

The positioning of TTL's logic levels at the low end of the 5-V range was
really quite fortuitous. As shown in Figure 3-85(b) and (c), it was possible to
define the LVTTL levels to match up with TTL levels exactly. Thus, an LVTTL
output can drive a TTL input with no problem, as long as its output current spec-
ifications (o max onmay &re respected. Similarly, a TTL output can drive an
LVTTL input, except for the problem of driving it beyond LVTTL's 3.3Wc,
as discussed next.

Figure 3-85 Comparison of logic levels: (a) 5-V CMOS; (b) 5-V TTL,
including 5-V TTL-compatible CMOS; (c) 3.3-V LVTTL,;
(d) 2.5-V CMOS; (e) 1.8-V CMOS.

50V —— Ve
()
3.3V —— Vce
(d)

24V = Vo 2.4V —— Vo 25V == Vec
20V —f— V|H 20V —d— V|H 20V —4— VOH (e)

17V —— Vi 18V Vee
15V —— Vg 15V —4— Vg 1.45V VoH

12V —— Vp 1.2V Viy

0.9V V.
0.8V —— V, 0.8V —— V, T
It IL 0.7V —— V|L 0.65V V|L

0.4V —— Vo, 04V —— Vo 0.4V —— Vo 0.45V VoL
50V —— GND 50V —— GND 50V —— GND 50V GND

5-V TTL Families

3.3-V LVTTL Families
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*3.13.2 5-V Tolerant Inputs

The inputs of a gate won’t necessarily tolerate voltages greate¥gaf his

can easily occur when 5-V and 3.3-V logic families in a system. For example,
5-V CMOS devices easily produce 4.9-V outputs when lightly loaded, and both
CMOS and TTL devices routinely produce 4.0-V outputs even when moderately
loaded.

The maximum voltag¥|,,,x that can be tolerated by an inputis listed in the
“absolute maximum ratings” section of the manufeets data sheet. For HC
devicesV max €qualsVee. Thus, if an HC device is powered by a 3.3-V supply,
its cannot be driven by any 5-V CMOS or TTL outputs. For VHC devices, on the
other handyhax is 7 V; thus, VHC devices with a 3.3-V power supply may be
used to convert 5-V outputs to 3.3-V levels for use with 3.3-V microprocessors,
memories, and other devices in a pure 3.3-V subsystem.

Figure 3-86 explains why some inputs are 5-V tolerant and others are not.
As shown in (a), the HC and HCT input structure actually contains two reverse-
biasedclamp diodeswhich we haven’t shown before, between each input signiaimp diode
and V¢ and ground. The purpose of these diodes is specifically to shunt any
transient input signal value less than O throDdhor greater thaW. through
D2 to the corresponding power-supply rail. Such transients can occur as a result
of transmission-lingeflecions, as described in Section 12.4. Shunting the so-
called “undershoot” or “overshoot” to ground\%sc reduces the magnitude and
duration ofreflecfons.

Of course, diod®2 can't distinguish between transient overshoot and a
persistent input voltage greater thas.. Hence, if a 5-V output is connected to
one of these inputs, it will not see the very high impedance normally associated
with a CMOS input. Instead, it will see a riélaly low impedance path t6-c
through the now forward-biased dioD&, and excessive current will flow.

Figure 3-86(b) shows a 5-V tolerant CMOS input. This input structure
simply omitsD2; diodeD1 is still provided to clamp undershoot. The VHC and
AHC families use this input structure.

Vee Vee

(a) - (b) - Figure 3-86

D2

- -

v, l: Q1L v, l: Q1

D1 D1

v v
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Figure 3-87
CMOS three-state
output structures:
(a) non-5-V tolerant
HC and VHC,;

b) 5-V tolerant LVC.

The kind of input structure shown in Figure 3-86(b) is necessary but not
sufficient to create 5-V tolerant inputs. The transistors in a device’s particular
fabrication process must also be able to withstand voltage potentials higher than
Ve On this basisy|max in the VHC family is limited to 7.0 V. In many 3.3-V
ASIC processes, it's not possible to get 5-V tolerant inputs, even if you're will-
ing to give up the transmission-line benefits of dibde

*3.13.3 5-V Tolerant Outputs

Five-volt tolerance must also be considered for outputs, in particular, when
both 3.3-V and 5-V three-state outputs are connected to a bus. When the 3.3-V
output is in the disabled, Hi-Z state, a 5-V device may be driving the bus, and a
5-V signal may appear on the 3.3-V deviaagput

In this situation, Figure 3-87 explains why some outputs are 5-V tolerant
and others are not. As shown in (a), the standard CMOS three-state output has an
n-channel transista@1 to ground and @-channel transista®2 to V.. When
the output is disabled, circuitry (not shown) holds the gatelafiear 0 V, and
the gate 002 nearVc, so both transistors are off avids Hi-Z.

Now consider what happensvgc is 3.3 V and a different device applies a
5-V signal to the output pi¥ in (a). Then the drain @2 (Y) is at 5 V while the
gate V,) is still at only 3.3 V. With the gate at a lower potential than the drain,
Q2 will begin to conduct and provide a riely low-impedance path from to
Ve, and excessive current will flow. Both HC and VHGCetnstate outputs have
this structure and tmefore arenot 5-V tolerant.

Figure 3-87(b) shows a 5-V tolerant output structure. An gxtrhannel
transistorQ3 is used to prever®2 from turning on when it shouldn’t. When
Vour is greater thaWc, Q3 turns on. This forms a relatively low impedance
path fromyY to the gate 0Q2, which now stays off because its gate volt¥ge
can no longer be below the drain voltage. This output structure is used in Texas
Instruments’ LVC (Low-Voltage CMOS) family.

