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FORWARD

This the first edition of the Tektronix Digital Concepts book
uses Negative True Logic when explaining circuits throughout
the book. This is due to the fact that most digital instruments
designed at Tektronix prior to the publication of this book
have had their circuits and logic diagrams explained in terms
of Negative True Logic.

This is not meant to imply that Tektronix has standardized on
Negative True Logic. There are times when Positive True Logic
may be the more natural form to use.

The content of the book is as valid for explaining the concept
of one system as for the other.

INTRODUCTION

Automated or programmed devices using integrated
logic circuits (IC) become more common daily. The
engineer or technician whose background lies largely
with conventional or analog-type circuitry can have
difficulty understanding digital diagrams filled

with odd-shaped symbols. Most people with an
electronics background are trained to use schematic
diagrams which require consideration of each
individual component and its contribution toward the
operation of the circuit., In logic circuitry as
implemented today, our point of interest is shifted
upward an order of magnitude. Rather than considering
each individual bit and piece, entire circuits are
supplied in individual packages. It is not necessary
to know the exact circuit configuration of the
particular device because the device is encapsulated.
Consider the Fairchild 914 NAND gate. Within the
capsule are six transistors and numerous associated
resistors. The only access we have to these
transistors and resistors is through the eight pins.
Therefore signal-tracing the circuitry within the IC
(or chip as it is often called) is impossible. It

is necessary to understand the relationship between
the input and output signals, but no more. Since we
cannot repair the 914 we can only replace it as a unit.
This is universally true of presently available
integrated circuitry.

This Digital Concepts book will help the beginner to
approach digital instruments from the standpoint of
circuit blocks rather than individual components,

We begin by reviewing the concepts of the decimal
and binary number systems. We next study the rules
of Boolean algebra and its application to the field
of digital logic circuitry. We then present the
application of the algebra to the design,
simplification, and understanding of these circuits.




To the designer, applications of Boolean algebra
involve the basic design and simplification of a
particular series of functions. He begins with a
series of statements of what a circuit is to perform
and implements these statements in a logic circuit.
Determining a first approximation of the circuit,
the designer next applies the principles of Boolean
algebra to simplify. After simplification the
resulting Boolean equations are translated again into
circuitry. Frequently the second design is simpler
and therefore less expensive.

The user of the completed instrument has other
concerns. For him the circuits are already designed.
His major problem is to interpret instrument operation
from the diagrams supplied. He is required to
understand the sometimes complicated interconnecting
of the various IC's to determine the scheme of
operation. This is particularly necessary in
troubleshooting the complete instrument. Since most

digital instruments available today were designed ”DMMMW
using the principles of Boolean algebra, diagrams system
supplied use logic symbols. To realize what the

symbols mean and gain a finer appreciation for digital decimal
techniques, the technician must also be familiar number
with the basic principles of Boolean algebra. From system

the technician's standpoint, however, the methods of
simplifying a device are of secondary importance.

This book concentrates on the interpretation of
existing designs, although some of the principles
that enter into completing the design are mentioned.
Having considered basic principles of Boolean algebra
and the basic symbology, we next procede to more
complex designs., Finally, selected circuits taken
from existing Tektronix digital instruments are
analyzed. The book does not explain the overall
operation of such instruments, but concentrates on
those areas which are common, such as counters and
registers.

A thorough study of the book should accelerate the
student's understanding of digital instruments.

THE BINARY NUMBER SYSTEM

Digital instruments such as the digital voltmeter,
the frequency counter, and the analog-to-digital
converter may be broken down into hundreds (or
thousands) of switching devices. A switch has two
stable conditions, "on" and "off." When examining
devices containing many switches, the decimal system
is unhandy. Since the switch is a two-state device,
a counting or numbering system based upon the value
two is convenient. Such a numbering system is called
the binary number system. Although unfamiliar to the
average person, the binary number system is logical
and easily learned.

In the decimal number system ten symbols are used:
0,1, 2, 3, 4, 5, 6, 7, 8, and 9. A person counting
paper clips, for example, and writing down the count,
writes O, 1, 2, 3, 4, 5, 6, 7, 8, 9.

