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1. ELECTRONIC LOGIC PRINCIPLES

‘1.1  Introduction

In many electronic systems, expecially those of a digital nature,
logic circuits play an important part and ocught to be thoroughly understood
by those responsible for equipment maintenance. The purpose of this Record
is (1). to provide an explanation of the basic logic functions and (2) to

describe some circuits used to realize these functions.

.1.2 Logic Functions and Truth Tables

The following example shows a simple logical operation.
A

In Fig, 1, the lamp will light if contact A or contact B (or both) close.

This is called an OR operation and is summarized in the following table,

called the truth table for the circuit of Fig. 1:

Contact A Contact B Lamp
Open Open ‘ - Off
Open Closed . : On
Closed Open ' On
Closed Closed On

If the contacts were in series, rather than in parallel, a

different truth table would result:

A = ‘ Contact A Contact B Lamp




2.

This is called an AND operation becausé the lamp i8 on only if
contact 4 ggé coritact B 1%se:

Any number Bf contacts ébuld have been used in the foregoing
examples, and could have been éonnected in series, parallel,or series-
parallel. In general, each different arrangement would produce a different
truth table; for the truth table must show the state of the lamp for every
possible combination of contact states. For. example, the lamp in Fig. 3
lights if contact C or contacts A and B close. Notice that the truth table

for this circuit must ha%e eight rows to allow for all possible contact

states,
A N - 6 - ' ggmp ;
r‘_c’)'p‘ze'n | opea || ‘opén | oer |
Open Open ; Closed On
Open | Closed : Open ‘ off
Open Closed i Closed - On
Closed | Open | Open off
i Fig: | Closed é Open ; Closed ? On E
: Closed '| Closed Open On
! Closed | Closea | Closed | on

In geheral if there are ﬁ contacts; the truth table must have
P owss

Of coirsé the application of truth tables is not limited to
sets of contacts. Consider the statement: "if ‘the counter is filled and
if a sync pulsé occifs; thé system will re-cycles The logic implied in thé
stafﬁénf corresponds to the logic hsed in Fig, 2 i.e. "if the counter is
'filled“ dorvesponds to Wif éoh%ééf A is cibsed’; Wif & sync pul8é occurs®
corresponds to Wif Gohtach B is 6losedd afia WiRe systdd will re-Gycle
" corresponds to " the lamp will light". Because the logic in both cases
is the same ("and" logic), it should be possible to represent each case by
the same truth table. This can be done if a symbol is chosen to signify

the presence of a logical condition or result, and another symbol chosen to

represent the absence of such condition or result.
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By convention, the symbol 1 is used to signify presence (or
"truth") and the symbol O is used to signify absence, Hence "contact A is
closed" and "the counter is filled" would both be represented by 1:
"contact A is open" and "the counter is not filled" would both be
represented by 0. If the logical conditions (state of contact A etc.)
and logical results (state of lamp etc.) are represented by X, Y,and 2,

the following general truth table for the AND logic function results.

X Y 2z

ojo}o X, Y represent logical condtions
0j11}0 Z represents logical results.
11010

11141 Fig. 4.  AND Truth Table

Fig. 4 states concisely that the logical result (2) is trﬁe, or
1,only if both logical conditions (X,Y) are true. .The conditions X and Y
are often called the variables or inputs to the logic operation and the
result is called the output.

Thus Fié. 4 shows the outputs for all possible input combinations
for a two-input AND operation.

Similarly, the generalized truth table for a two-input CR

operation is shown in Fig. 5.

X Y 2
olo}o
o111
1oz
1 {1 {1 Fig. 5. OR Truth Teble

The logic AND and logic OR operations together with the NOT (or
inversion) operation form the basis of all electronic logic systems.
The NOT function operates on one input only and merely negates

(or complements, or inverts) the input state as shown in Fig. 6o
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X 2
ol
110 Fig. 6. NOT Truth Table

There are iwo noteworthy points:

(1) The .foregoing logic systems are "two-level™ systems; i.e.
all variables may be uniquely represented by one of two symbols
(0 or 1). Theoretically, "multi-level™ systems are possible, but
! they are rare. |
(2“)._-‘1—'1:1: ;ﬁbols 0 and 1 are only symbols chosen for convenience.
Truth tables must not be construed as operations in binary

arithmetic,

1.3 Basgic Gate Symbols*

Certain symbols are used to represent the various logic operations
on flow or block diagrams. The symbol, truth table,and possible circuit
are get out below. Note that the symbol for the NOP operation is,

for each operation considered so far éxcept for the circle at the input or

output, the same as the conventional symbol for an amplifier.

X

X Y g

o lo |o Y
X

z 0 |1 |1 7

Y

1 {0 {1
Fig. 7. Two-input OR 1 |1 |1

X Y 2 X y

0 Jo |o

L bl | T @

Fig, 8, Two-input AND

* Gate symbols used in this text are based on MIL-STD-806B "Graphic
Symbols for Logic Diagrams".
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Fig. NOT
In Figs. 7, 8, 9 X=Y =1 = contact energized,
' » X=Y =0 = contact unenergized
Z-=1 = Lamp on

Z=0 = Lamp off

The circuits that perform logic operations are called gates,
The input-output characteristics of a gate are completely specified by

its truth table, and the gate may be depicted on a block diagram by the

appropriate logic symbol,

1l.3.1 Wired Logic Functions |

Some specific circuits allow the outputs of two or more gates

" to be connected together to give a "wired-OR" or "wired-AND" function.

The corresponding symbols are shown in Figs. 7a and 8a.

X X
-2 Y4
Y Y
Fig. 7a. Wired-OR _ Fig. 8a. Wired-AND

[

i

These symbols do not indicate the existence of any circuitry
other than the connection of two gate outputs to a-common output line.
The symbol is draﬁn around the connection merely to indicate the resultant
logic. |
| There are two combinations of logic functions used so frequently
as to warrant separate mention. .These give the NOR (not; or)'and the NAND

(not and) function, as shown in Figs. 10 and 11,



X Y 2

X
0{0]1

4

Y
oOj1]0
. 17010

Fig, 10. Two-input NOR

1140
X Y 2
0 011
y4 0 111
1l i1l
Fig. 11. Two-input NAND * . 0

1.4 Pogitive and Negative Logic

In the majority of electronic logic systems, each of the two
logic levels corresponds to one of two specified voltage - or, less often,

current - levels,

In the case of a positive—iogic systen, th¢ higher voltage
corresponds to the logic 1 state; whereas for a negative-logic systeﬁ,
the lower voltage corresponds to the logic 1 state. HMixed-logic systems are
common, In these, the logic 1 state may correspond to either the higher
or the lower voltage, depending on which gate is being considered.