@ Vee ) Vee
V5, »V, V. »VOUT
22 2”Vee | I:TQZ 2 > a2
Vout Vee —°| Q3 Vout
———vy +——ay

22 » 0V ||:Q1 22 » 0V ||:-Q1

v v
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*3.13.4 TTL/LVTTL Interfacing Summary
Based on the information in the preceding subsections, TTL (5-V) and LVTTL
(3.3-V) devices can be mixed in the same system subject to just three rules:

1. LVTTL outputs can drive TTL inputs dictly, subject to the usual con-
straints on output currenit| max lonmax Of the driving devices.

2. TTL outputs can drive LVTTL inputs if the inputs are 5-V tolerant.

3. TTL and LVTTL three-state outputs can drive the same bus if the LVTTL
outputsare 5-Vtolerant.

*3.13.5 2.5-V and 1.8-V Logic

The transition from 3.3-V to 2.5-V logic will not be so easy. Itis true that 3.3-V
outputs can drive 2.5-V inputs as long as the inputs are 3.3-V tolerant. However,
a quick look at Figure 3-85(c) and (d) on page 168 showsuvhabf a 2.5-V
output equal¥/,y of a 3.3-V input. In other words, there is zéliGH-state DC

noise margin when a 2.5-V output drives a 3.3-V input, not a good situation.

The solution to this problem is to usdeael tanslator or bvelshifter, a level translator
device which is powered by both supply voltages and which internally boostsei shifter
lower logic levels (2.5 V) to the higher ones (3.3 V). Many of today’s ASICs and
microprocessors contain level translators internally, allowing them to operate
with a 2.5-V or 2.7-V core and a 3.3-V pad ring, as we discussed at the beginning
of this section. If and when 2.5-V discrete devices become popular, we can
expect the major semiconductor vendors produce level translators as stand-alone
components as well.

The next step will be a transition from 2.5-V to 1.8-V logic. Referring to
Figure 3-85(d) and (eyou can see that thtiGH-state DC noise margin is actu-
ally negative when a 1.8-V output drives a 2.5-V input, so level translators will
be needed in this case also.

*3.14 Emitter-Coupled Logic

The key to reducing propagation delay in a bipolar logic family is to prevent a
gate’s transistors from saturating. In Section 3.9.5, we learned how Schottky
diodes prevent saturation in TTL gates. However, it is also possible to prevent
saturation by using a radically fiifent circuit structure, calledurrent-mode current-mode logic
logic (CML) or emitter-coupled logic (ECL) (CML)
Unlike the other logic families in this chapter, CML does not produceraitter-coupled logic
large voltage swing between thew andHIGH levels. Instead, it has a small (ECL)
voltage swing, less than a volt, and it internally switches current between two
possible paths, depending on the output state.
The first CML logicfamily was introduced by General Electric in 1961.
The concept was soaggfined by Mtorola and others to produce the still poptsmitter-coupled logic
lar 10K and 100Kemitter-coupled logic (ECLjamilies. These families are (ECL)
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differential amplifier

Figure 3-88

extremely fast, offering propagation delays as short as 1 ns. The newest ECL
family, ECLInPS (literally, ECL in picoseconds), offers maximum delays under
0.5 ns (500 ps), including the signal delay getting on and off of the IC package.
Throughout the evolution of digital circuit technology, some type of ECL has
always been the fastest technology for discrete, packaged logic components.

Still, commercial ECL families aren’t nearly gsopular as CMOS and
TTL, mainly because they consume much more power. In fact, high power con-
sumption made the design of ECL supercomputers, such as the Cray-1 and
Cray-2, as much of a challenge in cooling technology as in digital design. Also,
ECL has a poor speed-power product, does not provide a high level of integra-
tion, has fast edge rates requiring design for transmission-line effects in most
applications, and is not directly compatible with TTL and CMOS. Nevertheless,
ECL still finds its place as a logic andénface techology in very high-speed
communications geatr, including fiber-optic transceiverrfates forgigabit
Ethernet and Asynchronous Transfer Mode (ATM) networks.

*3.14.1 Basic CML Circuit

The basic idea of current-mode logic is illustrated by the inverter/buffer circuit
in Figure 3-88. This circuit has both an inverting out@t1) and a noninvert-

ing output OUT2). Two transistors are connected akfferential amplifierwith

a common emitter resistor. The supply voltages for this exampMé-are 5.0,

Vgg = 4.0, andVge = 0 V, and the inputOW andHIGH levels are defined to be
3.6 and 4.4 V. This circuit actually produces outpQtv andHIGH levels that

are 0.6 V higher (4.2 and 5.0 V), but this isreated in real ECL cirdts.

Basic CML inverter/buffer

circuit with input HIGH.

Vee=5.0V
RL R2
300Q 330Q Vouri=4.2 V (LOW)

0 OUT1
VOUTZ: 50V (H'GH)

O OUT2

Vi = 4.4V (HIGH)