For the tenth clip he has run out of symbols,
therefore, he starts again with O and places a 1 to
the left of the zero indicating that the count has
reached 10 one time. The next count is 11, indicating
1l ten + 1 one = 11. When the count reaches twenty,
note that the right-hand column begins with 0 again
but this time a 2 is written to the left of O. This
indicates that the count has gone to ten a total of
two times. The symbol 63 indicates 6 tens + 3 ones.
Note that at the count 99, we have again exhausted
the symbols so we repeat the change which occurred
at ten and write 100 indicating 1 hundred + O tens +
0 omnes.

Note that the change points are even powers of ten
which are indicated 10! = 10; 102 = 100; 103 = 1,000;
104 = 10,000, etc. 1In a written number such as
10,349 we can determine the various powers of 10
which the number represents by the position of the
written numbers, as 1 x 10" + 0 x 103 + 3 x 102 +

4 x 10! + 9 x 100,




binary-to-
decimal
conversion

In the binary numbering system only two symbols are
used. Although the symbols are completely arbitrary
we use the first two symbols of the Arabic numbering
system in order to avoid having to memorize new
symbols. To see how binary counting works let us
again assume a person is to count paper clips and is
to write the running total in binary form. He begins
by writing O indicating that he has not counted yet.
He counts the first clip and writes 1. He now has
on his paper 0, 1. When he counts the second clip
what does he do? In the binary system there are
only two symbols, therefore, he resorts to the same
method used in the decimal system, he writes a 0 and
places a 1 to the left indicating he has counted to
two 1 time. At the count of three he writes 11
indicating 1 two + 1 one = three. At the count of
four he is again out of symbols so he writes 100
indicating 1 four + O twos + 0 ones. At the count
of five he writes 101 indicating 1 four + 0 twos +

1 one and so he continues until at the count of seven
he writes 111. Again he has used all symbols in all
columns so he writes 1000, indicating 1 eight + O
fours + 0 twos + 0 ones. Look at Fig. 2-1, which
shows the binary count along with the same count in
decimal form.

Note that the position notation idea is valid for a
number in binary form, except that each position is
based upon a power of two. For example, 20;q5 is
10100, (the subscripts are used to indicate the radix
being used. The radix of a numbering system is
simply the number of symbols that it uses.)

10100, = 1 sixteen + O eights + 1 four + 0 twos +

0 ones which could also be written: 10100, = 1 x 24+
0x23+1x22+0x2!+0x 20, (any number to

the zero power equals 1)

In the study of digital circuits it will be necessary
sometimes to be able to convert a binary form number
to decimal form. With the aid of a power-of-two chart
this can be accomplished very easily.

Consider the number 110l1. This can be read using
the position value of each symbol as 1 x 23 + 1 x 22 +
0x 2l +1 x 20, Referring to the table in Fig. 2-1:

1x 23 =

22 =
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137¢ is the number in

decimal form.

DECIMAL BINARY
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11100
11101
11110
11111
32 100000

Olw|[@| N | W &l W| N

N

W

S

w

(el

~

o]

O

N
o

N

N
N

N
W

N
FN

N
v

N
o

N
~

N
ool

N
O

W
(=]

W

Fig. 2-1. Comparison of binary and decimal
numbers.
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codes

Comparing the same number in binary and decimal forms
shows that the binary form is cumbersome in that it
takes many more digits to express a number. Refer
back to Fig. 2-1, and notice that 32), takes 6 digits
in binary form. Why then do digital instruments use
the binary system? Electronic devices and decimal
counting are mot very compatible. Although circuits
can be built to use base-10 values, the circuitry

is quite complex and involves the use of ten different
voltage levels.

Since active electronic devices can operate as switches,
two-voltage-level circuits are easily made. 1In
addition these devices can be made to switch at rates
of millions per second. It is simplicity and speed
which makes the use of the binary system practical

in electronics.