Figs. 12 to 15 show the truth tables re-written in terms of
voltage levels (H = higher, L = lower) for both positive and negative logic

systems,

X Y 7

L|L|L

L|H|H

H|L|H B

H|H|H PFPig, 12. Positive two-input OR




Te
X Y 2
LILI|L
LIHI|L
H|LJ|L
H|H|H . Fig. 13. Positive two-input AND
X Y 2z
H|H |H
H|L]|L
LIHE|L
LIiL|L ' Fig. 14. Negative two-input OR
X Y 2

[ I B = B <
[ < A
[ <~ < I

Fig. 15. Negative two-input AND

Examingtion of Figs. 12 to 15 shows that the truth table for
the positive OR function contains the same combinations of levels as does: the
truth table for the negative AND function; and the truth table for the
positive AND function contains the same combinations of levels as does the
truth table for the negative OR functions. This illustrates the important
and bésic fact that the circuit for a posiﬁive AND’gate may be identical with
that for a negative OR gate, and in fact there is no means of distinguishing
which function the gate is meant to perform, unless the logic system (positive
or negative) is specified. The same is true for the corresponding NAND and NOR
functions,.

It is obviously desirable that there be no ambiguity in symbolizing
a logic function in a block diagram; i.e., a positive OR gate should be

distinguishable from a negative AND gate., More than one system has becn

devised to accomplish this, but the one in general use - and probably the best -
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is the following: ‘ except for the inverter, only the two basic gate symbols
are used (D= or, D= and). However, if, at a gate's input or output, the
logic 1 (for whichever function the gate performsj corresponds to t-he lower
voltage level, then a small circle is drawn on that input or output. This
results in eight distinct gates as shown in Fig. 16. The gates are grouped
in pairs, the same truth table (expressed in voltage levels) ai)plying to each
member of a given pair; i.e. the same circuit could be used for each function
iI'l the pair.

Positive AND Negative OR

X|Y|Z ‘

X—C0

< b4
N
oo
G
= =& &
N

Y —0O,

Positive OR ’ Negative AND

b
I
[aN]

X —O

Yy —O

Positive NAND Negative NOR

H - Xx—0

Y —0

< x
N
= =
=~} [
5=}
N

HILH

Positive NOR Negative NAND

X L|L{H X —O :
4 LIH|L V4
Y —0O
Y H{L|L

< %
N
Hoo
=
mmmb"
N
BEOEE EEEEEEEEEEEEDERENNENENEN




1.5 Use of Standard Gate

A careful study of Fig. 16 will reveal that any of the functions
tabled may be obtained from any other function by insérting inverters at the
inputs or output as required. For example, starting with a positive NAND
gate, an inverter at the output pro&uces the positive AND function; dinverters
at each input produce the positive OR function; and inverters at output and
inputs produce the positive NOR function.

If one input of the positive NAND gate is held at the higher voltage
‘level, the gate acts as an inverter for the other input. The same applies to
the negative NAND gate if one input is held at the lower voltage level.

Hence, any of the logic functions so far considered may. be realiged
by the use of NAND gates alone, and although this may not give the most
economical solution in terms of hardware, it does have the advantage that the

one standard circuit can be used throughout the system.

1.6 The Logic of Flip-flops

The bistable multivibrator, commonly (but erroneously) called the
flip-flop, is extensively used in logic circuits. A flip-flop has two come
plementary outputs (i.e. when one is high the other is low) and up to five B
separate inputs. It has two stable states - a given output high or low - and will
only change from one state to the 6ther when the required input conditions are
satisfied. For some input conditions, the flip-flop will not change state at
all - hence it is useful as a "memory" element.

There are many types of flip-flops, the main ones being listed here-

under:

1.6.,1 The R-S Flip Flop

Rt+1 St+1 Qt+1 Jt+1

0 . : 0 0 1 1 not allowed

- oy 1|11}0

1 0 0]

1 1 Qt| §t [ no change

Pig. 17. R-S Flip-Flop. Symbol and Truth Table

The flip-flop outputs are labelled Q and Q, the use of the bar being

to indicate a complementary output. Notice, however, that complementary outputs

do not occur for every input combination. In the case of 0 at each input, both
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outputs assume the 1 state. In normal operations this is not allowed, and
precautions are taken to ensure that soth inputs do not assume the O state
gimultaneously,

The truth tablepresumesan initial state at some arbitrary time ¢,
and shows the resultant state atja later time, t + 1, wh;n-the given input
conditions are applied. If both inputs assume the 1 state, there can be no
change in the output statej i.e., the state at time t is maintained.

The letters R and S stand for reset and set, the reset state of the
flip-flop béing defined as that state when output Q is at the 1 level. Hence,
to reset thé flip-flop,apply a O to the R input and a 1 to the S input. Similarly
to set the flip-flop, apply a 1 to the R input and a O to the S input. ' -

A simple R-S flip-flop may ‘be made by cross-coupling two gates. This

is sometimes called a latch circuit and is shown in Fig. 18.

R
a Rt+1  St+1 Qb+t Qt+1A
L L E | ®H
L H H L
H L L H
0
S H H Qt at

Fig, 18 Latch Circuit and Txruth Table

The létch circuif tfuth tabie can easily be derived from the truth
tables for each positive.NAND gate.

One application of the R-S flip-flop is to sample and hold the state
of another flip-flop, even though this latter flip-flop may subsequently change
state; i.e., the R-S flip-flop "remembers" the state of the sampled flip-flop
at the sampling time. This may be achieved by connecting the R and S inputs to
. the comélementary outputs of the sampled flip-flop at the time the sample is
required; then switching both R and S inputs to'the logic 1 level until a further

sample is required. A circuit for this operation is shown in Fig. 19.



A 11,
1 B
1
R 1
Opening S stores contents
of A in B. Closing S
allows B to hold its state
0 S 0 regardless of changes in A
-T=- )

0 LeveL | 1 LEVEL

Fig, 19, Sample and Hold Using R-S Flip-Flop

1.6.2 The J-X Flip-Flop
A A A disadvantage of the R-S flip-flop is the need to prevent both
inputs going low simultaneously. The J-K flip-flop overcomes this disadvantage,
and is generally more versatile.

;

It has three inputs, designated J, K,and T, and will not change state
until the voltage level on the T, or trigger, input changes. In positive logic
systems a negative going t;ansition at the T input is usually preferred. Once
this transition has occurred, the J-K flip-flop will assume a state entirely
dependent on the conditions at the J and K inputs. Often there are more than
one J and K inputs, the set of J inputs forming an AND gate and similarly for

the set of K inputs. The final state of the flip-flop then depends on the output

states of the J and K gates, as shown in Fig. 20.

n Kt Ot4l Qt4l

) 1 0 L L Qt | Ot
L H L | H
qr H L HlL 7 :
_ — ) for negative-
—K O0—0 H H Gt| ot going transitions
at input T at
time t.