Q1 Q2 0 Vgg =40V

IN on OFF

v
VEE =00V
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WhenV,y isHIGH, as shown in the figure, transis@L is on, but not satu-
rated, and transistd®2 is OFF. This is true because of areful doice of
resistor values and voltage levels. Thsyt,is pulled to 5.0 VKIIGH) through
R2, and it can be shown that the voltage drop adriss about 0.8 V so that
VouT1 is about 4.2 VI(OW).
WhenV,y isLOW, as shown in Figure 3-89, transis@g is on, but not sat-
urated, and transist@1 is OFF. Thus Vo1 is pulled to 5.0 V througR1, and
it can be shown thafy 1, is about 4.2 V.
The outputs of this inverter are callédferential outputdecause they aredifferential outputs
always complementary, and it is possible to determine the output state by
looking at the difference between the output voltades,f1 — VouTo) rather
than their absolute values. That is, the output is ¥df;¢1 — VouTt2) > 0, and it
is 0 if MouT1— VouT > 0. It is possible to build input circuits with two wires
per logical input that define the logical signal value in this way; these are called
differential inputs differential inputs
Differential signals are used in most ECL @rfacing” and “clock distri-
bution” applications bcause of their low skew and high noise immunity. They
are “low skew” because the timing of a 0-to-1 or 1-to-O transition does not
depend critically on voltage thresholds, which may change with temperature or
between devices. Instead, the timing depends only on when the voltages cross
over relative to each other. Similarly, the “relative” definition of 0 and 1 provides
outstanding noise immunity, since noise created by variations in the power sup-
ply or coupled from external sources tend tatsmon-mode signatbat affect common-mode signals
both diferentialsignals similarly, leaving the dérence value unchanged.

Vee=5.0V ..
Figure 3-89
Basic CML inverter/buffer
circuit with input LOW.
R1 R2
300Q 330Q VouT1=5.0 V (HIGH)
O OUT1
VouTta= 4.2 V (LOW)
O OUT2
Vin =3.6 V (LOW)
IN o2 0« Vgg =40V

OFF on

v
VEE =00V
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single-ended input

It is also possible, of course, to determine the logic value by sensing the
absolute voltage level of one input signal, callesirgle-ended inputSingle-
ended signals are used in most ECL “logic” applications to avoid the obvious
expense of doubling the number of signal lines. The basic CML inverter in
Figure 3-89 has a single-ended input. It always has both “outputs” available
internally; the circuit is actually either anverter or a non-inverting buffer
depending on whether we UB&T1 or OUT2.

To perform logic with the basic circuit of Figure 3-89, we simply place
additional transistors in parallel wil, similar to the approach in a TTNOR
gate. For example, Figure 3-90 shows a 2-input CMINOR gate. If any input
is HIGH, the corresponding input transistor is active, ¥gg; is LOW (NOR
output). At the same tim&3is OFF, andVg1,iS HIGH (OR output).

Recall that the input levels for the inverter/buffer are defined to be 3.6 and
4.4 V, while the output levels that it produces are 4.2 and 5.0 V. This is obviously

Figure 3-90 CML 2-input OR/NOR gate: (a) circuit diagram; (b) function table;
(c) logic symbol; (d) truth table.

(@) Vee=5.0V
R1 R2 ©
) Vy 3000 3300 Vourt o
o v o X—T\S)—oun
OouT2
- pouT? Y y ouT2
Vy
Y Q]_ Q2 Q3 VBB=4.0V
Ve
R3
1.31Q
Vee=0.0V
(b) (d)
XY Vg Vy Q1 Q2 Q3 VgVours Vourz OUTLOUT2 X Y OUT1OUT2
L L 36 36 OFF OFF on 34 50 42 H L o0 1 o0
L H 36 44 OFF on OFF 38 42 50 L H 01 o0 1
H L 44 36 on OFF OFF 38 42 50 L H 10 0 1
HH 44 44 on on OFF 38 42 50 L H 11 0 1
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a problem. We could put a diode in series with each output to lower it by 0.6 V to
match the input levels, but that still leaves another problem—the outputs have
poor fanout. AHIGH output must supply basercent to the inputs that it drives,

and this curent creates an additional voltage dempossR1or R2 reducing the
output voltage (and we don’t have much margin to work with). These problems
are solved in commercial ECL families, such as the 10K family described next.

*3.14.2 ECL 10K/10H Families

The packaged components in today’s most popular ECL family have 5-digit part

numbers of the form “10xxx” (e.g., 10102, 10181, 10209), so the family is
generically calledECL 10K This family has several improvements over theCL 10K family
basic CML circuit described previously:

* An emitter-follower output stage shifts the output levels to match the input
levels and provides very high rant-driving capability, up to 50 mA per
output. It is also responsible for the family’s name, “esnitbupled”
logic.

* An internal bias network provideggg without the need for a separate,
external power supply.

» The family is designed to operate with: = 0 (ground) an®¥gg =-5.2 V.
In most applications, ground signals are more noise-free than the power-
supply signals. In ECL, the logic signals are referenced to the algebraically
higher pover-supply voltage rail, so the family’s designers decided to
make that 0 V (the “clean” ground) and use a negative voltagg-foi he
power-supply noise that does appealgpis a common-mod” signal that
is rejected by the input structure’s differential amplifier.

» Parts with a 10H prefix (thECL 10H family are fully voltage compen- ECL 10H family
sated, so they will work properly with power-supply voltages other than
Vee =-5.2 'V, as we'll discuss in Section 3.14.4.

Logic LOW andHIGH levels are defined in the ECL 10K family as shown
in Figure 3-91. Note that even though the power supply is negative, ECL assigns
the named.OW and HIGH to the algebraically lower and higher voltages,
respectively.

DC noise margins in ECL 10K are much less than in CMOS and TTL, only
0.155 V in thd.OW state and 0.125 V in théiGH state. However, ECL gates do
not need as much noise margin as these families. Unlike CMOS and TTL, an
ECL gate generates velijtle power-supply and ground noise when it changes
state; its current requirement remains constant asii¢lgnsteers current from
one path to another. Also, ECL's emitter-follower outputs have very low imped-
ance in either state, and it is difficult to couple noise from an external source into
a signal line driven by such a low-impedance output.
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Figure 3-91
ECL 10K logic levels.