The operation or programming of digital instruments
often requires that very long binary numbers be used.
For convenience, certain terms are used to identify
parts of these numbers. The term bit is used to
identify a binary digit. (Bit is derived from BInary
digiT.) The term character is a group of bits. The
term word refers to the total number of bits required
by a particular instrument.

For example, the Tektronix Type 240 Program Control

Unit is designed to process a binary number which is

192 bits long. The complete number is called a word

and the Type 240 is said to use a 192-bit word.

Because of the extreme length of the word, for binary-
convenience it is divided into groups of 4 bits. coded
Each 4-bit group is called a character. Hence the decimal
Type 240 is also said to use a 48-character word.

Digital instruments use data and instructions in
binary form. Humans, however, use decimal numbers
and alphabetic letters. Therefore, various codes
have been designed to facilitate communication with
digital devices. These codes are formed by taking
groups of bits and assigning each unique combination
a particular letter, symbol or decimal number. There
are many codes in existence, only a few of which will
be considered here.

Some binary codes use a number weighting scheme.
The simplest code called pure binary uses the exact
position value of each binary digit as the weight

DECIMAL BCD

0 0000
1 0001
0010
0011
0100
0101
0110
0111
1000
1001
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Fig. 2-2. 8, 4, 2, 1 BCD code.

value. For example, the number 15;¢ is written in
binary as 1111. This number is read as 1 x 8 +
1x4+1x2+1x%x1=15. Pure binary (also called
hexadecimal) is said to have an 8, 4, 2, 1 weight.
Many other weight schemes are used. Examples include
7, 4, 2, 13 4, 2, 2', 1 and 6, 3, 2, 1, 0 (5 bits).

Other codes are unweighted which means that the
decimal equivalent of the binary number is determined
only by an arbitrarily assigned value. An example

of this type is the Excess-3 code.

The simplest code to understand is the binary-coded
decimal, which is abbreviated BCD. The BCD code uses
four binary bits per character and a weight scheme

of 8, 4, 2, 1. Each character has the decimal value
that the four bits represent, The code is shown in
Fig. 2-2. Note that the decimal equivalent is simply
the binary number expressed in decimal form.

A 4-bit number can have values from zero to fifteen.
Ordinarily, however, in the BCD code only enough
combinations are used to express all 10 decimal
symbols. In order to express decimal numbers greater
than 9, a separate four-bit group is used for each
number. For example: 82;4 is 1000 0010 in BCD,
370, is 0011 0111 0000, 591;, is 0101 1001l 0001.

Note that the BCD system requires many bits to
express a decimal number.




To return to the Tektronix Type 240 Program Control

Unit, recall that the 192-bit word is divided into DECIMAL 8,4,2,1 CODE | 4.2,2'.1 CODE] EXCESS-3 CODE
4~-bit characters. Each 4-bit character is further 4,2, »2,2',
simplified by giving each character its decimal value 0 0000 0000 0011
in a specific case. Since each 4-bit character in 1 0001 0001 0100
this situation may contain any of the sixteen 2 0010 0010 0101
possible combinations of bits, a character in the 3 0011 0011 0110
Type 240 may have a value in excess of nine. Fig. 2-3 4 0100 1000 0111
shows all possible values. 5 0101 o111 1000
6 0110 1100 1001
7 0111 1101 1010
8 1000 1110 1011
9 1001 111 1100
DECIMAL CHARACTER
0 Mm% Fig. 2-4. Comparison of some BCD codes.
1
2 0010
3 0011
2 0100 This coding is similar to BCD but includes combinations
: 0101 which are forbidden in the BCD system. To reduce
c 5175 confusion, care should be taken not to call the Type
= IEY 240 character system "BCD." It should instead be
5 1900 called pure binary 8, 4, 2, 1.
? 1001 Other common codes are shown in Fig. 2-4; the 8, 4,
10 1010 4,2,2' 1 2, 1 BCD code is included for comparison. The 4, 2,
1 1011 code 2', 1 code is used in the Tektronix Type 6R1A. The
12 1100 Excess-3 Excess-3 code is formed by adding binary 3 to the
13 H1o1 code BCD number. For example, 0;7 in BCD is 0000; by
14 110 adding 3, the sum is 0000 + 0011 = 001l. Each
15 R Excess-3 number is formed by the same process. The

Excess-3 code has some advantages over BCD when
performing arithmetic subtraction in computers.!

