




































































































































































































































































































































































































































































































































































Flip-flops 173

R-S Master-slave. SN54/74171 are similar to the L72. The only difference
is R-S rather than J-K operation. This is advantageous in some applications where
data inputs cannot be held stable while the clock is high. The devices operate
correctly if minimum setup times are observed.

D Positive Edge-triggered. SN54/7474 and SN54/74H74 are dual flip-flops
with single D inputs and separate preset and clear inputs. The devices are useful
in buffer and storage registers, shift registers, and counters where little additional
gating is required on the inputs.

D Latch. SN54/7475 have a single D input and a common clock for two flip-flops
with four latches per package. The 54/7475 are primarily used in data storage
applications.

SN54/74100 are functionally the same as the SN54/7475 except that the 54/74100
have eight latches with two clock inputs. Four latches have common clock inputs.

J-K Master-slave with Data Lockout. SN54/74110 have three J and X AND
inputs with both preset and clear inputs. These flip-flops have data lockout capabil-
ity which eliminates the need to hold the data inputs stable while the clock is high.
It is only necessary to observe the setup and hold times with respect to the rising
edge of the clock pulse to store the data present in the master section. After the
rising edge of the clock pulse, the data inputs may change without affecting the
outputs. The data thus stored in the master are transferred to the slave on the
trailing edge of the clock. These flip-flops make the amount of allowable clock skew
directly proportional to the width of the clock pulse. Therefore, the pulse width
may be increased as desired to meet system requirements.

SN54/74111 are flip-flops with a clocking mechanism identical to the SN54/110.
However, only single J and K inputs with separate clock, clear, and preset inputs
are provided. The SN54/74111 are available in a 16-pin dual-in-lin€ package only.

7.3 FLIP-FLOP APPLICATIONS

This section includes a variety of flip-flop circuits, primarily intended to demon-
strate the extremely broad field of flip-flop application. Probably the most promi-
nent use of flip-flops is in counter circuits, which are discussed in Chapter 10.
Probably the next most familiar circuits using flip-flops are shift and storage regis-
ters. Figure 7.17 shows serial shift registers implemented with the J-K, R-S, and
D-type flip-flops. In general these registers will have common clear and individual
preset lines.

Figure 7.18 presents a 40-MHz serial shift register with asynchronous parallel-load
capability. The register is implemented with SN74H106 flip-flops. The asynchro-
nous parallel load is accomplished by using two SN74HOO gates per flip-flop. They
are connected in such a way that a logical 1 on the load input enables the parallel
inputs. When the load input returns to the logical 0, synchronous operation is
resumed with the preset data loaded in. While the load input is at a logical 1, the
serial operation is totally inhibited.

One other general type of shift register is the left-right shift. Figure 7.19 demon-
strates a circuit of this type utilizing D-type flip-flops (SN7474s or H74s). The same
function can be obtained by using either R-S or J-K types, but one additional inverter
is needed at each flip-flop input to make D-type flip-flops from them.
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1st stage 2d stage 3d stage nth stage
Datain© J Q J Q J Qp————— 4J  Q——o0Dataout
—iCl ] Cl —iCl Cl
K Q K Q kK Qf——-——+—K Q
Clock© ——
(a) J-K shift register
(edge triggered or master-slave)
st 2d 3d nth
R Q R Q R QF——~ ,———R [———o0Data out
N/
—iCl —Cl Cl ¥ Cl
/\
Datain © s Q s Q s Q-—— “~pr-s
Clock © : —
(b) R-S shift register
Ist 2d 3d nth
Datain © D Q D Q D Q— ——~——D Q
Cl Cl Cl Cl
Q Q Q Q
Clock © -
(c) D shift register
Fig. 7.17. Flip-flops used as shift registers.
Package count
Load =1 for parallel load via 2 SN74HOO
asynchronous inputs 1/6 SN74HO4
2 SN74H106
Serial input
J Clear A J Clear Clear Clear o
—3 Clock —d Clock — Clock m —J Clock m
K A B [ K D
Preset Preset Preset Preset
T 9}
Clock
o-
Load
o-
o] o [} o
\ Ain Bin Cin Din
VvV

Paraliel data inputs

Fig. 7.18. 40-MHz shift register with asynchronous parallel load.
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1/6 SN7404
Flip- flops are SN7474 or SN74H74
Mode O-"j If H74s are used also use SN74HSI AND-OR-INVERT gates

1/2 SN7451

Dataino

Cl

Clock 0— -

Fig. 7.19. Left-right shift register.

A wide variety of serial decode, comparison, and timing functions can be accom-
plished by using flip-flops. A serial comparator is shown in Fig. 7.20. The operation
of the circuit is as follows: Initially a clear pulse is given, which sets both Q outputs
to logical 0. All possible X and Y inputs prior to clocking the three outputs X > ¥,
X < Y, X = Yare defined in the truth table after a compare pulse is applied. (Note:
SN74105s are positive edge-triggered.) If two words A and B are serially applied
to the comparator 2 bits at a time, the X = Y output will be at a logical 1 until
2 bits of words 4 and B are unequal. At that time, depending on which one is
greater, either the X > Y or X < Y output will be a logical 1. Both Q outputs are
connected back to opposite J* inputs, generating a latching effect when either X > Y
or X < Yis logical 1; the outputs will remain in that state until another clear pulse
is applied.

Clear © I

yo——J

— J* Q O X>Y
K
Clock
T X=Y
L—{J* Clear
Yo— J Q oX<Y
Xo— J
Imb Flip- flops SN74105
L Clock p-Tlops
Compare o———J__ _ XY | X>Y | X<Y|X=Y
ool o | o |1
o1l o] 1 |o
1ol 1| o o
11 o o | 1

Fig. 7.20. Serial magnitude comparator with truth table.
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Asynchronous input O J Qp——o°

Clock O——————( Ciock

SN74HO4§ f 1/2SN74H103
K ———o0

Clock
Input _J I M n I_-—-l—
Q output I L 1 | I

Timing for J-K master-slave flip-flop, SN7473

Q output
Timing for J-K negative edge triggered flip flop, SN74H103

Fig. 7.21. Synchronizer for asynchronous input.

Many operations involve synchronizing data with respect to a system clock.
Figure 7.21 demonstrates how this can be accomplished with both J-K edge-triggered
and master-slave flip-flops. The difference is the fact that the master-slave will
synchronize input data of any width greater than about 20 ns, which is present while
the clock is high, but the edge-triggered type will synchronize data narrower than
the clock pulse only if it is present for the setup time at the clock edge that activates
the flip-flop.

Another circuit that synchronizes data and generates only a single output pulse
always of the same width is shown in Fig. 7.22. In general the data-in must be
at least as wide as the clock pulse or it is not recognized (unless it occurs at the
clock trailing edge). Again this circuit can be implemented with J-K master-slave
flip-flops, the only difference in operation being that the master-slave will recognize
data of any width greater than about 20 ns that occur while the clock is high.

A synchronized clock-burst generator is shown in Fig. 7.23. Its Q output is a train
of pulses sustained as long as the asynchronous input is at a logical 1. The Q output
is positive-going pulses whose width is equal to the time the clock pulse is at logical
0 level. As in the other circuits using J-K master-slave flip-flops, this circuit recog-
nizes any positive data regardless of width (>>20 ns) while the clock is at a logical 1.
This feature of the master-slave device makes this circuit useful as a 1’s detector
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Output

Asynchronous inputs J Q —— J Q

Clock >—+—d Clock q Clock

K — K Q
Clear Clear _.’
e |

Timing for J-K negative edge triggered flip-flop

cok— LI LT LIT1L Tl Ll
Input ——I_—I_———l

Timing for J-K master -slave flip-flop

Output

Fig. 7.22. Synchronized uniform-pulse-width “single-pulse” generator.

Asynchronous input >———————J Q Q output
Clock >—7-———o Clock
K Q Q output
_[_ Clear

1

Tiggerd ———] [ LT

Edgeq — LT LT 1 L
g -
master- @ —— LT LT 1 1

slave
Fig. 7.23. Synchronized clock-burst generator.
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Clock

orc;?:robe j_l |_| U I_I
Input I I ] I

Q output H l_l

Fig. 7.24. Timing for circuit of Fig. 7.23 as 1I’s detector.

or an error detector. The timing diagrams in Fig. 7.24 show the operation of the
same circuit with a master-slave unit and with the clock operating as a strobe input.
The operation is such that if a logical 1 level is ever present at the asynchronous
input while the clock (or strobe) is high, the output will rise to a logical 1 during
the clock (or strobe) 0 interval.

In many MOS systems a two-phase clock system is required. Figure 7.25 shows
how the clock pulse is generated and translated to MOS voltage levels. The outputs
will drive 400-pF loads with rise and fall times typically less than 40 ns. For
high-threshold MOS it will be necessary to bias the transistors at —J; and use a
resistor divider or a zener to provide the level translation at the bases of the transis-
tors.

A variety of one-shots can be generated by using flip-flops in the configuration

of Fig. 7.26. As indicated, for an even number of gate delays the Q output is
- connected through the gates to the clear input. These circuits, when implemented

Phase 1
out

Clock 0—1

Phase 2
out

ininmiant

Phase | +V
Phase 2 LI U U I I
Gnd =——=—m--

Fig. 7.25. MOS 2-phase clock generator.
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l O Output
JQ W~--
Clock 0——JClock

1/6 SN7404

K Q-
Clear

Output pulse width (typical)=Tpg F-F+Tpq gate (2n+1);n=0,1,2...
For SN7476 and n=2
PW =16 ns +10 (5) ns
PW =66 ns

{a) For odd number of gate delays

J Q O Qutput
Clock O—— Clock

K Q £>o—i>o—-——
Clear

PW = Tpd(f) + Tpd(gate) (2n); n=0,1,2...
For SN7476 and n=1

PW=16ns+10 (2) ns

PW= 36 ns

(b) For even number of gate delays

Fig. 7.26. Flip-flop one-shots.

— J
B SNT4HIO2
—q
’ I J Q¢ K Q
SN7402 1/2 ﬁ_)
N74H
Input A SN74HI03 l Qutput
Clock
N m
Input B SN74H1 ¥y
K a J SN74H10
I SN74HI02
Qutput conditions
fa > fg:Output =logical 1
fp < fg:Output =logical O K Q-
fo=fg'1) Output alternates between logical levels

2) Phase difference determined by duty cycle of output
Input A —l—l—l—— Example:
l ] | fa=fg
Input C

Input B lags input A by 120°

Fig. 7.27. Digital frequency-phase comparator using Series SN54/74H100 flip-flops.
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with H series flip-flops, are capable of generating pulses as narrow as 12 ns typical
with SN74H73. In practical applications the maximum pulse width should be about
250 ns, using low-power devices with six inverter delays.

Figure 7.27 shows a frequency-phase detector. The output indicates frequency
differences, as well as phase difference when the frequencies are equal. The output
can be measured with respect to either the 4 or B input. In using this circuit, one
ambiguous condition arises. When 4 and B are 180° out of phase, the output will
be a 50 percent duty cycle; when 4 and B are exactly in phase, the output will
- be a 50 percent duty cycle, but at half the frequency of the 180° condition. This
condition is ambiguous only in the sense that if the output is to be integrated, the
0° and 180° conditions will generate identical results.

e by




Decoders

Many systems require the decoding of information represented by digital-
machine-language words. Decoding is necessary in such applications as data multi-
plexing, rate multiplying, digital display, digital-to-analog converters, and memory
addressing. It is accomplished by matrix systems that can be constructed from such
devices as magnetic cores, diodes, resistors, transistors, and FETs. The most com-
mon decoding requirements can now be satisfied with off-the-shelf integrated circuits.

8.1 DECODER THEORY

A single binary word N digits in length can represent 2V different elements of
information. For example, the subset represented by a 2-bit binary word contains
four such elements, each element representing one of the binary states (00, 01, 11,
10) of the word. In Fig. 8.1 each binary state is assigned to one of four letters (¥,
X, Y, Z). These letters correspond to the four outputs of a decoder with two inputs
A and B. Karnaugh maps are then drawn for each state assignment. The map
for W shows that output W is logical 1 for input bits 4 and B both equal to logi-
cal 0. The Boolean expression for output Wis W = AB. This same reasoning is
repeated for the decoding of outputs X, ¥, and Z. The equations are implemented
by using 2-input NAND gates in Fig. 8.2.

Figure 8.3 shows the reference matrix for decoding a binary word of 3 bits. For
simple decoding it is usually not necessary to draw control matrices for each state
as was done in Fig. 8.1. Q is true, logical 1, for only 4 = B = C = 0. Since only
Q is assigned to this state, Q = ABC can be directly written by inspection of the
reference matrix. A 3-bit binary decoder whose control equations are given in Fig.
8.3 is implemented in Fig. 8.4.

Many machine languages do not use the binary number system to its full capacity.
For example, the common BCD (binary-coded decimal) code uses only 10 of the
possible 16 states of a 4-bit word. For this reason, a variety of codes can be
generated for binary representation of decimal numbers. Figure 8.5 shows some
of the common codes. Different codes have been generated to facilitate addition
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Control matrix

(0]
w X
Y z

state W

B 0 1
O
] o] 0
wW=A - B

Control matrix

Reference matrix
2-bit decoder

Control matrix
state X

0

!

()

Control

matrix

state Z

o

1

¢}

o

O

state Y

A

B 0 1

o © 0

oK

Y=A -8B

A l>c iy
L____A

B B

B

Fig. 8.2. 2-line-to-4-line decoder.
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Fig. 8.1.

Fig. 8.3.

Control matrices for 2-bit decoder. i

&
N oo o1 11 0
ol Q@ R T S
11 v v X w
Q = A B [
R = A B [
s = A B [
T = A B c
Uu = A B c
vV = A B [¢
W = A B (¢
X = A B c

Reference matrix for 3-bit decoder.
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Fig. 8.4. 3-line-to-8-line decoder.
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0001
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0100
o101
0110
o
1000
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Fig. 8.5. 4-bit binary codes for 1111
decimal representation.
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Dl 5-1-1-1 8-6-4-2-1 Unweighted
0 00000 00000 00000
1 00001 00001 10000
2 00011 00010 11000
3 00111 00011 11100
4 o111 00100 11110
5 10000 00101 1
6 11000 01000 o111
7 11100 01001 00111
8 11110 10000 00011
9 BRRR 10001 00001

Fig. 8.6. More-than-4-bit coder
for decimal representation.

and subtraction, or complementing, or decoding to decimal equivalent, or error
detection and correction.

The first two codes shown in Fig. 8.5 (8-4-2-1 or BCD, and 2-4-2-1) are called
weighted codes. In a weighted code, direct mathematical conversion can be made
from the binary word to its decimal equivalent. For example:

Code weights = 8-4-2-1
Binary word =1 0 0 1 (least significant bit, or LSB, rightmost)
Decimal equivalent =8 - )+ 4 - 0)+ 2 -0+ (1 1) =9

The excess-3 code shown in Fig. 8.5 is a biased weighted code. Conversion from
an excess-3 code to its decimal equivalent can be done in the following manner:

Reference matrix

S
OC‘V 00 O1_1 10
0 | 0| 1|32
o114 |5|7|6
M X X|X]X
1] 8]9I X|X

Control equations

O O N D W —-0
n

u
> > >N> > P> >

T ol © W o o o o o

OlOIO O O O Ol ool ol

U O Ol ol o g o oo o

Fig. 8.7. BCD-to-decimal decoder with false-data rejection
(matrix and equations).
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Code weights = 8-4-2-1
Binary word = 1 1 0 O (least significant bit, or LSB, rightmost)
Decimal equivalent=8 )+ @4+ 1)+ 2 -0+ (1 -0 —-3=9

For determining equivalent decimal representation of unweighted codes—for
example, excess-3 Gray—some type of reference matrix showing state assignments
must be known.

Any number of binary bits greater than 4 can also be used to represent decimal
numbers. Some different codes are shown in Fig. 8.6. Note that the unweighted
code shown is the counting sequence of a twisted-ring Johnson counter.

Figure 8.7 gives the reference matrix and derived Boolean equations for a BCD-
to-decimal decoder. These equations are implemented in Fig. 8.8. States 1010,

A T [
: T o
>

B

I

TLLTTLLLTY

Fig. 8.8. BCD-to-decimal decoder with false-data rejection (logic
diagram).
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1011, 1100, 1101, 1110, and 1111 are not included in the 8-4-2-1 BCD code and
are therefore considered to be false input data. Since all states are explicitly
decoded, false data imposed on the inputs of this decoder result in all outputs being
false, logical 1.

An 8-4-2-1 BCD-to-decimal decoder that does not reject false input data can also
be built. This decoder minimizes the fan-in requirements of the NAND gates.
The reference matrix and derived Boolean equations are shown in Fig. 89. X is
entered in the unused cells of the reference matrix to indicate that the state of any
defined output is “don’t care” for false input data. For example, if 1111 is entered
into this decoder, outputs 7 and 9 are both true. The decoder is implemented in
Fig. 8.10.

In many applications it is desired that decoding of input states be done only during
specific time intervals. Thus, any data that occur at the decoder inputs during certain
intervals are rejected. This rejection is accomplished by adding a strobe input to
the decoding matrix. When the strobe input is true, decoding is performed. When
the strobe input is false, decoding is inhibited. Different strobing techniques must
be used, depending on whether or not the decoding matrix rejects false data. Fig.
8.11 shows how a decode matrix that does reject false data may be strobed. This
method actually enters false data (1111) into the decoder. The decode matrix rejects
this input and all outputs remain false.

Another method that can be used to inhibit a decoding matrix requires an addi-
tional input on each of the decoder’s NAND gates (see Fig. 8.12). All 10 of these

Reference matrix

00 O 11 10

[@IQLJ
o
B

|
6

RjE

Bjc

X =don’t care

Control equations

ol Ol

Fig. 8.9. BCD-to-decimal decoder without false-data
rejection (matrix and equations).
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)
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VIVIVY

Fig. 8.10. BCD-to-decimal decoder without false-data rejection (logic

diagram).
W )
.
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ol

ol

~i

D

>To decoder

R
Fig. 8.11. Strobe circuit for BCD-to-decimal

decoder with false-data rejection. Strobe
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A L{>o

B l 4{>o
c I {>¢
o ——>
| _D S
._Do— 8
=

Strobe input
Fig. 8.12. BCD-to-decimal decoder with strobe input.

extra inputs are tied together. When these inputs are at logical 0, all decoder outputs
are false. When strobe inputs are at logical 1, the decode matrix is enabled. This
method of strobing works whether or not the decoder rejects false data.

Another method of strobing a decoding matrix uses latches as shown in Fig. 8.13.
An advantage of this method is that decoded outputs are continuously available.
Hence, if these decoded outputs are used to drive display devices, the display outputs
do not blink. This strobing method also functions whether or not the decoder rejects
false data. The outputs change state only while the strobe input is changing from
0 to 1.
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Qi A
A D
ck Q A
—
Q B
B D B
clk Q B
To decoder
QF——¢C delete inverters
c D in decoder
ck Q C
—
Q D
D D B _
. . . . ck Q D
Fig. 8.13. Strobe circuit for BCD-to-decimal J
decoder without false-data rejection. D-type flip-flops

Strobe

The twisted-ring Johnson counter uses five binary bits for its BCD count. A logic
diagram, reference matrix, and decoder for this type of counter are shown in Fig.
8.14. This decoder does not reject false data. If a decoder with false-data rejection
were built, five input NAND gates would be required, thus changing IC package
count from 2%, to 9.

Another special type of 8-4-2-1 BCD decoder which is commonly seen drives
7-segment display tubes. Since these displays require low voltage and current,
allowing them to be driven directly from integrated circuitry, they are becoming
widely popular. Figure 8.15 shows the segment layout of a typical display tube,
and a matrix that shows how elements are controlled to generate digits. Note that
tube elements are initially considered to be on. To produce specific digits, various
display elements are turned off. This type of control requires fewer logic operations
than if all tube elements were initially assumed to be off and were turned on to
generate digits. Figure 8.16 shows the Karnaugh maps for control of each tube
element. For this example it is assumed that the designed decoder need not reject
false data, and therefore X (“don’t care”) is entered in the unused binary states.
The derived control equations are implemented in Fig. 8.17.

8.2 SERIES 54/74 DECODERS AND DECODER/DRIVERS

Decoders in various configurations are available in Series 54/74 logic. A summary
of these devices appears in Table 8.1. All these devices are of course basically
decoders, but the additional terms used in the device descriptions require explanation
here.

In the open-collector group, the word driver often appears in the description.
This term implies that the output stage has special properties that make it useful
in driving not only the usual logic gate input but other devices as well. Devices
that can be driven include lamps, special displays, relays, and discrete transistors.
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State table
Counter Qutputs
Decimal A B [ D E
[¢] 0 0 0 0o (]
1 1 ] 0 0 0
2 1 1 0 o] 0
3 1 1 1 0 0
4 1 i 1 1 0 Karnaugh map for decoding logic
5 1 1 1 1 1
6 o 1 1 1 @004
7 0 0 1 1 1 o) 000 001 011 010 110 m 101 100
8 o] [0} 0 1 1 00 (o] 1 2 X X 3 X X
9 0 ¢} 0 0 1
o1 X X X X X 4 X X
11 8 X X X 6 5 X 7
10 9 X X X X X X X
X =don’t care
EEDDCCBBAA
DDJ
}_T
D)l
0=AE
1=AB Do_j
2=BC
o 5 :>)—z
4=D E
5=AE DP"S
6=A B
2Bc }j
8=C D
9=5 i D)_?
D)_'g
}

Fig. 8.14. Decoding of twisted-ring Johnson counter states, without false-data rejection.
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Segment control
a b c d e f g

© ® N oo O » W P

Fig. 8.15. 7-segment display drive requirements.

X = segment off

Another term that appears is demultiplexer. This means that additional gate
inputs have been provided for data or strobe input or both.

A point sometimes overlooked with the open-collector drivers is that the maximum
rated voltage of the output transistors is with supply voltage ¥V, (nominal, of 5 V)
applied to the device.

The breakdown voltage will drop considerably if ¥ is not applied. The reason
for this is that with the output transistor in the off state and with V;, applied, there
is a saturated transistor across the base-emitter of the output transistor. This gives
the effect of Vgg)cpp—collector-to-emitter breakdown voltage with a relatively low
resistance from base to emitter. With no Vg, applied, the effect is that of ¥gg)cpo—
breakdown for an open circuit from base to emitter, which is always considerably
lower than Vgpcge- The requirement this characteristic imposes on system design
is that ¥, should be applied before the high voltage on the output transistors is
applied. If it is practical to reduce the high voltage while ¥ is off, then a safe
value would be about one-half the normal value. The breakdown due to high
voltage on the output transistors and ¥, off can result in permanent damage to
the device.

Another situation occasionally overlooked in a system design is that voltage
transients may be present on the voltage supply to the load that the driver output
transistors are switching.
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Segment a Segment b Segment ¢
BA BA BA
DC 00 O 11 10 DC o0 Ol 11 10 DC 00 01 11 10
00 | 1 @ P ool v 1 || oo | 1|1 |1|lo |
o1 o | 1 1 0 01 1 | [¢] I 1 | 0 l o1 1 1 1 1
1 X I X X X N X l X l X l X I 1 X X X X
10 1 1 X X 10 1 1 X X 10 1 1 X l X l
3=A-B-C-D+A-C b=A-B-C+A-B-C C=5-B-C
Segment d Segment e
BA BA
DC\_©0 01 11 10 pc\_00 O 11 10
P
00 1 I OI 1 1 00 ] 0 0 ]
01 l 0| 1 ‘ 0 | 1 o)} (O O‘\ 0 1
11 X, X I X I X n {X XJ X X
10 1 | 0] X X 10 1 0 X X
d=A-B:C+A-B-C+A-B-C T:A+B-C
Segment f Segment g
BA
pc\_00 O 1 10 00 Ol 11 10
A
00| 1 [o | o oJ 00 ( oo | vl
[0} 1 1 [0} 1 01 1 1 ‘ [0} i 1
1 X X X X 1 X X X X
10 1 1 |)( X] 10 ] 1 X X
f=A-D-C+B-A+B-C g=B-D-C+B-A-C
X =don’t care

Fig. 8.16. Segment control matrices; 1 = segment on.
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Fig. 8.17. BCD-to-7-segment decoder
without false-data rejection.

It is quite common, for example, to have a 28-V line that is used for a number
of control-type functions in a system. Such supplies are sometimes not well regu-
lated, because the usual loads (relays, lamps, etc.) do not need a regulated supply.
Unfortunately, the voltage transients that often result in systems such as this can
destroy the driver output transistors unless there is enough series resistance to limit
the current to a safe value.

