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Preface

During every new era in the history of a technology, there emerges a class
of devices so versatile, economical, and reliable that they become known
as the workhorses. In this integrated-circuit era of logic-system technology,
TTL (transistor-transistor logic) integrated circuits have clearly achieved that
eminence.

This book is devoted exclusively to TTL circuits. It will familiarize the
reader with the entire TTL family, their basic descriptions, electrical per-
formance, and applications. Since the intelligent selection of TTL circuits
depends upon sound digital-system concepts and logic-design techniques,
much of the book lays this foundation of theory. Throughout the book,
however, emphasis is on the practical implementation of logic functions.
To this end, a great many working circuits are presented as examples. And
to this end, the authors, relying on their applications experience, have tried
to anticipate and solve the problems that most often face the practical
designer.

An approach has been used that makes this book valuable not only to
the logic-systems designer but to a broad spectrum of readers—from
hobbyists to designers of powerful computers, and from electronics com-
panies to industries now far-removed from electronics. Obviously, one book
cannot encompass all knowledge in this complex field, nor can it avoid
becoming outdated in some particulars regarding products; both of these
problems are easily solved, however, by contacting Texas Instruments.

Information contained in this book is believed to be accurate and reliable.
However, responsibility is assumed neither for its use nor for any infringe-
ment of patents or rights of others which may result from its use. No license
is granted by implication or otherwise under any patent or patent right of
Texas Instruments or others.

Texas Instruments Incorporated
Components Group
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Introduction to Digital Logic

The first electronic computers were very cumbersome because they used the
decimal system, which required 10 distinct levels for each order. The problem of
defining and maintaining these 10 levels proved to be so great that the decimal
system was replaced by a simple binary system with only two levels or digits (0
and 1). In binary arithmetic, a quantity either exists or does not exist, and this
type of decision making is relatively easy to implement with transistor circuits, where
a voltage either exists or does not exist at the output. And since the transistor can
change from one condition to the other in less than one-millionth of a second, it
can make at least a million decisions per second.

The basic operation performed by digital-computer logic is the process of addition.
Subtraction, multiplication, and division are carried out by modifications of the
addition process. For example, to multiply 15 by 5, the digital computer simply
adds five 15s. Although a great many binary circuits are required for such an
operation, the simplicity of the system and the economics of the transistor and the
integrated circuit have made binary digital computers extremely attractive.

Data are fed into a digital computer in the form of electrical pulses at two discrete
voltage levels, and information is represented by the number of pulses and the time
spacing between them. In most computers, data fed into the computer in decimal
form are converted to equivalent binary form, and the arithmetic is carried out with
binary numbers. The result is reconverted to decimal form at the output.

1.1 THE BINARY SYSTEM

An understanding of the operation of digital integrated circuits requires familiarity
with the binary system and its use in logical decision making. In binary language,
the first (or off) state is called 0, and the second (or on) state is called 1.

In the decimal system, we first count in units up to 9, and then for the next order
we go back to unit 0 but insert a 1 in the second-order column to indicate that we
have counted through all the units once. This gives us 10. To count with the binary
scale, we follow exactly the same procedure, using only the numbers 0 and 1. After
count 1, we have used all our units and must move to the second-order column

1



2 Designing with TTL Integrated Circvits

‘Table 1.1. Conversion from Decimal to Binary

Decimal Binary
0 0
1 1
2 10
3 11
4 100
5 101
6 110
7 111
8 1000
9 1001

10 1010
11 1011
12 1100
13 1101
14 1110
15 1111
16 10000
32 100000
64 1000000
128 10000000

to indicate that we have counted through our scale once. Thus the number 2 in
the decimal system is indicated by 10 (called one-zero, not fen) in the binary scale.
The next count is indicated by changing the 0 to 1, giving 11 (one-one) corresponding
to 3 in the decimal system. Now we have used all our units again, and so for the
next count both columns must go back to 0, and we put a 1 in the third-order column,
giving 100 (one-zero-zero) as the binary equivalent of 4. ’

Table 1.1 gives the equivalent binary numbers for some decimal numbers. Note
that the binary number 10 is equal to decimal 2, which is 21; binary 100 equals
decimal 4, or 2%; binary 1000 equals decimal 8, or 23; and binary 10000 equals
decimal 16, or 2%. Every additional order of binary numbers corresponds to an
additional power of 2. This fact is used in converting a binary number to its decimal
equivalent. For example, take the binary number 11010. This is equivalent to
24+ 254+ 0+ 21 +0, or 16 + 8 + 0 + 2 + 0, which equals 26. Conversely, a
decimal number can be converted to binary by repeatedly subtracting the highest
possible power of 2. Take the decimal number 26. First subtract 16, (2%), which
in binary is 10000. From the remaining 10, subtract 8, (23), or binary 1000. This
leaves 2, or binary 10. Adding the binary numbers 10000 + 1000 + 10 gives 11010.

Binary numbers obviously require a longer sequence of digits than their decimal
equivalents, especially the larger numbers; but because the electronic digital com-
puter can process millions of simple additions per second, the relative size of binary
numbers presents no serious problem.

1.2 LOGIC CIRCUITS

Logic circuits make the series of decisions necessary to obtain the logical answer
to a problem having a given set of conditions. To make logic decisions, three basic
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logic circuits (called gates) are used: the OR circuit, the AND circuit, and the NOT
circuit.

The OR Circuit. This basic circuit has two or more inputs and a single output.
The inputs and the output can each be at one of two states, 0 or 1. The circuit
is arranged so that the output is in state 1 when any one of the inputs is in state
1; i.e., the output is 1 when input 4 or input B or input C is 1. The circuit can
be illustrated by the analogy shown in Fig. 1.1a. A battery supplies a lamp L
through three switches in parallel. The switches are the three inputs to the lamp;
the light from the lamp represents the circuit output.

If we define an open switch as a 0 state and no light as a 0 state, and we define
a closed switch as a 1 state and a glowing lamp as a 1 state, we can list the various
combinations of switch states and the resulting output states. This list is called a
truth table and is shown in Fig. 1.156. From the truth table it can be seen that
all switches must be open (0 state) for the light to be off (output O state).