Fig. 2-3. DPure binary 8, 4, 2, 1. ; :
T.C. Bartee, Digital Computer Fundamentals, (New York:
McGraw-Hill, 1966), pp 56-7.
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Standard Code
“_.uorm'l' ooo oo_ o_o o_u doo _od ddo d__
8 v_. v_u Wv.N J_ »QME;.X 0 1 2 3 4 5 6 7
ofolojo ¢ NUL DLE SP 0 e P p
0{0]0}{1 1 SOH DQ1 ] 1 A Q a q
ojof1|o 2 STX DC2 2 B R b T
0011 3 ETX DC3 # 3 C S c s
gj1jojo 4 EOT DC4 $ 4 D T d t
In computers designed for business data processing M“ M_H_U M Mmm ””“ M M m “ . v
it is necessary to work with alphabetic characters hTh T T e Ters , A ; -
as well as decimal numeric characters. Such an Telelol 8 8 | oan | s T x . "
alphanumeric code must contain more than 4 bits since “ MM: _oe H mmzm v* 9 u M i v
26 letters plus 10 digits must be encoded. This e “U e mmn . : o R :
means that at least 6 bits must be used since 5 bits Thlofe vz | /F | /5 |, < T _ ;
contain only 32 unique combinations. A six-bit code “ “ : m mm M - - n n | )
has often been used. 1In the past each manufacturer T s e T w1 . T “ o
has selected or created codes to suit his particular
devices. In an attempt to standardize, the American Legend
Standards Association approved a new 7-bit code in
ASC!|| Code 1964. This code is known as ASCII (American Standard Control Characters — AHM_“.__:Q_E:% -
Code for Information Interchange). (For verbal MM“ “M_;E e e Zmo o oy o
communication the letters are phoneticized az-key.) X ST M "t  Exclamation Point
Fig. 2-5 shows the entire code. Seven bits are used X Bad o Tex €01 2 .‘ ma._v_msfc.
so that punctuation marks, symbols, plus telephone Mw ”“ﬁ.c.s:z 2 s _::3_@"
and teletype abbreviations can be included. ACK  Acknowledge (CC) 25 % Percem
BEL  Bell (audible or attention signal) 2/ w. Ampersand )
Examine the column headed by "011l." The ten decimal - ”::ﬁm_“:ii " - _ wwﬁwzsm:_o: Marks Acute Accent |
digits are listed in order. The chart is decoded by ¢ tnereare - 29 | Closing Parenthesis
using the four digits shown on the left and adding VT Ventical Tabulation {FE) W_D. ” “__r
the three digits at the head of the column. Examples: H M.:MM__H..E o e
4 = 011 0100 and 7 = 011 0111l. The last four binary © o on s = Hyphen (Minu
digits express the decimal number in 8, 4, 2, 1 BCD S Shii 211 .\ M_:_N.:c..v_a,;%:
code. Because of this, the ASCII code is compatible WM “w..r”,,rmzwﬁac Lo
with instruments designed to use the 8, 4, 2, 1 BCD o2 ;on_w Semmivolon
code. The Type 240 Program Control Unit can be DC3 Device Control 3 ) _ﬂ_;
addressed by the ASCII code. DC&  Device Control 4 Stop) A

NAK  Negative Acknawledge {CC)
SYN  Synchronous Idle (CC) ! Question Mark
ETB  End of Transmission Block {CC)
CAN Cancel

EM  End of Medium

SUB  Substitute

ESC  Escape

FS  File Separator (IS)

Commercial At

@

| Opening Brackel
\ Reverse Slant

1 Closing Bracket
- Circumflex

Underline

GS  Group Separator (IS) Grave Accent  (Opening Singte Quotation Mark)

RS Record Separator (IS) Opening Brace

US  Unit Separator (IS) Vertical Line

DEL  Delete Closing Brace

Overline (Tilde ; General Accent }

NOTE: (€C) Communication Control
{FE)  Format Effector
IS} Information Separator

Fig. 2-5. USA Standard Code for Information
Interchange.
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octal
system

Another common numbering system used within the
digital area is the octal system. The octal system
is based on the number 8. Eight digits are used, O,
1, 2, 3, 4, 5, 6, and 7. The rules are basically the
same as for binary or decimal except that position

is based upon powers of 8. Fig. 2-6 shows decimal
and octal equivalents.