BCD-to-decimal Decoder/Driver for Cold-cathode Tubes. The SN54/74141
(Fig. 8.18) is an 8-4-2-1 BCD-to-decimal decoder designed specifically to drive
cold-cathode indicator tubes such as the Burroughs Nixie® or Raytheon Datavue®
display tubes. This decoder minimizes switching transients and thereby maintains
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Table 8.1. Summary of 54/74 Decoders and Decoder/Drivers

Open-collector outputs

. Typical power | Packages | Zero-blank | Ioy (pA) max | Vo, | Vo, (volts) max | Iy,
Type Description dissipation, mW | available | provisions at Vo, | V at I, mA
SN54/7445 | BCD-to-decimal decoder/driver 215 I, N N/A 250 30 0.9 80
SN54/7446 | BCD-to-7-segment decoder/driver 265 J, N Yes 250 30 04 20
SN54,/7447 | BCD-to-7-segment decoder/driver 265 N Yes 250 15 0.4 20
SN54/7448 | BCD-to-7-segment decoder/driver 265 J,N Yes * . 0.4 6.4
SN54/7449 | BCD-to-7-segment decoder/driver 165 S Yes 250 5.5 0.4 10
SN54/74141 | BCD-to-decimal decoder/driver (cold-cathode tubes) 55 J,N Yes 50 55 2.5 7
SN54/74145 | BCD-to-decimal decoder/driver 215 I, N N/A 250 15 0.9 80
SN54/74156 | Dual 2-line-to-4-line decoder/demultiplexer 125 I, N N/A 250 5.5 0.4 16
Standard totem-pole outputs
- Typical power Packages
Type Description dissipation, mW available
SN54/7442 BCD-to-decimal decoder 140 N
SN54/7443 Excess-3-to-decimal decoder 140 J, N
SN54/7444 Excess-3-Gray-to-decimal decoder 140 LN
SN54/74154 4-line-to-16-line decoder/demuitiplexer 170 N
SN54/74155 Dual 2-line-to-4-line decoder/demultiplexer 125 J, N

*DTL-type output: 2-kQ pull-up resistor.
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=

. =p'

Fig. 8.18. BCD-to-decimal decoder/driver, SN54/74141.

Bl BT T BT R

a stable display. Full decoding is provided for all possible input states. For inputs
of 10 through 15, all the outputs are off. With this feature and some additional
external circuitry, the invalid codes can be used to obtain blanking of leading zeros
or trailing zeros.

Figure 8.19 shows a two-decade display using a suggested method for blanking
leading zeros. Any BCD input above decimal 9 may be used for blanking.
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‘Fig. 8.19. Typical application for SN54/74141 using zero-blanking feature (zero-to-99
counter and display).

When the most significant digit (MSD) is zero, it is blanked, and when both the
MSD and least significant digit (LSD) are both zero, both digits are blanked. It
may be desirable not to blank the zero LSD, because in such a case the whole display
is blanked when the number is all zeros. To avoid blanking the zero LSD, the
connection from the output of the SN7420 to the input of the SN7404 is broken,
and the gating below this point is eliminated—the SN7404, SN74H21, and SN7400.

The output clamping zener diodes (Fig. 8.18) have a guaranteed minimum zener
voltage of 60 V. This means that a swing of from 0 to 60 V may occur on the
cathodes of the display tube in the blanking mode. A typical cold-cathode display
tube is guaranteed to “fire” with 170 V across the tube, and a lower safe value of
positive cathode voltage for negligible glow with ¥z = 170 V is about 50 V.
Considering the operating specifications for display tube and driver, the biasing
values shown in Fig. 8.19 for the display tube are suggested typical values.

Other BCD-to-decimal Decoder/Drivers. SN54/7442, SN54/7445, and
SN54/74145 are 8-4-2-1 BCD-to-decimal decoders consisting of eight inverters and
ten 4-input NAND gates (see Fig. 8.20). The inverters are connected in pairs to
make BCD input data available for decoding by the NAND gates and to present
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only one standard 54/74 TTL load at each input. Full decoding of input logic
assures that all outputs remain off for any false input conditions.

SN54/7442 has a standard TTL output configuration with fan-out capability
of 10. SN54/7445 and SN54/74145 have open-collector outputs instead; each
output is a high-performance n-p-n transistor designed for use as an indicator/relay
driver or as an open-collector logic-circuit driver. Each of the high-breakdown
output transistors (SN54,/7445: Vg of 30 V; SN54/74145: Vi, of 15 V) will sink up
to 80 mA.

Other 4-line-to-10-line Decoders. SN54/7443 and SN54/7444 are 4-line-
to-10-line decoders quite similar to SN54/7442 except for the input code.
SN54/7443 accepts the excess-3 BCD code shown in Fig. 8.21. Full decoding of
input logic assures that all outputs remain off for any false input conditions.

BCD-to-7-segment Decoder/Drivers. Figures 8.22 and 8.23 show a family of
BCD-to-7-segment decoder/drivers: SN54/7446, SN54,/7447, SN54/7448, and
SN54/7449. All these devices have the same decoding circuitry. The SN54,/7446
and SN54/7447 have open-collector output transistors, capable of 20 mA each, which
drive lamp segments directly by sinking current to ground. (They differ only in
the breakdown ratings of the output transistors.) The other two circuits lack the
direct-drive output transistors, being intended for driving lamp segments by sup-

Logic diagram Truth table
5)00 Decimal
Output O Inputs outputs
A
Input A o> Outout plc|B|aAaj{oli|2|3lals|e|7]8]|o
’ olofof{o[olft]it]r|rf1]1[1]
A 3
T
anyym. Output 2 ojojof 1| 1lolii
olof 1ol t{tfolipiir|i]1]x
B ojo}1 |1 INRARRIRNRRARARRAR
InputB - Output 3
ol r]loflo | il1|irfolr]1]]1]
8 Outout 4 ofviol v | oy
Do uied ol [ o ol
= ol v it ahfelr]
T
Input C FH o—o Output 5 1 lololo o
c . tlofoj v 1 vfifaihirpr]ifi]o
& Output 6 ot o [l
" viofr v bt
[} = tput
Input D O >04—2 >l Output 7 vl oo [
) vy do e
0 $i—] »—o Output8 BEEEREREDERREBEDE
tlv vy papthvrfrr
Output 9

Fig. 8.20. BCD-to-decimal decoder (SN54/7442) and decoder/drivers (SN54/7445 and
SN54,/74145).



198

Designing with TTL Integrated Circuits

Logic diagram

- Output @Ompuf
Input ' A [T C? A 0
P Input
A = Output| A 3)—0 Qutput
A u 1 A 8 1
Qutput Qutput
a 2 2
Input o—{>c B HDO—O Output Ouf;uf
B 3
_Dg__ j—o Output Output
4 4
Inout c .__DO-O Output _ DO—OOquuf
nzu T, 5 [input ¢ I 5
S gun Output c C DO—O Output
i 6 a8 6
5 e DO-OOuipu‘r _ Output
Input 7 InpuTO—I>O N— 7
o D Output] D D o1 Output
8 %= 8
Qutput Output
Do = Jroon
SN54/7443 excess-3-to-decimal SN54/7444 excess—3-Gray-to-decimal
Truth table
SN54/7443 SN54/7444
Excess-3-inputs Exce§s—3—Gray Decimal outputs
inputs
D c|B| A D B A 3{4|5i6|7(8] 9
0 o1 1 ¢} 1 0o 111 |1 1
¢} 110 ¢} 0 1 1 0 1 TIH[1 T 1
o] 110 1 0] 1 1 1 1 IR RARRERER 1
o] 1 1 0o 0 110 1 1 Ol1|T{1]|1]0O]| 1
o] 1 1 1 0 110 (0] 1 IRIRERERER! 1
1 0|0} O 1 110 0 1 111{0]t|{1]1 1
1 0]o0 1 1 110 1 1 1110111 1
1 011 0 1 1 1 1 1 IRRERERRIIR! 1
1 o {1 1 1 1 1 (0] 1 1111 p1r]of 1
1 110}] O 1 0 o 1 IR RERRRER! 0
1 110 1 1 o1 1 1 IEREREREREE 1
] 1 1 0 1 o O 1 1 IRORRERRRER 1
1 1 1 1 1 of O o] 1 IR REREREN 1
0 oo} O (o] OO ¢} 1 IRRRRRARRAR! 1
0o 0|0 1 0o o0 1 1 IERRRERE NN 1
o] o1 0 0 o011 1 1 IRRRRERERER 1
Fig. 8.21. Other 4-line-to-10-line decoders: SN54/7443 and SN54,/7444.
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Fig. 8.22. Logic diagram for BCD-to-7-segment decoder/
drivers: SN54/7446, SN54/7447, SN54/7448, and SN54/7449.
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Inputs Outputs

Decimal R R Bl

or | LT*|RBI"|D|C|B|A|gggxlat|bt|ct|dr|el|f|gh|Note
function

0 1 1 |ojojo|o]| 1 TPy vy rfo] o
] | X |0j0]|0]|1 1 ol olo|O| 1
2 1 X |ojlottir|o] 1 1{r{of1[1]0]0

3 1 X |[olo|1i1]| 1111 jololt

4 1 X |o|v|olo| v [oj1rf1 0|0 |1}

5 1 X |ol1i0[1] 1 vjoj1|{1]o]1 1

6 1 X {o|1{1|o|l v [ofloj1 |1 |tv]|1|1

7 1 X (o1 |1 1 1{1]1]lojojo|oO

8 1 X [1]lo|lo]Oo] 1 I AR O S O O AR R A

9 1 X [1ioflo]1] 1 111 ]jolo]|r |1

10 1 X [1]oj{1]o| 1 |o|lojlof[1[|Vv]Oj1

1 1 X (1]jofl1{t] 1 |Jojo|ri1]ojO|1

12 1 X |1)1]0(0| 1 |oj1|o|O|O|1]1

13 1 X [1{1]0]1 1 1loflofl1 101 [

14 1 X [1]vfv]jol 1 jojojo|1 |1 ]1{n1

15 1 X [1]1]1]1 1 |o|lojojo|lo|o]oO

BI X X |[x|x|x|x| o |o|jo|o|Oo|O]|O]O
RBI¥ 1 o |ojo|ojo| O |o|]O|O|O|O|O|O]| 3
LT* 0 X X X[X|{X| v [v|{v|uv{r{1r]r{1]| 4

*SN54/7449 do not have these features
TFor SN54/7446 and SN54/7447, invert these entries

X = Don‘t care (input may be high or low)

Notes: 1. BI/RBO is wire- AND logic serving as blanking input (BI) and/or ripple-

Fig. 8.23. Truth table for BCD-to-7-segment decoder/drivers:

blanking output (RBO).* The blanking input must be open or held at a
logical 1 when output functions O through 15 are desired. Ripple- blanking

input (RBI)* must be open or at a logical 1 during the decimal O input.

. When a logical O is applied to the blanking input (forced condition), all

segment outputs go to a logical OF regardless of the state of any other

input condition.

. When ripple -blanking input (RBI)* is at a logical O and A=B=C=D=
logical Ot all segment outputs go to a logical O and the ripple~blanking
output goes to a logical O (response condition).

. When blanking input/ripple-blanking output is open or held at a logical 1

and a logical O is applied to lamp~-test input,* all segment outputs go to

a logical 1.t

SN54/7446, SN54/7447, SN54/7448, and SN54/7449.
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plying logical 1 outputs to intermediate logic circuits or driver transistors. (The
SN54/7448 has a resistive-pull-up output; the SN54,/7449 has open-collector outputs
and lacks the auxiliary inputs for strobing, blanking zeros, and testing the lamp.)

4-line-to-16-line Decoder/Demultiplexer. The SN54,/74154 is a monolithic
4-line-to-16 line decoder using TTL circuitry to decode four binary inputs into one
of sixteen mutually exclusive outputs when both the data and enable inputs are
low. (See Figs. 8.24 and 8.25.) SN74154 may be used also as a demultiplexer by
using the four input lines to address the output line, passing data from the data
input to the selected output when enable input is low. When enable is high, all
outputs are high.

(@]
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Fig. 8.24. Logic diagram for 4-line-to-16-line decoder/demultiplexer, SN54,/74155 and
SN54/74156.




202 Designing with TTL Integrated Circuits

Inputs

Address Outputs
C B 7 8 9

Enable | Data

n
w
N
()]
o
)

11

~
_
&
=
o

o]
(o]

X X X = -+ =4 = = =« = = 00000 OO0 o |0
X X X =0 —~ 0 —-0—0 —-0—0—-0—0 |>»
o T S I
P T © T S S

- = OO0 OO0 OO0 00000 OO0 OO
- 0O - 0O OO0 OO0 00O OO0 000 OO0
X X X = = = -~ 0000~~~ —00O0o0
XX X = ~00—=-"00=-==00—-=020
N U (P i o
B e T Ry S,
.—-—4—-_._4._.—-_._4_4__.—-_._10—4—-—-—‘
— e e e O = e —
_ S a O e s .
_ e e O — e e s
PURSP R D T © Y P
B T T SIS S U U
_‘—i_a_t_l_.lo_l-_l_a_l_a_‘_l—d_a—-_l—a
e J JI I VS P
- o e e O = e e e —
_‘-—d—o-—'—‘vl——l——l—l—l-—‘—ldd_—l_._

Figure 8.25

The SN54/74154 will accept any 4-bit binary code by selecting the correct true
output. This fact allows the designer to use the circuit in applications where un-
common 4-bit binary words must be decoded. Also, since all binary input states
are explicitly decoded, false data are rejected when fewer than 16 states are used.

2-line-to-4-line or 3-line-to-8-line Decoder/Demultiplexers. SN54,/74155
and SN54/74156 can be used as either two 2-line-to-4-line decoders or one 3-line-
to-8-line decoder. (See Figs. 8.26 and 8.27.) When both sections are enabled by
the strobes, the common binary address inputs sequentially select and route associ-
ated input data to the appropriate output of each section. Individual strobes permit
activating or inhibiting each of the 4-bit sections as desired. Data applied to input
1C are inverted, whereas data applied to 2C are not; therefore, an inverter is
unnecessary in the 3-line-to-8-line connection.

SN54/74155, with its totem-pole outputs, is rated for a fan-out of 10 TTL loads.
The SN74156, with its open-collector outputs, is rated to sink 16 mA at a low-level
output of less than 04 V.

8.3 APPLICATIONS OF DECODERS

A common application of decimal decoders is in counter systems. A simple system
of this sort is shown in Fig. 8.28. Initially the counter is reset to 0 and the hold
input is low. When the hold input goes to 1, the counter is enabled and the cycle
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begins. If the clock repetition rate is 9 MHz and the hold remains at logical 1 for
100 us, then the number 900 is stored in the counter at the end of a timing cycle.
Hold should then remain low for about 1 sec, so that digits may be viewed. A
viewing time of 1 sec allows the observer to notice changes in the least significant
digits as cycling occurs. Displays used in this example are of the filament-bulb type
and cannot usually be driven directly from decoder outputs. Both SN75450 and
SN75451 make good display drivers, because they will sink up to 300 mA with a
maximum Vg of 30 V when their integral transistors and NAND gates are directly
connected as in Fig. 8.28.

The major disadvantage of this simple system is the visual effect with slow clock
frequencies. Observers notice display outputs changing as the counter sequences.
The outputs can be disabled during a slow counting cycle, but this may cause
noticeable blinking of displays. The system shown in Fig. 8.29 eliminates blinking
of display outputs by storing information in an SN7474 D-type flip-flop. (An
SN7475 4-bit latch also can be used in the place of two SN7474s.) Counting
information is displayed continuously, changing only upon the strobe pulse, when

2-line-to-4-line decoders, or 1-line-to-4-line demultiplexers

Inputs Outputs
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1 1 1 1 ! 1 1
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o
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1 1 1 0o
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3-line-f0-8~line decoders, or 1-line -to-8-line demultiplexers
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Fig. 8.26. Truth tables for Fig. 8.27.




y0T

Strobe
16

Inputs no. 1<

Data
1C

Select
B e

1

Common select inpufsj

>
st o[>0 >

Data
2C

Inputs no.2

5

Strobe
26

Wy

Output
1YO

Output
Yl

Output
1Y2

QOutput
1Y3

Output
2Y0

Qutput
2Y1

Output
2Y2

Output
2Y3

Outputs no.1

> Outputs no.2

B —— e



{014

B ¢

Select inputs <

Strobe
1G

Data
1C

Select
B

Select

)

®

Y1

:

o >0

Y2

T

AO

Common strobe &

A

Data

o] o

2C

Strobe

1Y3

T

g

2Y1

2Y2

Figure 8.27

100

Output

Output

Output

Output

Output
2Y0

Output

Output

Output
2Y3

—26

37

40

6 2

> Outputs

\w



90T

cReseT
14 2 3 14 2 3 6 14 2 3
SN7490 SN7490 SN7490
12 9 8 1 72 9 n L") 9 8 1
L] L]
20 |2l 22 [23 20 [ol |02 o3 20 |2t |22 123
—L é
SN7442 or SN74154 SN7442 or SN74154 SN7442 or SN74154
1(2]3(4{ 5] 6|7 8|2 0| 2] 3{4|5| 6| 7} 8 9 O} 1|2} 3| 4/ 5|6| 7| 8[9
SN75451
\ J \ /
- SN75450 A V Vv
Display same as Display same as
first digit first digit
Operating voltage waveforms
Cock TTTTTTTTTTITTTITITTTTTITTTTITTITITTTITITTTN
Hold  f<——— Counting > Displaying N
Reset n

(o]
Lamp voltage supply

Fig. 8.28. Decoders used in a clock-pulse counter and display system.
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Fig. 8.30. Decoders used in a synchronous up/down counter with 7-segment display system.

the timing cycle has ended and correct information is in the counter. The strobe
pulse should not occur more than once per second so that digit changes are easily
observed. Lamp L1 displays a most significant 1, and lamp L2 indicates when the
counter range is exceeded.

Figure 8.30 shows a synchronous counter system using the SN74192 synchronous
BCD up/down counter. In this example the 7-segment display devices can be driven
directly from decoder outputs. Blanking input can be used to modulate outputs,
by rapid interruption, thus allowing intensity control of the displays without changing
driving voltage. Lamp test allows verification that all display segments are in
working order. When the lamp test is a logical 0, all segments are on.

Another application for decoders is in analog-to-digital converters, such as shown
in Fig. 8.31. An analog input voltage V,,;..... i placed on one side of the SN72709
operational amplifier, and the counter is reset to 0. The op amp output is interro-
gated to find out whether ¥,;,0un = Vinown- If it is, counting continues. Strobe
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Decoders used in an analog-to-digital converter.
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input allows interrogation of the op amp output only after it has stabilized. ¥;,,,,
is generated in the calibrated resistor matrix, with currents summed at the op amp
input. 'When V,,;00m < Vinown» the halt output goes to a logical 0, disabling the
counter input. If the summing resistors have been chosen properly, the number
stored in the counter will approximate V..., Decoder outputs can then be used
to drive a display system.



Arithmetic Elements

The essential function of most computers is to perform purely arithmetic opera-
tions, and almost all computers employ at least some arithmetic elements. This
chapter discusses those TTL integrated-circuit logic elements that are especially
applicable to digital arithmetic operations. ’

9.1 ADDITION OF BINARY NUMBERS

In the binary number system, a quantity is represented by
A 2"+ A, 27N+ A, - 22
+ o+ Ayt 22442+ 4,204+ 4 027+ 4,272
The actual number as written consists of the characteristics only and would be
written 4,4, 1A, o - - - A,A1A,, where each 4 would have a value of either 1 or
0. To add, it is necessary to arrange two such numbers so that digits with the same

weight are compared.
The following shows all combinations for a 1-bit addend and augend:

0 0 1 1 « Addend (4)

40 41 +0 +1 < Augend (B)

0 1 1 10'\<—— Sum )
Carry

Logic equations and a truth table representing these operations are shown in Fig.
9.1.

S(sum) = AB + AB (1)
C(carry) = AB @

The logic equation for the sum is known also as the exclusive-OR function and
can be represented also in Boolean ring algebra as

S=AB+AB=A®B €))
Such an adder can be implemented by the elementary circuit of Fig. 9.2.
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Addend { Augend [ Sum | Carry
A B |'s | ¢
A
0 c|lol o B
0 1 {1 ] o s
1 o1 ]| o A——]
B
1 i o 1 >

S=AB+AB:A®B : D—c
C=AB ‘

Figure 9.1 Fig. 9.2. Half-adder logic diagram.

In the more general case of addition of multibit numbers, it is necessary to provide
for a carry input produced by a previous cycle in a serial adder or a previous stage
in a parallel adder. Figure 9.3 presents logic equations and a truth table for an
adder that provides for a carry input.

To derive the logic equations, the truth table results are plotted on Karnaugh maps
(Fig. 9.4).

S = ABC,_, + ABC, , + ABC, , + ABC,_, )
C,=BC,_+ AC, ; + AB )

The previous adder with no provision for carry-in is known as a half-adder. The
full-adder can be implemented using basic logic elements as shown in Fig. 9.5.

The function of the circuit in Fig. 9.5 is implemented by the SN54,/7480,
SN54/7482, and SN54,/7483 series of complex function adders.

Inputs Outputs
Ccrry—ih Addend Augend|Sum Carry out
Chn1 A B S Cp
0 o] 0 o] (o]
o] 0 1 1 o]
o] 1 0] 1 o]
0 1 1 o] 1
1 o] (0] 1 6]
1 0] 1 ] i
1 1 6] o} 1 AB AB
: ; . 1 1 Cror \OO O1 11 10 Cp\00 Of 1t 10
olo {®D|o|® olo|o|Mm|o
1[@]o|®] o 1o [

S= ABCpy+ ABCp.y +ABChy +A BCh-t
Cr# BCni1tACh1tAB S =sum Cn= carry out
Figure 9.3 Figure 9.4
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Cn-1

o<}._..
o<].
E)U
N

Cn-1

Y

— c
— =

Fig. 9.5. Full-adder logic diagram.

9.2 PARALLEL BINARY ADDITION

A number of single-bit full-adders can be arranged as shown in Fig. 9.6 to form
a multibit adder. In this circuit arrangement, the carry must be allowed time to
propagate through each of the adders before the addition can be considered com-
plete. Although this arrangement can be carried to any length, the carry propagation
time makes it unacceptable in many applications.

Addend and gugend inputs
A

A4 B4 A[) B[ A[ 812 Aj Bll 110 Bf
A B A B A B A B A
Carry 2%ut «—{Cy  Cna Cn  Crije—{Cn  Cnafe—Cn Cnafe—Cn  Coaje—"03c0!

sS4 S3 S2 Si SO -

v
Sum output

Fig. 9.6. Parallel adder, 5 bits.
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9.3 SERIAL BINARY ADDER

A serial adder uses one full-adder and performs addition of only one bit position
per cycle. The D-type flip-flop is required for storage of a possible carry to the
next cycle.

There are several options for the shift registers, such as parallel or serial data
entry and various connections for input and output. The sum register can be
combined with either the addend or the augend register so that the sum displaces
the original number at completion. It may also be desirable, where the same number
is repeatedly added, to recirculate a number within a register by connecting the
output to the input as shown by the dashed line at the addend register in Fig. 9.7.

9.4 SERIES 54/74 TTL ARITHMETIC ELEMENTS

There are presently six complex-function adder packages in the Series SN54,/74
logic for 1, 2, and 4 bits.

SN54/ 7480. The SN54/7480 is a single-bit gated full-adder with gated comple-
mentary inputs and complementary sum (2 and Z) outputs. The inverted carry
output is designed for medium- and high-speed multiple-bit parallel add/serial carry
applications. The circuit utilizes diode transistor logic (DTL) for the gated inputs,
and high—speed high-fan-out TTL for the sum and carry outputs. The circuit is
compatible with both DTL and TTL logic. The implementation of a single-inversion,
high-speed, Darlington-connected, serial carry circuit minimizes the need for exten-
sive look-ahead and carry-cascading circuits. The equivalent logic diagram is shown
in Fig. 9.8.

The SN7480 is designed specifically for multibit addition or subtraction operations
without external gates or inverters. In the SN7480, two methods are used to reduce

Serial input

L
c_oml_f' 1 .
A B
Sﬁgai l Augend LSB
npu
n— bit shift register ] Full Cn-
geter " |Ter O
S Cn
|
Sum LSB
n-bit shift register | b Q
cP P Q
CcP

Fig. 9.7. Serial adder.
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Ay Y\
L/

Az

A ——— ——2
: D
B+

Bz )

Be
Cn

Cntt

Fig. 9.8. SN7480 gated full-adder.

the carry delay. The carry circuit employs a high-speed Darlington output, and
the logic gating has only one inversion between the carry input C, and the carry
output C,,,. This logic configuration results in an inverted carry output. To
counteract this inverted input to the following stage without sacrificing propagation
time for the carry, gates are provided within the circuit to invert 4 and B inputs
and the sum output. This interconnection method is illustrated by bit 2 and bit
4 of the adder in Fig. 99. The inverted carry output is a true carry from bit 2
and bit 4, permitting the use of noninverted 4 and B inputs for the odd-numbered
bits.

> Output
A
\

—r——_—————————— e — e e o — ] N

\ Bit 4 ;

. - - . T = _ T —
’\n A* NC Cn A¥
AC AC NC
Al o Z Alg Z
A2® X A2 g 2 SoN
Bt 5 B1 stages
B2 & Cott g2 & Ot X0
BC g*

Input
controt
e, s
== T T T T T S Temovor 1 ——=— ¢
o T emory or B
| ET ; B3]
e e e e e —— s T T T T e e e e e e — e — — ——

Note: Functions noted as NC are open

Fig. 9.9. N-bit binary adder using the SN7480.
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The input control is used to disable the 4 and B inputs when memory or register
information is being shifted. A logical 0 applied to this line will bring each sum
to a 0 condition and maintain this level regardless of the state of the input informa-
tion into each bit. Input control is applied to 42 and B2 of odd-numbered bits
and to 4, and B, of even-numbered bits. These alternating patterns are necessary
to coincide with the varying input sequence they control. The A* and B* inputs
require the use of a gate with open-collector output such as the SN7401, SN7403,
and SN74HOI as a signal source.