This type of circuit is called an OR gate and has the symbolic representation shown
in Fig. 1.1c, which shows an OR gate with three inputs. Thus, the OR gate is used
to make the logic decision on whether or not at least one of several inputs is in
the 1 state.

The AND Circuit. This circuit also has several inputs and only one output, but
in this case the circuit output is at a logical 1 state only if a// inputs are in the logical
1 state simultaneously. This is illustrated in Fig. 1.2a. Here lamp L lights only

(0%
A ?_1 Oe Oe ]
jb ——AMA———" o ¢ —

2 L < ¥
0= 0ff W . 0=0ff

1=0n 1=0n
(a) (a)

A B C L A B C | L

6] 0] (0] o] o) (0] o] [o]

6] o] 1 1 ¢} 0] 1 [¢]

0 1 0 1 o] 1 0 0

0 1 1 1 (b) 0 1 1 0 (b)

1 6] 0] 1 1 0] ] 0

1 [0] 1 1 ] 0 1 6]

1 1 0 1 1 1 (0] 6]

1 ] 1 1 1 1 1 1
=D =
B L (c) B L (¢)
C [

Fig. 1.1. The OR circuit: (a) analogy; (b) Fig. 1.2. The AND circuit: (a) analogy;
truth table; (¢) symbol. (b) truth table; (c¢) symbol.
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if switch 4, switch B, and switch C are all closed at the same time. The lamp does
not light if any one of the switches is open. With the same notation as before,
the truth table for the AND circuit is shown in Fig. 1.25, and the symbolic repre-
sentation is shown in Fig. 1.2¢. Thus, the AND gate makes the logic decision on
whether or not several inputs are all in the 1 state at the same time.

This is a convenient spot for a brief digression into a description of fan-in and
fan-out. The number of inputs to a gate is called the fan-in. In the above examples,
each gate has a fan-in of three. There is only one output signal from a gate, but
it may be required that this signal be fed to several other logic gates. The number
of subsequent gates that the output of a particular gate can drive is called the fan-out.

The NOT Circuit. This circuit has a single input and a single output and is
arranged so that the output state is always opposite to the input state. Consider
Fig. 1.3a. When the switch is open (0), current flows through the lamp and it lights
(1). If the switch is closed, current flows through the switch rather than the lamp,
which goes out. This operation of making the output state opposite to that of the
input is called inversion, and a circuit designed to do this is called an inverter.
Its simple truth table is shown in Fig. 1.3 and its symbol in Fig. 1.3c.

NOR and NAND Gates. A NOT circuit can be combined with an OR gate or
an AND gate so that inversion occurs together with the gate function. A NOT circuit
combined with an OR gate is called a NOR gate. This is illustrated using the
lamp-circuit analogy in Fig. 1.4a. If any one of the switches is in the 1 state, the
lamp is in the O state. The truth table is shown in Fig. 1.4b and the symbol in
Fig. 1.4c. '

Similarly, a NOT circuit combined with an AND gate is called a NAND gate (Fig.
1.5a). When all switches are in the 1 position, the lamp is in the O state. The truth
table for the NAND circuit is shown in Fig. 1.5b and the symbol in Fig. 1.5c.

1.3 USE OF LOGIC GATES

To illustrate the use of logic gates, consider the operation of adding together two
binary numbers, 4 and B. First, consider the simplest case, when 4 and B each

[
f

0=0ff
1=0n

(a)

(b)

A '_>°‘ Fig.1.3. The NOT circuit: (2) analogy; (b) truth
L (c)
table; (c) symbol.
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Fig. 1.4. The NOR circuit: () analogy;
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Fig.1.5. The NAND circuit: (¢) analogy;
(b) truth table; (c) symbol.

consist of one binary digit, either 0 or 1. The logic diagram of a circuit for this
addition is shown in Fig. 1.6a and the overall truth table in Fig. 1.6b. The two
inputs to the circuit, 4 and B, are each connected to an AND gate: 4 to AND,,
B to AND,. A4 and B are also fed to the opposite gates through inverters 7, and
I,. Thus when 4 is 1, its input to gate AND, is 1 and its input to AND, is 0;
when 4 is 0, its input is 0 to AND; and 1 to AND,. The outputs from the two
AND gates are connected to an OR gate, and the output from the OR gate gives
the sum S. A4 and B are also fed as direct inputs to a third AND gate AND,, whose

output gives the carry C.

Consider the operation of the circuit. There are four possible conditions:

1. A = 0and B = 0. None of the AND gates can give an output since at least
one input to each of them is 0. Thus both the sum and carry indicate O,

giving the answer 00.

2.A=1and B=0. A gives a 1 to gate AND,, and the 0 at B is inverted
by I, to give another 1 to gate AND,. Thus, both inputs to AND, are 1,
and the gate operates to give a l-output into the OR gate. Both inputs to
gate AND, are 0, and so the output from this gate is 0. Since one of the
inputs to the OR gate is 1, the output sum is 1. The carry gate AND;
does not operate since one of its inputs is 0, and so the carry output is 0,

giving the answer O1.

3. A=0and B = 1. The operation is the same as in condition 2 above, but
inputs to AND, and AND, are reversed. Again, the answer is 01.
4. A =1and B =1. Neither gate AND, nor AND, can give an output since
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B A
0 T
- - - —— — — Corry
{_ ] B zf in
I HA.1
| HA.2
I (a) W
| AND3
L__ Carry out Sum
- | .
(a) Carry Carry
Carry in B Al out Sum
ofo] o] o}|o
(b) ol o[ 1]o]1
B A |[Carry | Sum (5) g : ? ? 2)
0 ! ° 1 1 0 1 1 0
1 ] 0 1 ] 0
B 1! I
¢ S 1 1 1 1 1
Fig. 1.6. The half-adder: (@) arrange- Fig. 1.7. The full-adder: (a) arrange-
ment; (b) truth table; (¢) symbol. ment; (b) truth table.

one of their inputs is O from the inverter, and so the sum is 0. But both
inputs to the carry gate AND; are 1, and so it operates to give a carry output
of 1. Thus, the answer is 10.