Fig., 20. Symbol and Truth Table for J-K Flip-flop

Note that with both J and K inputs low, there is no change of state,
but with both J and K inputs high there is always a change of state whenever a
trigger input is applied. With the J and K inputs complementary, the action is

gimilar to that of the R-S flip-flop, except that a trigger is required.

1.6.3 The T, or Trigger, or Toggle, or Binary Flip-Flop
' ' This is a variant of the J-K flip-flop, in which the J and K inputs

are not accessible and are permanently high. The flip-flop then changes state

every time a trigger is applied, i,e. it divides by two, and is used extensively
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in counting circuits.

—-20Q

Fig. 21 The T Flip-Flop

O+——Q

1,6.4 The D or Delay Flip-Flop

' When a J-K.type flip-flop is used for storage (i.e. memory) purposes
only, its truth table shows that only one of the J or K gtates need be specified
as the other input is complementary. The D flip-flop ﬁay be regarded as a J-K
flip-flop with only the J and T inputs accessible, and an internal inverter

connected to the K input.

—iD 1t——a

—aQr

Dt Qt+1 Qb+

oL__ 0 H H L For negative-going
transition at input
L L H at time t.

Fig. 22. The D Flip-flop and Truth Table

1.6.5 Capacitive Coupling at Flip-Flop Inputs

The inputs to flip-flops (as also with gates) may be capécitively
coupled. This does‘not alter the truth tables in any way, although it must be
realized that the input conditions are of a transitory nature; i.e., they éxist
only during the pulsé time set by the coupling capacitor and associafed
circuitry. Because a flip-flop is bistable, a capacitively coupled input
results in a stable d.c. outputilevél; The output of capacitively coupled gates,
however, can only be a pulse.

1.6.6 Direct Setting and Resetting of Flip-Flops

. All fl;p-flops cénsidered éo far may be provided with a direct reset
or clear input which will turn the flip-fldp off i.e., produce a logical O
at the 1 output. Similarly a direct set input may be provided which tums the
flip-flop on; i.e. pfoduces a logical 1 at the 1 output. Generally these
direct (or asynchronous) inputs take precedence over all other inputs, although

there may be a preferred level for the toggle input to enable the direct inpirts

to operate.
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1.6.7 The Dual-Rank Flip-Flop

This is a general ﬁurpose flip-flop which may be used in lieu of any
of the foregoing types. Basically, it consists of two cross-connected flip-
flopss a '"Master" and a "Slave". There are two synchronous'inputs; the ﬁSet"
and the "Clear". When the toggle or "Clock" input assumes a given level, say
positive, the conditions at the set and clear inputs are stored in the master
flip-flop, while the slave is isolated. When the clock input goes negative the
master is isolated from the set and clear inputs (so these may then change
without affecting the flip-flop state) and the slave is caused to store the
contents of the master. \

AND gates are usually proyided at the synchronous set and clear
inputs, and it is the outputs of these gates which are stored by the master
flip-flop when the‘clock pulse goes positive. The term "synchronous" is used
of these inputs because they only have effect when a clock pulse occurs;

‘ Clocked flip-flops are uéually direct coupled, so.that the clock
pulse may have any grbitary waveform (sine wave, pulse, sawtooth etc.) pfovii;d
it passesvthrough the required voltage levels when passing from low to high and
vice versa. Asynchronous inputs are also provided, being designated "Clear
direct" and "Set direct". These inputs take precedence over all otheis,

broviied that,in gome cases, the toggle input is high. ‘In some improved

clocked flip-flops the condition of the toggle input has no effect on the

operation of. the asynchronous inputs, Fig. 23 shows the symbol and truth

table for such a flip-flop.
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SD
[«]
St
82— S Q
-—0 T
: [«
€t — | )»
c2 —————————1' ¢
[*]
o}
Synchronous Entry Asynchronous Entry
(Output changes when T goes low). (Overiges synchronous entry and
: independent of all other inputs)
S1t 82t C1t  C2t Qt+1 Cd sa Qt Gt
L X L X Qt H H |Qt | Qt
L X X L Qt H L |H L
X | 5 L X | qt L H{L | &
X - L X L QT L L |H H
L X H H L
X L H H L
" H L X H
H H X L H
EH B H | H Undetermined  pio 93, Glocked Flip-flop
X=Horl

To use the clocked flip-flop as a J-K flip-fiop,connect 8 to 51 and

Q to C1. This results in the truth table of Fig. 24, which is seen to be '

analogous to that of Fig. 20.

52t C2t Qt+1

L

L
H
H

L

H

Qt
1
H

Gt

Fig. 24. J-K Mode Operation

In the J-K mode, the clocked flip flop is useful in counting'circuits.

1.7 The Agtable Multivibrator

Strictly, this is not a logic element, but it is often found in logic

systems. In contrast to the bistable rmltivibrator, which has two stable states,

the astable or free-running multivibrator has two quasi-stable states. It

remains in one state for time t1 and rapidly changes to the other state, in
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which it remains for time t2; it then reverts to the first state, and so on,
It is thus a generator of square or rectangular waveforms as showm in Fig. 24.

r— tt——Tv-tz-1

(a) t1 =t2 Square Waves

(b) t1 # t2 Rectangular Waves

Fig. 24. Astable Multivibrator Waveforms

One application of the astable multivibrator to logic systems is to
provide the synchronizing (or clock) waveforms for clocked flip-flops. The

clock frequency, £, is 1/(t1 + t2).

The agtable multivibrator does not require external trigger pulses,
although, if desired, it may be locked to an external source having a frequency
larger than fo

Complementary outputs are usually available.

1.8 The Monogtable Multivibrator

‘ Othervrisé knowm as a .unvivibra.tor, single-shot, delay, or one-.shot_,
the monostable multivibrator has one stable and one quasistable state. It
will remain in its stable state until it receives a trigger signal, when it
assumes the quasi-stable state for a time t, é.fter which it reverts to the
éte.ble state until the next trigger.