SN54/7482 and SN54/7483. The SN7482 (Fig. 9.10) and SN7483 (Fig. 9.11)
are respectively 2- and 4-bit binary adders that perform parallel addition with
internally connected ripple-through (serial) carry. The sum outputs are provided
for each bit, and the resultant carry-out C2 or C4 is obtained from the last full-adder
stage. The basic logic configuration for the sum and carry is the same as for the
SN7480, but there is no gating for inputs on the SN7482 and SN7483 adders. The
complement of the carry-out is used for the carry input of higher-order bits. The
consequence is that for even-numbered bits, it is required to invert the inputs, and
for even-numbered sum outputs, an inverter is (unlike odd-numbered sums) not
required.

In addition to the adders, there are other units which are quite often associated
with digital arithmetic functions. The SN7486 quadruple 2-input exclusive-OR and
the SN74H87 4-bit true/complement gate are such elements.

SN54/7486. The 54/7486 package contains four 2-input exclusive-OR gates.

Al

21
B1
Cin g

o
1
%— 2
J— |
J—
@ i
Fig. 9.10. SN54/7482 2-bit adder, logic diagram.

A2

B2




Fig.9.11.
diagram.

Al

BI

A2

B2

A3

B3

Ad

B4

SN54/7483 4-bit adder, logic
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A0—

BO—:D_ Yo Inputs |Output
AT— - AlB| Y
B1 —————) D_ i
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Truth table
SN54 /7486

0|0 0]

A2 ~—

s | e Tlel
101

A3 —

B3 —:) D"— Y3

SN54/ 7486 Fig. 9.12. SN54/7486 quad exclusive-OR.
Data A Data A Data A Data A
Load Ao— ? ; (i ? T

. @

1 | _ ] _ 1 _
Q Q Q Q Q Q Q Q
—dP t/2SN5474 C 9P 1/2SN5474 C LdP 1/2SN5474 C “dp1/2SN5474 C
D Clock D Clock D Clock D Clock
Clock Ao 3 A I A 1 KS T
Q Q Q Q Q Q Q Q
P #/2 SN5474 C 4P 1/2SN5474 C P 1/2SN5474 C -#Pl/ZSN5474 o}
D Clock D] D Clock D-I D Clock D-l D_Clock
Clock Bo - 1 A I I
d Bo— l ;
Lood Be— ! 1 I
Data B Data B Data B Data B

The following sequence will exchange the contents

Contents of Contents of
Sequence register A register B
Start A B
Clock register A ADB B
Clock register B AGB (ADBIDB=A
Clock register A (AP B)®A=B A
For a detailed example
Contents of Contents of
Sequence register A register B
Start 1011=A 0010=B
Clock register A 1001 0010
Clock register B 1001 1011=A
Clock register A 0010=B 1011=A

Fig. 9.13. Register exchange using SN54/7486.
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The exclusive-OR function of two variables is
Y=AB+AB or A®B

Refer to Fig. 9.12 for diagram and truth table.

Input clamping diodes and full on-chip buffering are provided to improve circuit
performance and simplify system design. The exclusive-OR function is widely used
in digital systems, especially in applications requiring error detection, comparison
schemes, and counting,.

Figure 9.13 shows an application of the SN7486 in a register exchange function.
The contents of register 4 and register B are exchanged by using the exclusive-OR
with the SN5474 duel D-type flip-flops. The data are loaded into the register from
the asynchronous inputs on the SN5474. The exclusive-OR can be used also as
a controllable true/complement unit as shown in Fig. 9.20.

SNI54/74H87. The SN54/74H87 performs the true/complement and 0/1 func-
tions, and the SN74H87 with two control lines transfers 4-bit input data (or their
complement) to the output. The control inputs can also set all outputs to 0 or 1.
Input clamping diodes and control-line input buffers are provided to improve circuit
performance and simplify system design. In addition to the usual application shown
in Fig. 9.18, the SN74H87 has several other uses arising from its ability to produce
all 1s or Os. Since all 1s is the 2’s complement of a binary —1, a binary number
can be decreased by 1 by adding all 1s to the number. When it is desirable to
perform no addition, the SN74H87 can be set to all 0s. Figure 9.14 is the truth
table and logic diagram for the true/complement gate.

Qﬁ)D_

A20—

A3O ~>Outputs
%D—

Data
inputs <

(Ado—
D
~
BO—|>0
Confrgl
inputs
¢ o—{>0o-
Truth table SN74H87
Control
ﬁ‘gurfos QOutput
B C [Y1lY2|Y3|Y4
o |0 [A1]|h2 A‘g A—z
. 0] 1 Al | A2{ A3 | A
Fig. 9.14. SN54/74H87 4-bit t o |11t [1]1
true/complement 1/0 gate. ! 1 o]ofo]|o
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9.5 BINARY REPRESENTATIONS FOR COMPUTER ARITHMETIC

This section shows the development of algorithms required for performing binary
addition and subtraction with the three principal notations used in binary arithme-
tic. These three notations are the sign and magnitude, 1’s complement, and 2’s
complement. The 2’s complement is known as a radix complement for binary
numbers, just as a 10’s complement is a radix complement in the decimal system.
The radix complement of a number is defined by Eq. (7).

A+ A=~ 6)
A= _ 4 %)

where A = number for which the complement is to be found
A* = radix complement of 4
r = radix (» = 10 for decimal and 2 for binary)
N = number of digits in 4

To find the 10’s complement of 2,245, |

or

N=4 |
A* = 10% — 2,245
10,000
—2,245
A* = 7,755
Using binary numbers, find the 2’s complement of 10110:
N=35
A* =25 — 10110
100000 ¥
—10110 4
4* = 01010

The I’s complement for binary numbers and the 9’s complement for decimal
numbers are known as diminished radix complements; they are defined by Eq. (9).

B+B*=/—1 ®)
B*=/~_1-B ©)

or

where B = number for which the complement is to be found
B* = diminished radix complement of B

For an example using binary numbers, determine the 1’s complement of 10110:

N=S5
B* =25_-1— 10110
11111 |
—10110 B

B* = 01001
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-Notice that this operation is equivalent to interchanging all Os with 1s and all 1s
with Os.

Binary point notation will be adopted in the following discussions; this means
that all numbers are considered less than 1, and that to the left of the binary point
is the sign-bit. A negative number has a 1 in the sign position and a positive number
has a 0 in the sign position. This convention is adopted here because of its advan-
tages in binary arithmetic and because it is used in many modern computers.

Sign and Magnitude Notation. In sign and magnitude notation, numbers of
the same magnitude are identical to the right of the binary point; they differ only
in the sign-bit. Thus,

+26(27%) = 0.11010 (10)

—26(2-5) = 1.11010 (11)

1’s Complement Notation. A positive number is the same in all of the three
systems discussed.

Negative and positive numbers of equal magnitude in 1’s complement are exact
complements of each other. Thus,

+26(275) = 0.11010 (12)
—26(2-%) = 1.00101 (13)

2’s Complement Notation. A negative number is formed by taking its positive
counterpart and subtracting it from 2. We then have

+26(275) = 0.11010 (14)
—26(2-%) = 1.00110 (15)

A simple rule for finding the 2’s complement is to find the 1’s complement and
add a 1 to the LSB (least significant bit). Another method which can be of advantage
is to start at the right and examine bits of the number in sequence. For each 0
in the number, place a 0 in the complement being generated. When the first 1
is reached, place a 1 in the complement. Thereafter, for each 0 place a 1 in the
complement, and for each 1 in the original number, place a 0 in the complement
for all bits including the sign-bit.

Sign and Magnitude Addition and Subtraction. The addition of positive
numbers is the same in all three notations. One precaution to be observed is that
the sum must not exceed 1, or the number will exceed the word size of the register.

In Fig. 9.15, for the sign and magnitude representation, note that the (2-°) has
been dropped for all the binary numbers; this convention will be used throughout.
Subtraction is performed in a parallel binary machine by complement addition for
all representations. This can be seen in Figs. 9.15,9.16, and 9.17, where one number
is actually subtracted from another. For sign and magnitude subtraction, the usual
procedure is to change the sign of the subtrahend and perform the appropriate
addition as shown in Fig. 9.15. For example, assume it is desired to subtract a
positive number (subtrahend) from a positive number (minuend). It is necessary
to change the sign of the subtrahend, that is, complement its sign-bit only, and then
proceed according to the rules of addition, substituting the terms minuend, subtra-
hend, and remainder for augend, addend, and sum, respectively.
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Two positive numbers Two negative numbers
+13 ¢ 0.01101 -3+ 1.01101 . Add magnitudes
+11 : 001011 -11 : 1.010M Duplicate signs
+24 : 0.11000 -24 : 1.11000

Oppositely signed numbers,

Augend magnitude larger

+13 : 0.01101 -13 : 1.01101
-11 : 101011 +11 : 0.01011
+2 -2
01101 01101 To augend magnitude
10100 10100 Add addend ,complement magnitude

End-around carry (EAC)occurs

00001 00001
C—-> 1 Lp 1 Add to above

00010 00010
0.00010 1.00010 Give result sign of augend

Oppositely signed numbers,

Addend magnitude larger or equal

+11 = 0.01011 -11 : 1.01011
-13 ¢+ 1.01101 +13 : 001101
-2 +2
oion 01011 To augend magnitude
10010 10010 Add addend, complement magnitude
11101 11101 There is no end -around carry (EAC),
complement result
1.00010 0.00010 Give it sign of addend

Fig. 9.15. Sign and magnitude addition.

1’s Complement Addition and Subtraction. Two positive numbers are added
in the same manner in all representations. For negative numbers, each possibility
is shown in Fig. 9.16; note that the sign-bit is also added. For subtraction, the 1’s
complement of the subtrahend (including the sign-bit) is added to the minuend;
and the EAC (end-around-carry) operation is performed. This actually is equivalent
to using the old rule that says “change the sign of the subtrahend and add.” The
addition is then just as shown in Fig. 9.16.

2’s Complement Addition and Subtraction. Addition of positive numbers is
the same for all notations. For 2°s complement addition the numbers (including
the sign-bit) are added, and a carry-out from the sign-bit is always ignored. Sub-
traction, as illustrated in Fig. 9.17, is performed by adding the 1’s complement of
the subtrahend to the minuend, and adding 1 in the LSB position. This again is
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Two positive numbers Two negative numbers
+13:001101 -13 :1.10010
+11:0.01011 <«— Add numbersincluding —% —11 : 1.10100
- sign bit -

+ 24 0.11000 retain positive sign 1.00110
L. 1 Add in EAC
-24:1.00111
Oppositely signed numbers,
negative result

-13 : 1.10010 +11 : 0.01011 Add numbers including sign bit

+11 ¢ 0.01011 -13 : 1.10010

-2 1.11101 -2 1.11101 No EAC

Result is correct

Oppositely signed numbers,
positive result

+13 : 0.01101 -11 : 1.10100 Add numbers including sign bit
—-11 : 1.10100 +13 ¢ 0.01101
0.00001 000001
L»1 L—— 1 Add in EAC
+2 . 0.00010 +2 : 000010
Figure 9.16
Addition
-13: 1.10011
=111 1.10101
-24: 1.01000
+13: 0.01101 -13: 110011
-11: 1.10101 +11: 0.01011
+2: 000010 -2 1.11110
—-11: 1.10101 +11: 0.01011
+13. 0.01101 -13: 1,10011
+2: 000010 -2 1.11110
Subtraction
+13: 001101 +13: 0.01101
(-11): 110101 ={+11: 0.01011
. , ... .
Fig. 9.17. 2’s complement addition and subtraction. 001101 0.01101
0.01010 1.10100
1 1
+24: 0.11000 +2: 0.00010
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the same as the statement “change the sign of the subtrahend and add.” The
conversion to the subtrahend 2’s complement is initiated by taking the 1’s comple-
ment, and completed by the addition of 1 at the LSB.

Comparison of Notations. For addition and subtraction the 2’s complement
is considered to be the most straightforward in implementation, with the 1’s comple-
ment next best, and sign and magnitude most complex.

Exactly one cycle is required for addition or subtraction of any 2’s complement
numbers. This seems to give a definite advantage to 2’s complement notation, but
it creates problems in multiplication and division. Sign and magnitude repre-
sentation, however, is very straightforward in performing multiplication and divi-
sion.

A disadvantage of 1’s complement notation is that an EAC (end-around-carry)
may require additional time for carry propagation.

To illustrate the difference resulting from the use of a particular notation, Figs.
9.18,9.19, and 9.20 show simple adders/subtracters using each of the representations.

9.6 ADDITION AND SUBTRACTION OF DECIMAL NUMBERS WITH
BINARY REPRESENTATIONS

In some instances it is desirable to perform arithmetic operations directly, using
decimal numbers. This need often occurs in systems where the result of the arith-
metic operation is to be dispiayed directly and it is desired to avoid conversions.
Most numerical display systems interface directly with decimal code representations.
Two codes will be considered here: the BCD (binary-coded decimal) and the excess-3
code. For this discussion, BCD will mean the 8-4-2-1 coding scheme. For BCD
the binary numbers correspond exactly to the value of the decimal number which

Inputs are in proper 2's complement from
N

Au{;end /minuend  Addend/su b“h'chend

—\
| | LSB
JJ True/complernent unit
] A4 A3 AZ Al
B
SN74HE? | SN74H87 .
! . Y4 Y3 Y2 Y1
LSB
_} } ; ¥V Y y_ y
—] B4 B3 B2 Bl A4 A3 A2 Al
SNT483 ole_NL Qg sn7483 €0 le—o<}—
>4 33 32 X1
For additional bits l l l l LSB M
H M=0, subfract
bii ’
Sum/difference M-=1.add

Fig. 9.18. Adder/subtracter using 2’s complement notation;
4 bits (including sign-bit).
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Inputs arein proper 1's complement for M

A

At{gend/minuend Addend /subfr\ohend

sl ]

LsB

True /complement element

Ad A3 A2 Al
R

SN74H87

¢ l

[N | Y4 Y3 Y2 Y1
| [For aaditional =
bits

-yY__Y_ A 4 y

1 B4 B3B2B1 A4 A3 A2 AT

| Eac

SN7483 l<— Cq SN7483 Co (e

I 2, 33 % 3

- - > T 1 T I
v v v vsB M
v/ M=0, subtract
Sum/difference M=1.add

Fig. 9.19. Adder/subtracter using 1’s complement notation; 4
bits (including sign-bit).

M=0, add Augend/minuend Addend /subtrahand
M=1, subtract A4 A3A2 AT B4B3 B2 Bl g
M LSB | . ) )
Vee _ SN7486 (quad
b 1kQ, T exclusive OR)
Note: Although only three
bits are needed, a 4-bit adder v I

is used for comparison with
Fig. 9.18 and 9.19. A 1and O
are placed on B4 and A4

so that a carry-out of bit 3
will propagate to C4.

sign-bit).

A4 A3 A2 A1 B4 B3 B2 B1

C4 SN7483 CO e
2423 Y2 A
NC.

L
VAY,

T

225

v
3

4

v
2

‘L LSB

Sum difference
Fig. 9.20. Adder/subtracter using sign and magnitude notation; 4 bits (including
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Uncorrected Corrected
Decimal BCD sum BCD sum
C454 38,5, CaZ4TaToE
0 0000 0000 Y
) 1 0001 0001 | o
Decimal Binary coded decimal 2 0010 0010 2
o 0000 3 0011 oot | g
) 4 0100 0100 | &
o001 5 0101 oro1 [£
2 0010 6 0110 0110 | ¢
o
3 0011 7 o111 o111 8
8 1000 1000 S
4 0100 9 ___1001_______ 1001~
5 0101 10 1010 10000 N
6 0110 1 1011 10001
12 1100 10010 | g
[ o1t 13 1101 10011 | 5
8 1000 14 1110 10100 | ¢
5 1001 15 1111 10101 é
16 10000 10110 Q
17 10001 10111 5
103 102 10" 100 18 10010 11000 | ©
Example: (9835)5 =1001/1000/0011/0101 19 10011 11001
Fig. 9.21. BCD representation. Fig. 9.22. Results of BCD addition with

corrections indicated.

is represented (Fig. 9.21). The advantage of this code is that addition is identical
with ordinary binary addition for each character. The sum for each decimal digit
must, however, be corrected to take care of carries to the next digit and results which
have the binary values 10 through 15.

One of the disadvantages of the BCD system is that it is not easy to form its
9’s complement. If the 1’s complement of a 4-bit binary number is taken, the result
in BCD is the 15°s complement.

BCD Addition. When BCD addition is performed with a possible carry-in, 20
different sums can be produced. Of these, only 10 will be correct; the remainder
will require correction.

For a sum equal to or greater than 10,, (subscript = base), a subtraction of 10,,
will give the correct result for the digit in question, and a carry to the next decade
will also be required, as can be seen in Fig. 9.22. The required subtraction of 10,,
can be achieved by adding the 2’s complement of the BCD representation of 10,,

2:22‘1
00 01 1 10
ool © | 1|3 | 2

01 4 5 7 6

5,545,5,

1 (@2 13 [[15 14%

10 8 9 11 IO]

Figure 9.23
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(1010,), which is 0110, in BCD or decimal 6. A second 4-bit adder stage is used
for the addition. A decoding scheme is required to generate a carry for the following
digit, and to control when 6 is added to the sum for correction. The Karnaugh
map in Fig. 9.23 represents this decoding of the uncorrected sums. The result of
Fig. 9.23 is combined with the carry-out signal to detect a possible sum of 10,
through 19,,, thus giving

C,=C,+ 2,2, + 2,2, (16)

which is implemented in Fig. 9.24.

BCD Subtraction. Figure 9.25 shows an algorithm for a BCD subtracter. The
I’s complement of the BCD representation of the subtrahend is entered into adder
1, and the true or complement of the result is transferred to adder 2, where either
a 1010 or 0000 is added, depending on the sign of the decade in question and the
sign of the total result. Examples of a positive and a negative total result are shown

From next lower digit

Addend (Cn1=0 for units digit)
A
/8 2 1 \
Augend
-/ \
SN74H52 s 4 2 1
L | o4
B4 A4 B3 A3 B2 A2 Bl A1
[ }ce SN7483 CO (¢~ Cnet
NC
T4 3 £2 Z1
qu—
To next higher digit
(most significant
carry is ignored)
-—_m y y vy 1 v
T | B4 A4 B3 A3 B2 A2 Bl At
4
Ne ¢ SN7483 co

cnd———t_g

sra—

v
Sum
===== Addend
e
NC «—Cp Ch-1[®&—====4C Cn-1[® Cn Cn-1 j
1on 102 100

Fig. 9.24. BCD adder.
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Total result
positive 102 10 100

835 1000 0011 0101 |EAC indicates
-274 1101 1000 1011 |a{+) total result
+561 0101 1011 0000

i 1
l 1100 0001
b & Transfer true output
i of adder 1
0101 1100 0001

0000 1010 0000
0101 1.0110 0001
Ignore this carry

Total result 102 10! 100
negative
429 0100 0010 1001 No EAC indicates
-476 1011 1000 1001 (-) total resul}
-47 1111 10100010

[ 101 J
& Transfer 1's complement

v
0000 O;#OO 1101 of adder 1 output
0000 0000 1010

0000 0100 10111
Ignore this carry

Decade Sign of total result
result | (+)EAC=1 (=) EAC=0
Transfer true results Transfer 1's complement
of adder 1 of result of adder 1
(+)
Cr=1 0000 added 1010 added
n in adder 2 in adder 2
(=)
Cn=0 1010 added 0000 added
n in adder 2 in adder 2

Algorithm for BCD subtracter

Fig. 9.25. BCD subtracter: examples and algorithm.

in Fig. 9.25. Arrows indicate EAC (end-around-carry) or carry to the next decade.

Figure 9.26 shows a subtracter using the 1’s complement of the subtrahend
method. To handle more than seven decades, additional inverters must be used
for the E; signal. When the minuend and subtrahend are equal, a minus zero is
the indicated result. This may or may not be a disadvantage, depending on the
overall system. It may be useful in some applications to use a conditional true/
complement (SN7486 quad exclusive-OR package) or both 4 and B inputs to adder
1; these units can then be controlled so that the subtrahend and minuend functions
can be interchanged, thus avoiding a data transfer to the fixed function inputs shown
in Fig. 9.26. If negative subtraction results are not required for a particular system,
the five exclusive-OR gates can be deleted, and an inverter connected from the C4
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terminal of adder 1 with its output to terminals B4 and B2 of adder 2. The E signals
are also deleted, but the EAC (end-around-carry) connection is maintained. With
this system, the absence of an EAC would mean either a zero result (which is in
15°s complement form, all 1s) or a negative result; for this system, that would be
an error.

Another method for performing BCD subtraction is the addition of the 9’s com-
plement of the subtrahend to the minuend.

Figure 9.27 indicates the decoding required for conversion to BCD 9’s complement
representation.

Two possibilities are shown for implementation of the logic of Fig. 9.27. The
first (Fig. 9.28) uses a single 4-bit adder and four inverters; the second method (Fig.
9.29) may be more economical for a large number of decades where the packages
required can be more fully utilized.

A BCD 9’s complement subtracter stage is made up of a BCD adder stage (Fig.
9.24) and a 9’s complement stage (Fig. 9.28 or 9.29). Figure 9.30 shows a multibit

Subtrahend
8421
Minuend
8421

L]

B4B382B1 A4 A3A2A1
Che C4 Adder1SN7483 CO|¢———Cn-1
£4 ©3 £2 ™

Eo e -+ Ei
J IANINEANEI
sil W‘ SN 7486
< | - Ei
Eot—1t = . '
B4B3 B2 B A4 A3A2AI
NC — C4 Adder 2SN7483 cO .
| Basic decade stage
£8 T4 £2 1 = I ¢
IR
8 4 2 |1
Result
—_— — Subtrahend
L— —_—— f } = Minuend
. J ——= — AR5
‘ Cn Cn-1l/¢ — —=|Cp Ch4 Cn Ch-t &
Sign NCHEo Eife-———Eo Eif¢—iEo E;
(+)ifE=1 NCHEo Ej[¢————E, Ej [¢—Eo Ei SN7440|
(=)if E=0 TT TT T buffer
5 < (E=1forend ground
S e 100 carry)
\ /
/
Result

Fig. 9.26. BCD subtracter: 1’s complement of subtrahend.
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c+
as00 01 11 10
True 9's Complement oo(d[Dlo)o
BCD BCD O1OOOOW
Dec. 23%5 Dec. 8421 11X |X XX
wxvz 10]ofox|x
0 0000 9 1001 w=AB¢C
1 0001 8 1000 cb
2 0010 7 o111 ABN\00 O1 11 10
3 0011 6 0110 00100 KT !
o1
4 0100 5 0101 o9
5 0101 4 0100 11 [ D x [ x
6 0110 3 0011 10 (0|0 X |X
7 0111 2 0010 =, =
x=BC+BC=B@C
8 1000 1 0001 o @
9 1001 0 0000 AB~00 01 11 10
oolofo |11
o cD O1{O[Of1 |1 v
W=ABC ABN\O0 01 11 10 11 0% [x [x [x
X=B@C oot ool 10[0 o x |x
Y=C o1 [[r [ofo ]I, i
Z=D 11 [x [x [x]x v=e
10\ JO X% Fig. 9.27. BCD 9’s complement
z=D decoding.

BCD 9’s compiement subtracter. The 9’s complement subtraction for a positive

result produces

a carry-out of the MSD (most significant digit), and the digit results

are represented as their true values.
A negative result will not produce a carry from the MSD, and the digits will be
represented in 9’s complement form. If necessary, 9’s complement generator stages

can be used to
operation is an

convert a negative result to the true form. Where the following
addition of this negative result to another number (an actual sub-

traction if the other number is positive), then this result can go directly into a BCD
adder, bypassing the 9’s complement generator. For display of a negative result,
conversion to the true value is required if standard BCD decoding is to be used.

BCD inputs

v o /A B ¢ D
cc A g 4 o |t

B4 B3 B2 Bl A4 A3 A2 Al
NC— C4 SN7483 co ‘—J
>4 >3 32 21 =
N
W X Y z

BCD 9's complement
Fig. 9.28. BCD 9’s complement generator (method 1).
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BCD inputs
A

A B ¢ D
8 4 2 1

Y

SN7404 ; ;
SN7486
SN74H11

8 4 2 1
w X Y z
Fig. 9.29. BCD 9’s complement generator \ /
(method 2). BCD 9's complement

The BCD adder/subtractor shown in Fig. 9.31 is a combination of the adder of
Fig. 9.24 and the subtracter of Fig. 9.26. The additional logic indicated responds
to the M (mode control) signal to set up the circuit as either an adder or a subtracter.
The same comments previously made on BCD addition and subtraction apply to
the combined adder/subtracter. If more than four decades are to be handled, the
inverter driving the E; input must be changed. Another SN7404 may be paralleled,
or an SN7440 buffer gate can be used, depending on the number of decades.