This circuit can be considered as a basic logic block (as shown by the dashed
block in Fig 1.6) with two inputs and two outputs. As such it is called a half-adder,
“half” because it adds only first-order numbers. When adding two numbers in an
order higher than the first, it is necessary to make provision for the circuit to accept
and add in a carry from the previous order. To do this, a full-adder circuit is
necessary. One method of making a full-adder is to use two half-adders as in Fig.
1.7a. The first adds 4 and B, and the second adds the resulting sum to a carry
input from the previous order to give the final sum. The carry outputs from the
two half-adders are fed to an OR gate whose output gives the final carry. The truth
table for the full-adder is given in Fig. 1.7b. A little analysis shows that a carry
output cannot exist at the outputs of both half-adders simultaneously.

A series of full-adders in parallel can be used to add binary numbers of several
orders. The first order will not have a carry input, and can be a half-adder. Figure
1.85 is the block diagram for a system to add together two 3-order binary numbers
AzA,A, and B3B, B, as indicated in the addition table, Fig. 1.8a.

It is interesting to count the number of gates required for these adding units.
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A single full-adder as in Fig. 1.7 needs six AND gates, three OR gates, and four
inverters for a total of thirteen gates just to add two binary digits in the same order.
Modern computers must handle about ten decimal orders—decimal numbers up to
10,000,000,000, or 233. In binary terms, this is 34 orders, or bits. Adding together
two 34-bit binary numbers requires 33 full-adders and a half-adder, for a total of
435 gates. :

Given the requirement of repeated addition for multiplication, and facilities for
other manipulations, it is easy to see why the number of gates in the arithmetic
unit of a modern digital computer can often exceed 10,000. In such a unit, there
will be repeated use of the same type of gate; all the AND gates can be identical,
and the same is true of all the OR gates and inverters. With integrated circuits,
many identical circuits can be fabricated on a single slice of silicon, with identical
performance between circuits and at a low manufacturing cost. Moreover, the design
and tooling costs for a new type of gate can be spread over many manufactured
units.

In this description of binary addition, boxes have been labeled AND and OR;
the overall function is controlled by how these boxes are interconnected. This is
an important aspect of logic-circuit design. If the gates operate satisfactorily on
binary 0, 1 basis, the design of the logic system can be completely carried out on
paper. From the logic-system viewpoint, no matter what the boxes contain—relays,
vacuum tubes, magnetic cores, transistors, or integrated circuits—the overall logic
function will be the same. Which of these devices to use is determined by such
factors as cost, size, power requirement, speed, and reliability.

Az | Ax | Ay
(a) B3 | Ba | By |+
[ c[ss]sz]s

4th bit 3rd bit 2nd bit 1st bit
Bz Az Bo Ap Bj Ay
q
[ e s _TTL_'T
| | H.A. I H.A. | H.A. !
| | | 1 |
Corry| | l |
| out Cari‘_@ Carry, |
T I | |
|| | Hao | H.A. l[ |
| | |
L] L]

Lo =_1 = Jr 1|

;3 S3 So2 S.]

(b)
Fig. 1.8. The 3-bit parallel adder: (a) addition table; (b) arrangement.
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1.4 LOGIC DESIGNATION

Logical 1 and 0 are represented, in most modern logic systems, by voltage levels.
There are generally accepted rules for the definition of these logic levels in digital
systems: positive logic (or active high levels) means that the most positive logic
voltage level (also referred to as the high level) is defined to be the logical 1 state,
and the most negative logic voltage level (also referred to as the low level) is defined
to be the logical O state. Negative logic (or active low levels) is just the opposite—the
most positive (high) level is a 0, and the most negative (low) level is a 1.

The effect of changing from one logic designation to the other is that all logic
functions are complemented; for example, an AND becomes an OR, a NOR becomes
a NAND, etc. The simplest approach to converting the logic designation (positive
or negative) is to replace all Os with 1s and all 1s with Os in the truth table for
the device, and then determine the resulting logic function. Chapter 6, “Combina-
tional Logic Design,” offers some detail on this subject.

The choice of positive or negative logic is made by the individual logic designer,
largely as a matter of personal preference. There is no real advantage to either
designation. Most logic designers and textbooks on logic design use positive logic,
and positive logic is used throughout this book. However, in an attempt to make
data on specific logic elements as general as possible, there is a trend toward speci-
fying H (high level) or L (low level) in truth tables rather than Os and 1s. Such
a table is accurately called a function table rather than a truth table. But the latter
term prevails, causing concern only to the purist.

The use of H and L in a function table eliminates the need to specify whether
a truth table is stated in positive or negative logic, but it may temporarily confuse
a person who normally thinks in terms of the strict Boolean terms of 0 and 1. The
terms “positive” and “negative” logic have no place in pure logic theory. It is
necessary to consider logic designation only when the physical implementation of
a logic function is under consideration.

Accordingly, positive logic is understood in all discussions in this book unless the
contrary is specified.

1.5 COMPARISON OF LOGIC TYPES

This brief comparison of logic types will explain the ascendancy of the tran-
sistor-transistor logic (TTL) family. Although the various logic types are identical
as to functions performed, logic families can be distinguished by how they perform
these functions.

Direct-coupled Transistor Logic (DCTL). A DCTL NOR gate is shown in Fig.
1.9. The input voltage is normally taken from the collector of the previous gate,
and the output connects directly to the input of the following gate as indicated by
the dashed-line circuits. If a logical 1 is input to 4 or B or C, the respective transistor
saturates and the output voltage drops to its saturation voltage, giving a 0 output.
With the dashed-line driving and load gates connected, the logic voltage swing at
both input and output of the NOR gate will be from about 0.2 V for 0 to 0.9 V
for 1. Threshold voltage is about 0.7 V. The advantage of the system is simplicity.
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Fig. 1.9. Basic DCTL circuit.