0 0
ABNORMAL
ViHmax —0-810 HIGH —0.810 Vormax
—0.980 Vormin
ViHmin —1.105 \High—state
DC noise margin
ABNORMAL
Low-state
Vitmax —1.475 /DC noise margin
-1.630 Vo max
LOW
Viimin —1.850 -1.850 Vo min
ABNORMAL
\_/\

Figure 3-92(a) is the circuit for an EGDR/NOR gate, one section of a
guadOR/NOR gate with part number 10102. A pull-down resistor on each input
ensures that if the input is left unconnected, it is treatedsé The bias net-
work has component values selected to genérgge= —1.29 V for proper
operation of the differential amplifier. Each output transistor, using the emitter-
follower configuration, maintains its emitter voltage at one diode-drop below its
base voltage, thereby achieving the required output level shift. Figure 3-92(b)
summarizes the electrical operation of the gate.

The emitter-follower outputs used in ECL 10K require external pull-down
resistors, as shown in the figure. The 10K family is designed to use external
rather than internal pull-down resistors for good reason. The rise and fall times
of ECL output transitionare so fasttypically 2 ns) that any connection longer
than a few inches must be treated as a transmission line, and must be terminated
as discussed in Section 12.4. Rather than waste power with an internal pull-
down resistor, ECL 10K allows the designer to select an external resistor that
satisfies both pull-down and transmission-line termination requirements. The
simplest termination, sufficient for short connections, is to connect a resistor in
the range of 27Q to 2 kQ from each output tVgg.

A typical ECL 10K gate has a propagation delay of 2 ns, comparable to
74AS TTL. With its outputs left unconnected, a 10K gate consumes about
26 mW of power, also comparable to a 74AS TTL gate, which consumes about
20 mW. However, the termination required by ECL 10K also consumes power,
from 10 to 150 mW per output depending on the termination circuit configura-
tion. A 74AS TTL output may or may not require a power-consuming
termination circuit, depending on the physicahcitteristics of thepplication.
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/\ .
emitter-follower
multiple inputs bias network outputs
/\ N /\ /\
Veep=0V Vee1=0V
(a) ¥
R3 R4 R7
220Q 245Q V, 907Q Q5
v c2 Y
X X OuUT1l OUT1 (NOR)
o— 0 .
Vy Q6 5
Y o1 Vout2 OUT2 (OR) !
R1 R2 R5 R6 R8
50 kQ 50 kQ 779Q 6.11Q 4.981Q § Ru § Rz
__________________________________________________ P
Vegg=-5.2V
() XY Vy VW QL Q2 Q3 Vg Ve Ves Vourt Vours OUTLOUT2
L L -18 -1.8 OFF OFF on -19 02 -12 -09 -18 H L
L H -18 -09 OFF on OFF -15 -12 -02 -18 -0.9 L H
H L -09 -18 on OFF OFF -15 -12 -02 -18 -09 L H
HH 09 -09 on on OFF -15 -12 -02 -18 -09 L H
(c) X Y OUT1O0UT2 (d)

PP OO
» OoORro
O OO
Y e =)

X —r\y— ouT1
Y ouT2

JA

Figure 3-92 Two-input 10K ECL OR/NOR gate: (a) circuit diagram;
(b) function table; (c) truth table; (d) logic symbol.
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*3.14.3 ECL 100K Family

ECL 100K family Members of theECL 100K familyhave 6-digit part humbers of the form
“100xxx” (e.g., 100101, 100117, 100170), but in general have functions differ-
ent than 10K parts with similar numbers. The 100K family has the following
major differences from the 10K family:

* Reduced power-supply voltagé;g = —4.5 V.

 Different logic levels, as a consequence of tlifedint sypply voltage.
e Shorter propagation delays, typically 0.75 ns.

e Shorter transition times, typically 0.70 ns.

e Higher power consumption, typically 40 mW per gate.

*3.14.4 Positive ECL (PECL)
We described the advantage of noise immunity provided by ECL's negative
power supply Veg = 5.2 V or—4.5 V), but there’s also a big disadvantage—
today’s most popular CMOS and TTL logic families, ASICs, and microproces-
sors all use a positive power-supply voltage, typically +5.0 V but trending to
+3.3 V. Systems incorporating both ECL and CMOS/TTL devices therefore
require two power supplies. In addition, ifteing between standard, negative
ECL 10K or 100K logic levels and positive CMOS/TTL levels requires special
level-translation components that connect to both supplies.

positive ECL (PECL) Positive ECL(PECL, pronounced “peckle”) uses a standard +5.0-V power
supply. Note that there’s nothing in the ECL 10K circuit design of Figure 3-92
that requires/c to be grounded andgg to be connected to-.2-V supply.
The circuit will function exactly the same wit-g connected to ground, and
Ve to a +5.2-V supply.

Thus, PECL components are nothing more than standard ECL components
with Vgg connected to ground aMgc to a +5.0-V supply. The voltage between
Vee andVcis a little less than with standard 10K ECL and more than with stan-
dard 100K ECL, but the 10H-series and 100K parts are voltage compensated,
designed to still work well with the supply voltage being a little high or low.

Like ECL logic levels, PECL levels are referencedvtq, so the PECL
HIGH level is abouV-c - 0.9 V, and.OW is aboutVoc—- 1.7 V, or about 4.1 V
and 3.3 V with a nominal 5-V¢. Since these levels are referenceddg, they
move up and down with any variations \gc. Thus, PECL designs require
particularly close attention to power distribution issues, to prevent noidgon
from corrupting the logic levels transmitted and received by PECL devices.