Excess-3 Decimal Code. To avoid the complexity of obtaining the 9’s comple-
ment with the BCD (8-4-2-1) representation, the excess-3 code can be used. This
code gives the 9’s complement when the individual bits are inverted—equivalent
to taking the 1’s complement from a binary point of view. There are other codes
with this property, but the excess-3 code is the most generally accepted. Figure
9.32 demonstrates that the excess-3 code is formed by adding 3 to each BCD decimal
digit representation. ’

Minuend  Subtrahend Minuend  Subtrahend Minuend Subtrahend
9's 9's 9's
comp. comp. comp.
BCD
Cn  adder Cn-1[¢&—————|Cn G%%[()er Cnd
MSD U
10" 10!

4
Cout=1:(+) result
Cout=0; (=) result

Fig. 9.30. BCD subtracter: subtrahend 9’s complement.
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24 23 F2 2
Eo <« Ei
iy | =
SN7451 _<€
« —L LI LT 1] ]
Yo < Z# SN7404 U v U ? SN7486
SN7402
Tt "
= ) SN7400 _
Eo < Ej
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Fig. 9.31. BCD adder/subtracter: 1’s complement of subtrahend.
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Decimal Excess-3

0011
0100
0101
0110
o1
1000
1001
1010
1011
1100

o

OCONOOODUWN—

Figure 9.32

Addition is performed as follows: For a no-carry, a 3 must be subtracted from
the sum. This will be accomplished by adding 13, which is the 2’s complement
of the binary representation of 3; the carry-out for this addition is disregarded.
For a carry-out, the effect is a carry-out of magnitude 16, which is 6 too much.
A magnitude of 6 must be added and 3 must be subtracted to obtain an excess-3
sum for this decade; the net effect is an addition of 3.

RefertoFig.9.33 forexamples of excess-3 addition and subtraction. Notice thatsub-

Addition:
10! 10°

34: 0110 0111
+19: 0100 1100

53 1010 0011
e ,
Add 13 (no carry, this decade)

1011/—l

11017 0011—Add 3 (carry,this decade)
11000 0110

Ignore carry

Subtraction, positive result:

34: 0110 0111
-19: 1011 0011

15 —0001 1010 EAC occurs
E————————M

10 11 _Add 3 (carry, this decade)
00 11<! 1101« Add 13 (no carry, this decade)

0100 1 1000 EAC occurs, result is correct

Ignore carry
Subtraction, negative result:
19: 0100 1100
-34: 1001 1000

-15 1101 0100 No EAC occurs
‘I/

1110 Add 13 (no carry, this decade)
Ignore camy 1o m“\Add 3 (carry, this decade)

11011 0111

Fig. 9.33. Excess-3 addition and &——i— No EAC, sotake 15 complement
subtraction: subtrahend 9’s complement. 0100 1000=<—"True" result
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traction is performed by taking the decimal 9’s complement (binary 1’s complement)
of the subtrahend and adding it to the minuend. A positive result from subtrac-
tion gives the true value while a negative result is in 9’s complement form. For neg-
ative results, the 9’s complement of the output is taken to obtain the true value.

Figure 9.34 shows an excess-3 adder/subtracter with an additional true/comple-
ment element so that the true value is always obtained. For subtraction with equal
operands, the result is a negative zero, which is the same as for the BCD subtracter.
If only an excess-3 adder is required, the two true/complement units and the gating
at the LSD (least significant digit) can be deleted, and the C, of the LSD can be
tied to logical 0. If only a subtraction operation is required, the true/complement
unit for the subtrahend input to adder 1 can be replaced with four inverters; the
E output of the MSD is tied directly to the C,_, and E; of the LSD stage. For
this circuit arrangement, 10 decades are maximum; beyond 10, the external gating
at the LSD will have to be changed to allow for a larger fan-out.
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vivivii
L e
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A4 A3 A2A1 B4 B3 8281
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Figure 9.34
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For the decimal adders and subtracters illustrated, a sign and magnitude notation
is implied. Actually, it is even more restrictive in that the sign of the operands
is assumed to be positive. A system of using sign and magnitude, 9’s complement,
or 10’s complement notation could be used. It would follow in a general way the
sign and magnitude, 1’s complement, or 2’s complement notation for straight binary
systems previously discussed. The rules for signed decimal arithmetic systems would
be more complex than for straight binary. In some cases where a general signed
decimal arithmetic system is being considered, it would be better to use a signed
binary system and to convert between the decimal and binary representations.

9.7 FAST BINARY ADDITION

As the word length of a typical carry-propagating parallel adder increases, the
time required to complete an addition increases by the delay time per stage for each
bit added. There are several techniques for speeding up the process, such as carry
look-ahead, asynchronous (carry completion) addition, and conditional sum addi-
tion.t Among these, only carry look-ahead techniques will be considered here.

Carry Look-ahead Adders. To facilitate the discussion to follow, three new
symbols are defined:

1G = AB (17)
°G = AB (18)
P=AB+AB=A®B (19)

The 4 and B symbols represent a pair of operand bits to any stage within an
adder. The G is the symbol for a 1-carry generation; it is produced only when
both 4 and B are 1. For this case, a carry-out is always generated regardless of
the carry input to the stage. The °G represents the case of a 0-carry-out of the
stage in question. For both 4 and B equal to 0, the carry-out is 0 regardless of
the input carry. P is the symbol for propagate, which means that if this condition
exists (4 = 0, B =1 or 4 = 1, B = 0), then whatever state the carry input has will
be propagated through as the carry-out of this stage. For a 1-carry, it can be stated
as

lcn = lGn + Pn 1Cn—1 (20)

where the 'C, stands for a 1-carry output, and the 1C,_, stands for a 1-carry input
from the previous stage. A no-carry (or 0-carry) condition can be stated as

OCn = OGn + Pn OCn—l (21)

where the °C, represents a 0-carry output, and °C, _; represents a O-carry input from
the previous stage. For a l-carry out of the kth stage of an adder, the following
can be stated:

G = Gy + PGy, (22)

1For full discussions of these techniques, see Ivan Flores, “The Logic of Computer Arithme-
tic,” Prentice-Hall, Inc., Englewood Cliffs, N.J., 1963.
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The pre- superscrlpts are dropped from here on and will be considered equal to 1.
Substituting in Eq. (22) for G, and P, gives

i Cy, = A,By, + (A, By, + A, B)Cy_y (23)
This reduces to
Ck = AkBk + Bkck—l + Akck—l (24)

which is the same as Eq. (5). Refer to the Karnaugh map of Fig. 9.4 for insight
into the reduction. Eq. (24) can be written as

Cy = 4By + Cp_y(4y + By) (25)

This indicates that the P, term can be the inclusive-OR function of 4; and B,
[Eq. (25)] as well as the previously defined exclusive-OR of Eq. (19). This property
can be used to reduce the number of components required in the hardware imple-
mentation of this function. The carry-out of stage k — 1 is

Ci1 = Gy + Py Gy (26)
Now if Eq. (26) is substituted for C,_, in Eq. (22), the following will be obtained:
Ci = Gy + Pi(Gy_y + P_1Cyp) 27)

= Gy + PyGy_y + PPy Gy,

A4 B4 A3 B3 A2 B2 B1

~N
Propagate/
> generate
section
G4 P4 G3 G1 P1
- External

G4 P4 G3 P3 P3Gl P3P G3P3 G2 P3 Gl P2 CO G2 P2 G1 P2 CO G1 P1
P41G2 P4|P2| P4IP2|CO

p2| P3|P co
Carry
c3 1 /

carry
input

>gate
section

I m—@

A3 B3 A2 B2
i ; i ; Adder
section
v ; -I-
C4 4 3 1

Fig. 9.35. 4-bit O-level carry look-ahead adder.
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Fig. 9.36. 8-bit carry look-ahead adder with first-level auxiliary functions.

P2l P8 P7 P6 P5

so that in general it can be seen that
Co = Gp + PGy + PPy yGr g+ -+ + PPy 1Py - PG (28)

where C; is an external carry input.

An illustrative example of a 0-level carry look-ahead system is shown in Fig. 9.35.
For comparison, a 4-bit ripple-carry parallel adder making use of the logic of Fig.
9.5 would have a path length of eight levels from the external carry input C, to
the C, output. The carry look-ahead adder of Fig. 9.35 has a path length of three
levels from C, to C,. This difference becomes much more significant as the word
length becomes longer. The ripple-carry adder gains an additional two levels for
each bit, whereas the carry look-ahead maintains the three-level path lengths. As
the word length of the carry look-ahead adder is increased, it very quickly requires
a massive number of gates and creates fan-in and fan-out problems.

A full O-level carry look-ahead adder for long words is in most cases impractical.
The use of FLA (first-level auxiliary) functions (also known as two-level look-ahead)
is a method for trading off some of the high-speed capability of the full 0-level
look-ahead for a reduction in hardware. Figure 9.36 is an illustrative example of
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an adder with FLA. For this example, groups of 4 bits make up the FLA functions;
the O-level functions are generated as in Fig. 9.35.

The effect of using FLA functions is shown in the reduction in complexity of the
C, and Cg terms. It is instructive to write out the Cg term using only O-level
functions:

Cy = Gg + P3Gy + PgPyGy + PgP PgGy + PyPrPePsG, + PgP,P.P,P,G,g
+ PgP PP P PG, + PP PsP;P,P;P,G, + PgP, PP P P,P,P.C, (29)
Now the Cq term from Fig. 9.36 is written with FLA functions substituted:
Cs = (Gg + P3Gy + PyPrGs + PyPrPgGs) + (PgPrPsPy)
* (G4 + PyGy + PuP3Gy + PyPiPyGy) + (PyPrPeP5)(PyP3PyPr)(Co)  (30)
The equivalence with Eq. (29) is now easily recognized. Generalized equations
for the FLA functions are
Girg= Gy + PeGy_y + -+ + PiPrq -+ P gsGy_ppq G
Pl,=PPyy - Pog+ 2Py (32)
where K = group number
g = number of bits within a group
kig=k~+g

The next step in the same direction as FLA functions is the use of SLA (second-
level auxiliary) functions. An example is shown in Fig. 9.37 with a block repre-
sentation to indicate the group divisions.

SLA functions are generated from the FLA functions. The same form of equation
as Egs. (31) and (32) applies, but with the pre-superscript incremented by 1 on both
sides of the equation. FLA functions provide a speed advantage approximately
proportional to the group size, and the use of SLA functions provides an advantage
which is approximately proportional to the square of the group size.

Py > Pas
6 0 |24]23|22|21|2o|19|18|17|16[15|14[13[12]11]10]9Ie|7|6|5|4|3|Lzev|el10|
PLo-re 2 1
Pn,} e T & [ &« [ = 1 ——
T = P3

2 1
Gl'l *6131} l = | I Level ]II

4-bit groups for levei T
2-bit groups for level IL

1.1
Ci4=Giat PigGr3t P1aP3 63 +P1aP3 P3G +PIaP3P3 Py Co

I I I IO I I W
Cop= Gt P2p 61 +P2pP2) Gat+PaoP21 Ps G2 +P2zP21 Ps P2 61 +P2eP2 Ps P2Pq Co

o 1 I 1
G2 =G4+P4 G3

Fig. 9.37. 24-bit carry look-ahead adder with second-level auxiliary functions.
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Fig. 9.38. 16-bit adder with combination carry look-ahead and ripple carry.

Further levels of auxiliary functions can be used. The same process of grouping
the previous level, as shown for FLA and SLA functions, is followed. Another
possibility is a combination of carry look-ahead for groups using ripple carry. Figure
9.38 shows such an adder using the SN7483 high-speed 4-bit ripple-carry adder
element. This is an efficient arrangement considering that a carry will ripple only
through the last three stages of one SN7483 in the worst case. Equations for each
type of carry are listed here to clarify Fig. 9.38:

C, = C§y + PP,PyP,C, or Ci + PGy (33)

Cs = C§ + P ;Cf + P, 4C, (34)

Cio = Cis + Py 15C5 + P5 1,C5 + P115Co 35)

Cie = Gy = Cig + P1a16Cls + Po16C5 + P516CF + P1o16Co (36)
P, = Py G37)

The G, and P, terms are used when additional word length is needed. A 32-bit
arrangement is shown in Fig. 9.39, using the basic circuit of Fig. 9.38. Additional
word length could also be achieved by a continuation of the processes of Fig. 9.38.
The addition of three more SN7483 elements (for a total of 28 bits) could be
accommodated by the SN7430 8-input NAND gate. The P, term (if needed) would
now require a NAND gate and an inverter (two levels) because of the fan-in.

There are many useful combinations other than those shown here of multilevel
carry look-ahead and look-ahead combined with ripple carry. Each design is a
special case determined by the requirements of word length, speed, cost, logic product
line, and many other possible requirements.
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P2 P1
Pn 16 bit adder Pn 16 bit adder
6210 (Fig.938) Ofiet2le’ (rig9o3g) PO
Fig. 9.39. 32-bit adder with carry
€32 look-ahead between 16-bit groups.

9.8 ADDER APPLICATIONS TO BINARY NUMBER REPRESENTATION CONVERSION

The 4-bit adder SN7483 can be applied to several of the commonly used binary .

code number conversion circuits.

Serial Binary to Parallel BCD Converter. The serial binary to parallel BCD
converter of Fig. 940 operates by adding O for numbers O through 4 and adding
3 before shifting if it contains 5, 6, 7, 8, or 9. States 10 through 15 never occur
if the above corrections are applied. Initially the registers must be cleared by taking
the mode control 41 iow for four clock puises and then returning it to a high state.

10! 100
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/ A\ / A\
D1 CT1 Bf Af DO CO BO AO
D C B A D C B A
Clk-t SN7495 Serin —lll E Clk-12 SN7495 Ser.in —{||
- MC Clk- M
Clock clk %in Cin Bin Ain ’_| Din Cin Bin Ain C—'
T T 1 .

To
next
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—— 1]

L

34 33 T2 21
CO sN7483  C4
AM234 Bl23 4

> NC.

NS

Al C1 C1 Bl DI

24 33 22 21
CO  SN7483
Al1234 Bl234

13 54
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Fig. 9.40. Serial binary to paralle] BCD converter (two decades shown).
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Fig. 9.41. Parallel BCD to binary converter.

The actual conversion requires # clock pulses for an n-bit word, where » = number
of bits.

Parallel BCD to Parallel Binary Converter. The parallel BCD to binary
converter of Fig. 9.41 uses straight combinational logic to achieve a high conversion
speed. The conversion time is limited only by the propagation delay of the adders
and is approximately 250 ns. The basic circuit can be extended to any number
of decades. .

Serial BCD to Serial Binary Converter. Figure 9.42 shows another use for the
4-bit adder in a serial BCD to serial binary converter. The three BCD decades

Mode control

O=shift in
I=shift out (o}
(convert)

Clock O
SN7495 T T SN7495 SN7495
Serial | MC™ CIk11 Cik-2) T MC ™ Clk-1Ctk-2 ] MC CIk] Cik-2] Serial
BCD—{Serin | | | ——{Ser.in | I | —serin | | binary
input [Ain A [Bin B|Cin C|[Din D Ain A |Bin B|Cin C |DinD Ain A [BnB (Cin C |Din D] output

e ——1— | LS
]

A4 T4 A3 T3TA2 22| A1 21 A4 S_4iA3 31 A2 2| A1 &1
N.C—1—ca | SN7483 | COHliHc4 | SN7483 | cOHI
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[ e o

Fig. 9.42. Serial BCD to serial binary converter (three decades).
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BCD input
/\

4
N.C.—C4

| _co—i

SN7483

Vv
Excess-3 output

Excess-3 input

d c b a

| 1 * o 1
A4 B4IA3 B3IAZ B2IAT B1

N s Use LSO
bl kb
D C B A
\ vV
BCD output conversion.

/ Fig. 9.43. BCD-to-excess-3 and excess-3-to-BCD

are first shifted into the SN7495 shift registers (mode control = 0); then the mode
control is set to 1 for parallel input, and the converted binary number is shifted
out. In the shifting-out process, the adders effectively subtract 3 when a 1 crosses
a decade. This is accomplished by adding the 2°s complement of 3 (1101) to the

contents of the decade.
Conversion between BCD and Excess-3.

Conversion between BCD and ex-

cess-3 is accomplished by the constant addition of 3 (see Fig. 9.43). Excess-3 to
BCD is accomplished by the subtraction of 3 or, to state it more accurately, by the

addition of the 2’s complement of 3 (1101).
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Counters

Flip-flops programmed as counters are found in almost every kind of digital
equipment. They are used not only for counting but for equipment operation
sequencing, frequency division, and mathematical manipulation as well.

In the most basic sense, counters are memory systems, in that they “remember”
how many clock pulses have been applied to the input. The sequence in which
information is stored is dependent upon application requirements and the discretion
of the logic designer. Many of the more popular counters are available as off-the-
shelf integrated circuits.

10.1 RIPPLE COUNTERS

The ripple counter is a basic counter commonly implemented with integrated
circuits. Of all counters it is the simplest in logic and therefore easiest to design.
The ripple counter is limited, however, in its speed of operation. Since the flip-flops
in the ripple counter are not under command of a single clock pulse, it is an
asynchronous counter.

Figure 10.1 shows a simple 4-bit binary ripple counter. Initially all flip-flops are
in the logical 0 state (Q, = Qp = Q¢ = Qp = 0). A clock pulse is applied to the
clock input of flip-flop 4 causing Q4 to change from logical 0 to logical 1. Flip-flop
B does not change state since it is triggered by the negative-going edge of the clock
pulse, i.e., by its clock input changing from logical 1 to logical 0. With the arrival
of the second clock pulse to flip-flop 4, O, goes from 1 to 0. This change of state
creates the negative-going pulse edge needed to trigger flip-flop B, and thus Q 5 goes
from O to 1. Before arrival of the sixteenth clock pulse all flip-flops are in the 1
state. Clock pulse 16 causes Q4, Qp, Q¢, and Qp, to go to 0 in turn.

A 4-bit binary counter repeats itself for every 2V (N = number of flip-flops) clock
pulses. This counter sequences in a number system of radix 16 and has 16 discrete
states from O to N — 1. The 16 binary states are shown in Fig. 10.2.

In applications where the binary states of the counter must be converted into
discrete outputs, a decoding network is provided. In Fig. 10.3 a 3-bit binary counter
is shown with decoding of its eight possible states from 0 to 7.
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Clock input Qq Qy Q. Qq4.
| pegd e
Ik : Ik
J Clk Q J Clk Q J ¢ Q J ¢ Q
A B C D
K Q K Q K Q K Q
1 1 1 1
Clock
input 1 203344015 el J7JsLye Lo dni e 3L_J4l_JisL_le|
Qq
Qp 1 1 1 I L
Q I 1
Qq 1 L

Fig. 10.1. 4-stage binary ripple counter.

In decoding the states of a ripple counter, spikes occur at decode matrix outputs
as counter flip-flops change state. The propagation delay of the flip-flops creates
these faise states for only a short time, as shown in Fig. 10.4. Decode spikes are
possible in any counter unless all flip-flops change state at exactly the same time
or only one flip-flop changes state for any clock pulse. To eliminate the spikes at
decode matrix outputs, a strobe pulse is used (see Fig. 10.3). The strobe pulse allows
decoding to occur only after all flip-flops in the counter have become stable.

Maximum clock frequency for a counter is given by

Lanm + 1

f
where N = number of flip-flop stages
T, = propagation delay of one flip-flop
T, = strobe time, width of decoded output pulse

Assuming each flip-flop in the counter shown in Fig. 10.1 has a propagation delay
of 50 ns, 200 ns is then required for the counter to change from 1111 to 0000. And
if decoding of any state requires 100 ns, then

> 4(50) + 100 = 300 ns

~ e

<367 MHz

Flip-flop 4 in the counter of Fig. 10.3 changes state with each clock pulse and
therefore divides the input clock frequency by 2. Flip-flop B changes state with
every other clock pulse, dividing the frequency by 4. A 4-stage counter can be used
to divide by 16 (2", n = number of flip-flops). Additional stages can be added if
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State Q Qc Qg Qa
0 0 0 0 0]
1 0 0 0 1
2 0 0 1 0
3 o] 0 1 1
4 0 1 0 0
5 0 1 0 1
6 o 1 1 0
7 0 1 1 1
8 1 0 0 0
9 1 0 0 1
10 1 0 1 0
11 1 0 1 1
12 1 1 0 0
13 1 1 0 1
14 1 1 i 0
15 1 1 1 1
. o ) 0 o 0 0
Fig. 10.2. State table, 4-bit ripple counter.
Clock input
[ [ 1
Clk Clk
o ™o —{J Q J o
K Q — K Q K Q

o
(@]

[»]

[s)
[\

o
D

[o]
(&)}

o
o

o
~

TTTET

Strobe pulse
input

Fig. 10.3. 3-bit ripple counter with decoded outputs.
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Clock
input

QA
QB

QC

Q2
Q3
Q4
Q5
Q6

Q7
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1. A A A A R R A

| L
S I | n I
a—oA

[ 1 -

?

sope ] [ | L] L] L1 L1 L |

input

*Decoding spikes 7 Typical propagation delay time (exaggerated scale)

Fig. 10.4. Timing diagram, 3-bit ripple counter.

division by some higher power of 2 is required. For division by any integer the
following method can be used:

L.

Rt

Find the number » of flip-flops required:
on—1 g N S o

where N = counter cycle length. If Nisnot a power of 2, use the next higher
power of 2.

Connect all flip-flops as a ripple counter (see Fig. 10.5).

Find the binary number N — 1.

Connect all flip-flop outputs that are 1 at the count N — 1 as inputs to a
NAND gate. Also feed the clock pulse to the NAND gate.

. Connect the NAND gate output to the preset inputs of all flip-flops for which

Q = 0 at the count N — 1.

The counter resets in the following manner. At the positive-going edge of the
Nth clock pulse all flip-flops are preset to the 1 state. On the trailing edge of the
same clock pulse all flip-flops count to the O state; i.e., the counter recycles. For
N =10:

1.
2.
3.
4.

23 <10 < 2% Thus, four flip-flops are required.
N = 10: 0101 (least significant bit, leftmost).

N — 1 =9: 1001 (LSB, leftmost).

Connect as shown in Fig. 10.5.
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Each flip-flop in a counter like the one in Fig. 10.5 has a specific decimal weight
assigned to it. Flip-flop 4 has a weight of 2° (or 1) when its output is a logi-
cal 1. Flip-flop B has a weight of 2! (or 2), C has a weight of 22 (or 4), and D has
a weight of 23 (or 8). The number stored in the counter at any specific time can
be determined by summing decimal weights of flip-flops in the 1 state. A counter
that counts in a standard binary manner and recycles for every 10 clock pulses is
referred to as an 8-4-2-1 BCD (binary-coded decimal) counter.

In many IC counter packages, the preset lines shown in Fig. 10.5 do not exist;
only a common clear (or reset) line is available. Figure 10.6 shows a divide-by-12
counter using a common reset line. This counter is designed using the following
procedure:

1. Find the number n of flip-flops required:
an—1 <N< n
where N = counter cycle length. If Nis not a power of 2, use the next higher
power of 2.
2. Connect all flip-flops as a ripple counter.
3. Find the binary number N.
4. Connect all flip-flop outputs for which Q = 1 at the count N, as inputs to

a NAND gate. Connect the NAND gate output to the reset input of the
counter.

When the counter reaches its Nth state, output of the NAND gate goes to a logi-
cal 0, resetting all flip-flops to 0. Although this is the simplest method for resetting

Clock input

Clk J—C!k J | Cllk J

J Qr— Q Q
A B C

K Q K Q [0

Preset Preset ¢ K Preset ¢

1 | o ]

State Qp Qc Qs Qa
0] 0 0 (0] 0
1 o] 0] o] 1
2 o] o] 1 o]
3 o (0] 1 1
4 0 1 0] 0
5 0 1 6] 1
6 0 1 1 o]
7 0 1 1 1
8 1 o] o] 0
9 1 ] 6] 1
(0] 0] 170 1/0 o]

Fig. 10.5. BCD decade ripple counter.
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Clock input
Clk Clk l Clk _J
J Q J Q J Q J
A B C
Clear Clear Clear

State Qp Q¢ Qg Qa
(o] 0 o] 0 0
1 0 0 0 1
2 0 0 1 0
3 ] 0 1 1
4 0 1 0 0
5 (o] 1 0 1
3] [¢] 1 1 0
7 0 1 1 1
8 1 (o] 0 0
9 1 (] 0 1

10 1 [¢] 1 0

11 1 o] 1 1
0 1/0 1/0 0 0

Fig. 10.6. Divide-by-12 ripple counter.

ripple counters, and will be used extensively in this chapter, it is not considered
the most reliable. If propagation delay from reset input to flip-flop output varies
from stage to stage, the negative reset pulse may not be wide enough to reset all
flip-flops to 0. For example, if one flip-flop resets in 10 ns and another resets in
50 ns, the reset pulse will exist for only 10 ns, and the slower flip-flop may not reset.
Wide variation in reset propagation time is especially prevalent when counter outputs
are unevenly loaded.

A good way to eliminate the problems encountered in resetting is to use a latch
as shown in Fig. 10.7.