It can thus be used to generate a delay in a logic system, i.e, an

output signal occurs t seconds after the input signal is applied. Complementary

outputs are usually available. The logic symbol is shown in;Fig. 25,

oF———0 Fig. 25 Monostable Multivibrator

In the stable state the Q output is at logic O level,

The input may be direct or capacitively coupled.
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2. ELECTRONIC LOGIC CIRCUITS

2.1 Introductioen

Logic circuits are classified into types or families, such as diode

logic, diode transistor logic, etc., each family having its particular

advantages and disadvantages. In choosing a suitable family to perfornm a

given task, the following parameters must be considereds

a) Operating Speed. This is usually defined as the time taken for the

Vo

dufpﬁt‘tovféééh a specified level after the input signal has passed
through another specified level, for a specified set of operating -
conditions. The levels specified at the input and output are known
as the logic threshold levels for the apecified set of operating

conditions. |

This is illustrated in Fig. 2.1

L ViTh
. l

Fig, 2.1
H .
0PLRA I . , .
t 2~:?‘. Logic Operating Time

t .
The operatingAtime is a measure of the switching delays in the circuit

under consideration and may be as low as a few nanoseconds (10-9 seconds)

for some families or as high as a few microseconds for other families,

Noige Immunity. This is a difficult parameter to specify completely, as
a circuit can be affected by noise on power supply lines and subsidiary

input lines as well as the inpuf line under consideration. The noise

immunity at logic inputs is a function of the difference between

input and output logic threshold levels, and is usually expressed in volts.
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c) Fan-out. The fan-out of a logic circuit is a measure of the ability

of its output to drive other circuits in the same family. The fan-out

is usually expressed as the number of gate inputs which can be driven
reliably under worst case conditions.

d) Power Digsipation. In equipment designed for portable operation, the

power digsipation per gate must be as low as possible to conserve
battery charge.

e) Cost. If high noise immunity, high fan-out etc. are required, the
cost is usually commensurate. Thus some compromise in performance may
be necessary for reasonable cost. Although a logic family is usually
chosen by optimizing the foregoing parameters, further optimizing
within a given family is usually possible. For example, opersgting
speed and noise immunity are usually improved by restricting the
fan-out; power dissipation may be reduced at the expense of operating
speed. Such "Trade-offs" are often used to obtain the most reliable

performance.,

2.2 Circuit Configurations

There are many ways of implementing logic functions using electronic

components; however, this discussion is restricted to circuits using semi-

conductor diodes an@/or bipolar transistors, in association with linearA
passive components (resistors, capacitors etc.). Figure 2.2 classifies the
various logic families according to the type of circuit used. Families under
the heading of Passi&e Networks (mainly diode logic) do not contain active
devices in their circuits; hence the available output power is always lessb
than the input power. This means that the fan-out is low and that when gates
are cascaded, the logic levels become prqgressively less well defined.

On the other hand, Active Networks can supply a relativel& high
output powér without degradation of logic levels., The two branches of
bipolar transistor logic to be discussed are:(1) éaturated mode switching; and
(2) non-saturated mode switching. Of these the latter is superior in
operating speed, but has lower noise immunity and higher power dissipation.

Simple circuit examples of a two input gate will now be given for

each logic family.
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2.2.1 Diode Logic (DL)

+.

A ——l

A

B € C

The disadvantages of this passive circuit have already been mentioned,

x
I
|

2.2.2 Resgistor Transistor Logic (RTL)

+

This circuit has low speed, low fan-out, and poor noise immunity.

2.2.3 Resistor Capacitor Transistor Logic (RCTL)

A +

Capacitors have been .added to increase operating -speed, but noise immunity

is reduced.
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2.2.4 Direct Coupled Transistor Logic. (DCTL)
+

This circuit has low power dissipation and is cheap to produce, but the small

differential between logic levels &% volt) gives very poor noise immunity.

Fan-out is also poor.

2.2.5 Trensistor Transistor Logic  (TTL)

+ : .
y c A
: = B
A B

This circuit uses a multiple-emitter transistor and possesses higher noise

immunity and fan-out than DCTL. Operating speed is also high.

2.,2.6 Diode Transistor Logic

+

A c
A——d

B - C
B —d
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This is basically a DL circuit followed by an amplifier, The series
diodes provide a higher noise immunii-.y than can be obtained in any other circuit
discussed sb far., Speed is medium; fa;n-out is high, and power dissipation low.
This is probabiy the most popular general purpose logic family.

An additional feature is the ease of obtaining the "wired-OR" function
(Sectioﬁ 1.3.1) by simply bridging the outputs of two or more gates. The symbol
for this is ghown as wired-AND- because an AND function is performed ﬁth
reference to the positive logic at the gate inputs. However, for the negative

logic produced at the gate outputs an OR function is perforued,

l 9—— Fig, 2.2 Wired-OR connection
— ) of DIL gates - ' |

2+2,7 Current Mode Logic (ML)

Otherwise known as emitter coupled logic (ECL) this circuit is vexry
fast (~ 10 ns). Fan out is moderate; noise immunity is low, and power
dissipation high. Because neither logic level ié ground, it is sometimes
difficult to drive other types of circuits. Complementary outputs can be made

available,
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2.2.8 Enmitter-emitter Coupled Logic (E°CL)

or

>
.jé. b
= In comparison with CML, E2CL has lower power dissipation, higher fan--

out and faster speed (~ 2 ns ). Noise imminity is still low, and matching to

other circuits difficult.

3. LOGIC ALGEBRA AND MAPPING

3.1 Introduction

: .In 1847 a system of algebra for handling two-valued logic problems
was invented by George Boole. In 1938 Claude Shamnnon applied this algebra
to switching circuits. Boolean algebra is used extensively in simplifying
logic problems and consequently simplifying logic circuits. Although this
is primarily the designer's domain, circuit functions are often expressed
algebraically on data sheets etc; hence some knowledge of the principles
linvolved is desirable for servicing and operating.

3+2 _ Representation of AND, OR,and NOT

>Suppose we have two.logic variables X and Y. To indicate a logic
AND operation between these variables we write X.Y (or simply XY). The
logic OR operation is written X+Y. Not X is writtenX.

As before, when a variable is in its "tfue" logic state it is
denoted by 1; when in the "false" logic state it is denoted by O. Thus if
both X and Y are 1, the AND and OR operations become 1.1 snd 1+1 respectively.
Again it is emphasi;ed that these are not expressions in binary arithmetic
in which 1+1 = 10, rather than 1 as in Bodlean algebra.