Recall that CML/ECL devices produce @ifential outputs and can have
differential inputs. A differential input is relaely insensitive to the absolute
voltage levels of an input-signal pair, and only to theirediffice. Therefore,
differential signals can be used queféectively in PECL pplications to ease the
noise concerns raised in the preceding paragraph.
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It is also quite common to provide differential PECL-compatible inputs
and outputs on CMOS devices, allowing a directrfate between the CMOS
device and a device such as a fiber-optic transceiver that expects ECL or PECL
levels. In fact, as CMOS circuits have migrated to 3.3-V p@ueplies, it has
even been possible to build PECL-like diffntial inputs and outputs that are
simple referenced to the 3.3sWpply instead of a 5-V supply.
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| Table 3-13 Manufacturers’ logic data books.

Manufacturer

Texas Instrument
Texas Instrument
Texas Instrument
Texas Instrument
Texas Instrument
Texas Instrument
Motorola
Motorola
Motorola
Motorola

Order number Topics Title Year
SDLDO001 74, 74S, 7T4ALS TTL TTL Logic Data Book 1988
SDADO0O1C T4AS, 74ALS TTL ALS/AS Logic Data Book 1995
SDFDO001B T4F TTL F Logic Data Book 1994
SCLDO001D 74HC, 74HCT CMOS HC/HCT Logic Data Book 1997
SCADO001D 74AC, 7TAACT CMOS  AC/ACT Logic Data Book 1997
SCLDOO03A 74AHC, 74AHCT CMOSAHC/AHCT Logic Data Book 1997

DL121/D T4F, 74LSTTL Fast and LSTTL Data 1989

DL129/D T4HC, 74HCT High-Speed CMOS Data 1988

DL138/D T4AC, 7TAACT FACT Data 1988

DL122/D 10K ECL MECL Device Data 1989

After seeing the results of last few decades’ amazing pace of development

in digital electronics, it's easy to forget that logic circuits had an important place
in technologies that came before the transistor. In Chapteirrofluction to

the Methodology of Switching Circuif¥an Nostrand, 1972), George J. Klir
shows how logic can be (and has been) performed by a variety of physical
devices, including relays, vacuum tubes, and pneumatic systems.

Drill Problems

3.1

3.2
3.3
3.4
3.5

3.6
3.7
3.8
3.9

A particular logic family defines sOw signal to be in the range 0.0-0.8 V, and
a HIGH signal to be in the range 2.0-3.3 V. Under a positive-logic convention,
indicate the logic value associated with each of the following signal levels:

(@ 00V () 3.0V (c) 08V d 1.9V
() 20V (H 50V (g -07V  (h) -3.0V

Repeat Drill 3.1 using a negative-logic convention.
Discuss how a logic buffer amplifier is different from an audio amplifier.
Is a buffer amplifier equivalent to a 1-infAND gate or a 1-inpubR gate?

True or false: For a given set of input valuasA&D gate produces the opposite
output as alOR gate.

True or false: The Simpsons are a bipolar logic family.
Write two completely different definitions of “gate” used in this chapter.
What kind of transistors are used in CMOS gates?

(Electrical engineers only.) Draw an equivalent circuit for a CMOS inverter using
a single-pole, double-throw relay.
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(b)

For a given silicon area, which is likely to be faster, a CM@SD gate or a
CMOSNOR?

Define “fan-in” and “fanout.” Which one are you likely to have to calculate?
Draw the circuit diagram, function table, and logic symbol for a 3-input CMOS
NOR gate in the style of Figure 3-16.

Draw switch models in the style of Figure 3-14 for a 2-input CMOR gate for

all four input combinations.

Draw a circuit diagram, function table, and logic symbol for a Cld8yate in

the style of Figure 3-19.

Which has fewer transistors, a CMOS inverting gate or a noninverting gate?
Name and draw the logic symbols of four different 4-input CMOS gates that each
use 8 transistors.

The circuitin Figure X3.18(a) is a type@#OS AND-OR-INVERT gate. Write a
function table for this circuit in the style of Figure 3-15(b), and a corresponding
logic diagram using\ND andOR gates and inverters.

The circuit in Figure X3.18(b) is a type of CM@®-AND-INVERT gate. Write
function table for this circuit in the style of Figure 3-15(b), and a corresponding
logic diagram using\ND andOR gates and inverters.

How is it that perfume can be bad for digital designers?

How much high-state DC noise margin is available in a CMOS inverter whose
transfer characteristic under worst-case conditions looks like Figure 3-25? How
much low-state DC noise margin is available? (Assume standard 1.5-V and 3.5-V
thresholds foLOW andHIGH.)

Using the data sheet in Table 3-3, determine the worst-Ca¢state andHIGH-

state DC noise margins of the 74HCO00. State any assumptions required by your
answer.
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3.22 Section 3.5 defines seven different electrical parameters for CMOS circuits.
Using the data sheet in Table 3-3, determine the worst-case value of each of these
for the 74HCO00. State any assumptions required by your answer.

3.23 Based on the conventions and definitions in Section 3.4, if the current at a device
output is specified as a negative number, is the output sourcing current or sinking
current?

3.24 For each of the following resistive loads, determine whether the output drive
specifications of the 74HCO00 over the commercial operating range are exceeded.
(Refer to Table 3-3, and us®)ymin=2.4 V andVec=5.0 V)

(a) 120QtoV.c (b) 270Q toV,cand 330Q to GND
(c) 1KQtoGND (d) 150Q toVccand 150Q to GND
(e) 100Q toVc () 75QtoVecand 1502 to GND

(99 75QtoVee (h) 270Q toVccand 150Q to GND

3.25 Across the range of valitiGH input levels, 2.0-5.0 V, at what input level would
you expect the 74FCT257T (Table 3-3) to consume the most power?