10.2 SYNCHRONOUS COUNTERS

The synchronous counter eliminates the cumulative flip-flop delays seen in ripple
counters. All flip-flops in a synchronous counter are under control of the same clock
pulse. Repetition rate is limited only by the delay of any one flip-flop plus delays
introduced by control gating. Design of synchronous counters for any number base
other than some power of 2 is more difficult than design of a ripple counter, but
the design is simplified through the use of the Karnaugh mapping technique.

Figure 10.8 shows a 4-bit synchronous counter with parallel carry. Parallel carry,
also known as carry look-ahead, is the faster of the two methods of flip-flop control.
According to the state table, flip-flop 4 is required to change state with occurrence
of each clock pulse. Flip-flop B changes state when @, = 1. C changes state when
Q4 = Qp = 1,and D changes state when Q, = Q5 = Q= 1. Control of flip-flop
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A can be accomplished by tying J, and K, to logical 1. Control of flip-flop B is
achieved by connecting J; and K to Q,. Control of flip-flop C can be achieved
with the inverted output of a 2-input NAND gate whose inputs are Q, and Qp.
Flip-flop D is controlled as C is, except that the NAND gate inputs are now Q 4,
Qp and Qg

Synchronous counters for a binary count of cycle length 2" can be designed once
the control logic pattern is seen. For a cycle length that is not 2", control logic
sometimes becomes quite confusing. It is for this reason that control matrices
(Karnaugh maps) are drawn for each of the flip-flops. Figure 10.9 presets control
matrices for the 4-bit synchronous counter of Fig. 10.8.

Figure 10.9a is an excitation table for a J-K flip-flop. Given the present state
of a flip-flop, this table shows which input logic levels on the J-K inputs will produce
the desired next flip-flop state. Figure 10.95 is the reference matrix for the state

Clock input
| el | =l e
Ik Clk Clk Ik Clk
J ¢ Q J Q J Q J ¢ Q J F
A B Cc D E
Clear Q K Clear Q K Clear K Clear Q K Clear

State Qg Qp Q¢ Qg Q,
0 0 0 0 0 0
1 0 0] o] 0] 1
2 0 0 0 1 0
3. ¢} 0 0 1 1
4 (o} 0] 1 6] 0]
5 0 o] 1 0 1
6 0 0 1 1 0
7 0] o] 1 1 1
8 6] 1 [¢] 0 0
9 0] 1 0 0 1

10 0] 1 o] 1 ]

11 0] 1 0] 1 1

12 o] 1 1 (0] 0]

13 0 1 1 0 1

14 0 1 1 1 (0]

15 0] 1 1 1 1

16 1 o] o] o] o]

17 1 o] 0] 0] 1

18 1 o] (0] 1 6]

19 1 0 0 1 1
0 170 (0] 1/0 0 6]

Fig. 10.7. Divide-by-20 ripple counter using reset latch.
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Clock input
Cik Clk
J Q Qr—
A D
K Q Q

State

[»]
o

(o]
o

o
)
£

COPAN-DOE~NOODUN=O
O-=2=> """ 200000000
0O~~~ =20000—=—~==-0000
0=-=~00-=00==-00=-=-00
0=~0—-0=-0-0~0=-0—-0-0

Fig. 10.8. 4-stage synchronous counter with parallel carry.

assignments and shows how a 4-bit counter sequences through each of its 16 states.

Figure 109¢ is a control matrix for flip-flop 4. Each square, which is also called
a cell, represents one of 16 possible counter states. If the counter is at 0000 (LSB
leftmost), the next state is 1000. To make flip-flop 4 change state, J must be a logi-
cal 1 and the logic level on X does not matter; hence cell 0000 shows 1X. The counter
is now at 1000, and its next state will be 0100. To make flip-flop 4 change state
again, K must now be 1 and the logical level on J does not matter; hence cell 1000
shows X1. This reasoning pattern is continued until the control matrix is completely
filled.

Figure 10.94 shows the control matrix for flip-flop B. When the counter is at
0000, the next state requires B to remain 0. J = 0, X = X in cell 0000 will satisfy
this requirement. In cell 1000, 1X is entered so that the next counter state will be
0100. For counter state 1100 to occur, 1X is placed in cell 0100.

When all control matrices are completed, each is examined and Boolean expres-
sions for controlling flip-flops are determined. J, = K, = 1 becomes the control
equation for flip-flop 4. Control equations for the other three flip-flops are
Jp=Kp=0Q4,Jo=K;=0,*0p,andJ, =K, = Q, - Qg O Since NAND
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gates perform the required Boolean functions, they are used for controlling flip-flops
Cand D.-

Maximum clock frequency for a 4-bit synchronous counter with parallel carry is
easily formulated:

g

%2%+T

where 7, = propagation delay of one flip-flop
T, = propagation delay from input to output of control gating (in this case,
the delay of one NAND gate and one inverter)

10| 8 9 [11 [ 10
X = "don't care"
(a) Excitation table (b) Reference matrix
QB Qs
Qo\\Qa Ao\ CGa
Qe\.00 01 11 10 Q00 0Ot 11 {0
OO0 { (1IXIX[A\ X1 NX 00 | OX mX)ﬂ X0
O [ H{XIX] 1] IX]1 11X 01 [OX 1XX1lXO
i1 1XX1JX1 11X 11]0X 1XX1’XO
10 [ \WXXU Xt |11/ X 10 | OX U)XXW X0
Ja = Kp =1 Jg =Kg=Qp
(c) Control matrix (d) Control matrix
flip-flop A flip-flop B
Qs Qs
Qo\ Qa Q\ Q4
QN_00 01 11 10 QN 00 O1 1 10
00| ox |ox |Ax)|ox 00 | ox |ox | ox | ox
o1 |xo|xo {lxt||xo 01 | ox | ox @ ox
11 | XO Xg X1t} X0 11 | X0 | X0 1\X1/} XO
10 1OX |OX [i1X]] OX 10 [ XO | XO | XO | XO
Jo = Kc=Qa-Qp Jp =Kp=Qa-Qp-Qc
(e) Control matrix (f) Control matrix
flip-flop C flip~flop D

Fig. 10.9. Control matrices for

. Legend for a K-map cell: | JK
4-bit synchronous counter. genc for @ B=map o]
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Assuming the propagation delay of any flip-flop to be 50 ns, and each control
gate to have a delay of 25 ns,

%250+50:100ns

£< 10 MHz

As the number of stages in a synchronous counter with parallel carry increases,
the flip-flops must drive an ever-increasing number of NAND gates. Similarly, the
number of inputs per control gate also increases. Ripple carry, shown in Fig. 10.10,
eliminates these difficulties, but the clock speed of the counter is reduced. Reduction
of clock speed stems from the fact that the delay through control logic is now
100 ns instead of the 50 ns achieved with parallel carry. Maximum clock frequency
for ripple carry is given by

> 1, + (N - 2)I,
7=
where N = number of flip-flop stages
T, = propagation delay of one flip-flop
T, = propagation delay of one stage of control gating (in this case the delay
of one NAND gate and one inverter)

;1;2 50 + 2(50) = 150 ns

< 667 MHz

Cycle length of a synchronous counter is defined by 2V (N = number of flip-flops).
An 8-4-2-1 BCD decade counter is the most common counter with a cycle length
differing from 2¥. Figure 10.11 shows control matrices for this counter. Note that
states 10 through 15 are not used in the BCD count and are therefore eliminated
from control matrices. From the derived control equations a counter as shown in
Fig. 10.12 is designed.

In synchronous counters a strobe pulse is not usually required when decoding
the counter states. Falsely decoded outputs may occur when flip-flop propagation

Clock input
|
J Clk 0 Clk a
A D
K Q Q

Fig. 10.10. 4-stage synchronous counter with ripple carry.
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11] X X X X

101 8 9 | X | X

(a) Reference matrix

Qg Qs
Qp\Qa Q@ \Ca

Qc\ 00 01 11 10 Q\ 00 0Ot 11 10

00 | MX|x(i xm (X 0o [ox | Ax[xT\ | xo

o1 [11IX[X[1 Xw \1})( 01 |0OX |1X_)Eﬂ X0

14 IXIXIXIX[[X X | X X 11 XXX XXX | XX

10 |1/ XIXI1/ XX | XX 10 |OX | X O[X X [ XX
Ja = Kp =1 Js=Kp=0Qa-Qp
(b) Control matrix (c) Control matrix

flip-flop A flip-flop B
QB Qs
QN Qs QNQa

Q¢ 00 01 11 10 Qo 00 01 11 10

00 |ox |ox m ox oo |ox | off| ox | ox

01 X0 |X0 w X0 o1 {ox | ofx| fix | ox

11 XX [ XX [ XX ] XX 11 XX | XX XX | XX

10 |OX [OX | XX | XX 101 X0 | XIY] XX |XX
JC=KC=QA‘QB JD=QA'QB'QC KD=QA
(d) Control matrix (e) Control matrix

flip—flop C flip-flop D

Legend for a K-map cell

Fig. 10.11. Control matrices for a decade counter.

delays between stages vary. Maximum width of any false output will not exceed
the propagation delay time difference between the slowest and the fastest flip-flop.
For some applications, the counter must be capable not only of counting up, but
also of counting down. Figure 10.13 shows control matrices for a 4-stage binary
up/down counter. Each matrix has one variable more than an up-only counter.
For X = 1 the counter sequences in a standard binary code. For X = 0 it counts
down (0000, 1111, 0111, 1011, . . ., 1000, 0000, LSB leftmost). The derived control
equations are implemented in Fig. 10.14 for both parallel and serial carry.
Control equations for up/down counters with cycle lengths not equal to 2% can
be found by a technique similar to what was shown in Fig. 10.11. All that is required
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Clock input

Clk Clk Clk Clk

1 W—}w

Fig. 10.12. Synchronous decade counter with parallel carry.

is to ignore unused states and force the counter to return to 0000 after the N — 1
state.

10.3 SERIES 54/74 COUNTERS

Counters are available in Series 54/74 to fill many of the usual requirements.
Table 10.1 is a summary table covering these counters. The first four listed
(SN54,/7490 through SN54/741.93) are ripple counters. The remaining four are
synchronous.

SN54/7490 Decade Counter. This decade counter (Fig. 10.15) consists of four
master-slave flip-flops internally interconnected to provide a divide-by-2 counter and
a divide-by-5 counter. Gated direct-reset lines are provided to inhibit count inputs
and return all outputs to a logical O or to a binary-coded-decimal (BCD) count of 9.
Since the output from flip-flop 4 is not internally connected to the succeeding
stages, the count may be separated into three independent count modes:

1. When used as a binary-coded-decimal decade counter, the B input must be
externally connected to the 4 output. The 4 input receives the incoming
count, and a count sequence is obtained in accordance with the BCD count
sequence truth table (Fig. 10.15). In addition to a conventional O reset, inputs
are provided to reset a BCD count of 9 for 9’s complement decimal appli-
cations.

2. If a symmetrical divide-by-10 count is desired for frequency synthesizers or
other applications requiring division of a binary count by a power of 10,
the D output must be externally connected to the 4 input. The input count
is then applied at the B input, and a divide-by-10 square wave is obtained
at output 4.

3. For operation as a divide-by-2 counter and a divide-by-5 counter, no external
interconnections are required. Flip-flop 4 is used as a binary element for
the divide-by-2 function. The B input is used to obtain binary divide-by-5
operation at the B, C, and D outputs. In this mode, the two counters operate
independently; however, all four flip-flops are reset simultaneously.
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Qs
Qp™\Qa
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{c) Control matrix flip-flop B
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Fig. 10.13. Control matrices for synchronous binary up/down counter.

" QA'QB'QC +§('6A '65 '65
(e) Control matrix flip-flop D
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Fig. 10.14. 4-stage up/down binary counters with (a) parallel carry, () ripple carry.
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Table 10.1. Summary of Series 54/74 Counters
Fully Over-/under- Typical Typical power
Types Mode Clear Bidirectional clock frequency, A
programmable flow output max dissipation, mW
SN54/7490 +2, =5, +10 No, preset to
Decade 1001 only Gated No No 18 MHz 160
SN54/7492 +2, =3, =6, =12 No Gated No No 18 MHz 155
SN54/7493 and +2, +4, =8, +16 18 MHz 160
SN54/74L93 Binary No Gated No No 3 MHz 16
SN54/74190 Synchronous
Decade Direct No Yes Yes 30 MHz 325
SN54/74191 Synchronous
Binary Direct No Yes Yes 30 MHz 325
SN54/74192 Synchronous
Decade Direct Yes Yes Yes 32 MHz 325
SN54/74193 Synchronous
Binary Direct Yes Yes Yes 32 MHz 325
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Logic diagram

Input A
14 13 12 11 GND 9 8
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J_J ! ]
J ArHy BM |V ¢l LR Dj
L—qcp o cp Lqcp cP
K K K Li?z )s )
B T T 79 |
|| 3 T |
1 h
- - —_—
1 2 3 4 Vee 6 7
LY
Input B

Propagation delay 60 ns
Power dissipation 160 mW

Truth table

Mode 1 Mode 2 Mode 3

(symmetrical vide —hy—

(8CD) divide-by - 10) | (4vide -by-5)

A B C D A B C D B C D

0O 0o 0 Oof0 O O O 0O 0 O

t 0O 0 0O I O O i 0 O

01 0 0|0 O 1 © 0o 1t O

1 1 0 O o 1t 1 O 1 1 0

O 0o { O0jO0 O O 1 o 0 1
1t 0 1 O 1 0 0 O
o 1 1 O i 1 0 O
i1 1t 0 i1 0 1 O
O 0 0 ¢ 1 1 1 O
1 0 0 1 1 0 O 1
Figure 10.15

SN54/7492 Divide-by-12 Counter. This 4-bit binary counter consists of four
master-slave flip-flops which are internally interconnected to provide a divide-by-2
counter and a divide-by-6 counter (see Fig. 10.16). A gated direct-reset line can
inhibit the count inputs and simultaneously return the four flip-flop outputs to logi-
cal 0. Since the output from flip-flop 4 is not internally connected to the succeeding
flip-flops, the counter may be operated in three modes:

1. When used as a divide-by-12 counter, output 4 may be externally connected
to input BC. Then input count pulses are applied to input 4. Simultaneous
divisions of 2, 6, and 12 are performed at the 4, C, and D outputs as shown
in the mode 1 truth table (Fig. 10.16).

2. When used as a divide-by-6 counter, the input count pulses are applied to
input BC. Simultaneous frequency divisions of 3 and 6 are available at the
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C and D outputs. Independent use of flip-flop 4 is available if the reset
function coincides with reset of the divide-by-6 counter.

3. Another divide-by-12 code is available if output D is externally connected
to input 4. The input count pulses are then applied to input BC. Simulta-
neous frequency divisions of 3, 6, and 12 are available at the C, D, and A
outputs.

SN54/7493 and SN54/74L93 Binary Counter. This 4-bit binary counter
consists of four master-slave flip-flops which are internally interconnected to provide
a divide-by-2 counter and a divide-by-8 counter (Fig. 10.17). A gated direct-reset
line returns the four flip-flop outputs to logical 0. Since the output from flip-flop

Logic diagram

Input A

| 14 13 12 A GND 9 8
J A ——| J B J [ J D|—_|
CcP CP —aCP cP

1 2 3 4 Vee 6 7

Input BC

Propagation delay 60ns
Power dissipation 160 mW

Truth table
Mode 1 Mode 2 Mode 3
(divide—by-12) | (divide—by-6) | (divide~by-12)
A B C D B C D A B C D
0O 0 0 O 0O O O 0O 0 0 O
1 0 0 O 1 0 O o 1 0 O
o 1t 0 O O 1 O c o0 1 ©°
i 1 0 0 o 0 1 o 0 0 1
o 0 1 O t 0 1 o 1 0 1
1 0 1t O o 1 1 O o0 1t 1
0O 0 O 1 i 0 O O
1 0 0 1 i 1 0 O
o 1 O 1 1. 0 1 O
11 0 1 1 0 0 1
o 0 {1 1 1 1 0 1
1 0 1 1 10 11

Figure 10.16




260 Designing with TTL Integrated Circuits

Logic diagram

Input A
. 14 13 L] 12 || 1 || GND || 9 8
ﬁ ] ]
K A K B K C K D—I
cpP ——QCP Q1 CP l\acP

1 2 3 4 Vee 6 7

Input B

Propagation delay 60 ns
Power dissipation 160 mw

Truth table
Mode 1 Mode 2
(divide - by -16) | (divide~by-8)}
D C B A B C D
0O 0 0 O O 0 O
0O 0 0 1 t 0 O
0O 0 t O o t O
o o0 1 11 0
o 1 0 O o o0 !
o 1 0O 1 1.0 1
o1t 1t 0 o 1 1
o1 1 1 (O |
1 0 0 O
1 0 O 1
1 0 1t O
10 1 1
1t 1 0 O
11 0 1
t 1 1 0
S I I

Figure 10.17

A is not internally connected to the succeeding flip-flops, the counter may be operated
in two independent modes:

1. When used as a 4-bit ripple-through counter, output 4 must be externally
connected to input B. The input count pulses are applied to input A.
Simultaneous divisions of 2, 4, 8, and 16 are performed at the 4, B, C, and
D outputs as shown in the truth table (Fig. 10.17).

2. When used as a 3-bit ripple-through counter, the input count pulses are
applied to input B. Simultaneous frequency divisions of 2, 4, and 8 are
available at the B, C, and D outputs. Independent use of flip-flop A4 is

S S E—
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available if the reset function coincides with reset of the 3-bit ripple-through
counter.

SN54/74190 and SN54/74191 Synchronous Up/Down Counters. SN54/
74190 and SN54/74191 are synchronous 4-bit binary up/down counters with
parallel carry. The former has modified steering logic for an 8-4-2-1 BCD decade
count whereas the latter is connected for normal binary counting. Logic and timing
diagrams for these devices are shown in Figs. 10.18 and 10.19.

Four master-slave flip-flops change state with a logical O to logical 1 transition
of the count input. Direction of counting is determined by the state of the up/down
control line. Logical 0 is count up, logical 1 is count down. The enable input allows
the counter to be inhibited although clock pulses are present. A logical 0 enables
the counter.

Both counters can be parallel-loaded at data inputs when the load is at 0. The
load and clear operations are independent of clock and counter state. The
SN54/74190 and SN54/74191 have been designed so that external logic is minimized
when cascading packages. Two outputs are provided for this purpose. Maximum
or minimum output is 1 if the counter either contains 15 and is counting up or
contains 0 and is counting down. In the case of SN74190, maximum count is 9.
Ripple count enable is 0 when enable input is 0, max or min output is a 1, and
count input is 0.

These counters may be cascaded in three different ways, as illustrated by Figs.
1020, 10.21, and 10.22.

Figure 10.20 shows packages connected as an asynchronous counter. Each IC
package is synchronous within itself, but between stages the system is a ripple
counter. The up/down control line must not be changed when the clock input is 0,
nor should the up/down control be changed until the counter is in a stable state.
Since ripple count enable is generated by gating action of the inverted count pulse
and maximum output, the count pulse should be kept wide enough to strobe out
any false ripple count enable outputs.

Figure 10.21 shows SN74190 and SN74191 used as a synchronous counter with
ripple carry between integrated circuits. The count pulse must propagate through
the steering logic of each IC reducing the maximum count frequency for each
additional IC that is cascaded. Here again, the up/down control line should not
be changed when the clock is 0.

A synchronous counter with parallel carry is shown in Fig. 10.22. Parallel carry
allows more stages to be cascaded without significant reduction of counting fre-
quency. The only restriction on the number of stages that may be cascaded in this
manner is due to loading of the max or min output by the external gating.

The SN54/74190 and SN54/74191 may also be used as programmable dividers.
By presetting any number into the counter and counting to the maximum or mini-
mum count, division is achieved. A schematic for this mode of operation is shown
in Fig. 10.23. Upon receipt of count pulses, the counter sequences to maximum
count. When the count input goes to a 0, the ripple count enable, which is connected
to the load input, loads the number on the data inputs into the counter. The
counting sequence then repeats.
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Count  o—>0—

Logic diagram

Ripple
Down/ -O count /
up o [>c __q enable ‘
o Max/min
1’>(,-] —] output
Data
input A ] )
J:D_ J Prese& -0 Output
- A
Enable 0— {{/\ ] Ciock Qa
D coas
ear
Data
input B D —Q
P t
j | reseQB 00 Lgpuf
r—o Clock B
— —
—] K Qg
N Clear
e B "
Data I
input C 1)0 2
Preset
= J Qc ~0 Output
Q
) —Q Clock ¢
a| K Qc
“Do_ Clear
Data
input D D— (L
i Preset
= res%n Output
1 Q
1 —Q| Clock °
K 60
Clear

Load o—d>—

Figure 10.18
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Illustrated below is the following sequence :

Load (preset) to BCD seven

Count up to eight, nine (maximum), zero, one and two
Inhibit

Count down to one, zero (minimum), nine, eight and seven

Hon~

Timing diagram

Data B I |
inputs

|

I

I

I
LTl

I
LIt
RN
RN

Count

Down/up _l [
Enable 1 I |

% i1 | I
oot 1

% 1| I i I
T L
LI

|
B

—
—

Max/min —_= l I
Ripple _o.__

count/ : I__I

ble ===~
enable 7 8 9 0 1

2 2 1 0 9 8 7
‘ } Count up I inpu'r—»—‘ F-———Coum‘ down ———»—‘

——
Load

Figure 10.18. (Continued)
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Count

Down/
up

Data
input A

Enable

Data

input B

Data
input C

Data
input D

Load o—o[>
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o—{>o0—

o—>o

R

| DF

[e,

K
Clear

Figure 10.19

Ripple
o count/
— enable
1 Max /min
] output
1 3
Preset
J Qa O Output
4‘1> rd Clock Qa
K _
E Clear A
| o— 3
Preset
' res 8 O Output
-0 Clock Qs
Q
Clear °
— A
Preset
] J Qc -0 Qutput
|
-0 Clock %
| Qe
D_ Clear
= J Preseg)o -0 Output
Qo
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Typical load, count and inhibit sequences

Illustrated below is the following sequence:
1. Load (preset) to binary thirteen
2. Count up to fourteen, fifteen (maximum), zero, one and two
3. Inhibit
4. Count down to one, zero {(minimum), fifteen, fourteen, and thirteen

Timing diagram

265

Data |B— 4 __
inpufsw

w

LR
I
|
I
FLrrrl

l

Count [IIII’lllllll'lllllllllll

Down /up _I J
Enable _' I I

o___ 4 L LT 1 B

Max/min :::-1' | | | I

Ripple a—
count/
enable —=—-"' I'—I I—I
13 14 15 0 1t 2 2 1 0 15 14 13
l ‘ !— Count up ’—!—‘ Inhibit —>-l |-<—— Count down ——4
-

Figure 10.19. (Continued)
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Clock QOutput
i“"‘”* I L1 1]
ABCD _. ABCD
ABCD Ripple Ripple
Count count/ P~—»——— Count count/ p—s»—— Count
enable enable
: Down Down Down|
Enable Load up Enable Load up Enable Load up
Logical {
Up/down
control

Fig. 10.20. Ripple counter with cascaded SN54/74190 or SN54/74191 syn-

chronous counters.

Output
A =
ABCD _, ABCD _, ABCD
Ripple Ripple
—1Count g%gﬁé —{Count gﬂ%ﬂ/e —{Count
Down Down Down
Enable Load up Enable Load up Enable Load up
Logical | <— i |
Clock Up/down
input control

Fig. 10.21.

or SN54/74191 synchronous counters.

Synchronous counter with ripple carry with cascaded SN54,/74190

=

}

Output Output Qutput

—A—— —A— —A——

[ ]] L 1]] L]
ABCD Max/ ABCD Max/ ABC D Max/
——] Count min — Count min — Count min
Down Down Down
Enable Load up Enable Lood up Encble Load up

1 A oy

Logicat {

Clock Up/down
input control

Fig. 10.22. Synchronous counter with parallel carry with cascaded SN54,/74190
or SN54/74191 synchronous counters.
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Qutput
fouf
Max/
min
Ripple

Clock input Count count/
fin enable

Data in— 1 O O
(Decimal equiv = 8) I | I
DC B

>0

Down
Enable Load up

T %

Up/down
control

Timing diagram for data input: N=8

e pinipipipinininininy

et 1518] 9 o |11 |12 |13 [1a [is]a] 9 |10
>Coun‘rup

Max /min ﬂ m fouf=fi7n
RC/E
U U
cancont O8] 7 [ |5 a3z |21 |ole|7
Max/min l I r—l >Coum‘df(?r\:m
U_

RC/E four =5~
—I.I Note 3
)

f; .
Notes: 1. For a down count: fos =ﬁ for 1< N < 15, where N is the data input

2. For an up count: fous = for O< N < 14, where N is the data input

fin_

15-N
3. The RC/E (ripple count/enable) pulse is typically 30 ns wide

Fig. 10.23. Divide-by-N counter using SN54/74191 synchronous binary

counter.

SN54/74192 and SN54/74193 Synchronous Up/Down Counters. The
SN54/74192 and SN54/74193 are synchronous 4-bit binary counters with parallel
carry. The SN54/74193 is connected for normal binary counting, whereas the
SN54/74192 has modified steering logic for an 8-4-2-1 BCD decade count. Logic
and timing diagrams for these devices are shown in Figs. 10.24 and 10.25.