3.3 Postulates and Theorems

ﬂhe;Postulates and Theorems of Boolean algebra are tabulated below

without comment. The theorems are each: presented in two forms known as dugils.,.
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The dual of a Boolean expression is obtained by changing all .'s to +'s;

changing all +'s to .'s, changing all 1's to O's, and changing all O's to

s,

3e3.1 Postulates

X =1 or else X = O,

1.1 = 1 0+0=0
1.0=0.1=0 O0+1=1+0-=1
Q.O =0 14+ 1=1
T=0 0=.1,

3.3.2 Theorems

1. 0X=0 1+X=1

2, 1.X =X O+ X=X

Jb» X =X X+X=X

4 X =0 X+ %=1

5. XY =YX X+ Y=Y +X

6. XYZ = X(Y2Z) = (XY)Z X+Y+Z = X+(Y+2) = (X+Y) +2.
| W Z X aTaus 7 TITemZ =T

Theorem 7 is known as De Morgan's:Theérem which is generalized in Theorem 8,

8. f(X,Y, .....Z, ., +) = f(X,Y,.....Z-i-,-)

9. XY + XZ = X(Y+2Z) (X+Y) (X+2) = X+Y2

10, XY +Xx¥=X (X+Y) (X+%) = X

M. X 40y =1 XX +Y) =X

12, X+ RY = X+Y X(X+Y) = XY

12 mx + 2y = 2K+ 7Y (24) (4% +Y) = (24X) (2+1)
13. XY + R2+YZ = XY+%2 (X+Y) (R+2)(¥+2) = (X+Y)(R+2)
14, XY4XZ = (X+2)(Z+Y) (X+Y) (R+2) = XZ4RY

15. X.f (X%, Y,...,2)=X.£(1,0,Y,...2) X+£(X,R,Y,...,2)= X+£(0,1,Y,.s02)
16. £(X,%,Y,...2)=X.£(1,0,Y,..2) + X .£(0,1,Y,...2)
£(X,%,Y,...2) = {X+f(0,1,Y,...,Z)}{X + f(1;o,Y,...z)}
All the foregoing theorems may be derived from the basic postulates.

Their velidity may be checked by drawing up truth tables, e.g. for Theorem 10,

X ¥ XY X% Xvx¥
olofo |o |o(=x)
0|10 |0 jo(=x)
11010 |1 | 1(=x)
11111 o | 1(=X)
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3.4 Applications

The two-input ordinary (or inclusive) OR function gives a logic 1
output when either or both inputs are 1. There is another OR function known
as the exclusive OR, which gives a logic one output when either but not both

inputs are 1.

The truth table and algebraic expression are shown in Fig. 3.1.

X Y Z
010} o0
Lvd
0 1 1 Z-—XY"'AY
1 011
Fig. 3.1 Exclusive OR TFunction -
1 1 0

A straightforward way of implementing this operation is shown in

- xY
’—D;
_{::::>o——_ji__
| g
Y < Pig, 3.2 Exclusive OR Implementation.

Fig. 3.2

However, the expression may be simplified :

XY + XY

(x+Y)(%+%) by Theorem14, (substituting ¥ for Y, and
' Y for 2)

' (X+Y) XY by Theorem 7.

This results in the logic diagram of Fig. 3,3, which uses one less inverter.

D
D-b(xw) XY = XY+ XY

? ‘ XY XY
T———————ﬂ
Y

Fig. 3.3 Simplified Exclusive OR Implementation
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As an example of a more diffdicult problem, consider the propositiont
A circuit will give an output pulse only if:
1, the supply is greater than 10 volts, the temperature is less than 50°C and
the test switch is off;
or 2, the supply is greater than 10 volts, the temperature is less than 50°C
and a sync pulse is present;
or 3, the supply is less than 10 volts, the temperature is less than 50°C
and the test switch is onj;
or 4, the t?st switch is off and a sync pulse is present;
or 5, the température is less than 50°C and a sync puise is absent.
The problem is to express this proposition in ite simplest terms,

A = Supply greater than 10 volts.

B = Temperature less than 50°C.
C = Test switch off.
D = Sync pulse present.

Then the circuit will give.an output pulse if

1, ABC
or 2, ABD
or 3, XBC
or 4, CD
or 5, BD

i.e. the logical expression for the circuit to give an output pulse iss: -

ABC + ABD + ABC + CD + BD
. ABC + AB + EBC + CD + B (Theorem 12!, ABD + BD)

= AB + ABC + CD + BD  (Theorem 11).

= AB + B0 + CD + BD  (Theorem 12', AB + KBC)

= AB + BC + CD + BD + BC (Theorem 13 in reverﬁe).
= AB + B + CD + BD . (Theorem 10, BC + BC)

= B+ CD + BD (Theorem 11)

= B + CD (Theorem 11).

Thus the circuit gives an output pulse if:
1, the temperature is less than SOOC
or 2, the test switch is off and the sync pulse is present.

The required logic can be realized by two gates instead of the 6 gates and 3
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inverters implicit in the original expression.

3.5 Simplification by Mapping

A mére powerful method of simplifying a logic expression is the
mapping method introduced by Veitch in 1952 and improved by Karnaugh in 1953,
It is not proposed to discuss the details of this method here, but in essence,
the method consists of drawing up a chart, or Karnaugh map, ﬁhich has provision
for entering all possible logic combinations of the variables under consideration.
If simplification is possible, groups of 2" (where n is an integer greater than
zero) adjacent entries will appear. Bach group can be represented by only one
logic combination.

Much of the simplicity of this method is lost if the total number of

variables is greater than four,
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4. BINARY ARITHMETIC AND ELECTRONIC CCUNTING

4.1 Number Systems

The ordinary or decimal number system is a number system to the base
10. It is composed of 10 different digits (0 to 9), and numbers greater than 9
are represented by allocating powers of 10 as multiplicands essociated with the

position occupied by each digit in the number, e.g. 47286 = 4 x 104 + 7 x 103

+2x10%+8x 10" + 6x10°

= 40000.+ 7000 + 200 + 80 + 6.

Other number systems mgy be similarly defined. For a base n, there
will be n different digits, and the multiplicand associated with the position
of a given digit in a number is raised to the appropriate power. Fo:r.; example
the number expressed as 43 to the base 10 becomes 61 when expressed to the base
7, ie. 67 +1x 7

The following table shows numbers from O to 10 expressed to bases 10,

7 and 2. Base 10 Base 7 Base 2 1
0 0 0
1 1 1
2 2 10
3 3 "
4 4 100
5 5 101
6 6 110
7 10 111
8 11V 1000
9 12 ' 1001

10 13 1010

The rules of arithmetic can be applied to number systems to any base.

Two additions are shown below, the first in base 5, the gecond in base 2. Numbers

in brackets are decimal equivalents.

Base 5 o Base 2
33 §18) 111 é7§
14 (9) 110 (8

102 (27) ' 1101 (13)
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The number system to the base 2 is called the binary system, and is
particularly suited to electronic manipulation because there are only two digits.
As in the case of electronic logic, the on state of a gate or flip-flop may

designate 1, the off state 0. A binary digit, whether 0 or 1, is called a bit,

4.2 Simple Counting Codes

‘ In the fields of electronic control and computing, the counting of
pulses and the digitizing of analogue information are basic operations. In these
operations numbers must be represented by the states of flip-flop outputs etc.,
and as well as straight binary representation, there are many other counting
codes, some of which have distinct advantages. However,in all codes of interest
there are only two different bits: O and 1.