3.26 Determine theOW-state andHIGH-state DC fanout of the 74FCT257T when it
drives 74LS00-like inputs. (Refer to Tables 3-3 and 3-12.)

3.27 Estimate the “on” resistances of faehannel andi-channel output transistors of
the 74FCT257T using information in Table 3-3.

3.28 Under what circumstances is it safe to allow an unused CMOS input to float?
3.29 Explain “latch up” and the circumstances under which it occurs.

3.30 Explain why putting all the decoupling capacitors in one corner of a printed-cir-
cuit board is not a good idea.

3.31 When is it important to hold hands with a friend?

3.32 Name the two components of CMOS logic gate’s delay. Which one is most affect-
ed by load capacitance?

3.33 Determine thdRC time constant for each of the following resistor-capacitor
combinations:

(@ R=100Q,C=50pF (b) R=330Q,C =150 pF
() R=1KQ,C=30pF (d) R=4.7KQ,C=100 pF

3.34 Besides delay, what other characteristic(s) of a CMOS circuit are affected by load
capacitance?

3.35 Explain thd. formula in footnote 5 in Table 3-3 in terms of concepts presented
in Sections 3.5 and 3.6.

3.36 Itis possible to operate 74AC CMOS devices with a 3.3-volt power supply. How
much power does this typically save, compared to 5-volt operation?

3.37 A particular Schmitt-trigger inverter h¥§ nax = 0.8 V, Vigmin = 2.0 V, V1, =
1.6 V, andV;_ = 1.3 V. How much hysteresis does it have?

3.38 Why are three-state outputs usually designed to “turn off” faster than they “turn
on"?
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3.40
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3.42

3.43

3.44

3.45

3.46
3.47
3.48
3.49
3.50

3.51

3.52

3.53

3.54

3.55

Drill Problems

Discuss the pros and cons of larger versus smaller pull-up resistors for open-drain
CMOS outputs or open-collector TTL outputs.

A particular LED has a voltage drop of about 2.0 V in the “on” state, and requires
about 5 mA of current for normal brightness. Determine an appropriate value for
the pull-up resistor when the LED is connected as shown in Figure 3-52.

How does the answer for Drill 3.39 change if the LED is connected as shown in
Figure 3-53(a)?

A wiredAND function is obtained simply by tying two open-drain or open-col-
lector outputs together, without going through another level of transistor circuitry.
How is it, then, that a wiredND function can actually be slower than a discrete
AND gate? Mint: Recall the title of a Teenage Mutant Ninja Turtles movie.)
Which CMOS or TTL logic family in this chapter has the strongest output driving
capability?

Concisely summarize the difference between HC and HCT logic families. The
same concise statement should apply to AC versus ACT.

Why don’t the specifications for FCT devices include parameter¥§ke.,c

that apply to CMOS loads, as HCT and ACT specifications do?

How does FCT-T devices reduce power consumption compared to FCT devices?
How many diodes are required forraimput diodeAND gate?

True or false: A TTINOR gate uses diode logic.

Are TTL outputs more capable of sinking current or sourcing current?

Compute the maximum fanout for each of the following cases of a TTL output
driving multiple TTL inputs. Also indicate how much “excess” driving capability

is available in th& OW or HIGH state for each case.

(a) 74LS driving 74LS (b) 74LS driving 74S
(c) 74S driving 74AS (d) 74F driving 74S

(e) 74AS driving 74AS (f)  74AS driving 74F
(g) 74ALS driving 74F (h)  74AS driving 74ALS

Which resistor dissipates more power, the pull-down for an unused LS-TTL
NOR-gate input, or the pull-up for an unused LS-TNAND-gate input? Use the
minimum allowable resistor value in each case.

Which would you expect to be faster, a TANID gate or & TL AND-OR-INVERT

gate? Why?

Describe the main benefit and the main drawback of TTL gates that use Schottky
transistors.

Using the data sheet in Table 3-12, determine the worsttCaSestate and
HIGH-state DC noise margins of the 74LS00.

Section 3.10 defines eight different electrical parameters for TTL circuits. Using
the data sheet in Table 3-12, determine the worst-case value of each of these for
the 74LS00.
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3.56 For each of the following resistive loads, determine whether the output drive
specifications of the 74LS00 over the commercial operating range are exceeded.
(Refer to Table 3-12, and uS®) ;,.x= 0.5 V andV:=5.0 V.)

(a) 470QtoV.c (b) 330QtoVcand 470 to GND
(c) 10KQto GND (d) 390Q toVccand 390 to GND
(e) 600Q toVee () 510Q toVecand 5102 to GND

(g) 4.7 KQto GND (h) 220Q toVcand 330Q to GND

3.57 Compute theOw-state andHIGH-state DC noise margins for each of the follow-
ing cases of a TTL output driving a TTL-compatible CMOS input, or vice versa.
(@) 74HCT driving 74LS (b) 74VHCT driving 74AS
(c) 74LS driving 74HCT (d) 74S driving 74VHCT

3.58 Compute the maximum fanout for each of the following cases of a TTL-compat-
ible CMOS output driving multiple inputs in a TTL logic family. Also indicate
how much “excess” driving capability is available in tl@w or HIGH state for
each case.
(@) 74HCT driving 74LS (b)  74HCT driving 74S
(c) T7AVHCT driving 74AS (d) 74VHCT driving 74LS

3.59 Foragiven load capacitance and transition rate, which logic family in this chapter
has the lowest dynamic power dissipation?