Four master-slave flip-flops change state with a 0-to-1 transition of count input.
Direction of counting is a function of which count input is used. The unused clock
input must be at a logical 1.

Both counters can be parallel-loaded at data inputs. When the load is at a logi-
cal 0, the load and clear operations are independent of clock and counter state.
A1 on the clear input resets all flip-flops to 0. The SN54/74192 and SN54,/74193
have been designed so that external logic is minimized when cascading packages.
Carry is 1 when the maximum count has been reached and count-up input is 0.
Borrow-out is 1 when 0 has been reached and count-down input is 0.
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Logic diagram

Borrow

0 output

Carry

input A ©

Down
count © [>°

Up o—-[>o
count

© output

—0 Output

Output

Data
input B o
= )
Preset
Qg
—q T
- ~
Qg
Clear
D
— e
Data
input C
- L
Oo— Preset
Q¢
—a T
— Qc
Clear
O
Data
input D

.

Clear o——{><>—J

- 1
Preset
Qp
—
—a T
Q
— Clear

O Outpuf
Qc

Load o——c{>

Figure 10.24

Output
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Clear _rl

Counters

ted below is the foliowing sequence

Clear outputs to zero

Load (preset) to BCD seven

Count up to eight, nine, carry, zero, one and two
Count down to one, zero, borrow, nine, eight and seven

Timing diagram

|
Count up T | | | l | I | | | l
]

Count down

t
Load : U
| e ____ -
AT T
| L — e —
B i | e
Data 1 |
! [
=
o __ i\ - L ___________C
|
]
1
1
1
3
|

Outputs

QI i [

|
o ZZ11 [T T L

| ! f
I
|

w- T T M T

Carry

Borrow

Sequence
itlustrated

|
|
|
1 |
1 1
| |
| |
! !
! t
| |
1 |
| |
[ |
| |
i I
| |
| |
| |
! |
| !
| |
| |
1 |

I |
| !
| |
1 |
[ 1
[ 1
[ !
[ 1
lol |

0 7 8 9 O 1 2

o ount
Clear Preset Count up

i
U !
|
|

1 6} 9 8 7
Count down

Notes: A. Clear overrides load, data and count inputs
B. When counting up, count-down input must be high;

when counting down, count-up input must be high

Figure 10.24. (Continued)
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Data

Logic diagram

Borrow

output

Carry

>
»;

input A

Down
count © D ©

output

oOquu'r

Up o [> o
count

OOufpuf

Qs

Output

Data
input B

|_

I

Data
input C

(-
Data
input D °

Clear O—Do—l

Preset

c,Ou‘rput

Q

Load O—Dc

Fig. 10.25.

[
Clear

{ =

SN54/74193 synchronous binary counter.
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Illustrated below is the following sequence :
1. Clear output to zero
2. Load (preset) to BCD thirteen
3. Count up to fourteen, fifteen, carry, zero, one and two
4. Count down to one, zero, borrow, fifteen, fourteen, and thirteen

Timing diagram

Clear —][—}
Load
EEmE
[ e
A _] i i i e e e e e
|
I I T
Data [ Y- _
T O
[ N
I T
Count [ [ :
o T WL
Count [ 1 | |
| | ! I l | l | I | l l I ]
down ! : : : : : :
—— 1 ‘ | !
w_"1 7T L !
[ [ ! | 1 |
QB__ : i } : I | | l I I :
Outputs I B ) ! : |
QT 1 [T 1 L [ :
- ] '
Q__1 [T ] L | !
Carry | | 1 | | | |
ool Ll b |
B | [ | | | |
orrow ] 1 1 | | I_l ]
Sequence ol 3 4 15 0 1 2 1 o 5 14 13
iltustrated ———
Clear Preset | Count up | | Count up

Notes: A. Clear overrides load, data, and count inputs

B. When counting up, count-down input must be high; when counting down,
count-up input must be high

Figure 10.25. (Continued)

Figure 10.26 shows these counters cascaded, using ripple carry between stages.
A divide-by-N circuit is shown in Fig. 10.27. One of the useful features of this circuit
is that it directly interfaces with standard thumb-wheel switches for the data input.

10.4 COUNTER IMPLEMENTATION AND APPLICATIONS

Synchronous counters can be implemented by using standard line J-K flip-flops.
Most control logic can be performed internally in the flip-flop since the J-K inputs
of the SN7472 are 3-input NAND gates. Figures 10.28 through 10.38 show the
SN54/7473 and SN54/7472 used in various binary divide-by-N counters.

Divide-by-N Counters. For some counting applications, the SN7490, SN7492,
and SN7493 ripple counters may be modified to change the count cycle. By de-
coding any desired cycle length at the outputs of the 4, B, C, and D flip-flops and
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|
A

fos] =

O

| 111 111
ABCD ABCD
Count Carry p——-—Count Carry p———Count
up up up
Count Borrowfo—————Count Borrowp—————Count
down | oad  Clear down  |oad  Clear down | oad  Clear
Logical {
Master clear
Clock
input
——OC o<} Mode MC = 1 : Count down
control MC =0:Count up

Fig. 10.26. Synchronous counter with ripple carry using the SN54/74192
or SN54/74193 synchronous up/down counter.

Logical {

L

—1{Count

Clock
input
fin

Data input =N
A

Borrow

ABCD "
Logical 1 ‘ | | I
ABCD
Count
up Inputs
o Count Borrow
down
Load Clear

down  |oad Clear

1

T 1

:ﬂ:«_— tw=30ns
typical

SN54/74192 Decade counter:

fin

Output
fout

fo:fin _

N " JA+2B+4C+8D+I0E +20F +40G+80H
where: 1< N <99; Data fo each counter: O thru9

SN54/74193 4-bit binary counter

fo= fin -

fin

"N {A+2B+4C+8D+I6E+32F +64G+{28H

where: 1g<Ng255

Fig. 10.27. Divide-by-N counter using the SN54/74192 or SN54/74193.

Qa Qg
Clock input
g Clk Q g Clk gt
1/2 172
SN7473 SN7473
‘— K Q [— K [l
Logical 1 Logical 1

Fig. 10.28.

State Qp
0 0
1 1
2 0

Binary divide-by-3 counter.

Qg
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Qa Qg
Clock input
Logical 1 State Qa Qg
Clk dy Ck g
J @ 0 0 )
1/2 1/2 y ; 0
SN7473 SN7473 2 o 3
K Q K Q 3 1 1
Fig. 10.29. Binary divide-by-4 counter.
OA QB QC
Clock input 1
Clk
J Ck q J Ck g —] J Q
1/2 1/2
SN7473 SN7473 SN7472
K a K g E‘D K o
State Q Qg Q
o] [0} (0] [0]
1 1 0 0
2 0 1 0]
3 1 1 0
4 0 o} 1
Fig. 10.30. Binary divide-by-5 counter.
Q, Qg Q
Clock input -l- I
— Clk Clk J
J Ok oq J Q = J Q
1/2 [ L/ .7
SNTAF3 t SN7472 SN7: 2_
K Q K Q K QM
Logical 1
State Qp Qs Q¢
0 0 0 0
1 1 ) 0
2 0 1 0
3 1 1 0
4 0 (0] 1
5 1 0 1

Fig. 10.31. Binary divide-by-6 counter.
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QA B
]
Clock input ‘l
Clk
—l, ok g J Ck g ) J Q
1/2 172
SN7473 SN7473 SN7472
K a —K a @ K a
1/4SN7400 1/4SN7400
State Q, Qg Q¢
0 0 o} 0
1 1 o] 0]
2 0 1 0
3 1 1 0
4 0 0 1
5 1 0 1
6 o} 1 1
Fig. 10.32. Binary divide-by-7 counter.
Q, 5 Q
Clock input _l
Clk
J Ck g J Ck g ) J Q
1/2 1/2
SN7473 SN7473 SNr4r2
K Q b—K 9 — K o
State Q, Qg Q¢
0 o} 0 0
1 1 0 0
2 0 1 0
3 1 1 o]
4 0 0 1
5 1 0 1
6 0 1 1
7 1 1 1

Fig. 10.33. Binary divide-by-8 counter.
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QA QB QC QD
—J Q J Q J oy J o
-
e 172 — SN7492 SN7492
SN7493 SN7493 —
—{ K Q — K Q — K Q K o
Logical 1
State Qa Qg Qc Qp
0 0 0 0 0
f i 0 0 0
2 0 1 0 0
3 1 1 0 0
2 0 0 1 0
5 1 0 ! 0
6 0 1 ! 0
7 f ' ! 0
8 0 0 0 1

Fig. 10.34. Binary divide-by-9 counter.

Clock input Qa Qs Q¢ Qp
Logical 1 T I |
Clk R Clk | Clk

J Ck q - J Q J Q | Qo

1/2

SN7473 o SN7472 SN7472 SN7472

T D rE D D

-l

State Qa Qg Q¢ Qp
0] 0 0 0 0
1 1 (¢} 0 0
2 0 1 ¢] 0
3 1 1 0 o]
4 0 0 1 0
5 1 0 1 0
6 0 1 1 0
7 1 1 1 0
8 0 0 ] 1
9 1 0 0 1

Fig. 10.35. Binary divide-by-10 counter.




Q, Qg Q Qp
Clock input T I
Clk Clk
—iJ C|k Q J C]k Q _-_|_\J Q J Q —
1/2 1/2 :
SN7473 SN7473 SN7472 SN7472
— K Q K Q K Q K QM
1/4 SN7400 1/4 SN7400
State  Q, Qg Q¢ Qp
(0] 0 0 (0] 0]
1 1 0] 0] 0
2 0 1 0 0
3 1 1 0 0
4 0 0 1 0
5 1 o} 1 0
6 0 1 1 )
7 1 1 1 0
8 0 o} o] 1
9 1 0 0 1
10 o} 1 0 1
Fig. 10.36. Binary divide-by-11 counter.
Qa Qg Qc Qp
Clock
input -
)i I
Logical 1 Cik Clk
g Gk oq J Ck g ) Q J Qo
SN17£1273 SN17/4273 SN7472 SN7472
K Q — K Q K Q K Q=
State Q Q Q Q
0 o} 0 o] 0
1 1 0 0 0
2 0] 1 6] (o}
3 1 1 0] 0
4 0 0 1 0
5 1 0 1 0
6 0 1 1 0
7 1 1 1 0
8 0 0 0 1
9 1 0 o} 1
10 0 1 o} 1
11 1 1 0 1
Fig. 10.37. Binary divide-by-12 counter.
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Q, Qg Qc Q
Clock .
input [ T
Clk Cik
—u  Ck q J Ck g ;D J Q | QF—d
172 ) 1/2 I
SN7473 SN7473 SN74T72 SN7472
K Q — K Q —D K Q — K Q
1/4 SN7400
1/2 SN7400

State Qa Qg Qc Qp
0 0 0 0 0
1 1 0 0 0
2 0 1 o) 0
3 1 1 0 0
4 0 0 1 0
5 1 0 1 0
6 0 1 1 0
7 1 1 1 0
8 0 0 o} 1
9 1 0 0 1

10 0 1 0 1

11 1 1 0 1

12 0 0 1 1

Fig. 10.38. Binary divide-by-13 counter.

feeding this signal to the asynchronous clear inputs, the counter can be made to
operate with a shortened cycle. The maximum frequency in this mode is limited
by the restriction that the clock should not go to a logical 0 less than 40 ns after
the counter has been reset to O (see Fig. 10.39). The outputs that are in a logical 1
state at the count N are fed into the Ryy, and Ry, inputs. The counter will then
reset to the all-0 state when the count NV appears at these outputs.

According to the count cycle N, voltage spikes may appear on some output lines.
See output B waveform (Fig. 10.40). When the outputs are to be decoded, a strobe
gate should be provided to inhibit false output data (Fig. 10.41). When the outputs
are not equally and heavily loaded, timing difficulties may be encountered at tem-
perature extremes. Buffering outputs with the configuration shown in Fig. 10.46
will prevent these difficulties. Figures 10.42 through 10.52 show how the SN54,/7492
and SN54/7493 may be used to design various binary divide-by-N counters.

Reset input

Clock
. o - . input — 40ns
Fig. 10.39. Typical reset timing requirement. ﬂ___l f E:—
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Output Qutput

B ¢ |
Clock Output
puse | A B C D }
Al TR 5 tn 0O 0 0 O !
Input Ain thtt t 000 ‘\
8D: SN54/7490 Tn+2 0 1 0 0©
B el to+3 i 1 0 0
R9(1) R9(2) ROW) RO(2) nt+a 0O 0 t ©
l L | — fis | 1 O 1 O
1 th+e | 0/0 1/0 1/0 0/0
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Input
output 8 ——— I LTl
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Fig. 10.40. Binary divide-by-6 ripple counter using SN7490.

A B D
7408
Strobe
A B C D
Clock A
input i
SN54/7490
BDin
R9() R9(2) RO() ROE)
Fig. 10.41. Binary divide-by-6 ripple
= counter using SN7490 (buffered outputs).
Output A
[
AB C D
Ain
SN54/7492
Input ——BCin
RO} RO(2)
A NN NN
Fig. 10.42. Divide-by-7 ripple counter using
OutpetA 7 ML SN7492.
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Output A

A B C D
Ain

SN54/7492
Input ———————BCin

RO() RO(2)

B mnnnrnrsre

Fig. 10.43. Divide-by-9 ripple counter
using SN7492. Oufeut 4 = J |

Output A
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A B C D
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e s ipigigigigigigigigiigipin
Fig. 10.44. Divide-by-11 ripple OutputA—

counter using SN7492.
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ot MU
Fig. 10.45. Divide-by-7 ripple counter Output
C I L

using SN54/7493.
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A D
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Cok L MLnnrrL
Fig. 10.46. Binary divide-by-9 ripple ..
counter using SN54,7493. 50 1 L
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Fig. 10.47. Binary divide-by-10
I L ripple counter using SN54,/7493.
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Fig. 10.48. Binary divide-by-11
I L ripple counter using SN54,/7493.
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Fig. 10.49. Binary divide-by-12 ripple counter using SN54,/7493.
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Fig. 10.50. Binary divide-by-13 ripple counter using SN54,/7493,

Qutput
D
A B C D
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SN54/7493
—18"  Rot) RO@
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Output
BT | L

Fig. 10.51. Binary divide-by-14 ripple counter using SN54,/7493.

1 [ 1 Ou?DpuT
A B C D
Input Ain
SN54/7493
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RO() RO(2)
Clock
OuigutL I I_

Fig. 10.52. Binary divide-by-15 ripple counter using SN54,/7493.

281




282 Designing with TTL Integrated Circuits

10° . 10!
— I Qutput
A B C D A B C D #1
R A onsas7as Ain 4174
L{BDin 0 BDin SN5: 90
R9U) R9(2) RO() RO() R9U) R9(2) ROU) RO(2)
Output
#2

o

Fig. 10.53. BCD divide-by-88 counter using SN54,/7490.

By cascading SN54/7490, SN54/7492, or SN54/7493 devices together, ripple
counters of any cycle length can be created.

For division by a large N when a binary count is desired, the counter packages
may be cascaded like a ripple counter, as in Fig. 10.53. For each complete cycle
of counter 4, B is incremented by 1. The desired cycle length is then decoded and
used to reset both counters to 0. Depending upon the cycle length, false outputs
may be generated by the NAND gate. It should be strobed when necessary to
eliminate false data. Another example using SN54,/7493s is shown in Fig. 10.54.

Dy

A B cC D A B ¢ D
Input Ain
SN54/7493 SN54/7493
Bin Bin
RO(1) RO(2) RO(1) RO(2)

v S

125=20+22+23+24+25+26
Fig. 10.54. Binary divide-by-125 counter using SN54,/7493.
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Clock
13
+3
A A B C D l

Ain Aln
SN54/7493 SN54/7493

Bin Bin
ROW) RO(2) RO() RO(2)

L]

Qutput
+39

Fig. 10.55. Divide-by-39 counter with SN54,/7493s using relative
prime number technique.

[

Another method of obtaining large frequency-division ratios, as long as the
counting sequence is not significant, is to count in a relative prime number system.
One counter is set up to divide by some N (2, 3,4, . .., 15). The second counter
divides by some integer that is a relative prime of the first. Counters are combined
in parallel as shown in Fig. 10.55, and the resultant division is the product of division
done by each counter. This can also be accomplished by a series cascade connection
between the divide-by-3 system and the divide-by-13 system. The advantage of
the relative prime number technique is less phase lag between the output pulse and
the clock pulse.
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Shift Registers

A shift register is a group of cascaded flip-flops. Each flip-flop output is connected
to the input of the following flip-flop, and a common clock pulse is applied to all
flip-flops, clocking them synchronously.

In the basic shift register, the only external control input other than from the clock
is to the input of the first flip-flop. There is always an output from the last stage,
and access may or may not be provided to the outputs of the other stages. The
input to a shift register may be single-rail or double-rail, and the double-rail input
may be either a J-K or R-S input. Figure 11.1 is a generalized shift register with
double- and single-rail inputs. Modifications of the basic shift register shown in
Fig. 11.1 include capability of parallel loading, exemplified by the SN54/7495,

Single - rail outputs for all but last flip - flop

[s]

Double-roil{o———————— ' i ey _zN—' i " —————o}

: S Q S Q S Q Double -rail
tnput _ - = = utput
(R-5) R_Q—R_ Qf—---——-— —R__Q—R_Qf—-o] °U'P
Clock © J P - — — — ‘L—’
Single - rail ! N Single - rail
input s ¢— =777 == s Q output
R Qf—=—=——— = =——— —R_Q

Clock oO—

| | N
Double ~rail {o——‘J- s Qfe————==  —m—— o

i Logic S Q Double - rail
(Jrlp:; o-—K-QO“”QI_R Qbe—————— R R 0 o [ output

Clock © l ———————————————— 4__J

Fig. 11.1. Generalized basic shift register, showing various input/output types.
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Table 11.1. Comparison of TTL Shift Registers

. First- Last- All FF Power | Clock
Bit Parallel g
Type no. lensth stage stage load outputs | Clear | Preset | dissipa- | rate,
& input* | output* available tion} MHz}
Standard series
SN54/7491A 8 SR DR No No No No 175 18
SN54/7494 4 SR SR No No Yes Yes 175 15
SN54/7495 4 SR SR Yes Yes No No 250 31
SN54/7496 5 SR SR No Yes Yes Yes 240 15
Low-power series
SN54/741L.91 8 SR DR No No No No 17.5 6.5
SN54/741.95 4 SR SR Yes Yes No No 19 5
SN54/741.98 4 SR SR Yes Yes No No 25 5
SN54/741L.99 4 DR DR Yes Yes No No 19 5

*SR = single rail; DR = double rail.
+Typical average power dissipation at 5.0 V.
$Typical maximum clock rate.

SN54/74195, and SN54,/741.99, and provision for preset and clear operations, found
in the SN54/7494 and SN54/7496. These items will be discussed in more detail
as they apply to a particular integrated-circuit package. Table 11.1 is provided to
allow easy comparison of some of the important features of Series 54/74 TTL shift
registers, both standard and low-power.

11.1 SN54/74 SHIFT REGISTERS

This section presents brief descriptions of each of the Series 54/74 shift register
types, pointing out some of the less obvious implications of performance specifica-
tions.

8-bit Shift Registers. The SN54/7491A and SN54/74L91 are 8-bit shift registers
of the basic type described earlier. The single-rail input is gated and is controlled
by inputs 4 and B. Figure 11.2 is a functional block diagram of this IC. Data
are transferred on the positive-going edge of the clock pulse.

R o—r al—r alHr aF{r aHr aHrR ar al—a
dep cp cp cp cp cp cp cP  |output

Fig. 11.2. SN54/7491A and SN54/74L91: functional block diagram.
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Presets
A
TN 2A 1B 2B IC 2C 1D 2p
Preset 2
Preset | T T L l
| 2 ! 2 ! 2 | 2
Preset Preset Preset Preset
S A S B S C S D —Output
O Clock 9| Clock —< Clock r—# Clock
Serial = -~ = =
input R A R B R C R D
Clear Clear Clear Clear
—O (]
Clock4{>%
Clear ‘{>¢

Fig. 11.3. SN54/7494: functional block diagram.

4-bit Registers; Parallel-in, Series-out. The SN54/7494 are basic shift regis-
ters, except that each flip-flop has provision for preset and clear operations. The
clear is applied nonselectively to all flip-flops, but the preset employs additional
gating so that either of two sources may be selected to preset each flip-flop individ-
ually. Notice that to perform a parallel-load operation using the preset, the preset
operation must be preceded by a clear operation (setting all flip-flops to 0), since
the preset can only set a flip-flop to a 1. Figure 11.3 is a functional block diagram
of this device. Data are transferred on the positive-going edge of the clock pulse.

4-bit Right-shift Left-shift Registers. SN54/7495 and SN54/741.95 are 4-bit
shift registers with parallel-load capability, and with all flip-flop outputs available.
This makes it possible to perform the right-shift or left-shift operation under control
of the mode control input. For greater flexibility, the mode control selects clock 1
for the right-shift mode and clock 2 for the parallel-load (left-shift) mode. (See
Fig. 11.4.) The clock 1 and clock 2 inputs are tied together if only one clock source
is required. Data transfer occurs on the negative-going edge of the clock pulse.
Figure 11.5 is a functional block diagram of this device with connections indicated
for selectable right-and-left-shift operation.

The interaction between the mode control and the clock inputs must be considered
when using this device (this also applies to the SN54/74L99). Figure 11.6 is a
functional logic drawing of the clock selection logic which is under control of the
mode control input. Notice that if the nonselected clock is at 0, the selected clock
is at a 1, and the mode control changes state; notice also that the clock line will
change to a 0, causing the flip-flops to trigger. In many cases, it is undesirable to
have the shift register clocked when the mode control changes state. The times
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Outputs
A\
Clock | 4 N
A B C D
E
Clock 2—
s ARt s B s ciH S D
LO Clock ~q Clock ~a Clock —d Clock
—R —R —R — R
A B C D
| 2 | 2 | 2 | 2
Serial
input
Mode
c<)n1rol_"'>°']-l>c
A B c D
\. v /
Inputs

MC = O for right shift
MC = | for parallel load or left shift

Fig. 11.4. SN54/7495 and SN54/74L95: functional block diagram.

t; and ¢, specify the amount of delay before the previously selected clock can become
a 1 (with respect to the mode control) following a state change of the mode control.
For all these circuits, the time #; is 0. The logic diagram of Fig. 11.6 shows why:
the mode control and clock 2 go directly to AND gate 2, so there is no delay between
them within the IC package. Notice that there is propagation delay, caused by the
inversion of the mode control signal into AND gate 1. The time ¢, is specified at
10 or 100 ns, depending on the IC, to allow for the propagation of the inverter.
These restrictions do allow the mode control and clock 2 inputs to be tied together.

QOutput for 0Ou1put for
left-shift © I [ ] [ right - shift
A B C D A B C D
Outputs Serial Outputs

Input for Serial Tlin Mode Mode
right - shift o in SN54/7495 Mode SN54/7495 control control
Inputs control Inputs
A B C D A B C D
| | T Input for
©left- shift

Fig. 11.5. 8-bit right or left shift register using SN54,/7495, SN54/74L95.
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Flip-flop
————input selection

Mode (M) logic (5 gate inputs)
control

Clock | ©
——0| CP
2
Clock 20—
[ CP
M= O:right shift, clock |
M= 1 : parallel load, clock 2
/ ns
Mode | Type No.
control tz | ta

|

)
Clock | A SN7495 |0 |10
44:4 F— SN74L95 | O [100

SN74L99 | O (100

Mode

control \
: t3 is O setup time required at M with respect to clock 2
j (54/7495, 54/74L95), or time to inhibit clock 2 (54/741.99)
Clock 2 l !

tq is | setup time required at M with respect to clock |
4>| t3 ’(7 (54/7495, 54/74L95), or time fo inhibit clock | (54/74L99)
Fig. 11.6. Timing relations: mode control and clocks for SN54/7495, SN54/74L95, and
SN54/741.99.

This is useful where data are parallel-loaded into the shift register. A 1-level clock
pulse with this connection selects parallel load, and when the pulse goes to 0, the
parallel data are clocked into the shift register.

The SN54/74L99 are similar to the SN54/74L95 in that they have parallel-load
capability and may be connected to perform right/left shift operations, but they
have some additional useful features. The J-K input to the first flip-flop permits
the first stage to act as a J-K, D, or T flip-flop, and avoids additional gating for
the implementation of a Johnson counter. In addition, the O, (complement of the
last flip-flop is also an output. Refer to the discussion of the SN54/7495 and
SN54/74L95 and Fig. 11.6 for notes on the interaction of the mode control and
clock inputs. Figure 11.9 is a functional block diagram for the SN54/741.99.

5-bit Shift Registers. The SN54/7496, like the SN54,/7494, have preset and
clear capability. The clear is common to all flip-flops, but the preset can be selec-
tively applied to each flip-flop. To perform a parallel-load operation, a clear
operation must be performed before a preset operation, as is the case with
SN54/7494. Data transfer occurs on the positive-going edge of the clock pulse.
Figure 11.7 shows a functional block diagram of SN54/7496.