The chief disadvantage of DCTL is that operation is affected by slight differences
in characteristics of the individual transistors. If one transistor has a base-emitter
voltage slightly lower than that of transistors in parallel with it, this transistor takes
most of the available current and thus prevents proper overall operation of the
circuit; this is called current hogging. To reduce the effect, resistors are included
in series with each base lead so that the base current is less dependent on the
individual base-emitter characteristics. The circuit then becomes resistor transistor
logic (RTL).

Resistor Transistor Logic (RTL). This was the first family of logic circuits
established as a standard catalog line. The basic arrangement in Fig. 1.10 shows
the series resistors added to each transistor. Reducing the current-hogging effect
with resistors permits a larger fan-out. However, resistors slow the switching speed
of the circuit. Input capacitance must now be charged and discharged through
additional resistance, increasing the circuit’s time constant. Thus, with RTL, there

— Vec*
>
i: RL
-
A R l«//.
p-— e
N
"-—‘
B R l//)
. AA A $——neei
> R
[ R ’ o
. " v L —oppreet”
[N
I\ﬂ e- 4
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Fig. 1.10. Basic RTL circuit.
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must be a compromise between fan-out and switching speed. Typical values of
fan-out are 4 and 5, with a switching delay of 50 ns. The operating points and
logic voltage swing are similar to those for DCTL. RTL has relatively poor noise
immunity. The noise margin from 0 to threshold voltage is about 0.5 V, and only
0.2 V from 1 to threshold voltage.

Resistor-capacitor Transistor Logic (RCTL). RTL switching speed can be im-
proved by adding a capacitor in parallel with the series resistor. This variation is
called resistor-capacitor transistor logic (RCTL) and is shown in Fig. 1.11. The
capacitor allows the leading and trailing edges of a signal pulse to bypass the resistor
so that the transistor input capacitance charges more quickly. The use of the
capacitor also allows higher values of resistance, making possible lower power
dissipation per gate. The RCTL circuit is less than ideal from the viewpoint of
fabrication because it includes a high proportion of resistors and capacitors. Ca-
pacitors and high-value resistors are relatively expensive in monolithic IC form
because of the large area they require. RTL and RCTL circuits are still used in
established equipment but seldom appear in new designs.

Diode Transistor Logic (DTL). A DTL logic circuit is shown in Fig. 1.12. Logic
is performed by the input diode D1, D2, and D3. The signal is then coupled through
a series diode Dy to an inverter stage consisting of a transistor and its load resistor.
The overall DTL circuit is a NAND gate.

If all inputs are at a 1 with a positive signal voltage equal to ¥y, the three input
diodes are reverse-biased and pass no current. The series diode Dy is forward-
biased. Current flows through R;, and Dy into the base of the transistor and holds
it in saturation. The low collector voltage Vopay gives a O at the output.

If any one input drops to ground potential, or goes low, the corresponding input
diode conducts and current flows through R, and that input diode. The potential
at point X drops to the voltage across the input diode, about 0.7 V. This potential
is not sufficient to drive current through Dg and the transistor base-emitter junction.
Thus, the transistor is off and its collector potential rises to Vg, giving a logical
output.

Fat
{

Fig. 1.11. Basic RCTL circuit.
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VCC +

Output

Fig. 1.12. Basic DTL circuit.

Under the former condition that all inputs are at a positive Vg, potential, the input
diodes are reverse-biased and current flows through R, and Dy into the base of
the transistor. The potential at point X is approximately 1.4 to 0.7 V across the series
diode Dg, and 0.7 V across the transistor base-emitter junction. Now, assume one
input voltage is gradually reduced. Before the associated input diode can start to
conduct, input voltage must be reduced to 0.7 V so that there is a forward voltage
of 0.7 V across the diode. When the input diode conducts, point X voltage falls
to 0.7 V and the transistor is off. Thus, the threshold voltage of this circuit is
0.7 V. If two diodes in series are used for Dy, threshold voltage is increased by an
additional 0.7 V, to 1.4 V. This is usually the case in practical DTL circuits.

With a l-input, the input resistance of the gate is high; the diodes are reverse-
biased, and the gate does not load the previous circuit. Thus, outputs from a driving
DTL circuit can be full supply voltage Vg, If Vi is 4V, the two operating points
at the input and output of the gate are 0.2 V for logical 0 and 4 V for logical 1.
If two series diodes are used with a threshold voltage of 1.4 V, the logical-O-state
noise margin is 1.2 V—substantially better than that of RCTL.

The DTL circuit switches faster than the RTL circuit, because the signal passes
through the low forward resistance of the diodes to the transistor. A typical delay
time is 25 ns. A fan-out as high as 8 is possible because of the high input impedance
of the subsequent gates in the 1 state. The use of diodes rather than resistors and
capacitors makes the DTL circuit more economical in IC form.

Transistor-transistor Logic (TTL). Operation of TTL circuits will be dealt with
later in detail. It is important, however, to note major differences of TTL from
other gate types. Figure 1.13 is the basic circuit of a TTL NAND gate. A single
multiemitter transistor replaces input diodes and the series diode of DTL. Each
emitter-base diode serves as one input, and the base-collector diode functions as
the series diode. The multiemitter transistor is economically fabricated in monolithic
form. A single isolated collector region is diffused, a single base region is diffused
and formed in the collector region, and the several emitter regions are diffused as
separate areas into the base region.

An output stage using an active pull-up transistor is added to the basic logic circuit
to give current-gain drive for switching in both directions. This output configuration
results in faster switching speed and higher fan-out capability.
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. Fig. 1.13. Basic TTL circuit.

The TTL circuit is adaptable to virtually all forms of IC logic and produces the
highest performance-to-cost ratio of all logic types.

Emitter-coupled Logic (ECL). A basic emitter-coupled logic gate is shown in
Fig. 1.14. The emitters of logic transistors 71, T2, and T3 are coupled to the emitter
of a reference transistor 74. The common-emitter resistor Ry is high enough in
resistance to act as a constant-current source. The base of transistor 74 is connected
to a reference voltage J;,. If the inputs are all near ground potential (logical 0), 7’1,
T2, and T3 are all off. No current flows through R1, and the common-collector
potential rises toward ¥, This drives 75 into conduction, and the output from
the emitter of 75 goes positive to give a logical 1 output.