Note that the octal system requires more digits than
the decimal system to express a number but not nearly
as many as the binary system. The octal system
converts readily to binary because the basis of the
OOﬁmem%mnt 8 is also an even power of two, i.e.,

8 =27,

Caution must be used in verbally naming numbers
expressed in octal and other numbering systems. For
example, 10g is not pronounced ten because 105 = 8
and should be called "eight" verbally.

The octal numbering system is used by several digital-
equipment manufacturers as a means of expressing
binary numbers by using fewer symbols. This system
could be called "octal-coded binary." For example,
the Digital Equipment Corporation makes the PDP-8
family of computers. These computers operate with
a 12-bit word. A word might be 110 011 001 111. To
reproduce this word would of course require writing
12 digits. By arranging the word bits in groups of
three bits each, and converting each group to its
equivalent in octal code, the same number can be
written using 4 octal digits. The process is shown
in Fig. 2-7.

Thus the 12-bit word 110 011 001 111 can be written
6317g. This system is convenient because a group of
3 bits can have only 8 possible values. With practice
the numbers from 000, to 111, can be memorized and
the binary-to-octal conversion can be performed
mentally.

This is primarily used as a shorthand method of writing
binary numbers. A computer program might consist of
several hundred 12-bit words, each one of which must
be recorded. Think how much writing can be saved by
using the octal-coded binary method of condensing

the binary word! Seldom will the octal numbering
system be used for arithmetic operation; it is the
positional notation which is of value here.
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DECIMAL OCTAL
0 o
! 1
2 2
3 3
I D S —
5 5
6 6
7 7
8 10
S 11
10 12
1 13
12 14
13 15
14 16
15 17
16 _ 20
17 21
18 22
64 100

65 101

Fig. 2-6. Octal numbering system.

BINARY

OCTAL w

Fig. 2-7. Octal-to-binary conversion. ﬁ
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BOOLEAN ALGEBRA

The engineer's understanding of digital circuits and
digital instruments requires an understanding of a
different form of algebra from the algebra taught in
high school. Although unfamiliar to many, this
algebra is logical and easily understood. Boolean
algebra, universally used by digital instrument
designers, differs from conventional algebra in that
it uses the binary numbering system. Boolean algebra
contains methods which are specially adaptable to
digital circuitry and makes the design of such
circuitry much easier. Conventional algebra is best
for everyday use, but in the digital area, it may
needlessly complicate circuit design.

There is a twofold advantage in using Boolean algebra
in the digital field. First, Boolean algebra permits
the engineer to design a circuit or instrument in a
logical manner. Secondly, it allows another engineer
or technician to easily understand and follow the
operation of the device.

Boolean algebra has been called the algebra of two-
valued logic. An English mathematician, George Boole,
published a work in 1854 titled, 4n Investigation of
the Laws of Thought. This book contains one of the
earliest attempts to discuss logic in a mathematical
sense using special notation similar to mathematical
symbols.

Boolean algebra remained almost forgotten until 1938
when Claude Shannon, a research assistant at MIT,
published a thesis titled, "A Symbolic Analysis of
Relay and Switching Circuits." The paper presented
a method for representing switching circuitry by a
set of mathematical expressions analogous to the
expressions of Boolean algebra. The techniques
developed in Shannon's paper have been improved until
today they are used in all parts of digital circuit
design. The economy of reducing circuitry to
mathematical expressions and simplifying by
mathematical operations permits the design of even
the most complex modern computers.















































































































































