T8See also S. W. Golomb, “Shift Register Sequences,” Holden-Day, Inc., Publisher, San Fran-
cisco, 1967.
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Preset Preset Preset Preset Preset
A B [ D E
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input S A S B S C S D S E
Clock Clock — Clock —9 Clock —d Clock
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Clock—>
Fig. 11.7. SN54/7496: functional block diagram.
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Figure 11.8
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4-bit Data Selectors/Storage Registers. Although SN54/74198 are not actu-
ally shift registers, they are included in this section because they are quite similar
to shift registers and can readily be used as shift registers if the proper circuit
connections are made. Figure 11.8 is the functional block diagram. The selected
word data are transferred to the flip-flop outputs on the negative-going edge of the
clock pulse. When the word select input is a 0, word 1 is applied to the flip-flop
inputs, and when the word select input is at a 1, word 2 is selected.

JOo—

L
>

Serial l
inputs r S Qa 0 Qpa
— Clock
K o— l/ ; E R QAL—
|
2
AoO—4
|
S Qg 0 Qg
2 Clock
Bo R
Parallel
inputs< M ) I
r_<{\ S Q 0 Q¢
2 —3q Clock
Co R
‘% S Q20
> —Q Clock
L Do— R Qp——©Qp
Mode l
comrol{Mo'< |
|
Clocks
2
20

Fig. 11.9. SNS54/741.99: functional block diagram.




292 Designing with TTL Integrated Circuits

11.2 SHIFT REGISTER COUNTERS AND GENERATORS

The common denominator for this class of circuits is that feedback from the
flip-flop outputs of the shift register are fed back to control the input of the shift
register (first-stage flip-flop).

Ring Counters. A basic ring counter is shown in Fig. 11.10. A ring counter
has N states where N is the bit length or number of stages of the shift register.
A ring counter operates by circulating either a single 1 or 0 level. This feature
means that the counter states are essentially decoded without any additional logic.
The fact that additional logic is not needed is the principal reason for using a ring
counter, which is otherwise an inefficient device because it does not make efficient
use of the total states available.

The ring counter of Fig. 11.10 circulates a 1, and it must be started by the initiate
pulse when power is applied. The initiate pulse presets a 1 into the first stage and
clears all others. In the event of power failure or noise, this counter must have
an initiate pulse applied to avoid invalid states.

Figure 11.11 is an example of a 4-bit ring counter. Figure 11.11q is the simple
feedback case, with a state diagram for the four valid states and the remaining twelve
invalid states. Figure 11.115 presets a more complex feedback arrangement that
ensures return to the valid states within a maximum of four clock pulses. The
feedback logic applies a 1 to the first stage only when the 4, B, and C stages are 0,
so that preset and clear operations are not necessary if the time is available for
the counter to self-correct. The state diagram is modified as shown in Fig. 11.115,
indicating all possible sequences for the counter.

Figure 11.12 shows a 5-bit ring counter using an SN54/7496 shift register that
circulates a 0. The clear and preset are shown deactivated, but they can readily
be used to initiate if necessary.

[ ]

in 2 N-1 N
CPPRICLCP| o ___ CL CP{CL CP
Clock ‘i i
Initiate
I | PR ! preset
CL : clear
CP : clock pulse
Clock Stage (F-F) No.
pulse
No. t{27] - IN-I| N
o] I {O o0
| Ol oo Cycle
> olo olo period =N
N-| o]0 (Ol
N I {0 010

Fig. 11.10. Basic ring counter using SN54,/7494 or SN54,/7496.



Shift Registers 293
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/count sequence
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(a) Basic feedback - showing all possible count sequences SN54/7495, L95, L98, L99
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:] : Valid count
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@ m
15

(b) Correcting feedback

Fig. 11.11. 4-bit ring counter: illustration of self-start.
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_og |

| kQ Aouf Bou1 Coui Dou| Eoui
Clear Clk —o0 Ctock
SN54/7496
Serial input Preset enable
Preset A Preset B Preset C  Preset D  Preset E :l__

| |

Note: A O is circulated for this case

Fig. 11.12. 5-bit ring counter, self-starting.

Johnson Counters. The Johnson (also twisted-ring or Mobius) counter differs
from the ring counter in that the complement of the last stage is fed back to the
input. The result (Fig. 11.13) is a counter with 2N states (where N is the shift register
bit length) and somewhat more complex decoding than the ring counter. A Johnson
counter has 2¥ — 2N unused states; thus for N > 2 there will be undesired stable
sequences of states. The counter can enter an undesired sequence when power is
first applied or it can enter because of noise. In the case of system turn-on, the
counter can be cleared or preset or both, thus starting in a valid state. A 4-stage
Johnson counter is analyzed in Fig. 11.14 with state diagrams showing all se-
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quences. A Johnson counter can be made self-starting by using additional gating
in the feedback to the J input. The counter is always self-starting (for N up to 25
stages) when feedback is provided from the last j stages of an N-stage shift register
where

j> ? j is an integer
as shown in Fig. 11.145.

Up to this point only even-numbered cycle lengths (2V) have been considered.
However, Johnson counters can also be made to have odd-numbered 2N — 1) cycle
lengths by modification of the feedback. Figure 11.15 shows a technique that can
be applied when the shift register has a double-rail J-K input available. In this

J aQ s q -——— s Q S Q
I 2 _ N-1_ N
—K Qf——R Qp——-——-— R Q R Q
Clock l l
(o —_———
Clock Stage (F-F) No. Decode
pulse logic
No. lp2]3]: - N-IIN| (AND)
0 ojlo|o 00| T-N
[ 1folo ofo| I-2
2 I e ojof 23
3 [ o{o| 3-4
N—1 Py L]O|(N=1):N
N L] (N O A
N+1 |Oo] 1 |1 Ll 1.2
N+2 |ofofi bl 2.3
N+3 (0|00 Lf1] 3-4
2N-1 |0 ]o|O Of ! [(N-1-N
2N oflolo ojo| I-N

Note: Count numbers O, I, and N-1| are decoded above using NOR gates. All counts can
be decoded in the same manner

Fig. 11.13. Basic Johnson counter.
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Clock 0—

(a) Basic feedback

Valid
(desired)
states

Invalid
states

Dashed lines show result of modified feedback

Fig. 11.14. 4-stage Johnson counter: illustration of modified feedback for self-starting.

Clocko

Period =2N-1=5
Note: In this case, the counter is self-starting

Fig. 11.15. 3-bit Johnson counter with reduced cycle 2N —1).
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Ser MC
in
SN54/7495 l .
Clock o———Clk | Clk 2 —r_‘—o

Reset pulse sets
to O state

Invalid Valid

sequence

sequence

6 13
Fig. 11.16. 4-bit Johnson counter, odd cycle length, period = 7, non-self-starting.

method the all-0 state is skipped. For up to four stages, this method is self-starting
without further modification.

Another technique for generating a 2N — 1 cycle period skips the all-1 state.
Figure 11.16 shows a Johnson counter of this type using SN54,/7495. This counter
is not self-starting, and so in this example it is reset to the 0000 state. Any other
state can be programmed for reset at the 4, B, C, and D inputs. This technique
for generating a reduced cycle can be applied to achieve a shift register of any length,
but the number of gate inputs for NAND gate 1 increases linearly with increase
in shift register length.

Figure 11.17 illustrates the skip-all-1 state for an odd cycle length, but with the
addition of self-starting logic. The self-starting logic follows essentially the same
technique as presented in Fig. 11.14. The note of Fig. 11.17 indicates some of the
possibilities for implementation using available shift registers or dual flip-flop pack-
ages or a combination of both.

Still another technique for generating an odd cycle length is shown in Fig. 11.18.
This circuit is self-starting without further modification, and it differs from the
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Self-start
logic
J J _Q J J Q
A _ B _ C _ D_
K Q K Q K K Q
Clock © l r 1 J
Skip~ 1111
logic
Ja=CD (
Ka= ABC+D 0

Valid
sequence

Note: The shift register can be implemented using SN74107 dual J-K flip - flops, or an SN54/74L99 SR.

For longer lengths in standard power logic, an SN54/74i07 can be used for the first fiip-flop in
conjunction with the SN54/7495 or SN54/7496 SRs.

Fig. 11.17. 4-bit Johnson counter, odd cycle length, period = 7, self-starting.

previous odd-cycle Johnson counters in that it skips the 1 state (001). This technique
can be applied to longer bit lengths with the same principles of operation.
Linear Shift Register Generator Counters. These counters are easier to build
than synchronous binary counters, and they become economical for long cycle
lengths. They are distinguished by the use of modulo-2 (exclusive-OR) feedback.
. These are synchronous counters and are divided into the subclasses of maximum-
length (MLS) and non-maximum-length shift counters. A maximum-length shift
is 2V — 1, where N is the number of shift register stages. Figure 11.19 includes
a tabular listing of feedback terms for shift registers up to 12 stages in length. Since
the exclusive-OR of Os is 0, the all-O state is a stable state from which the counter
cannot exit without additional gating or a reset operation to a valid state. Because

S
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=
>

Double rail input
and output for first

A B _ c and last stage are
not required.

X
[+l
=
s
X
Ol

S 1 |

Note: |. The OOl state that belongs to the usual Johnson counfer sequence is skipped
2. The shift register can be implemenfed for this bit length with the SN74107 dual J-K flip-flop,
but for longer bit lengths any of the shift register packages can be used with an SN54/74107
flip- flop as the last one or two stages (depending on whether or not all flip-flop outputs are
available for the package used)

Fig. 11.18. 3-bit Johnson counter, odd cycle length, period = 5, self-starting.

Number of Feedback
stages in . .
shift register logic equation
3 B®C
4 cC®D
5 C®E
6 E@F
7 FO®G
8 DOEDFO®H
9 E®I
10 G®J
I I ®K
12 FOHO@K®L
@
S Q S pbm—m—mm————-—=-——==-- S Q S Q
A B _ N-=1_ N _
R Q R b= R Q R Q

Fig. 11.19. Feedback logic for maximum length linear shift register generator counters.
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S Q S Q S QJ
A_ B _ C_
R Q R Q R Q
Clock 0— J- 1 l A serial input = é@g + (B_@ 9)
= ABC + BC + BC
= BC+ BC + BC

Fig. 11.20. 3-bit MLS shift register generator counter, with self-starting logic.

of this, these counters in their basic implementation are not self-starting. Figure
11.20 shows a 3-stage shift register generator counter with additional gating for
exiting the 000 state.

There is a modification that allows this kind of counter to count to 2V; this is
one more than the usual definition of MLS, which is 2% — 1. The feedback is
modified so that the exclusive-OR term is inhibited in the 0 . . . 001 state so that
the next state becomes the O state (which is skipped in an MLS counter), and the
following state is 2¥-1. For a 5-stage counter using this technique, the feedback
logic equation is

F=(C+ E) - (ABCDE) + ABCDE

Nonmaximum length refers to any cycle period less than 2V — 1. For non-MLS
counters, a technique referred to as the jump technique is employed to skip over
certain sequences of states, thereby reducing the total period. This is accomplished
by additional feedback which detects the jump state and alters the feedback from
its usual (MLS) value at the jump state. Figure 11.21 gives a table of jump terms
for periods of from 4 through 63 (periods up to 2,047 are covered in the sourcet).

As an example using terms from Fig. 11.21, a counter with a period of 12 is shown
in Fig. 1122. The basic exclusive-OR term of the last two stages is used in conjunc-
tion with logic for the detection of the jump term. This circuit is not self-starting
without further modification to enable an exit from the 0000 state.

The jump term can be found without using the table of Fig. 11.21. As an example,
assume that a divide-by-8 counter is desired. This requires a 4-bit shift register
that has an MLS period of 15. Figure 11.19 gives the basic feedback equation as
the exclusive-OR of the last two stages. Using this information and starting with
the 1111 state, the count sequence is written as shown in Fig. 11.23. The number
of states to be jumped is found: 15 — 8 = 7. The first 7 bits of the initial count

tJPL Technical Report 32-564.
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sequence are omitted, and this sequence is written below the original sequence as
shown in Fig. 11.23. The jump term is the 4-bit word in the upper row over the
lower-row segment that reads 0001. The 4-bit words of the upper and middle row
differ in only one bit position. Now to find the required state for the jump feedback,
note that for this case, the basic modulo-2 feedback terms are C and D, and for
the jump term indicated, the feedback would be a 1 level. The jump term must
change the feedback to the opposite of its MLS state, and so a 0 level must occur
as feedback for this jump term; this requires an inhibit of the modulo-2 feedback.
For this example, a term is added to the feedback to make the counter self-starting;
this means that the feedback level must be a 1 when in the 0000 state.

Shift Register Word Generators. These circuits are also known as shift register
read-only memories. In designing the counters previously discussed, the overriding
concern is with the number of states within a cycle period; but for word generators,
the actual states and their sequence become the major concern.

Note | Note |
Period | 4 5 0% & ¢ | Period A &% e o |
4
4 0 | | | 34 0] 0 | 0] o] (0] |
5 | o] o] | 35 0 | 0] | | | |
6 i | o] 0] 36 0] 0 | | (o} | o]
7 MLS 37 | | | | 6] | 0
8 (0] | | 6] 0 38 0 | 0 | o] | 0]
] 0] | 0 O 1 39 0] | | | | | |
10 | ! 0] 0] | 40 0] | | ¢] 6] | 0]
11 0O 0 [ | | 4| | 6] | 6] o] 0 |
12 | 0] o] o] | 42 | 6] [} | | | |
13 | (0] | | | 43 (0] 0 0 | o] 0 |
14 | | | o] 0] 44 | | ] 0] 6] 0 |
IS MLS 45 | | 6] | 0 0] |
16 | ] o] | 0 | 46 | 0 0 | 6] | 0]
17 | 0 O 6] | 6] 47 | o] 0] | | | |
18 0 0 (0] | | 0] 48 | | | o] | I |
19 6] I | 0 | | 49 ! 0] 0] o] l | |
20 | | | o] 0] [0} 50 0 | | | 0] 6] |
21 | 0] | e} | | 51 0] o] o] | | | |
22 0] | | | | | 52 | 0] | | 0] | 0]
23 0] | ¢} Q0 | (0] 53 0] | o} 0 0] 0] |
24 ] 0] | | 6] 0] 54 | | | 0 0] | (0]
25 | ] o] | 0] | 55 0] 6] | o] I o] 0
26 6] 0 | 0 | | 56 (0] | | 0 | 0 0]
27 | o] | | 0 0 57 0 0 6] o] | | |
28 o] | [0} 0] o] | 58 | (e} 0 [0} 0] o} i
29 6] | 0 | | 0] 59 | | 6] | | ] 0]
30 | | | | o] 0 60 o] | 0] o] | | |
31 MLS 61 | o] | 6] | | |
32 0 0 | | | 0 0] 62 I I | | I o] 0]
33 | | 0] o] | 6] (e} 63 MLS

Source: JPL Technical Report 32-564

Note |: Logic value for serial input to shift register upon detection of jump term

Fig. 11.21. Jump terms for non-MLS shift register generator counters.
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<
s

Clock O-

Feedback equation:
F=(C@®D) + ABCD = (C@D) +ABC

)

0000

/Jump state

Note:

|. An SN7495, SNT4L95, or SN74L99 is appropriate for implementation of
this counter

2. Dotted line shows path without jump -term feedback

Fig. 11.22. Non-MLS shift register generator counter with period = 12, non-self-starting.

The design of word generators is illustrated by the following example: generate
the decimal numbers 6,7, 8, 9 BCD equivalents cyclically, using a minimum-stage
shift register. The required sequence, starting first with the rightmost digit and least
significant bit, is shown in Fig. 11.24. Since the sequence is 16 bits in length, the
minimum circuit to consider is a 4-stage shift register. But inspection of the sequence
shows that the shift register must have more than four stages to prevent pattern




Mﬁ;)\

Origina
count
sequence

Original
count
sequence

Shifted right
by 7 bits

Modulo-2 sum
(exclusive -OR
of each column)
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F=(C®D) - (ABCD) + ABCD = CD+ ACD + ABD
e — N —
MIS Jump Exit
feedback term 0000
(inhibit)  state

A Note: An SN7495, SN74L95 or SN74L99 is
Q appropriate for implementation of this
counter
A
Ser.
in
ABCD
00O ol ol 1L OO 1 OO0O0CIL I I |
Jump Omit first
term 7 bits
00O oIlfor rolorooot 1 1 |
O | ocoooOo vt vt 11 OoO1LO1 1 OO0
(O3 ol oo0O0OI1L 1 VL TOLOI IO

Fig. 11.23. Non-MLS shift register generator counter with period = 8, self-starting.
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Word sequence

9 6

9

I 001 oL 1o

8 T 8
o I 000 OIII‘IOOOIOOI'-—>

State diagram

Fig. 11.24. Shift register word generator.

repetition. Notice that the first four bits, 1001, appear again in the sequence as
the last two bits of BCD 7 and the first two bits of BCD 6. Therefore, a 4-stage
shift register does not have a unique present state for each required next state.
A sequence using a 5-stage shift register will create the 16 unique states—one for
every bit generated. A state diagram is now generated (for convenience) by taking
each 5-bit group of the sequence going from right to left. A transition map is then
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CDE CDE
AB\_ 000 001 CIl 010 |10 1il 101 100 ABN\_ 000 00l OIt OIC 110 1Ll 101 100
00 ’_-77}:, ooxﬁ X[I x]w N| o
ol — 4—F4| - 0|xoolx x‘ox|
MWIN 7 AL A I
I N A /A > tcflr tol x| x ol x| x|
A A N —
o \\><\‘\\/\\/ 10| x L| rloff ol x ><| X
F = BDE + BE + ADE
Transition map Next — state map
A B D 3
B D E
_B_,___
D—
E |
88— F
Serial Q Output
E—— n
B A B c D £
A__
D— Clock O— T l J‘ J
F—

Note: The SN54/7496 are appropriate shift registers for implementation of this circuit
Figure 11.24. (Continued)

constructed, using the state diagram or the sequence. It is convenient to label the
map so that 4 = 0 (4 is the first stage of the shift register) identifies the two upper
rows and 4 = 1 identifies the two lower rows. The unused cells on the map contain
X-type “don’t cares,” but these are omitted from the transition map to avoid clutter;
they are entered on the next-state map. The next-state map is generated from the
transition map by taking each active cell and finding the value of A for the next
state. This value is entered in the cell under consideration in the next-state map.
When this is completed, the usual minimization techniques can be applied. The
resulting minimized function is . Now using this function, the remaining unused
states and their transitions are added to the original state diagram. Except for the
all-O state, the shift register generator is self-starting. Exit from the all-0 state can
be accomplished by detecting the all-0 state and combining this signal with the
existing feedback logic.

11.3 OTHER SHIFT REGISTER APPLICATIONS

Shift Register Modulo-N (1 < N < 16) Frequency Divider. This circuit is espe-
cially useful in low-power applications because there are no programmable counters
in the 54/74L low-power TTL series. The function performed here can be more
easily and usefully implemented by using the SN54/74192 or SN54/74193 when
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T

B
.
v

A B C D

Serial

in

SN74L95
fin © Clock | '
b Clock 2 ParuIIeAI input I\ﬂgﬂ:. & Output

/ N ' fin
A B C D N

A B C D
Parallel foaded data

Transition and code
conversion table
(N to load data)

Load data
and state
N
A B C D
16 | [ o
SR state 1100 | 1110 | 1100 | o | 5 o 1 1
L LT LT L EO N R
fin  (clock) 13 | | o] |
12 o I 1 0
I o o 1 1
Mode cqnfro'I 10 | 0O O |
tnpu 9 o I 0 o
fin/N output ‘__l—- 8 | (0] | (0]
L_I 7 o 1 o 1
6 o o 1 o©
Timing diagram — for divide -by-2;, N=2; load data = 1100 2 8 g 8 cl)
3 | 0o 0 ©
2 I 1 o0 ©
| o I o

* Paratlel load at this state
Fig. 11.25. Shift register variable modulus frequency divider (N = 1 through 16).

power dissipation is not a consideration. These ICs are described in Chapter 10,
“Counters.” The basic circuit is an MLS shift register generator counter previously
described, except that the complement of the exclusive-OR is used for the basic
feedback. The reason for this is that fewer inverters are required to detect the end
or parallel-load state and the latch-up state (the latch-up state becomes 1111 rather
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than 0000). The transition and code conversion table of Fig. 11.25 shows the
transition of the shift register state: the transition sequence is from top to bottom.
The table also associates the number (N), by which the frequency is divided, to the
required data for the SN54/74L95 parallel-load inputs. (This necessity for a code
conversion is avoided when a modulo-N frequency divider is implemented using
a programmable down counter.) For N = 1 the shift register is always in state 1110,
and f;, is gated through.

Shift Registers for Number Conversion Applications. Circuits for serial binary
to parallel BCD and serial BCD to serial binary conversion using the SN54,/7495
are shown in Chapter 9, “Arithmetic Elements.”







12

Other Applications

This chapter presents various applications of TTL integrated circuits in the hope
that they will solve specific user problems, or at least generate new concepts for
the design of related circuits.

12.1 A SIMPLE BINARY MULTIPLIER

The many methods of digital multiplication range from simple multiple addition
systems to high-speed static multipliers. The former are economical but very slow;
the latter can be very fast, but the complexity increases roughly as the square of
the number of bits to be multiplied. The dynamic system described here is a good
compromise between speed and simplicity, and it is suitable for desk calculators.
It is equivalent to a pencil-and-paper method as shown below for two 4-bit numbers
X and Y.

Y = 1011
X = 1001
1011
0000
0000
1011

1100011

Here the product is obtained by multiplying Y successively by the separate digits
of X and summing the partial products. Shifting Y to the left by » bits is, of course,
equivalent to multiplying by 2".

SN7495N is a 4-bit shift register which can be changed to a 4-bit parallel-
in/parallel-out register by altering the logic level on a mode control. It is therefore
particularly suitable for the add and shift operation used here as well as for a
shift-left/shift-right function or for serial-to-parallel or parallel-to-series conversion.

Refer to the multiplier logic diagram Fig. 12.1. Initially, the reset input level
is a logical 1, which clears the flip-flops FF1, FF2, and FF3 and changes the mode

309
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CR1

M1
[ T 1 cLA <L
[ I 1 T 1 { ]
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Serial SR1 Serial SR 2 Serial SR3 Serial SR4
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[ I 1 I cLe
T4 M T3 A3 22 A2 21 A1 24 A4 I3 A3 I2 A2 T1 At Clock Mode Clock Clock Mode  Clock
left right left right

ca Af Culca A2 Cinledserial SR5 Serial SR6
in l in
B4 B3 B2 B1 B4 B3 B2 B1 I Ain Bin Cin Din Do An Bin Cin Din Dy

Y8 Y7 Y6 Y5 Y4 Y3 Y2 Yi o X8 X7 X6 X5 X4 X3 X2 X1
(LSB) (LSB)
CR1 M1 cL1
CL2 M2
. G3
G2 Logic 1 Logic 1 Logic 1 Ga
N g | |
[, PR Ao PR p PR
cP FF1_ P FF2_ L cpfF3
Q Q — Q|— C1
cL cL cL SR = SN54/7495
N 9 Q A, A B, RO(IRO@) D A = SN54/7483
C1 = SN54/7493
I FF.= SN54/7474
Accumulator: SR 1 to 4

a X —Register: SR5 & 6

Fig. 12.1. Multiplier logic diagram.

O
Clock input

o
Reset input __I—|_
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M2 of shift registers SR5 and SR6 to parallel entry. The first pulse to arrive at
the clock left (CL2) input during this standby period will enter the multiplier X
into SRS and SR6. When the clear inputs on networks on FF2 and FF3 rise to
a logical 1 after the reset period, the multiplication starts. FF1 is used to ensure
that the clock inputs to FF2 and FF3 start in the correct phase.

A typical multiplication sequence is shown in Fig. 122 for an X input of
10101101. The first positive edge from output FF1 causes FF3 to rise to a logical 1,
which enables gate G5. The D output of SR6 is taken to the other input of gate
G5, and since the least significant bit of X, X, is a logical 1, a negative edge is
applied to the clock left input CL1 of the accumulator networks SR1, SR2, and
SR3. The mode control M1 is a 1 at this point so that the multiplicand Y is entered
into the accumulator via the SN7483N 4-bit adders A1 and 42. The D, output
of SR6 inhibits or enables gate G5 and hence controls the parallel entry into networks
SRI1, SR2, and SR3; this is equivalent to multiplying Y by Xj.

It is now necessary to shift the next bit of X, X, to the D, output and to steer
the next addition into a higher-power position in the accumulator. This could be
done by shifting Y to the left. However, this approach would need extra registers
and adders, and so it is more economical to shift the contents of the accumulator
to the right. After each addition step, therefore, the mode line M1 is changed to
0, taking care to avoid generating an extra clock pulse when the mode level changes.
This means that the clock right input (CR1) must be a 0 for a negative mode edge,
and clock left (CL1) must be a O for a positive mode edge. Flip-flop FF2 generates
a second phase so that the mode control can be changed without the risk of an
incorrect or ambiguous state at the clock inputs.

The accumulator and the X register are now clocked by CR1 one position to the
right by a negative edge from output FF3 via gate G3. The mode line M1 then
returns to a 1 as output FF2 falls to 0, and the add-and-shift cycle is complete.
After eight additions and seven shifts the XY appears in the accumulator with the
least significant bit in the D, output of SR4.