If one of the inputs is made positive and higher than the value of 1;, (logical
1), current flows through the associated transistor, causing the collector potential
to fall and the output voltage from T35 also to fall, giving a logical 0 output. Since
resistance Ry constitutes a constant-current source, as current through the logic
transistor increases, current through the reference transistor decreases. The switch-
ing threshold voltage is equal to the reference voltage 1;,. Emitter coupling prevents

’ Vcc+
in

A T1 5
B o—— T2
Ce 1 T3 T4 ———e Qutput

Vb -1 +
Vin 4 ' Vob Vou\mfbb —
Zero - + Y
i Re I % Zero

Fig. 1.14. Basic ECL circuit.
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the transistors from going into saturation. The result is very fast switching speed,
_typically only a few nanoseconds. Power dissipation, however, is relatively high—
typically 50 mW. ECL is presently used in only the largest computers, where many
disadvantages can be suffered for the sake of high speed. Since the input threshold
voltage is equal to the reference voltage 1, it is well defined, but the 0 and 1 levels
cannot be defined as precisely as in saturated circuits. The use of an emitter-follower
output circuit gives a very low output impedance, allowing a very high fan-out of
up to 25.

All the basic digital circuits described are available as standard types. In the
detailed design of each family of circuits there is a compromise between switching
speed and power dissipation, depending upon the specific application requirements.
Figure 1.15 summarizes the relationship between typical propagation time and power
dissipation for the various logic families.

1.6 LEVELS OF INTEGRATED-CIRCUIT COMPLEXITY

The first objective in the development of integrated circuits was the fabrication
of a complete gate on a single silicon chip and its encapsulation in a suitable
package. It soon became clear, however, that several similar gates can be fabricated
on a single chip at very little additional cost. The next step, therefore, was to obtain
the lowest cost per gate by forming as many gates as possible on one chip and
encapsulating it in one package. This increasing complexity, coupled with the
variety of logic-circuit types, has generated the need for definitions of complexity
levels.

It is generally accepted that conventional digital integrated circuits contain 1 to
12 equivalent logic gates. At Texas Instruments this level of integration is known
as small-scale integration (SSI). Medium-scale integration (MSI) refers to devices
containing from 13 to 99 equivalent gates. Large-scale integration (LSI) covers the
complexity range beyond 99 gates. These definitions refer to monolithic structures
of semiconductor material and do not include hybrid assemblies.

The trend toward higher complexity levels has been motivated not only by the
obvious advantages of reduced size and weight, but by the more significant advantage
of the higher reliability that results from minimizing interconnections. There are
other less obvious advantages as well. Figure 1.16 illustrates how MSI has affected
one product. In 1963, the circuit on the left required 36 transistors and 244 diodes
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Fig. 1.16. Three generations of printed circuit boards.

to implement three 4-bit counters. By 1966, SSI performed the same function with
13 integrated circuits. In 1969, the development of MSI counter functions permitted
the same capability in a single package, so that the board on the right is identical
to the other two boards in function.

By comparison there occurred an 89 percent reduction in printed-circuit-board
area. Also, two out of three sets of plug-in connectors and over half the cost of
the larger enclosure for the system were saved. Even more important, system-design
time was saved because the IC counters were already designed; production assembly
labor time was reduced because only four components must be mounted as com-
pared to 280 originally; systems check-out and test were simplified because 50 test
points replaced 600; and the system builder enjoys reductions in inventory, spare-
parts stocking, materials handling, vendor negotiations, and paper work.



Series 54/74 Overview

The Texas Instruments transistor-transistor logic family was introduced as a stand-
ard product line in 1964. Designated semiconductor network (or SN) Series 54
and implemented in the circuit configuration of Fig. 2.1, the original devices were
intended primarily for the military market, where size, power consumption, and
reliability requirements were paramount. Soon TI was able to offer these circuits
as Series 74—lower-cost industrial versions with guaranteed operating characteristics
over a 0 to 70°C range. Series 54 continues to cover the —55 to 125°C range.

At this writing, the Series 54/74 TTL family has grown and evolved into four
major divisions: standard (SN54/74), high-speed (SN54H/74H), low-power
(SN54L/74L), and Schottky-diode-clamped (SN54S/74S). Although the high-speed
and low-power series were designed for specific applications, all four families are
compatible and will interface directly with one another. This broad spectrum of
speed/power combinations enables the designer to optimize all portions of a system
according to his required-performance specifications.

2.1 TYPICAL CHARACTERISTICS

Not only are individual members of the Series 54/74 TTL families compatible,
but they have the following typical characteristics in common:

Supply voltage 50V
Logical 0 output voltage 0.2 V
Logical 1 output voltage 3.0V
Noise immunity 1oV

When circuits of different series are combined, there are additional loading rules
that should be observed. Loading guidelines are given in Chapter 4, “Extended-
range Operation.”

15



16 Designing with TTL Integrated Circuits

2.2 STANDARD SERIES 54/74 TTL

Standard Series 54/74 integrated circuits offer a combination of speed and power
dissipation best suited to most applications. The basic standard gate circuit (Fig.
2.1) features a multiple-emitter input and an active pull-up output configuration.
This multiple-emitter input transistor Q1 offers the most logic for the least physical
size, and it is a major contributor to the fast switching speed of TTL. Low output
impedance is attained with the active pull-up output transistor O3, which also results
in improved noise immunity and faster switching. »

As shown in Table 2.1, circuits offered in the standard Series 54/74 line include
shift registers, counters, decoders, memories, data selectors, and arithmetic elements
in addition to the small-scale integration (SSI) devices. The circuits also include

Table 2.1. Standard TTL Integrated Circuits

Small-scale integration (SSI)

NAND/NOR gates:

Quad 2-input NAND . . . . ... ... e SN54,/7400
Quad 2-input NAND, open collector . . . .. .. ... ... . ... ... . ....... 54,7401
Quad 2-input NOR. . . . .. ... ... . . . e 54,7402
Quad 2-input NAND, open collector . . . . ... ... ... ........... 54/7403
Hex InVerters . . . . . . . o o i e e e e e e e e e e 54/7404
Hex inverter buffer/driver, open collector . . . . ... ... . ... .. ... ..... 54/7406
Hex buffer/driver, open collector. . . . . .. ... ... ... ... ... 54/7407
Quad 2-input AND . . . . . ... e 54/7408
Quad 2-input AND, open collector. . . . . ... ....... ... ... ..., 54,7409
Triple 3-input NAND . . .. .. ... ... 54,7410
Hex inverter buffer/driver, open collector . . . . . ... ... ............... 54/7416
Hex buffer/driver, opencollector. . . . .. ......................... 54/7417
Dual 4-input NAND . . . .. .. ... .. ... . ... .. 54/7420
Quad 2-input NAND, open collector . . . ... ...................... 54/7426
S-nput NAND . . . . . 54/7430
Dual 4-input NAND buffer . . . .. ... ... .. ... ... . . ... .. ... ... 54/7440
AND-OR-INVERT gates:
Expandable dual 2-wide 2-input . . . . ... ... SN54,/7450
Dual 2-wide 2-input . . . . .. . .. 54/7451
Expandable 4-wide 2-input . . . . .. ... L 54/7453
4-wide 2-input. . . . .. e 54/7454
Expanders:
Dual 4-input. . . . . . . .. SN54,/7460
Flip-flops:
Edge-triggered J-K . . . . . . ... ... SN54/7470
J-K master-slave . . . . . . . e e e e e 54,7472
Dual J-K master-slave . . . . . . . . . . e e e e e e e e e e 54/7473
Dual D-type edge-triggered . . . . ... ... ... ... ... 54/7474
Dual J-K master-slave, presetand clear . . . .. ...................... 54/7476
J-K master-slave . . . . . .. e e e e e e 54/74104
J-K master-slave . . . . ... e 54/74105
Dual J-K master-slave . . . . . . . . . . . e e 54/74107

Monostable nonretriggerable . . . ... ... ... ... o oo L 54/74121
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Table 2.1. Standard TTL Integrated Circuits (Continuved)

Medium-scale integration (MSI)

Decoders:
BCD-to-decimal (4-to-10 lines) . . . . . . . . .. . . .. ... SN54/7442
Excess-3-to-decimal (4-to-10 lines) . . . . . . . .. .. ... Lo 54,7443
Excess-3-Gray-to-decimal (4-to-10 lines) . . . . . .. ... ... ... .. ........ 54/7444
BCD-to-decimal decoder/driver (4-to-10 lines) . . . . . . ... .. .. ... ... .... 54/7445
BCD-to-7 segment decoder/driver . . . . . .. ... ... ... L 54/7446
BCD-to-7 segment decoder/driver . . . . . .. ... ... L L o 54/7447
BCD-to-7 segment decoder/driver . . . . . .. ... ... .. 54/7448
BCD-to-7 segment decoder/driver . . . . ... ... ... ... 54/7449
BCD-to-decimal decoder/driver. . . . . . . .. .. ... ... SN74141
BCD-to-decimal decoder/driver. . . . . . . . . .. ... SN54/74145
4-line-to-16-line decoder/demultiplexer . . . . ... ... ... ... .. ........ 54/74154
Dual 2-line-to-4 line decoder/demultiplexer. . . . . ... ................. 54/74155
Dual 2-line-to-4 line decoder/demultiplexer, open collector . . . ... ....... .. 54/74156
Memories/latches:
4-bit bistable latches . . . . . . . . . .. e SN54/7475
4-bit bistable latches . . . . . . . . ... e 54/7477
16-bit active element MEMOTY . . . . . . . . . . .ot 54/7481
16-bit active element memory . . . . . .. ... ... 54/7484
256-bit read-only memory . . . . ... ... L SN7488
8-bit bistable latches . . . . . . . ... .. ... SN54/74100
Arithmetic elements:
Gated full-adder . . . . ... . . ... SN54,/7480
2-bit full-adder . . . . . .. e 54,7482
4-bit full-adder . . . . . .. .. 54/7483
Quad 2-input exclusive-OR gate . . . ... ... ............... e 54/7486
4-bit arithmetic logic unit . . . .. ... ... .. .. L 54/74181
Look-ahead carry generator . . . . . .. .. ... ... ... 54/74182
Counters:
Decade . . . . . . . . e SN54,/7490
Divide-by-12. . . . . . o 54,7492
4-bit binary . . . ... 54/7493
Synchronous decade up/down . . ... .. ............ . ... .. ... ... 54/74192
Synchronous 4-bit up/down . . . ... ... ... L L 54/74193
Shift registers:
8-Dit . . . e SN54/7491A
4-bIt .o e 54/7494
4-bit . o e 54/7495
S5-It . e 54/7496
Data selectors/multiplexers:
16-bit . . . . e e SN54/74150
8-bit, with strobe . . . . . . . . e 54/74151
B-bit . L e 54/74152
Dual 4-line-to-1-line . . . . . . . ... 54/74153
Miscellaneous:
8-bit odd/even parity generator/checker. . . . . ... ... ... ... ... ... SN54/74180

a wide choice of flip-flops: single and dual, edge-triggered or master-slave, D-type
or J-K input. A versatile one-shot and a wide variety of gate circuits, including
open-collector output gates, are also available.
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Fig. 2.1. Original SN54/74 TTL gate.

2.3 SERIES 54/74 LOW-POWER TTL

Low-power circuits, designated Series 54L/74L, give the best speed-power product
of all logics available. The basic low-power gate circuit as shown in Fig. 2.2 has
essentially the same configuration as that of the standard Series 54/74 gate; only
the resistor values are increased. Since an increase in resistance results in a reduction
of power dissipation, the power requirements of low-power gates are less than
one-tenth of those of standard ICs. Series 54L/74L devices have a power dissipation
of only 1 mW per gate and speeds approximately twice as fast as other circuits with
similar power dissipation. A speed of 33 ns per gate is typical.