Exercises

3.60 Design a CMOS circuit that has the functional behavior shown in Figure X3.60.
(Hint: Only six transistors are required.)

Figure X3.60 A > D 5
B
c

3.61 Design a CMOS circuit that has the functional behavior shown in Figure X3.61.
(Hint: Only six transistors are required.)

Figure X3.61 A ) D 2
B
c

3.62 Draw a circuit diagram, function table, and logic symbol in the style of
Figure 3-19 for a CMOS gate with two inpétandB and an output, where Z
= 1if A= 0 andB = 1, andz = 0 otherwise. Hint: Only six transistors are
required.)

3.63 Draw a circuit diagram, function table, and logic symbol in the style of
Figure 3-19 for a CMOS gate with two inputsandB and an outpuZ, where
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3.65

3.66
3.67

3.68

3.69

3.70
3.71

3.72
3.73

3.74

3.75

3.76

Exercises

Z=0if A=1andB = 0, andz = 1 otherwise. lint: Only six transistors are
needed.)

Draw a figure showing the logical structure of an 8-input CM@R gate,
assuming that at most 4-input gate circuits are practical. Using your general
knowledge of CMOS electrical characteristics, select a circuit structure that min-
imizes theNOR gate’s propagation delay for a given area of silicon, and explain
why this is so.

The circuit designers of TTL-compatible CMOS families presumably could have
made the voltage drop across the “on” transistor under load hi@ie state as

little as it is in theLOW state, simply by making thechannel transistors bigger.
Why do you suppose they didn’t bother to do this?

How much current and power are “wasted” in Figure 3-32(b)?

Perform a detailed calculation\gf 1 in Figures 3-34 and 3-33nt: Create a
Thévenin equivalent for the CMOS inverter in each figure.)

Consider the dynamic behavior of a CMOS output driving a given capacitive
load. If the resistance of the charging path is double the resistance of the discharg-
ing path, is the rise time exactly twice the fall time? If not, what other factors
affect the transition times?

Analyze the fall time of the CMOS inverter output of Figure 3-37, assuming that
R =1kQandV =2.5V. Compare your answer with the results of Section 3.6.1
and explain.

Repeat Exercise 3.68 for rise time.

Assuming that the transistors in an FCT CMOS three-state buffer are perfect,
zero-delay on-off devices that switch at an input threshold of 1.5 V, determine the
value oftp 7 for the test circuit and waveforms in Figure 3-24in{: You have
to determine the time using &Ctime constant.) Explain the difference between
your result and the specifications in Table 3-3.

Repeat Exercise 3.70 figy,,.

Using the specifications in Table 3-6, estimate the “on” resistance spa biaa-
nel andn-channel transistors in 74AC-series CMOS logic.

Create a ¥x2x2 matrix of worst-case DC noise margins for the following
CMOS interfacing situations: an (HC, HCT, VHC, or VHCT) output driving an
(HC, HCT, VHC, or VHCT) input with a (CMOS, TTL) load in thedW, HIGH)

state; Figure X3.74 illustratesHints: There are 64 different combinations to
examine, but many give identical results. Some combinations yield negative
margins.)

In the LED example in Section 3.7.5, a designer chose a resistor valuetyf 300
and found that the open-drain gate was able to maintain its output at 0.1 V while
driving the LED. How much current flows through the LED, and how much
power is dissipated by the pull-up resistor in this case?

Consider a CMOS 8-bit binary counter (Section 8.4) clocked at 16 MHz. For the
purposes of computing dynamic power dissipation, what is the transition frequen-
cy of least significant bit? Of the most significant bit? For the purposes of
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Figure X3.74

3.77

3.78

3.79

3.80

3.81

3.82

3.83

3.84

3.85

3.86

3.87

3.88

Input

HC HCT VHC VHCT
CL TL CL TL CL TL CL TL
CH TH CH TH CH TH CH TH
CL TL CL TL CL TL CL TL
CH TH CH TH CH TH CH TH
CL TL CL TL CL TL CL TL
CH TH CH TH CH TH CH TH

Output

HC

HCT

Key:
CL = CMOS load, LOW VHC
CH = CMOS load, HIGH

TL = TTL load, LOW VHCT CL TL CL TL CL TL CL TL
TH =TTL load, HIGH CH TH CH TH CH TH CH TH

determining the dynamic power dissipation of the eight output bits, what frequen-
cy should be used?

Using onlyAND andNOR gates, draw a logic diagram for the logic function per-
formed by the circuit in Figure 3-55.

Calculate the approximate output voltagg at Figure 3-56, assuming that the
gates are HCT-series CMOS.

Redraw the circuit diagram of a CMOS 3-state buffer in Figure 3-48 using actual
transistors instead ®fAND, NOR, and inverter symbols. Can you find a circuit
for the same function that requires a smaller total number of transistors? If so,
draw it.

Modify the CMOS 3-state buffer circuit in Figure 3-48 so that the output is in the
High-Z state when the enable inputiksH. The modified circuit should require
no more transistors than the original.

Using information in Table 3-3, estimate how much current can flow through
each output pin when the outputs of two different 74FCT257Ts are fighting.

A computer system made by the Green PC Company had ten LED “status OK”
indicators, each of which was turned on by an open-collector output in the style
of Figure 3-52. However, in order to save a few cents, the logic designer connect-
ed the anodes of all ten LEDs together and replaced the ten, now parall€l, 300-
pull-up resistors with a single 3-resistor. This worked fine in the lab, but a big
problem was found after volume shipments began. Explain.

Show that at a given power-supply voltage, an FCT4iypg specification can

be derived from an HCT/ACT-typ€pp specification, and vice versa.