FF1

M1

(Clock L/R) FF3
DO

CcL1 1
} b
Shift Add 2 Add 3 Shift 5 | Shift 6 Shift 7

Add 1 Shift2  Shift3  Shift 4 Add 4 Add 5
Start Finish

Fig. 12.2. Typical multiplication sequence for X = 10101101.
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To stop the sequence at this stage, a 4-bit binary counter C1 (SN7493N) is added
to the circuit. This is clocked by each shift-right pulse from the FF3 output. On
the eighth pulse the D output of C1 rises to a logical 1, and the clear inputs of
FF1 and FF2 are enabled via gate G6. While the reset line is at a 1, the mode
line M1 drops to a 0 owing to gate G4, and gates G1 and G3 are enabled. The
main clock now shifts Os into the accumulator from the serial input on SR1 at four
times the normal shift rate, after which the reset input is returned to 0 and the whole
multiplication process repeats.

Figure 12.3 shows the approximate maximum speed of operation for one add-
and-shift cycle based on typical propagation delays. This indicates a delay of
165 ns per step or about 5.5 us for a 32- by 32-bit product.

The circuit shown was built up on a standard patchboard and ran satisfactorily
at a quarter of this speed. However, since no special precautions were taken with
grounding, layout, or decoupling, it is anticipated that something approaching the
theoretical maximum speed should be practicable. Maximum operation speed
would probably entail the use of a high-speed TTL flip-flop (Series 74HO for FF1)
to achieve the required toggle frequency.

The circuit is easily extended by adding one SN54,/7495N and one SN54/7483N

ns Start with X and Y at inputs of A1, A2, SR5, and SR6
0
Carry propagation to output of A2
35
Carry input of A1 fo X outputs
85
Setup time of SR1,SR2, and SR3
95 "Clock left"
Parallel-entry propagation delay SR1, SR2, SR3
120
Set up O at mode
140 “Clock right"
Right -shift propagation delay SR1, SR2, SR3 and SR4
165 Start qex'r
operation
(Set up 1 at mode lies within adder propagation time)

Fig. 12.3. Typical add-and-shift operating times.
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for every 4-bit increase in the multiplicand ¥, or by adding two SN54/7495Ns for
every 4-bitincrease in X. Itis also possible to rearrange the system to form a binary
divider.

12.2 12-HOUR DIGITAL CLOCK

A simple 12-hour digital clock is shown in Fig. 12.4. The system is synchronized
with the 60-Hz power-line frequency. The SN74121 one-shot is triggered at its
Schmitt input by 60-Hz pulses from the bridge rectifier. The one-shot pulse width
is set for 15 ms (about 90 percent of the 16.7-ns period of the line frequency) so
that power-line noise is inhibited for 90 percent of the period. An indicator for
AM and PM, using small incandescent lamps, is shown. If this indicator is not
desired, then the connection of flip-flop 4 to the tens-of-seconds counter and the
connection of the NAND gate to its input may be deleted.

There are five switches provided for serting the clock. The procedure for setting
is: (1) When the desired indication for seconds appears, switch S1 is placed in the
set position. This stops the clock by inhibiting the one-shot clock-pulse generator.
(2) Switch S2 is placed in the set position. Switch S5 (a spring-loaded push button)
is then operated by pushing and releasing until the desired number is obtained for
the minutes unit digit. The counter transition occurs when the push button is
released. Switch S2 is now returned to the normal position. If a toggle switch is
substituted for the push button S5, the switch should always be left in the position
which causes the counter to step (the grounded terminal of the switch) before S2
is returned to the normal position. (3) The procedure of step 2 is repeated for S3
(tens-of-minutes) and then S4 (hours). S$4 is also used to set the AM and PM
indicator. Note thatif the hours counters are set past 12, the tens-of-minutes counter
will reset to 0. (4) With all digits set and S2, S3, and S4 in the normal position,
S1 is set to the normal position and the clock begins to run. The unregulated +5-V
power supply is adequate where good-quality line regulation exists. For line regu-
lation noticeably poorer than *5 percent, a regulated power supply for +5 V will
be necessary. Burroughs Nixie® tube displays are indicated; for other possibilities,
refer to Chapter 8, “Decoders.” Note that the outputs of the SN74141N devices
that are connected to the BCD outputs of the SN7492 counters are rearranged for
connection to the Nixie tube displays. If 7-segment displays are used, the 4-B-C
inputs should be used to drive the decoder/driver. An extra flip-flop package will
then be necessary.

12.3 SERIAL GRAY CODE TO BINARY CONVERSION

A simple technique for converting the special case of a reflected Gray code is
shown in Fig. 12.5. Note that if the most significant bit (MSB) is disregarded, the
numbers 8 through 15 will be found to be mirror images of numbers 0 through 7.

It can be shown that if G; is the jth bit in the reflected Gray code and B; is the
corresponding bit in the equivalent binary number, then

B, =G,
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GO Gi Gz G3
0 0 0 0 o
1 0 0 0 1
2 0 0 1 1
3 0 0 1 0
4 0 1 1 0
5 0 1 1 1
6 0 1 0 1
7 0 1 6] 0
8 1 1 0 )
9 1 1 0 1
10 1 1 1 1
1 1 1 1 0
12 1 0 1 ¢
13 1 0 1 1
14 1 o 0 1
Fig. 12.5. Conversion of reflected Gray code to binary. 15 1 0 0 0

where B, and G, are the MSBs and
B;=B,_,®G

where (word length) —1 > ;> 0.

These equations are easily implemented with a single J-K flip-flop. Figure 12.6
shows the connections for the converter. The same technique may be applied for
the case where the data are in parallel form. Figure 12.7 illustrates this idea. A
shift register is used to make a parallel-to-serial conversion. Note that the converted
binary word is restored in the shift register.

As an example, consider the conversion of the Gray representation of 9 (1101)
to binary (1001). Figure 12.8 shows the sequence of operations for a circuit such
as Fig. 12.7 and is also representative of the serial-to-serial conversion.

12.4 MODULO-360 ADDER

The most obvious use for a modulo-360 adder is the addition of compass headings
in navigational instrumentation or other applications where noncumulative addition
is desired. (See Fig. 129.) The units adder is a conventional BCD adder
(modulo-10) which upon reaching sums of 10 and above produces a carry and

Serial .
Gray input J Qr— Eﬁ:ﬁ;
(MSB first) cp output
(MSB first)
——K

Fig. 12.6. Serial Gray to serial
binary converter. Clock
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Parallel output, Serial output,
converted binary converted binary

A B C D

Outputs J Q
Serin  4_pit shift register | — —CP
cP Inputs K

A B C D

Clock

Mode control
- arallel/serial load
Gray code input P

Fig. 12.7. Parallel Gray code to parallel or serial binary converter.

subtracts 10 from the lower adder (Z2). The subtraction is implemented by the
addition of 0110, (6); this is the 2’s complement of the BCD representation of 10.
Additional modulo-10 adders can be placed to the right of the decimal point for
tenths, hundredths, etc.

The tens decade contains additional logic because it is a dual-modulus adder.
If the sum of the hundreds decade (disregarding a carry into the hundreds decade)
is less than or equal to 2, then the tens decade is a modulo-10 adder; if the sum
is 3 or greater, then the tens decade is a modulo-6 adder. This adder is implemented
by using the same scheme as used in a BCD modulo-10 adder to detect numbers
greater than or equal to 10 (performed by Z8), and 10 is effectively subtracted when
required, as previously described for the units decade. For modulo-6 addition, Z9-1
in combination with Z8 detects sums which are equal to or greater than 6. When
sum correction is required for modulo-6 addition, it is performed by the effective
subtraction of 6. This is performed by the addition of 1010, (10), which is the 2’s
complement of the BCD representation of 6.

Shift register J-K Clock
MSB | flip-flop | Ppulse
A B C D
Initial
Gray input — =1 O 1 o] state
o 1 0 1 1 1
i 0 1 O 0] 2
o 1 0 1 0 3
o 0 1 © 1 4
Parallel
converted ——»1 O O 1 (0] 5
output
\Serial
converted

output Fig. 12.8. Example of conversion for 9.
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Fig. 12.9. Three-decade BCD adder, modulo-360.
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The hundreds decade performs modulo4 addition, and thus requires only a 2-bit
adder. The gate Z9-2 detects the presence of a sum equal to or greater than 3
(disregarding a carry-in), and its output is used to select the proper modulus for
the tens decade. A carry-out from the tens decade is applied to a second adder
(Z6). This allows gate Z9-2 to sample the sum of the first adder (Z5) without regard
for a tens decade carry. The reason for this arrangement is that when the sum
of the hundreds digit, disregarding a tens decade carry, gives 200, the tens decade
should be set for modulo-10 addition. Now, when a tens carry occurs, if it were
entered into the first adder (Z5), then the hundreds adder would give an output
of 300, and there would be an error because the tens decade would become a
modulo-6 adder.
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common, 181-186

weighted, 184
Coincidence circuit, 131
Cold-cathode tubes, decoder/driver for, 193-196
Collector-dotting, 127-128
Combining families, 58-59
Comparator, serial, 175
Comparator circuit, 131
Complementation, 114-115
Computers, early, 1
Controls, asynchronous, 163
Conversion between BCD and excess-3, 242
Converter, 131-154

A-to-D, 208-210

asynchronous, 139

BCD-to-binary, 149-154

BCD to excess-3, 135

binary-to-BCD, 139

binary-to-Gray, 133-135

combined binary-to-Gray and Gray-to-Binary,

135

decimal-to-BCD, 139

excess-3 to BCD, 135

Gray-to-binary, 131-133
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Converter (Cont.)
parallel BCD to parallel binary, 241
serial BCD to serial binary, 241-242
serial binary to parallel BCD, 240-241
Couleur, J. F., 139, 159
Counter:
binary-coded decimal (BCD), 247
decade, 254
divide-by-2, 254
divide-by-3, 258-259
divide-by-5, 254
divide-by-6, 258-259
divide-by-8, 258-259
divide-by-10, 254
divide-by-12, 258
design procedure, 247
divide-by-N, 271-283
4-bit binary ripple, 243
Johnson, 294-298
maximum length shift, 298-300
Mobius, 294-298
nonmaximum length shift, 300-301
ring, 292
synchronous: clock frequency, 251-252
design of, 249-251
4-bit-binary, 267
with parallel carry, 261
twisted ring, 294-298
Johnson, 189
up/down: 4-stage binary, 253
synchronous 4-bit-binary, 261
Counters:
cascading, 261, 282
cycle length, 252
decode spikes in, 244
ripple: clock frequency of, 244
resetting, 247-248
Crosstalk, 93-96
Current spiking, I, 24

D-c clocking (see Clocking, types of)
D-c noise margin, 27, 40-41

Data synchronizer, 176

Datavue® tube, Raytheon, 193

Decimal-to-binary conversion in computers, 1

Decimal-binary equivalents, 2
Decode spikes in counters, 244
Decimal-binary equivalents, 2
Decode spikes in counters, 244
Decoder:
BCD-to-decimal, 185-186
seven-segment, 189
strobing, 186-188, 202
3-bit binary, 181
Decoder driver:
BCD-to-7-segment, 197-201
open-collector, breakdown, 191
Decoder summary chart, 194
Decoupling, 87, 92-93 .
Decoupling capacitor, calculation of, 89-92

De Falco, John A., 103
Delay element, 55, 57
De Morgan’s theorem, 109

applied, 114-115, 118, 127-128, 131
Demultiplexer, 191, 201-202
Detector, frequency-phase, 180
Diode-transistor logic (DTL), 10-11
Direct-coupled transistor logic (DCTL), 8-9
Displays, decoder drivers for, 202-208
Dot-OR logic, 127-128
Driver, decoder, 189-191
Duality, rule of, 109

Earle, J., 159

Edge-triggered logic (see Clocking, types of)
Elmore, W. C., 43

Emiter-base breakdown, 30, 69
Emitter-coupled logic (ECL), 12-13
End-around carry, 224, 229

1, maximum values, 49-51

Excitation table, J-K, 168

Exclusive-NOR (comparator) circuits, 131
Exclusive-OR circuits, 128-131
Exclusive-OR operation rules, 131
Expanders, 52-53, 120-121

Fan-out, 25, 57

calculation of maximum, 49-51
First-level auxiliary functions (FLA), 237-238
Flip-flop:

D-type, 166

J-K, 168-170

master and slave, 164

R-S, 167-168

T-type, 166-167
Flip-flop clocking (see Clocking, types of)
Flip-flops:

converting types, 170

as counters, 243-283

series 54/74, common characteristics of, 171
Flores, Ivan, 235
Frequency divider, programmable, 261
Frequency divider shift register, 305-307
Frequency division by an integer, 246
Frequency-phase detector, 180
Full-adder, 128-129, 212-214

basic operation, 6-7

Function table distinguished from truth table, 8

Generator, word, 301-305
Golomb, S. W., 289

Gray code, conversion, 313-315
Ground noise, 92-93

Ground return, 86

Grounding techniques, 92-93
Guaranteed parameters, 25-26



Half-adder, 129, 212
basic operation of, 6-7
High-speed transistor-transistor logic:
basic characteristics of, 18-21
circuits, summary table, 20
Hold time, definition of, 165
Humphrey, W. S., Jr., 159

I current spiking, 24

I, transient peaks, 88

Implementing logic, methods for, 118-131

Input, below ground, 71

Input breakdown, 71, 79

Input breakdown voltages, 69

Input characteristics, 27-30

Input current, multiple emitter 16ad, 58

Input loading, temperature, 78-79

Input terminations, 58

Input/output parameters, guaranteed, 26-35

Integrated-circuit complexity levels, definitions
of, 13-14

Inverter circuits, 124-125

JPL Technical Report 32-564, 300

Karnaugh map:
for BCD, 227
in binary addition, 212
for control of seven-segment tube, 189
in decoding, 181
described, 111-113
reduction of terms by, 236
for synchronous counters, 248-249

Large-scale integration (LSI), 13
Latch:
D-type, 166
R-S, 163-164
Latching circuit, 162
Loading rules, 57-65
Logic expression, rules for obtaining, 115-118
Logic functions, definition of, 107-108
Logic gates, 2-4
basic operation: of AND gate, 3-4
of NOR gate, 4
of NOT gate, 4
of OR gate, 3

Low-power transistor-transistor logic, basic char-

acteristics of, 18
Low-power TTL circuits, summary table, 19

McCluskey, E. J., 159

MacDonald, 159

Maley, G. A., 159

Master-slave clocking (see Clocking, types of)
Medium-scale integration (MSI), 13-14
Minimization, 110-113

Index

Modulo-2 adder, 129

Moskowitz, 159

Multi (see Flip-flops)

Multiple-emitter input transistor, 24-25
Multiplication, nested, 142-143
Multiplier, binary, 309-312

Mutual coupling, reduction of, 96

NAND circuits, 119-120
NAND gate, basic operation of, 4, 114
(See also Transistor-transistor logic, NAND
gate, basic operation of)
Negative logic defined, 8
Nested multiplication, 142-143
Nine’s complement, 220
Nixie® tube, Burroughs, 193, 313
Noise:
effects of, 83
shielding, 84-85
sources of, 84
supply voltage and current, 87-93
Noise coupling, 43-45
Noise rejection, 41-45
Noise susceptibility, 84-85
NOR circuits, 120
NOR gates, 51-52, 114
Normalizing values for fan-out, 57-58
NOT circuit, basic operation, 4
NOT gate, inverter, 114
Notation:
binary point, 221
complementary, 221
sign and magnitude, 221, 235
Notations, binary, comparison of, 224

One’s complement, 154

321

One’s complement addition and subtraction, 222

One’s complement binary arithmetic, 219-221
One-shots from flip-flops, 178-180
Open-collector gate, 127-128

Open-collector logic, guaranteed ratings, 46-47
OR circuit, basic operation of, 3

OR (inclusive OR) circuits, 123-124

Output breakdown, 79-82

Output characteristics, 30-35

Output drive, temperature, 72-74

Overshoot, 99

Parallel-carry in counters, 248-249
Parameters, guaranteed, 25-26
Positive logic defined, 8
Preset (see Asynchronous controls)
Printed circuit boards, noise in, 92-93
Propagation delay:

of AND-OR invert gate, 52-53

of flip-flop, 165

time, 35
Pull-up resistor, 47-51
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Quine-McCluskey minimization technique, 113

Radix:
definition of, 220
diminished, 220
Radix complement, 220
Redundant variable in Karnaugh map, 113
Register, data selector/storage, 291
Register exchange, 219
- Reset (see Asynchronous controls)
Resistor-capacitor transistor logic (RCTL), 10
Resistor-transistor logic (RTL), 9-10
Resistor values for combinations of loads and
stages, 49-51
Reverse leakage, 68-69
Ringing, 99, 102
Ripple-carry in addition, 239
Ripple-carry in counters, 252
Rise-time sensitivity, 53

Sands, M., 43

Schmitt trigger, 53-57
Schmitt-input NAND gate, 53-57
Schottky barrier diode, 21

Schottky-clamped TTL basic characteristics of, 21

Second-level auxiliary functions (SLA), 238
Series 54/74:
basic parameters, 25-45
exceptions to, 45-57
common characteristics of, 15
counters, summary table, 254, 257
gate types, 119-131
major divisions, 15
shift registers, summary table, 286
Series 54S/74S, basic characteristics of, 21
Set (see Asynchronous controls)
Set-up time:
definition of, 166
J-K flip-flop, 169
Seven-segment display, driving, 208
Sheet resistance, 67
Shift register:
described, 173
4-bit, 287-291
S-bit, 289
8-bit, 286
parallel-in, series-out, 287
right-shift left-shift, 287, 289
Shift register generator counter, 298-300
Shift register word generator, 301-305
Sign-bit, 159
Sign and magnitude addition and subtraction,
221
Singleton, Robert S., 103
Sink current, 27
Sklar, 159
Small-scale integration (SSI), 13-14

Source current, 27
Speed-power product summary, illustrated, 13
Standard TTL circuits:
basic characteristics of, 16-17
summary table of, 16-17
Stewart, John L., 85
Straight wire lines, noise from, 93-105
Subtraction, BCD, 227-231
Supply current, average per-gate, 36, 38
Supply current requirements, 36-40
Switching speed, guaranteed, 35
Synchronous clocking, 164-165

Temperature variations in components, 69-79
Ten’s complement, 220
Testing, 28-43
Thermal characteristics, 69-79
Thermal impedance, 80
Toggle (see Flip-flops)
Toggling, 167
Totem-pole output, 25, 45-46, 49, 52
transient in, 8§7-88
Transfer characteristics, 23-24, 25-26
Transistor-transistor logic (TTL), 11-12
advantages of, 24-25
NAND gate, basic operation of, 23-24
Transmission lines:
graphical analysis of, 97-103
noise-coupling effect in, 85-86
reflections in, 96-102
rules for minimizing effects in, 105
selection of, 93-96
Truth table:
distinguished from function table, 8
for D-type flip-flop, 166
for J-K flip-flop, 168
for R-S flip-flop, 167
for T-type flip-flop, 167
Twisted-pair lines, noise from, 93-105
Two-phase clock generator, 178
Two’s complement, 154-159
in binary arithmetic, 219-221
Two’s complement addition and subtraction,
222-224

Unused inputs, 58

Voo voltage spikes, 88-92
Voltage levels, output and threshold, 26

Wickes, W. E., 159
Wire-AND-ing, 45-46

effect on d-c noise margin, 48
Wired-AND logic, 127-128
Wired-OR logic, 127-128
Worst-case parameters, 32-35
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INTEGRATED CIRCUITS

A Basic Course for Engineers and Technicians

By ROBERT G. HIBBERD, Manager, Technical Liai;
Texas Instruments Incorporated, Bedford, England

172 pages, 7 x 10, illustrated

With this im}aortant sequel to the author’s previous book,
Solid-State Electronics, anyone who has a high-school edu-
cation can master the structure of various integrated cir-
cuits—digital, linear, bi-polar, MOS, MSI, and LSI—and
see how they are used. Consisting of ten clearly illustrated
lessons, the course begins with a review of basic solid-state
principles and fundamental integrated circuit technology,
then covers the general aspects of digital and linear cir-
cuits. Designed for electrical, electronics, mechanical, and
general industrial engineers, it should also be readily com-
prehensible to non-technical personnel.

CIRCUIT DESIGN FOR
AUDIO, AM/FM, AND TV

Prepared By THE ENGINEERING STAFF OF
TEXAS INSTRUMENTS INCORPORATED

352 pages, 78 x 974, 145 illustrations

Stressing time- and cost-cutting approaches, this practical
volume is packed with proven new procedures for solving
typical problems in audio, AM/FM, and TV circuit de-
sign. With examples and procedures illustrating the latest
available transistor devices, it covers such important topics
as design of IF strips, neutralized and unneutralized am-
plifiers, IF amplifier designs for AM/FM and FM IF
amplifier circuit applications, specific design examples for
each major TV receiver system, UHF and VHF tuners,
sync separators, vertical oscillators, video amplifier sys-
tems, TV automatic gain control, and more.
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Metal-Oxide Semiconductor Field-Effect Transistors
For Discrete and Integrated Circuit Technology
By ROBERT H. CRAWFORD

136 pages, 7V% x 974, 100 illustrations

Geared to the needs of the practicing engineer and circuit
designer, this authoritative volume provides the basic
principles and background required in MOSFET device
and circuit engineering. The result of actual work with
MOSFET devices and complex integrated circuits, the
book ranges over the entire field from basic theory and
operation of MOS field-effects . . . to MOSFET usage in
analog circuits and MOSFET-bipolar combinations . . .
and includes a highly detailed description of an actual
MOSFET complex integrated circuit.

TRANSISTOR CIRCUIT DESIGN

Prepared By THE ENGINEERING STAFF OF
TEXAS INSTRUMENTS INCORPORATED

523 pages, 7)8 x 974, 526 illustrations

You can solve your circuit design problems quickly and
accurately with the help of this authoritative guide which
translates the most frequently used elements of transistor
theory into practical solutions and gives you a large num-
ber of circuit examples with clear, easy-to-follow design
procedures. It classifies all commercially available tran-
sistors, showing their relationship to each other and to
the five basic fabricating techniques. It shows how to in-
terpret data sheets and device numbers, illustrates equiva-
lent circuits, details techniques for measuring transistor
_characteristics, and demonstrates the application of tran-
sistorized circuitry to air navigation, radar, remote con-
trol, and other areas.

SOLID-STATE ELECTRONICS

A Basic Course for Engineers and Technicians

By ROBERT G. HIBBERD, Semiconductor-Comp.
Division, Texas Instruments Incorporated

164 pages, 7 x 10, 90 illustrations

This unique work presents the principles of semicon-
ductors in an unusual way. It starts with a description
of semiconductors and their properties, the p-n junction
and the junction transistors, and the characteristics of
transistors and basic transistor amplifier circuits. It then
describes the manufacture of transistors and other semi-
conductor materials and devices. The book also discusses
the whole family of semiconductor devices and examines
the applications of integrated circuits. Down to earth in
presentation, it can be used by non-technical readers to
obtain a working familiarity with the subject.

SOLID-STATE COMMUNICATIONS

Design of Communications Equipment
Using Semiconductors

Prepared By THE ENGINEERING STAFF OF

~ TEXAS INSTRUMENTS INCORPORATED

365 pages, 7 x 974, 424 illustrations,

Here is valuable guidance on recently developed com-
munications components and their important applications
in industrial, military, and consumer products. This highly
useful book covers in detail such significant advances as
field-effect transistors, dual transistors, high-frequency
silicon planar epitaxial transistors, and germanium planar
transistors. Ranging from RF to UHF, the book provides
a wealth of immediately usable design data for the prac-
ticing electronics engineer.

FIELD-EFFECT TRANSISTORS

By LEONCE ]J. SEVIN,

130 pages, 714 x 974, 137 illustrations

In this concise volume you can get all the practical data
you need on the theory, characterization, and application
of field-effect transistors. Its presentation of physical
theory is based on Maxwell’s equations applied to the
motion of charged particles in a semiconductor. From
this theory the book develops and uses a lumped linear
model or equivalent circuit to describe the interaction of
the device and its electrical environment. The book ex-
amines the physical behavior of the field-effect transistor,
and then explains in detail the electrical characteristics
of field effects in circuit applications. It also covers the
development of the FET as a circuit element in low-
level linear, non-linear, and power circuits."

SILICON SEMICONDUCTOR TECHNOLOGY

By W. R. RUNYAN, (Semiconductor Research and De-
velopment Laboratory, Texas Instruments Incorporated

288 pages, 714 x 974, 278 illustrations

Presenting the first extensive coverage of silicon from the
semiconductor standpoint, this comprehensive volume fully
explains the use of silicon in transistors and integrated
circuits. It brings together information on silicon man-
ufacturing, casting processes, crystal growth and orienta-
tion, doping procedures, diffusion, electrical and optical
properties, and metallurgy. Hundreds of illustrations, dia-
grams, and tabular data help clarify such essential infor-
mation as measuring diffusion coefficients, silicon break-
ing strengths, melting silicon in molds, distribution of
impurities during zone melting, silicon tetrachloride and
trichlorosilane processes, and shape and position of melted-
solid interface.
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