Series 54L/74L is ideal for applications where power consumption and heat
dissipation are the critical parameters. Table 2.2 lists the low-power SSI and MSI
circuits now available.

2.4 SERIES 54H/74H HIGH-SPEED TTL

The circuit configuration of the high-speed gate (Fig. 2.3) is basically the same
as that of the standard Series 54/74 gate. However, resistor values are lower and
clamping diodes are included on each multiple-emitter input to reduce trans-
mission-line effects that become more apparent with the faster rise and fall times.

Output

Inputs

= = Fig. 2.2. Low-power TTL gate SN54L/74L.
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Table 2.2. Low-power TTL Integrated Circvits

Small-scale integration (SSI)

NAND/NOR gates:

Quad 2-input NAND . . . .. ... ... e SN54/741L.00
Hex InVerter . . . . . . . . o i v it e e e e e e 54/741.04
Triple 3-input NAND . . .. ... ... .. ... ... . ... 54/74L10
Dual 4-input NAND . . . . ... ... .. e e 54/74L20
input NAND . . . ... ... ... e 54/741.30
AND-OR-INVERT gates:
Dual 2-wide . . . . . . . .. SN54/74L51
4-wide 3-2-2-3-Input . ... 54/74L.54
2-wide 4-Input . . . .. e 54/74L55
Flip-flops:
R-S master-slave . . . . . . . ... e e e SN54/74L71
J-K master-slave . . . . .. L e e 54/74L72
Dual J-K master-slave . . . . . . . . . . e e e e e e e 54/74L73
Dual D-type edge-triggered . . . ... ... ... ... 54/74L74
Dual J-K master-slave . . . . . .. . .. . . e 54/74L78

Arithmetic elements:

Quad 2-input exclusive-OR . . . . .. ... ... SN54/74L86
Counters:

4-bitbinary . .. . ... SN54,/741.93
Shift registers:

B-bit .. SN54/74L91

4-bit right/left shift . . . .. ... ... 54/741L95

4-bit data selector/storage register . . . . . . . .. ... 54/74L98

4-bit right/left shift . . . . ... ... ... 54/74L.99
Miscellaneous:

4-bit magnitude comparator . . . . ... ... SN54/74L85

2 g OVCC (5V)

O—qg
Inputs 00—
O

0 Qutput

Clamping
diodes I 478

Fig. 2.3. High-speed TTL gates, SN54H/74H.
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The output section consists of a Darlington transistor pair Q3 and Q4. This ar-
rangement provides slightly higher speed (6 ns per gate) than the standard gate
because of transistor action and low steady-state output impedance, which is typically
10 Q in the unsaturated state and 100 © in the saturated state. However, high-speed
TTL circuits, Series 54H/74H, have the disadvantage of using more power than the

standard Series 54/74 gate.

Table 2.3 lists the available SSI and MSI circuit functions, including both AND

Table 2.3. High-speed TTL Integrated Circuits

Small-scale integration (SSI)

NAND/NOR gates:

Quad 2-input NAND. . . ... ... ... SN54H/74H00
Quad 2-input NAND, open collector . . . . .. ... ... ... ... 54H/74HO1
HeX INVEITET - .+« o« v o e e i e et e e e e e e e e e e 54H/74H04
Hex inverter, open collector . . . . . . . . ... 54H/74H05
Triple 3-input NAND . . . ... ... ... .. . 54H/74H10
Triple 3-input AND . . ... ... .. 54H/74H11
Dual 4-input NAND . . . ... ... . 54H/74H20
Dual 4-input AND . . . . . ... ... . 54H/74H21
Dual 4-input NAND, open collector . . . . .. ................ 54H/74H22
input NAND . . . . ... 54H/74H30
Dual 4-input NAND buffer . . . . .. .......... ... ........ 54H/74H40
AND-OR gates and AND-OR-INVERT gates:
Expandable dual 2-wide 2-input AND-OR-INVERT . ........... SN54H/74H50
Dual 2-wide 2-input AND-OR-INVERT . ... ... ............ 54H/74H51
Expandable 4-wide 2-2-2-3-input AND-OR . . . . .............. 54H/74H52
Expandable 4-wide 2-2-2-3-input AND-OR-INVERT . . ... ....... 54H/74H53
2-2-2-3-input AND-OR-INVERT ... .................... 54H/74H54
Expandable 2-wide 4-input AND-OR-INVERT . . ............. 54H/74H55
Expanders:
Dual 4-input. . . . . . ... e SN54H/74H60
Triple 3-input . . . . .. . ... 54H/74H61
3-2-2-3-input AND-OR . . .. ....... ... . ... ... ... 54H/74H62
Flip-flops:
J-Kmaster-slave . . . . . . . . o o i e e e SN54H/74H71
J-K master-slave . . . . . .. e e 54H/74H72
Dual J-K master-slave . . . . . . . . ... .. e 54H/74H73
Dual D-type edge-triggered . . . . . . ... ... .. oL S54H/74HT74
Dual J-K master-slave with preset and clear . . . .. ... . ........ 54H/74H76
Dual J-K master-slave . . . . . . . . . . e e e 54H/74H78
J-K, negative edge-triggered . . . . .. ... ... L 54H/74H101
J-K, negative edge-triggered . . . . . ... ... ... L 54H/74H102
Dual J-K, negative edge-triggered . . . . . .. ... ... .. 54H/74H103
Dual J-K, negative edge-triggered . . . . . ... ....... .. ... ... 54H/74H106
Dual J-K, negative edge-triggered . . . . . .. ... ... ... 54H/74H108
Medium-scale integration (MSI)
Arithmetic elements:
4-bit true/complement, zero/one element . . . . . .. ... L SNS54H /74H87
Dual carry-save full-adder. . . . . . ......... ... ... ... ... 54H /74H183
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(a) Transistor and Schottky barrier (b) Symbol for transistor with Schottky
diode clamp barrier diode clamp

Fig. 2.4. Schottky-clamped TTL, SN54/74S.

and NAND gates, single-wire expanders, and open-collector output gates to facilitate
the wire-AND function.