4.2.1 Natural Binary Code

, This code expresses numbers in their normal binary form - the least
significant digit has a multiplicand of 1; the next digit has a multiplicand
of 2, the next of 4, and the nth digit has a multiplicand of'znf1, so that the

| binary number 1011 is the equivalent of
1x 23 + 0 x 22 + 1 x 21 + 1 x 20 =1x8+0x4+1x2+1x1, Thus if we
think of the most significant digit in this mumber as having a "weight" éf 8,
the next as having a  weight of 4, the next of 2,and the least significant

digit as having a weight of 1, the decimal equivalent is easily found by adding

the weights when the bits are 1 and ignoring the weights where the bits are O.

"?hgs the decimal equivalent of 1011 is 8 + 2+1 = 11. For numbers up to 10, this

may be verified by the table in Section 4.1.

4.2.2 Natural Binary Coded Decimal

4 Very large binary numbers are tedious to convert to decimal equivalents.
One method of overcoming this objection (at the expense of more bits) is to
express each digit of a decimal number in its binary form. Any decimal digit
(0 to 9) can be expressed in binary by using a maximum of four bits; so that a
number having three decimal digits would have three groups of four bits in the
natural binary decimal codes e.g. 374 becomes

0011 0111 0100,

To facilitate visual decoding the weights may be written or imagined

above each group as follows.
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Weights 8421 8421 8421
NBCD 0011 0111 0100
Decimal 3 7 4

4.2.3 Other BCD Codes

Two other common BCD codes are tabled below, These differ
from NBCD in the values of the weights assigned to each digit. These

codes are the outcome of certain counting methods to be described later,

Decimal ~ BCD BCD
2421 4221

0 0000 0000
1 0001 0001
2 0010 0010
3 0011 0011
4 0100 0110
5 0101 0111
6 0110 1100
7 0111 1101
8 1110 1110
9 1111 1111

4.2,3., The Excess 3 Code

This is yet aﬁother BCD code but it used the middle ten of
the first 16 possible combinations of four bits in the ordered binary
sequence, with the result that the code for each number is the
equivalent binary number plus three, One advanpage of this code when
used in computers is that the 9's complement of a number is simply

found by complementing all bits,
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Decimal Excess =3

8421
0 _ 0011
1 0100
2 0101
3 0110
4 0111
5 1000
6 1001
1 1010
8 1011
9 1100

4.2,5 Cyclic Codes - Reflected Binary
- o ‘I-t is often advéhtageous fo use g code in which coﬁaecutive
numnbers d:lffer in only one bit, Such a code is particularly useful
fo:; minimising errors from encoding discs., Cyclic codes a.ré gometimes
called "unit distance" codes,’

One of these codes is the reflected bina.ry, or Gray, codeo, In
this code all bits, except for the most significant, are reflected about

the mid-point as shown,
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Decimal Reflected Binary (no weights)
) : 0000
' 0001
2 ! 0011
3 0010
4 0110
5 0111
6 0101
7 0100

---------------- - =|~ - Reflection
8 _ 1100
9 1101
10 1111
11 1110
12 1010
13 1011
14 1001
15 1000

The reflected binary code may be used to obtain a so-called
reflected BCD code and a reflected Excess-3 code in exactly the same
manner as the corresponding non-reflected codes are obtained from normal
binary. Oné striking feature of the reflectedlExcess -3 codg is the ease

of obtaining the 9's complementi sinply complement the most significant
bit,

42,6 Ring Counter Codes
In a ring or shift counter, the ON state shifts from one
stage to the next on receiving each input pulse., The stages are

connected in a ring, giving a code as set out below for a 10 stage

counter,

H E EEEEEMN
EHEE B E EEEEET NN
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Decimal Ring Counter
0123456789

0 1000000000
1 0100000000
2 0010000000
3 0001000000
4 0000100‘00'0
5 0000010000
6 0000001000
T 0000000100
8 0000000010
9 0000000061

4.2.7 Twisted Ring Counter Code

This type of counter functions in a similar manner to the

ring counter but uses only half the number of stages,

Decimal Twisted Ring Counter (no weights)
0 00000
1 00001
2 00011
3 00111
4 01111
5 11111
6 11110
7 11100

11000
9 10000
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4.3 Error Checking Codes

Codes have been devised which allow each number to be checked for
possible errors, such as may occur if the circuit>producing one of the bits
‘fails. More complex codes are able to indicate which bit or bits are in error
and initiate correction.

For such codes the following equation holds:

M-1=C+D (c<D)
where C = number of bits in error that can be corrected
D= " rtoonwooon "roon moou deteéted.
M= minimum distance of the code, i.e, the minimum mmber of bits,
in any cha:acter; which must be changed to generate anothér character of the

same code. Two of the simpler codes, (minimum distance 2) of this type follow:

4.3.1 The Biquinary Code

This code uses seven bits to encode numbers from O to 9. Two of
these bits are always 1's and the remaining five bits are O's. If an aux-
illiary counter is used to count the O's and 1's in each number it is possible

to detect non-cancelling errors.

Decimal Biquinary
0 ! 0100001
1 0100010
2 0100100
3 0101000
4 0110000
5 1000001
6 1000010
7 1000100
8 1001000 .
9 1010000 |

4.3.2 BCD Code with Parity

By adding a redundant bit to the normal BCD code, a single error
detecting code can be formed. This bit is called a parity bit.. When "even
parity" is used, the extra bit is chosen to make the number of 1's in the

character even. For "odd parity", the number of 1's is made odd.
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When data formed in this way are processed, the computer can be

programmed to detect single errors by checking the parity.

Decimal Even Parity BCD - 0dd Parity BCD

8421P 8421P
0 00000 | 00000
1 00011 00010
2 00101 00100
3 00110 00111
4 01001 01000
5 01010 01011
6 01100 01101
7 01111 01110
8 10010 10011
9 10010 50011

4e4 Counting Circuits

- Nearly all electronic counters use bistable elements, the flip-flop
being the most popular - at least up to the tens of megahertz rate. Tunnel
diodes and various forms of trigger diodes are also used but are not common.,

The number of flip~flops used in a counter depends on its "modulo"
number. This i1s the number of pulses that must be applied to the counterrs
input to produce a repetition of the output state. If the counter is modulo
n and the next greater power of 2 is m (when n may equal m) then the minimum
number of‘flip—flops required is m. For example a modulo 10, or@ecad%counter
requires at least four flip-flops. ’

-The method of applying the input signal classifies counters into two
groups : (i) the asynchronous or ripple counter, in which the input signal
is applied to the first flip-flop only, and the Ehange of state of this flip
flop provides a signal for the second flip-flop and so onj (ii) the synchronous
counter in which the input signal is applied to ali flip-flops, any possible

change of state being determined by the state of the previous flip-flop prior

to the application of each input signal pulse.
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The asynchronous counter ig usually simpler, but the synchronous

counter does not suffer from "propagation delay" and is therefore faster.