If bothVZ andV_Bin Figure 3-65(b) are 4.6 V, can we §t=5.2 V? Explain.
Modify the program in Table 3-10 to account for leakage current ®RiRstate.
Assuming “ideal” conditions, what is the minimum voltage that will be recog-

nized as aIGH in the TTLNAND gate in Figure 3-75 with one inpudbw and
the otheHIGH?

Assuming “ideal” conditions, what is the maximum voltage that will be recog-
nized as a0W in the TTLNAND gate in Figure 3-75 with both input8GH?

Find a commercial TTL part that can source 40 mA imtBel state. What is its
application?
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3.90
3.91

3.92

3.93

3.94

Exercises
+5.0V
T
R1 R2

74LS01 2741501
w— | G )
X —o I E Figure X3.92

74LS01

D,

What happens if you try to drive an LED with its cathode grounded and its anode
connected to a TTL totem-pole output, analogous to Figure 3-53 for CMOS?
What happens if you try to drive a 12-volt relay with a TTL totem-pole output?
Suppose that a single pull-up resistor to +5 V is used to provide a constant-1 logic
source to 15 different 74LS00 inputs. What is the maximum value of this resistor?
How muchHIGH-state DC noise margin are you providing in this case?

The circuit in Figure X3.92 uses open-colledaND gates to perform “wired
logic.” Write a truth table for output signaland, if you've read Section 4.2, a
logic expression foF as a function of the circuit inputs.

What is the maximum allowable value Rikin Figure X3.92? Assume thata 0.7

V HIGH-state noise margin is required. The 74LS01 has the specs shown in the
74LS column of Table 3-11, except thgf.xiS L00UA, a leakage current that
flows into the output in th&lIGH state.

A logic designer found a problem in a certain circuit’s function after the circuit
had been released to production and 1000 copies of it built. A portion of the cir-
cuit is shown in Figure X3.94 in black; all of the gates are 74US$@QD gates.

The logic designer fixed the problem by adding the two diodes shown in color.
What do the diodes do? Describe both the logical effects of this change on the cir-
cuit's function and the electrical effects on the circuit’s noise margins.

+5V

Figure X3.94 g

MI
TYY
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Figure X3.95

3.95

3.96

3.97

3.98

3.99

Thevenin +5V Thevenin

ever equivalent of
termination N\ termination _\
R1

_DQ _| >S0——A /\R/\ _4|
/ R2 /
bus bus V]
@ (b) l

AThévenin terminatiofor an open-collector or three-state bus has the structure
shown in Figure X3.95(a). The idea is that, by selecting appropriate val&ds of
andR2 a designer can obtain a circuit equivalent to the termination in (b) for any
desired values df andR. The value o¥/ determines the voltage on the bus when

no device is driving it, and the value Rfis selected to match the characteristic
impedance of the bus for transmission-line purposes (Section 12.4). For each of
the following pairs oV andR, determine the required valuesRif andR2

(@ V=275R=1485 (b) V=2.7,R=180
() V=3.0,R=130 (d) V=25R=75

For each of thRl1andR2 pairs in Exercise 3.95, determine whether the termina-
tion can be properly driven by a three-state output in each of the following logic
families: 74LS, 74S, 74ACT. For proper operation, the familyjsandl 5, specs
must not be exceeded Wh¥g, = Vo max@NdVoy = Voumin respectively.

Suppose that the output sigRah Figure 3.92 drives the inputs of two 74S04
inverters. Compute the minimum and maximum allowable valuE2cfssum-
ing that a 0.7 \HIGH-state noise margin is required.

A 74LS125 is a buffer with a three-state output. When enabled, the output can
sink 24 mA in theLOW state and source 2.6 mA in thiéGH state. When dis-
abled, the output has a leakage curredt28f A (the sign depends on the output
voltage—plus if the output is pullediGH by other devices, minus if itisOwW).
Suppose a system is designed with multiple modules connected to a bus, where
each module has a single 74LS125 to drive the bus, and one 74LS04 to receive
information on the bus. What is the maximum number of modules that can be
connected to the bus without exceeding the 74LS125's specs?

Repeat Exercise 3.97, this time assuming that a single pull-up resistor is connect-
ed from the bus to +5 V to guarantee that the busiGsi when no device is
driving it. Calculate the maximum possible value of the pull-up resistor, and the
number of modules that can be connected to the bus.

3.100 Find the circuit design in a TTL data book for an actual three-state gate, and

explain how it works.

3.101 Using the graphs in a TTL data book, develop some rules of thumb for derating

the maximum propagation delay specification of LS-TTL under nonoptimal con-
ditions of power-supply voltage, temperature, and loading.
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ey

Figure X3.102

Py

3.102 Determine the total power dissipation of the circuit in Figure 3.102 as function of
transition frequencyfor two realizations: (a) using 74LS gates; (b) using 74HC
gates. Assume that input capacitance is 3 pF for a TTL gate and 7 pF for a CMOS
gate, that a 74LS gate has an internal power dissipation capacitance of 20 pF, and
that there is an additional 20 pF of stray wiring capacitance in the circuit. Also
assume that th¢, Y, andz inputs are alwaylIGH, and that inpu€ is driven with
a CMOS-level square wave with frequeric@ther information that you need for
this problem can be found in Tables 3-5 and 3-11. State any other assumptions
that you make. At what frequency does the TTL circuit dissipate less power than
the CMOS circuit?

3.103 lItis possible to drive one or more 74AC or 74HC inputs reliably with a 74LS TTL
output by providing an external resistor to pull the TTL output all the way up to
Vccin theHIGH state. What are the design issues in choosing a value for this pull-
up resistor?
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