Series 54H/74H also includes master-slave flip-flops and edge-triggered flip-flops
capable of operation with clock-input frequencies as high as 50 MHz.

2.5 SERIES 545/745 SCHOTTKY-CLAMPED TTL

Series 545/74S has the highest speed in the 54/74 line. It combines the high
speed of unsaturated logic (ECL) with the relatively low power consumption of TTL.
This performance is achieved by using a Schottky-barrier diode (SBD) as a clamp
from base to collector as shown in Fig. 2.4. The features of the SBD that make
it useful are that it is free from minority carriers and therefore has no stored charge,
and that the SBD has a lower forward voltage drop than a silicon p-n junction.
When used as a clamp, the SBD diverts most of the excess base current and prevents
the transistor from reaching “classic” saturation. With virtually no stored charge
in either the SBD or the transistor, there is a great reduction in storage time, which
significantly improves transistor switching time.

The output has been modified on the 545/74S types to give a symmetrical transfer
characteristic (see Fig. 2.5). Q3 and the associated resistors replace the resistor-
to-ground used in the other types of 54/74 series.

Outstanding features of Series 54S/74S are 3-ns average propagation delay time
and an average power dissipation per gate of 20 mW.

Fig. 2.5. Schottky-barrier diode clamp. SN54 /74500 =






Circuit Analysis and Characteristics
of Series 54/74

3.1 BASIC TTL OPERATION

The basic NAND gate is shown in Fig. 3.1; all inputs must be at logical 1 in
order that the output be at a logical 0 (any input at logical 0 will give a logical
1 out). The NAND function itself is accomplished from the input of Q1 to the
collector of 02, and transistors Q3 and Q4 make up the output drive circuitry.

An understanding of circuit operation can be facilitated by reference to the voltage
transfer characteristic, Fig. 3.2. If 7} at one or more of the input emitters is less
than ¥, transistors Q2 and Q3 are turned off. This causes transistor Q4 to conduct,
resulting in a logical 1 output. The logical 1 output can be determined approxi-
mately from

Vou = Voo — Vamga — Vr
where ¥} is the forward voltage drop of the diode. With the input voltage less than
V., current flows out of the input emitter of Q1 and is determined primarily by V¢
and R1. Q4 acts as an emitter-follower, providing a low-impedance driving source
in the logical 1 state.

oVee

Ao A
BoO Ot B @_"Y
Y=AB
O Ground
Fig. 3.1. Schematic diagram and logic symbol for SN54/74 TTL

NAND gate.
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Fig. 3.2. TTL voltage transfer characteristics.

When ¥ of all inputs is greater than V, (Fig. 3.2), transistors 02 and Q3 conduct;
Q4 is off, and the output is at a logical 0. The logical 0 level is determined by
the saturation resistance of 03 and the current it must sink. Q1 is now operating
in its inverse active region and requires an input current of Ighpg,,). Where Apy
is a forced beta condition, its value is much-less than 1.

For purposes of discussion, the input levels defined by ¥, < 1, < ¥, will be
considered the transition region where translation occurs from a logical 1 output
to a logical O output. Assume that all inputs are tied together, and V; is increased
from 0. Q1 base current is gradually diverted from the emitter of Q1 to the collector
of Q1, causing Q2 to conduct. This conduction occurs at V; = 0.7 V (point a on
Fig.3.2). 02 is now operating in its linear region with a gain from input to collector
determined by the ratio R2/R3. Since Q4 remains on, the output follows the gain
characteristic of Q2 and therefore decreases at a slope of 1.6 (point a to b on transfer
curve). At point b the input is high enough to cause 03 to conduct. This conduction
effectively reduces the emitter impedance of Q2 and increases its gain; hence the
steep slope region between points b and c¢. Q4 turns off at point ¢, and the output
is at the logical O state.

Power-supply current is different from one output state to another, because the
number of “on” devices changes. During the switching transition there is a period
when 02, 3, and 4 are all on. This results in J current spiking, which is discussed
in Chapter 5, “Noise Considerations.”

3.2 TTL ADVANTAGES

As shown in Fig. 3.1, the multiple-emitter input transistor Q1 provides some
advantages not otherwise attainable. When the voltage at any input is low (logical
0), that base-emitter junction is forward-biased. For this condition, conventional
n-p-n transistor action requires a large current flow into the collector terminal. Since
the collector circuit of Q1 is also the base circuit of 02, and since large reverse base
current is not possible, Q1 saturates. The forward-biased collector-base junction
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provides an extremely low impedance path for fast removal of Q2 stored base
charge. Turn-off time is therefore much better than in other gate configurations.

The multiple-emitter transistor replaces combinations of diodes, resistors, and
transistors found in other logic types. By comparison then, its geometrical size is
small. Smaller size yields lower costs or more functions, or both, per given IC chip.
Smaller size also reduces parasitic capacitance, and faster switching speed results.

On the output side of the TTL gate, O3 and 04 make up what is referred to as
a totem-pole or active pull-up output. The purpose is to provide a low driving source
impedance. This arrangement permits a high-capacitance load to be driven without
seriously degrading switching time. With the output in the logical 1 state, 04
appears as an emitter-follower source driving current into the load. For a logical
0 output, current from the load is impeded only by the low saturation resistance
of 03.

3.3 CIRCUIT PARAMETERS

Specification sheets can be misleading unless test conditions are clearly stated.
TI Series 54/74 TTL ICs are guaranteed at worst-case test conditions. A TI speci-
fication that a 54/74 TTL device has a fan-out of 10 can be taken at face value.
With ten 54/74 TTL gate inputs connected to an output, the device is guaranteed
to operate within specifications over its entire temperature range and supply voltage
range. It is not necessary to limit the fan-out to 8 or 9 to assure that the device
will always operate. The worst-case testing provides a built-in margin of safety.
All d-c limits show