Also the asynchronous counter having a modulo other than a power of two must

use feedback which, at high counting rates, can be troublesome. For these

reasons synchronous counters are Preferred for high~speed counting.

Outputs from each flip flop provide the bits (0 or 1) making up the

coded count, If desired, these outputs may be fed to decoding circuits for the

purpose of displaying the count in decimal form, or for initiating various

operations when the count reaches pre-determined states,

4.4.1 Asynchronous Binary Counters

To make a counter which counts to 2n;simp1y cascade n flip flops.

The following counter will count to 8 (23).
A . B

Q a : ' o Py outPuT

ol
T
ol

,; 4.4.2 As ynchronous Modulo 5 Counter
w ' .
§ The following circuit composed of olocked flipsflops is common.
o . ! .
x
(8]
o ,
-4 .
= .. s ‘ s 1| oureur
5 - .
;. o' B ———————a7
B c o ¢ ofJ i )c o}
co | cp ‘
g T
RESET
{

L—ds
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A B C
0 1 2 3 4 5 IN (1) | (2) ].Cs)
INPUT l I I l | I I l | I | 0 0 e 0
1 i 0 0
2 0 i 0
A l 3 1 1 0

4 0 0

B » | | 5 [ 0 | 0

In the reset or zero state, all flip-flops havethei£1 output low.
Thus flip-flop A will operate as a normal binary except when inhibited by
feedback from flip-flop C after the fourth input pulse. B is'a binar@ driven
by negative-going trensitions from A, The set and clear inputs on C are con-
nectgd to the 1 and O outputs respectively of B.. An additional inhibit;nén
input is commected from the output of A to the set input of C so that C c;nnot
be activated by the clock pulse until both A and B have been high simultaneously;
i.e. C does not change state until the fourth clock pulse. Because A is inhibited
after C changes state, A does not alter on the fifth clock pulse so that all
outputs are again in the low state and the ‘&&éié starts again. When examining
circuits containing clocked flip-flops it is important to remember that the
state of a flip-flop is determined by the state of the set and clear iﬁputs
during the time the ﬁEggle input is high, but the flip-flop does not change’to
this state until the foggle input goes low (see_Section 176-7).

4.4.3 Agynchronous Decade Counter

A decade {(modulo 10) counter is eassily made from the foregoing scale

——

A i
of five by connectihg a simple binary (scale of two) flip~-flop to the inpuq.

!

This is one of the most common counting circuits; flip-flops A, B, Cand D

having weights 1, 2, 4, 8 form & natural binary coded decimal counter.
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OUTPUT

INPUY

RESET

7SS I I S U S S R

B C D

IN o 2y (&) (®
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 0 1 0
6 0 1 1 0
7 1 1 1 0
8 0 0 0 1
9 1 0 0 1
1w | o 0 0 0

4.4.4 General Asynchronous Counters

Counting to any nmumber (other than 2n) can be accomplished either by
suitable feedback connections as.for the modulo 5 counter, or by decoding eitﬁer
a binary or a cascade of BCD counters to give a reset pulse at the number
required. The latter method is perfectly general but is limited to relatively
slow count rates because of propagation delays. The feedback method can only

be used for a few numbers and is not general.
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4.4.5 Other Asynchronous Decade Counters

As mentioned in Section 4e¢2.3, weighting systems other than 1-2-4-8 are

possible in BCD counting. The following circuit shows a 1-2-4-2 systen,

SA 1 I S 1 [ 1t s 1 QUTPUT
INPUT A ] d
¢ oJ c o J c o #—D c o i

A B C D
In (1 (20 (&) (2)

o 1 2 3 4 5 6 7 8 g 1
INPUT 0 0 0 0 0
1 1 0 0 0
2 0 1 0 0
A

01 [ LQ-I L B T

10 0 0 0 0

44446 Synchronous Binary Counters

In synchronous counters each flip—flop.changes state when triégered
by the clock pulse, and therefore does'not suffer from propagation delay while
waiting for the breceding stage to provide a trigger as in the case of asynchronous
counters. The state of preceding stages must be taken into account, however, iSN
ensure that each flip-flop triggers at the correct time. In a natural binary
counter a given stage should not change state unless all preceding gstages are in
the 1 state. This is achieved by gating the outputs of all preceding stages into

both the set and clear inputs of the given stage. A four-stage counter is shown.




L

] 1-@5 1--# s 1He I s 1T
g7 L T —d7 .
¢ of I ¢ of ¢ ol l ¢ o '
- -

INPUT
. 4
4.4.7 Synchronous Natural BCD Decade
9
T qrT qr —arT
(o cH D C [0} = C OJ C op-
_INPUT ®
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4.4.8 Synchronous Lxcess-~3 Counter

Section 4.2.4 describes the Excess-3 Code. The following circuit will

achieve ‘this code.

QUTPUT

CcD
J?

RESET
INPUT
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4.4.9 Shift Registers

Although not a counter in itself, a shift register can easily be
turned into a counter, so a short explanation will be given. A shift register

is a chain of flip-flops so comnected that: when a clock pulse is simultaneously

applied to all stages each flip-flop assumes the state of the preceding flip-flop.
This is the method by which binary numbers are serially written into computer systems.

The operation is simply obtained with the following circuit.

" clock pulse

-

INPUT

r_\
___/
INPUT VY4————gT b} T e e ® A

b} 1)

4.4.10 Ring Counters
h If the output of a shift register is connected back to the input,

a ring counter results. If a 1 is set into one flip-flop and O into all others,

each olock pulse will move the 1 one stage on around the riné. The counter

modulo is simply the number of stages used. Outputs from each flip-flop provide

already decoded signals. The following circuit shows a modulo 4 counter.

>— ? 2

RESET l

s 1 s 1 s 1 S 1 OUTPUT
— .

L dra L 4B L _dr ¢ L4t D
)
__/

‘DEEDR=ED XD K

cD cD cD

y




1 2 3 4 .
INPUTI I | | | | | | | | In A B C D
0

A more economical ring counter is obtained by crossing over the lines

connecting output to input., This twisted-ring counter has a modulo of twice the

number of, stages used. The following circuit shows a modulo 8 counter.

INPUT
.
S 1 ll S 1 S 11— ) 1 g 2UTRUT
T A —qaT B SNES—— § B T D
C o—'__Dc (o] |c 0 C 'o—J
This line prevents false states
0 i 2 3 4 5 3 7 8 m]J]A B C D
i 0 olo]o
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4.4.11 Other Counters

There are a large number of counter circuits for various
applications, but the main types have been covéred; Mention should
be made, however, of the so-called bi-quinary and qui-binary counters,
which combine synchronous and asynchronous stages to form decade counters.
Noteworthy is the fact that some counting circuits can easily be made
reversible by gating complementary triggers to each stage.

The type of counter to be used in a given application
debends on the counting rate, the code required, and the amoﬁnt of ;

decoding necessary.

4.5 Decoding o !

Decoding of a counter is performed by arranging a system
of gates to give outputs whenever the count reaches a @esired number
or numbers. For example the fourth and seventh pulses into a decade
counter may be required to initiate some 6peration.each time the decade
goes through its cycle. Two gating circuits would be required - one to
give an output on the fourth pulse and no other, and one to give an
output on the seventh pulse only; Again, complete decoding of a decade
counter may be required to operate a decimal numerical display, such as
Nixie tube, so as to give a visual decimal indication of the state of -
the counter. For this application ten gates are required - one for
each digit O to 9.

Gates can also be used to encode from one counting system to
another; e.g. natural binary to Gray code, or BCD to natural biﬁgry.
The design of any such gating system requires a relatively simple
application of truth tables, or Booiean algebra, or Karnaugh maps.

A comuonly found example is the complete decoding ofABCD to

decimals
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Decimal Number

Formation from BCD

|
8]l
1
o}

—

|
|
J|

-]
N
N
|

-—
N
|
[+ 1]

-
M|
S~

@]




44.

Notice that the numbers 2 to 7 are not really dependent on the
state of the 8 flip-flop because the various combinations of 1, 2, 4,and
their complements do not occur elsewhere in the table. Thus three-input

gates are required to decode these numbers. Numbers 8 and 9 are the only ones
to require a true 8,and the states of the 2 and 4 flip-flops do not change.
Hence two-input gates are requiréd for these numbers. Four-input gates are

necessary to decode O and 1.

The following diagram depicts the decoding arrangements.
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4.6 Arithmetic Operations

By suitable application of logic principles, it is possible to
design gating circuits which will add or subtract numbers stored in flip-
flops and place the sum or difference in another 8et of flip-flops or
register. It is not proposed to go into circuit details as these are readily
available in any book dealing with digital computer ciruits.

Multiplication and division may also be performed by successive
additions or subtractions or, in some cases, by shifting digits along shift
registers.

In fact, nearly all mathematical operations can be reduced to
sequences of adding and shifting - hence the wide rahge of application of the

digital computer.
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5. MICROCIRCUITS AND THEIR APPLICATIONS

In recent years semiconductor technology has progressed to the
point where complete circuits, rather than discrete transistors, can be
fabricated (6r "integrated") on one semiconductor chip. - This has reduced the
size of a NAND circuit, for example, to such an extent that four two-input
NAND gates can be fitted into a package smaller than a postage stamp, and
give reliable operation to temperatures up to 1250C., The main limitation on
size reduction with these packages is the physical package itself (usually
epoxy, silicone, or ceramic) and the space required to weld the connecting leads
%o the chip. As a result, another type of integrated circuit has resulted in
which many flip-flops and gates are interconnected to give circuits such as
decade counters, BCD decoders, and shift registers. The'integration of various
circuits to give a functional element such as a counter is known as "Medium

Scale Integration" (MSI). This is but a prelude to "Large Scale Integration"

(LSI), in which complete equipments, such as desk computers, will be integratéd'

into & single package.
As well as logic circuits, various linear circuits such as
operational amplifiers, audio and i.f. amplifiers, and voltage comparators
have been released in integrated form, but these wiil not be dealt.with here.
The most common packages for integrated- circuits are the "Cerpak",
the "Dual In-line", and the metal can. The "Cerpak" or "Flatpak" is a
ceramic package approximately 6 mm square and 1 mm thick, having up to 16 flat
ribbon leads spaced around all four sides. This is the package currently
preferred by military authorities. The "Dual In-line" package is a ceramic,
epoxy, or silicone package approximately 19 mm x 6 mm x 5 mm and having two rows
of pins (up to 8 per side) suitable for printed circuit mounting. This package
is favoured by industrial users and is the one mostly used in BMR equipment.
Metal can packages are wimilar to the JEDEC TO-5 transistor package, but have
up to 12 leads.

5.1 Microcircuit Logic Families

The major semiconductor manufacturers provide a range of integrated
2
logic families usually including RTL, TTL, DTL, and E°CL. Of these, TTL and
DTL are currently the most popular for logic speeds up to 1 MHz. TTL circuits

are superior at higher speeds, while for the very fast logic found in modern

-
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computers EZCL is used. There isvalso an increasing use of insulated gate
field effeot transistor logic in integrated circuits, particularly in MSI
and LSI applications.
In any given family, e.g.~PTL, it is possible to have sub-families
such as low-power DI'L and medium~power DI'L. Even further sub-division is
found according to the size of the pull-up resiséor at the gate outputs;
Thus one speaks of 2k or 6k -medium power P?%? the 12k or 6k. resistor deter-
nining operating speed or fan-out. As mentioned previously variations in one
characteristic of a family can only occur if "trade-offs" in other character-
istics are made. Thus for each sub-family the manufacturer lays down loading

rules for reliable operation. Usually data sheets give loading rules for
combining sub-families and occasionally 1oadiné rules are given for combining
different families. For example DIL and TTL families can be made compatible
by proper choice of loading rhles. This results from the fact that both a
families act as current sinks (i.e. current flows into the gate outputs) when
gate outputs are in the low state (assuming NPN transistors),. but very little
current is passed when in the high state.

Thus the various families may be classified into the following
groups: current sinking logic (DTL and TTL), currentgéurcinglogic (RTL and
RETL) and current mode 19gic (ECL ana EZCL). Current mode logic drives
current in both output states. Families in each of these groups are compgtible
80 long as the appropriate loading rules are observed.

The whole field of integrated logic circuits is a rapidly developing

one and there will doubtless be further families appearing in the future.

5.2 Handling of Microcircuits

If properly handled, a microcircuit is probably ten times as
reliable as the discrete circuit it replaces. To ensure reliable operatio_n,
the following precautions should be ob§erved:l

(1) Do not exceod any of the menufacturer's ratings.

(2) Do not subject the device to severe mechanical shock.

(3) Do not strain connecting leads, e.g. by bending close to paqkage.'
(4) Do not subject the device to excessive temperatures when soldering.
(S) Ensure that the soldering iron tip is earthed to avoid applying

I

large 50-Hz voltages fo the device.
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